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Abstract

This thesis aims to provide an overview of knowledge in charcoal production for fossil 

coal replacement. Charcoal from biomass is a promising material to replace fossil coal in the 

industrial sector. Charcoal with quality comparable to fossil coal can be produced by high-

temperature pyrolysis, but the efficiency of the production is relatively low due to low charcoal 

yield at high pyrolysis temperature. Increasing charcoal yield by means of secondary char 

formation in pyrolysis of thick wood particles, e.g., woodchips, is the primary method to 

consider in this work. Secondary char formation can be promoted by increasing concentration 

of volatiles during pyrolysis, and/or extending residence time of volatile inside the pore 

structure of wood particles. This research has investigated how to increase the efficiency of 

charcoal production by bio-oil recycling and CO2 purging. By applying bio-oil recycling, the 

increase of charcoal yield was not only because of the increase in reactants, but also due to the 

synergetic effect between bio-oil and woodchips upon physical contact. Use of CO2 as purging

gas lowered mass diffusion of volatiles inside the pore structure of woodchip resulting extra 

charcoal. In addition, the effect of these techniques can be maximized by ensuring a good 

contact of volatiles and solid surface, i.e., usage of thick particles and slow heating. 

Characterization of charcoals implied negligible effect of these methods on charcoal properties 

such as elemental composition, heating value, porosity, and chemical structure. Furthermore, 

the reactivity of charcoal only increased slightly when these methods were applied. These 

findings suggest that we can achieve high charcoal yields, both mass and energy, while 

maintaining similar fuel properties in charcoal by bio-oil recycling and CO2 purging. In parallel, 

a numerical model of pyrolysis in a rotary kiln reactor has been developed to increase the 

understanding of how to implement the desired reaction parameters in pyrolysis reactors. The 

simulation results showed the evolution of temperature profiles and products distribution along 

the reactor length. Two important parameters have been studied, namely rotation speed and 

feeding rate. The rotation speed was found to control the solid residence time, while the feeding

rate influences the heat capacity of holdup materials and product distribution. Nonetheless, to 

deliver further detailed knowledge of charcoal production, further works are suggested.
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Chapter I
Introduction

Charcoal from biomass is a promising material to replace fossil coal in the industrial 

sector. Slow pyrolysis, i.e., thermally driven degradation of biomass under an inert atmosphere 

at low heating rate, is the typical method to produce charcoal. Carbon content, grindability, and 

heating value of charcoal are higher than those of biomass, making it an attractive substitute for 

fossil coal [1,2]. Industrial applications such as syngas production [3], co-firing power plant

[4,5], and metallurgical processes [2,6] are of great interest to alter fossil coal by charcoal. 

Recently, the replacement of pulverized coal injection to blast furnaces with biomass products 

has been suggested [2,6,7]. However, this application requires better characteristic of charcoal, 

which is not able to achieve by low-temperature pyrolysis or torrefaction. As indicated in our 

review article (not included in this thesis) [6], high-temperature pyrolysis is necessary to fulfill 

the requirement of this application. Previous studies have shown that fuel characteristics of 

charcoal, i.e., O/C and H/C ratios, heating value, and grindability, are comparable to pulverized 

coal when it is produced at pyrolysis temperature of 500 °C or above [8,9,Paper A]. Meanwhile, 

charcoal yield becomes lower at high pyrolysis temperature, e.g., charcoal yield decreased from 

37 to 28% in pyrolysis of pine chips when temperature increased from 300 to 500 °C [9]. This 

trade-off plays important role in the economic performance of charcoal production.

Secondary char formation, i.e., repolymerization of volatiles inside particle structure 

during pyrolysis that yields extra charcoal, could be a way to increase the efficiency of charcoal 

production while keeping charcoal quality high. This reaction shows significant appearance in 

pyrolysis of thick particles, such as woodchip, rather than pyrolysis of biomass powder due to 

the longer residence time of volatiles in the pore structure of large particle [10–13]. It has been

reported that the longer residence time of volatiles can be achieved by other techniques, for 

example, pyrolysis in a closed system [14,15], high pressure [6,14,16–18], and low purging
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flow rate [19–21]. In addition, different purging gases—different heat and mass transfer 

characteristics—might have consequences on other parameters, namely heating rate and 

internal pressure. An idea to promote the secondary char formation by increasing volatiles 

concentration inside the pore structure of thick biomass, could be an alternative method to 

increase charcoal yield. To ensure the secondary char formation, recycling of bio-oil into 

pyrolysis process is proposed in this thesis. The secondary reactions of volatiles from bio-oil 

may progress even further at the surface of biomass structure by adsorbing bio-oil at the internal 

pore of biomass, as shown in Huang et al [22]. It is important to quantify the effect of various 

reaction parameters on synergetic effect in secondary char formation to give guidance for the 

design of pyrolysis reactors and processes with bio-oil recycling.

The conversion rate or reactivity of charcoal is one important fuel characteristic that 

needs considerations when charcoal is used in combustion, gasification, and metallurgical 

processes. In general, reactivity is a parameter used for the design of burners and gasifiers

[23,24]. High reactivity generally reduces the required residence time of charcoal in reactors,

resulting in smaller reactor sizes. However, in order to replace coal in the industrial

applications, charcoal reactivity is preferred to be in the same level as coal to avoid major

process modification. Pyrolysis conditions and type of biomass strongly influence the reactivity

of charcoal as reported in the literature [25–28]. Promotion of secondary char formation may 

affect the reactivity of charcoal, which is important to be elaborated. Furthermore, the reactivity 

of charcoal produced from thick wood particles, while being a promising method to produce 

charcoal for the industry, appears very limited in the literature.  

In order to produce charcoal at a large capacity, pyrolysis must be studied at a reactor-

scale. Reactors such as rotary kilns and auger reactors are suitable reactors to convert 

woodchips or biomass pellets into charcoal. These continuous reactors can produce charcoal 

with homogenous quality [29]. In addition, these reactors have a possibility to control charcoal 

yield and its quality simply by changing the operating conditions of the reactors, in contrast 

with conventional kilns. As reported in the literature [29,30], rotary kilns can yield 19-38% of 

charcoal, while auger reactors yield 11-45% of charcoal. Unfortunately, only a limited research 

of these reactors are available for biomass pyrolysis due to the lack of commercial interests for 

charcoal powder in the past [29]. However, increasing demand for fine charcoal in the industrial 

sector has been attracting attentions to these types of reactor, corresponding to the needs of 

scientific development.
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1.1 Aim and objectives of work
The aim of this research work is to contribute to the development of an efficient charcoal 

production process. We intend to deliver a pyrolysis process that can produce charcoal for fossil 

coal replacement, while keeping the process efficiency as high as conventional processes, if not 

higher.

This work is provided to designate holistic knowledge of charcoal production from thick 

particles. The specific objectives of this work are:

• to increase the knowledge of fuel conversion mechanisms in pyrolysis of thick particles;

• to clarify the effects of pyrolysis parameters on the yields (in mass and energy basis) 

and the quality of charcoal;

• to suggest promising methods to increase the efficiency of charcoal production;

• to provide optimal pyrolysis conditions favored to increase yields of high-quality 

charcoal; and

• to achieve an understanding of pyrolysis in the reactor scale, and know how to 

implement desired pyrolysis conditions into the reactors.

Note that the mechanical properties of charcoal and economic analysis are beyond the 

scope of this work. 

1.2 Research framework and outline of the thesis
In order to accomplish the goals, the research framework has been developed as shown 

in Figure 1.1. Three studied panels, namely pyrolysis reaction, process design, and reactor 

design, are provided to cover all relevant knowledge of charcoal production. In the beginning, 

the fundamental theory of biomass pyrolysis has been studied, including pyrolysis in thick 

biomass and the role of pyrolysis parameters. The study led to formulate the methods those 

have a potential to increase the efficiency of charcoal production, i.e., bio-oil recycling and CO2

purging. Experimental investigation on the proposed methods was carried out and the result has 

been published in Paper A. Charcoals produced from the proposed methods were further 

investigated for their properties and reactivity in particular to clarify the effects of the pyrolysis 

conditions. This part has given an idea on the feasibility to use charcoal as an alternative 

material to coal, which has been described in Paper B. In parallel, a reactor model has been

developed to describe pyrolysis of woodchips in a rotary kiln as published in Paper C. This 

model provides an understanding of the design parameters in a rotary kiln pyrolyzer. In 
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addition, the model is expected to be used as a tool to implement desired pyrolysis conditions 

in technical reactors.    

Figure 1.1. Research framework and correlation among the papers.

This Licentiate thesis composes of 5 chapters, beginning with the introduction in this

chapter. Chapter II will briefly review relevant previous knowledge in the literature. After that, 

chapter III will describe the research methods. Next, the main results will be discussed in 

chapter IV. Finally, the conclusion will be given in chapter V as well as future plans.  
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Chapter II 
Literature review

Biomass mainly composes of carbon, hydrogen, and oxygen with a varied amount of 

inorganic constituent depending on biomass feedstocks. In comparison to fossil coal, biomass 

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

to grind. Pyrolysis is a well-known method to upgrade biomass into higher-quality solid fuel 

namely charcoal. This chapter provides information on charcoal production processes including 

the reactions occuring during biomass pyrolysis, the effects of pyrolysis conditions, and 

pyrolysis reactors. 

