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Abstract 

 
Bio-coal produced from biomass is a promising material to replace fossil coal in order to 

achieve net-zero greenhouse gas emission from the industrial sector. Bio-coal with quality 

comparable to that of fossil coal can be produced by high-temperature pyrolysis at ≥500 ºC, but 

the production efficiency is relatively low due to low bio-coal yield at high pyrolysis 

temperatures. This trade-off suffers the economic feasibility of bio-coal production. The overall 

objective of this doctoral thesis is to develop a pyrolysis process that can produce bio-coal for 

fossil coal replacement in the industrial sector, while maintaining a high process efficiency.  

  To increase bio-coal yield and process efficiency, secondary char formation during the 

pyrolysis of thick biomass, for example, woodchips, is the primary method considered in this 

work. Secondary char formation can be promoted by increasing volatile concentration during 

pyrolysis and/or extending residence time of volatiles inside the pore structure of wood 

particles. This study investigated how to increase secondary char formation using bio-oil 

recycling and CO2 purging. Bio-oil recycling increased bio-coal yield by not only increasing 

the reactants, but also through the synergetic effect between bio-oil and woodchips upon 

physical contact. Using CO2 as a purging gas reduced mass diffusion of volatiles inside the pore 

structure of woodchips, producing extra bio-coal. In addition, the effect of these techniques can 

be maximized by ensuring good contact between the volatiles and the solid surface using thick 

particles and slow heating. In parallel, a numerical model of pyrolysis in a rotary kiln reactor 

was developed to increase the understanding of parameter implementation in pyrolysis reactors. 

Two important parameters were studied: rotation speed and feeding rate. Rotation speed 

controlled the solid residence time, while the feeding rate influenced the heat capacity of holdup 

materials and product distribution.  

  Bio-coal is prone to self-heating and usually causes spontaneous ignition during 

production, storage, and transportation, which can lead to losses in the production and health 

of workers. In this study, self-heating at low temperatures was investigated by using numerical 

simulations describing the changes in local properties inside different bio-coal containers such 

as closed metal containers and woven plastic bags. The kinetic parameters of bio-coal were 

measured and implemented in the model. It was observed that the bio-coal temperature slowly 

increased from the initial temperature due to the heat released during O2 chemisorption. 
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Thermal runaway occurred in some storage conditions, even at intial bio-coal temperatures of 

ca. 155 ºC. The simulation results suggest that self-heating can be mitigated by using small and 

wide particle distribution, limited storage volume, and low ambient temperature. This study 

also provides the criteria for estimating the cooling demands in bio-coal production processes.  

  Bio-coal properties are the main challenges for utilizing it as a substitute for fossil 

coal. Although the elemental composition and heating value of the bio-coal produced in this 

study are equivalent to those of fossil coal, the reactivity of bio-coal is relatively high. To 

replace fossil coal in existing industrial processes, bio-coal reactivity is preferred to be similar 

to that of fossil coal to avoid major process modifications. This thesis has concluded that 

pyrolysis temperature, heating rate, and biomass feedstock are the major parameters influencing 

the gasification rate under chemical reaction limitation. It was found that potassium in 

biomasses increased bio-coal reactivity even at low gasification temperatures such as 800 ºC, 

while calcium did not play a significant role at temperatures below 1600 ºC. Furthermore, bio-

coal reactivity increased only slightly by promoting secondary char formation using the 

proposed methods. These findings suggest that we can achieve high bio-coal yield, both mass 

and energy, while maintaining similar fuel properties through pyrolysis with bio-oil recycling 

and CO2 purging.  

  In the most industrially relevant applications, the gasification rate is dominated by 

diffusion mass transfer. Therefore, it is necessary to reflect gasification behavior of bio-coal 

under these circumstances. At the particle scale, where intraparticle diffusion controls the 

overall reaction rate, bio-coal particle size was nearly constant until high conversion. This 

implies that particle size changes should be considered only at high conversion. Meanwhile, 

large particles exhibit low gasification rate at the particle scale following the Thiele modulus. 

The contrary result appears at the packed bed scale, where both intraparticle and interparticle 

diffusions play roles. Large particles increased the gasification rate in packed beds because of 

the large bed channel size, high void fraction, and low tortuosity. This observation led to an 

opportunity to minimize the apparent gasification rate in a packed bed by using polydisperse 

particles, which have a wide particle size distribution. Large particles maximize the intraparticle 

diffusivity of CO2, while small particles fill the gaps between large particles, thus increasing 

interparticle diffusivity, which reduces apparent reactivity. This outcome was confirmed 

experimentally.  

  By combining the knowledge obtained in this doctoral thesis, an efficient pyrolysis 

process is proposed to produce bio-coal for a sustainable industry.
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Chapter 1  
Introduction  

 
The EU aims toward a climate-neutral economy by 2050, which implies net-zero greenhouse 

gas (GHG) emission [1]. A higher ambition has been deliberated by Sweden that net-zero GHG 

emission is the target by 2045, and thereafter achieve negative emissions [2]. This policy applies 

to not only emissions within Swedish borders, but also to investments in other countries. All 

parts of the society must play a role in pursuing this target. Currently, the Swedish industrial 

sector annually emits approximately 17 million tonnes of CO2 equivalents, which accounts for 

32% of total emissions [2]. The major contributors include iron and steel industry (34%), 

minerals industry (19%), and refineries (18%) [2]. It is important to note that the metallurgical 

industry is the main GHG emitter both in Sweden and globally, as this sector annually emits 

approximately 2.5 billion tonnes of CO2 globally [3]. To achieve a sustainable steelmaking 

industry, an obvious method is to diminish using fossil-based materials in these processes.   

   Till date, bio-coal, also known as biochar and charcoal, produced from biomass is a 

promising material to replace fossil coal in the industrial sector. Slow pyrolysis, which is a 

thermally driven biomass degradation under an inert atmosphere at a low heating rate, is 

typically used to produce bio-coal. The carbon content, grindability, and heating value of bio-

coal are higher than those of biomass, making it an attractive substitute for fossil coal [4,5]. 

Industrial applications such as syngas production [6], co-firing power plants [7,8], and 

metallurgical processes [5,9] are of great interest in the substitution of fossil coal by bio-coal. 

Mandova et al. [10] showed that 42% of GHG emission from fossil fuels and reducing agents 

used in steel plants within the EU can be reduced by using bio-based fuels and bio-reducing 

agents. Norgate et al. [11] showed that 57% on-site carbon footprint from integrated steel plants 

could be reduced by substituting fossil fuels with bio-coal. Besides the primary advantage of 

lowering GHG emission, bio-coal also contains lower ash, sulfur, and phosphorus content than 

pulverized coal, which would reduce the slag ratio by up to 50% [12]. These studies showed 

the potential to reduce GHG emission from the steelmaking industry by replacing fossil-based 

materials with bio-coal and biomass products.    
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   We have previously summarized state-of-the-art methods for utilizing bio-coal in 

various steelmaking routes, such as the blast furnace/basic oxygen furnace (BF-BOF) route and 

direct reduction iron/electric arc furnace (DRI-EAF) route [9]. Bio-coal has great potential to 

replace fossil coal and coke in the BF-BOF process as biocoke [13] and injection fuel [14]. 

Furthermore, one-third fossil coal in an EAF process can be successfully replaced by bio-coal 

[15]. Recently, studies have focused on utilizing bio-coal as a reducing agent in some DRI 

processes such as the Höganäs process, which converts iron reduction in a packed bed of solid 

reducing agent and iron ore without intermixing. However, these applications require excellent 

characteristics of bio-coal, which cannot be achieved through low-temperature pyrolysis or 

torrefaction. As indicated previously [9], high-temperature pyrolysis is necessary for the 

requirements of these applications. Previous studies have shown that the fuel characteristics, 

such as O/C and H/C ratios, heating value, and grindability, of bio-coal produced at 500 ºC or 

above are similar to those of pulverized coal [9,16,Paper I].  

   Among the fuel characteristics of bio-coal, bio-coal conversion rate or reactivity is an 

important property that needs to be considered when bio-coal is used in combustion, 

gasification, and metallurgical processes. In general, reactivity is a parameter used for the 

design of burners and gasifiers [17,18]. High reactivity generally reduces the required residence 

time of bio-coal in reactors, thus reducing the reactor size. However, to replace fossil coal in 

industrial applications, bio-coal reactivity is preferred to be similar to that of fossil coal to avoid 

major process modifications. For example, iron ore reduction in carbon-based DRI processes 

occurs through a series of chemical reactions:  

 C(s) + CO2(g)  2CO(g) (Reaction 1.1) 

 Fe3O4(s) + CO(g)  3FeO(s) + CO2(g) (Reaction 1.2) 

 3FeO(s) + 3CO(g)  3Fe(s) + 3CO2(g) (Reaction 1.3) 

Coal gasification rate (Reaction 1.1) is a critical step, as it determines the availability of 

reducing gas (in this case, CO). Many industrial processes, such as blast furnaces and the 

Höganäs process, currently utilize fossil-based reducing agents that maintain gasification 

reactions over a long residence time in the reactos (a few hours to days). Consequently, 

replacing these fossil-based reducing agents with highly reactive bio-coal would yield 

incomplete iron reduction in the existing process. Hence, bio-coal gasification rate must be 

controlled to an acceptable range in order to increase the implementation of bio-reducers in this 

process. This issue demands a holistic understanding of bio-coal gasification at different scales. 

However, there are many knowledge gaps within this area, which will be discussed further in 

Chapter 2.   
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   While high-temperature pyrolysis improves bio-coal quality, it also decreases bio-coal 

yield. For example, the bio-coal yield decreased from 37 to 28% in pyrolysis of pine chips when 

temperature increased from 300 to 500 °C [19]. This trade-off plays an important role in the 

economic performance of bio-coal production. Secondary char formation, a volatile 

repolymerization inside the particle structure during pyrolysis that yields extra bio-coal, could 

increase bio-coal production efficiency while maintaining the quality. This reaction shows a 

significant appearance in the pyrolysis of thick particles, such as woodchips, rather than 

biomass powder pyrolysis due to the prolonged residence time of volatiles in the pore structure 

of large particles [20–23]. Volatile residence time can be also prolonged through pyrolysis in a 

closed system [24,25], high pressure [9,24,26–28], and low purging flow rate [29–31]. In 

addition, different purging gases with different heat and mass transfer characteristics might 

affect other parameters such as heating rate and internal pressure. Promoting secondary char 

formation by increasing volatile concentration inside the pore structure of thick biomass could 

be an alternative method to increase the bio-coal yield. To ensure the secondary char formation, 

recycling bio-oil in the pyrolysis process has been proposed in this thesis. The secondary 

reactions of volatiles from bio-oil may progress even further at the surface of the biomass 

structure by adsorbing bio-oil at the internal pores of biomass, as shown by Huang et al. [32]. 

It is important to quantify the effect of various reaction parameters on the synergetic effect of 

secondary char formation for designing pyrolysis reactors and processes with bio-oil recycling. 

   Biomass pyrolysis should be studied at a reactor scale to produce bio-coal with a large 

capacity. Reactors such as rotary kilns and auger reactors are suitable for converting woodchips 

or biomass pellets into bio-coal. These continuous reactors can produce bio-coal with 

homogenous quality [33]. In addition, these reactors simply control bio-coal yield and quality 

by changing the reactors operating conditions, in contrast with conventional kilns. As reported 

in the literature [33,34], rotary kilns can yield 19-38% bio-coal, while auger reactors yield 11-

45% bio-coal. Unfortunately, only limited research on these reactors is available for biomass 

pyrolysis due to the lack of commercial interest in bio-coal powder in the past [33]. However, 

the increasing demand for fine bio-coal in the industrial sector has been attracting attention to 

these reactors, corresponding to the need for scientific development. 

   In parallel to increasing process efficiency, safety issues should be raised because bio-

coal has a tendency to self-heat and thermal runaway. As reported by Krigstin et al. [35], self-

heating causes the highest number of incidences in biomass storage. Although there is no 

informative study of self-heating incidences of bio-coal, the same trend should appear for bio-

coal. Spontaneous fires not only result in unnecessary production and maintenance cost, but 
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also cause worker injuries and fatalities. General recommendations such as material cooling, 

oxygen reduction, and using inert gases have been practiced. However, bio-coal temperature is 

high during production, and cooling is required before storage. Therefore, it is important to 

develop a predictive tool for self-heating in bio-coal storage to design a cooling process based 

on its production and storage conditions.  

   Development of bio-coal production processes must consider many aspects, such as 

bio-coal properties, reactivity, reactor design, safe storage, and process efficiency, to produce 

bio-coal suitable for the sustainable industry.  

1.1 AIM AND OBJECTIVES OF WORK 
The aim of this research is to design a pyrolysis process that can produce bio-coal for fossil coal 

replacement in the industrial sector, while maintaining the process efficiency as high as 

possible. This research work is intended to designate a holistic knowledge of bio-coal 

production from thick biomass particles, bio-coal storage, and bio-coal utilization. The specific 

objectives of this study are as follows: 

Objective 1 to increase the knowledge of fuel conversion mechanisms in thick particle pyrolysis 

and clarify the effects of pyrolysis parameters on bio-coal yield and quality. 

Objective 2 to suggest promising methods and optimal pyrolysis conditions to increase bio-coal 

production efficiency.   

Objective 3 to achieve an understanding of pyrolysis at the reactor scale and determine how to 

implement the desired pyrolysis conditions in the reactors. 

Objective 4 to determine the causes of self-heating in bio-coal storage and provide risk 

assessment in bio-coal storage; and 

Objective 5 to increase the knowledge of bio-coal gasification in three rate-limiting steps and 

suggest methods to control the reaction rates of bio-coal. 

  Note that the economic analysis is beyond the scope of this work.  
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1.2 RESEARCH FRAMEWORK AND THESIS OUTLINE  
The research framework was developed to accomplish the goals, as shown in Figure 1.1. This 

thesis was divided into three main panels: bio-coal production, bio-coal storage, and bio-coal 

usage.  

 
Figure 1.1. Research framework and correlation among the appended papers. 

  In the bio-coal production panel, the fundamental theory of biomass pyrolysis, 

including thick biomass pyrolysis and the roles of pyrolysis parameters, has been studied. The 

study led to the formulation of the methods with the potential to increase bio-coal production 

efficiency, that is, bio-oil recycling and CO2 purging. The proposed methods were 

experimentally investigated and the results were published in Paper I. The properties and 

intrinsic reactivities of the bio-coals produced using the proposed methods were further 

examined in the bio-coal usage panel, which has been published in Paper II. In addition, bio-

coal produced from different biomasses were characterized to examine the influences of 

feedstock, as described in Paper III. This primary evaluation clarified the effects of the 

pyrolysis conditions and feedstock on bio-coal yield and quality. The outcomes from these 

studies also reflected important pyrolysis parameters in the bio-coal production process. In 

order to know how to apply pyrolysis parameters in a reactor, a numerical model was developed 

to describe woodchip pyrolysis in a rotary kiln reactor. The model can be used as a tool to 

implement the desired pyrolysis conditions in technical reactors, as published in Paper IV.  

  Self-heating in bio-coal containers has been studied in the bio-coal storage panel to 

provide safety recommendations for the bio-coal production process. A numerical model of bio-
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coal storage was developed to determine the causes of self-heating. The model included the 

kinetic model of O2 chemisorption at low temperatures, which has not been widely reported 

previously. The result has been described in Paper V, which reflects an additional process 

configuration to minimize self-heating risk.   

  The bio-coal usage panel not only examines bio-coal under intrinsic reaction, but also 

investigates the utilization of bio-coal under conditions relevant to industrial applications. An 

experimental setup was developed to observe the particle size evolution of bio-coal during 

reactions under intraparticle diffusion limitation. The results provided useful knowledge on how 

particles change during combustion and gasification, which was published in Paper VI. Finally, 

bio-coal gasification rates at the chemical surface reaction, particle scale, and packed bed have 

been studied experimentally, as described in Paper VII. This paper discusses the methods to 

control the apparent gasification rate in a packed bed by manipulating bio-coal particle size and 

particle size distribution. This method can be implemented as a post-treatment unit in the bio-

coal production process.  

  This doctoral thesis comprises five chapters, beginning with the Introduction this 

chapter. Chapter 2 briefly reviews the relevant previous knowledge. Chapter 3 describes the 

research methods. The main results are discussed in Chapter 4, and the conclusion is finally 

given in Chapter 5.   



7 | P a g e  
  

 Chapter 2  
Literature Review  

 
Biomass is mainly composed of carbon, hydrogen, nitrogen, and oxygen with varying amount 

of inorganic constituents depending on biomass feedstock. In comparison to fossil coal, biomass 

has a lower carbon content, higher oxygen and volatile contents, lower heating value, and 

difficulty in grinding. Pyrolysis is a well-known method for upgrading biomass into high-

quality solid fuels, namely bio-coal. This chapter provides information on bio-coal production 

processes, including the reactions occurring during biomass pyrolysis, the effects of pyrolysis 

parameters, pyrolysis reactors, risk of self-heating in bio-coal storage, and thermochemical 

conversion of bio-coal.  

2.1 BIOMASS PYROLYSIS  
Pyrolysis is the thermal decomposition of organic materials in the absence of oxygen. In 

biomass pyrolysis, the thermal degradation of biomass produces several products such as bio-

coal, bio-oil (or “tar”), and pyrolysis gas. Figure 2.1 shows a schematic diagram of biomass 

pyrolysis, showing possible decomposition pathways of dried biomass during the reaction [20].  

 
Figure 2.1. Decomposition pathways of biomass pyrolysis (adapted from Neves et al.[20]). 
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  Pyrolysis of wood particles can be divided into two stages: primary pyrolysis and 

secondary pyrolysis. During primary pyrolysis, thermal decomposition induced by heat transfer 

breaks the chemical bonds in biomass, releasing volatiles and rearranging the carbon matrix of 

the solid residue [20]. The increase in temperature in this step increases in the thermal stability 

of bio-coal due to the high volatile release [36–39]. The products from this stage include 

primary char, bio-oil, and pyrolysis gas.    

 The primary volatiles can further react during secondary pyrolysis. Volatiles released 

from biomass particles undergo fragmentation and recombination, resulting in different 

fractions of condensable and incondensable gases. In the meantime, large volatile molecules 

inside the particle pores can yield extra bio-coal due to recombination reactions [40,41]. This 

reaction refers to secondary char formation, and bio-coal is generally called secondary char 

[20,42]. According to the mechanism of secondary pyrolysis, the reactions are dominated by 

not only heat transfer, as primary pyrolysis, but also mass transfer of volatiles within the pore 

structure of biomass particles. Therefore, secondary char formation plays a significant role in 

the pyrolysis of thick biomass particles, such as woodchips, than that in the pyrolysis of biomass 

powders due to the prolonged residence time of volatiles in the pore structure [20–23].  

