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EMERGING AREA CONTRIBUTIONS

The demand for energy has been increasing in the current decade due to rapid industrialization and urbanization. Limited fossil fuel re-
sources, rising fuel prices, and global warming are some of the factors leading to increased interest in lignocellulosic biomass to generate 
renewable fuels. Forestry residues which contain a major proportion of lignocellulosic matter are suitable candidates for conversion to liquid 
and gaseous fuels. This review highlights forestry biomass from a bioenergy point of view, focusing on its global applications, availability, 
chemical composition, and conversion. The conversion pathways discussed here are biochemical conversion to ethanol and butanol as well 
as thermochemical conversions, including pyrolysis, liquefaction, and gasification, to produce process-specific end products such as bio-oil 
and synthesis gas. A wide variety of woody biomass species are also discussed, indicating their variation in cellulose, hemicellulose, and 
lignin content; bio-oil, biochar, and gas yields through pyrolysis; and bioethanol and biobutanol yields through bioconversion.
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FORESTRY BIOMASS IN A BIOENERGY PERSPECTIVE

In the current decade, it is crucial to de-
velop energy-efficient technologies to pro-
duce sustainable fuels and chemicals. This 
is due to socio-economic concerns such 
as exhaustion of  petroleum resources and 
increased demand for fossil energy by 
developing nations combined with their 
political and environmental concerns [1]. 
This requires the use of  alternative en-
ergy sources to produce renewable fuels. 
Although energy harnessed from sunlight, 
wind, or water could supply heat and elec-
tricity for domestic and industrial purpos-
es, it cannot fuel motor vehicle engines. 
In this respect, waste plant biomass could 
be looked upon as the only source of  re-
newable carbon and biofuels. In addition, 
biofuels have significantly less greenhouse

gas emissions and are considered carbon-
neutral because CO2 generated from their 
combustion is consumed by plants during 
photosynthesis to produce new biomass. 
The carbon-neutral cycle of  biofuels in 
nature is illustrated in Fig. 1.

Plant biomass, especially its non-
edible residues, is an attractive resource 
for biofuel production because it does 
not create any “food-versus-fuel” con-
flicts, unlike starch-based feedstocks that 
are often linked with the risk of  diverting 
farmlands for fuel production [2,3]. These 
non-edible plant residues are also called 
next-generation biofuel feedstocks or 
lignocellulosic biomass. After the edible 
parts (grains and other food/feed-based 
materials) have been harvested from the 

INTRODUCTION
plants, the remaining non-edible fraction 
is separated and can then be converted 
into transportation fuel. Biomass that is 
normally in low-density form can be den-
sified in the form of  bales, pellets, or bri-
quettes and transported to biorefineries to 
be converted into fuels. Biomass densifi-
cation not only saves the cost associated 
with transportation and other logistics, 
but also enhances the heating value of  the 
solid fuel [4].

The term “lignocellulose” refers to 
the chemical nature of  these feedstocks, 
which contain cellulose, hemicelluloses, 
and lignin in varying compositions. Lig-
nocellulose makes up approximately half  
the plant matter produced through pho-
tosynthesis, averaging about 70% in plant 
cell walls. This makes it the most abundant 
renewable organic resource [5]. Bioenergy 
or biomass energy is the potential solution 
to the energy security challenges faced 
by the global economy due to its depen-
dency on rapidly declining fossil fuel re-
sources. Lignocellulosic biomass broadly 
includes waste residues from agriculture 
and forestry resources. Worldwide annual 
production of  lignocellulosic biomass 
from terrestrial plants is approximately 
17–20×1010 tonnes [6]. It is essential to ex-
plore the properties of  lignocellulosic bio-
mass as a candidate for biofuel production
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to promote its eco-friendly use.
Lignocellulosic biomass can be con-

verted into biofuels by three primary path-
ways: thermochemical, hydrothermal, and 
biochemical. Depending on the type of  
conversion pathway, the product (i.e., fuel 
or chemical) yields vary. Thermochemi-
cal conversion includes mostly pyrolysis 
and liquefaction, which convert biomass 
chiefly to bio-oil with certain amounts of  
biochar and gases. Hydrothermal conver-
sion (sometimes included in thermochem-
ical pathways) degrades biomass in super-
critical water to synthesis gas (H2 and CO) 
through gasification. This synthesis gas or 
syngas can be further converted to hydro-
carbons (e.g., gasoline and diesel), metha-
nol, ethanol, and butanol through various 
gas-to-liquid (GTL) conversions such as 
the Fischer-Tropsch process or syngas 
fermentation [7]. Through biochemical 
conversion, biomass is pretreated to mo-
nomeric sugars and further fermented to 
alcoholic fuels such as ethanol and bu-
tanol. These lignocellulose conversion 
pathways have been comprehensively de-
scribed by Nanda et al. [7].

This review is focussed on current 
conversion methods available for lignocel-
lulosic biomass, in particular forest-based 
residues, to synthesize transportation fu-
els. The review also highlights the world-
wide geographical distribution of  forested 
areas, with a special emphasis on United

States and Canadian statistics with their 
insights into possible use for biofuel pro-
duction. Finally, the composition of  vari-
ous wood-based feedstocks is discussed, 
followed by their thermochemical and 
biochemical conversions.