2.1 Biomass pyrolysis 
Pyrolysis reaction is a thermal decomposition of organic materials in the absence of 

oxygen environment. In biomass pyrolysis, thermal degradation of biomass produces a variety

of products, i.e., charcoal, bio-oil (or “tar”), and pyrolysis gas. Figure 2.1 represents a schematic

diagram of biomass pyrolysis, showing possible decomposition pathways of dried biomass 

during the reaction [10].

Figure 2.1. Decomposition pathways of biomass pyrolysis (adapted from Neves et al.[10]).
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Biomass 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 chemical bonds in biomass, resulting in the releases of volatiles and 

rearrangement of the carbon matrix of the solid residue [10]. The increase of temperature in this 

step leads to increase the thermal stability of charcoal due to higher releases of volatiles [31–

34]. The products from this stage include primary char, bio-oil, and pyrolysis gas.   

Primary volatiles can further react in the secondary stage of pyrolysis. Volatiles released 

from biomass particles can undergo fragmentation and recombination, resulting in different 

fraction of condensable and incondensable gases. In the meantime, large molecules of volatiles 

inside pores of the particle can yield extra charcoal due to recombination reactions [35,36]. This 

reaction refers to secondary char formation, and the char is generally called secondary charcoal 

[10,37]. According to the mechanism of secondary pyrolysis, the reactions are not only 

dominated by heat transfer, such as the primary pyrolysis, but also mass transfer of volatiles 

within the pore structure of biomass particles. Therefore, the secondary char formation plays a 

considerable role in pyrolysis of thick biomass particles, such as woodchips, compared with

pyrolysis of biomass powders due to longer residence time of volatiles in the pore structure [10–

13]. 

In charcoal production, slow pyrolysis, i.e., pyrolysis under low heating rate, is preferred 

to achieve high charcoal yield. There is no clear definition existing in the definition of slow 

pyrolysis with respect to heating rates. However, slow pyrolysis normally refers heating rates 

up to 100 °C min-1, while fast pyrolysis normally refers heating rates higher than 1000 °C s-1

[29]. Figure 2.2. shows a summary of the effects of temperature, pressure, and heating rate on 

charcoal yield from woody biomass in the literature. It shows that low temperature, high 

pressure, and low heating rate result in high charcoal yields.

Figure 2.2. Influence of parameters on charcoal yield. (a) Effect of temperature; (b) Effect of 
pressure; (c) Effect of heating rate [16,38–47].
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Among these parameters, temperature is the most influential parameters on charcoal 

yields and properties [6,10,48,49]. In general, the increase of temperature gradually decreases 

charcoal yield (see Figure 2.2a). Meanwhile, fuel quality of charcoal increases when 

temperature increase. Charcoal from high-temperature pyrolysis contains high carbon content, 

high heating value, low volatile and ash content [6,16,40,42,50,51]. For example, Figure 2.3 

illustrates the effect of temperature on the main elemental content of charcoals. Carbon content 

increases sharply at the temperature between 300 and 500 °C to reach about 80%, and then 

keeps increasing at higher temperature with less sensitivity. 

Figure 2.3. Influence of temperature on elemental compositions. (a) Carbon (b) Hydrogen 
(c) Oxygen [16,39–43,47,52,53].

In order to increase charcoal yield while maintaining its quality, secondary char 

formation is a promising solution. Several techniques have been reported to extend residence 

time of volatiles inside the pore structure of wood particles in particular to yield extra charcoal. 

This can be achieved by pyrolysis in a closed system [14,15], high pressure [6,14,16–18], and 

low purging gas flow rate [19–21]. The type of purging gas may also influence residence time 

of volatiles. As implied by Schonnenbeck et al. [54], the use of CO2 instead of N2 in pyrolysis 

may inhibit the volatiles release due to the adsorption of CO2 through the microstructure of 
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solid particle, resulting in higher charcoal yield. In addition, different carrier gases have 

different heat and mass transfer characteristics, and they might have consequences on 

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

of these issues is not well elaborated in the literature. 

An idea to promote the secondary char formation, by increasing volatiles concentration 

inside the pore structure of thick biomass, could be another method to increase charcoal yield. 

Hill and co-workers [55] have investigated that the charcoal yield from downstream of the fixed 

bed was higher than that from upstream during pyrolysis of Aspen woodchips due to the 

deposition of pyrolysis volatile on charcoal. Moreover, they have shown that deposition of 

volatiles on biomass char during pyrolysis did not result in a negative impact on microporosity 

and adsorption properties of charcoal [55]. Another way to ensure the secondary char formation 

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

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

biomass structure by adsorbing bio-oil at the internal pore of biomass, as reported in Huang et 

al.[22]. Nevertheless, the usage of thick particles, which are commonly used in industrial 

processes, may hinder adsorption of heavy oil as well as sufficient contact between volatiles 

and pore surfaces.  

2.2 Reactivity of charcoal 
The conversion rate, or reactivity, of charcoal is a key parameter to design the capacity 

of the reactor in thermochemical conversion processes, i.e., combustion and gasification

[23,24]. According to the agreeable discussion in the literature [25–28], reactivity of charcoal 

is varied by three parameters: (i) content and type of inorganic compound, (ii) morphological 

structure or availability of active surface area,  (iii) content of functional groups and chemical 

structure of charcoal. Inorganic matters in charcoal, alkali metals and alkaline earth (AAEM), 

are well known as catalysts in oxidation and gasification [56–58] while other inorganic matters 

such as Si, P, and Al may hinder the reactivity. Pore size and particle size of charcoal control 

diffusion rate and local concentration of involved gases in the reactions [25], while surface area 

represent availability of solid reactant. Meanwhile, chemical structures such as content of 

carbon edges, defects, and functional groups highly influence the reaction rate of charcoal. 

These parameters are strongly influenced by the type of biomass and pyrolysis conditions.            

Biomass feedstocks significantly affect the content of inorganic constituents in charcoal

as most inorganic elements stays in charcoal. In woody biomass, Ca is the major ash forming 
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element while it also contains Si, K, P, Mg, and Na [59,60]. In oxidation reactions, alkali metals

such as Na and K are active as catalysts [56]. The oxides and salts of alkali and alkaline earth 

metals (AAEM) also have high catalytic activities for biomass gasification with steam [57].

Gasification reactivity of charcoal in CO2 is also reported to be dependent on the concentration 

of K and Ca in wood [58]. Furthermore, alkali metals also act as catalysts in the polymerization 

of volatile during pyrolysis, which raises charcoal yield and make charcoal less porous [28]. 

However, it has been reported that inorganic matters release when pyrolysis is conducted at 

high heating rate (1000 °C s-1) and high temperature (800 °C) under high sweeping flows [61]. 

On the other hand, slow heating pyrolysis under temperature up to 700-800 °C have been

reported to have no significant release in AAEM [62–64].

Heating rate and temperature influence not only the release of inorganic matters during 

biomass pyrolysis, but also give a dramatic effect on morphological structure and chemical 

structure of charcoal. Porosity of charcoal highly depends on the heating rate during pyrolysis. 

In pyrolysis under low heating rate, volatiles release gently from the pores in original biomass,

resulting no major change in char morphology compared to original biomass [52]. On contrary, 

pyrolysis under high heating rate leads to charcoal with larger cavities and more open structure 

due to the fast release of volatiles, overpressure, and coalescence of pores [65,66]. Hence, 

charcoals from different heating rates compose of different portions of micropores (dpore < 2 

nm), mesopores (2 nm < dpore < 50 nm), and macropores (dpore > 50 nm) [67]. This characteristic 

directly indicates the availability of active surface area in charcoal, influencing the conversion

rate of charcoal. According to an analysis of the literature done by Di Blasi [23], surface area 

developed by mesopores and macropores is the major contribution in oxidation and gasification, 

while micropores barely participate in the reactions. Heating rate also affects elemental

composition and functional groups in charcoal. A larger amount of oxygen functional groups is 

normally observed in charcoal produced under higher heating rate [52,65]. This is explained by 

shorter residence time of volatile in the particle when pyrolysis takes place at high heating rate

[66,68].

Besides heating rate, high reaction temperature enhances surface area and chemical 

structure of charcoal. High pyrolysis temperature leads to the increase in specific surface area 

of charcoal [50,65,69,70]. However, the specific surface area of charcoal decreases at 

temperature above 800 °C due to the increase of the carbon ordering and pore coalescence 

known as thermal annealing [50,65,70]. Pyrolysis at higher temperate also leads to improving

structural order of charcoal, resulting larger aromatic rings cluster [67,71]. By using 

characterization techniques such as XRD (X-ray diffraction), NMR (nuclear magnetic 
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resonance), FTIR (Fourier-transform infrared spectroscopy), and Raman spectroscopy, the 

conclusion has been drawn from the literature that increasing pyrolysis temperature promotes 

the loss of functional groups and the formation of large aromatic rings system in charcoal

[24,67,72–76].

Pyrolysis conditions that would enhance secondary char formation can also potentially 

affect the reactivity of charcoal. It has been reported that charcoal produced directly from pure 

bio-oil has lower reactivity than charcoal from wood due to the absence of microporosity and 

lower ash content in charcoal from bio-oil [77,78]. Anca-Couce and co-workers [79] conducted 

pyrolysis experiments that enhanced 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 significant low reactivity of secondary charcoal in comparison with primary charcoal. 

Moreover, the effect was of a similar magnitude to the effect of thermal annealing obtained in 

their work [79]. The authors have concluded the mechanism behind this reduction is the 

deactivation of the active site due to secondary charcoal deposition or isolation of carbon edges

[79]. However, the effect of secondary char formation by the interaction between bio-oil and 

woodchip on charcoal reactivity is not elaborated in the literature. Furthermore, the literature

on the effects of pyrolysis parameters on the reactivity of charcoals from thick particles, which 

is a common method in charcoal production, is still limited while it may be significantly 

different from charcoals from pulverized particles due to the presence of secondary reactions.

