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Preface

Global demand and environmental pollution are the two inevitable issues that dictate
the urge for finding alternative energy sources. The energy demand is positively
correlated to population growth, as population increases, this directly increases the
sophistication and eventual energy demand. From another perspective, environmen-
tal concerns are alarming, such as the adversity of global warming because of fossil
fuel usage. It is evident and reported that the continued use of fossil fuels has resulted
in excessive emissions of greenhouse gases into the atmosphere, leading to the
depletion of the ozone layer and this has led to global warming. To address both the
issues of an unprecedented increase in energy demand and environmental adversity,
bioenergy has become appropriately attractive because of its renewable and eco-
friendly nature. For almost two decades, biofuel research has received more interest
and eventual growth and development. In general, it is widely accepted that biomass-
derived products can reduce the current dependence on fossil-based products.

Biomass is the most abundant photosynthetic renewable resource on Earth, with a
huge global annual production rate. Lignocellulosic wastes have been widely dis-
cussed as a promising natural chemical source and alternative feedstock for second-
generation biofuels, without competition on the human food demand, fresh water, 
or arable lands. However, there are still many technical and economic challenges
facing its utilization. Lignin is one of the components of lignocellulosic biomass. It
is the most rigid constituent and can be considered as a glue providing the cell wall 
with stiffness and the plant tissue with compressive strength. In addition, it pro-
vides resistance to chemical and physical damage. Resistance of lignocelluloses to
hydrolysis is mainly from the protection of cellulose by lignin and cellulose binding 
to hemicellulose. The present book provides basic knowledge and recent research on
different applications of biomass, focusing on the bioenergy and different pretreat-
ment methods that overcome the aforementioned hurdles. The book is divided into
two main sections with a total of eleven chapters. The first section focuses on the
challenges of biomass utilization and the different methods used for the pretreat-
ment of lignocelluloses. The second section presents experimental studies and a
literature survey for recent applications of biomass in biofuel production.

I would like to express my gratitude to the faculty members of the School of Energy
and Power Engineering and to the postgraduate students of the New Energy
Department, School of Energy and Power Engineering, Jiangsu University. Last but not
least, I would like to thank Mr. Ivan Butkovic, Author Service Manager, IntechOpen,
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Chapter 1

Challenges of Biomass Utilization 
for Biofuels
Sibel Irmak

Abstract

Lignocellulosic biomass materials are attracting increasing attention as renew-
able, economical and abundant resources to reduce dependency on petroleum 
resources. However, chemical and physicochemical properties of these materials 
(e.g., low density, moisture content, complex and rigid structure, etc.) limit their 
use. The contents and compositions of cellulose, hemicellulose and lignin polymers 
in biomass feedstock highly affect the efficiencies of conversion technologies. 
In aqueous-phase utilization processes, it is necessary to breakdown the starting 
biomass material into soluble components and release the carbohydrates into 
hydrolysate for an effective conversion. It is not economical to convert biomass 
hydrolysates into renewable fuels in high yields if they mostly contain large-sized 
molecules such as polysaccharides. The chapter describes challenges of lignocel-
lulosic biomass materials usage in biofuel application such as their complexity and 
diversity, content and composition, low density, moisture content and dissolution 
difficulties, etc.

Keywords: biomass, utilization, conversion, biofuels, challenges

1. Introduction

Non-edible lignocellulosic biomass materials are attracting increasing atten-
tion as renewable, economical, and abundant resources to reduce dependency on 
petroleum resources and minimize energy and material feedstock costs. These 
resources do not cause additional increase in the carbon dioxide level in the earth’s 
atmosphere compared to fossil-based energy fuels such as coal, gasoline or natural 
gas. The carbon dioxide captured in biomass growth mostly balances with the 
release of carbon dioxide from bioenergy/biofuel. Therefore, use of biomass energy 
has the potential to reduce greenhouse gas emissions.

Biomass materials are the largest carbon sources for production of various fuels, 
chemicals and platform compounds and bioproducts. Because of their hetero-
geneous, complex and rigid structures it is hard to breakdown these materials 
to smaller components and/or convert to a wide range of value-added products. 
Biomass has a relatively low energy density; therefore, it requires more biomass 
feedstocks to supply the same amount of energy as a traditional hydrocarbon fuel. 
High oxygen contents of biomass materials can also negatively affect their conver-
sion to various products such as fuels. For instance, in order to produce hydrocar-
bons fuels that can be comparable with petroleum-based ones oxygen should be 
removed from biomass structure. Efficiency of conversion processes can also varied 
depending on the biomass types (hardwood, softwood, grass, etc.).
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Following sections will focus on the challenges for conversion of biomass to 
biofuels in detail.

2. Challenges

2.1 Moisture content

Biomass materials with high moisture contents is not a suitable feedstock for 
conventional thermochemical conversion technologies such as gasification and 
pyrolysis. High moisture can reduce the effectiveness of conversion processes. 
Moisture in raw biomass materials is also undesired because fuel produced from 
these materials can contain moisture. The fuels, which have high moisture contents, 
cannot burn easily. Some part of energy in the fuel are consumed for vaporization 
of water, which is present in the fuel. In order to maximize the heating value of 
the fuel produced from these materials the moisture content of biomass should be 
less than 20%. Drying the materials before being used in the conversion process is 
not preferable because of high cost. On the other hand, some biomass conversion 
processes use biomass with high moisture contents. For instance, hydrothermal 
conversion processes, which use supercritical and subcritical water as reaction 
medium, and biological processes such as alcohol production from carbohydrates 
by biomass hydrolysis and fermentation can be applied to the biomass with high 
moisture content without the need for drying. In these processes, moisture in the 
biomass plays an important role in the conversion, either as a major reactant, or as a 
reaction environment.

High moisture content in biomass causes biological degradation, mold forma-
tion and losses in the organic contents (e.g., carbohydrates) during storage [1], that 
could reduce the yield of the fuel produced from these materials. Storing biomass 
at <10% can extend the conservation time of the materials and reduce major losses 
(sugars) in the biomass during the storage period [2]. The drawbacks of high mois-
ture contents can be mostly solved by compressing the biomass material for more 
uniform properties that process is called densification. Increasing bulk density of 
biomass materials by densification reduces transportation costs and storage volume. 
However, this process increases the price of the end product.

2.2 Density

The bulk density of lignocellulosic biomass materials is generally low  
(80–150 kg/m3 for grass biomass and 160–220 kg/m3 for woody biomass). This creates 
difficulties to handle such large quantities of feedstocks and increases their transpor-
tation and storage costs [3]. The bulk density of biomass should be between 190 and 
240 kg/m3 for efficient transport in various sizes of trucks with 25 ton loads [4].

The size, shape, moisture content, particle density, and surface characteristics 
are the factors affecting the bulk density of a material. The challenge for low density 
and different size and shapes of biomass can be overcome by densification process 
(Figure 1). In this process, biomass materials are mechanically compressed to 
increase their density and convert them to uniform shapes and sizes (briquetting, 
pelletizing, or cubing) [5, 6].

The density of biomass material can be increased ten-fold depending to biomass 
type, moisture content, processing conditions, etc. The costs of handling, trans-
portation, and storage of resulted densified materials can be considerably reduced. 
Because of uniform sizes and shapes, the materials can be easily handled with 
standard machines or equipment [6].
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2.3 Complexity and diversity

Lignocellulosic biomass materials is mainly composed of three components 
which are lignin, cellulose, and hemicellulose (Figure 2). These polymers are 
organized in complex non-uniform three-dimensional structures and each one has 
different polymerization degrees. Polymerization degree and/or structures of these 
biopolymers can vary among biomass species. Cellulose is a linear structure com-
posed of β(1–4) linked glucose subunits. Cellulose molecules determine the cell wall 

Figure 1. 
Increasing density of biomass.

Figure 2. 
Structure of lignocellulosic biomass.
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framework. The inter- and intra- chain hydrogen bonding in the structure makes 
the cellulose to be crystalline and this portion of cellulose does not hydrolyze easily 
compared to amorphous cellulose structure [7, 8]. Hemicellulose has a random and 
amorphous structure, which is composed of several heteropolymers such as xylan, 
galactomannan, arabinoxylan, glucomannan and xyloglucan. Its polymerization 
degree is less than cellulose. The monomer units of hemicellulose polysaccharide 
include xylose, mannose, galactose, rhamnose, and arabinose units unlike only 
glucose in cellulose. Lignin is a complex aromatic substance of phenyl propane 
units. Three different phenyl propane building blocks p-coumaryl alcohol, coniferyl 
alcohol, and sinapyl alcohol, forms lignin structure.

Phenylpropanoid monomeric units in the lignin polymer are identified as 
p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units, respectively. The ratio 
of these units varies between plants; for example in hardwoods S and G forms 
dominate with minor amount of p-hydroxyphenyl (H), whereas softwood lignins 
contain only G units. On the other hand, lignins from grasses are composed of the 
three basic precursors (HGS) [9, 10].

Composition of lignin, cellulose and hemicellulose in biomass materials signifi-
cantly differ among biomass species (Table 1). For instance, some biomass materials 
such as hardwoods contain more cellulose in their structures, while others such as 
straws have more of hemicelluloses. Hemicellulose fractions of softwoods mainly have 
D-mannose derived structures such as galactoglucomannans, while hemicelluloses 
in hardwoods have D-xylose derived structures such as arabinoglucuronoxylan [13]. 
This diversity among biomass materials can significantly affect the conversion 
processes for production of biofuel or other useful products from biomass materials.