FOREST RESOURCES – GEO-
GRAPHICAL STATISTICS

Global forest resources represent a total 
area of  4,033,060 hectares [8]. These for-
est resources have myriad uses, as shown 
in Fig. 2. For instance, out of  total forest 
resources, 30% is used in the production 
of  wood and timber; 8% helps to con-
serve soil and water resources (i.e., ecosys-
tems); 12% aids in conserving biodiversity 
(i.e., flora and fauna); 4% is used for cul-
tural services such as social or recreational 
needs (e.g., hunting, camping, and eco-
tourism); 7% is used in industry; and 24% 
has multiple uses [9]. The remaining 16% 
of  forest resources remain unused. Indus-
trial use of  wood occurs primarily in min-
ing and oil/gas recovery. Furthermore, the 
multiple uses of  forest residues include 
production of  biochemicals, biolubri-
cants, biocomposite materials, adhesives, 
perfumes, cosmetics, furniture, plywood, 
and many other products.

Figure 3 gives a more detailed illus-
tration of  current and potential applica-
tions of  forest resources. Forest resources

have long been used as timber and lum-
ber to build infrastructure, furniture, and 
utility poles to support overhead power 
lines, fibre optic cables, transformers, and 
street lights. The traditional use of  wood 
has been to produce heat energy for cook-
ing and sustain rural livelihoods. Wood 
resources have also gained industrial at-
tention for manufacturing pulp and paper, 
plywood, and wood-based composites 
along with laminates and packaging goods 
in small volumes for long- or short-dis-
tance freight or shipping. The agricultural 
and ecological benefits of  forest residues 
include water retention in arid soils, pre-
venting soil erosion, carbon sequestration, 
enhancing soil fertility, and preserving 
biodiversity. Carbon sequestration applica-
tions of  biomass-derived char are gaining 
wide attention because they make the bio-
fuel production process carbon-negative 
by capturing or holding carbon in soil for 
longer periods [11].

In addition, forest biomass has a 
huge potential to improve the economics 
of  current biofuel refineries [12]. Because 
wood contains carbohydrates (mostly cel-
lulose and hemicelluloses) in its cell wall, 
it is a candidate for conversion to hydro-
carbon fuels. Through various thermo-
chemical and biochemical routes, woody 
biomass can be converted to biofuels (e.g., 
bio-oil, ethanol, butanol, and syngas) and 
biochemicals (e.g., organic acids, solvents, 

Fig. 1 - Carbon-neutral cycle of biomass and biofuels. Fig. 2 - Diversity in use of global forest resources (Data source: [9].)
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biolubricants, and adhesives). Recently, 
woody biomass has also found applica-
tions in production of  advanced biomate-
rials such as carbon fibres [13], activated 
carbon, [14] and bioplastics [15] for multi-
disciplinary applications.

Figure 4 shows several countries with 
their variation in forest cover over the last 
two decades. The South American coun-
tries such as Brazil and Peru show a larger 
forested area than that of  other countries 
in the comparison. Unlike most countries 
that show a steady increase in their forest 
land area, Brazil, Peru, and Mexico reveal 
a distinctive trend. A continuous decrease 
in total forest land area over the years is 
clearly visible in these three Latin Ameri-
can nations. The common reasoning for 
this scenario is deforestation. Deforesta-
tion is defined as the use of  forested ar-
eas for alternative purposes such as agri-
culture and urbanization [9] and/or the 
excessive exploitation of  wood resources. 
This usually occurs when forest lands are 
seen as a hindrance to the fulfilment of  
other societal needs related to economic 
development.

Brazil ranks first in tropical defores-
tation, eliminating an average forest land

area of  19,500 km2 per year from 1996 to 
2005 [16]. The chief  purpose in this case 
of  deforestation was forest conversion to 
pasture and farmland, which released 0.7–
1.4 Gt CO2 annually. To mitigate this CO2 
emission, Brazil has committed to reduc-
ing deforestation rates by 20% of  its 1996 
to 2005 rate through 2020. Mexico is a 
water-deficient country where forest trees 
function to regulate stream flows from 
watersheds [17]. Some of  the reasons for 
deforestation in Mexico include poverty, 
communal land-tenure arrangements re-
lating to local ownership, extraction of  
forest wood for profit, and price distor-
tions that favor maize cultivation (after 
forest elimination) [17,18]. The degrada-
tion of  Amazonian rainforest in Peru is 
influenced by poverty, unsustainable for-
estry activities by Brazilian nut harvesters, 
and gold mining in Madre de Dios [19, 20].

The worldwide wood production in 
2009 was approximately 3267×106 m3 [9]. 
About 72% (2368×106 m3) of  these forest 
residues were used as fuelwood as well as 
in charcoal and black liquor production. 
In 2009, total fuelwood use in developing 
nations (e.g., Asia, Africa, Oceania, Latin 
America, and the Caribbean) was 1657×106

m3, whereas in developed nations (e.g., the 
United States, Canada, Europe, the former 
Soviet Union, Australia, New Zealand, Ja-
pan, etc.), it was 195×106 m3 [9]. Klenk 
et al. [9] reported a reduction of  26% in 
fuelwood usage in the United States and 
Canada compared to their 1995 estimate. 
However, both countries saw a significant 
increase in black liquor recovery (116×106 
m3) by pulp and paper industries in 2009. 
It should be noted that many pulp and 
paper production facilities have closed op-
erations recently in the United States and 
Canada [21], mainly due to increasing use 
of  electronic communications media for 
business transactions.