2.3 Pyrolysis reactors
Reactor design is a crucial procedure to designate desired pyrolysis conditions that can 

produce charcoal with optimal efficiency. Pyrolysis reactors are usually classified based on 

heating mechanisms and desired products, i.e., charcoal or bio-oil. For charcoal production, 

slow and intermediate heating configuration are suitable to achieve high charcoal yield [29,80]. 

Fixed bed reactor such as kilns and retorts have been documented for wood carbonization 

already in 18th century [29]. These reactors produce charcoal under slow heating rate in batch 

and semi-batch processes [29]. However, the use and development of kilns made of metal or 

earth have very little progress in the last century due to its serious disadvantages, e.g., 

inhomogeneous charcoal quality, low efficiency, difficulty in control, high release of pollutions, 

and high labor demand [29,81]. Although retorts are the current technology to produce charcoal, 

they were designed for the carbonization of wood logs. High capital cost and low efficiency are 

the issues for their deployment today [29].
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Presently, pyrolysis reactors using medium heating rate, so-called “converters”, are 

getting higher attention to converting forestry and agricultural biomass in form of chips or 

pellets into charcoal and bio-oil [29]. Converters do not require large volumes of circulating

gas or a heating carrier as the tradition reactors [29]. Furthermore, yields and characteristics of 

products can be easily varied by operating conditions [30]. Auger reactor and rotary kilns are 

popular examples of converters widely used in pyrolysis due to their robustness and mobile 

ability. Converters have been lacking commercial interest due to little application of charcoal

powder in the past [29]. Nevertheless, growing interest of fine charcoal for soil amendment and 

steel industry is leading to the recent development of converters [29]. Therefore, the demands 

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

kilns and auger reactors for biomass pyrolysis. 

Auger reactors, or screw reactors, are successfully used for the production of charcoal 

and bio-oil. Figure 2.4 shows a schematic of an auger reactor adapted from commercial Pyreg 

process [82]. In pyrolysis via this reactor, biomass is fed to the reactor by a hopper, and a screw 

then carries biomass to hot zone of the reactor. Pyrolysis gas goes to a condenser, while charcoal 

is obtained at the end of the screw [29]. Several research works have been using auger reactors 

to study pyrolysis of various feedstock, such as agricultural materials [83,84], animal manure 

[85], waste tires [86,87], sawdust [88–91], and wood particles [92–94]. This shows the 

feasibility to use this reactor with different types of feedstock. According to the review paper 

provided by Brassard et al. [30], pyrolysis of woody material in a auger reactor gives char yield 

in the range of 11-45% (mass basis).

Figure 2.4. Schematic of an auger reactor (adapted from Pyreg process [82]).
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Rotary kiln reactors have been widely used in cement production, pulp industry (lime 

kiln), and mining industry (iron ore pellets production). This reactor has the ability to handle 

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

materials whose physical properties change sharply [95]. The concept of rotary kilns was 

basically developed from a tubular reactor, which includes inclination and rotation. Figure 2.5 

represents schematic of the rotary kiln used in pyrolysis of woodchips, adapted from the 

WoodRoll process, Cortus AB [96]. Woodchips or pellets fed into the reactor are indirectly 

heated by flue gas or pyrolysis gas, and charcoal and bio-oil are then produced. It has been used 

in many pyrolysis applications, for instance, slow pyrolysis of olive stones [97], sewage sludge 

[98], and wood [99]. Rotary kilns can achieve charcoal yield in the range of 19-38% (mass 

basis) [29].

Figure 2.5. Schematic of a rotary kiln reactor (adapted from WoodRoll process [96]).

Besides practical studies on these reactors, numerical simulation is a powerful tool to 

increase understanding of pyrolysis in these reactors. Granular flows inside auger reactors have 

been studied in the literature by using the Discrete Element Method, which can describe the 

velocity of particles, mass flow rate, and flow pattern of granular bed [100–102]. Although few 

researchers have developed models to describe pyrolysis in auger reactors [103–105], they are 

focused on bio-oil production via fast pyrolysis. For pyrolysis in rotary kilns, only few 

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

publications have shown simulations of rotary kiln reactor by assuming it as plug flow reactors

[106,107]. Nevertheless, granular flow inside a rotary kiln can be accurately described by 

Saeman’s expression [108]. This expression was implemented in the model of maize pyrolysis 
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in a rotary kiln done by  Klose and Wiest [109]. Notwithstanding, the numerical model of rotary

kilns for pyrolysis of woodchips is very rare in the literature. By developing such models, the 

correlation between reaction conditions and reactor parameters can be elaborated.

2.4 Summary of research questions
According to the literature review explained in this chapter, research questions are 

imposed as the following points 

• What are possible methods to increase charcoal yield while maintaining its quality? 

• What is the mechanism behind pyrolysis of woodchips with bio-oil embedding in the 

particles? What are the effects of other conditions on the behavior of this method? 

• Do different types of carrier gas affect yield and property of charcoal in pyrolysis of 

thick particles? What is the mechanism behind it? 

• What are the pyrolysis conditions required to increase the efficiency of charcoal 

production? 

• How do the pyrolysis conditions affect properties and reactivity of charcoal? 

• What are important design parameters in pyrolysis reactor? 

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

reactors? 
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Chapter III 
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 

charcoal are mainly identified by pyrolysis temperature. In order to increase efficiency of 

charcoal production process, enhancing secondary char formation is a promising solution to 

increase charcoal yield without disturbing its quality. In this work, bio-oil recycling and CO2

purging are the proposed methods, applying to promote secondary char formation. The idea of 

the charcoal production with the proposed methods is schematically represented in Figure 3.1.

Figure 3.1. Charcoal production process proposed in this thesis.

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

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

study pyrolysis of thick wood particles. Gasification reactivity of charcoals produced from 

various conditions was determined to investigate the effects of pyrolysis parameters on 

reactivity and properties of charcoal. A numerical model was developed based on conservation 

equations to describe pyrolysis of woodchips in a rotary kiln reactor, and to study effect of 

operating parameters.
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3.1 Pyrolysis experiment 
In order to examine the performance of pyrolysis process with bio-oil recycling, an 

experimental investigation has been done at laboratory scale. Bio-oil embedded woodchips 

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

Charcoal yield is the primary measures to indicate the performance of pyrolysis methods in this 

work. 

3.1.1 Materials and preparation

Debarked chips of Norway spruce and birch were selected as representatives of 

softwood and hardwood, respectively. Table 1 shows properties of woodchips. Moisture 

contents were measured with MJ33 by METTLER TOLEDO, elemental composition with 

EA3000 by Eurovector srl., and higher heating value with C200 by IKA. Dried woodchips were 

prepared in an oven at 105 ºC for 24 hours and kept in a desiccator before the experiment. Fast 

pyrolysis oil purchased from Fortum’s pyrolysis plant in Joensuu, Finland, was represented as 

condensed bio-oil from pyrolysis process in this study. The bio-oil was selected due to its 

stability over the long period to avoid the variety in its composition for each experiment. The 

composition of bio-oil from 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. The water content of bio-oil was measured by using WT-KF-

V100 Karl Fischer water content tester. Properties of bio-oil [110] are also shown in Table 3.1.   

Table 3.1. Characteristic of raw biomasses.

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

Characteristics Spruce Birch Bio-oil*
Moisture content (original) wt.% 3.1 (± 0.15) 2.8 (± 0.48) 30.6 (± 0.55)
Moisture content (after drying) wt.% 0.4 (± 0.08) 0.1 (± 0.01) -
Ultimate analysis 

Carbon
Hydrogen
Nitrogen 
Oxygen (by difference) 

wt.%, dry
49.5
6.1

0.25
42.8

47.1
6.2

0.27
43.6

55.4
6.6

0.14
37.9

H/C molar ratio - 1.48 1.58 1.43
O/C molar ratio - 0.65 0.69 0.51
HHV MJ/kg 19.7 18.3 23.4
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Bio-oil was embedded in woodchips at room temperature by brushing bio-oil on the 

external surface of woodchip. The embedded sample was placed into the reactor 3 minutes after 

embedding to ensure bio-oil to disperse into woodchips. In the base case, 20% (m/m) of bio-oil 

was embedded at the surface of woodchip, i.e., 20% of bio-oil and 80% of woodchip on mass

basis. Meanwhile, 10% and 25% (m/m) of bio-oil on woodchip were also used for pyrolysis 

experiment at selected conditions.  

3.1.2 Pyrolysis in a macro-thermogravimetric reactor

Pyrolysis experiments of woodchips 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 A.

The experiment was divided into 2 distinctive temperature histories of the reactor during 

the experiments: namely, isothermal condition and slow pyrolysis. Flow rate of the carrier gas, 

either N2 or CO2, was 7 L min-1 at standard state for all temperature conditions. The mass of 

sample and 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 temperature and purged with carrier gas. 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 configurations 

in pyrolysis reactors. When the mass of sample became stable, the sample was moved to the 

N2-purged cooling zone before being removed from the reactor. The reactor temperature ranged 

between 300 and 700 °C with the precision of ± 3 °C.  All the experiments under isothermal 

condition had 3 repetitions. Mass yield of charcoal, yc, was calculated from the experimental 

data as

𝑦𝑦𝑐𝑐 = 𝑚𝑚𝑓𝑓

𝑚𝑚0
× 100% (1)

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

sample was defined as an interception point between major degradation line and post 

degradation line to decrease random errors at the final stage of pyrolysis. The details are 

available in Paper A.