2.4 Recalcitrance and dissolution difficulties

Despite their potential for the production of biofuels and chemicals alternative 
to petroleum, the complex and rigid structures of lignocellulosic materials limit 
their use in such applications. Success of using lignocellulosic biomass for biofuels 
and other useful chemical productions depends largely upon physical and chemi-
cal properties of the biomass, on pretreatment methods and optimization of the 
processing conditions. The compositional changes in plant cell wall and differences 
in ultrastructure greatly influence the pretreatment and hydrolysis (dissolution) 
efficiency of the biomass. Hydrolysis is a chemical reaction that releases sugars 
from biomass structures. Biomass dissolution involves both physical, chemical and/

Biomass material Cellulose Hemicellulose Lignin

Switchgrass (grass) 33.8 28.4 16.6

Miscanthus (grass) 47.7 24.6 12.3

Poplar (hardwood) 52.1 27.4 15.9

Oak (hardwood) 40.4 35.9 24.1

Pine (softwood) 46.0 25.5 20

Spruce (softwood) 45.5 22.9 27.9

Corn stover (agricultural waste) 38.5 24.5 18.5

Rice husks (agricultural waste) 32.1 20.6 17.7

Corn bran (byproduct of milling) 20.5 65.3 1.6

Table 1. 
Various lignocellulosic biomass materials and their chemical compositions [11, 12].
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or thermochemical treatment processes. The crystallinity of cellulose, hydropho-
bicity of lignin, and embedding the cellulose in lignin-hemicellulose matrix and 
difficulties in cleavage of some linkages (hydrogen bonding, ether linkages between 
the phenyl propane units, etc.) make biomass materials resistant to hydrolysis. It is 
relatively easy to hydrolyze hemicellulose into simple sugars compared to cellulose 
because hemicellulose fraction is more accessible compared to cellulose fraction 
which is embedded in the lignin matrix.

Biomass materials must first be broken down into components with smaller 
molecular weights (e.g., oligo- and monosaccharides) in order to be efficiently con-
verted into a range of products. Hydrolysates from biomass can be used for produc-
ing a wide range of value-added products, including biofuels (ethanol, hydrogen, 
etc.), industrially important chemicals (e.g., solvents), and food products (sugar 
and sugar alcohols, etc.).

Significant existing challenges for hydrolysis of lignocellulosic biomass materials 
include the following:

• Existing hydrolysis methods are expensive and time consuming. Most of them 
are not environmentally friendly.

• Additional steps are required (pretreatment, neutralization, etc.)

• Released carbohydrates decompose in harsh hydrolysis conditions.

The major hydrolysis processes typically used for the solubilization of biomass 
require either use of toxic, corrosive, and hazardous chemicals (e.g., acid and alkali 
treatments) or longer retention times (e.g., enzymatic hydrolysis), which col-
lectively make the process environmentally unsafe and/or expensive. Mineral acids 
are commonly used to dissolve hemicelluloses, whereas lignin is typically dissolved 
by alkaline or organosolv pretreatments [14, 15]. Recovery of the chemical catalyst 
is often crucial to the success of these processes [16]. On the other hand, generally 
harsh conditions (e.g., high temperatures and high acid concentrations) are needed 
to release glucose from biomass complex structures. Pyrolysis and other side reac-
tions at higher temperatures become very important, and the amount of undesir-
able byproducts (tars) increases as the temperature is increased above 220°C [17].

Concentrated acid hydrolysis has been applied to breakdown lignocellulosic effi-
ciently [18–20]. The hydrolysis of cellulose to its monomer sugar component occurs 
by degradation of chemical bonds in cellulose by the hydrolytic cleavage of β-1, 
4-glycosidic bond which is catalyzed by H+ ions of an acid. The reaction rate 
depends on the H3O+ ion concentration, the reaction temperature, and the chemical 
environment of the glycosidic bond and the rate is increased with the increas-
ing acid ion concentration and temperature. The acid hydrolysis process usually 
employs sulfuric acid and hydrochloric acid at concentrations of 1–10% using 
a moderate temperature (in the range of 100–150°C) [21]. A two-step sulfuric 
acid hydrolysis is a widely used technique for releasing sugars from biomass [18]. 
Biomass is first treated with concentrated sulfuric acid at a low temperature and 
then hydrolyzed with diluted sulfuric acid at an elevated temperature. Concentrated 
acid recrystallizes cellulose to less crystallized oligosaccharides followed by less 
concentrated and higher reaction temperature for converting recrystallized oligo-
saccharides to monosaccharides. Concentrated acid hydrolysis process can provide 
higher conversion from polysaccharides to monosaccharides with minimum forma-
tion of reaction by-products with careful control of reaction conditions.

The use of concentrated acid for biomass hydrolysis has several more drawbacks 
such as energy consumption, equipment corrosion, handling of non-safe chemicals, 
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framework. The inter- and intra- chain hydrogen bonding in the structure makes 
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2.4 Recalcitrance and dissolution difficulties
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their use in such applications. Success of using lignocellulosic biomass for biofuels 
and other useful chemical productions depends largely upon physical and chemi-
cal properties of the biomass, on pretreatment methods and optimization of the 
processing conditions. The compositional changes in plant cell wall and differences 
in ultrastructure greatly influence the pretreatment and hydrolysis (dissolution) 
efficiency of the biomass. Hydrolysis is a chemical reaction that releases sugars 
from biomass structures. Biomass dissolution involves both physical, chemical and/
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or thermochemical treatment processes. The crystallinity of cellulose, hydropho-
bicity of lignin, and embedding the cellulose in lignin-hemicellulose matrix and 
difficulties in cleavage of some linkages (hydrogen bonding, ether linkages between 
the phenyl propane units, etc.) make biomass materials resistant to hydrolysis. It is 
relatively easy to hydrolyze hemicellulose into simple sugars compared to cellulose 
because hemicellulose fraction is more accessible compared to cellulose fraction 
which is embedded in the lignin matrix.

Biomass materials must first be broken down into components with smaller 
molecular weights (e.g., oligo- and monosaccharides) in order to be efficiently con-
verted into a range of products. Hydrolysates from biomass can be used for produc-
ing a wide range of value-added products, including biofuels (ethanol, hydrogen, 
etc.), industrially important chemicals (e.g., solvents), and food products (sugar 
and sugar alcohols, etc.).

Significant existing challenges for hydrolysis of lignocellulosic biomass materials 
include the following:

• Existing hydrolysis methods are expensive and time consuming. Most of them 
are not environmentally friendly.

• Additional steps are required (pretreatment, neutralization, etc.)

• Released carbohydrates decompose in harsh hydrolysis conditions.

The major hydrolysis processes typically used for the solubilization of biomass 
require either use of toxic, corrosive, and hazardous chemicals (e.g., acid and alkali 
treatments) or longer retention times (e.g., enzymatic hydrolysis), which col-
lectively make the process environmentally unsafe and/or expensive. Mineral acids 
are commonly used to dissolve hemicelluloses, whereas lignin is typically dissolved 
by alkaline or organosolv pretreatments [14, 15]. Recovery of the chemical catalyst 
is often crucial to the success of these processes [16]. On the other hand, generally 
harsh conditions (e.g., high temperatures and high acid concentrations) are needed 
to release glucose from biomass complex structures. Pyrolysis and other side reac-
tions at higher temperatures become very important, and the amount of undesir-
able byproducts (tars) increases as the temperature is increased above 220°C [17].

Concentrated acid hydrolysis has been applied to breakdown lignocellulosic effi-
ciently [18–20]. The hydrolysis of cellulose to its monomer sugar component occurs 
by degradation of chemical bonds in cellulose by the hydrolytic cleavage of β-1, 
4-glycosidic bond which is catalyzed by H+ ions of an acid. The reaction rate 
depends on the H3O+ ion concentration, the reaction temperature, and the chemical 
environment of the glycosidic bond and the rate is increased with the increas-
ing acid ion concentration and temperature. The acid hydrolysis process usually 
employs sulfuric acid and hydrochloric acid at concentrations of 1–10% using 
a moderate temperature (in the range of 100–150°C) [21]. A two-step sulfuric 
acid hydrolysis is a widely used technique for releasing sugars from biomass [18]. 
Biomass is first treated with concentrated sulfuric acid at a low temperature and 
then hydrolyzed with diluted sulfuric acid at an elevated temperature. Concentrated 
acid recrystallizes cellulose to less crystallized oligosaccharides followed by less 
concentrated and higher reaction temperature for converting recrystallized oligo-
saccharides to monosaccharides. Concentrated acid hydrolysis process can provide 
higher conversion from polysaccharides to monosaccharides with minimum forma-
tion of reaction by-products with careful control of reaction conditions.

The use of concentrated acid for biomass hydrolysis has several more drawbacks 
such as energy consumption, equipment corrosion, handling of non-safe chemicals, 
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an added necessary step of acid neutralization, the formation of byproducts that 
create an inhibitory effect in the fermentation [22, 23] and other negative environ-
mental impacts. Thus, the current methods have undesirable processes and do not 
meet the needs.

Subcritical water (99.97°C < T < 374.15°C; 217.76 atm < P) is an alternative way 
to hydrolyze lignocellulosic biomass in an environmentally friendly manner by only 
operating temperature and pressure conditions. Significant advantages of subcriti-
cal water over commonly used biomass breakdown methods—alkali, acidic, and 
enzymatic—are summarized in Table 2.