  Different biomass feedstock give different bio-coal yield and properties. In general, 

agricultural biomass contains a much higher concentration of inorganic elements than forestry 

biomass [43–45]. High inorganic content results in complicated catalytic activity and causes 

technical challenges because of the high ash amount and the degree of slag formation in 

downstream processes [46]. Therefore, forestry biomass is preferred for industrial applications. 

However, different types and parts of forestry biomass, such as trunk, bark, and branch, also 

show significant variations. In addition to inorganic content, there are considerable differences 

in biomass regarding the content of main biological components such as cellulose, 

hemicellulose, and lignin. Lignocellulosic content not only varies within parts of forestry 

biomass, but also differs among different types of wood, i.e., softwood and hardwood. It has 

been reported that spruce (softwood) contains 45.6-47.2% cellulose, 13.3-20.0% hemicellulose, 

and 28.2-36.0% lignin [47,48]. Meanwhile, birch (hardwood) contains 43.9-47.0% cellulose, 

25.9-28.9% hemicellulose, and 20.2-22.0% lignin [47,49,50]. High lignin content in biomass 

leads to high bio-coal yield, as commonly reported in the literature [Paper I,Paper III,52,53]. 

In addition, high moisture content in biomass reduces bio-coal yield [53]. 

  In bio-coal production, slow pyrolysis, i.e., pyrolysis under low heating rates, is 

preferred for a high bio-coal yield. There is no clear definition of slow pyrolysis with respect 

to the heating rate. However, it normally refers to heating rates up to 100 °C min-1, while fast 
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pyrolysis normally refers to heating rates higher than 1000 °C s-1 [33]. Figure 2.2 summarizes 

the effects of temperature, pressure, and heating rate on bio-coal yield from woody biomass 

reported in the literature. This shows that low temperature, high pressure, and low heating rate 

result in high bio-coal yields.  

 

 
Figure 2.2. Influence of (a) temperature, (b) pressure, and (c) heating rate on bio-coal yield 

[26,54–63]. 

  Among these parameters, temperature is the most influential parameter on bio-coal 

yield and properties [9,20,64,65]. In general, the increase in temperature gradually decreases 

the bio-coal yield (Figure 2.2a). Meanwhile, the fuel quality of the bio-coal increases when the 

temperature increases. Bio-coal produced by high-temperature pyrolysis has a high carbon 

content, low volatile content, and high heating value [9,26,57,59,66,67]. For example, Figure 

2.3 illustrates the effect of temperature on the main elemental content of bio-coals. The carbon 

content increases sharply at the temperature between 300 and 500 °C to reach approximately 

80%, and then continue to increase at elevated temperatures with less sensitivity.  



10 | P a g e  
  

 
Figure 2.3. Influence of temperature on (a) carbon, (b) hydrogen, and (c) oxygen content 

[26,55–60,68,69]. 

 Secondary char formation is a promising solution to increase the bio-coal yield while 

maintaining its quality. Several techniques such as pyrolysis in a closed system [24,25], high 

pressure [9,24,26–28], and low purging gas flow rate [29–31] extend the residence time of 

volatiles inside the pore structure of wood particles, resulting in extra bio-coal. The type of 

purging gas may also influence volatile residence time. As implied by Schonnenbeck et al. [70], 

using CO2 instead of N2 in pyrolysis may inhibit volatile release due to CO2 adsorption through 

the microstructure of solid particles, thus increasing bio-coal yield. In addition, different carrier 

gases have different heat and mass transfer characteristics, and they might affect the 

temperature gradient and internal pressure, particularly in thick particles. However, the 

interactions of these issues have not been well elaborated.  

 The promotion of secondary char formation by increasing volatile concentration inside 

the pore structure of thick biomass could also increase bio-coal yield. Hill et al. [71] have 

reported that the bio-coal yield from downstream of the fixed bed was higher than that from 

upstream during pyrolysis of Aspen woodchips due to volatile deposition on bio-coal. 
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Moreover, volatile deposition on bio-coal during pyrolysis did not negatively impact bio-coal 

microporosity and adsorption properties [71]. Another way to ensure the secondary char 

formation of volatiles is recycling of bio-oil (large-molecule volatiles) into pyrolysis processes. 

Secondary char formation of volatiles from bio-oil may progress even further at the surface of 

the biomass structure by adsorbing bio-oil at the internal pores of biomass, as reported by Huang 

et al. [32]. Nevertheless, using thick particles, which are commonly used in industrial processes, 

may hinder the adsorption of heavy oil as well as sufficient contact between volatiles and pore 

surfaces.   

 This section imposes the following research questions: 

• What are possible methods to increase bio-coal yield while maintaining its quality?  

• What is the mechanism behind pyrolysis of thick biomass with bio-oil embedding? 

• What are the effects of other conditions on the behavior of bio-oil embedding 

method? 

• Do different carrier gases affect bio-coal yiled and properties in the pyrolysis of thick 

biomass, and what are the reasons behind it?  

• What are the pyrolysis conditions required to increase the efficiency of bio-coal 

production? 

2.2 PYROLYSIS REACTORS 
Reactor design is a crucial procedure for designating the desired pyrolysis conditions that can 

produce bio-coal with optimal efficiency. Pyrolysis reactors are usually classified based on 

heating mechanisms and desired products, that is, bio-coal or bio-oil. Slow and intermediate 

heating configurations are suitable for a high bio-coal yield [33,72]. Fixed-bed reactors, such 

as kilns and retorts have been used for wood carbonization since the 18th century [33]. These 

reactors produce bio-coal at slow heating rates in batch and semi-batch processes [33]. 

However, metal or earth kiln use and development has made little progress in the last century 

due to its serious disadvantages, such as inhomogeneous bio-coal quality, low efficiency, 

difficulty in control, high release of pollutants, and high labor demand [33,73]. Although retorts 

are currently used to produce bio-coal, they were designed for wood logs carbonization. High 

capital cost and low efficiency are issues for their deployment today [33].  

  Presently, pyrolysis reactors using medium heating rate, so-called “converters”, are 

getting attention for converting forestry and agricultural biomass chips or pellets into bio-coal 

and bio-oil [33]. Unlike traditional reactors, converters do not require large circulating gas 

volumes or a heating carrier [33]. Furthermore, yields and characteristics of products can be 
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easily varied by operating conditions [34]. Auger reactors and rotary kilns are popular 

converters widely used in pyrolysis due to their robustness and mobility. Converters lacked 

commercial interest due to the limited application of bio-coal powder in the past [33]. 

Nevertheless, the growing interest in fine bio-coal for soil amendment and metallurgical 

industry has led to the recent development of converters [33]. Therefore, the demand for 

scientific knowledge has been growing on the development of converters such as rotary kilns 

and auger reactors for biomass pyrolysis.  

  Auger reactors or screw reactors have been successfully used for bio-coal and bio-oil 

production. Figure 2.4 shows a schematic of an auger reactor adapted from the commercial 

Pyreg process [74]. During pyrolysis via this reactor, biomass is fed to the reactor by a hopper, 

and a screw then carries biomass to the hot zone of the reactor. The pyrolysis gas goes to a 

condenser, while bio-coal is obtained at the end of the screw [33]. Several studies have used 

auger reactors to study the pyrolysis of various feedstock, such as agricultural materials [75,76], 

animal manure [77], waste tires [78,79], sawdust [80–83], and wood particles [84–86]. 

According to Brassard et al. [87], pyrolysis of woody material in an auger reactor yields 11-

45% bio-coal on a mass basis. 

 
Figure 2.4. Schematic of an auger reactor (adapted from Pyreg process [74]). 

  Rotary kiln reactors have been widely used in cement production, pulp industry (lime 

kiln), and mining industry (iron ore pellet production). This reactor can handle widespread 

feedstock and a broad particle size distribution. It is a reactor suitable for processing materials 

whose physical properties change sharply [88]. The concept of rotary kilns was developed from 

a tubular reactor, which includes inclination and rotation. Figure 2.5 shows a schematic of the 

rotary kiln used in the pyrolysis of woodchips, adapted from the WoodRoll process, Cortus AB 

[89]. Woodchips or pellets fed into the reactor are indirectly heated by flue gas or pyrolysis gas, 
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which then produces bio-coal and bio-oil. It has been used in many pyrolysis applications, such 

as slow pyrolysis of olive stones [90], sewage sludge [91], and wood [92]. Rotary kilns can 

yield 19-38% bio-coal on a mass basis [33]. 

 
Figure 2.5. Schematic of a rotary kiln reactor (adapted from WoodRoll process [89]). 

  In addition to practical studies on these reactors, numerical simulation is a powerful 

tool for the understanding of pyrolysis in these reactors. Granular flows inside auger reactors 

have been studied by using the discrete element method, which can describe particle velocity, 

mass flow rate, and granular bed flow pattern [93–95]. Although few researchers have 

developed models to describe pyrolysis in auger reactors [96–98], they have focused on bio-oil 

production via fast pyrolysis. For pyrolysis in rotary kilns, only a few researchers have 

developed numerical models to describe pyrolysis in this type of reactor. Some studies have 

simulated rotary kiln reactors by assuming them to be plug flow reactors [99,100]. Nevertheless, 

the granular flow inside a rotary kiln can be accurately described by Saeman’s expression [101]. 

This expression was implemented in a maize pyrolysis model in a rotary kiln by Klose and 

Wiest [102]. Notwithstanding, the numerical model of rotary kilns for the woodchips pyrolysis 

has been rarely reported. By developing such models, the correlation between the reaction 

conditions and reactor parameters can be determined. 

 This section imposes the following research questions: 

• What are the important design parameters in a pyrolysis reactor?  

• How can we reflect the desired pyrolysis conditions in the design and operation of 

reactors?  
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2.3 SELF-HEATING IN BIO-COAL 
Bio-coal is prone to self-heating, which requires close attention to avoid fire hazards. 

Spontaneous fires not only result in unnecessary production and maintenance costs, but also 

cause worker injuries and fatalities. Thus, it is mandatory to prevent fire incidents in bio-coal 

production, particularly during large-scale storage. General recommendations such as material 

cooling, oxygen reduction, and using inert gases have been practiced. Nevertheless, predicting 

self-heating in bio-coal storage is the key to preventing this incident.   

  Bio-coal is usually dry, porous, and has a high carbon content, which has the potential 

to undergo oxidation reactions at low temperatures [103,104]. Self-heating in bio-coal is likely 

to be initiated by exothermic oxidation of the surrounding air at low temperatures, which 

releases heat and slowly increases bio-coal temperature. If the heat generated is not ameliorated 

by heat loss, self-ignition occurs, which leads to thermal runaway [103,105]. Among the few 

studies on char oxidation at low temperature, Fan et al. [106] measured cornstalk char oxidation 

rate under air using thermogravimetric analysis (TGA) coupled with differential scanning 

calorimetry (DSC). The observation revealed exothermic heating started at around 120 ºC, 

where the mass of the sample slightly increased. This implies that bio-coal self-heating is 

initiated by exothermic heat generated due to O2 chemisorption on bio-coal sufrace. 

Nevertheless, to the best of our knowledge, no previous work has considered O2 chemisorption 

rates in bio-coal self-heating.  

  Few studies have investigated the factors influencing self-heating related to bio-coal 

properties and storage conditions. Restuccia et al. [103] investigated the effects of pyrolysis 

temperature and raw biomass on the ignition temperature of bio-coal in containers of different 

sizes. They observed self-heating at ambient temperatures between 100 and 245 ºC. Among the 

bio-coal produced between 350 and 800 ºC, bio-coal produced at 450 ºC had the lowest ambient 

temperature for ignition, implying the highest risk. The authors explained that bio-coal 

produced at temperatures higher than ca. 400 ºC contained mostly lignin, which is low reactive. 

However, another reason could correlate to thermal annealing of bio-coal at high pyrolysis 

temperatures, resulting in the well-ordered aromatic structure [Paper II]. Restuccia et al. [103] 

also showed that large storage and large bio-coal particles have low ignition temperatures, 

indicating that they are prone to self-heating ignition. This result may be associated with oxygen 

availability and diffusion rate in storage.  

  Although the experimental approach directly measures the influences of factors on 

self-heating, these previous studies cannot be generalized and are not quantitative predictions 
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for different bio-coal samples, storage sizes, and container materials. Furthermore, if O2 

chemisorption causes self-heating, the local oxygen concentration in bio-coal containers is a 

crucial parameter that is difficult to measure in large-scale storage. Hence, for quantitative 

predictions, numerical simulation is required to quantify the oxidation kinetics and resolve the 

local temperature and concentration fields inside the storage volume. Some studies have applied 

numerical simulations to investigate self-heating of raw biomass [107,108], but not for bio-

coal. To the best of our knowledge, there is no previous work that considers O2 chemisorption 

at low temperatures (<300 ºC) in the model. This section presents the following research 

questions: 

• What is the main reason behind self-heating in bio-coal storages?  

• How to prevent thermal runaway in bio-coal storages? 

 

2.4 BIO-COAL REACTIVITY  
Bio-coal conversion rate or reactivity is a key parameter in designing the reactor capacity in 

thermochemical conversion processes, such as combustion and gasification [17,18]. If bio-coal 

is utilized in an existing process, e.g., metallurgical processes, its reactivity should be equivalent 

to that of fossil coal to avoid major process modifications. Reaction rate of bio-coal under low 

convection dominant involves three main rate-limiting steps: chemical reaction limitation, 

intraparticle diffustion limitation, and interparticle diffusion limitation. Figure 2.6 illustrates 

the bio-coal gasification at different scales.  

 
Figure 2.6. Bio-coal gasification with CO2 in different scales. 

 As shown in the figure, gasification rates are influenced by different factors at different 

scales. Therefore, this section reviews the knowledge of bio-coal gasification at different scales. 

To make it easy to follow, important terminologies are defined and summarized in Table 2.1. 
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Table 2.1. Summary of important terminologies.  

Terms Void/pore Rate constant Diffusion Effectiveness factor 
Global - - Overall Overall 
Bed scale Void fraction Bed Interparticle Bed 
Particle scale Porosity Particle Intraparticle Intraparticle 
Reactive surface - Intrinsic - - 

2.4.1 Intrinsic Reactivity of Bio-coal  

 Most previous studies reported bio-coal reactivity as an intrinsic reaction rate, which 

is the rate at which the chemical reaction controls the overall reaction rate. It is common to 

measure the intrinsic reactivity using TGA with the minimum mass transfer resistance. This 

condition can be achieved using flat crucibles, high gas flow rates, low sample amounts, small 

particle sizes, and low reaction temperatures [109–111]. According to the agreeable discussion 

in previous studies [112–115], intrinsic bio-coal reactivity varies according to content and type 

of inorganic compound, morphological structure or active surface area availability, and content 

of functional groups and bio-coal chemical structure. These parameters are strongly influenced 

by biomass type and pyrolysis conditions.             

 Alkali and alkaline earth metals (AAEMs), for example, Na, K, Ca, and Mg, tend to 

form carbonates during char gasification, which enhances the reaction rate due to their catalytic 

effect via the oxygen transfer cycle [116–120]. Meanwhile, Cl, S, P, and Si have the potential 

to react with AAEM, which reduces the availability of catalytic compounds [46,121]. The 

content and distribution of these inorganic elements depend strongly on the raw biomass [122]. 

The major ash-forming elements in biomass can be K, Ca, Mg, Si, P, S, Cl and Al [46]. Bio-

coal with low Cl, S, P, and Si content has a high potential to form Ca-carbonates and K-Ca-

carbonates during thermochemical conversion processes [46]. Nevertheless, the stability of 

these carbonates is highly dependent on the Ca to K ratio and the reaction atmosphere [119]. 

Strandberg et al. [119] calculated the thermodynamic equilibrium during stem wood 

combustion. The results show that K is released from the solid phase at above 800 °C, which 

mobilizes K throughout the biomass particles, thus causing catalytic enhancement. Our 

collaboration study, Schneider et al. [123], reported that a thin CaO layer was formed in bio-

coal produced at 1600 ºC, which was absent in bio-coal produced at lower temperatures and 

corresponded to a significant increase in the gasification rate. These results imply that the 

catalytic effect of K and Ca vary greatly with the pyrolysis and gasification conditions. 

Moreover, K- and Ca-carbonate content are lower in bio-coal with high Cl, S, P, and Si content. 

Boström et al. [46] reported that Si tends to form K-silicates, followed by Ca-silicates. 
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Consequently, individual K and Ca content are insufficient to predict bio-coal gasification 

reactivity.    

 Biomass feedstock significantly affect the inorganic constituents in bio-coal, as most 

of them remain in bio-coal after pyrolysis. The total and certain inorganic elemental 

composition varied significantly among biomass types. In addition, sand and clay minerals 

introduced during biomass handling may alter the overall composition [128, Paper III]. 

However, some inorganic elements are water-soluble [125], whereas acid leaching can 

effectively remove most inorganic elements [126–129]. Furthermore, inorganic elements are 

released when pyrolysis is conducted at a high heating rate (1000 °C s-1) and high temperature 

(800 °C) under high sweeping flows [130]. On the contrary, slow heating pyrolysis under at 

700-800 °C do not significantly influence AAEM release [131–133].  

 The heating rate and temperature not only influence inorganic content release during 

biomass pyrolysis, but also affect bio-coal morphology and chemical structure. Bio-coal 

porosity is highly dependent on the heating rate during pyrolysis. During pyrolysis under low 

heating rates, volatiles are released gently from the pores in the original biomass, resulting in 

no major change in char morphology from the original biomass [68]. On the contrary, pyrolysis 

under high heating rates produces bio-coal with large cavities and open structures due to fast 

volatile release, overpressure, and pore coalescence [134,135]. Hence, bio-coals formed under 

different heating rates comprise different portions of micropores (dpore < 2 nm), mesopores (2 

nm < dpore < 50 nm), and macropores (dpore > 50 nm) [136]. This characteristic directly indicates 

the availability of active surface area in bio-coal, influencing bio-coal conversion rate. 

According to an analysis conducted by Di Blasi [17], the surface area developed by mesopores 

and macropores is the major contributor to oxidation and gasification, while micropores barely 

participate in the reactions. The heating rate also affects the elemental composition and 

functional groups present in bio-coal. A large amont of oxygen functional groups is normally 

observed in bio-coal produced at high heating rates [68,137]. This is explained by the reduced 

residence time of volatiles in the particle when pyrolysis occurs at high heating rates [138,139]. 

  In addition to the heating rate, a high reaction temperature enhances bio-coal surface 

area and chemical structure. A high pyrolysis temperature increases the specific surface area of 

bio-coal [66,137,140,141]. However, the specific surface area of bio-coal decreases at above 

800 °C due to the increase in carbon ordering and pore coalescence, known as thermal annealing 

[66,137,141]. Pyrolysis at high temperates also improves bio-coal structural order, resulting in 

larger aromatic ring clusters [142,143]. Using characterization techniques such as X-ray 

diffraction (XRD), nuclear magnetic resonance (NMR), Fourier-transform infrared 
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spectroscopy (FTIR), and Raman spectroscopy, it has been concluded that increasing pyrolysis 

temperature promotes functional groups loss and large aromatic ring formation in bio-coal 

[18,143–148]. The same outcomes can be expected when producing bio-coal by long pyrolysis 

time [149]. 