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 temperature at the heating rate of 3 °C min-1 with the precision of ± 3 °C. Ten seconds 
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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 (TGA) to examine the pyrolysis behavior with negligible 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 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.

3.2 Characterization of charcoal 
Properties of charcoals, produced from the methods described in the previous section, 

were investigated including elemental compositions, heating values, porosity, and chemical 

structure. These properties were selected to describe the effects of pyrolysis conditions and the 

methods on the quality of charcoals. Gasification reactivity of charcoals was also measured to 

investigate the influences of pyrolysis conditions, and to give an idea about the possibility to 

replace coal. 

3.2.1 Elemental composition and heating values

Ultimate analysis of raw woodchips and char samples were carried out with EA3000, a 

CHNS-O elemental analyzer from Eurovector srl. Higher heating value (HHV) of raw 

woodchips and chars were measured by an oxygen bomb calorimeter, model C 200 from IKA.

3.2.2 N2 adsorption

The specific surface area, specific pore volume, and pore-size distribution of charcoal 

were determined using an N2 adsorption method with a Micromeritics ASAP 2020 analyzer. 

Prior to the measurements, about 200 mg of sample were degassed at low pressures (2 µm Hg) 

and high temperatures (140 oC) for 180 minutes. Adsorption isotherms were obtained by 

immersing sample tubes in liquid nitrogen (-197 oC) in order to obtain isothermal conditions. 

Nitrogen was added to the samples in small steps and the resulting isotherms were obtained. 

Specific surface areas and specific pore volume were calculated from adsorption isotherms 

according to the Brunauer–Emmett–Teller (BET) method [111]. Pore-size distributions were 

calculated using the Barrett-Joyner-Halenda (BJH) algorithm [112] and the Density Functional 

Theory (DFT) function [113]. This method represents pore size into 3 different ranges, namely 

micropore (< 2nm), mesopore (2-50 nm), and macropore (> 50 nm). 
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3.2.3 Raman spectroscopy

Raman spectroscopy was used to analyze aromatic rings clusters and chemical structure 

of the charcoals. Raman spectra were collected using an inverted microscope (IX71, Olympus, 

Japan) coupled to a spectrometer, Shamrock 303i (Andor Technology, Ireland). Spectra were 

collected from 5 different spots with 120 seconds of exposure time. Detail of experimental setup 

and processing data are available in Paper B.

The Raman spectra showed two main overlapping peaks with maximum intensities 

around 1350 cm-1 and 1590 cm-1. These two peaks are commonly referred to the D and G bands, 

respectively [114–116]. In the case of disordered and amorphous carbon such as biomass or 

charcoal, the D and G bands are no longer sufficient to express the complexity of these materials 

[117–121]. Therefore, interpretation of the Raman spectra in this work has been done by 

deconvolution of Gaussian bands adapted from Smith et al. [72]. Detail of bands assignment 

can be found in Paper B, while Figure 3.2 shows an example of deconvolution peaks. 

Figure 3.2. An example of Raman spectra and deconvolution (spruce char from isothermal
condition at 700 °C).

The deconvolution method gives a sufficient idea of chemical structure contain in 

charcoals. Nevertheless, not all chemical structure can be illustrated by the method due to high 

amorphous carbon in the samples. The GT, summation of GG and GL, represents G band, which 

mainly indicates small aromatic structures with 3-5 fused rings [74]. The DT, summation of Ds

and D, represents D band indicating large aromatic clusters, which consist of not less than 6 

fused rings [74]. Uncertainty has remained in A band, A1 and A2, within the literature. This 

valley region generally refers to irregular structures, which is the overlapping position for 

cyclopentane, point defects, and heteroatoms [72,117,121]. Interpretation of Raman spectra was 
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done by the analyses of peak area ratios, by dividing the area of each peak with that of GT band. 

The peak area ratio I(DT)/I(GT) has been introduced to compare the bonding structure of 

amorphous carbon [72,114,122,123]. The I(DT)/I(GT) ratio of charcoal in this thesis increased 

at high pyrolysis temperature, meaning more stable structure and large aromatic ring cluster as 

widely reported in the literature [72,117]. Interpretations of peaks within the valley region, i.e., 

A1 and A2, showed no consistency in this thesis or in the literature [72,117,121]. Therefore, 

interpretations of these bands are not considered in this thesis.   

3.2.4 Gasification reactivity

The gasification reactivity of charcoals was measured by thermogravimetric analysis 

with a TA instrument Q5000IR. Around 1 mg of powder sample was loaded and spread at the 

bottom of a platinum pan. The sample and the furnace were purged with the mixture of N2 and 

CO2 for 30 minutes with a volumetric ratio of 80% and 20%, respectively. Then, the sample 

was heated up to 850 °C at a heating rate of 500 °C min-1 to mimic the condition in the industrial 

processes. The sample was held at 850 °C and the change in sample mass was measured for 30 

minutes. All charcoal samples were analyzed with 2 repetitions. The thermogravimetric curves 

displayed mass loss due to both devolatilization and gasification, as shown in the supporting 

information of Paper B. In order to determine gasification reactivity, initial mass (m0) of 

charcoal was defined at the end of devolatilization (the detail is provided in the supporting 

information of Paper B). Char conversion (X) was calculated by 

𝑋𝑋 =
𝑚𝑚0 −𝑚𝑚
𝑚𝑚0

(2)

The reactivity of charcoals in this work is represented by initial rate constant (kini). The 

data were fitted to the random pore model to determine the rate constant at the conversion up 

to the minimum conversion appeared in the experimental data (Xmin=0.4). The integral form of 

the random pore model [124] is read as:

�
2
𝜓𝜓
� ∙ ��1 − 𝜓𝜓 ∙ ln(1 − 𝑋𝑋) − 1� = 𝑘𝑘𝑖𝑖𝑖𝑖𝑖𝑖 ∙ 𝑡𝑡 (3)

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

conditions using the reaction time at X = 0.4 by the following expression.

��1 − 𝜓𝜓 ∙ ln(1 − 𝑋𝑋) − 1�

��1 − 𝜓𝜓 ∙ ln(1 − 0.4) − 1�
=

𝑡𝑡
𝑡𝑡𝑋𝑋=0.4

(4)

Hence, the initial rate constant of gasification, kini, can be determined. Examples of data 

fitting and further details are available in Paper B.
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3.3 Modeling of pyrolysis reactor 
A numerical model was developed to describe pyrolysis in rotary kiln reactors. The 

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

for pyrolysis reaction, heat transfer, and granular flow inside the kiln. Figure 3.3 represents 

schematic of the rotary kiln considered in the model.   

Figure 3.3. Schematic of the rotary kiln pyrolyzer.

We consider a rotary kiln of 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 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 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 axial direction (no axial dispersion) [125], with the cross-section area 

of both domains evolving along the kiln axis (see Figure 3.2b). Heat and mass transfer inside 

the wood chips are assumed to be fast with respect to the pyrolysis reaction which allows for 

treating the particles as homogeneous and lumping the intra-particle heat transfer into the 

overall heat transfer from the kiln wall to the granular bed [109,126]. 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 
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only for species trapped in the solid bed domain. 

Within this framework, the mass balance of species j in the solid bed domain reads as: 

(1 − 𝜀𝜀)
𝜕𝜕
𝜕𝜕𝑡𝑡
�𝜌𝜌𝑗𝑗𝑆𝑆𝑏𝑏𝑏𝑏𝑏𝑏� +

𝜕𝜕𝐹𝐹𝑗𝑗
𝜕𝜕𝜕𝜕

= (1 − 𝜀𝜀)𝑆𝑆𝑏𝑏𝑏𝑏𝑏𝑏𝑟𝑟𝑗𝑗 (5)

where 𝑆𝑆𝑏𝑏𝑏𝑏𝑏𝑏 is 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  𝑟𝑟𝑗𝑗 is 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:   
𝜕𝜕
𝜕𝜕𝑡𝑡
�𝜌𝜌𝑘𝑘𝑆𝑆𝑔𝑔𝑔𝑔𝑔𝑔� +

𝜕𝜕𝐹𝐹𝑘𝑘
𝜕𝜕𝜕𝜕

= (1 − 𝜀𝜀)𝑆𝑆𝑏𝑏𝑏𝑏𝑏𝑏𝑟𝑟𝑘𝑘 (6)

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

of species k. The right-hand side of Eq. (6) 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 𝑟𝑟𝑘𝑘 as described in Paper C. 

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

balance for the solid bed domain reads as:   

(1 − 𝜀𝜀)𝑆𝑆𝑏𝑏𝑏𝑏𝑏𝑏(𝜌𝜌𝐶𝐶𝑝𝑝�����)𝑏𝑏
𝜕𝜕𝑇𝑇𝑏𝑏
𝜕𝜕𝑡𝑡

+ (𝐹𝐹𝐶𝐶𝑝𝑝�����)𝑏𝑏
𝜕𝜕𝑇𝑇𝑏𝑏
𝜕𝜕𝜕𝜕

= (1 − 𝜀𝜀)𝑆𝑆𝑏𝑏𝑏𝑏𝑏𝑏𝐺𝐺 + 𝑞𝑞𝑏𝑏𝑏𝑏𝑏𝑏 (7)

where Tb is solid bed temperature, 𝐺𝐺 = ∑ 𝑟𝑟𝑖𝑖(−∆ℎ𝑖𝑖)𝑖𝑖
𝑖𝑖=1 is the heat production due to the 

reactions, with ∆ℎ𝑖𝑖 the reaction enthalpy of reaction i (defined in the conventional way with 

∆ℎ𝑖𝑖 > 0 for an endothermic reaction). The terms 𝑞𝑞𝑏𝑏𝑏𝑏𝑏𝑏 composes of the heat flux from the wall 

to bed (𝑞𝑞𝑤𝑤𝑔𝑔𝑤𝑤𝑤𝑤−𝑏𝑏𝑏𝑏𝑏𝑏) and the gas phase to the bed (𝑞𝑞𝑔𝑔𝑔𝑔𝑔𝑔−𝑏𝑏𝑏𝑏𝑏𝑏).