Estimates of  the annual lignocellu-
losic biomass availability (including forest 
residues, agricultural refuse, and energy 
crops) in the United States and Canada 
range up to 577 and 561 million dry tonnes 
respectively [22]. Both countries have 
bright prospects to address biofuel pro-
duction if  these vast reserves of  lignocel-
lulosic materials become accessible under 
economically viable scenarios. Softwood 
is one of  the leading sources of  lignocel-
lulose in the Northern Hemisphere and is 
reported to be of  interest for bioethanol

Fig. 3 - Potential applications of forest resources in various sectors. Fig. 4 - Worldwide forested areas through the years, 1990–2011 (Data 
source: [10]).
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production in Canada, the United States, 
and Sweden [23]. Currently, the five ma-
jor bioethanol-producing countries are the 
United States, Brazil, China, Canada, and 
France, although the United States and 
Brazil together produce over 90% of  the 
world’s bioethanol [7]. The greater acces-
sibility of  lignocelluloses (especially agri-
cultural biomass) in the United States is 
due to the availability of  2.5 times more 
agricultural land than in Canada, which 
results in approximately 26 times more ag-
ricultural production in the United States 
[22]. Moreover, the northern climate of  
Canada is another factor in its relatively 
lower biomass production.

The total forest resources available 
every year in the United States are between 
60 and 100 million dry tonnes, whereas in 
the case of  Canada, this amount is be-
tween 19 and 25 million green tonnes [22]. 
The lower availability of  forest resources 
in Canada could be due to forest fires, in-
sect infestations, and limited forest man-
agement [24]. Forest (logging) residues in 
the United States and Canada could pro-
vide as much as 57 and 92 million green 
tonnes per annum respectively [22]. Every 
year, up to 135 and 17 million dry tonnes 
of  wood mill residues are generated in the 
United States and Canada respectively. 
Forest harvesting operations in Canada 
produce substantial amounts of  wood 
chips and particles ranging from 9.8 to 46 
million dry tonnes, which offer the pos-
sibility of  producing 1.2–13.8 billion litres 
of  bioethanol per annum [25]. Currently, 
wood chips and particles are predomi-
nantly used in pulp and paper processing 
facilities across North America. Sawdust 
and wood flakes usually result from forest 
product manufacture or wood processing. 
In Canada, these residues are between 2 
and 5.4 million dry tonnes, which have 
the potential for producing approximately 
0.2–1.6 billion litres of  ethanol per an-
num. However, biomass densification 
techniques such as pelletization and bri-
quetting are reducing the availability of  
these residues.

In addition, a non-renewable source 
of  forest biomass called disturbance wood 
or damaged wood is available in Canada.

This resource consists of  trees killed by 
the mountain pine beetle in British Co-
lumbia, Canada. The mortality of  lodge-
pole pine trees due to such insect infesta-
tion was between 36 and 43 million m3 in 
2007 [25]. This damaged-wood biomass, 
which is available abundantly in western 
Canada, could potentially be used to sup-
plement domestic biofuel production. Ap-
proximately 9.3 to 12.3 million dry tonnes 
of  damaged wood are generated every 
year [24], corresponding to a prospective 
production of  2.8–3.6 billion litres of  bio-
ethanol [25]. 

CHEMICAL COMPOSITION OF 
WOODY BIOMASS

The basic organic constituents of  ligno-
cellulosic biomass that could be converted 
to renewable fuels and chemicals include 
cellulose, hemicellulose, lignin, and extrac-
tives. Chemically, lignocellulosic biomass 
forms a complex crystalline structure 
supported by covalent bonding, intermo-
lecular bridges, and van der Waals forces, 
which makes it water-insoluble and robust 
to enzymes. Lignocellulosic materials typi-
cally contain 30%–60% cellulose, 20%–
40% hemicelluloses, and 15%–25% lignin 
on a moisture-free basis [26]. Cellulose, 
hemicelluloses, and lignin make up about 
90% of  lignocellulosic dry matter, with 
the rest consisting of  extractives and ash. 
Extractives are water- or solvent-soluble 
non-structural biomass components such 
as terpenoids, steroids, resin acids, fats, 
lipids, waxes, stilbenes, flavonoids, lignans, 
and tannins [7]. The mineral matter in bio-
mass is represented by its ash, which in-
cludes both major elements (e.g., Na, Mg, 
K, Ca, and Si) and minor elements (e.g., 
Al, Fe, Mn, P, and S). The proportions 
of  these elements in agricultural residues 
(e.g., straws and husks) and woody bio-
mass are about 25 wt.% and 1 wt.% re-
spectively [27]. 

Cellulose is a glucose polymer con-
sisting of  β (1,4)-linked D-glucose sub-
units and has cellobiose as its repeating 
unit. Hemicellulose is a polysaccharide 
mixture of  pentose and hexose sug-
ars such as glucose, xylose, galactose, 

mannose, and arabinose along with sugar 
acids such as methylglucuronic and ga-
lacturonic acids. Lignin is an aromatic 
phenylpropane polymer linked with ether 
bonds and composed of  coumaryl alco-
hol, coniferyl alcohol, and sinapyl alcohol. 
As lignin tightly binds with cellulose and 
hemicellulose to provide structural rigid-
ity to the plant cell, its presence makes the 
biomass recalcitrant towards hydrolysis 
and bioconversion [28].

