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Introduction 
 

          The increase in energy demand, the lack of petroleum 
resources, and concern over global climate change have 
placed great emphasis on the development of new 
alternative energy technologies that can be used to replace 
fossil transportation fuels (Himmel et al. 2007; Labbe et al. 
2008; Lee et al. 2009a,b,c; Teramoto et al. 2008, 2009). In 
this context, many countries have initiated extensive 
research and development programs for bioenergy. 
Bioenergy can be classified into three kinds of solid, liquid, 
and gas bioenergy. For the effective production and 
utilization of these three types of bioenergy, different 
technologies are required (Figure 1). Lignocellulosic 
biomass, such as wood and agricultural residues, are widely 
distributed and easily accessible at relatively low costs. Of 
these, wood has the benefit of having a higher energy 
content per volume, lower ash content, and nitrogen content. 
In this review, recent research trends and advances in 
bioenergy from lignocellulosic biomass will be summarized 
from the author’s point of view. 

 
Solid Bioenergy 

 
Wood Charcoal 

Wood charcoal is generally produced by pyrolysis at 

temperatures ranging from 600~1100°C under insufficient 

oxygen for complete combustion. Depending on the 

pyrolysis temperature and fire extinguishing system, 

charcoal can be classified into black and white charcoal 

(Kim et al. 2001). Generally, black charcoal is easy to ignite 

but burns rapidly. White charcoal, on the other hand, is 

covered with ash and is difficult to be ignited, but burns for a 

longer period. In addition, charcoal has attracted in many 

fields because of its unique characteristics. Charcoal has 

numerous tiny cavities resulting in a high surface area of 

approximately 300~600 m2/g. These cavities can absorb 

various substances including heavy metals. This property of 

charcoal has applications in various fields, such as soil 

modification, water purification, and the carbon industry. To 

obtain an effective carbonization process, it is important to 

understand the carbonization mechanism of wood. 

The proposed mechanism involved in the transition 
from wood to charcoal is as follows: (1) water is evaporated 
up to a temperature of 150°C; (2) residual water is driven off 
of the wood structure between 150°C and 260°C; (3) 
decomposition and depolymerization of the wood begins 
breaking C-O and C-C bonds resulting in the evolution of 
water, CO, and CO2, between 260°C and 400°C; and (4) 
graphitic layers are formed above 400°C. It is also known 
that thermally induced decomposition and rearrangement 
reactions are largely terminated above 800°C, leaving a 
carbon structure (Mopoung 2008). Analysis of the pyrolysis 
of wood using a heating rate of 5°C min-1 suggests that 
hemicelluloses are decomposed at temperatures ranging 
from 170~240°C, cellulose between 240~310°C, and lignin 
between 320~400°C (Zeriouh and Belkbir 1995). Kwon et al. 
(2010 and 2012) investigated the characteristics of the 
transition from wood to charcoal to understand the 
transformation mechanism and found that the volume, 
vessel diameter, and cell wall thickness of the wood 
decreased with increasing temperature.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.  Classification of bioenergy technologies. 
(New & Renewable Energy Center, Korea Energy Management Corporation 2016).

Solid bioenergy production 

and processing technology

Energy crop technology Energy crop cultivation, breeding, collecting, transporting and processing techniques

Biological CO2 fixation technology Biomass cultivation, forestry recording and microalgae cultivation techniques

Solid bioenergy production technology Wood chip, pellet, briquette, charcoal and torrefactionpellet

Bio-liquid energy 

production technology

Bio-ethanol fuel production technology Wood-based, carbohydrate-based, starch-based

Biodiesel production technology Biodiesel engine conversion and application techniques

Biomass liquefaction technology (thermal transfer) Biomass liquefaction and combustion engine using techniques

Biomass gasfication

technology

Methane gasficationby anaerobic digestion technology Gasification of organic waste and landfill methane gas used techniques (LFG)

Biomass gasification technology (thermal transfer) Biomass pyrolysis, gasification and gasification power generation techniques