  Pyrolysis conditions that enhance secondary char formation can also potentially affect 

the bio-coal reactivity. It has been reported that bio-coal produced directly from pure bio-oil 

has lower reactivity than that produced from wood due to the absence of microporosity and low 

ash content in bio-coal from bio-oil [150,151]. Anca-Couce et al. [152] conducted pyrolysis 

enhance secondary char formation by varying the initial mass (10 mg-100 g), particle size (0.2 

mm-3 cm), and bed type (TGA and fixed-bed reactor). The result showed that the reactivity of 

secondary bio-coal was significantly lower than that of primary bio-coal. Moreover, the effect 

was similar magnitude to the effect of thermal annealing [152]. The authors concluded that the 

mechanism behind this reduction is the deactivation of the active site due to secondary bio-coal 

deposition or carbon edge isolation [152]. However, the effect of secondary char formation by 

the interaction between bio-oil and woodchips on bio-coal reactivity has not been elaborated in 

the literature. Furthermore, studies on the effects of pyrolysis parameters on the reactivity of 

bio-coals produced from thick particles, which is a common method in bio-coal production, is 

still limited, although it may be significantly different from bio-coals produced from pulverized 

particles due to the presence of secondary char formation.  

2.4.2 Apparent Reactivity of Bio-coal Particles 

  In most industrially relevant conditions, bio-coal reaction rate is dominated by mass 

transport mechanisms. If intraparticle diffusion, also referred to as pore diffusion, is the rate-

limiting step, the rate of CO2 diffusion through the pores inside bio-coal particles plays a 

significant role in the overall reaction rate. The particle size, density, and pore structure 

influence the apparent bio-coal reactivity. It has been widely reported that the apparent bio-coal 

reactivity decreases as the particle size increases [153–156]. This observation is described by 

the Thiele modulus [157], known as a measure of the ratio of surface reaction rate to the rate of 

diffusion, which suggests that diffusion resistance increases with increased particle size. 

However, the effect of intraparticle diffusion may be negligible below a certain particle size 

threshold. Guizani et al. [154] have reported that intraparticle diffusion does not affect the 

gasification reactivity of bio-coal particles smaller than 40 µm. Nevertheless, this threshold 

may be different for char samples with different densities and pore structures, and it varies with 

the reaction conditions. 
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  While many studies have reported the apparent reactivity of bio-coal particles, only a 

few studies have focused on the change in particle size during bio-coal conversion. In the 

overall reaction of bio-coal particles that is controlled by a chemical reaction, the particle size 

remains constant until it is fully converted, while the density decreases linearly with conversion. 

These changes can be described using the uniform reaction model (URM) [158]. In the reaction 

controlled by gas-film diffusion, the reaction takes place at the surface of the particles, resulting 

in a constant particle density. The change in particle size has been accurately described by the 

well-known shrinking core model (SCM). In contrast, when the reaction is dominated by 

intraparticle diffusion, carbon consumption inside the particle is non-uniform, leading to 

changes in both density and particle size during the conversion. Therefore, more computational 

effort is required, and there is no analytical solution that accurately describes the changes in 

this reaction condition. Haugen et al. [159] proposed a model that predicts the particle radius 

and density by dividing the conversion into two phases, which are separated by the critical 

conversion (Xcrit). During the first phase, where X < Xcrit, the particle radius remains constant 

while the density decreases. Later in the second phase, where X > Xcrit, both the density and 

particle diameter decrease. Figure 2.7 depicts the calculated changes in particle diameter during 

the conversion.  

 
 Figure 2.7. Changes in density and diameter during bio-coal conversion [Paper VI]. 

  The figure shows that the critical conversion varies with the initial particle diameter. 

These critical conversions were determined by temporal integration of the reaction at the 

external surface of the particle, which demands particle simulation. Alternatively, the critical 

conversion may be approximated to be equivalent to the mean effectiveness factor, as developed 

in Paper VI. An experimental investigation is required to validate and develop this model. This 

knowledge is important for predicting the change in bio-coal particles when utilizing them in 

industrial processes.     
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2.4.3 Apparent Reactivity of Bio-coal in the Bed scales 

  In a packed bed of bio-coal with low convective flow, for example in a sagger and 

crucible, both external and interparticle diffusion affect the apparent reaction rate along with 

intraparticle diffusion. External diffusion is caused by CO2 diffusion in the stagnant gas region 

between the top of the packed bed and the bed surface, while interparticle diffusion is CO2 

diffusion through the interparticle channels (voids) of the packed bed. Unlike previous rate-

limiting steps, few studies have reported these effects in the literature. Zhang et al. [110] have 

reported that interparticle diffusion is more significant than external diffusion of lignite char, 

and the effect of interparticle diffusion increases exponentially with bed height. The same 

observation was reported by Ollero et al. [153] in the study of waste biomass gasification.  

  Particle size distribution (PSD) is an important factor for determining the apparent 

reactivity of a packed bed with a given bed volume because of its effects on physical properties, 

such as bed void fraction, bed channel size, and tortuosity. Bed void fraction of solid particles 

increases with a decrease in particle size, while the solid shape also affects the void fraction 

[160]. This implies that the effect of interparticle diffusion should be significant for large 

particles. Nevertheless, interparticle channels among small particles should be narrower than 

those among large particles, and consequently, have a more significant interparticle diffusion 

effect. Moreover, PSD uniformity affects permeability in a packed bed [161–164], which 

should also influence the effective mass diffusivity of CO2. Unfortunately, to the best of our 

knowledge, no previous work has elaborated on the effect of particle size and PSD on the 

apparent bio-coal reactivity in a packed bed.   

 This section imposes the following questions: 

• How do the pyrolysis conditions and feedstock affect the bio-coal properties and 

intrinsic reactivity?  

• How does bio-coal particle size change during conversion under intraparticle diffusion 

limitation? 

• How do particle size and PSD influence the apparent bio-coal reactivity in a packed 

bed? 

• How to control the reactivity by manipulating the particle size and PSD?
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Chapter 3  
Research Methods  

 
This chapter presents methods to pursue the objectives and answers the research questions of 

this thesis. As discussed in the literature review, yield and fuel properties of bio-coal are mainly 

identified by pyrolysis temperature. Enhancing secondary char formation is a promising 

solution to increase bio-coal yield without disturbing its quality. In this work, bio-oil recycling 

and CO2 purging are the proposed methods applying to promote secondary char formation. Pre- 

and post-treatment units are included in the process to ensure properties of bio-coal are suitable 

for industrial applications. The idea of the bio-coal production with the proposed methods is 

schematically represented in Figure 3.1. 

 
Figure 3.1. Bio-coal production process proposed in this thesis. 

  Several research methods have been applied to examine the validity of this process and 

investigate suitable operating conditions. Macro thermogravimetry is the method used to study 

pyrolysis of thick biomass particles. Bio-coal produced from various biomass feedstocks and 

conditions were analyzed to investigate the effects of pyrolysis parameters on their properties 

and reactivity. A numerical model was developed based on conservation equations to describe 

woodchip pyrolysis in a rotary kiln. Furthermore, bio-coal self-heating in containers has been 

investigated to suggest safe storing conditions. Finally, bio-coal gasification under intraparticle 

diffusion and in a packed bed has been studied to understand how to control the apparent rates 

when utilizing bio-coal in common industrial conditions.   
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3.1 PREPARATION OF BIO-COAL 
3.1.1 Raw Material 

  In order to examine the performance of the pyrolysis process with bio-oil recycling, 

an experimental investigation was carried out at a laboratory scale. Bio-oil embedded 

woodchips represented material with bio-oil recycling to compare with dried woodchip and bio-

oil. Bio-coal yield is the primary indicator for the performance of the pyrolysis methods in this 

study. Debarked woodchips, also called stem wood, of spruce and birch were selected as 

representatives of softwood and hardwood, respectively. These two types of wood were selected 

due to their high supplied potential in Sweden [165,166]. Fast pyrolysis oil purchased from 

Fortum’s pyrolysis plant in Joensuu, Finland, was represented as condensed bio-oil from the 

pyrolysis process in this study. The composition of bio-oil from the actual pyrolysis process is 

most likely to be different from that in the current study, but the general conclusions on the 

conversion behavior of bio-oil should be applicable for the actual sample. Table 3.1 shows 

characteristics of spruce, birch, and bio-oil, together with other biomasses used in the later 

section. Bio-oil was embedded in woodchips at room temperature by brushing bio-oil on the 

surface of the woodchip. In the base case, 20% (m/m) of bio-oil was embedded at the surface 

of the woodchip, i.e., 20% bio-oil and 80% woodchip on mass basis. Meanwhile, 10% and 25% 

(m/m) of bio-oil on woodchip were also used for pyrolysis experiments at selected conditions. 

The detailed information can be found in Paper I and II. 

Table 3.1. Characteristics of raw biomasses and bio-oil. 

*Lignocellulosic compositions of spruce and birch were obtained from the literature [48–50], while those 
of other biomass samples were measured by [167].  

**Ultimate analysis and HHV of bio-oil are on wet basis due to its difficulty to separate water. 
   

Characteristic  Spruce Birch Bark Residue Corncob Bio-oil** 

Cellulose* wt.%, dry 45.6-47.2 43.9-47.0 21.9 22.3 38.4 - 
Hemicellulose* wt.%, dry 13.3-20.0 25.9-28.9 18.3 27.9 34.8 - 
Lignin* wt.%, dry 28.2-36.0 20.2-22.0 40.7 27.6 15.9 - 
Extractives* wt.%, dry - - 15.2 18.9 6.9 - 
Ultimate analysis  
  Carbon 
  Hydrogen 
  Nitrogen  
  Oxygen  

wt.%, dry  
49.5 
6.1 

0.25 
42.8 

 
47.1 
6.2 

0.27 
43.6 

 
50.6 
6.1 
0.5 

40.5 

 
50.7 
6.1 
0.3 

39.8 

 
47.2 
5.9 
0.5 

42.8 

 
55.4 
6.6 

0.14 
37.9 

H/C molar ratio - 1.48 1.58 1.45 1.45 1.51 1.43 
O/C molar ratio - 0.65 0.69 0.59 0.60 0.68 0.51 
Ash content at 550 ºC wt. %, dry 0.3 0.2 4.2 2.2 4.0 - 
HHV MJ/kg 19.7 18.3 20.8 20.6 18.5 23.4 
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  In addition to debarked woodchips, three alternative feedstocks were chosen due to 

their high availability in Sweden [166] to investigate bio-coal production using low-rank 

biomass, which includes pine bark, pine residue, and corncobs. Besides their low industrial 

demands [168], these biomass samples represent different dominants of major inorganic 

elements, which could affect bio-coal properties and reactivity. The particle size of the 

biomasses was screened by a stainless sieve with a mesh aperture width of 4 mm. Dried 

biomasses were divided into smaller portions by using a rotary divider, Retsch PT100, to obtain 

representative raw biomass. As shown in Table 3.1, the ash contents of these biomass samples 

are much higher than those of stem woods. In order to understand how ash-forming elements 

affect gasification rates, some of the prepared biomasses underwent acid leaching to remove 

most of inorganic compounds. Around 100 g of biomass was soaked in 1 L of 10% (mass basis) 

acetic acid in a closed volumetric flask. The sample was stirred and kept at 80 °C for 24 h. 

Then, the biomass was rinsed by water until the pH of rinsed water became neutral. The leached 

biomasses were dried in an oven at 105 °C for 24 h before being divided into small portions 

using the rotary divider. The detailed information can be found in Paper III. Table 3.2 

summarizes major inorganic elements of raw and leached biomasses.  

Table 3.2. Major inorganic elements of raw and leached biomasses (mg kg-1, dry basis). 
 

  
 

 

 

 

 

 

3.1.2 Pyrolysis in a Macro-thermogravimetric Reactor  

  Pyrolysis experiments of thick biomasses were carried out in a macro-

thermogravimetric (macro-TG) reactor. This method gives the accessibility to measure the mass 

decay of a large particle during reactions. The detail of the macro-TG reactor is available in 

Paper I and III. The experiment was divided into two distinctive temperature histories of the 

reactor during the experiments, namely, isothermal condition and slow pyrolysis. The total flow 

rate of the carrier gas, either N2 or CO2, was 7 L min-1 at standard state for all temperature 

Element 
Raw 
Bark 

Raw 
Residue 

Raw 
Corncob 

Leached 
Bark 

Leached 
Residue 

Leached 
Corncob 

  Al  537 76 <20 216 21 <12 
  Ca 4650 1590 128 2440 498 182 
  Fe 80 39 18 30 19 21 
  K 1840 1130 6310 188 103 418 
  Mg 582 327 273 125 72 65 
  Na 27 35 15 72 34 44 
  P  384 177 242 124 37 62 
  Si 480 515 435 99 180 215 
  S 242 141 214 187 80 155 
  Zn 35 25 13 16 <7 5 
  Mn 238 164 3.7 51 28 1.1 
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conditions. The mass of sample and the reactor temperature were recorded every 2 seconds with 

the precision of 1 mg and 3 °C, respectively.  

  Prior to the experiments under isothermal conditions, the reactor was heated to the 

reaction temperatures (300 – 700 ºC) and purged with carrier gas (N2 or CO2). A single particle 

was manually lowered down into the heating zone, typically in 2–3 seconds. Therefore, the 

sample was rapidly heated by surrounding gas flow inside the reactor, mimicking the heating 

rate of co-current pyrolysis reactors. When the sample mass became stable, the sample was 

moved to the N2-purged cooling zone before being removed from the reactor. All the 

experiments under isothermal conditions had 3 repetitions. Mass yield of bio-coal was 

calculated by 𝑦𝑦𝑐𝑐 = 𝑚𝑚𝑓𝑓

𝑚𝑚0
, where 𝑚𝑚0 is the initial mass of the sample, and 𝑚𝑚𝑓𝑓 is the final mass of 

the sample. The details are available in Paper I. 

 Under the slow pyrolysis conditions, the sample was placed into the furnace at room 

temperature with carrier gas flowing through the reactor. Then, the reactor was heated to the 

reaction temperatures at the heating rate of 3 °C min-1. Ten seconds after the reactor temperature 

reached the desired temperature, the sample was moved to the N2-purged cooling zone and 

removed from the reactor.  

 Additional experiments of wood powder were carried out in PerkinElmer TGA 8000TM 

Thermogravimetric Analyzer to examine the pyrolysis behavior with low mass diffusion 

resistance. Woodchips from the same origin were cut, and sawdust was collected as wood 

powder. TGA experiments of wood powder, 0.9-1.1 mg, were conducted under the same 

temperature profile as the macro-TG experiment under slow pyrolysis condition (3 °C min-1) 

with a carrier gas flow rate of 20 mL min-1 purged around the sample crucible. 

3.1.3 Particle Size Selection of Bio-coal  

 In the study of bio-coal gasification rates under intraparticle and interparticle diffusion 

limitations (Paper VII), bio-coal was obtained from 500 kWthermal two-step pyrolysis process 

operated by Cortus AB, Sweden [89]. After pyrolysis, the bio-coal was extruded into cylindrical 

pellets to increase the particle density. Thereafter, the pellets were crushed using a disintegrator 

mill to achieve the relevant particle size distribution. The sample was sieved into seven narrow 

size fractions, hereafter called monodispersed particle samples, as shown in Table 3.3. These 

size fractions cover the range of PSD of the bio-coal sample. The terms dmin, dmax, and dmid refer 

to minimum, maximum, and mid-range particle sizes, respectively. 
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Table 3.3. Size characteristics of monodispersed particle samples. 

Sample 
dmin 

(µm) 
dmax 

(µm) 
dmid 

(µm) 
dp1 - 75 - 
dp2 180 212 196 
dp3 315 400 358 
dp4 500 630 565 
dp5 800 1000 900 
dp6 2000 3150 2575 
dp7 4000 6300 5150 

  Furthermore, bio-coal apparent rate in a packed bed was also studied by using bio-coal 

with wide ranges of the particle size distribution, hereafter called polydispersed particle 

samples. The sample was prepared within the particle range of 180 and 6300 µm, as shown in 

Figure 3.2. The samples with the labels PSD1 to PSD5 were prepared by decreasing the 

maximum diameter of the PSD in comparison with as received PSD. In contrast, the samples 

PSD11 to PSD17 were prepared by increasing the minimum diameter. The detail of size 

characteristics of these PSD can be found in Paper VII. 

 

Figure 3.2. Cumulative curves of the polydispersed particle samples. 
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3.2 CHARACTERIZATION OF BIO-COAL  
Properties of bio-coal produced from the methods described in the previous section were 

examined. The relevant bio-coal properties measured in this study include density, elemental 

compositions, heating values, surface morphology, and chemical structure. The characterization 

methods are summarized in Table 3.4, while the detail was provided in the appended papers.  

Table 3.4. Characterization of bio-coal.  

 

Property Method Paper 
Bulk density VDLUFA-Method A 13.2.1 [169]. VII 
Envelope density Replacement of bed voids by using Al2O3 VII  
True density Micromeritics AccuPyc II 1340 helium displacement 

pycnometer  
V, VII 

   
Proximate analysis  

III, V, 
VII 

   Volatile matters content  TGA8000, PerkinElmer, at 900 ºC under pure N2 
   Ash content Macro-TG reactor, at 550 ºC under air 
   Fixed carbon content  By difference  
   
Ultimate analysis  EA3000, CHNS-O elemental analyzer, Eurovector Srl. 

I, III, V, 
VII 

   CHN DIN 51732 
   O Measurement of CO released from pyrolysis reaction in a 

packed column of nickel-plated carbon at 1070 ºC.  
   
Inorganic elemental analysis  Inductively coupled plasma optical emission spectrometry using 

Arcos SOP by Spectro. A Multiwave 3000 microwave system 
(Anton Paar, Graz, Austria) was used for sample digestion. 

II, III 

   
Higher heating value (HHV) IKA C200, bomb calorimeter  I, V, VII 
   
N2 adsorption Micromeritics ASAP 2020 analyzer, with BET, BJH, and DFT  II 
 Micromeritics ASAP 2000 analyzer, with BET  III 
   
X-ray diffraction (XRD) PANalytical Empyrean diffractometer II, III 
   
Raman spectroscopy Inverted microscope (IX71, Olympus, Japan) coupled to a 

spectrometer, Shamrock 303i (Andor Technology, UK).  
A DPSS 532 nm was used as an excitation laser (Altechna, 
Azpect Photonics Ab, Södertälje, Sweden). 

II, III 

   
Scanning electron microscopy 
coupled with energy-
dispersive X-ray spectrometry 
(SEM-EDX) 

Zeiss Ultra 55 VP equipped with energy-dispersive X-ray 
spectrometry, Bruker. 