The magnitude of  oxidative po-
lymerization of  coumaryl alcohol (e.g., 
p-hydroxyphenyl propanol), coniferyl al-
cohol (e.g., guaiacyl propanol), and sina-
pyl alcohol (e.g., syringyl propanol) in 
woody biomass is influenced by the plant 
part, latitude, temperature, light inten-
sity, available water, harvesting time, and 
biomass storage conditions [29]. Upon 
incorporation of  the respective monoli-
gnol into the lignin polymer, formation 
of  p-hydroxyphenyl (H), guaiacyl (G), and 
syringyl (S) monomers occurs [30]. The 
lignin composition of  the gymnosperm 
and angiosperm varies in terms of  H, 
G, and S monomers. Gymnosperm cell 
walls are composed primarily of  H and G 
monomers, whereas angiosperm cell walls 
(i.e., monocots and dicots) are composed 
of  H, G, and S monomers. Whereas lig-
nin in hardwoods consists mostly of  G 
and S monomers with traces of  H units, 
softwoods contain chiefly G monomers 
with low levels of  H units [31,32]. On the 
other hand, herbaceous feedstocks such as 
grasses contain G, S, and H monomeric 
lignin [30].
Depending on the type and species of  
feedstock as well as local climatic condi-
tions, the compositions of  cellulose, hemi-
cellulose, and lignin vary [33]. Table 1 sum-
marizes a few wood-based feedstocks and 
their organic compositions. It is evident 
from Table 1 that cellulose, hemicellulose, 
and lignin contents are influenced not only 
by the feedstock type, but also by the part 
of  the plant, i.e., stems, twigs, branches, 
etc. On average, wood (particularly stems) 
contained 48% cellulose, 22% hemicellu-
lose, 22% lignin, and 4.7% extractives. In 
contrast, twigs (particularly branches) con-
tained 15% cellulose, 32% hemicellulose,
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22% lignin, and 2% extractives. Further-
more, bark (i.e., wood rind) on average 
contained 20% cellulose, 23% hemicel-
lulose, 27% lignin, and 3% extractives. 
Hardwood stems generally contained 
40%–55% cellulose, 24%–40% hemicel-
lulose, and 18%–25% lignin, whereas 
softwood stems contained 45%–50% 
cellulose, 25%–35% hemicellulose, and 
25%–35% lignin [5].

Hemicelluloses are usually found to 
be enriched in fast-growing plant tissues 
such as those in twigs, leaves, and even 
grasses [33]. Lignin content is character-
istically higher in softwoods than in hard-
woods. It is found to be augmented in the 
cells’ middle lamellae and in wood bark, as

can be seen in Table 1. This is the case be-
cause of  the polymeric property of  lignin 
that protects the plants from physical and 
chemical agents such as invasion by pests 
and parasites, microbial or fungal growth, 
and decomposition by waterlogging.

Production of  biofuels from woody 
biomass can be achieved through two 
primary routes, thermochemical and bio-
chemical. Figure 5 illustrates various path-
ways for converting woody biomass to a 
wide range of  liquid and gaseous prod-
ucts. Through thermochemical process-
ing, wood residues undergo pyrolysis, 
liquefaction, and gasification to produce 
bio-oil and syngas. In the case of  biocon-
version, woody biomass is treated with a

series of  dilute acids, enzymes, and micro-
organisms to produce monomeric sugars 
that could be further fermented to ethanol 
and butanol. Along with the major biofu-
els such as bio-oil, ethanol, butanol, and 
syngas, various value-added products in-
cluding biochar, organic acids, organic sol-
vents, phenols, aromatic compounds, etc., 
can also be obtained during the course of  
chemical reactions.

THERMOCHEMICAL CONVERSION

As a result of  thermochemical conver-
sion, wood-based biomass undergoes 
various chemical reforming processes that 
convert long-chain organic compounds in 
the biomass to short-chain oxygenated hy-
drocarbons. Thermochemical conversion 
can be achieved through pyrolysis, lique-
faction, or gasification. Whereas pyrolysis 
produces bio-oil, biochar, and gases from 
wood, liquefaction results in bio-oil, and 
gasification leads to syngas production.

Pyrolysis can be defined as the dis-
integration of  macromolecular organics 
at high temperatures in the absence of  
oxygen. Depending on operating tem-
peratures, heating rates, and solid/vapor 
residence time, pyrolysis can be divid-
ed into three basic types: slow, fast, and 
flash [7]. Slow pyrolysis operates between 
300°C and 700°C with heating rates rang-
ing from 0.1°C/s to 1°C/s, whereas fast 
pyrolysis operates between 600°C and 
1000°C with heating rates in the range of  
10°C/s to 200°C/s [44]. In contrast, flash 
pyrolysis requires temperature ranges of  
800°C to 1000°C and heating rates greater 
than 1000°C/s. The ranges of  residence 
times for slow, fast, and flash pyrolysis 
are 10–100 min, 0.5–5 s, and < 0.5 s re-
spectively. Although the biomass particle 
size for slow pyrolysis ranges from 5 to 50 
mm, it is preferably less than 1 mm for fast 
and flash pyrolysis. Considerable amounts 
of  bio-oil are obtained from both fast 
and flash pyrolysis, whereas in the case 
of  slow pyrolysis, larger amounts of  bio-
char are obtained [45]. The gases from all 
pyrolysis processes are made up of  non-
condensable gases such as H2, CO, CO2, 
CH4, C2H4, and C2H6. These gases can be

TABLE 1 Lignocellulosic composition (in wt.%) of various wood residues.
Cellulose

58.3
60.7
47.6
44.2
56.5
42.0
48.0
48.5
53.4
41.7
54.0
52.9
45.0
38.8
43.8
63.2
59.1
37.7
49.0
43.0
39.8
60.2
53.0
49.0
44.8
49.6
20.8
48.3

15.4
19.4
13.6
12.2
15.2

21.5
18.5
20.1
21.9
20.5

Hemicellulose

8.1
19.1
18.4
33.5
24.8
23.5
14.0
25.1
31.4
20.5
29.0
9.6
11.4
23.6
14.8
10.5
8.7
31.4
24.5
29.4
24.0
5.5
27.0
25.6
30.9
26.7
44.7
22.1