The energy balance of the gas phase domain reads as:

𝑆𝑆𝑔𝑔𝑔𝑔𝑔𝑔(𝜌𝜌𝐶𝐶𝑝𝑝�����)𝑔𝑔
𝜕𝜕𝑇𝑇𝑔𝑔
𝜕𝜕𝑡𝑡

+ (𝐹𝐹𝐶𝐶𝑝𝑝�����)𝑔𝑔
𝜕𝜕𝑇𝑇𝑔𝑔
𝜕𝜕𝜕𝜕

= −(1 − 𝜀𝜀)𝑆𝑆𝑏𝑏𝑏𝑏𝑏𝑏 ��𝑟𝑟𝑘𝑘

𝑖𝑖𝑘𝑘

𝑘𝑘=1

� 𝐶𝐶𝑝𝑝,𝑘𝑘𝑑𝑑𝑇𝑇
𝑇𝑇𝑔𝑔

𝑇𝑇𝑏𝑏
� + 𝑞𝑞𝑔𝑔𝑔𝑔𝑔𝑔 (8)

where Tg is gas phase temperature, 𝑞𝑞𝑏𝑏𝑏𝑏𝑏𝑏 composes of the heat flux from the wall to gas

(𝑞𝑞𝑤𝑤𝑔𝑔𝑤𝑤𝑤𝑤−𝑔𝑔𝑔𝑔𝑔𝑔) and the gas phase to the bed (𝑞𝑞𝑔𝑔𝑔𝑔𝑔𝑔−𝑏𝑏𝑏𝑏𝑏𝑏). The first term on the right-hand side of Eq. 

(8) 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:    

(𝑆𝑆𝜌𝜌𝐶𝐶𝑝𝑝)𝑓𝑓𝑔𝑔
𝜕𝜕𝑇𝑇𝑤𝑤
𝜕𝜕𝑡𝑡

+ (𝐹𝐹𝐶𝐶𝑝𝑝)𝑓𝑓𝑔𝑔
𝜕𝜕𝑇𝑇𝑤𝑤
𝜕𝜕𝜕𝜕

= −𝑞𝑞𝑘𝑘𝑖𝑖𝑤𝑤𝑖𝑖 − 𝑞𝑞𝑤𝑤𝑙𝑙𝑔𝑔𝑔𝑔 (9)
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where “fg” stands for flue gas, 𝑞𝑞𝑘𝑘𝑖𝑖𝑤𝑤𝑖𝑖 is the heat fluxes from the wall to the bed and the gas phase, 

and 𝑞𝑞𝑤𝑤𝑙𝑙𝑔𝑔𝑔𝑔 is the heat fluxes from the wall to the surroundings. 

The five balance equations given by Eqs. (5)-(9) 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. [127]. 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 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 

[108]. Detail information of the submodels and boundary conditions are available in Paper C.

Calculations were performed in Matlab using standard ODE-solvers for stiff systems.





25 | P a g e

Chapter IV
Results and discussion

This chapter discusses the results obtained from this research. Only main outcomes are 

provided in this chapter, more results and discussion are available in Paper A, B, and C.   

4.1 Effect of reaction parameters
As discussed briefly in the literature review, temperature plays an important role on 

yields and property of charcoal. Secondary char formation in pyrolysis of thick particles could 

be a key to increase charcoal yield without negative impacts on the property of charcoal. Bio-

oil recycling and purging with CO2 are suggested in this thesis to increase the secondary char 

formation. This section firstly describes mechanisms behind pyrolysis of thick particles with 

the proposed techniques. Then, the effects of these reaction parameters on the properties of 

charcoal will be explained. 

4.1.1 Increase of charcoal yield by promoting secondary char formation

Bio-oil recycling

As explored in Paper A, bio-oil recycling has the potential to increase charcoal yield. 

The first supporting reason is additional bio-oil in embedded samples simply added charcoal 

mass from pyrolysis of bio-oil origin. Therefore, mass and energy of bio-oil recycle stream are

recovered based on process engineering aspect.  

Another and important reason is the synergetic effect due to the physical contact 

between bio-oil and woodchips. Volatile compounds from bio-oil can be shifted toward 

charcoal by contact with the solid surface of woodchip/char or by high concentration of volatiles 

inside the internal pore of the particle. To examine the degree of synergetic effect, the 

experimental data of bio-oil embedded biomass was compared with the expected charcoal yield 
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from interpolation between pure wood chips and bio-oil, as shown in Figure 4.1. The char yield 

in the figure was calculated by dividing the mass of charcoal with total mass of reactants (bio-

oil + wood particle). Higher experimental values than the interpolation values mean the 

presence of synergetic effects. At low-temperature range (300 and 340 °C), experimental results 

clearly showed higher char yield than interpolation data. This synergetic effect was apparent 

regardless of the amount of bio-oil embedding. The synergetic effect between bio-oil and 

woodchip seems to have diminished at higher pyrolysis temperature (400 and 500 °C) as the 

experimental and interpolation data showed no significant differences (statistical analysis is 

available in Paper A).

Figure 4.1. Examination of synergetic effects between woodchips (spruce) and bio-oil by 
comparing char yield of bio-oil embedded woodchips with interpolations between char yields 
of bio-oil and wood chips. The error bars are standard deviation obtained from 3 repetitions 

for each experimental point. The result of birch is available in Paper A. 
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The most likely reason of diminishing synergetic effect at high pyrolysis temperature is 

due to the loss of physical contact between volatiles and solid surface. At higher temperature in 

isothermal conditions, larger temperature differences between the reactor and the particle 

surface gives higher heating rate and causes more intensive devolatilization. The latter leads to 

accumulation of volatiles inside the particle, increasing internal pressure and mechanical stress. 

This effect was observed by fragmentation and cracking in charcoal after pyrolysis at high 

temperature as shown in Figure 4.2. These cavities or fragmentation in charcoal allowed 

volatiles generated during pyrolysis to be released from the particle easier, hence limiting the 

progress of secondary char formation.  

Figure 4.2. Differences in spruce char morphology at different pyrolysis temperature under 
isothermal conditions. The result of birch is available in Paper A.

To isolate the effect of fragmentation and cavities caused by high heating rate, 

experiments were carried out at slow heating rate. Figure 4.3 shows the results from room 

temperature to 500 °C at the heating rate of 3 °C min-1 (reproducibility of the TG curves is 

illustrated in Paper A). The slow pyrolysis results showed well-known pyrolysis sequences. Up 

to about 150 °C, moisture in woodchip (and part of bio-oil) evaporated, and then major 

degradation took place. Mostly hemicellulose fraction degraded at a temperature range between 

150 to 280 °C, which can be observed as the shoulder of the derivative thermogravimetric 

(DTG) curves. Then, degradation of cellulose took place up to the temperature of ca. 340 °C.  

The final region with slow degradation rate corresponds to the decomposition of lignin.
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Figure 4.3. Thermogravimetric curve of woodchips in macro-TG at slow heating rate (3 °C 
min-1) under N2 flow. The result of birch is available in Paper A.

When considering the bio-oil embedded woodchips, the experimental results showed 

higher charcoal yield than interpolation results along with all the temperature range. 

Furthermore, charcoal obtained after slow pyrolysis did not appear cavities or breakage. The 

results revealed that the charcoal yield of bio-oil embedded woodchips was higher than that 

when bio-oil and woodchips were pyrolyzed independently. Hence, keeping enough contact 

between woodchips and bio-oil is important to ensure the profound effect of bio-oil recycling. 

Purging with CO2

Effect of purging gases was examined under slow pyrolysis to isolate the transport 

effects from intrinsic chemical effects (the results under isothermal conditions are available in 

Paper A). Thermogravimetric analysis was carried out at heating rate of 3 °C min-1 in CO2 and 

N2 using both woodchip (with macro-TG) and powder (with TGA), as shown in Figure 4.4. The 

effect of heat transfer and particle breakage was absent for slow pyrolysis of woodchips, while 

heat and mass transfer as well as secondary pyrolysis had minimal effect on slow pyrolysis of 

wood powder. 
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Figure 4.4. Thermogravimetric curve of woodchips in macro-TG and wood powder in TGA 

as a comparison between N2 and CO2 flows. The result of birch is available in Paper A.