The chemical properties of water are greatly changed at high temperatures 
and pressures due to the reduction of hydrogen bonding, which causes changes in 
dissociation, solubility, diffusivity, and reactivity [24]. Subcritical water has a lower 
relative dielectric constant and a higher ionic product than ambient water. When 
the temperature of water increases from ambient temperature to 250°C, its relative 
dielectric constant decreases from around 80 to nearly 27, which is similar to that of 
acetone at ambient temperature [25, 26]. Furthermore, the ion product of subcriti-
cal water substantially increases with temperature; therefore, subcritical water can 
catalyze chemical reactions such as hydrolysis and degradation without the use of 
any additional catalyst [27, 28].

Ionic product numbers of water (Kw) at various temperatures and pressures 
showed that when pressure is around 35 MPa and temperature is in sub- and 
supercritical regions under 400°C, Kw values are always higher than 1 × 10−14. The 
Kw increases to its maxima (~10−11) between 200 and 300°C and does not respond 
to changes in pressure when in this temperature range. The molar concentrations 
of hydrogen ion (H+) and hydroxide ion (OH−) in these regions are almost 30 times 
higher than those under room temperature. Therefore, the hydrolysis yield in these 
regions is expected to be high, and biomass polymers could be broken down into 
their smaller molecular weight components efficiently [29–31].

The presence of a weak acid in subcritical water media can also improve hydro-
lysis of biomass materials. The use of carbon dioxide is as a pressurizing gas caused 
the formation of carbonic acid that plays a catalytic role in effective solubilization 
of biomass [32]. Some studies indicated that the addition of small amounts of 
hydrogen peroxide can enhance lignin removal and modify cellulose structure 
toward favoring enzymatic hydrolysis [33, 34].

Complexity and diversity of the biomass materials considerable affect the solu-
bilization efficiency of these materials. The differences in the content and composi-
tion of resulted hydrolysates can change the yield of the biofuel or target compound 
produced from these biomass hydrolysates. The more degraded organics containing 
hydrolysates can positively affect the yield of certain various value-added prod-
ucts; for instance, production of gaseous products by hydrothermal gasification 

Breakdown 
methods

Advantages and disadvantages

Alkali/acidic Requires harsh conditions; uses corrosive, hazardous chemicals; high costs of chemicals; 
formation of inhibitory byproducts; recovery problem of chemicals; requires a 
neutralization step; decomposes released sugars.

Enzymatic Ineffective unless coupled with an acid treatment; high cost; time consuming.

Subcritical 
water

Takes place in a safe solvent (water); no corrosive, hazardous, or toxic chemicals are 
needed; hydrolysis efficiency can be enhanced by operating temperature and pressure; 
use of recyclable heterogeneous catalysts can make the process more effective.

Table 2. 
Comparison of alkali, acidic and enzymatic biomass breakdown methods with subcritical water treatment.

9

Challenges of Biomass Utilization for Biofuels
DOI: http://dx.doi.org/10.5772/intechopen.83752

processes. The maximum solubilization yield of wheat straw and kenaf biomass 
materials was 70–75%, which was achieved at 250°C in subcritical water medium 
[32, 35]. However, the hydrolysates obtained in this process had high molecular 
weight polysaccharides that were difficult to utilize for hydrogen production by 
aqueous-phase reforming [31]. For maximum usability, biomass components in 
hydrolysates should be further broken down into smaller molecular weight compo-
nents with a suitable method.

2.5 Other challenges

Although energy demands are continuous, biomass materials are seasonal. Some 
biomass feedstocks have advantages in terms of production, harvesting, storage, 
and transportation compared to others. Non-food biomass such as energy crops 
(switchgrass, miscanthus, kenaf, etc.) have advantages over food crops (corn, 
sugarcane, sugar beet, sweet sorghum, etc.). Perrenial energy crops such as switch-
grass and miscanthus do not need to be replanted each year and they do not require 
special care and high maintenance to grow. On the other hand, agricultural biomass 
residues (corn stover, wheat straw, rice husk, crop peels, pulps, etc.) as promising 
low-cost feedstocks since they do not need additional land for biomass growth and 
the land used for agriculture belongs to these types of biomass materials. Forest bio-
mass are also large source of materials for biofuels and other value-added products 
production. However, high costs of their harvesting and transportation limit their 
use. In addition to the advantage and disadvantage listed above, different sources 
of biomass feedstocks do not have same composition, uniform size and shape, etc., 
that considerable affect efficiency of conversion processes for a specific product. 
Therefore, biomass feedstocks for a bio-refinery needs to be standardized.

3. Conclusions

Biomass materials have some challenges that need to be overcome for their 
fully utilization for biofuel and other useful products. Availability, abundance, 
and requirements for growth, growth rate, etc., parameters considerably affect 
the feedstock selection for value-added products. Besides, the content of cellulose, 
hemicellulose, and lignin in biomass materials and accessibility of these fractions 
in the biomass structures play significant roles in biomass dissolution and biofuel 
production from the hydrolysate. Biomass material should be used in densified 
forms to overcome moisture, storage and handling problems. Biomass feedstocks 
delivered to a bio-refinery from different sources should be standardized for an 
effective conversion of a specific product.
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processes. The maximum solubilization yield of wheat straw and kenaf biomass 
materials was 70–75%, which was achieved at 250°C in subcritical water medium 
[32, 35]. However, the hydrolysates obtained in this process had high molecular 
weight polysaccharides that were difficult to utilize for hydrogen production by 
aqueous-phase reforming [31]. For maximum usability, biomass components in 
hydrolysates should be further broken down into smaller molecular weight compo-
nents with a suitable method.

2.5 Other challenges

Although energy demands are continuous, biomass materials are seasonal. Some 
biomass feedstocks have advantages in terms of production, harvesting, storage, 
and transportation compared to others. Non-food biomass such as energy crops 
(switchgrass, miscanthus, kenaf, etc.) have advantages over food crops (corn, 
sugarcane, sugar beet, sweet sorghum, etc.). Perrenial energy crops such as switch-
grass and miscanthus do not need to be replanted each year and they do not require 
special care and high maintenance to grow. On the other hand, agricultural biomass 
residues (corn stover, wheat straw, rice husk, crop peels, pulps, etc.) as promising 
low-cost feedstocks since they do not need additional land for biomass growth and 
the land used for agriculture belongs to these types of biomass materials. Forest bio-
mass are also large source of materials for biofuels and other value-added products 
production. However, high costs of their harvesting and transportation limit their 
use. In addition to the advantage and disadvantage listed above, different sources 
of biomass feedstocks do not have same composition, uniform size and shape, etc., 
that considerable affect efficiency of conversion processes for a specific product. 
Therefore, biomass feedstocks for a bio-refinery needs to be standardized.

3. Conclusions

Biomass materials have some challenges that need to be overcome for their 
fully utilization for biofuel and other useful products. Availability, abundance, 
and requirements for growth, growth rate, etc., parameters considerably affect 
the feedstock selection for value-added products. Besides, the content of cellulose, 
hemicellulose, and lignin in biomass materials and accessibility of these fractions 
in the biomass structures play significant roles in biomass dissolution and biofuel 
production from the hydrolysate. Biomass material should be used in densified 
forms to overcome moisture, storage and handling problems. Biomass feedstocks 
delivered to a bio-refinery from different sources should be standardized for an 
effective conversion of a specific product.
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Abstract

Lignocellulosic biomasses are carbon neutral and abundantly available renew-
able bioresource material available on earth. However, the main problem that 
hinders its frequent use is the tight bonding within its constituents that include 
cellulose, hemicellulose, and lignin. The selection of pretreatment process depends 
exclusively on the application. Various pretreatment processes are primarily devel-
oped and utilized in effective separation of these interlinked components to take 
maximum benefit from the constitutes of the lignocellulosic biomasses especially 
for the production of biofuel. The major pretreatment methods include physical, 
chemical, thermophysical, thermochemical, and biological approaches. Various 
aspects of these different pretreatment approaches are discussed in this chapter.

Keywords: pretreatment methods, lignocellulosic biomass, biofuel production

1. Introduction

We are living in a world of many challenges such as climate changes, polluted 
environment, resource depletion, and increasing demand for fuel. The use of oil 
reserves to fulfill our need of fuel has caused many drastic challenges from energy 
security to change in temperature. Rapid industrialization has increased the demand 
of petroleum products and consequently has raised the monopoly of few countries, 
which can manipulate petroleum price and create instability. This may also create 
environmental problems by emission of greenhouse gases and subsequently effect on 
climate change. The most important source of energy is petroleum that is largely used 
in transportation and industries; therefore, viability of liquid fuel is enhanced. As the 
environmental issues are growing, more research is being conducted to address the 
problems. The search for alternative source of petrol that is less costly with minimal 
environmental effects has become the center of attention. For instance, biomass is 
considered as a sustainable resource that can be utilized in large-scale production of 
biofuel that can be utilized as an alternative source of fuel and may present solution 
to environmental problems. Furthermore, relying on fossil fuel could be detrimental 
as it has been predicted of its depletion by 2050. The total annual primary production 
of biomass is over 100 billion tonnes of carbon per year, and the energy reserve per 
metric tonne of biomass is between 1.5E3 and 3E3 kW hours that is sufficient to cater 
the needs of the world energy requirements [1].
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Bioenergy products like bioethanol, biohydrogen, and biodiesel can be obtained 
from lignocellulose biomass which is considerably large renewable bioresource 
and obtained from plants. The term “lignocellulosic biomass” is defined as lignin, 
cellulose, and hemicellulose that constitute the plant cell wall. Strong cross-linking 
associations are present between these components that cause hindrance in the 
breakdown of plant cell wall. Polysaccharides and lignin are cross-linked via ester 
and ether linkages [2–4]. Microfibrils that are formed by cellulose, hemicellulose, 
and lignin help in the stability of plant cell wall structure [5, 6].