Bio-hydrogen production technology Biological hydrogen production techniques
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On the other hand, the weight loss, pH, and heating value 
increased with the increase in the carbonization temperature. 
SEM images indicated that the layering structure of the cell 
walls of wood fibers and parenchyma cells were present at 
330~340°C. However, the cell wall layering structures 
disappeared at temperatures over 350°C and changed 
radically into an amorphous-like structure. X-ray diffraction 
patterns showed that the cellulose crystalline structure was 
present at 340°C, but it was not detected over 350°C. From 
FT-IR spectroscopy, signals from the vibration of aromatic 

rings had maximum intensities at 390°C, and those from 
ether groups decreased with increasing temperature. The 
heating value gradually increased from 4530 to 8200 cal/g 
over the temperature range of 200~1000°C, as shown in 
Table 1. Rhee and Cho (2008) also reported that the fuel 
ratio (fixed carbon/volatile combustible), carbon content, and 
heating value of the carbonization residue increased, but the 
yield of the residue decreased, with increasing carbonization 
temperature. 

 
Table 1.  The heating value of Quercus variabilis charcoals prepared at different temperatures (Kwon et al. 2010) 

Temp. Control 200°C 250°C 300°C 350°C 400°C 600°C 800°C 1000°C 

Heating 
value 
(cal/g) 

4326 4530 4728 5099 5871 6699 7239 8183 8200 

 
Wood Pellets 

The pelletization of biomass involves the mass and 
energy densification of materials such as sawdust, straw, 
and other herbaceous energy crops with low bulk densities. 
This process reduces transportation costs and provides 
better handling, less dust formation, and more efficient 
feeding of the biomass into the pyrolysis process (Garcia-
Maraver et al. 2011). In general, pellet quality depends on 
the chemical, mechanical, and physical properties of 
biomass in terms of thermal utilization (Kaliyan and Vance 
2009; Obernberger and Thek 2004). Wood Pellets can be 
produced from roundwood but have mostly been made from 
cheaper waste residues derived from other wood processing 
activities, primarily sawdust and shavings from sawmills and 

furniture factories. If made from roundwood, the full range of 
steps involving debarking, chipping, drying, and hammer 
milling must be done. Residues require less processing 
because they are already reduced in size, mostly bark-free, 
and dried (Spelter and Toth 2009). In either case, the 
moisture content is critical and must be confined within a 
range of approximately 12% to 17%. Pellets from different 
regions might be shown different properties (Kwon et al. 
2009). Calorific value can be increased by the addition of 
other substrates, such as wood tar and wood vinegar (Kwon 
et al. 2010). Table 2 shows the characteristics of first-grade 
commercial wood pellets in several countries.  

 
Table 2.  Properties of first grade commercial wood pellets in several countries 

Contents United States1) Germany2) Austria2) South Korea3) 

Thickness (mm) 5.84-7.25 4-10 4-10 6-8 
Length (mm) >38.1 50 5 x thickness <32 
Bulk density (kg/m3) 640-737 1000-1400 >1120 >640 
Moisture content (%) <8 12 <10 <10 
Ash content (%) <1 1.5 <0.5 <0.7 
Heating value (kcal/kg) >4445 3704-4660 >4302 >4300 

1) ISO 17225-1, 2014; 2) Garcia-Maraver et al. 2011; 3) Ahn et al. 2014. 
 
Torrefied Wood Pellets 

Torrefaction of wood can be described as a mild form 

of pyrolysis at temperatures typically ranging between 

200°C and 320°C (Van der Stelt et al. 2011). During 

torrefaction, the wood properties are altered to produce a 

higher fuel quality for combustion and gasification 

applications. The main principle of torrefaction from a 

chemical point of view is the removal of oxygen to produce a 

final solid product, torrefied wood, which has a lower 

oxygen/carbon ratio compared to the original wood. The 

thermal treatment not only disrupts the fibrous structure and 

firmness of the biomass but is also known to increase the 

calorific value. Torrefied wood has more hydrophobic 

characteristics that make storage of torrefied wood more 

attractive in comparison to non-torrefied wood, because of 

the tendency of non-torrefied wood to rot. During 

torrefaction, wood is partly devolatilized leading to a 

decrease in mass, but the initial energy content of the 

torrefied wood is largely preserved in the solid product. 

Therefore, the energy density of torrefied wood is higher 

than that of the original wood, making it less expensive to 

transport per unit of energy (Van der Stelt et al. 2011). 