32.8
29.6
31.5
35.3
32.3

16.7
34.7
20.6
18.6
22.7

Biomass
Wood
Albizzia wood
Aspen wood

Beech wood
Birch
Douglas fi r
Eucalyptus wood
European birch
Hornbeam wood
Monterey pine
Oak wood
Pine chips
Pine pellets
Pinewood
Poplar
Premna wood
Pterospermum wood
Sawdust
Scots pinewood
Spruce
Subabul wood
Syzygium wood
Walnut
White poplar
White spruce
White willow
Wood pulpa

Average
Twigs
Albizzia twig
Premna twig
Pterospermum twig
Syzygium twig
Average
Barks
Albizzia bark
Premna bark
Pterospermum bark
Syzygium bark
Average

Lignin

33.2
14.8
18.4
21.8
12.2
27.8
29.0
19.4
15.3
25.9
9.4
26.0
23.2
20.4
29.1
21.1
28.5
15.9
19.5
27.6
24.7
31.0
20.0
23.1
27.1
22.7
-
22.6

22.2
20.0
24.2
21.6
22.0

31.1
20.1
25.3
30.1
26.7

Extractives

1.9
-
-
2.6
-
-
2.0
-
-
-
-
0.5
0.5
15.7
-
3.5
1.9
15.0
-
1.7
9.7
1.4
-
-
-
-
-
4.7

1.9
2.0
1.0
1.6
1.6

4.5
2.6
3.1
3.0
3.3

Reference

[34]
[35]
[36]
[37]
[35]
[38]
[1]
[38]
[39]
[38]
[35]
[40]

[26]
[41]
[34]
[34]
[42]
[39]
[37]
[27]
[34]
[39]
[38]
[38]
[38]
[43]

[34]
[34]
[34]
[34]

[34]
[34]
[34]
[34]

a Wood pulp: mixture of maple, beech, and birch wood.
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recycled for heat recovery during the py-
rolysis process. 

Compared to gasoline, bio-oil is 
largely composed of  oxygenated com-
pounds with negligible quantities of  hy-
drocarbons, which makes its heating value 
just under half  that of  hydrocarbon fuels 
(e.g., gasoline: 42–44 MJ/kg) [7]. Table 
2 summarizes the pyrolysis of  various 
woody biomasses, highlighting the tem-
peratures used and the yields of  bio-oil, 
biochar, and gases. The liquid products 
obtained from pyrolysis can be further 
processed to separate the bio-oil fraction. 
Usually, the liquid product consists of  
aqueous and organic (or bio-oil) phases. 
The aqueous phase contains mostly car-
boxylic acids, acetic acid, methanol, and 
acetone, whereas the organic phase con-
tains phenolics and carbonyl compounds 
[53]. A number of  acids, alcohols, esters, 
ketones, aldehydes, phenols, alkenes, fu-
rans, guaiacols, syringols, and oxygenates 
along with traces of  nitriles are found in 
the crude pyrolysis liquids. Because bark 
contains a greater amount of  lignin (see 
Table 1), bio-oil derived from softwood 
bark contains considerably more pheno-
lic compounds from lignin than bio-oil 
from hardwood bark [54]. The pyrolysis

products from cellulose and hemicellu-
lose in bio-oil include acids, alcohols, al-
dehydes, esters, furans, ketones, sugars, 
and oxygenates, whereas lignin derivatives 
include phenols, guaiacols, and syringols 
[53].

Liquefaction of  lignocellulosic bio-
mass results in liquid fuels without gasifi-
cation or pyrolysis. Unlike pyrolysis, lique-
faction does not require biomass drying, 
which makes it more economically attrac-
tive [38]. Compared to pyrolysis-derived 
bio-oil, liquefaction-derived bio-oil has 
higher energy content due to its lower oxy-
gen levels [1]. The temperatures and pres-
sures in liquefaction are typically in the 
range of  250°C to 350°C and 5 to 20 MPa 
respectively [55]. Liquefaction leads to hy-
drogenation reactions and high-pressure 
thermal cracking of  biomass into heavy oil 
and useful chemicals along with evolution 
of  CO and H2 [56]. In addition to bio-oil 
production, liquefaction of  lignocellulosic 
materials also results in certain chemical 
compounds in the oil fraction that lead to 
generation of  epoxy resins, polyurethane 
foams, and adhesives for plywood [55].

Liquefaction requires the addition of  
catalysts, which reduce the reaction tem-
perature, improve reaction kinetics, and

enhance liquid product yields [55]. Cata-
lysts that have been used for biomass 
liquefaction include alkalis, alkaline ox-
ides, carbonates, bicarbonates, and metals 
(e.g., Zn, Cu, Ni, Ru, I, ZnCl2, Fe(OH)3, 
CoxSy , and formate) [1]. Catalysts such as 
Na2CO3 and K2CO3 along with CO and 
H2 as supplemental reactants have been 
found to be helpful in enhancing liquefac-
tion rates [57,58]. Liquefaction of  wood 
sawdust in presence of  catalysts such as 
NaOH, H3PO4, H2SO4, and toluenesul-
phonic acid has resulted in 70.6 wt.% to 
99.4 wt.% liquid product yields [59].