III 
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  In addition to the characterization methods mentioned above, X-ray microtomography 

(XMT) of biomass and bio-coal was measured by using Zeiss Xradia 510 Versa. The resolution 

applied in the measurement was ca. 1 µm. The analysis enables access to the sample porous 

structure. Hence, particle porosity can be estimated using the Otsu method, as illustrated by 

Figure 3.3. First, binary images were extracted from microtomography data using ORS 

Dragonfly software. Then, solid and porous areas were measured using the function 

“regionprops” in Matlab, and particle porosity was calculated.   

 
Figure 3.3. Analysis procedure of XMT images. 

3.3 CONVERSION OF BIO-COAL 
This study measured conversion rates of bio-coal in three main rate-limiting steps, including 

chemical reaction limitation (intrinsic reactions), interparticle diffusion limitation, and 

intraparticle diffusion limitation. Thermogravimetric analyses at different scales were applied 

to assess mass changed during the reactions.  

3.3.1 Intrinsic Reactions  

Gasification with CO2 

  The intrinsic gasification reactivity of bio-coal was measured by thermogravimetric 

analysis with a TA Q5000IR (Paper II) and TGA8000 coupled with gas mixing device 

GMD8000 from PerkinElmer Inc (Paper III and VII). Around 1 mg of powder sample was 

spread at the bottom of a crucible as a thin layer to minimize interparticle diffusion. Reaction 

gas was fed in the vertical direction down to the crucible with a high flow rate to minimize gas 

film diffusion. The sample was heated from 30 ºC to target temperatures, i.e., 770, 800, 830, 
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and 850 ºC. Once the target temperature was reached, the gas composition was switched to 

target concentrations, i.e., 10, 20, 30, and 40% (vol.) CO2 in N2. The sample was held at the 

isothermal condition until there was no mass change.  

  The thermogravimetric curves obtained from this experiment displayed mass loss due 

to both devolatilization and gasification. To determine gasification reactivity, the 

devolatilization part was subtracted from the results. The detail is provided in the supporting 

information of Paper II, III, and VII. Then, char conversion (X) was calculated by  

 𝑋𝑋 = 𝑚𝑚0−𝑚𝑚
𝑚𝑚0−𝑚𝑚𝑎𝑎𝑎𝑎ℎ

, (3.1) 

where m0 is the initial mass at the beginning of gasification, mash is the weight of ash obtained 

from the final mass of the experiment, and m is the weight monitored during gasification.   

 Bio-coal gasification rate can be described as:  

 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑘𝑘(𝑇𝑇,𝑝𝑝𝐶𝐶𝐶𝐶2) ∙ 𝑓𝑓(𝑋𝑋), (3.2) 

where k is the rate constant, which includes the influence of temperature, T, and partial pressure 

of CO2, pCO2. The term f(X) is a structural function representing the changes of active site 

density during gasification. In this work, the random pore model was applied to estimate the 

structural function, which yields the overall gasification rate as [170,171] 

 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑘𝑘(𝑇𝑇,𝑝𝑝𝐶𝐶𝐶𝐶2) ∙ (1 − 𝑋𝑋)�1 − 𝜓𝜓 ∙ ln(1 − 𝑋𝑋). (3.3) 

After integration of Equation (3.3) between 0 and X, the equation becomes 

 �2
𝜓𝜓
� ∙ ��1 − 𝜓𝜓 ∙ 𝑙𝑙𝑙𝑙(1 − 𝑋𝑋) − 1� = 𝑘𝑘𝑖𝑖𝑖𝑖𝑑𝑑 ∙ 𝑡𝑡. (3.4) 

The structure parameter, 𝜓𝜓, was estimated from the experimental data under all conditions, and 

the intrinsic rate constant, kint, can be determined. The data fitting and further details are 

available in Paper II and VII.  

   Kinetic study of CO2 gasification is commonly fitted by using Langmuir-Hinshelwood 

equation [172,173] and nth order reaction equation [174]. As reported in Paper VII, kinetic 

parameters were determined from the nth order reaction model with the Arrhenius-type of the 

equation. The equation was normalized by the rate constant of a reference condition to avoid 

significant error in the extrapolation of the pre-exponential factor. The equation is written as: 

 𝑘𝑘𝑖𝑖𝑖𝑖𝑑𝑑 = 𝑘𝑘0 ∙ exp �−𝐸𝐸
𝑅𝑅
�1
𝑇𝑇
− 1

𝑇𝑇0
�� ∙ � 𝑃𝑃𝐶𝐶𝐶𝐶2

𝑃𝑃𝐶𝐶𝐶𝐶2,0
�
𝑖𝑖

, (3.5) 

where, 𝑘𝑘0 is the rate constant at the reference condition, E is the activation energy, n is the 

reaction order, and R is the ideal gas constant. The term T0 is reference temperature and pCO2,0 
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is reference partial pressure. The calculated kinetic parameters were adjusted to minimize the 

error between experiments and models using the least square method, which is  

 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑡𝑡 𝐿𝐿𝑠𝑠𝑠𝑠𝐿𝐿𝑠𝑠𝐿𝐿 𝐿𝐿𝑠𝑠𝑠𝑠𝑒𝑒𝑠𝑠 =
∑ �𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐸𝐸𝐸𝐸𝐸𝐸

−𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑅𝑅𝑅𝑅𝑅𝑅
�
2𝑑𝑑=𝑑𝑑𝑓𝑓

𝑑𝑑=0

𝑁𝑁
. (3.6) 

In Appendix A1, kinetic parameters obtained from this method are compared with those 

determined using the Langmuir-Hinshelwood equation. The result indicates small differences 

between the two methods.  

Low-temperature oxidation 

  Reaction kinetic of bio-coal oxidation at low temperatures was measured in Paper V. 

This kinetic data was implemented in the self-heating simulation, which will be described later. 

The bio-coal sample used in this part was obtained from a pilot-scale pyrolysis process. The 

raw material is dried poplar woodchip in sizes smaller than 30 mm. Pyrolysis of the raw material 

was done in a rotary kiln reactor at the temperature of 340 °C with the residence time of ca. 30 

min. Bio-coal obtained from the reactor was cooled down to 40 °C, before storing in closed 

containers. It has been observed that this bio-coal exhibited self-heating and ignition on-site, 

which is the reason to select this material in this work.  

  The kinetic measurement was carried out using TGA8000 from PerkinElmer Inc. Prior 

to the experiment, the sample was heated from 35 to 340 °C at a heating rate of 50 °C min-1 

under pure N2, and it was kept at this temperature for 30 min. This step was meant to desorb 

gas molecules that might be adsorbed into the char sample during storage and transportation. 

After that, the sample was cooled down to the target temperatures, that is, 50, 75, 100, 150, 200, 

250, 275, and 300 °C, and held for 10 min before the main measurement. The gas composition 

was switched from pure N2 to the oxidizing conditions, i.e., 5, 10, and 20% (vol.) of O2 in N2. 

The sample was held at the target conditions for 180 min.  

  In the kinetic model, the reaction was simplified assuming CO2 is the only product of 

the reaction while CO generation is neglected. Hence, the reaction is considered as a two-step 

reaction, which consists of O2 chemisorption on active sites (Reaction 3.1) and CO2 formation 

from the surface reaction (Reaction 3.2) as expressed by    

 𝐶𝐶𝑓𝑓 + 𝑂𝑂2
𝑘𝑘1𝑓𝑓, 𝑘𝑘1𝑏𝑏
�⎯⎯⎯� 𝐶𝐶(𝑂𝑂2) (Reaction 3.1) 

 𝐶𝐶 + 𝐶𝐶(𝑂𝑂2)
𝑘𝑘2→ 𝐶𝐶𝑓𝑓 + 𝐶𝐶𝑂𝑂2, (Reaction 3.2) 

where, Cf denotes a free-carbon site, referring to a carbon site available for adsorption, while 

C(O2) represents the carbon site occupied by oxygen molecules. We assume that the surface 
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area and the density of active sites remain constant under the initial stage of the char conversion 

considered in this study. Therefore, Reaction (3.2) includes the transformation of non-active 

carbon into free active site. The rate equation is developed in terms of species site fractions 

adapted from the method provided by Haugen et al. [175,176]. The reaction rate is derived by 

assuming the first-order reaction, which is written as   

  𝑠𝑠𝑑𝑑𝑡𝑡𝑑𝑑 =
𝑑𝑑𝜃𝜃𝐶𝐶(𝑂𝑂2)

𝑑𝑑𝑡𝑡
= 𝑘𝑘1𝑓𝑓 ∙ 𝑝𝑝𝑂𝑂2 ∙ 𝜃𝜃𝑓𝑓 − 𝑘𝑘1𝑏𝑏 ∙ 𝜃𝜃𝐶𝐶(𝑂𝑂2) − 𝑘𝑘2 ∙ 𝜃𝜃𝐶𝐶(𝑂𝑂2). (3.7) 

The term ki represents the reaction rate constant of reaction i. The site fractions 𝜃𝜃𝑓𝑓 and 𝜃𝜃𝐶𝐶(𝐶𝐶2) 

denote the fraction of free-carbon sites and the fraction of occupied sites, respectively. Thus, 

the summation of these site fractions is unity, i.e., 𝜃𝜃𝑓𝑓 + 𝜃𝜃𝐶𝐶(𝐶𝐶2) = 1.  

   The adsorption and desorption rate constants, k1f and k1b, were determined using the 

experimental results obtained from the isothermal temperatures of 50-175 °C, where the loss of 

carbon from bio-coal is negligible (k2 ≈ 0). On the other hand, the rate constant of the surface 

reaction, k2, was determined using the experimental results obtained from the isothermal 

temperatures of 250-300 °C, where the change in mass due to chemisorption reaction, Reaction 

(3.1), is negligible compared to the mass loss caused by Reaction (3.2). The detailed 

information was explained in Paper V, which reported the rate constants as  

 𝑘𝑘1𝑓𝑓 = �1.16 1
𝑠𝑠∙𝑏𝑏𝑏𝑏𝑏𝑏

� ∙ exp�
−22.5 𝑘𝑘𝑘𝑘

𝑚𝑚𝑚𝑚𝑚𝑚
𝑅𝑅𝑇𝑇

�, (3.8) 

 
𝑘𝑘1𝑏𝑏 = �3.34 1

𝑠𝑠
� ∙ exp�

−41.2 𝑘𝑘𝑘𝑘
𝑚𝑚𝑚𝑚𝑚𝑚

𝑅𝑅𝑇𝑇
�, (3.9) 

 
𝑘𝑘2 = �3.08 × 105 1

𝑠𝑠
� ∙ exp�

−103.3 𝑘𝑘𝑘𝑘
𝑚𝑚𝑚𝑚𝑚𝑚

𝑅𝑅𝑇𝑇
�. (3.10) 

   The heat of the reaction was measured by TGA-DSC using a thermal analyzer STA 

449C Jupiter, from Netzsch. About 10 mg of the sample was firstly heated from 25 to 340 °C 

at 20 °C min-1 under N2 and hold for 30 min, in particular to desorb O2 contained in the sample. 

Then, the sample was cooled down to 40 °C and hold for 10 min before the main measurement. 

The gas composition was switched from pure N2 to air, and the sample was then heated to 350 

°C at a heating rate of 10 °C min-1. The mass changes calculated by the kinetic model, Equation 

(3.7), was applied to determine the heat of reaction from DSC, because the model gives 

individual mass changes from the chemisorption and the surface reaction. As reported in Paper 

V, the specific heat of the chemisorption (Reaction 3.1) is -11.6 MJ kg-1, while the specific heat 

of the surface reaction (Reaction 3.2) is -8.9 MJ kg-1. This result indicates high exothermic heat 

released during O2 chemisortion, which could be the main reason for bio-coal self-heating.  
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3.3.2 Apparent Reaction in Particle-scale   

Measurement of the apparent rate 

  The apparent gasification rate under intraparticle diffusion limitation was measured 

using TGA8000 coupled with gas mixing device GMD8000, introduced in the previous section. 

The monodispersed particle samples, Table 3.3, were used to observe the effect of intraparticle 

diffusion. The sample was loaded and spread at the bottom of an alumina crucible as a thin 

layer to minimize interparticle diffusion. The sample was heated from 30 to 850 ºC at a heating 

rate of 10 ºC min-1 under N2 flow rate of 50 mL min-1. After the temperature reached 850 ºC, 

the gas composition was switched to 40% (vol.) of CO2 in N2 at the same total flow rate. The 

sample was held at the isothermal condition for 3 h.  

  After the subtraction of devolatilization by applying the method described in Paper 

VII, the apparent rate constant (kparticle) can be determined from Equation (3.3) The intraparticle 

effectiveness factor, 𝜂𝜂𝑖𝑖𝑖𝑖𝑑𝑑𝑏𝑏𝑏𝑏𝑖𝑖𝑏𝑏𝑏𝑏𝑑𝑑𝑖𝑖𝑐𝑐𝑖𝑖𝑖𝑖, was defined by the following equation to indicate the 

relative significance of intraparticle diffusion in the apparent rates, 

 𝜂𝜂𝑖𝑖𝑖𝑖𝑑𝑑𝑏𝑏𝑏𝑏𝑖𝑖𝑏𝑏𝑏𝑏𝑑𝑑𝑖𝑖𝑐𝑐𝑖𝑖𝑖𝑖 = 𝑘𝑘𝐸𝐸𝑎𝑎𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝
𝑘𝑘𝑝𝑝𝑖𝑖𝑑𝑑

. (3.11) 

Thiele modulus, 𝜙𝜙, was determined by its correlation with the effectiveness factor. The 

following equations are the correlation between the effectiveness factor and Thiele modulus for 

different particle shapes [177,178]. 

   𝜂𝜂𝑖𝑖𝑖𝑖𝑑𝑑𝑏𝑏𝑏𝑏𝑖𝑖𝑏𝑏𝑏𝑏𝑑𝑑𝑖𝑖𝑐𝑐𝑖𝑖𝑖𝑖 =

⎩
⎪⎪
⎨

⎪⎪
⎧ 𝑓𝑓𝑐𝑐

1
𝜙𝜙
�

1
𝑡𝑡𝐿𝐿𝑙𝑙ℎ(3𝜙𝜙) −

1
3𝜙𝜙

� ,           sphere

   𝑓𝑓𝑐𝑐
1
𝜙𝜙
𝐼𝐼1(2𝜙𝜙)
𝐼𝐼0(2𝜙𝜙)

,                               cylinder

𝑓𝑓𝑐𝑐
𝑡𝑡𝐿𝐿𝑙𝑙ℎ(𝜙𝜙)

𝜙𝜙
,                                 plate

, (3.12) 

where, 𝑓𝑓𝑐𝑐 is a correction function expressed as 𝑓𝑓𝑐𝑐 = �1 + �1/2
2𝜙𝜙2+1/(2𝜙𝜙2)

�
0.5(1−𝑖𝑖)2

, and 𝐼𝐼0 and 𝐼𝐼1 

are Bessel function of the first kind. According to the microscopic images of the bio-coal 

provided in Figure S1 of Paper VII, the spherical shape model was selected for the main 

calculation of this study. The expression of Thiele modulus, defined by Bischoff [179], is 

modified to gasification reaction as  

 𝜙𝜙 = 𝑑𝑑𝑖𝑖 ∙ �
𝑖𝑖+1
2∙𝐷𝐷𝑝𝑝𝑓𝑓𝑓𝑓

∙ 𝑘𝑘𝑝𝑝𝑖𝑖𝑑𝑑𝑝𝑝𝑝𝑝𝑖𝑖𝑎𝑎𝑝𝑝𝑝𝑝
𝑃𝑃𝐶𝐶𝐶𝐶2
𝑖𝑖 ∙ 𝜌𝜌𝐶𝐶

𝑀𝑀𝑀𝑀𝐶𝐶
∙ 𝑅𝑅𝑇𝑇, (3.13) 
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where, 𝑑𝑑𝑖𝑖 is particle diameter, 𝜌𝜌𝐶𝐶 is carbon density, and 𝑀𝑀𝑀𝑀𝐶𝐶 is the molecular weight of carbon. 

Effective diffusivity, 𝐷𝐷𝑖𝑖𝑓𝑓𝑓𝑓, was determined by least-square minimization using the 

experimental results of 𝜙𝜙 at the different particle sizes.  

Measurement of particle size evolution  

  This part is provided to observe the change of bio-coal particles during gasification 

under intraparticle diffusion limitation, as reported in Paper VI. The experiment was carried 

out in a single particle converter. This reactor consists of a McKenna-type flat flame burner, an 

optical accessible chamber, a 3CCD camera, and a LED blue light. The flat flame burner 

provides a well-defined temperature and gas composition distribution in the reaction chamber. 

Gas flow rates were regulated by mass flow controllers (El-Flow Select, Bronkhorst). Premixed 

combustion of CH4/O2-CO2 mixtures was utilized for heat supply to the reactor, and the gas 

composition was adjusted by air-to-fuel ratio. The local temperature around the sample was 

measured by an N-type thermocouple with a diameter of 1.5 mm, placed at the same height as 

the sample. A 3CCD camera (model: CV-M9GE, JAI Inc.) was used to record the changes of 

bio-coal particles. It holds three optically aligned independent sensors and dichroic prisms 

splitting incoming light based on wavelengths. A triple-band bandpass filter (Semrock) was 

installed in the camera to selectively transmit light at wavelengths between 446-468 nm, 520-

540 nm, and 614-642 nm. Hence, strong emissions caused by persistent lines of inorganic 

elements (e.g., Na: 589-590 nm and K: 404-405 nm, 766, and 770 nm) were eliminated by the 

filter, and only light emitted from the particle surface via thermal radiation was measured. A 

background of blue light was provided by an LED source through a light diffuser in the direction 

against the 3CCD camera.  

  Prior to an experiment, temperature and gas composition in the reaction chamber were 

prepared by adjusted gas flow rates of O2, CH4, and CO2. The conditions used in this experiment 

represent combustion and gasification reactions, as shown in Table 2 of Paper VI. Once the 

temperature reached a stable value, a single bio-coal particle was inserted manually into the 

chamber. The evolution of bio-coal was recorded. Figure 3.4 illustrates an example of a 

recorded image and analysis procedure. Watershed transformation was applied to isolate the 

particle within the images. The blue-color channel from the images was binarized and used to 

determine the area, length, and width of the particle using the function “regionprops” in Matlab. 

The effective particle diameter is determined by 𝑑𝑑 = �4 ∙ 𝐿𝐿𝑠𝑠𝐿𝐿𝐿𝐿/𝜋𝜋, which is used to represent 

particle diameter. The surface temperature of the particle was also estimated by two-color 
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pyrometry using the red- and green-color channels from the images. The detailed experimental 

setup and analysis were described in Paper VI. 

 
Figure 3.4. Analysis of images obtained from the 3CCD camera. 