Figure 2 shows a comparison of a typical pelletization and 

torrefaction process (Bergman et al. 2005). The pelletization 

process comprises the steps of drying, size reduction, 
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steam pre-conditioning, densification, and cooling. However, 

the torrefaction process only consists of three steps, drying, 

torrefaction, and cooling. Table 3 summarizes the main 

characteristics of wood, torrefied wood, wood pellets, and 

torrefied wood pellets. In summary, torrefied wood pellets 

have a more hydrophobic characteristic, higher strength, 

and higher density than of wood pellets (Bergman 2005). 

 
 
 
 
 
 
 
 
 
 

 
Figure 2.  Schemes of pelletization (A) and torrefaction (B) processes. 

 
Table 3.  Characteristics of wood, torrefied wood, wood pellets, and torrefied wood pellets (Bergman 2005) 

Contents Wood 
Torrefied 

Wood 
Wood 
Pellets 

Torrefied 
Wood Pellets 

Moisture (wt%) 35 3 7 1 
Net heating value     

Normal (MJ/kg) 10.5 19.9 16.2 21.6 
Dry (MJ/kg) 17.7 20.4 17.7 22.7 

Mass density (kg/m3) 550 230 650 850 

 
Liquid Bioenergy (Bioethanol) 

 
Bioethanol is by far the most widely used biofuel for 

transportation worldwide. Production of bioethanol from 
lignocellulosic biomass is one way to reduce both the 
consumption of crude oil and environmental pollution. 
Biochemical conversion of lignocellulosic biomass through 
saccharification and fermentation is the primary pathway for 
bioethanol production. However, there are some difficulties 
in producing bioethanol from lignocellulosic biomass as a 
result of (1) the resistant nature of biomass to breakdown; 
(2) the variety of sugars that are released when the 

hemicelluloses and cellulose polymers are broken down, 
and the need to find or genetically engineer organisms to 
efficiently ferment these sugars; and (3) the costs for 
collection and storage of low-density lignocellulosic biomass 
(Balat 2011). Figure 3 shows the basic process of producing 
bioethanol from lignocellulosic biomass, i.e., pretreatment, 
hydrolysis, fermentation, and product separation/distillation. 
A large number of pretreatment methods have been 
developed, including mechanical grinding, steam explosion, 
CO2 explosion, ammonia fiber explosion, ozonolysis, hot 
water treatment, the organosolv process, and biological 
pretreatment (Kumar et al. 2009).  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.  Production of bioethanol from lignocellulosic biomass. 
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The carbohydrate polymers in lignocellulosic materials 
must be converted to simple sugars before fermentation 
through a process called hydrolysis (Taherzadeh and Karimi 
2007). The most commonly applied methods can be 
classified into two groups: chemical hydrolysis (dilute and 
concentrated acid hydrolysis) and enzymatic hydrolysis 
(Balat 2011). The dilute acid hydrolysis process involves a 
solution of approximately 1% H2SO4 in a continuous flow 
reactor at a high temperature. Most dilute acid processes 
are limited to a sugar recovery efficiency of around 50% 
(Farooqi and Sam 2004). The acid concentration used in 
concentrated acid hydrolysis processes is in the range of 
10~30%. This process provides complete and rapid 
conversion of cellulose to glucose and the conversion of 

hemicelluloses to five-carbon sugars with little degradation 
(Iranmahboob and Nadim 2002). In contrast, enzymatic 
hydrolysis is a slow process because enzymatic hydrolysis 
of cellulose is hindered by the structural parameters of the 
substrate, such as the lignin and hemicellulose content, and 
cellulose crystallinity (Pan et al. 2006). On the other hand, 
enzymatic hydrolysis is an environmentally friendly 
alternative that involves using carbohydrate-degrading 
enzymes (cellulases and hemicellulases) to hydrolyze 
lignocelluloses into fermentable sugars (Keshwani and 
Cheng 2005). A comparison of the process conditions and 
performance of three cellulose hydrolysis processes is given 
in Table 4 (Hamelinck et al. 2005). 

 
Table 4.  Comparison of conditions and performance of three hydrolysis processes (Hamelinck et al. 2005) 

Contents Consumables Temperature(°C) Time Glucose Yield (%) 

Dilute acid <1% H2SO4 215 3 min 50-70 
Concentrated acid 30–70% H2SO4 40 2–6 h 90 
Enzymatic Cellulase 50 1.5 days 75 → 95 
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