Lignocellulose was first produced from food crop such as corn, oilseed, and 
sugarcane. But the use of edible feedstock for bioenergy products formation is being 
discouraged to prevent the rise in food competition. Thus, second-generation biofu-
els are obtained from plants wastes to avoid competition of land and water resources 
between energy crops and food crops. Currently, lignocellulose is being produced 
from wood residues, agricultural residues, food industry residue, grasses, domestic 
wastes, municipal solid wastes, and nonfood seeds [7–9]. The lignocellulose wastes 
(LCW) are largest renewable bioresource reservoir on earth that is being wasted as 
pre and postharvest agricultural wastes. Thus, many steps need to be adopted for 
use of these renewable resources for the production of bioenergy products. Recovery 
of many products like enzymes, methane, activated carbon, lipids, resins, methane, 
carbohydrates, surfactants, resins, organic acids, ethanol, amino acids, degradable 
plastic composites, biosorbents, biopesticides, and biopromoters can be achieved 
by utilizing LCW. The added benefits of using LCW besides recovery of different 
products are the removal of LCW waste from the environment. Also, utilization 
of LCW eliminates the use of food for bioethanol production. The US government 
has planned the production of 21 billion gallon of biofuels by 2022 [2, 5]. Biofuel 
production from lignocellulosic biomass reduces the emission of greenhouse gases.

Pretreatment brings physical, biological, and chemical changes to biomass 
structure; therefore, it is very important to consider the type of pretreatment. In 
order to break down the hindrance caused by strong association within the cell wall, 
pretreatment is an important step which can increase the availability of lignocellulosic 
biomass for cellulase enzymes, their digestibility, and product yield. Before subjection 
to enzymatic hydrolysis, pretreatment of biomass can increase the rate of hydrolysis 
by 3–10-fold. Pretreatment of LCW is not an easy step as it seems after the installation 
of power generator; pretreatment is the second most costly process at industrial level. 
In crystalline cellulose, the disruption of hydrogen bonds, cross-linked matrix disrup-
tion, and increase in porosity as well as surface area of cellulose are the three tasks that 
are performed via a suitable pretreatment methods. The outcome of pretreatment also 
differs due to the difference in the ratio of cell wall components [10, 11]. The option to 
use dilute acid pretreatment method is more effective against poplar tree bark or corn 
as compared to the same method used for sweet gum bark or cornstalks. Few require-
ments of an effective, efficient, and economically suitable pretreatment process that 
including use of cheap chemicals, very less consumption of chemicals, prevention 
of hemicellulose and cellulose from denaturation, minimal energy requirement and 
consumption, cost-effective size reduction process, and reactive cellulosic fiber pro-
duction are the factors that need to be considered for pretreatment. There are several 
methods of pretreatment that can be divided into four categories, namely, chemical, 
physical, biological, and physiochemical pretreatment [12–15].

2. Physical methods

Pore size and surface area of lignocellulosic biomass can be increased, whereas 
crystallinity and degree of polymerization of cellulose can be decreased with the 
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application of physical methods. Physical pretreatments include milling, sonication, 
mechanical extrusion, ozonolysis, and pyrolysis.

2.1 Milling

On the inherent ultrastructure of cellulose and degree of crystallinity, milling can 
be performed to render lignocelluloses more amenable to cellulases. Cellulases are 
enzyme that catalyze cellulose, but for the catalysis and best results, the substrate 
availability needs to be enhanced for optimized functioning of the enzymes. Before 
the subjection of the LCW to enzymatic hydrolysis, milling and size reduction of the 
lignocellulosic matter should be performed. Milling process has several types like ball 
milling, colloid milling, vibro-energy milling, hammer milling, and two-roll milling. 
For wet material, colloid mill, dissolver, and fibrillator are suitable, whereas for dry 
materials hammer mill, extruder, cryogenic mill, and roller mill are used. For both 
wet and dry material, ball milling can be used. For waster paper, hammer milling 
is the most suitable pretreatment option. Enzymatic degradation can be improved 
by milling as it reduces the degree of crystallinity and material size. Up to 0.2 mm 
reduction in particle size can be seen by milling and grinding. Reduction in particle 
size of biomass can be achieved up to a certain limit; beyond that limit reduction in 
particle size does not effect in the pretreatment procedure. Corn stover with small 
particle size, i.e., from 53 to 75 μm, is more productive as compared to large particle 
size corn stover ranging from 475 to 710 μm. The difference in particle size shows 
that productivity can significantly affect the pretreatment process. Ball milling 
causes a massive drop in crystallinity index from 4.9 to 74.2% which makes this 
process more suitable for saccharification of straw at mild hydrolytic conditions with 
more production of fermentable sugars [12, 16–18]. For better results of hydrolysis, 
milling can be used in combination with enzymatic hydrolysis. Mechanical action, 
mass transfer, and enzymatic hydrolysis can be achieved at the same time when two 
methods are combined. A number of ball beads in bill mill reactor play a crucial 
role in the α-cellulose hydrolysis, as less enzyme loading is required, and 100% 
rate of hydrolysis can be achieved in comparison to pretreatment of biomass that 
is carried without the use of milling procedure. Highest hydrolysis rate with high 
yield of reducing sugar was obtained when rice straw was put into fluidized bed 
opposed jet mill for fine grinding after cutting, steam explosion, and pulverization. 
For pretreatment of biomass, ball milling is an expensive option in terms of energy 
consumption, which is a huge disadvantage at industrial scale. Also, incapability of 
milling for removing lignin makes it a less suitable option as enzyme accessibility to 
the substrate is reduced in the presence of lignin. Reduction in crystallinity, degree of 
polymerization, and increase in surface area can be effected by the type of biomass, 
type of milling used for pretreatment, and duration of the milling process [19–21].

For improving digestibility and reducing crystallinity, vibratory ball milling is 
very effective. Low energy consumption has an important advantage of using wet 
disk milling which produces fibers that improve hydrolysis of cellulose, whereas 
hammer milling produces finer bundles. Due to this reason milling is not preferred 
when wet disk milling is available [22, 23]. Other study results of conventional ball 
and disk milling are compared. With the use of conventional ball milling, maximum 
yields of xylose and glucose were obtained, i.e., 54.3 and 89.4%, respectively [24]. 
Wet milling produces less yield, but it has the advantage of not producing inhibi-
tors and very low energy consuming capability. An increase of 110% in enzymatic 
hydrolysis was achieved when wet milling was combined with alkaline pretreat-
ment. Optimum parameters for wet milling pretreatment of corn stover were 
10 mm diameter 20 steel balls, 1:10 solid-to-liquid ratio, 350 rpm/min speed, and 
0.5 mm particle size [25] (Figures 1 and 2).
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the subjection of the LCW to enzymatic hydrolysis, milling and size reduction of the 
lignocellulosic matter should be performed. Milling process has several types like ball 
milling, colloid milling, vibro-energy milling, hammer milling, and two-roll milling. 
For wet material, colloid mill, dissolver, and fibrillator are suitable, whereas for dry 
materials hammer mill, extruder, cryogenic mill, and roller mill are used. For both 
wet and dry material, ball milling can be used. For waster paper, hammer milling 
is the most suitable pretreatment option. Enzymatic degradation can be improved 
by milling as it reduces the degree of crystallinity and material size. Up to 0.2 mm 
reduction in particle size can be seen by milling and grinding. Reduction in particle 
size of biomass can be achieved up to a certain limit; beyond that limit reduction in 
particle size does not effect in the pretreatment procedure. Corn stover with small 
particle size, i.e., from 53 to 75 μm, is more productive as compared to large particle 
size corn stover ranging from 475 to 710 μm. The difference in particle size shows 
that productivity can significantly affect the pretreatment process. Ball milling 
causes a massive drop in crystallinity index from 4.9 to 74.2% which makes this 
process more suitable for saccharification of straw at mild hydrolytic conditions with 
more production of fermentable sugars [12, 16–18]. For better results of hydrolysis, 
milling can be used in combination with enzymatic hydrolysis. Mechanical action, 
mass transfer, and enzymatic hydrolysis can be achieved at the same time when two 
methods are combined. A number of ball beads in bill mill reactor play a crucial 
role in the α-cellulose hydrolysis, as less enzyme loading is required, and 100% 
rate of hydrolysis can be achieved in comparison to pretreatment of biomass that 
is carried without the use of milling procedure. Highest hydrolysis rate with high 
yield of reducing sugar was obtained when rice straw was put into fluidized bed 
opposed jet mill for fine grinding after cutting, steam explosion, and pulverization. 
For pretreatment of biomass, ball milling is an expensive option in terms of energy 
consumption, which is a huge disadvantage at industrial scale. Also, incapability of 
milling for removing lignin makes it a less suitable option as enzyme accessibility to 
the substrate is reduced in the presence of lignin. Reduction in crystallinity, degree of 
polymerization, and increase in surface area can be effected by the type of biomass, 
type of milling used for pretreatment, and duration of the milling process [19–21].