3.3.3 Gasification in a Packed Bed Reactor 

  The apparent rate of bio-coal gasification in a packed bed was measured in a macro-

TG reactor. The reactor configuration has been described in Paper VII. A ceramic crucible with 

20 mm in diameter and 40 mm in height was used to hold the sample. Prior to the experiment, 

the macro-TG reactor was pre-heated to 950 ºC, which is the maximum temperature of the 

reactor. The composition of the carrier gas was 40% (vol.) of CO2 in N2 with the total flow rate 

of 5 L min-1 at the standard state. This gas condition was selected to mimic industrial process 

conditions. The bio-coal sample was filled into the ceramic crucible by keeping constant bed 

volume at 6500 mm3 (18 mm of the bed height). The crucible was lowered manually to the 

reactor. The sample was held in the reactor for 3 h. Mass and temperature during the experiment 

were continuously recorded.  

  Mass loss originated by devolatilization was subtracted from the data according to the 

same method used in the previous section. Conversion and apparent rate constants (kbed) were 

determined using Equation (3.1) and (3.3), respectively. In this section, the overall effectiveness 

factor, 𝜂𝜂𝑡𝑡𝑜𝑜𝑖𝑖𝑏𝑏𝑏𝑏𝑖𝑖𝑖𝑖, was defined to indicate the overall effects of diffusion including intraparticle 

and interparticle scales as  

 𝜂𝜂𝑡𝑡𝑜𝑜𝑖𝑖𝑏𝑏𝑏𝑏𝑖𝑖𝑖𝑖 = 𝑘𝑘𝑏𝑏𝑝𝑝𝑑𝑑
𝑘𝑘𝑝𝑝𝑖𝑖𝑑𝑑

. (3.14) 



34 | P a g e  
  

By assuming no interaction between interparticle and intraparticle diffusions, the overall 

effectiveness factor can be expressed as the product of intraparticle and bed effectiveness 

factors. Therefore, the bed effectiveness factor, 𝜂𝜂𝑏𝑏𝑖𝑖𝑑𝑑, can be determined by  

 𝜂𝜂𝑏𝑏𝑖𝑖𝑑𝑑 = 𝑘𝑘𝑏𝑏𝑝𝑝𝑑𝑑
𝑘𝑘𝐸𝐸𝑎𝑎𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝

= 𝜂𝜂𝑚𝑚𝑜𝑜𝑝𝑝𝑝𝑝𝑎𝑎𝑚𝑚𝑚𝑚
∫𝜂𝜂𝑝𝑝𝑖𝑖𝑑𝑑𝑝𝑝𝑎𝑎𝐸𝐸𝑎𝑎𝑝𝑝𝑑𝑑𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝∙𝑓𝑓𝑚𝑚(𝑑𝑑𝐸𝐸)𝑑𝑑𝑑𝑑𝐸𝐸

, (3.15) 

where 𝑓𝑓𝑡𝑡(𝑑𝑑𝑖𝑖) is the frequency function on a mass basis, which is obtained from the particle size 

distribution measurement. The bed effectiveness factor indicates the contribution of 

interparticle diffusion to the overall effectiveness factor.    

3.4 MODEL DEVELOPMENT 
3.4.1 Pyrolysis of Woodchips in a Rotary Kiln Reactor 

  A numerical model was developed to describe pyrolysis in a rotary kiln reactor. The 

model is based on a set of conservation equations for mass and energy, coupled with submodels 

for pyrolysis reaction of woodchips, heat transfer, and granular flow inside the kiln. Figure 3.5 

represents schematics of the rotary kiln considered in the model.     

 
Figure 3.5. Schematics of a rotary kiln reactor. 

 A rotary kiln was considered with length L and inner diameter D rotating with an 

angular velocity ω. Inside the kiln, a moving bed of granular solid flows with a volumetric flow 

rate Q in the axial direction, whereas Q refers to the bulk volume of granular solid per unit time. 

A small stream of nitrogen is fed at the entrance of the kiln. The kiln is indirectly heated from 

outside the wall by flue gas flowing in the axial direction along the tube wall, co-currently to 

the biomass flow. 

 The model considers two separated domains, namely a solid bed domain that occupies 

the lower part of the rotating kiln, and a gas phase domain that occupies the upper part of the 

rotating drum. Product gas generated in the solid bed domain is treated to transfer to the gas 

phase domain as a source term. Both domains are assumed to be radially well mixed and to 

describe a plug flow in the axial direction (no axial dispersion) [180], with the cross-section 

area of both domains evolving along the kiln axis (see Figure 3.5b). Heat and mass transfer 

inside the wood chips are assumed to be fast with respect to the pyrolysis reaction, which allows 
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for treating the particles as homogeneous and lumping the intraparticle heat transfer into the 

overall heat transfer from the kiln wall to the granular bed [181,182]. This assumption is 

reasonable considering the moderate heating rate experienced by the particles in the kiln. The 

model considers several biomass species and pyrolysis products that exist either in the solid bed 

domain or in the gas phase domain. Reactions are assumed to take place solely in the solid bed 

domain, i.e., once a species that formed in the solid phase domain transfers to the gas phase 

domain, it will not undergo any further reactions. Secondary reactions of volatile products occur 

only for species trapped in the solid bed domain.  

 The mass balance of species j in the solid bed domain reads as:  

 (1 − 𝜀𝜀) 𝜕𝜕
𝜕𝜕𝑑𝑑
�𝜌𝜌𝑗𝑗𝑆𝑆𝑏𝑏𝑖𝑖𝑑𝑑� + 𝜕𝜕𝐹𝐹𝑗𝑗

𝜕𝜕𝜕𝜕
= (1 − 𝜀𝜀)𝑆𝑆𝑏𝑏𝑖𝑖𝑑𝑑𝑠𝑠𝑗𝑗, (3.16) 

where 𝑆𝑆𝑏𝑏𝑖𝑖𝑑𝑑 is the cross-sectional area of the solid bed, 𝜌𝜌𝑗𝑗 and 𝐹𝐹𝑗𝑗 = (1 − 𝜀𝜀)𝜌𝜌𝑗𝑗𝑄𝑄 are the density 

and the density and the mass flow rate of species 𝑗𝑗, respectively, and  𝑠𝑠𝑗𝑗 is the rate of formation 

of species 𝑗𝑗. Further symbols are explained in the nomenclature. The mass balance for species 

𝑘𝑘 in the gas phase domain read as:    

 𝜕𝜕
𝜕𝜕𝑑𝑑
�𝜌𝜌𝑘𝑘𝑆𝑆𝑔𝑔𝑏𝑏𝑠𝑠� + 𝜕𝜕𝐹𝐹𝑘𝑘

𝜕𝜕𝜕𝜕
= (1 − 𝜀𝜀)𝑆𝑆𝑏𝑏𝑖𝑖𝑑𝑑𝑠𝑠𝑘𝑘, (3.17) 

where 𝑆𝑆𝑔𝑔𝑏𝑏𝑠𝑠 is the cross-sectional area of the gas phase and 𝐹𝐹𝑘𝑘 = 𝑆𝑆𝑔𝑔𝑏𝑏𝑠𝑠𝑠𝑠𝑔𝑔𝜌𝜌𝑘𝑘 is the mass flow rate 

of species k. The right-hand side of Equation (3.17) describes the formation of species k that 

takes place in the solid bed domain. The transfer rate from the solid bed to the gas phase, which 

is relevant for tar, is incorporated into the rate formation 𝑠𝑠𝑘𝑘 as described in Paper IV.  

  Energy balances for the two domains are expressed in a similar form. The energy 

balance for the solid bed domain reads as:      

 (1 − 𝜀𝜀)𝑆𝑆𝑏𝑏𝑖𝑖𝑑𝑑(𝜌𝜌𝐶𝐶𝑖𝑖�����)𝑏𝑏
𝜕𝜕𝑇𝑇𝑏𝑏
𝜕𝜕𝑑𝑑

+ (𝐹𝐹𝐶𝐶𝑖𝑖�����)𝑏𝑏
𝜕𝜕𝑇𝑇𝑏𝑏
𝜕𝜕𝜕𝜕

= (1 − 𝜀𝜀)𝑆𝑆𝑏𝑏𝑖𝑖𝑑𝑑𝐺𝐺 + 𝑠𝑠𝑏𝑏𝑖𝑖𝑑𝑑, (3.18) 

where Tb is solid bed temperature, 𝐺𝐺 =  ∑ 𝑠𝑠𝑖𝑖(−∆ℎ𝑖𝑖)𝑖𝑖
𝑖𝑖=1  is the heat production due to the 

reactions, with ∆ℎ𝑖𝑖 the reaction enthalpy of reaction i (defined in a conventional way with ∆ℎ𝑖𝑖 >

0 for an endothermic reaction). The terms 𝑠𝑠𝑏𝑏𝑖𝑖𝑑𝑑 composes of the heat flux from the wall to the 

bed (𝑠𝑠𝑀𝑀𝑏𝑏𝑖𝑖𝑖𝑖−𝑏𝑏𝑖𝑖𝑑𝑑) and the gas phase to the bed (𝑠𝑠𝑔𝑔𝑏𝑏𝑠𝑠−𝑏𝑏𝑖𝑖𝑑𝑑).    

  The energy balance of the gas phase domain reads as: 

 𝑆𝑆𝑔𝑔𝑏𝑏𝑠𝑠(𝜌𝜌𝐶𝐶𝑖𝑖�����)𝑔𝑔
𝜕𝜕𝑇𝑇𝑔𝑔
𝜕𝜕𝑑𝑑

+ (𝐹𝐹𝐶𝐶𝑖𝑖�����)𝑔𝑔
𝜕𝜕𝑇𝑇𝑔𝑔
𝜕𝜕𝜕𝜕

= −(1 − 𝜀𝜀)𝑆𝑆𝑏𝑏𝑖𝑖𝑑𝑑 �∑ 𝑠𝑠𝑘𝑘
𝑖𝑖𝑘𝑘
𝑘𝑘=1 ∫ 𝐶𝐶𝑖𝑖,𝑘𝑘𝑑𝑑𝑇𝑇

𝑇𝑇𝑔𝑔
𝑇𝑇𝑏𝑏

�+ 𝑠𝑠𝑔𝑔𝑏𝑏𝑠𝑠, (3.19) 

where Tg is gas-phase temperature, 𝑠𝑠𝑏𝑏𝑖𝑖𝑑𝑑 composes of the heat flux from the wall to gas 
(𝑠𝑠𝑀𝑀𝑏𝑏𝑖𝑖𝑖𝑖−𝑔𝑔𝑏𝑏𝑠𝑠) and the gas phase to the bed (𝑠𝑠𝑔𝑔𝑏𝑏𝑠𝑠−𝑏𝑏𝑖𝑖𝑑𝑑). The first term on the right-hand side of 



36 | P a g e  
  

Equation (3.19) describes the heat that is needed to bring species k from the bed temperature, 

i.e., the temperature where it is formed, to the gas phase temperature.  

  The temperature of the kiln wall is controlled by the flue gas flowing along the wall. 

Assuming negligible heat capacity of the wall material and fast heat transfer from the flue gas 

to the wall, we can write the following energy balance for the wall temperature Tw:   

 (𝑆𝑆𝜌𝜌𝐶𝐶𝑖𝑖)𝑓𝑓𝑔𝑔
𝜕𝜕𝑇𝑇𝑤𝑤
𝜕𝜕𝑑𝑑

+ (𝐹𝐹𝐶𝐶𝑖𝑖)𝑓𝑓𝑔𝑔
𝜕𝜕𝑇𝑇𝑤𝑤
𝜕𝜕𝜕𝜕

= −𝑠𝑠𝑘𝑘𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑠𝑠𝑖𝑖𝑡𝑡𝑠𝑠𝑠𝑠, (3.20) 

where “fg” stands for flue gas, 𝑠𝑠𝑘𝑘𝑖𝑖𝑖𝑖𝑖𝑖 is the heat fluxes from the wall to the bed and the gas phase, 

and 𝑠𝑠𝑖𝑖𝑡𝑡𝑠𝑠𝑠𝑠 is the heat fluxes from the wall to the surroundings.  

  The five balance equations are given by Equation (3.16) to (3.20) form the basis of the 

rotary kiln model developed in this work. Assuming steady-state allows for reducing them to a 

set of ordinary differential equations whose solution comprises the density profiles of the 

different biomass species and the temperature profile in the different domains of the kiln. The 

governing equations are coupled with submodels for pyrolysis reactions, heat transfer, and 

granular flow inside the kiln. The reaction adopted in this model is based on the two-step 

mechanism proposed by Park et al. [183]. The reaction assumes that dry wood decomposes in 

a set of primary reactions into gas, tar, and an intermediate solid that subsequently decomposes 

exothermically into char. The heat transfer model accounts for conduction, convection, and 

radiation, which was derived from the balance between three components, namely solid bed, 

gas, and reactor wall. The evolution of granular bed inside the rotary kiln pyrolyzer is described 

by the well-known Saeman model [101]. Detailed information of the submodels and boundary 

conditions are available in Paper IV. Calculations were performed in Matlab using standard 

ODE-solvers for stiff systems. 

3.4.2 Self-heating of Bio-coal in Commercial-scale Containers  

  Detailed simulation of self-heating in bio-coal storage has been performed in a one-

dimensional transient model based on Cartesian coordinate. The model is validated against the 

measurement of bio-coal self-heating in a closed metal container. The measurement detail can 

be found in Paper V.  

  This model was derived under the assumption of local thermal equilibrium between 

gas and solid phases. In the solid phase, the mass conservation of biochar is described as  

 𝜕𝜕
𝜕𝜕𝑑𝑑

(𝜌𝜌𝑐𝑐𝜃𝜃𝐶𝐶(𝐶𝐶2)) = 𝑝𝑝𝐶𝐶2𝑘𝑘𝑏𝑏𝑑𝑑𝑠𝑠𝜌𝜌𝑐𝑐�1 − 𝜃𝜃𝐶𝐶(𝐶𝐶2)� − 𝑘𝑘𝑑𝑑𝑖𝑖𝑠𝑠𝜌𝜌𝑐𝑐𝜃𝜃𝐶𝐶(𝐶𝐶2) − 𝑘𝑘2𝜌𝜌𝑐𝑐𝜃𝜃𝐶𝐶(𝐶𝐶2), (3.21) 

where, 𝜌𝜌𝑐𝑐 and t represent the bulk density of bio-coal and time, respectively. The rate constants 

were calculated from the kinetic model described earlier in Section 3.3.1, Equation (3.8) to 
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(3.10). Transport equations of gaseous species including O2, CO2, and N2 were considered as 

multicomponent convective-diffusion equations with heterogeneous surface reactions, which 

can be expressed as 

 𝜀𝜀 𝜕𝜕
𝜕𝜕𝑑𝑑

(𝜌𝜌𝑔𝑔𝑌𝑌𝑖𝑖) + 𝜕𝜕
𝜕𝜕𝜕𝜕

(𝜌𝜌𝑔𝑔𝑠𝑠𝑌𝑌𝑖𝑖) = 𝜕𝜕
𝜕𝜕𝜕𝜕
�𝜌𝜌𝑔𝑔𝐷𝐷𝑖𝑖𝑓𝑓𝑓𝑓

𝜕𝜕𝑌𝑌𝑝𝑝
𝜕𝜕𝜕𝜕
� + 𝑆𝑆∅,𝑖𝑖, (3.22) 

where, 𝜀𝜀, 𝜌𝜌𝑔𝑔, Yi, and Deff represent the bed void fraction, gas density, mass fraction, and gas 

effective diffusivity, respectively. The source term of gas species i, 𝑆𝑆∅,𝑖𝑖, is obtained from the 

chemisorption and the surface reaction. The gas velocity, u, is calculated from Darcy’s law, 

which can be written as 𝑠𝑠 =  −𝜑𝜑
𝜇𝜇
𝜕𝜕𝑃𝑃
𝜕𝜕𝜕𝜕

, where, P, 𝜑𝜑, and µ, are pressure, gas permeability, and 

viscosity of the gas, respectively. The behavior of total gas in the container is approximated by 

the ideal gas law. The energy balance equation was derived assuming the local thermal 

equilibrium between solid and gas phases, which can be written as 

  𝜕𝜕
𝜕𝜕𝑑𝑑
�𝜀𝜀𝜌𝜌𝑔𝑔𝐶𝐶𝑖𝑖,𝑔𝑔𝑇𝑇 + 𝜌𝜌𝑐𝑐𝐶𝐶𝑖𝑖,𝑐𝑐𝑇𝑇� + 𝜕𝜕

𝜕𝜕𝜕𝜕
�𝜌𝜌𝑔𝑔𝑠𝑠𝐶𝐶𝑖𝑖,𝑔𝑔𝑇𝑇� = 𝜕𝜕

𝜕𝜕𝜕𝜕
�λ𝑖𝑖𝑓𝑓𝑓𝑓

𝜕𝜕𝑇𝑇
𝜕𝜕𝜕𝜕
� + ∑∆𝐻𝐻����𝑖𝑖𝑆𝑆∅,𝑖𝑖, (3.23) 

where, 𝐶𝐶𝑖𝑖 and λ𝑖𝑖𝑓𝑓𝑓𝑓 are heat capacity and effective thermal conductivity, respectively. The 

specific heat of reactions, ∆𝐻𝐻����𝑖𝑖, were obtained from the experiment in the previous section. The 

sub-models for physical properties and the simulation method are provided in Paper V.  

  The boundary conditions were defined regarding the configuration of different 

containers, that is, a closed metal container, a woven plastic bag on the ground, and a woven 

plastic bag on a pallet, as shown in Figure 3.6. For the closed metal container, there are no 

mass and momentum exchanges between the container and surrounding, while energy 

exchanges at the top and bottom of the container via conduction heat transfer. For the case of a 

woven plastic bag on the ground, the mass and momentum exchanges are allowed at the top of 

the container, while the bottom is the same as the previous case. In the case of a woven plastic 

bag placed on a pallet, momentum, mass, and energy are exchanged at both the top and the 

bottom. The initial condition and other detailed information are provided in Paper V.   

 
Figure 3.6. Discretization and boundary conditions for different containers.
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Chapter 4  
Results and discussion  

 
This chapter discusses the results of this doctoral thesis. Only the main outcomes are presented 

in this chapter. More results and discussions are available in the appended papers.  

4.1 INCREASED BIO-COAL YIELD BY PROMOTING 

SECONDARY CHAR FORMATION 
As discussed briefly in Chapter 2, temperature plays an important role in bio-coal yield and 

properties. Secondary char formation in pyrolysis of thick particles could be a key to increasing 

bio-coal yield without negatively impacting bio-coal properties. Bio-oil recycling and CO2 

purging are suggested in this thesis to increase secondary char formation. This section describes 

the mechanisms behind thick particle pyrolysis using the proposed technique.  

4.1.1 Bio-Oil Recycling 

 As reported in Paper I, bio-oil recycling has the potential to increase bio-coal yield. 

The first reason is that additional bio-oil in embedded samples simply adds bio-coal mass from 

pyrolysis of bio-oil origin. Therefore, the mass and energy of the bio-oil recycle stream are 

recovered according to process engineering aspect.   