For slow pyrolysis of woodchip, the pyrolysis reactions can be divided into three regions 

with respect to the similarity and difference between pyrolysis under CO2 and N2. At the 

temperature below 400 °C, which corresponds to the degradation of cellulose and 

hemicellulose, CO2 and N2 showed no visible difference. However, the pyrolysis of woodchip 

in CO2 showed higher charcoal yield than in N2 at the temperature between 400 °C to 700 °C, 

corresponding to the degradation of lignin. At T=700 °C, charcoal yield of spruce chip in CO2

pyrolysis was 27.6%, compared with 23.0% in N2 pyrolysis. At the temperature higher than 700 

°C, residual mass in CO2 atmosphere decreased sharply due to gasification reaction. In pyrolysis 

of wood powder using TGA, the occurrence of secondary reactions was minimized so that only 

primary decomposition takes place [127,128]. Wood powder showed no significant difference 

in mass degradation path between CO2 and N2 at the temperature below 700 °C, confirming the 

absence of the effect of CO2 on intrinsic pyrolysis reaction, often discussed in the literature

[129,130]. Charcoal yield of wood powder was much lower than woodchips due to the minimal 

occurrences of secondary char formation in pyrolysis of wood powder. 

For the pyrolysis under slow heating, heat transfer effect is negligible. Therefore, high

yield of charcoal from woodchips under CO2 atmosphere at T=400-700 °C is the effect of mass 

diffusion, and subsequent change in reaction pathways. The absence of the CO2 effects in the 

TGA results with wood powder sample (minimal mass transfer limitation) indicates that it was 

low mass diffusivity in CO2 that have influenced the pyrolysis reactions (calculation of mass 

diffusivity is available in Paper A). Furthermore, the increase in mass yield can be explained 
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either by the promotion of secondary reactions, the change in the reaction pathways or merely 

adsorption of CO2 at the active sites of the char matrix. If adsorption of CO2 is the case, the CO2

exist as a condensed phase and could increase the charcoal yield. At the same time, CO2 also 

affects the elemental composition of charcoal due to its high oxygen content. However, 

adsorption of CO2 is unlikely to be the reason in this study since carbon content of charcoal was 

not affected (Figure 4.4). Promotion of secondary reactions is plausible because low diffusivity 

of volatile through CO2 means high internal pressure or long residence time of volatiles. Both 

effects are favorable for the secondary char formation. On the other hand, it is still possible that 

the reaction pathways of primary pyrolysis were modified. The previous study showed that even 

short contact with steam can increase the size of aromatic ring cluster in charcoal [131]. 

4.1.2 Charcoal properties affected by promoting secondary char formation 

Unlike charcoal yield, bio-oil recycling does not affect the elemental composition of 

charcoal significantly. Figure 4.5 represents van Krevelen diagram as a comparison of charcoal 

from original woodchips with bio-oil embedded woodchips. Elemental composition of 

charcoals was close to that of pulverized coal, but it was slightly rich in oxygen and lean in 

hydrogen than pulverized coal. Bio-oil recycling showed negligible influence on elemental 

composition. 

Figure 4.5. Van Krevelen diagram of char from dried woodchip and bio-oil embedded 
woodchips under isothermal conditions. The result of birch is available in Paper A.
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Figure 4.6 represents higher heating value (HHV) of charcoal. Bio-oil recycling had no 

significant effect on HHV of charcoal (p-values by 2-way ANOVA was 0.76*), but it increased 

with reaction temperature. HHV reached stable at the temperature above 500 °C, and the value 

was close to that of pulverized coal reported by Wang et al. (34.4 MJ kg-1) [7].

Figure 4.6. Higher heating value of char with and without bio-oil embedding under isothermal 

conditions. The error bars are standard deviation obtained from 3 repetitions for each experimental 

point. The result of birch is available in Paper A.

Based on the measurement of charcoal gasification reactivity, Figure 4.7 shows rate 

constants (kini) indicated the reactivity of charcoals obtained from dried woodchip and bio-oil 

embedded woodchips. Charcoals obtained from bio-oil embedded woodchips showed

significantly higher reactivity than charcoals from dried woodchips (p-values are shown in the 

figure). The rate constants showed around 1.4 times higher than woodchips when charcoal 

produced from bio-oil embedding woodchips.

*p-values less than 0.05 were considered significant with 95% confidence.
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Figure 4.7. Rate constant in the comparison between charcoals from bio-oil embedded
woodchips and dried woodchips. Condition 1: isothermal condition, 300 °C, N2; condition: is 
isothermal condition, 700 °C, N2; condition 3: is slow heating, 700 °C, N2. The error bars are 

standard deviation obtained from 2 repetitions for each experimental point.

Chemical structure of charcoal interpreted by Raman spectra ratios, i.e., (I(DT)/I(GT)),

are represented in Figure 4.8. The results between charcoals from dried woodchips and bio-oil 

embedded woodchips did not show significant differences (p-values are 0.16-0.20). I(DT)/I(GT) 

ratios of charcoals from bio-oil embedded materials at 700 °C (condition 2 and 3 in Figure 4.8) 

were slightly lower than dried woodchips, meaning slightly smaller size of aromatic structure 

cluster in charcoals from bio-oil embedded woodchips. The result showed the opposite effect 

in the charcoals produced at 300 °C. According to the figure, chemical structure of charcoals 

from bio-oil embedded woodchips was likely affected by charcoal from pure bio-oil. Charcoals 

produced from pure bio-oil at pyrolysis temperature of 700 °C under both isothermal condition 

and slow heating rate showed significant lower in I(DT)/I(GT) ratios than charcoals from 

woodchips (p-values are 0.0002 and 0.0007, respectively), which means it contains smaller 

aromatic cluster than charcoals from woodchips. In contrast, pyrolysis at 300 °C showed no 

significant difference in I(DT)/I(GT) ratio among the materials, i.e., dried woodchips, bio-oil 

embedded woodchips, and bio-oil. Therefore, this may imply that the growth of aromatic ring 

cluster is less significant for charcoal from bio-oil, which may increase the reactivity of 

charcoals from bio-oil embedded woodchips.
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Figure 4.8. I(DT)/I(GT) ratios of charcoals from dried woodchip, bio-oil embedded 
woodchips, and pure bio-oil. Condition 1: isothermal condition, 300 °C, N2; condition 2:

isothermal condition, 700 °C, N2; condition 3: slow heating, 700 °C, N2. The error bars are 
standard deviation obtained from 5 repetitions for each experimental point.

In comparison of carrier gases explained in the previous section, charcoal yield from 

CO2 pyrolysis (27.3%) was significantly higher than N2 pyrolysis (23.0%), but charcoals from 

two purging gases contain equivalent in carbon content at 91.4% and 92.1%, respectively. The 

reactivity was examined for charcoals from both carrier gases. Figure 4.9 represents the rate 

constant of charcoals produced under N2 and CO2 flows. These charcoals were obtained at the

pyrolysis temperature of 700 °C under slow heating rate of 3 °C min-1. The rate constant of 

charcoal obtained from pyrolysis under CO2 seemed slightly higher than charcoal from N2, but 

the difference was not significant (p-value is 0.38).

Figure 4.9. Rate constant of charcoals produced from different carrier gases. The error bars 
are standard deviation obtained from 2 repetitions for each experimental point.
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The specific pore volumes of charcoals from the two carrier gases are displayed in 

Figure 4.10. The total specific pore volume of charcoal obtained from CO2 pyrolysis (0.158 cm3

g-1) was slightly higher than charcoal from N2 pyrolysis (0.151 cm3 g-1). Furthermore, charcoal 

from CO2 pyrolysis contained higher specific pore volume in every pore-sized category, i.e., 

micropores (dpore < 2 nm), mesopores (2 nm < dpore < 50 nm), and macropores (dpore > 50 nm). 

According to the literature [23], mesopores and macropores are the major contributions in 

gasification reaction. Therefore, higher specific mesopore and macro volumes in charcoal 

obtained from CO2 pyrolysis may result in higher char reactivity than charcoal from N2

pyrolysis.

Figure 4.10. Pore-size distribution of charcoals from pyrolysis with different carrier gases.

According to the interpretation of the results from Raman spectroscopy, Figure 4.11 

shows a comparison of I(DT)/I(GT) ratios between charcoals obtained from pyrolysis under N2

and CO2. Charcoal obtained from CO2 pyrolysis showed slightly lower I(DT)/I(GT) ratio than 

charcoal from N2 pyrolysis, but the difference was not significant (p-value is 0.20). However, 

the result can imply that charcoal from CO2 pyrolysis likely contains smaller aromatic ring

structure than charcoal from N2 pyrolysis. This behavior may be due to the lower diffusivity of 
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volatiles during the pyrolysis of CO2, resulting in more secondary charcoal with smaller

aromatic structure. Weaker structure, i.e., smaller aromatic cluster, in charcoal from CO2 can 

also support the result of higher reactivity in comparison to charcoal obtained from N2 pyrolysis.  

Figure 4.11. I(DT)/I(GT) ratios of charcoals from different reaction gases. The error bars 
standard deviation obtained from 5 repetitions for each experimental point.

4.1.3 Summary of the effects of pyrolysis parameters

According to the literature review and works have been done in Paper A and B, the 

general conclusion on the effects of pyrolysis parameters can be drawn. The pyrolysis 

parameters studied in this thesis includes temperature, heating rate, biomass species, bio-oil 

recycling, and purging with CO2. Table 4.1 represents an indication of the pyrolysis parameters

on charcoal yield, carbon content, porosity, chemical structure, and reactivity of charcoal. The 

effects of parameters on the variables are indicated by the magnitude of impact, i.e., high, 

medium, and low effects, and the correlation between the parameters and the variables, i.e., + 

and – signs indicating positive and negative correlation, respectively. 

Table 4.1. An indication of pyrolysis conditions on the yield and properties of charcoal. 