For improving digestibility and reducing crystallinity, vibratory ball milling is 
very effective. Low energy consumption has an important advantage of using wet 
disk milling which produces fibers that improve hydrolysis of cellulose, whereas 
hammer milling produces finer bundles. Due to this reason milling is not preferred 
when wet disk milling is available [22, 23]. Other study results of conventional ball 
and disk milling are compared. With the use of conventional ball milling, maximum 
yields of xylose and glucose were obtained, i.e., 54.3 and 89.4%, respectively [24]. 
Wet milling produces less yield, but it has the advantage of not producing inhibi-
tors and very low energy consuming capability. An increase of 110% in enzymatic 
hydrolysis was achieved when wet milling was combined with alkaline pretreat-
ment. Optimum parameters for wet milling pretreatment of corn stover were 
10 mm diameter 20 steel balls, 1:10 solid-to-liquid ratio, 350 rpm/min speed, and 
0.5 mm particle size [25] (Figures 1 and 2).
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2.2 Microwave

Commonly used method for plant biomass pretreatment is microwave irra-
diation. This pretreatment method has several advantages that include ease of 
pretreatment, increased heating capacity, short processing time, minimal genera-
tion of inhibitors, and less energy requirement. Microwave irradiation in closed 
container was first reported in 1984 by team of researchers from Kyoto University, 

Figure 2. 
Hammer milling (Solidswiki.com).

Figure 1. 
Colloid milling (Pharmapproach.com).
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Japan. They treated sugarcane bagasse, rice straw, and rice hulls with microwaves 
in the presence of water. The conditions used for microwave treatment include 
glass vessels of 50 mL, 2450 MHz energy, and 2.4 kW microwave irradiation [26]. 
Classical pretreatment methods were carried out at high pressure and temperatures. 
Chemical interactions between lignocellulosic material break as a result of high 
temperature, thus increasing substrate availability to the enzymes. Under high-
pressure steam injection or indirect heat injection, high temperature between 160 
and 250°C is provided to lignocellulosic material in conventional heating methods. 
However, in order to prevent temperature gradients, crushing of lignocellulosic 
material into small particles is needed. To avoid large temperature gradients, 
microwave is a good choice as it uniformly distributes heat which also avoids 
degradation of lignocellulosic material into humic acid and furfural. For effec-
tive degradation, microwave irradiation is combined with mild alkali treatment. 
Sugar yield of 70–90% from switch grass was obtained from alkali and irradia-
tion combined pretreatment [27]. As microwave irradiation is performed at high 
temperature, therefore, closed containers are required to achieve high temperature. 
Three properties, namely, penetration, reflection, and absorbance are exhibited 
by microwave. Microwave passes through glass and plastic, absorbed by water and 
biomass, whereas microwaves are reflected by metals. Based on these properties, 
microwave reactors can be divided into two types, one that allows the passage of 
microwaves, whereas the other kind reflects the microwaves. Glass or plastic is 
the building material of the first type of microwave reactors, whereas the second 
types of reactors are composed of steel. Through quartz windows, microwaves can 
enter into the reactor as these are placed in the reactor. Closed, sealable, pressure-
resistant glass tube container having gasket made up of Teflon can be used for the 
high temperature, i.e., 200°C, for microwave irradiation pretreatment. Sensors 
are used to control and ensure temperature inside the microwave. Teflon-coated 
sensors are a good choice because of the thermostability, corrosion-free nature, and 
zero absorbance properties. In a microwave oven, Teflon vessels are used by some 
scientists due to its advantageous properties [28, 29]. Normally vessel sizes vary 
from 100 mL to several hundred milliliters. A 650 mL vessel with 318 mm length, 
connected nitrogen bottle, gauges, and thermometers are installed on the top of the 
microwave that was designed by Chen and Cheng [30]. Besides the glass vessels and 
stainless steel tanks with temperature and pressure sensors, automatic controlling 
system for microwave input and mechanical stirrer are also used (Figure 3).

2.3 Mechanical extrusion

When materials that can pass through a defined cross section die, it appears 
out with the fixed definite profile. This is the extrusion process which is known for 
sugar recovery from biomass. Adaptability to modifications, no degradation prod-
ucts, controllable environment, and high throughput are few advantages related to 
mechanical extrusion pretreatment process. Single screw extruder and twin screw 
extruder are two types of extruders.

Single screw extruder is based on three screw elements, forward, kneading, and 
reverse. With the minimum shearing and mixing, bulk material of varying pitches 
and lengths can be transported by forward screw element. Prominent mixing 
and shearing effect is produced by kneading screw elements with weak forward 
conveying effect, whereas the use of immense mixing and shearing involves 
material that is pushed back by reverse screw elements. A screw configuration is 
defined by the arrangement of different stagger angels, lengths spacing, pitches, 
and positions. Twin screw extruder can accomplish multiple tasks at the same time 
like mixing, shearing, grinding, reaction, drying, and separation. High enzymatic 
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Chemical interactions between lignocellulosic material break as a result of high 
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and 250°C is provided to lignocellulosic material in conventional heating methods. 
However, in order to prevent temperature gradients, crushing of lignocellulosic 
material into small particles is needed. To avoid large temperature gradients, 
microwave is a good choice as it uniformly distributes heat which also avoids 
degradation of lignocellulosic material into humic acid and furfural. For effec-
tive degradation, microwave irradiation is combined with mild alkali treatment. 
Sugar yield of 70–90% from switch grass was obtained from alkali and irradia-
tion combined pretreatment [27]. As microwave irradiation is performed at high 
temperature, therefore, closed containers are required to achieve high temperature. 
Three properties, namely, penetration, reflection, and absorbance are exhibited 
by microwave. Microwave passes through glass and plastic, absorbed by water and 
biomass, whereas microwaves are reflected by metals. Based on these properties, 
microwave reactors can be divided into two types, one that allows the passage of 
microwaves, whereas the other kind reflects the microwaves. Glass or plastic is 
the building material of the first type of microwave reactors, whereas the second 
types of reactors are composed of steel. Through quartz windows, microwaves can 
enter into the reactor as these are placed in the reactor. Closed, sealable, pressure-
resistant glass tube container having gasket made up of Teflon can be used for the 
high temperature, i.e., 200°C, for microwave irradiation pretreatment. Sensors 
are used to control and ensure temperature inside the microwave. Teflon-coated 
sensors are a good choice because of the thermostability, corrosion-free nature, and 
zero absorbance properties. In a microwave oven, Teflon vessels are used by some 
scientists due to its advantageous properties [28, 29]. Normally vessel sizes vary 
from 100 mL to several hundred milliliters. A 650 mL vessel with 318 mm length, 
connected nitrogen bottle, gauges, and thermometers are installed on the top of the 
microwave that was designed by Chen and Cheng [30]. Besides the glass vessels and 
stainless steel tanks with temperature and pressure sensors, automatic controlling 
system for microwave input and mechanical stirrer are also used (Figure 3).
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When materials that can pass through a defined cross section die, it appears 
out with the fixed definite profile. This is the extrusion process which is known for 
sugar recovery from biomass. Adaptability to modifications, no degradation prod-
ucts, controllable environment, and high throughput are few advantages related to 
mechanical extrusion pretreatment process. Single screw extruder and twin screw 
extruder are two types of extruders.

Single screw extruder is based on three screw elements, forward, kneading, and 
reverse. With the minimum shearing and mixing, bulk material of varying pitches 
and lengths can be transported by forward screw element. Prominent mixing 
and shearing effect is produced by kneading screw elements with weak forward 
conveying effect, whereas the use of immense mixing and shearing involves 
material that is pushed back by reverse screw elements. A screw configuration is 
defined by the arrangement of different stagger angels, lengths spacing, pitches, 
and positions. Twin screw extruder can accomplish multiple tasks at the same time 
like mixing, shearing, grinding, reaction, drying, and separation. High enzymatic 
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hydrolysis rates are achieved by the use of single and twin screw extruders. 
Different parameters like speed of screw, temperature of barrel, and compression 
ratio can significantly affect recovery of sugars. Short-time extruders provide fast 
heat transfer, proper mixing, and increased shear. When material passed through 
the extruder barrel, structure of biomass is disturbed, exposing more surface for 
enzymatic hydrolysis [31–33]. During extrusion process, lignocellulosic material 
can be treated with alkali or acid in order to increase sugar recovery. Acidic treat-
ment is less preferred than alkali because of the corrosion caused by acid to the 
extruder material. Corrosion problem can be solved by the use of AL6XN alloy for 
barrel fabrication and screws of extruder. With less carbohydrate degradation and 
role in the delignification, alkali treatment is suitable for lignocellulosic material. 
Sodium hydroxide is most commonly used to break ester linkages and solubilization 
of lignins and hemicelluloses. Alkali treatment can be applied by addition of alkali 
using volumetric pump into the extruder or by soaking the lignocellulosic material 
in alkali at room temperature [31, 34, 35] (Figure 4).