 Another important reason is the synergetic effect due to the physical contact between 

the bio-oil and woodchips. Volatile compounds from bio-oil can be shifted toward bio-coal by 

contact with the solid surface of woodchip/char or high volatile concentrations inside the 

internal pores of the particles. To examine the degree of synergetic effect, the mass yield of bio-

oil embedded spruce chips was compared with the expected bio-coal yield from interpolation 

between raw spruce chips and bio-oil, as shown in Figure 4.1 (the result of birch chips is 

available in Paper I). The bio-coal yield in the figure was calculated by dividing bio-coal mass 

by total reactant mass (woodchips + bio-oil). Higher experimental values than the interpolation 

values indicate the presence of synergetic effects. At low temperatures, i.e., 300 and 340 °C, 

the experimental results clearly showed higher bio-coal yield than the interpolation results. This 

synergetic effect was apparent regardless of the amount of bio-oil embedded. The synergetic 
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effect between bio-oil and woodchips seems to have diminished at high pyrolysis temperatures, 

i.e., 400 and 500 °C, as the experimental and interpolation data showed no significant 

differences (statistical analysis is available in Paper I). The study also reported the same results 

measured from birch chips.  

 
Figure 4.1. Examination of synergetic effects between spruce chips and bio-oil. 

 This diminishing synergetic effect at high pyrolysis temperatures is due to the loss of 

physical contact between volatiles and the solid surface. At high temperatures under isothermal 

conditions, large temperature difference between the reactor and the particle surface increases 

the heating rate and cause intensive devolatilization, which leads to the accumulation of 

volatiles inside the particle, increasing the internal pressure and mechanical stress. This effect 

was observed by fragmentation and cracking in the bio-coal after pyrolysis at high temperatures, 

as shown in Figure 4.2. These cavities or fragmentation in bio-coal facilitated rapid release of 

volatiles from the particles, thereby limiting the progress of secondary char formation.   
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Figure 4.2. Morphological differences in bio-coal produced from spruce chips at different 
pyrolysis temperatures.  

 To isolate the effect of fragmentation and cavities caused by high heating rates, 

experiments were carried out at a slow heating rate. Figure 4.3 shows the mass yield from room 

temperature to 500 °C at a heating rate of 3 °C min-1 (reproducibility of the TG curves is 

provided in Paper I). The results show well-known pyrolysis sequences. Up to about 150 °C, 

moisture in the woodchips (and part of the bio-oil) evaporated, and then major degradation took 

place. Most of the hemicellulose fraction degraded at 150-280 °C, which can be observed as 

the shoulder of the derivative thermogravimetric (DTG) curves. Then, cellulose degradation 

occured up to ca. 340 °C. The final region with a slow degradation rate corresponded to the 

lignin decomposition. The result of birch is also available in Paper I. 

 
Figure 4.3. Thermogravimetric curves of spruce chips and bio-oil at slow heating rate.  
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 The experimental results showed a higher bio-coal yield from bio-oil embedded 

woodchips than the interpolation results over the entire temperature range. Furthermore, the 

bio-coal obtained after slow pyrolysis did not exhibit cavities or breakage. The results revealed 

that the bio-coal yield from bio-oil embedded woodchips was higher than the yields when bio-

oil and woodchips were pyrolyzed separately. Hence, maintaining sufficient contact between 

woodchips and bio-oil is important to ensure the profound effect of bio-oil recycling.  

 Unlike bio-coal yield, bio-oil recycling does not significantly affect the elemental 

composition of bio-coal. Figure 4.4 represents the van Krevelen diagram comparing bio-coal 

produced from spruce chips and bio-oil embedded spruce chips (the result for bio-coal produced 

from birch chips is available in Paper I). The elemental composition of the bio-coals was close 

to that of pulverized coal, but it was slightly richer in oxygen and leaner in hydrogen than 

pulverized coal. Bio-oil recycling had a negligible influence on the elemental composition.  

 
Figure 4.4. Van Krevelen diagram of bio-coal produced using isothermal pyrolysis.  

 Figure 4.5 displays the higher heating value (HHV) of bio-coal produced from spruce 

chips (The result of bio-coal produced from birch chips is available in Paper I). Bio-oil 

recycling does not affect bio-coal HHV significantly (p-values using 2-way ANOVA: 0.76†), 

which increases with pyrolysis temperature. HHV reached stability at ≥500 °C and was close 

to that of pulverized coal as reported by Wang et al. (34.4 MJ kg-1) [14].  

 
†p-values less than 0.05 were considered significant with 95% confidence. 
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Figure 4.5. Higher heating value of bio-coal produced using isothermal pyrolysis.  
4.1.2 CO2 Purging 

  The effect of purging gases was examined under slow pyrolysis to isolate the transport 

effects from intrinsic chemical effects, and the results under isothermal conditions are available 

in Paper I. Thermogravimetric analysis was carried out at 3 °C min-1 in CO2 and N2 atmosphere 

using both woodchips (with macro-TG) and powder (with TGA), as shown in Figure 4.6. Heat 

transfer and particle breakage did not affect slow pyrolysis of woodchips, while heat and mass 

transfer, as well as secondary pyrolysis, minimally affected slow pyrolysis of wood powder. 

This result was also present in the experiment using birch, as provided in Paper I. 

 
Figure 4.6. Thermogravimetric curves of spruce chips and spruce powder in comparison. 
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  Slow pyrolysis of woodchips can be divided into three regions with respect to the 

similarity and difference between pyrolysis under CO2 and N2. Below 400 °C, which 

corresponds to cellulose and hemicellulose degradation, CO2 and N2 presence showed no 

visible differences. However, bio-coal yield from woodchip pyrolysis in the presence of CO2 

was higher than that in the presence of N2 between 400 °C and 700 °C, corresponding to lignin 

degradation. At 700 °C, bio-coal yield from spruce chip using pyrolysis in CO2 and N2 

atmosphere was 27.6% and 23.0%, respectively. However, the residual mass in CO2 atmosphere 

decreased sharply due to gasification reaction above 700 ºC. In wood powder pyrolysis using 

TGA, the occurrence of secondary reactions was minimized, and only primary decomposition 

occurred [183,184]. The mass degradation path of wood powder showed no significant 

difference between CO2 and N2 atmosphere below 700 °C, confirming that CO2 does not affect 

intrinsic pyrolysis, as often discussed in the literature [185,186]. Bio-coal yield from wood 

powder was much lower than that from woodchips due to the minimal occurrence of secondary 

char formation during wood powder pyrolysis.      
  The effects of heat transfer for pyrolysis under slow heating was negligible. Therefore, 

the high bio-coal yield from woodchips in a CO2 atmosphere at 400-700 °C is due to mass 

diffusion and the subsequent changes in reaction pathways. Since CO2 does not affects the TGA 

results for wood powder, that is, minimal mass transfer limitation, the low mass diffusivity in 

CO2 atmosphere may influence woodchip pyrolysis (calculation of mass diffusivity is available 

in Paper I). Furthermore, the increase in mass yield can be explained by the promotion of 

secondary char formation, altered reaction pathways, or merely CO2 adsorption at the active 

sites of the char matrix. If the increase is due to CO2 adsorption, CO2 would exists as a 

condensed phase and increases the bio-coal yield. Simultaneously, CO2 should also affect the 

elemental composition of bio-coal due to its high oxygen content. However, CO2 adsorption is 

unlikely to be the reason, as the carbon content of the bio-coal was unaffected (Figure 4.6). 

Promotion of secondary char formation is plausible because the low diffusivity of volatiles 

through CO2 indicates high internal pressure or prolonged volatile residence time, both of which 

are favorable for secondary char formation. However, it is still possible that the reaction 

pathways of the primary pyrolysis were modified. A previous study has showed that even short 

contact with steam increases the size of aromatic ring clusters in bio-coal [187].  

  Although promoting secondary char formation by bio-oil recycling and CO2 purging 

did not affect bio-coal chemical composition, these methods slightly influenced bio-coal 

reactivity. This issue will be discussed in the later section. 
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4.2 EVALUATION OF BIO-COAL PRODUCTION PROCESS 
This section discusses the efficiency of pyrolysis processes using the methods proposed in the 

previous section. In addition, the bio-coal yield obtained from different biomasses were 

compared, as shown in Figure 4.7. Bio-coal yield varies greatly with lignocellulosic content, 

particularly the lignin and inorganic content in biomass. Stem wood (spruce and birch) has a 

lower bio-coal yield than high-ash biomasses (bark, residue, and corncobs) due to the 

differences in lignin and ash content (Table 3.1, Chapter 3). Lignin content caused differences 

in yield between spruce and birch. Meanwhile, bark had the highest bio-coal yield, because it 

had the highest lignin and ash content. In addition, bio-coal yield decreased in acid-leached 

biomass. However, the high inorganic content in these high-ash biomasses significantly 

influence bio-coal reactivity, which will be discussed later. Therefore, bio-coal produced from 

stem wood (spruce) was selected to evaluate the performance of the pyrolysis process. 

 
Figure 4.7. Bio-coal yield by pyrolysis of different biomasses at 700 °C. 

  To measure the performance of the pyrolysis methods, the process bio-coal yield, 

which is the mass ratio of final bio-coal to dried woodchip, was defined. Figure 4.8a shows the 

process bio-coal yield with and without bio-oil recycling, which was prepared by embedding 

20% bio-oil on a woodchip. With bio-oil recycling, the process bio-coal yield increased at all 

temperatures. During spruce pyrolysis, the process bio-coal yield increased by 5.4% with bio-

oil recycling on average. The results for birch pyrolysis have been presented in Paper I.  
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Figure 4.8. Process evaluation by (a) bio-coal yield and (b) carbon yield.  

  Figure 4.8b shows a comparison of carbon yield among all pyrolysis conditions 

examined in this study (calculation can be found in Paper I). As discussed in the literature, 

high-temperatures pyrolysis reduced carbon recovery, although the bio-coal had high quality 

[9,26,57,59,66]. However, other reaction parameters also affected carbon yield, where the 

magnitude of the combined effect was equivalent to that of pyrolysis at 300 °C. Bio-oil 

recycling and using CO2 as carrier gas instead of N2 are recommended when designing pyrolysis 

processes. However, it is important to apply these modifications with thick particles at slow 

heating rates to ensure the effect by taking advantage of the good contact between volatile and 

particle surface. Moreover, particles under slow heating experience uniform internal 

temperature and long reaction time. Therefore, bio-coal produced through slow pyrolysis had a 

higher carbon content (lower functional groups) than that produced in isothermal conditions. 

Consequently, the benefit from bio-oil recycling and CO2 purging is apparent under slow 

heating pyrolysis. All the measures combined, carbon yield from slow pyrolysis under CO2 

flow with bio-oil recycling at 700 °C (ca. 90%) was higher than that in isothermal conditions 

under  N2 flow at 340 °C (ca. 75%). When comparing pyrolysis at the same temperature, 700 

ºC, the bio-coal quality remained similar, while the yield increased from 16.2% to 26.7%. 

  Figure 4.9 shows the expected energy balance of pyrolysis units with different 

configurations calculated assuming no heat loss and using experimental data at 700 ˚C. The 

calculations are available in Appendix A2. For pyrolysis under isothermal conditions without 

bio-oil recycling (Figure 4.9a), a large share of energy from biomass is converted into sensible 

and chemical heat of volatiles, i.e., gas and bio-oil, which leave the process. Using slow heating 

(Figure 4.9b), the energy yield of bio-coal can be increased from 30 to 39%. Using bio-oil 
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recycling with slow pyrolysis of woodchips under CO2 flow (Figure 4.9c), the energy yield of 

bio-coal further increased to 49%.  

 

 

 
Figure 4.9. Energy balance of pyrolysis units with different configurations at 700 °C.  
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4.3 WOODCHIP PYROLYSIS IN A ROTARY KILN  
4.3.1 Axial Profiles   

  According to the model of woodchip pyrolysis in a rotary kiln, simulation results 

visualize the axial profiles of various quantities along the kiln axis, as represented in Figure 

4.10. The simulation result in the figure is for a 2 m long kiln with 0.4 m diameter operated at 

3° inclination. The height of the dam, i.e., the rim at rotary kiln outlet, is 2.5 cm. In the base 

case scenario, the rotary kiln was set at 2 rpm rotation speed and 30 kg h-1 biomass feeding rate. 

The other parameters are presented in Paper IV.  

 
Figure 4.10. Simulation result representing (a) bed height and bed velocity; (b) bed, gas, and 

wall temperature; (c) pyrolysis products; and (d) net heat fluxes.  

  Under the given conditions, the bed height (solid line in Figure 4.10a) was at 

aproximately the inlet level for half of the kiln length before decreasing to reach the dam height 

at the kiln exit. This decrease causes an increase in the bed velocity at the outlet (dashed line in 

Figure 4.10a).  

  The temperature profiles are shown in Figure 4.10b. At the beginning of the reactor, 

the bed temperature increased to reach the pyrolysis temperature at around 0.5 m. The heating 

rate in this first 0.5 m decreases from around 250 °C min-1 to less than 30 °C min-1 when 
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reaching the temperature of 360 °C. This heating profile under the given conditions of co-

current heating is analogous to the isothermal conditions applied in the pyrolysis of a single 

particle in the macro-TG experiment. At approximately 0.5 m into the reactor, the pyrolysis 

reaction occurs, which affects the bed temperature in two ways: the endothermic decay of 

woodchips into primary products causes retardation of the increase in bed temperature, Tb, 

followed by an increase due to the exothermic decomposition of the primary products. The 

exothermic decomposition results in a maximum of the bed temperature that under the studied 

conditions exceeds the wall temperature. To highlight the effect of reaction enthalpy, a 

simulation was also run by switching off the heat of reaction (i.e., G = 0 in Equation (3.18)). In 

this case, the bed temperature (Figure 4.10b) describes a smooth relaxation toward the wall 

temperature. In contrast to the bed temperature, the gas temperature increases very sharply 

reaching a maximum at close to the kiln entrance. This sharp increase in Tg is caused by the 

small amount of gas present at this early stage. 

   Figure 4.10c shows the evolution of the pyrolysis products in the kiln. The dry wood 

decays at around 0.4 m (Tb ≈ 330 °C), where the primary products (gas, inert tar, reactive tar, 

and intermediate solid) are formed. The given rotation speed and reaction parameters increase 

inert tar production than reactive tar production. At around 1.2 m, the primary reactions are 

completed, and the gaseous products reached their final values. Beyond 1.2 m, the intermediate 

solid decomposes into bio-coal. The bio-coal yield at the rotary kiln outlet is 22%. 

  Figure 4.10d shows the net heat flux to the solid bed (qbed), the gas phase (qgas), and 

the surroundings (qloss). The bed, whose temperature is lowest in the first half of the kiln, has a 

positive net heat flux up to ca. 1 m. Then, a small negative heat flux is observed, which is caused 

by the exothermic decay of the primary pyrolysis products. The gas phase has a positive net 

heat flux only at the beginning and around 0.6 m. In between, the heat transferred from the wall 

to the gas is delivered to the bed. The heat loss to the surroundings is roughly constant along 

with the kiln at ca. 1.3 kW m-1. A global energy balance reveals that despite this small number, 

ca. 30% heat provided to the process is lost to the surroundings. 

4.3.2 Influences of Feeding Rate and Rotation Speed 

  The two main parameters for operating a rotary kiln are feeding rate, which controls 

productivity, and rotation speed, which influences the solid residence time inside the kiln. 

Figure 4.11 shows the influence of feeding rate on rotary kiln pyrolyzer. The solid mean 

residence time (MRT) and bed height at the kiln entrance as a function of the feeding rate are 

shown in Figure 4.11a. MRT is slightly influenced by feeding rate, which is typical for rotary 
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kilns [180,188]. The observed increase in the bed height reflects the high solid hold-up needed 

to compensate for the increased feeding rate. Figure 4.11b shows the outlet temperatures of the 

gas, bed, and wall. Increasing the feeding rate decreases the outlet temperature due to the high 

heat capacity of the kiln contents. The distribution of the final products is shown in Figure 

4.11c. For feeding rates <35 kg h-1
, the product distribution was slightly influenced by feeding 

flow. In this region, the flue gas delivered heat sufficient for completing pyrolysis process. The 

situation changes for feeding rates >35 kg h-1, where reactive tar, intermediate solid, and 

unconverted wood amount increased. In this region, the heat provided by the flue gas is not 

sufficient to maintain the kiln at a sufficiently high temperature required to complete pyrolysis 

reaction. However, the result may be different for counter-current configuration, which should 

be explored in future studies.  

 
Figure 4.11. Influence of feeding rate. 

  The effect of rotation speed is shown in Figure 4.12. Increasing the rotation speed 

decreases MRT and bed height (Figure 4.12a). Despite the short residence time, the 

temperature at the kiln exit (Figure 4.12b) and the final products (Figure 4.12c) are slightly 

affected by the increased rotation speed. The minor influence on these quantities is due to two 

counteracting effects, i.e., the increase in heat transfer with increased rotation speed which 

compensates for the decrease in residence time. The effect of rotation speed on product 

distribution was only observed for high rotation speed, where some intermediate solids remain 

in the product, while the improved bed agitation allows the tars to escape into the gas phase. 

The decrease in bio-coal amount observed in Figure 4.12c is caused by an increased heating 
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rate. For example, increasing the rotation speed from 2 to 4 rpm increases the maximum heating 

rate in the first segment of the kiln from 250 to 470 °C min-1. This high heating rate leads to 

high tar production, slightly decreasing bio-coal yield.  

 
Figure 4.12. Influence of the rotation speed. 

4.4 RISK ASSESSMENT OF BIO-COAL STORAGE 
Self-heating in bio-coal could lead to spontaneous ignition and thermal runaway, which would 

cost production efficiency and, importantly, workers health. This section reports the reasons for 

self-heating and provides process recommendations. As investigated in Paper V, bio-coal self-

heating at low temperature is initiated from the heat released during O2 chemisorption. Figure 

4.13 depicts the local temperature, bio-coal density, O2 mass fraction, and CO2 mass fraction, 

which changes over time in a closed metal container. Bio-coal density increased over time due 

to O2 chemisorption (Figure 4.13b), which is in agreement with the decrease in oxygen in the 

container (Figure 4.13c). The results also show that the bio-coal density becomes stable when 

oxygen inside the container is consumed. As the adsorption reaction progresses, the exothermic 

heat of adsorption increased bio-coal temperature (Figure 4.13a). Although there is no mass 

exchange in this closed container, temperatures around the bottom and the top of the container 

are lower than that at the center, corresponding to heat loss. Therefore, the adsorption rates at 

the bottom and top are lower than those at the center. The high temperature at the center of the 

container also resulted in high surface reaction rates, increasing the CO2 mass fractions in the 

middle of the container (Figure 4.13d). 
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Figure 4.13. (a) local temperature, (b) char density, (c) O2, and (d) CO2 in a closed metal 

container. (Conditions: T0 = 33 ºC, Tambient = 25 ºC, 𝜌𝜌𝑐𝑐,0= 200 kg m-3 , Hcontainer = 1 m) 

  Minimizing the oxygen molucules in bio-coal containers directly reduces self-heating 

risk. Papar V shows that a low void fraction or high bulk density reduces self-heating risk due 

to the low amount of oxygen in the bio-coal bed. This can be achieved by producing small bio-

coal particles or a wide particle size distribution in pyrolysis processes. Small container size 

and low ambient temperature also decrease the risk of thermal runaway, but the risk is highly 

dependent on initial bio-coal temperature. The simulation shows that storing bio-coal in a closed 

metal container at initial temperature below ~200 ºC does not lead to thermal runaway. 