Bio-oil obtained by liquefaction of  
lignin-rich wood is reported to contain 
higher amounts of  low-molecular-weight 
phenolic compounds than bio-oil from 
cellulose [56]. The amount of  solid prod-
uct has also been found to be influenced 
by wood lignin content. Phenol is known 
to prevent any possible condensation re-
actions by lignin or polyphenol that could 
produce an insoluble polymerized material 
during acid-catalyzed liquefaction [60].

Bio-oil must be upgraded if  it is 
intended to replace conventional diesel 
and gasoline-based fuels. Bio-oil can be 
upgraded into liquid transportation fuel 
by three major routes: (i) hydrodeoxygen-
ation (with hydrotreating catalysts, e.g., 
sulphided CoMo or NiMo); (ii) zeolite up-
grading; and (iii) emulsification with diesel 
[1]. Hydrodeoxygenation is performed by 
treating bio-oil at 300°C–600°C with high-
pressure H2 in the presence of  heteroge-
neous catalysts, which result in a highly 
stable and energy-dense fuel [7]. Zeolite 
upgrading is performed at 350°C–500°C, 
~0.1 MPa, and gas hourly space velocities 
of  ~2 h-1 and results in bio-oil with lower 
oxygen content and enhanced thermal 
stability [1]. Bio-oil blending with diesel 
is achieved using surfactants, leading to 
an upgraded fuel with improved ignition 
characteristics [61].

During gasification, wood or other 
carbonaceous materials react with air (ox-
ygen), steam, or both to produce syngas 
containing mostly H2 and CO along with 
CO2, CH4, and N2. During primary gasifi-
cation reactions, woody biomass forms wa-
ter vapour and CO2 along with oxygenated

Fig. 5 - Evolutionary tree of woody biomass with conversion processes and products.
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vapours from cellulose and hemicellulose 
(e.g., levoglucosan and hydroxyacetalde-
hyde) and lignin (e.g., methoxyphenols) 
[1]. In secondary gasification reactions, 
the oxygenated vapours result in H2, CO, 
CO2, H2O, olefins, phenols, and aromatics. 
Cracking of  primary oxygenated vapours 
begins at 500°C, whereas the products 
from secondary reactions are initiated 
at 700°C–850°C. Heating of  secondary 
products beyond 850°C produces ter-
tiary products such as H2, CO, CO2, H2O, 
methylnaphthalene, toluene, and indene. 
These secondary and tertiary reactions 

also result in formation of  soot, coke, and 
tar. 

Generation of  tars is a factor to be 
considered in thermal cracking of  woody 
biomass because it leads to reactor plug-
ging and compromised bio-oil yields. Ef-
forts have been made to reduce tar for-
mation during gasification of  cedar wood, 
jute sticks, bagasse, and rice straw using 
solid catalysts such as Pd, Pt, Ru, and Ni 
supported on CeO2/SiO2 and dolomite; 
however, Rh/CeO2/SiO2 was found to 
be the most promising catalyst [62]. Alkali 
catalysts also investigated for tar reduction 

include NaCl, KCl, ZnCl2, AlCl3•6H2O, 
K2CO3, Na2CO3, Na3H(CO3)2, 
Na2B4O7•10H2O, and CsCO3 [1]. Al-
though alkali catalysts decrease tar genera-
tion, they also enhance char formation. In 
addition, hydrogen can be generated from 
char and bio-oil through steam-reforming 
reactions.

BIOCHEMICAL CONVERSION

Bioethanol and biobutanol are the prod-
ucts of  bioconversion of  wood-based 
feedstocks. Biochemical conversion of  lig-
nocellulosic materials involves use of  en-
zymes and microorganisms to convert fer-
mentable sugars to alcohol-based fuels. To 
recover the fermentable sugars, biomass 
must be pretreated to depolymerize its cel-
lulose-hemicellulose complex with lignin 
[63]. This results in removal of  polymeric 
lignin and separation of  carbohydrates. 
The cellulases (e.g., endocellulase, exocel-
lulase, cellobiase, oxidative cellulases, and 
cellulose phosphorylases) and hemicellu-
lases (e.g., xylanase) further break down 
the complex carbohydrates to monomeric 
sugars such as glucose and xylose. Finally, 
these simple sugars are fermented using 
diverse microorganisms (e.g., bacteria or 
fungi) to produce ethanol and butanol. 
Unlike pyrolysis, biochemical conversion 
of  wood-based materials does not require 
biomass drying.

The pretreatment phase begins by 
pulverizing the woody biomass physically 
to increase its surface area along the fibres. 
A wide range of  biomass pretreatments is 
available to separate cellulose and hemicel-
lulose from lignin. Such pretreatments for 
woody biomass include acid or alkaline hy-
drolysis, ozonolysis, microwave digestion, 
organosolv, steam explosion, supercritical 
fluids, and a number of  other methods 
[63–65]. This pretreatment is followed by 
enzymatic hydrolysis that breaks down cel-
lulose and hemicellulose into sugar mono-
mers. Unlike softwoods, hardwoods have 
more cellulose and less hemicellulose and 
therefore produce more glucose for easier 
bioconversion [66]. However, the hemicel-
lulose in hardwoods contains more xylose 
that is difficult to hydrolyze.