2.4 Pyrolysism

For the production of bio oil from biomass, process of pyrolysis is used. 
Pyrolysis is a thermal degradation of lignocellulosic biomass at very high tempera-
ture without the presence of oxidizing agent. At temperature ranging between 500 
and 800°C, pyrolysis was performed. Rapid decomposition of cellulose resulted in 
the formation of products like pyrolysis oil and charcoal [36]. Based on tempera-
ture, pyrolysis pretreatment process is divided into fast and low pyrolysis. Certain 
factors affect the end products like biomass characteristics, reaction parameters, 
and type of pyrolysis. Due to high-value energy-rich product formation, easy trans-
port management retrofitting, combustion, storage, and flexibility in utilization 
and marketing, thermal industries are adapting to the process of pyrolysis. Presence 
of oxygen and less temperature increase the efficiency of this process. A study on 
the bond cleavage rate of cellulose was carried out in the presence of nitrogen and 
oxygen. During the process of pyrolysis, breakage of 7.8 × 109 bonds/min/g cellulose 

Figure 3. 
Microwave irradiation (Researchgate.net).
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in the presence of oxygen and breakdown of 1.7 × 108 bonds/min/g cellulose in the 
presence of nitrogen at 25°C were observed. In order to obtain more efficiency and 
results, microwave-assisted pyrolysis is preferred due to the microwave dielectric 
heating [37]. Thermochemical conversion of biomass into biofuels can be per-
formed via three technologies, gasification, pyrolysis, and direct combustion [38]. 
Different yields of products from pyrolysis are due to different modes of pyrolysis. 
Bio oil is a mixture of polar organics and water. Pyrolysis is used where bio oil pro-
duction is required. Fast pyrolysis in a controlled environment leads to the forma-
tion of liquid products (fuels). Torrefaction is an emerging technique which is also 
known as mild pyrolysis. It differs from pyrolysis with reference to thermochemical 
process that is carried out at temperature range between 200 and 300°C. Partial 
decomposition of biomass occurs in this process, and ultimate product obtained 
is terrified biomass. Whereas, in the process of pyrolysis, plant biomass is decom-
posed into vapor, aerosols, and char. Torrefaction has been categorized into two 
categories based on dry and wet torrefaction.

Dry torrefaction needs an inert environment and completely dry biomass and 
normal atmospheric pressure. Biochar is the major product in this type of biomass 
pretreatment. Hydrothermal carbonization and hydrothermal torrefaction are 
other terminologies used for wet torrefaction. Unlike dry torrefaction, pressurized 
vessel of water is used to carry out the pretreatment. Biomass used for wet torrefac-
tion contains moisture content, but after torrefaction, a drying process is necessary 
in this type of torrefaction. A pressure between 1 and 250 MPa is required to carry 
out wet torrefaction. Biomass used during wet torrefaction pretreatment produces 
hydro-char as a main product [39].

2.5 Pulse electric field (PEF)

In this method, pores are created in the cell membrane due to which cellulose 
exposes to such agents that cause its breakdown by entering into the cell. High volt-
age ranging between 5.0 and 20.0 kV/cm is applied in a sudden burst to biomass 
for nano- to milliseconds. Sample was placed between two parallel plate electrodes, 
and the strength of electric field is given as E = V/d, where V and d are voltage and 
distance, respectively, between plate electrodes. Dramatic increase in mass perme-
ability and tissue rapture occurred on the application of electric field. Electric 
pulses are applied, generally in the form of square waves or exponential decay. 
Setup of pulse electric field consisted of pulse generator, control system, data 
acquisition system, and material handling equipment [40, 41]. At ambient temper-
atures, the treatment can be performed at low energy. Another advantage of this 
treatment is the simple design of the instrument. Short duration of pulse time saves 
the effort and energy [42, 43]. Pulse electric field pretreatment was applied to pig 
manure and waste activated sludge by Author et al. [44]. As compared to untreated 

Figure 4. 
Twin screw extruder (Researchgate.net).
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in the presence of oxygen and breakdown of 1.7 × 108 bonds/min/g cellulose in the 
presence of nitrogen at 25°C were observed. In order to obtain more efficiency and 
results, microwave-assisted pyrolysis is preferred due to the microwave dielectric 
heating [37]. Thermochemical conversion of biomass into biofuels can be per-
formed via three technologies, gasification, pyrolysis, and direct combustion [38]. 
Different yields of products from pyrolysis are due to different modes of pyrolysis. 
Bio oil is a mixture of polar organics and water. Pyrolysis is used where bio oil pro-
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known as mild pyrolysis. It differs from pyrolysis with reference to thermochemical 
process that is carried out at temperature range between 200 and 300°C. Partial 
decomposition of biomass occurs in this process, and ultimate product obtained 
is terrified biomass. Whereas, in the process of pyrolysis, plant biomass is decom-
posed into vapor, aerosols, and char. Torrefaction has been categorized into two 
categories based on dry and wet torrefaction.
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normal atmospheric pressure. Biochar is the major product in this type of biomass 
pretreatment. Hydrothermal carbonization and hydrothermal torrefaction are 
other terminologies used for wet torrefaction. Unlike dry torrefaction, pressurized 
vessel of water is used to carry out the pretreatment. Biomass used for wet torrefac-
tion contains moisture content, but after torrefaction, a drying process is necessary 
in this type of torrefaction. A pressure between 1 and 250 MPa is required to carry 
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manure and sludge, 80% methane from manure and twofold increase in methane 
production from sludge were recorded in the study. A PEF system was designed 
and developed by Kumar et al. [45] that consisted of high-voltage power supply, 
switch circuit, a function generator, and sample holder. Neutral red dye was used 
to study the changes in the structure of cellulose by PEF pretreatment. Function 
generator drives the transistor present in the switching circuit; when pulse is 
applied by function generator to the switching circuit, switching circuit is turned 
on. Switching circuit is then transferred to the high voltage across the sample 
holder. So, by using function generator pulses of desired shape, width and high 
voltage can be applied to the sample. By using this setup, effects were observed 
on switch grass and wood. Results showed that at ≥8 kV/cm, switch grass showed 
high neutral red uptake. At low field strength, structural changes are less likely 
to occur. Electroporation through pulsed electric field is greatly affected by two 
parameters, pulse duration and electric field strength. Irreversible electroporation 
at >4 kV/cm with pulse duration in millisecond and ≥ 10 kV/cm with microsecond 
pulse duration was observed in Chlorella vulgaris which showed that pulse duration 
with a difference in micro- and milliseconds range can effect electroporation. Pulse 
electric field can increase hydrolysis rate by exposing cellulose to catalytic agents 
[40, 41, 46] (Figure 5).

3. Chemical pretreatments

3.1 Acid pretreatment

In this pretreatment, acids are used to pretreat lignocellulosic biomass. The 
generation of inhibitory products in the acid pretreatment renders it less attrac-
tive for pretreatment option. Furfurals, aldehydes, 5-hydroxymethylfurfural, and 
phenolic acids are the inhibitory compounds that are generated in huge amount 
in acid pretreatment. There are two types of acid treatments based on the type of 
end application. One treatment type is of short duration, i.e., 1–5 min, but high 
temperature > 180°C is used, and the second treatment type is of long duration, 
i.e., 30–90 min, and low temperature < 120°C is utilized. Due to hydrolysis by acid 

Figure 5. 
Pulse electric field (Intechopen.com).
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treatment, separate step of hydrolysis of biomass can be skipped, but to remove 
acid, washing is required before the fermentation of sugars [43, 47]. For acid 
pretreatment, such reactors are required that show resistance to corrosive, hazard-
ous, and toxic acids; therefore, acid pretreatment is very expensive. Flow through, 
percolation, shrinking-bed, counter current rector, batch, plug flow are different 
types of rectors that have been developed. For enhancing economic feasibility of 
acid pretreatment, recovery of concentrated acid at the end of the treatment is an 
important step.

To treat lignocellulosic biomass, concentrated acids are also used. Most com-
monly used acids are sulfuric acid or hydrochloric acid. In order to improve the 
process of hydrolysis for releasing fermentable sugars from lignocellulosic biomass, 
acid pretreatment can be given. For poplar, switch grass, spruce, and corn stover, 
sulfuric acid pretreatment is commonly used. Reducing sugars of 19.71 and 22.93% 
were produced as a result of the acid pretreatment of Bermuda grass and rye, 
respectively. In percolation reactor, pretreatment of rice straw was carried out in 
two stages using aqueous ammonia and dilute sulfuric acid. When ammonia is used, 
96.9% reducing sugar yield was obtained, while 90.8% yield was obtained in case of 
utilization of dilute acid. Eulaliopsis binate is a perennial grass and yielded 21.02% 
sugars, 3.22% lignin, and 3.34% acetic acid, and inhibitors in very less amount are 
produced when treated with dilute sulfuric acid [48, 49]. At 4 wt% concentration 
of sulfuric acid, pretreatment is preferred because of less cost and more effective-
ness of the process. Dilute sulfuric acid causes biomass hydrolysis and then further 
breakdown of xylose into furfural is achieved. High temperature favors hydrolysis 
by dilute sulfuric acid [50]. Removal of hemicellulose is important to increase 
glucose yield from cellulose, and dilute sulfuric acid is very effective to achieve 
this purpose. It is necessary for an economical biomass conversion to achieve 
high xylan-to-xylose ratio. One-third of the total carbohydrate is xylan in most 
lignocellulosic materials. There are two types of dilute acid pretreatments, one is 
characterized by high temperature, continuous flow process for low solid loadings, 
and the other one is with low temperature, batch process and high solid loadings. 
Temperature and solid loadings for the first type are >160°C and 5–10%, respec-
tively, and for the second type, temperature and solid loadings are around<160°C 
and 10–40%, respectively [51, 52].

Besides sulfuric acid and hydrochloric acid, other acids like oxalic acid and 
maleic acid are also used for the pretreatment of lignocellulosic biomass. Oxalic 
and maleic acids have high pKa value and solution pH as compared to sulfuric acid. 
Because of having two pKa values, dicarboxylic acids hydrolyze biomass more 
efficiently than sulfuric acid and hydrochloric acid. Other advantages include less 
toxicity to yeast, no odor, more range of pH and temperature for hydrolysis, and 
no hampering of glycolysis. Maleic acid has khyd/kdeg, due to which hydrolysis of 
cellulose to glucose is preferred over glucose breakdown. Effects of oxalic, sulfuric, 
and maleic acid pretreatment on biomass at the same combined severity factor 
(CSF) were determined [53]. The use of maleic acid produces high concentration of 
xylose and glucose as compared to oxalic acid.