However, the surface reaction (Reaction (3.2)) occurs at this temperature, and a small amount 

of bio-coal converts and releases CO2, which may cause off-gas suffocation.  

  The importance of safe bio-coal temperature corresponds to minimum cooling 

demands of bio-coal during pyrolysis processes. Low bio-coal temperature would ruduce 

thermal runaway risk, but cooling bio-coal would demand high energy, which decreases bio-

coal production efficiency. In addition, using metal containers has a high transportation cost 

because of their high mass and volume. Althernatively, woven plastic bags are low-cost 
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containers commonly used for transporting bulk materials. The self-heating behavior and safe 

bio-coal temperature can be different in the bags because oxygen is permeable through the 

materials. Furthermore, if the bags are placed on pallets, which is common for transportation 

ease, the bottom part will be exposed to oxygen. To assess the differences in the safety of each 

type of container, safe bio-coal temperature was defined as the initial bio-coal temperature at 

which the temperature at the center of the container starts decreasing within 8 h after the start 

of storage. If the bio-coal temperature increases after 8 h, it is considered as high thermal 

runaway risk. This definition reflects a typical working shift in the commercial processes. Table 

4.1 summarizes the maximum safe bio-coal temperatures for different containers and shows the 

results calculated at different ambient temperatures, reflecting ambient conditions in different 

seasons. It should be noted that the exact value depends on the bio-coal properties, and different 

bio-coals have different reaction kinetics. Hence, the quantitative results presented here should 

not be generalized, but used only for a relative comparison. 

Table 4.1. The safe bio-coal temperatures for different containers.  

       *The simulation was performed using 𝜌𝜌𝑐𝑐,0= 200 kg m-3 , Hcontainer = 1 m, and t = 8 h.  

  The results show that the safe bio-coal temperatures of a closed metal container are 

higher than those of woven plastic bags due to the limited oxygen amount in the closed 

container. Among the woven plastic bags, the results show differences between the bag on the 

ground and that on a pallet. The simulation results show that the safe bio-coal temperature of a 

bag on the ground is higher than that of a bag on a pallet, indicating the highest thermal runaway 

risk for placing a woven plastic bag on a pallet. Bio-coal stored in bags on the ground will have 

access to oxygen only from the top, while bio-coal stored in the bags on a pallet will also have 

access to oxygen at the bottom. Having a high oxygen content means that chemisorption heat 

is continuously released. Consequently, it is difficult to cool the bio-coal by dissipating heat to 

the surrounding environment.  

  As mentioned in Paper V, ambient temperature affects thermal runaway risk, and 

increasing ambient temperature reduces safe bio-coal temperature. The simulation results 

showed that safe bio-coal temperature might vary by several degrees between the summer and 

winter. These differences would affect minimum cooling demands in the bio-coal production 

process for different seasons.  

Container Tatm = 12 ºC Tatm = 25 ºC Tatm = 40 ºC Tatm = 60 ºC 

Closed metal container 179 ºC 178 ºC 176 ºC 173 ºC 
Woven bag on the ground  169 ºC 168 ºC 166 ºC 163 ºC 
Woven bag on a pallet 161 ºC 160 ºC 157 ºC 154 ºC 
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4.5 CONTROLLING BIO-COAL GASIFICATION RATES  
To utilize bio-coal as a substitute for fossil coal without major process modification, 

gasification reactivity is a crucial property that determines bio-coal applications. This section 

discusses bio-coal gasification rates in three main rate-limiting steps: chemical reaction 

limitation, intraparticle diffusion limitation, and interparticle diffusion limitation.  

4.5.1 Minimizing Intrinsic Reactivity     

Bio-coal vs fossil coal   

  Figure 4.14 depicts the Arrhenius plots of bio-coal (preparation in Section 3.1.3) and 

fossil coal [189]. At a gasification temperature of 1200 ºC, a typical temperature used in iron 

reduction processes such as blast furnaces and sponge iron production, the intrinsic rate of bio-

coal is more than 12 times higher than that of anthracite. This highlights the major challenge in 

using bio-coal in existing fossil-based processes without major process modifications.   

 
Figure 4.14. Arrhenius plots of bio-coal and fossil coal. 

  The distinct difference in intrinsic rates between bio-coal and fossil coal can be 

explained at the micro and molecular scales. Figure 4.15 depicts the internal porous structure 

of bio-coal and fossil coal (Columbian coal) analyzed by XMT. Bio-coal without densification 

(Figure 4.15a) contains many pores due to the microfiber structure of woody biomass (as 

shown in the supporting information of Paper I). Moreover, large pores ruptured during 

pyrolysis. Thus, the particle porosity of the bio-coal was 0.577.  This implies that high porosity 

and large pores lead to a high active surface area, resulting in high gasification reactivity. 

Figure 4.15b shows the porous structure of densified bio-coal. It should be mentioned that these 

two bio-coal samples (Figure 4.15a and b) were obtained through different pyrolysis processes, 
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but they were used to distinguish the effect of densification on the porous structure only. As 

can be observed from the figure, the porous structure of densified bio-coal is more compact 

than that of raw bio-coal. However, the figure still shows large pore spots that are not 

completely densified. The porosity of this densified bio-coal is 0.308, which is much lower than 

that of raw bio-coal. In comparison to fossil coal (Figure 4.15c), which has a porosity of 0.206, 

bio-coal and densified bio-coal have larger pores and higher porosity. This is one important 

reason for higher reactivity of bio-coal than that of fossil coal.  

 
Figure 4.15. Micro-tomography images of bio-coal and fossil coal. 

  At the molecular scale, bio-coal has a higher O/C ratio than fossil coal (as shown in 

Figure 4.4). This means that the bio-coal contains more oxygenated groups in the carbon 

structure, which act as cross-links in the carbon matrix and make it difficult to form large 

aromatic clusters even at high pyrolysis temperatures, making bio-coal become amorphous 

carbon instead of graphite. Therefore, the carbon structure of bio-coal can be easily broken by 

reaction with oxidizing agents, such as CO2, during gasification.  

Effects of secondary char formation on intrinsic reactivity  

  As mentioned in Section 4.1, bio-oil recycling increased the bio-coal yield without 

disturbing its composition. However, this method affects the intrinsic reactivity of bio-coal. 

Figure 4.16 shows the intrinsic rate constants (kini) indicating the reactivity of bio-coals 

obtained from dried woodchips and bio-oil embedded woodchips. The results show a higher 

impact of bio-oil recycling on the reactivity of bio-coal produced through pyrolysis under 

isothermal conditions than that of bio-oil recycling on the reactivity of bio-coal produced 

through slow heating pyrolysis.  

b) Densified bio-coal  a) Bio-coal c) Fossil coal 
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Figure 4.16. Intrinsic rate constants of bio-coals produced from dried woodchips and bio-oil 

embedded woodchips.  

  Table 4.2 shows the pore size distribution of bio-coal produced from dried spruce and 

bio-oil embedded spruce. The micropores of this bio-coal were equivalent, while the mesopores 

and macropores increased when bio-oil embedding was applied. These differences affected the 

total specific surface area of the samples. The bio-oil embedded on woodchip surface reduced 

the volatile diffusivity during pyrolysis, leading to overpressure and pore rupture, creating a 

high degree of mesopores and macropores. More mesopores and macropores in the bio-coal 

obtained from bio-oil embedded spruce explain their slightly higher reactivity than that 

produced from dried spruce.  

Table 4.2. Pore size distribution of bio-coal from dried and bio-oil embedded spruce.   

Pyrolysis condition Biomass 
Specific 

surface area 
(m2/g) 

Micropore 
volume  
(cm3/g) 

Mesopore + Macropore 
volume  
(cm3/g) 

Condition 1:  
Isothermal condition 

Dried Spruce  308 0.111 0.0024 
Spruce + 20% bio-oil 337 0.119 0.0047 

Condition 2: 
Slow heating 

Dried Spruce  395 0.148 0.0028 
Spruce + 20% bio-oil 387 0.143 0.0053 

  In addition to more active pore surfaces, the carbon structure of bio-coal also changes 

after applying bio-oil recycling. Figure 4.17 depicts the FWHMD of bio-coal produced from 

dried spruce and bio-oil embedded spruce measured by Raman spectroscopy. The lower 

FWHMD, the higher the order of the carbon aromatic clusters. The FWHMD of bio-coal 

produced from bio-oil embedded spruce is slightly higher than that of dried spruce bio-coal. 
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Thus, bio-oil embedding yields bio-coal with a less-developed structure of aromatic clusters 

than those obtained from dried woodchips, resulting in them being more reactive.    

 
Figure 4.17. FWHMD of bio-coals from dried woodchip and bio-oil embedded woodchips. 

  Bio-coal yield obtained through CO2 pyrolysis was significantly higher than that 

through N2 pyrolysis, as mentioned earlier. Figure 4.18 shows the rate constants of bio-coal 

produced under N2 and CO2 flows. Under isothermal condition (condition 1), the rate constants 

of bio-coal produced under CO2 were significantly higher than those produced under N2. This 

result was consistent in both spruce and birch chips, as reported in Paper II. However, there 

was no significant difference in slow pyrolysis (condition 2). It is worth mentioning that this 

result contrasts with the results for bio-coal produced from wood powder, as reported in the 

literature [190,191].  

 
Figure 4.18. Intrinsic rate constants of bio-coals produced from different carrier gases. 
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 This deviation in bio-coal reactivity is due to the difference in available active pores. 

Table 4.3 summarizes the specific surface area and pore volume for different pore sizes. Bio-

coal produced under CO2 had more mesopores and macropores than that produced under N2. 

The differences in pore volumes of bio-coal produced under N2 and CO2 flows are most likely 

caused by a difference in the diffusivity of volatiles in the two different carrier gases, as 

discussed in Section 4.1. Low diffusivity of volatiles under CO2 pyrolysis increase internal 

pressure and rupture the pore structure, forming more mesopores and macropores. This does 

not occur during pyrolysis of wood powder because the particle size is too small to develop a 

high internal pressure. Thus, the high mesopore and macropore volumes in bio-coal produced 

through CO2 pyrolysis are specifically caused by large particle pyrolysis only. However, in the 

case of pyrolysis at the slow heating rate (condition 2), the high mesopore and macropore 

volume did not result in a significant difference in the rate constants, which is probably due to 

other counteracting effects, such as aromatic cluster sizes. Unfortunately, as reported in Paper 

II, the other characterization of these bio-coal samples did not give a clear explanation of the 

similar reactivity of bio-coal produced through N2 and CO2 pyrolysis at a slow heating rate. 

Table 4.3. Pore size distribution of bio-coal produced from different carrier gases.   

Pyrolysis condition Carrier gas Specific surface  
area (m2/g) 

Micropore 
volume (cm3/g) 

Mesopore + Macropore 
volume (cm3/g) 

Condition 1:  
Isothermal condition 

N2 308 0.111 0.0024 
CO2 348 0.121 0.0090 

Condition 2:  
Slow heating 

N2 395 0.148 0.0028 
CO2 452 0.154 0.0045 

 

Summary effects of pyrolysis parameters 

  According to the literature review and research works reported in Paper I, II, and III,  

a general conclusion on the effects of pyrolysis parameters has been drawn. The pyrolysis 

parameters studied in this thesis include temperature, heating rate, inorganic content, bio-oil 

recycling, and CO2 purging. Table 4.4 represents an indication of the pyrolysis parameters on 

bio-coal yield, carbon content, particle porosity, carbon structure, and intrinsic reactivity of bio-

coal. The effects of these parameters on the variables are indicated by the magnitude of impact, 

that is, high, medium, and low effects, and the correlation between the parameters and the 

variables, that is, + and – signs indicating positive and negative correlation, respectively.  
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Table 4.4. Indications of pyrolysis conditions on the yield and properties of bio-coal.   

Pyrolysis condition Bio-coal  
yield 

Carbon  
content 

Particle 
porosity 

Aromatic 
cluster size 

Intrinsic 
reactivity 

Temperature High effect 
(–) 

High effect 
(+) 

High effect 
(+) 

High effect 
(+) 

High effect 
(–) 

Heating rate Medium effect 
(–) 

Low effect 
 

High effect 
(–) 

Medium effect 
(–) 

High effect 
(+) 

Inorganic content Medium effect 
(+) 

Low effect 
 

Low effect 
 

Low effect 
 

High effect 
(+) 

Bio-oil recycling Medium effect 
(+) 

Low effect 
 

Low effect 
 

Low effect 
 

Medium effect 
(+) 

CO2 as carrier gas Medium effect 
(+) 

Low effect 
 

Low effect 
 

Low effect 
 

Low effect 
 

Note; + refers to positive correlations between parameter and variable 
          – refers to negative correlations between parameter and variable.  

  Temperature obviously has a major impact on all the variables. Increasing the 

temperature significantly decreased the bio-coal yield but significantly increased the carbon 

content of the bio-coal. Based on the results of Paper II and III, bio-coals obtained at higher 

pyrolysis temperatures contain higher porosity and larger aromatic clusters, which affect bio-

coal reactivity. In the case of stem woods (Paper II), i.e., low inorganic content biomass, 

aromatic structure plays a more important role in bio-coal reactivity. Therefore, bio-coals 

produced from stem woods at high temperature generally have low reactivity. However, this is 

not the case for bio-coal produced from high-ash biomass, i.e., bark, residue, and corncobs, as 

reported in Paper III. Bio-coal produced from these biomasses at high temperature had high K 

and Ca content, leading to increased catalytic activity and gasification rates. This implies that 

the inorganic composition of bio-coal, corresponding to the biomass type, plays a vital role in 

gasification reactivity.  

  As reported in Paper III, K catalyzed bio-coal gasification at 800 °C due to its mobility 

through bio-coal particles under the gasification conditions. Meanwhile, the Ca content does 

not affect the gasification rate at this temperature. However, our collaboration study showed 

that Ca mobilized through bio-coal particles and increased bio-coal reactivity when the treated 

temperature was 1600 °C (Schneider et al. [123]). This implies that the selection of biomass to 

produce bio-coal is sensitive to pyrolysis and gasification temperatures. This result suggests 

that if bio-coal is utilized at temperatures lower than 1600 ºC, biomass with low K content 

produce low reactive bio-coal. Paper III also verified that acid leaching substantially reduced 

the K content in bio-coal, while Ca and Si remained, lowering gasification reactivity. 

Nevertheless, acid leaching substantially decreased bio-coal yield, as shown in Figure 4.7. 

Therefore, leaching using water may be sufficient to remove K from biomass (pretreatment) or 

bio-coal (post-processing).  
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  The other pyrolysis parameters considerably affect the bio-coal yield, but do not have 

a major impact on bio-coal properties and reactivity. This implies that parameters such as 

heating rate, bio-oil recycling, and CO2 purging can be considered to optimize the carbon yield 

and bio-coal production efficiency. Woodchip pyrolysis under slow heating rates yields more 

bio-coal than under high heating rates. While the carbon content of bio-coal does not change 

with heating rate, bio-coal reactivity decreases significantly by lowering the heating rate due to 

the significant changes in bio-coal porosity and carbon structure (details are available in Paper 

II). Bio-oil recycling and CO2 purging increase bio-coal yield, but do not highly affect other 

properties. Although bio-oil recycling produces bio-coal with higher reactivity than normal 

conditions, the effect is only minor in comparison with the other parameters.   

  Figure 4.19 shows a comparison of the intrinsic rate constants of bio-coal produced 

through several processes using debarked spruce chips. The figure clearly indicates that 

pyrolysis under isothermal conditions produces bio-coal with the highest intrinsic reactivity. 

Pyrolysis at a slow heating rate of 3 °C min-1 produced bio-coal with much less reactivity than 

isothermal conditions (by factor 2.4). Using bio-oil recycling and CO2 purging seems to slightly 

increase the intrinsic bio-coal reactivity. In slow pyrolysis, 20% bio-oil recycling increased the 

intrinsic reactivity of bio-coal by 22% from pyrolysis without bio-oil recycling. Utilization of 

CO2 in slow pyrolysis also increased the reactivity slightly (by 2.5% from slow pyrolysis under 

N2). However, because of the dominant effect of the slow heating rate, the reactivity of bio-coal 

produced through the process with improved yields is still much lower than that of bio-coal 

produced through the process without these measures. 

 
Figure 4.19.  Comparison of rate constants of bio-coal produced through pyrolysis process 

with and without the optimized conditions. 



61 | P a g e  
  

4.5.2 Changes of Bio-coal During Gasification in Particle Scale  

 In the gasification of large bio-coal particles and/or high intrinsic rates, for example, 

high gasification temperatures, intraparticle diffusion controls the overall reaction rate. Figure 

4.20 depicts the intraparticle effectiveness factor as a function of the bio-coal particle size. The 

intraparticle effectiveness factor decreased from 0.983 to 0.167 when the particle size increased 

from 0.196 mm to 5.15 mm. As shown in the line plot, the intraparticle effectiveness factor is 

well predicted by the Thiele modulus based on spherical particles (Equation (3.12) and (3.13)).  

 
Figure 4.20. Intraparticle effectiveness factor as a function of mid-range particle size. 

 As determined in Paper VII, the average pore diameter of this bio-coal (preparation in 

Section 3.1.3) was 17.8 nm. This pore size is in the mesopore range (2-50 nm), which is the 

major reactive pore surface in gasification reaction. Knudsen number was estimated to be 12.1, 

indicating that both molecular and Knudsen diffusions play roles in effective diffusivity. This 

means that particle size, pore size, particle porosity, and tortuosity are important physical 

parameters that influence gasification reactivity at the particle scale.  

 In addition to reaction rates, it is also important to understand how the bio-coal particle 

size changes during gasification conversion. Figure 4.21 illustrates the changes in the bio-coal 

diameter during combustion and gasification measured in the single-particle converter. The 

figure reveals the differences between the changes in combustion and gasification. Under the 

combustion condition (Figure 4.21a), bio-coal diameter progressively decreased over time. The 

particle size evolution moved toward the shrinking core model (SCM) in the case of larger 

particles. This is because combustion of large bio-coal particles is controlled by the external 

mass transfer of gases that diffuse through the gas film around the particles. Meanwhile, the 

combustion of small particles is influenced by intraparticle diffusion.  
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Figure 4.21. Particle size evolution of bio-coal during (a) combustion and (b) gasification. 