Pyrolysis condition Char yield Carbon content Porosity
Size of 

aromatic 
cluster

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 Medium effect
(+)

Bio-oil recycling Medium effect
(+)

Low effect Low effect Low effect Medium effect
(+)

CO2 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. 
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As mentioned in the literature review and investigation done in Paper A, temperature 

obviously gives major impacts on all the variables. Increasing temperature dramatically 

decreases charcoal yield, but significantly increases carbon content of charcoal. Based on the 

results in Paper B, charcoals obtained at higher pyrolysis temperatures contain higher porosity 

and larger aromatic structure. These properties affect the reactivity of charcoals. However, 

among porous charcoals obtained in this work, aromatic structure plays more important role in 

charcoal reactivity. Therefore, charcoals produced from higher temperatures generally have

lower reactivity.

The other parameters considerably affect charcoal yield, but do not give a major impact 

on carbon content. This implies that parameters such as heating rate, type of biomass, bio-oil 

recycling, and CO2 can be considered to optimize carbon yield and efficiency of charcoal

production process. Pyrolysis of woodchips under slow heating rate gives higher charcoal yield

than at high heating rate. While carbon content of charcoal does not change by heating rate, the 

reactivity of charcoal decreased significantly by lowering the heating rate due to dramatic 

changes in porosity and chemical structure of charcoal (the detail is available in Paper B). 

Different type of biomass also gives different level of charcoal yield due to various amount of 

cellulose, hemicellulose, and lignin. Inorganic constituent in biomass significantly increases

reactivity of charcoal as reported in the literature review and Paper B. Bio-oil recycling and 

purging with CO2 increase charcoal yield, but do not give high impact on other properties. 

Although the bio-oil recycling produce charcoal with higher reactivity than normal conditions, 

the effect is only minor in comparison with the other parameters.  

4.2 The high-efficiency charcoal production process
According to the effects of pyrolysis parameters described previously, the efficiency of 

pyrolysis processes is discussed in this section. 

4.2.1 Comparisons of yields

To measure the performance of pyrolysis methods, process charcoal yield, i.e., mass

ratio of final charcoal to dried woodchip, was defined. Figure 4.12 shows the process charcoal 

yields on mass basis with and without bio-oil recycling, which was prepared by embedding 20% 

(mass/mass) of bio-oil on woodchip. With bio-oil recycling, charcoal yield increased for all the 

reaction temperature. In pyrolysis of spruce, char yield increased by 5.4% with bio-oil recycling 

on average. 
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Figure 4.12. Process charcoal yield of bio-oil embedded woodchips under isothermal 

conditions in comparison with those of woodchips and bio-oil. The error bars are standard 

deviation obtained from 3 repetitions for each experimental point. The result of birch is 

available in Paper A.

Figure 4.13 shows a comparison of carbon yields among all the pyrolysis conditions 

examined in this study (calculation can be found in Paper A). As well discussed in the literature, 

higher temperature ended up lower carbon recovery although charcoal had higher quality

[6,16,40,42,50]. However, other reaction parameters also affected carbon yields, where the 

magnitude of the combined effect can be equivalent to that of reaction temperature by more 

than 300 °C. Bio-oil recycling and the use of 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 rate in order to ensure the effect by taking advantages of good 

contact of volatile and particle surface. Slow pyrolysis of a thick particle, in contrast with 

isothermal conditions, produces charcoal without major change in fiber structure by cavities

and breakages. This behavior is more favorable for secondary char formation and contact 

between internal solid surface and volatiles, resulting in higher charcoal yield. Moreover, 

particles under slow heating experience uniform internal temperature and long reaction time. 

Therefore, charcoal from slow pyrolysis contains higher carbon content (lower functional 

groups) than that from isothermal conditions. As a consequence, the benefit from bio-oil 

recycling and the use of CO2 as carrier gas is more apparent under slow pyrolysis. 
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Figure 4.13. Carbon yield in char from various pyrolysis conditions. The result of birch is 
available in Paper A.

All the measures combined, carbon yield from slow pyrolysis under CO2 flow with bio-

oil recycling at 700 °C showed as high carbon yield at that of isothermal conditions under N2

flow at 340 °C. Meanwhile, the carbon content of charcoal was significantly higher; the carbon 

content in charcoal was ca. 90% instead of ca. 75%. When comparing the same pyrolysis 

temperature, on the other hand, charcoal quality remained similar value while the yield 

increased from 16.2% to 26.7% for spruce.

Figure 4.14 shows the expected energy balance of pyrolysis units in different 

configurations. We calculated the energy balance by assuming that there was no heat loss and

using experimental data at the temperature of 700 ˚C (the calculation is available in appendix 

A1). For the pyrolysis under isothermal condition without bio-oil recycling, a large share of 

energy from biomass is converted into sensible and chemical heat of volatiles (gas and bio-oil)

that are leaving the process (Figure 4.14a). By using slow heating (Figure 4.14b), the energy 

yield of charcoal can be increased from 30% to 39%. With bio-oil recycling under the optimized 

conditions, i.e., slow pyrolysis of woodchips under CO2 flow (Figure 4.14c), the energy yield 

of charcoal could further increase to 49%.
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Figure 4.14. Energy balance of pyrolysis units in different configurations at 700 ° a) 
isothermal condition under N2, b) slow pyrolysis under N2, c) slow pyrolysis with bio-oil 

recycling under CO2.
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4.2.2 Comparison of the charcoal reactivity

Besides the efficiency of charcoal production, the reactivity of charcoals can be used to 

evaluate pyrolysis process regarding the requirements of applications. Figure 4.15 shows the 

comparison of the rate constants among charcoals produced from several processes. The figure 

clearly indicates that pyrolysis under isothermal condition produced charcoal with highest

reactivity. Pyrolysis under slow heating rate at 3 °C min-1 produced charcoal with much less 

reactivity than isothermal condition (by factor 2.4). Promoting secondary reaction by means of 

bio-oil recycling and CO2 purging seems to increase reactivity of charcoal. In slow pyrolysis, 

20% bio-oil recycling increased the reactivity of charcoal 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 slow heating rate, 

the reactivity of charcoal from the process with improved yields (section 4.2.1) is still much 

lower than charcoal from the process without these measures.

Figure 4.15. Comparison of rate constants between charcoals from pyrolysis process with and 
without optimized conditions (slow pyrolysis with bio-oil recycling under CO2).
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4.3 Pyrolysis of woodchips in a rotary kiln 
4.3.1 Axial profiles 

According to the model of pyrolysis in a rotary kiln, we can visualize the axial profiles 

of various quantities along the kiln axis, as represented in Figure 4.16. The simulation result in 

the figure is for a kiln with a diameter of 0.4 m and a length of 2 m, operated at an inclination 

of 3°. The height of the dam, i.e., the rim at the outlet of the rotary kiln, is 2.5 cm. In the base 

case scenario, the rotary kiln is run at a rotation speed of 2 rpm and at biomass feeding rate of 

30 kg h-1. Other parameters are given in Paper C. 

Figure 4.16. Simulation result representing profiles along the kiln axis of a) bed height and 
bed velocity, b) bed, gas and wall temperature, c) pyrolysis products, and d) net heat fluxes. 

At the given conditions, the bed height (solid line in Figure 4.16a) remains at about the 

inlet level for half of the kiln length before going a smooth decrease to reach the dam height at 

the kiln exit. This decrease causes an increase of the bed velocity when reaching the outlet

(dashed line in Figure 4.16a). 
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The temperature profiles are shown in Figure 4.16b. At the beginning part of the reactor, 

the biomass bed increases 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 reaching 

temperature of 360 °C. This heating profile with the given conditions, i.e., co-current heating, 

is analogous to the isothermal conditions applied in the pyrolysis of single particle done in the 

macro-TG experiment. At around 0.5 m into the reactor, the pyrolysis process sets in which 

affects the bed temperature in two ways: the endothermic decay of dry wood into primary 

products causes a retardation of the increase of 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 for the studied conditions exceeds the wall temperature. To highlight 

the effect of the reaction enthalpy we run simulations where the heat production due to the 

reaction is set to zero (i.e., G = 0 in Eq. (7)). The resulting bed temperature in this case, shown 

by the dashed curve in Figure 4.16b, describes a smooth relaxation towards the wall 

temperature. In contrast to the bed temperature, the gas temperature describes a very sharp 

increase to reach a maximum close to the kiln entrance beyond which it shows a slow decay. 

This sharp increase of Tg is caused by the small amount of gas that is present at this early stage. 

Figure 4.16c shows the evolution of the pyrolysis products. The decay of the dry wood 

sets in at around 0.4 m (Tb ≈ 330 °C) at which point the primary products (gas, inert tar, reactive 

tar, and intermediate solid) are formed. The given rotation speed and the reaction parameters 

result in a high production of inert tar compared with reactive tar. At around 1.2 m the primary 

reactions are completed, and the gaseous products reached their final values. Beyond 1.2 m, the 

decomposition of the intermediate solid into charcoal takes place. Charcoal yield obtained at 

the outlet of the rotary kiln is 22%.

Figure 4.16d 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. Later, 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 very beginning and around 0.6 m. In between, the heat that is transferred 

from the wall to the gas is delivered to the bed. The heat loss to the surroundings is roughly 

constant along the kiln at ca. 1.3 kW m-1. A global energy balance reveals that despite this small 

number, ca. 30% of the heat provided to the process is lost to the surroundings.
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4.4.2 Influence of feeding rate and rotation speed

The two parameters of highest relevance for operating a rotary kiln are the feeding rate 

and the rotation speed. While the feeding rate controls the productivity, the rotation speed 

influences the solid residence time inside the kiln. 