3.2 Alkali pretreatment

Apart from acids, few bases are also used for pretreatment of biomass. Lignin 
contents greatly affected the result of alkaline treatment. As compared to other 
pretreatment methods, alkali treatment requires less pressure and temperature 
and ambient condition, but alkali pretreatment needs time in days and hours. 
Degradation of sugar in alkali treatment is less than that by acid treatment, and 
also the removal and recovery of caustic salt are possible and easy in case of alkali 
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treatment, separate step of hydrolysis of biomass can be skipped, but to remove 
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ous, and toxic acids; therefore, acid pretreatment is very expensive. Flow through, 
percolation, shrinking-bed, counter current rector, batch, plug flow are different 
types of rectors that have been developed. For enhancing economic feasibility of 
acid pretreatment, recovery of concentrated acid at the end of the treatment is an 
important step.

To treat lignocellulosic biomass, concentrated acids are also used. Most com-
monly used acids are sulfuric acid or hydrochloric acid. In order to improve the 
process of hydrolysis for releasing fermentable sugars from lignocellulosic biomass, 
acid pretreatment can be given. For poplar, switch grass, spruce, and corn stover, 
sulfuric acid pretreatment is commonly used. Reducing sugars of 19.71 and 22.93% 
were produced as a result of the acid pretreatment of Bermuda grass and rye, 
respectively. In percolation reactor, pretreatment of rice straw was carried out in 
two stages using aqueous ammonia and dilute sulfuric acid. When ammonia is used, 
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tively, and for the second type, temperature and solid loadings are around<160°C 
and 10–40%, respectively [51, 52].

Besides sulfuric acid and hydrochloric acid, other acids like oxalic acid and 
maleic acid are also used for the pretreatment of lignocellulosic biomass. Oxalic 
and maleic acids have high pKa value and solution pH as compared to sulfuric acid. 
Because of having two pKa values, dicarboxylic acids hydrolyze biomass more 
efficiently than sulfuric acid and hydrochloric acid. Other advantages include less 
toxicity to yeast, no odor, more range of pH and temperature for hydrolysis, and 
no hampering of glycolysis. Maleic acid has khyd/kdeg, due to which hydrolysis of 
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and maleic acid pretreatment on biomass at the same combined severity factor 
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3.2 Alkali pretreatment

Apart from acids, few bases are also used for pretreatment of biomass. Lignin 
contents greatly affected the result of alkaline treatment. As compared to other 
pretreatment methods, alkali treatment requires less pressure and temperature 
and ambient condition, but alkali pretreatment needs time in days and hours. 
Degradation of sugar in alkali treatment is less than that by acid treatment, and 
also the removal and recovery of caustic salt are possible and easy in case of alkali 
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treatment. Ammonium, sodium, calcium, and potassium hydroxides are used for 
alkaline pretreatment, but among these sodium hydroxide is the most commonly 
used alkaline pretreatment agent, whereas calcium hydroxide is the cheapest yet 
effective among all other alkali agents for pretreatment. By neutralizing calcium 
with carbon dioxide, calcium can be recovered easily in form of insoluble calcium 
carbonate. Using lime kiln technology, calcium hydroxide can be regenerated. 
Apparatus required for alkali pretreatment is basically temperature controller, a 
tank, CO2 scrubber, water jacket, manifold for water and air, pump, tray, frame, 
temperature sensor, and heating element. The first step of pretreatment consists of 
making lime slurry with water. The next step is spraying of this slurried lime on bio-
mass; after spray, store the biomass for hours or, in some case, days. Contact time 
can be reduced by increasing temperature [54–57]. Crystallinity index increases in 
lime pretreatment because of the removal of lignin and hemicellulose. Structural 
features resulting from lime pretreatment affect the hydrolysis of pretreated 
biomass. Correlation of three structural factors, viz., lignin, acetyl content and 
crystallinity, and enzymatic digestibility, was reported by Chang and Holtzapple 
[58]. He concluded that (1) regardless of crystallinity and acetyl content, in order 
to obtain high digestibility, extensive delignification is enough. (2) Parallel barriers 
to hydrolysis are removed by delignification and deacetylation. (3) Crystallinity 
does not affect ultimate sugar yield; however, it plays some role in initial hydrolysis. 
It is evident from these points that lignin content should be reduced to 10% and 
all acetyl groups should be removed by an effective pretreatment process. Thus in 
exposing cellulose to enzymes, alkaline pretreatment plays an important role. By 
increasing enzyme access to cellulose and hemicellulose and eliminating nonpro-
ductive adsorption sites, lignin removal can play its role in increasing effectiveness 
of enzyme.

3.3 Organosolv

Aqueous organic solvents like methanol, acetone, ethanol, and ethylene glycol 
are used in this method with specific conditions of temperature and pressure. 
Organosolv pretreatment is usually performed in the presence of salt catalyst, 
acid, and base. The biomass type and catalyst involved decide the temperature 
of pretreatment, and it can go up to 200°C. Lignin is a valuable product, and to 
extract lignin this process is used mainly. Cellulose fibers are exposed when lignin 
is removed, which leads to more hydrolysis. During organosolv pretreatment, 
fractions and syrup of cellulose and hemicellulose, respectively, are also produced. 
There are certain variable factors like catalyst type, temperature, and concentration 
of solvent and reaction time which affects the characteristics of pretreated biomass 
like crystallinity, fiber length, and degree of polymerization. Inhibitor formation is 
triggered by long reaction, high temperature, and acid concentrations [59, 60]. In a 
study by Park et al. [61], effect of different catalyst was checked for the production 
of ethanol and among sulfuric acid, sodium hydroxide, and magnesium sulfate, and 
sulfuric acid was found to be most effective in ethanol production, but for enhanc-
ing digestibility the use of sodium hydroxide is proven to be effective. Sulfuric 
acid is a good catalyst, but its toxicity and inhibitory nature make it less favorite. 
Organosolv is not a cost-effective pretreatment process because of the high cost of 
catalysts, but it can be made cost-effective by recovering and recycling of solvents. 
Solvent removal is important because its presence effects fermentation, microorgan-
ism growth, and enzymatic hydrolysis. There is added risk of handling such harsh 
organic solvents. Acid helps in hydrolysis and depolymerization of lignin. Upon 
cooling lignin is dissolved in phenol, and in the aqueous phase, sugars are present. 
Formasolv involving formic acid, H2O, and hydrochloric acid is a type of organosolv 
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in which lignin is soluble and at low temperature process can be carried out. For 
pretreatment with ethanosolv cellulose, hemicellulose and pure lignin can be recov-
ered, but high pressure and temperatures are required when ethanosolv is used, and 
less toxic nature of ethanol as compared to other organosolv makes it favorite for 
pretreatment. Ethanosolv when used in pretreatment effects the enzymatic hydroly-
sis, so to prevent this low ethanol, water is used [62]. Recovery of ethanol and water 
reduces the overall cost of the pretreatment. For sugarcane bagasse Mesa et al. [63] 
used ethanosolv at 195°C for 60 min, and results showed formation of 29.1% sugars 
from 30% ethanol. Alcohol-based organosolv pretreatment is combined with ball 
milling by Hideno et al. [24] to pretreat Japanese cypress and observed a syner-
gistic effect on digestibility. 50.1, 41.7, and 48.1% yield of organosolv pulping was 
obtained from ethylene glycol-water, acetic acid-water, and ethanol-water in a study 
done by Ichwan and Son [64]. Poplar wood chips were first treated with stream and 
then with organosolv to separate cellulose, lignin, and hemicellulose. About 88% 
hydrolysis of cellulose to glucose, 98% recovery of cellulose, and 66% increase in 
lignin extraction were reported by Panagiotopoulos et al. [65].

3.4 Ionic liquids

For the pretreatment of lignocellulose, scientist took a great interest in using 
ionic liquids, for decades. Ionic liquids containing cations or anions are a new class 
of solvents with high thermal stability and polarity, less melting point, and negli-
gible vapor pressure [66, 67]. Normally large organic cations and small inorganic 
anions compose ionic liquids. Factors like degree of anion charge delocalization and 
cation structure significantly effect physical, biological, and chemical ionic liquid 
properties. Interactions between ionic liquids and biomass get affected by tempera-
ture, cations and anions, and time of pretreatment.