 In the case of gasification condition (Figure 4.21b), the decrease in bio-coal diameter 

was less pronounced than that for combustion. The particle diameter remained above 90% of 

the initial diameter until the normalized time of ca. 0.7-0.8; then, the diameter started to shrink 

sharply. This result shows that bio-coal gasification is mainly controlled by intraparticle 

diffusion, and the changes in the particles did not follow SCM or URM. This measurement also 

implies that bio-coal particle size remains nearly constant during gasification, until the 

conversion is almost complete, which is worth considering when using bio-coal to replace fossil 

coal for industrial processes.   

 According to the results obtained from this measurement, the evolution of bio-coal 

particle size during combustion can be estimated by the SCM, while the size change during 

gasification requires more effort to predict, which is usually resolved by numerical simulation. 

Paper VI offers a shortcut method to estimate the size change from precalculated effectiveness 

factors, which substantially decreases the computational time.  

4.5.3 The Significance of Intraparticle and Interparticle Diffusion in a Packed bed 

 In gasification of bio-coal in a packed bed with low convective flow, both intraparticle 

and interparticle diffusion determine the overall reaction rate. This section describes the results 

of the apparent reaction rate measurements in bio-coal packed beds. First, the measurement was 

carried out in packed beds comprising monodispersed particles to represent the effect of particle 

size without a wide distribution. The ratio of the apparent rate measured in this section to the 

intrinsic rate yields an overall effectiveness factor according to Equation (3.14). As intraparticle 

effectiveness factors for monodispersed particles were calculated from Thiele modulus 

(Equation (3.12)) using average pore diameter determined from the previous section (Figure 

4.20), the bed effectiveness factors can be calculated from Equation (3.15). Figure 4.22 depicts 

the overall, intraparticle, and bed effectiveness factors of the packed bed.  
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Figure 4.22. Results of (a) overall, (b) intraparticle and bed effectiveness factors as a function 

of mid-range particle size. 

 Contrary to the intraparticle effectiveness factor, the bed effectiveness factors 

increased with an increase in particle size. The overall effectiveness factor increased from 0.022 

to 0.027 when the particle size increased from 0.196 to 0.9 mm, showing the dominant effects 

of interparticle diffusion over intraparticle diffusion. At larger particle sizes, the overall 

effectiveness factor remained almost constant due to the balance between intraparticle diffusion 

and interparticle diffusion. This can be observed for particles larger than 0.9 mm, which has 

bed void fraction of 0.41, as reported in Paper VII. This implies that the beds packed with 

particles larger than 0.9 mm have relatively large bed channels and low bed tortuosity that 

diminish the effect of interparticle diffusion.  

 For monodispersed particles, large particles react slower than small particles at the 

particle scale. However, the effect was reversed at the bed scale because small particles have 

lower interparticle diffusivity of reactant gas through bed channels than large particles. Hence, 

the reactivity may be further reduced if the bed contains both small and large particles. Figure 

4.23 shows a comparison of the overall effectiveness factors between monodispersed and 

bimodal particles. The overall effectiveness factor of bimodal particles (0.8-1 mm and 4-6.3 

mm) was 11% lower than that of monodispersed particles (0.8-1 mm). This result verifies the 

hypothesis that one can benefit from the combination of intraparticle and interparticle diffusion 

in bimodal packed beds. Particles in larger size class contribute to this with low intraparticle 

effectiveness factors. Meanwhile, particles in smaller size class can fill the bed channels 

between large particles, decreasing bed void fraction and increasing bed tortuosity than those 

of a bed solely comprising large particles.  
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Figure 4.23. Overall effectiveness factors of monodispersed and bimodal packed beds. 

 Although we can reduce the apparent rate in a packed bed using bimodal particles, it 

is uncommon to produce bimodal particle sizes in industrial-scale processes, whereas it is 

possible to change the homogeneity of particle size distributions. Therefore, the effect of 

different PSDs on reaction rate was also investigated in Paper VII. Figure 4.24 illustrates the 

intraparticle and bed effectiveness factors obtained from the packed bed of polydisperse 

particles. The intraparticle effectiveness factors (Figure 4.24a) decreased when median size 

(d50) of PSD increased, well followed monodispersed particles ascribed by the Thiele modulus. 

This result confirms that the intraparticle effectiveness factor of PSD can be indicated by d50.  

 
Figure 4.24. Results of (a) intraparticle and (b) bed effectiveness factors of polydispersed and 

monodispersed particles. 

 



65 | P a g e  
  

  In contrast to intraparticle effectiveness factor, d50 could not accurately describe the 

bed effectiveness factor for a packed bed with PSD, unlike monodispersed particles. This is 

because packed beds with a wide range of particle sizes contained non-uniform bed channels. 

In addition, channel size is affected by the bimodal size effects, that is, small particles fill the 

large particle channels. As shown in Figure 4.24b, the best agreement between the bed 

effectiveness factors of the polydispersed and monodispersed samples was obtained by plotting 

it with d30. This means that a smaller size class of PSD controls interparticle diffusion in a 

packed bed of polydispersed particles.  

  The outcome reported in this section led to the recommendations to minimize bio-coal 

gasification rates at three different scales, which is summarized in Table 4.5. 

Table 4.5. Suggested methods to control gasification rates in different scales.   
 

 

 

 
 

Intrinsic reaction Particle scale Packed-bed scale 

High-temperature pyrolysis Large particles Wide PSD 

Slow heating rates  Small pore diameter Low d30 

Leaching (remove K and Ca)   

Densification (pelletization)   
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Chapter 5  
Conclusions and Future Works  

 
5.1 CONCLUSIONS 
Due to the trade-off between quality and yield of bio-coal given by temperature, secondary char 

formation is the key solution to increase bio-coal yield using the pyrolysis of thick particles. 

This thesis examines the mechanisms affecting bio-coal yield by bio-oil recycling and CO2 

purging (Objective 1). Bio-oil recycling increased bio-coal yield by adding mass and a 

synergetic effect due to the contact between bio-oil and biomass during secondary char 

formation. This synergetic effect was reduced by the physical disintegration of particles at high 

heating rates and high temperature, however it was effective for slow heating pyrolysis even at 

high temperature. Pyrolysis under CO2 also increased bio-coal yield. CO2 seems affects primary 

pyrolysis reactions indirectly, but via intraparticle heat and mass transfer. Due to low mass 

diffusivity, volatiles and solid surfaces had better contact, thus increasing bio-coal yield due to 

enhanced secondary char formation.  

  Elemental composition and heating value of bio-coal were mainly affected by reaction 

temperature, while bio-oil recycling and CO2 purging had negligible effects. The carbon content 

and heating value of bio-coal obtained produced above 500 °C were comparable to those of 

pulverized coal. However, the intrinsic reactivity of bio-coals produced through pyrolysis with 

bio-oil recycling and CO2 purging was slightly higher than that of bio-coals produced through 

pyrolysis without these measures. This increased reactivity is because bio-coal produced from 

bio-oil and secondary char formation contained less stable structures (i.e., smaller aromatic 

clusters). Pyrolysis under CO2 also modified the porosity of bio-coal, producing slightly more 

porous bio-coal than pyrolysis under N2, which affected the reactivity. Nevertheless, the 

impacts of the increase in bio-coal reactivity by bio-oil recycling and CO2 purging were lower 

than that of other parameters, i.e., temperature, heating rate, and inorganic content.            

  The methods proposed in this thesis significantly increase the carbon yield and energy 

yield of the bio-coal production process (Objective 2). The findings from this work suggest that 

bio-oil recycling, CO2 purging, and slow heating rate are the key process parameters for 
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increasing process efficiency. With all of these measures applied, the optimized bio-coal 

production process had much higher efficiency (26.7% carbon yield and 49% energy yield) than 

the process without these measures (16.2% carbon yield and 30% energy yield). In addition, 

the reactivity of bio-coal produced using the optimized yield conditions is approximately half 

of that produced using the process without these measures. 

  A numerical model of a rotary kiln was used to simulate woodchips pyrolysis under a 

given condition (Objective 3). The heating configuration inside the rotary kiln with co-current 

was analogous to the isothermal conditions in macro-TGA experiments. The simulation results 

reveal the effects of the dimension and operating conditions on the solid residence time, 

material temperature, and biomass conversion. Biomass feeding rate highly influences product 

distribution in the kiln, although it has a very low impact on solid residence time. Increasing 

the feeding rate increased the heat capacity of the material in the kiln, lowering the temperature 

and increasing unconverted biomass. Rotation speed controlled solid residence time inside the 

kiln. Increasing rotation speed decreased the residence time, but increased the degree of solid 

mixing, resulting in faster heating of biomass. Therefore, increasing the rotation speed can 

shorten the production time with low effects on product quality.  

  Self-heating in bio-coal storage has been studied using numerical simulation 

(Objective 4). The results revealed that the exothermic heat generated during O2 chemisorption 

at low temperature initiated bio-coal self-heating. If the oxygen amount in the container is high 

and the generated heat is not balanced by heat loss, self-heating can lead to ignition and thermal 

runaway. Thermal runaway risk highly depends on initial bio-coal temperature and O2 

accessibility to containers, reflecting various risks in different types of containers. The 

simulation results showed that woven plastic bags are more prone to thermal runaway than 

closed metal containers. The safe bio-coal temperature determined from the numerical 

simulation is useful data to optimize the cooling demands of bio-coal production processes 

before storing bio-coal. However, it varied according to the ambient temperature, storage size, 

bio-coal type, and storage type.  

  To design a pyrolysis process for the right applications, bio-coal conversion has been 

studied in three main rate-limiting steps: chemical reaction limitation, intraparticle diffusion 

limitation, and interparticle limitation (Objective 5). The distinct differences in the morphology 

and chemical structure between bio-coal and fossil coal caused distinct differences in their 

intrinsic reactivities. Bio-coal with low intrinsic reactivity is produced through high-

temperature pyrolysis of biomass with low inorganic content. K and Ca content are the main 

reason for high reactivity of bio-coal. However, the mobility and dispersion of these elements 
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determine their catalytic activity, which is highly dependent on temperature. K increased 

reactivity even at low gasification temperatures (800 ºC), while Ca did not play a role at 

temperatures below 1600 ºC.  

  Optical measurements showed that particle size evolution of bio-coal under 

gasification did not follow URM or SCM. Bio-coal diameter remained nearly constant and 

sharply decreased at high gasification conversions, indicating that the changes in particle size 

is significant only at high conversions. Meanwhile, the gasification rate followed the Thiele 

modulus when the reaction was controlled by intraparticle diffusion. In addition, bio-coal 

gasification rate in a packed bed with low convective flow is influenced by the counteracting 

effects of intraparticle diffusion and interparticle diffusion. Large particles have low reactivity 

at the particle scale, but a packed bed of these particles contains large bed channels, high void 

fractions, and low tortuosity, thus increasing the apparent reactivity at the bed scale. Hence, the 

overall gasification rate in a packed bed can be controlled using polydisperse particle sizes, 

such as wide particle size distribution, to maximize both intraparticle and interparticle diffusion. 

Small particles in PSD dominate interparticle diffusion because of their functions in filling the 

voids between large particles and decreasing the bed channel size.  

5.2 EFFICIENT BIO-COAL PRODUCTION FOR 

SUSTAINABLE INDUSTRY 
Based on the conclusions drawn from this doctoral thesis, a bio-coal production process is 

proposed in Figure 5.1.  

 

 
Figure 5.1. Bio-coal production process proposed in this thesis. 
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  This process aims to produce suitable quality bio-coal to replace fossil coal in 

industrial processes, particularly the steelmaking industry. Therefore, bio-coal products are 

expected to have properties equivalent to those of fossil coal and coke, and bio-coal should have 

low reactivity to avoid downstream process modifications.      

  Stem wood is the primary choice for high-quality bio-coal production. High-ash 

biomass, such as bark, residue, and corncob, may also be used but after leaching to remove 

inorganic elements. However, leaching should be performed at a later stage rather than biomass 

pretreatment to maintain high bio-coal yield. In addition, if bio-coal is utilized below 1600 ºC, 

K extraction through water washing may be sufficient. Bio-coal should be produced at 500 ºC 

or higher with slow or intermediate heating rate. To keep bio-coal yield high, the pyrolysis 

reactor should use CO2 purging (if pyrolysis is performed at not higher than 700 ºC) and bio-

oil recycling on biomass. Bio-oil and pyrolysis gas can be utilized as heating sources for this 

process.  

  Post-processing should be performed to control bio-coal reactivity. Bio-coal should be 

crushed and sieved to obtained the desired PSDs. Leaching can be performed at the end of the 

production process, which can also help to prevent self-heating during bio-coal storage. Finally, 

bio-coal should be stored in containers with a limited amount of oxygen at low temperature.       

5.3 FUTURE WORKS  
The work presented in this thesis contributed to the suggestion of a bio-coal production process 

with high efficiency by promoting secondary char formation. The outcome was based on the 

experimental results obtained from the pyrolysis of single particles. This research should be 

extended to investigate pyrolysis in multiple particles to observe the interparticle transport of 

volatile products, which may further increase secondary char formation. This could be achieved 

in both the fixed-bed and granular bed of the pyrolysis reactors.  

  As explained earlier and in Paper IV, the dimensions and operating conditions of 

rotary kilns are flexible in varying pyrolysis parameters in the reactor. Therefore, the desired 

pyrolysis conditions suggested through macro-TGA experiment (single particle and/or multiple 

particles) and simulating a particle model, such as final temperature, heating rate, CO2 purging, 

and other relevant parameters, can be implemented in the rotary kiln reactor model. For 

example, a low heating rate, which is favored for high bio-coal yield, can be obtained in a rotary 

kiln with counter-current heating. Consequently, this reactor model can suggest configurations, 

dimensions, and operating conditions that can maximize the bio-coal production efficiency. 

Nevertheless, due to the assumption of perfect mixing in the radial direction and no dispersion 
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in the axial direction in the model, the model is limited for understanding the detailed 

mechanisms of pyrolysis in a rotary kiln. Therefore, extending the model could bring it close 

to reality. In addition, the reactor model should be validated by experimental investigation.  

  As reported in Paper V, self-heating has been experimentally observed in both the 

vertical and horizontal directions of a closed metal container. Hence, a two-dimensional 

simulation can accurately predict the safety margins. In addition, if the particle size in the model 

is modified by PSD, it can suggest PSD that should be produced through pyrolysis processes to 

minimize thermal runaway risk.  

   The possibility of using bio-coal as a fossil coal replacement was evaluated through 

bio-coal gasification reactivity and properties. Minimizing intrinsic bio-coal reactivity using 

other techniques, such as catalytic pyrolysis, should be investigated. In addition, the apparent 

bio-coal reactivity in a packed bed is mainly controlled by the channel size, bed void fraction, 

and tortuosity, as reported in Paper VII. The experimental approach limits detailed information 

in a packed bed, and it is difficult to vary the bed properties. Thus, a numerical model of bio-

coal beds should be developed and applied to investigate the correlation between bed properties, 

particularly tortuosity, and gasification reactivity.  

  Finally, the proposed bio-coal production process should be evaluated using energy 

system analysis to determine the economic feasibility and suggest process integration within 

this process and other processes.     
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Appendix 
 

A1. KINETIC PARAMETERS CALCULATION 
This appendix provides the comparison of kinetic parameters determined from nth-order 

reaction model and Langmuir-Hinshelwood (L-H) model. In L-H model, gasification reaction 

between bio-coal and CO2 is presented by2  

 𝐶𝐶 + 𝐶𝐶𝑂𝑂2
𝑘𝑘1𝑓𝑓,𝑘𝑘1𝑏𝑏
�⎯⎯⎯�𝐶𝐶(𝑂𝑂) + 𝐶𝐶𝑂𝑂, (Reaction A1) 

 𝐶𝐶(𝑂𝑂)
𝑘𝑘3→ 𝐶𝐶𝑂𝑂. (Reaction A2) 

By assuming the reverse reaction is negligible, i.e., k1f>>k1b, the rate constant can be written as 

 𝑘𝑘𝑖𝑖𝑖𝑖𝑑𝑑 = 𝑘𝑘1𝑓𝑓∙𝑃𝑃𝐶𝐶𝐶𝐶2

1+
𝑘𝑘1𝑓𝑓
𝑘𝑘3

𝑃𝑃𝐶𝐶𝐶𝐶2
. (A1) 

Where, k1f and k3 are calculated by Arrhenius equation. According to experimental data 

obtained at different temperatures and pressures, 𝑘𝑘𝑖𝑖𝑖𝑖𝑑𝑑 can be calculated from Equation (3.3). 

Thus, kinetic parameters can be determined. 

 Figure A1 displays the Arrhenius plots of bio-coal (Cortus char) gasification 

determined from L-H model and nth-order reaction model (Section 3.3.1 and Paper VII). The 

two models welled predict rate constants at various temperatures, as shown in Figure A1a. In 

the case of different CO2 partial pressure, Figure A1b, L-H model gave results closer to the 

experiment compared with nth-order reaction model, particularly at high pCO2. 

 
Figure A1. Arrhenius plots in comparison between nth-order model and L-H model. 

 
2 Liu L., Cao Y., Liu Q., Yang J., Experimental and kinetic studies of coal-CO2 gasification in isothermal and 
presurrized conditions. RSC Advances, 2017, 7, 2193-2201. doi:10.1039/c6ra2599d4. 
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A2. CALCULATION OF ENERGY BALANCE  
The energy yield shown in Figure 4.9 was calculated by Equation A2 

 𝑦𝑦𝑖𝑖𝐸𝐸 = 𝑦𝑦𝑖𝑖𝑀𝑀
𝐻𝐻𝐻𝐻𝐻𝐻𝑝𝑝
𝐻𝐻𝐻𝐻𝐻𝐻𝑤𝑤

, (A2) 

where 𝑦𝑦𝑖𝑖𝐸𝐸 and 𝑦𝑦𝑖𝑖𝑀𝑀 energy and mass yields, respectively. HHV is higher heating value (kJ kg-1). 

The subscript i is material species (i.e., bio-coal), and w is raw wood.  

  Minimum heat requirement, regarding assumptions of no heat loss and no reaction 

heat, that supply energy to heat biomass up to 700 ˚C was calculated by equation A3 

 𝑄𝑄𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑠𝑠 =  �̇�𝑚𝑀𝑀 ∫ 𝐶𝐶𝑖𝑖𝑑𝑑𝑇𝑇
700 ˚C  
25 ˚C , (A3) 

where 𝐶𝐶𝑖𝑖 = 0.1031 + 0.003867𝑇𝑇, (kJ kg-1 K-1)3. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
3Simpson W., TenWolde A., Physical properties and moisture relations of wood. Wood Handb Wood as an Eng 
Mater 1999:3.1-3.24. doi:10.1007/s13398-014-0173-7.2. 
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