Figure 4.17 shows the influence of the feeding rate on the rotary kiln pyrolyzer. The 

solid mean residence time (MRT) and the bed height at the kiln entrance as a function of the 

feeding rate are shown in Figure 4.17a. The MRT is slightly influenced by the feeding rate 

which is typical for rotary kilns [125,132]. The observed increase of the bed height reflects the 

higher solid hold up that is needed for compensation of the higher feeding rate. Figure 4.17b 

shows the outlet temperatures of the gas, the bed, and the wall. Increasing the feeding rate 

decrease the outlet temperatures because of the higher heat capacity of the kiln contents. The 

distribution of the final products is shown in Figure 4.17c. For a feeding rate below 35 kg h-1
,

the product distribution is slightly influenced by the feeding flow. In this region, the flue gas 

delivers enough heat for the pyrolysis process to complete. The situation changes for a feeding

rate larger than 35 kg h-1 where an increased amount of reactive tar, intermediate solid and 

unconverted wood is observed. In this region, the heat provided by the flue gas is not enough 

to maintain the pyrolyzer at a high enough temperature required to complete the pyrolysis 

process. However, the result may behave differently in the case of counter-current

configuration, which can be explored in the future work.  

Figure 4.17. Influence of the feeding rate.
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The effect of the rotation speed is shown in Figure 4.18. Increasing the rotation speed 

decreases the MRT and the bed height (Figure 4.18a). Despite the shorter residence time, the 

temperatures at the kiln exit (Figure 4.18b) and the final products (Figure 4.18c) are only little 

affected by the increase of the rotation speed. This minor influence on these quantities is the 

result of two counter-acting effects, i.e., the increase in heat transfer with increased rotation 

speed which compensates for the decrease in residence time. An effect of the rotation speed on 

the product distribution is only observed for high values of where some intermediate solid 

remains in the product, while the improved bed agitation allows for the tars to escape into the 

gas phase. The decrease in the amount of solids observed in Figure 4.18c is caused by an

increase in heating rate. For example, increasing the rotation speed from 2 to 4 rpm increases 

the maximum heating rate in the first section of the kiln from 250 to 470 °C min-1. This high 

heating rate leads to produce high tar, resulting in a slight decrease in the solid mass. 

Figure 4.18. Influence of the rotation speed. 
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Chapter V
Conclusions and future works

5.1 Conclusions
Due to the trade-off between quality and yield of charcoal given by temperature, 

secondary char formation is the key solution to increase charcoal yield in pyrolysis of thick 

particles. This thesis has examined mechanisms affecting charcoal yield by bio-oil recycling

and CO2 purging. Bio-oil recycling, represented by bio-oil embedded woodchips, increased

charcoal yield by adding mass from bio-oil recycling and synergetic effect due to the contact 

between bio-oil and biomass during secondary char formation. Bio-oil embedded on woodchip 

increased the concentration of volatile inside the pore structure of the particles, resulting 

extension of the secondary char formation. This synergetic effect was diminished by the 

physical disintegration of particles at high heating rate and high temperature while it remained

effective for slow pyrolysis even at high temperature. Pyrolysis under CO2 also results in higher 

charcoal yield. CO2 seems to have no direct effects on primary pyrolysis reactions but via intra-

particle heat and mass transfer. As a consequence of low mass diffusivity, volatiles and solid

surface had better contact. This led to higher charcoal yield due to enhanced secondary char 

formation. 

Elemental composition and heating value of charcoal were mainly affected by the 

reaction temperature, and bio-oil recycling and CO2 purging had negligible effects. Carbon 

content and heating value of charcoal obtained at the pyrolysis temperature above 500 °C were 

comparable to pulverized coal. However, charcoals produced from pyrolysis with bio-oil 

recycling and CO2 purging had gasification reactivity slightly higher than charcoals from 

pyrolysis without these measures. This higher in reactivity is because charcoal from bio-oil and 

secondary char formation contained less stable structure (i.e., smaller aromatic cluster). 
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Pyrolysis under CO2 also modified porosity of charcoal resulting slightly more porous charcoal 

than pyrolysis under N2, which affected the reactivity. Nevertheless, the impacts of increase in 

charcoal reactivity by bio-oil recycling and CO2 purging were very small in comparison with 

other parameters, i.e., temperature, heating rate, and inorganic content.           

On contrary to the significant increase in charcoal yield by bio-oil recycling and CO2

purging, carbon content and heating value had negligible effect. As a consequence, these 

methods significantly increase carbon yield and energy yield of charcoal production process. 

The findings from this work suggest that bio-oil recycling, CO2 purging, and slow heating rate 

are key process parameters to achieve higher process efficiency. With all of these measures 

applied, the optimized conditions in this study showed significantly higher efficiency of the 

charcoal production process (26.7% of carbon yield, and 49% of energy yield) than the process 

without these measures (16.2% of carbon yield, and 30% of energy yield). However, the 

reactivity of charcoal produced from the conditions optimized yields is lower than charcoal 

from the process without these measures by factor ca. 2.    

A numerical model of a rotary kiln pyrolyzer was used to simulate pyrolysis of 

woodchips under a given condition. The heating history inside the rotary kiln with co-current 

heating was analogous to the isothermal condition in the macro-TG experiments. The 

simulation results reveal the effects of dimension and operating conditions on the solid 

residence time, materials temperature, and biomass conversion. Feeding rate of biomass highly 

influences product distribution in the kiln, although it gives very low impact on the solids

residence time. Increasing the feeding rate increased heat capacity of material in the kiln, 

resulting in lower temperature and unconverted wood. Rotation speed controlled the residence 

time of solid inside the kiln. Increasing the rotation speed decreased the residence time, but it 

increased the degree of solid mixing resulting in faster heating of biomass. Therefore, 

increasing the rotation speed can shorten production time with low effects on product quality. 

Nevertheless, further investigation on dimension and operating conditions can be made by using 

this reactor model in order to implement the desired pyrolysis parameters favored to maximize 

efficiency of charcoal production.



47 | P a g e

5.2 Future works
The works presented in this thesis contributed in the suggesting of a charcoal 

production process with high efficiency. Paper A revealed the benefit of secondary char 

formation by pyrolysis using thick particles rather than wood powder. In the coming years, the 

candidate will extend the investigation of pyrolysis in multiple particles to investigate the inter-

particle transport of volatile products. Further laboratory experiments will investigate the

pyrolysis of woodchips bed, e.g., fixed bed and granular bed. This knowledge would give useful 

information that can be applied further to pilot-scale pyrolysis. Pyrolysis of woodchips in a 

pilot-scale auger reactor can be studied incorporation with industrial partners, namely Harads 

Arctic Heat AB, Sweden.   

In addition, the candidate intends to study more on the model of pyrolysis in a rotary 

kiln that has been developed in Paper C. As explained earlier, dimension and operating 

conditions of rotary kilns are flexible to vary pyrolysis parameters in the reactor. Therefore, 

desired pyrolysis conditions suggested from the investigation in the macro-TG experiment 

(single particle and/or multiple particles) and simulation of a particle model (an existing model), 

such as final temperature, heating rate, CO2 purging, and other relevant parameters can be 

implemented into the reactor model. For example, low heating rate that was favored for high 

charcoal yield can be obtained in a rotary kiln with counter-current heating. As a consequence, 

this reactor model can suggest configurations, dimensions, and operating conditions that could 

maximize efficiency of charcoal production. Nevertheless, due to the assumption of perfect 

mixing in radial direction and no dispersion in axial direction in the model, the model is limited 

for understanding more detailed mechanisms of pyrolysis in a rotary kiln. Therefore, an 

extension of the model could bring the model get closer to the reality. Moreover, validation of

the reactor model should be done by experimental investigation. 

Possibility to use charcoal as fossil coal replacement has been evaluated by the mean 

of gasification reactivity and properties of charcoal in Paper B. According to the plan, the 

candidate will study on changes in size and apparent density of single charcoal particle in 

combustion and gasification environments. The result from this work is expected to increase

understanding in uses of charcoal in the industrial applications. The investigation could be done 

by experiments performed in a single particle converter using a flat flame burner, where the 

reaction conditions can be controlled. A CCD or a high-speed camera can be applied to capture 

the change of particle size and temperature. In addition, the candidate will develop a particle 

model to simulate changes of a charcoal particle during heterogeneous reactions. 
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According to the plan, also shown in Figure 5.1, the PhD thesis is expected to deliver 

holistic knowledge of a charcoal production technology.  

Figure 5.1. Future plan toward the PhD thesis. Blue lines indicate future works.
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Appendix

A1. Calculation of energy balance (Figure 4.14) 
Energy yield was calculated by equation A1

𝑦𝑦𝑖𝑖𝐸𝐸 = 𝑦𝑦𝑖𝑖𝑀𝑀
𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖
𝐻𝐻𝐻𝐻𝐻𝐻𝑤𝑤

(A1)

where 𝑦𝑦𝑖𝑖𝐸𝐸 and 𝑦𝑦𝑖𝑖𝑀𝑀 energy and mass yields, respectively, and HHV is higher heating value 

(kJ/kg). Subscript i is material species (i.e. charcoal), 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 A2

𝑄𝑄𝑔𝑔𝑠𝑠𝑝𝑝𝑝𝑝𝑤𝑤𝑠𝑠 = �̇�𝑚𝑤𝑤 ∫ 𝐶𝐶𝑝𝑝𝑑𝑑𝑇𝑇
700 ˚C
25 ˚C (A2)

where 𝐶𝐶𝑝𝑝 = 0.1031 + 0.003867𝑇𝑇, (kJ/kg.K)‡.

‡Simpson 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.