TABLE 2 Pyrolysis products from various wood residues.
Temperature 
(°C)

425
465
500
541
545
555
550
500
482
482
500
532
500
500
500
450
600

450

500
400
475
550
500
350
400
500
550
480
400
450
500
550
500

Bio-oil

55.9
67.2
71.1
63.6
57.5
45.2
40.2
53.9

60.6
64.7
56.2
52.0
24.2
26.9
48.0
22.3

27.3

15.1

9.0

20.7

17.6

55.7
28.0
52.0
44.5

Biomass

Aspen poplar

Chinese oak
Cunninghamia
Fir bark
Maple

Oil mallee
Pine chips
Pine pellets
Pinewood
Pinewood 
(hydrolyzed)
Pinewood 
(Quartz sand)
Pinewood 
(H-Beta-25)
Pinewood 
(H-Y-12)
Pinewood 
(H-ZSM5-23)
Pinewood 
(H-MOR-20)
Rosewood
Sawdust

Subabul wood
Wood (general)

Wood chips
Wood shavings

Water

3.8
5.5
6.6
7.4

-
-

39.6
31.4
48.9

6.3
8.2
7.8

-
26.2
30.9
11.0
11.1

5.4

13.9

16.7

13.0

14.4

24.6
-
-
-

45.5
44.9
43.4
41.1
48.3
65.5
65.7
66.0
67.0
22.6

Gas

5.9
8.5

12.1
21.2

9.6
13.1

-
-

12.3
6.3
8.2
7.8

19.4
18.4
12.1
17.0
24.9

52.0

49.5

51.1

52.1

48.1

-
-
-
-

75.4
25.5
28.7
32.7
36.4
12.3
10.2
11.1
14.6
15.3
58.0

Biochar

30.6
18.9
11.2
9.0

11.3
-
-
-

39.3
20.9
12.6

9.0
18.8
31.2
30.0
24.0
41.7

15.3

21.6a

23.2a

14.2a

19.9a

-
-
-
-

24.6
29.0
26.1
22.9
21.1
39.3
24.1
21.4
18.9
17.0
19.3

Note: Acidic zeolite catalysts (H-Beta-25, H-Y-12, H-ZSM5-23, H-MOR-20); a Biochar + coke. 

Reference

[46]

[47]

[48]
[48]
[49]
[46]

[50]
[40]

[45]
[28]

[51]

[48]
[42]

[27]
[44]

[49]
[52]

[27]

Yield (weight %)
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Cellulases, which are most commonly 
produced by soft-rot fungi such as Tricho-
derma, Penicillum, and Aspergillus species, are 
used for enzymatic hydrolysis of  woody 
biomass [25]. Lignin-degrading enzymes 
such as lignin peroxidases and manganese-
dependent peroxidases are produced by 
Phanerochaete chrysosporium [67] and could 
have wide application in degrading woody 
biomass that is rich in lignin. Azzam et al. 
[68] suggested that peroxidase enzymes 
could catalyze lignin biodegradation in the 
presence of  H2O2. Some soft-rot fungi 
can also digest lignin because they degrade 
the plant cell wall and decrease the content 
of  acid-insoluble material, i.e., lignin in 
angiosperm wood. Several white-rot fungi 
such as P. chrysosporium, Trametes versicolor, 
Bjerkandera adusta, Pycnoporus cinnabarinus, 
Strobilurus ohshimae, and Xylaria polymorpha 
have been found to degrade wood with 
production of  lignin peroxidases, manga-
nese-dependent peroxidases, laccase, xy-
lanases, and cellobiose dehydrogenase [5]. 

Fermentation of  the sugars gen-
erated from enzymatic hydrolysis of

biomass is another crucial step in bio-
conversion. Although half  the mass of  
generated sugars is released as CO2, all 
their energy is concentrated in the prod-
uct ethanol [1]. Typically, after addition 
of  basic microbial nutrients (i.e., salts, 
carbon sources, and energy sources) into 
the medium, fermentation is carried out 
with approximately 20 wt.% sugars at pH 
4–5, temperatures of  30°C–38°C, and 
residence times of  28–48 h. However, the 
operating conditions may vary depending 
on the mode of  fermentation, i.e., batch, 
fed-batch, or continuous [7]. 

Table 3 summarizes various mi-
croorganisms used in bioconversion of  
woody biomass to ethanol and butanol 
as fuels along with value-added chemi-
cals. Some of  the notable microorgan-
isms producing ethanol from wood are 
fungi such as Saccharomyces cerevisiae, Di-
chomitus squalens, Ceriporiopsis subvermispora, 
Pleurotus ostreatus, Coriolus versicolor, Pichia 
stipitis, and Phellinus spp. Zymomonas mo-
bilis and Klebsiella pneumonia are the bac-
teria known to produce ethanol along

with 2,3-butanediol from woody biomass 
[69,75]. The butanol-producing bacteria 
studied for wood bioconversion belong to 
the genus Clostridium, especially C. acetobu-
tylicum and C. beijerinckii. Butanol fermen-
tation is strictly anaerobic in nature, unlike 
ethanol fermentation, which is mostly an 
aerobic process.

Because wood-based feedstocks 
contain a significant amount of  hemicellu-
loses (mostly xylose sugars for hardwoods 
and galactoglucomannans for softwoods), 
it is critically important for a biorefinery 
to consider their efficient conversion. This 
concern arises because S. cerevisiae and Z. 
mobilis, which are the most widely used 
microorganisms in alcohol fermentation, 
lack the tendency to ferment hemicellu-
lose [66]. Moreover, microorganisms such 
as Candida shehatae, Pachysolen tannophilus, 
and P. stipitis can ferment xylose to etha-
nol, but their fermentation efficiencies 
are lower [78]. Higher concentrations 
of  ethanol in the fermentation medium, 
sensitivity towards inhibitors, and low-
er pH also restrict their efficiency [79]. 

TABLE 3 Bioconversion of various wood residues to fuels and chemicals.
Microorganism

Saccharomyces cerevisiae C495
Zymomonas mobilis 22 (ATCC 29191)
Klebsiella pneumoniae 
Clostridium acetobutylicum ATCC 824

Clostridium acetobutylicum ATCC 824

Dichomitus squalens CBS 432.34
Ceriporiopsis subvermispora FP90031
Pleurotus ostreatus K 2946
Coriolus versicolor K 2615
Saccharomyces cerevisiae VTT B-08 014
Pichia stipitis VTT C-10 876
Ceriporiopsis subvermispora FP-90031 (ATCC 
90467)
Phellinus sp. SKM2102
Clostridium acetobutylicum NCIB 2951
Klebsiella pneumoniae
Saccharomyces cerevisiae ATCC 96581
Clostridium beijerinckii B-592

Saccharomyces cerevisiae 424A (LNH-ST)
Saccharomyces cerevisiae VTT B-08 014
Pichia stipitis VTT C-10 876
Clostridium beijerinckii CC101

Biomass

Aspen wood

Beech wood

Birch

Japanese 
cedar wood

Monterey pine
Oakwood
Pinewood

Poplar
Spruce

Wood pulpa

Operating 
conditions
37°C, 72 h

37°C
30°C

36°C

28°C, 2–8 
weeks

30°C, 120 h

28°C, 4–8 
weeks

30°C, 5–7 days
32°C, 120 h
30°C, 60 h
35°C, 72 h

30°C
30°C, 120 h

37°C
a Wood pulp: mixture of maple, beech and birch wood

Products (concentration)

Ethanol (25.5 mg/mL)
Ethanol (22.3 mg/mL)
Ethanol (2.6 g/L), butanediol (9.8 g/L)
Butanol (4.9 g/L), acetone (1.3 g/L), 
ethanol (0.6 g/L)
Butanol (18.1 g/100 g), acetone (8.6 
g/100 g), ethanol (1.5 g/100 g)
Ethanol (~15.8%)
Ethanol (~17.5%)
Ethanol (~12%)
Ethanol (~14%)
Ethanol (64.7 g/L)
Ethanol (10.4 g/L)
Ethanol (9.8 g/L)

Ethanol (8.9 g/L)
Butanol (5.7 g/L)
2,3-butanediol (11 mg/mL)
Ethanol (24.1 g/L)
Butanol (11.6 g/L), acetone (5.2 g/L), 
ethanol (1.7 g/L)
Ethanol (39.9 g/L)
Ethanol (14.9 g/L)
Ethanol (34.1 g/L)
Butanol (13.5 g/L), acetone (4.2 g/L)

Reference

[69]

[70]

[36]

[71]

[72]

[73]

[74]
[75]
[76]

[64], [77]
[72]

[43]
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Several efforts to enhance xylose utiliza-
tion by yeasts have been made, such as co-
fermentation of  pentose and hexose sug-
ars [80], protoplast fusion [81], and other 
genetic modifications in Saccharomyces [82].

A major disadvantage in choosing 
bioconversion over thermochemical con-
version is that the former is time-intensive 
due to longer digestion periods (hours to 
days) and cost-intensive due to use of  ex-
pensive enzymes. Along with ethanol and 
butanol, several by-products are obtained 
from wood bioconversion (Fig. 5). These 
by-products include acetone, carboxylic 
acid, lactic acid, succinic acid, acetic acid, 
butyric acid, butanediol, and glycerol. Bu-
tanol fermentation, typically using ABE 
(or acetone-butanol-ethanol) fermenta-
tion, produces acetone, butanol, and etha-
nol in the ratio 3:6:1 [83]. ABE fermenta-
tion also produces acetic acid and butyric 
acid as liquid intermediary products and 
CO2 and H2 as gaseous intermediary prod-
ucts. More specifically, acetic and butyric 
acids are produced during the acetogenic 
growth phase of  butanol-producing Clos-
tridia, whereas acetone, butanol, and etha-
nol are produced during their solvento-
genic growth phase. 

CONCLUSIONS

Forestry resources are useful not only for 
industrial and agricultural use, but also 
from a biofuel, biochemical, and biomate-
rial perspective. To use forest biomass for 
bioenergy, it could be converted into valu-
able energy products, especially to liquids 
that could replace fossil fuels. Wood resi-
dues have varying compositions of  cellu-
lose, hemicelluloses, lignin, and extractives. 
Pyrolysis and liquefaction of  woody bio-
mass result in superior bio-oil that can be 
upgraded to transportation fuels or used 
for combined heat and power. In the case 
of  gasification, syngas is produced, which 
has potential as a high-energy gaseous fuel 
due to the presence of  H2. Although bio-
char is produced during thermochemical 
conversion, it could be used in agronomy 
or for carbon sequestration, making the 
overall biofuel production process attrac-
tive and carbon-negative.

Biomass conversion using enzymes and 
microorganisms leads to ethanol and bu-
tanol as the main end products, although 
various industrially important products 
such as organic acids and solvents can be 
obtained by fermentation. Although bio-
conversion does not require biomass dry-
ing, resulting in a significant cost saving, it 
does require pretreatment to hydrolyze the 
lignocellulosic network and release sugar 
monomers for fermentation. Bioconver-
sion processes are also relatively expensive 
due to the cost of  hydrolytic enzymes and 
time-consuming due to long fermentation 
periods. Compared to pyrolysis, liquefac-
tion does not require biomass drying, but 
catalysts are required to produce high-en-
ergy-content bio-oil. Forestry residues are 
promising resources for producing next-
generation biofuels, and hence significant 
efforts must be invested in their efficient 
use and conversion. 
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