Ionic liquids actually compete for hydrogen bonding with lignocellulosic 
components, and in this competition disruption of network occurs. 1-Ethyl-3-
methylimidazolium diethyl phosphate-acetate, 1-butyl-3-methylimidazolium-
acetate, cholinium amino acids, cholinium acetate, 1-ethyl-3-methylimidazolium 
diethyl phosphate-acetate, 1-allyl-3-methylimidazolium chloride, and chloride are 
ionic liquids used for the treatment of rice husk, water hyacinth, rice straw, kenaf 
powder, poplar wood, wheat straw, and pine. Among other ionic liquids are imid-
azolium salts which are most commonly used [42]. 1-Butyl-3-methylimidazolium 
chloride is used for pretreatment by Dadi et al. [68] who observed a twofold increase 
in yield and rate of hydrolysis. For the pretreatment of rice straw, Liu and Chen [69] 
used 1-butyl-3-methylimidazolium chloride also known as (Bmim-Cl) and observed 
significant enhancement in the process of hydrolysis due to modifications in the 
structure of wheat straw by Bmim-Cl. Bmim-Cl played role in the reduction of 
polymerization and crystallinity. A twofold increase in hydrolysis yield from sugar-
cane bagasse was observed in a study by Kuo and Lee [70] as compared to untreated 
bagasse. 1-Ethyl-3-methylimidazolium-acetate is used in a study by Li et al. [71] for 
the pretreatment of switch grass in order to remove lignin at a temperature of 160°C 
for 3 hours. Results showed 62.9% lignin removal enhanced enzymatic digestibility, 
and reduced cellulose crystallinity was reported by Tan et al. [72] on palm tree 
pretreatment with 1-butyl-3-methylimidazolium chloride. Slight changes in com-
position of biomass occurred after ionic liquid pretreatments although significant 
changes were observed in the structure of biomass. Ionic liquid pretreatment is less 
preferred over other techniques because of high thermal and chemical stability, less 
dangerous conditions for processing, low vapor pressure of solvents, and retain-
ing liquid state at wide range of temperature. Ionic liquids can be recycled easily 
and are non-derivatizing. Disadvantage of using ionic liquid pretreatment is that 
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treatment. Ammonium, sodium, calcium, and potassium hydroxides are used for 
alkaline pretreatment, but among these sodium hydroxide is the most commonly 
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acid, and base. The biomass type and catalyst involved decide the temperature 
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extract lignin this process is used mainly. Cellulose fibers are exposed when lignin 
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fractions and syrup of cellulose and hemicellulose, respectively, are also produced. 
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of solvent and reaction time which affects the characteristics of pretreated biomass 
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triggered by long reaction, high temperature, and acid concentrations [59, 60]. In a 
study by Park et al. [61], effect of different catalyst was checked for the production 
of ethanol and among sulfuric acid, sodium hydroxide, and magnesium sulfate, and 
sulfuric acid was found to be most effective in ethanol production, but for enhanc-
ing digestibility the use of sodium hydroxide is proven to be effective. Sulfuric 
acid is a good catalyst, but its toxicity and inhibitory nature make it less favorite. 
Organosolv is not a cost-effective pretreatment process because of the high cost of 
catalysts, but it can be made cost-effective by recovering and recycling of solvents. 
Solvent removal is important because its presence effects fermentation, microorgan-
ism growth, and enzymatic hydrolysis. There is added risk of handling such harsh 
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in which lignin is soluble and at low temperature process can be carried out. For 
pretreatment with ethanosolv cellulose, hemicellulose and pure lignin can be recov-
ered, but high pressure and temperatures are required when ethanosolv is used, and 
less toxic nature of ethanol as compared to other organosolv makes it favorite for 
pretreatment. Ethanosolv when used in pretreatment effects the enzymatic hydroly-
sis, so to prevent this low ethanol, water is used [62]. Recovery of ethanol and water 
reduces the overall cost of the pretreatment. For sugarcane bagasse Mesa et al. [63] 
used ethanosolv at 195°C for 60 min, and results showed formation of 29.1% sugars 
from 30% ethanol. Alcohol-based organosolv pretreatment is combined with ball 
milling by Hideno et al. [24] to pretreat Japanese cypress and observed a syner-
gistic effect on digestibility. 50.1, 41.7, and 48.1% yield of organosolv pulping was 
obtained from ethylene glycol-water, acetic acid-water, and ethanol-water in a study 
done by Ichwan and Son [64]. Poplar wood chips were first treated with stream and 
then with organosolv to separate cellulose, lignin, and hemicellulose. About 88% 
hydrolysis of cellulose to glucose, 98% recovery of cellulose, and 66% increase in 
lignin extraction were reported by Panagiotopoulos et al. [65].

3.4 Ionic liquids

For the pretreatment of lignocellulose, scientist took a great interest in using 
ionic liquids, for decades. Ionic liquids containing cations or anions are a new class 
of solvents with high thermal stability and polarity, less melting point, and negli-
gible vapor pressure [66, 67]. Normally large organic cations and small inorganic 
anions compose ionic liquids. Factors like degree of anion charge delocalization and 
cation structure significantly effect physical, biological, and chemical ionic liquid 
properties. Interactions between ionic liquids and biomass get affected by tempera-
ture, cations and anions, and time of pretreatment.

Ionic liquids actually compete for hydrogen bonding with lignocellulosic 
components, and in this competition disruption of network occurs. 1-Ethyl-3-
methylimidazolium diethyl phosphate-acetate, 1-butyl-3-methylimidazolium-
acetate, cholinium amino acids, cholinium acetate, 1-ethyl-3-methylimidazolium 
diethyl phosphate-acetate, 1-allyl-3-methylimidazolium chloride, and chloride are 
ionic liquids used for the treatment of rice husk, water hyacinth, rice straw, kenaf 
powder, poplar wood, wheat straw, and pine. Among other ionic liquids are imid-
azolium salts which are most commonly used [42]. 1-Butyl-3-methylimidazolium 
chloride is used for pretreatment by Dadi et al. [68] who observed a twofold increase 
in yield and rate of hydrolysis. For the pretreatment of rice straw, Liu and Chen [69] 
used 1-butyl-3-methylimidazolium chloride also known as (Bmim-Cl) and observed 
significant enhancement in the process of hydrolysis due to modifications in the 
structure of wheat straw by Bmim-Cl. Bmim-Cl played role in the reduction of 
polymerization and crystallinity. A twofold increase in hydrolysis yield from sugar-
cane bagasse was observed in a study by Kuo and Lee [70] as compared to untreated 
bagasse. 1-Ethyl-3-methylimidazolium-acetate is used in a study by Li et al. [71] for 
the pretreatment of switch grass in order to remove lignin at a temperature of 160°C 
for 3 hours. Results showed 62.9% lignin removal enhanced enzymatic digestibility, 
and reduced cellulose crystallinity was reported by Tan et al. [72] on palm tree 
pretreatment with 1-butyl-3-methylimidazolium chloride. Slight changes in com-
position of biomass occurred after ionic liquid pretreatments although significant 
changes were observed in the structure of biomass. Ionic liquid pretreatment is less 
preferred over other techniques because of high thermal and chemical stability, less 
dangerous conditions for processing, low vapor pressure of solvents, and retain-
ing liquid state at wide range of temperature. Ionic liquids can be recycled easily 
and are non-derivatizing. Disadvantage of using ionic liquid pretreatment is that 
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noncompatibility of cellulase and ionic liquids results in the unfolding and inactiva-
tion of cellulase. At less viscosity cellulose solubilizes at low temperature; that’s why 
while using ionic liquids, viscosity is an important factor to be considered regarding 
the energy consumption of the whole process. High temperatures trigger more side 
reactions and negative side effects like reducing ionic liquid stability [73].

3.5 Ozonolysis

Ozone pretreatment is a great option for lignin content reduction in lignocel-
lulosic biomass. In vitro digestibility of biomass is enhanced by the application of 
ozone pretreatment. Inhibitors are not formed in this pretreatment which is a great 
advantage because other chemical pretreatments produce toxic residues. In ozone 
pretreatment, ozone acts as an oxidant in order to break down lignin. Ozone gas is 
soluble in water and being a powerful oxidant, by breaking down lignin, releases 
less molecular weight, soluble compounds. Wheat straw, bagasse, cotton straw, 
green hay, poplar sawdust, peanut, and pine can be pretreated with ozone in order 
to degrade lignin and hemicellulose; however, only slight changes occur in hemicel-
lulose, whereas almost no changes occur in cellulose. Ozonolysis apparatus consists 
of ozone catalytic destroyer, iodine trap used for testing efficiency of catalyst, 
oxygen cylinder, ozone generator, three-way valve, ozone UV spectrophotometer, 
pressure regulation valve, process gas humidifier, vent, and automatic gas flow 
control valve [40, 41, 74–76]. Moisture content hugely effects oxidization of lignin 
via ozone pretreatment as lignin oxidation decreases with increase in the moisture 
content of biomass. Ozone mass transfer is limited at less water concentration, 
which ultimately effects its reactivity with biomass. Longer residence time of ozone 
is caused by the blockage of pores by water film [77]. During ozonolysis, pH of 
water decreases because of the formation of organic acids. Alkaline media trigger 
delignification because it removes lignins that are bonded to carbohydrates [78, 79].

Biomass delignification is associated with the production of inhibitory compounds. 
Certain aromatic and polyaromatic compounds are produced as a result of delignifica-
tion [80]. Structural changes in lignin are observed by Bule et al. [81] in a study; dif-
ferent lignin subunits showed aromatic opening and degradation of β-O-4 moieties in 
NMR analysis. How do aromatic structures of control- and ozone-pretreated samples 
differ? A spectrum showed a decrease in aromatic carbon signal concentration. 
Changes were observed in methoxy groups that suggest the breakdown of ester-linked 
structure. Different reactor designs are used for the ozone pretreatment of biomass, 
for example, batch reactor, Drechsel trap reactor, fixed bed reactor, rotatory bed 
reactor, and multilayer fixed bed reactor. Plug flow reactors are used by most research-
ers [82]. Heiske et al. [83] compared the characteristics of single layered and multiple 
layered bed reactors in order to improve the wheat straw conversion to methane. Straw 
with 16.2% lignin concentration was obtained from single layered reactor, whereas 
in multiple layered reactor, lignin concentration decreased up to 7.2% at the bottom 
layer. Due to wax degradation in ozone-pretreated wheat straw, production of fatty 
acid compounds is observed by Kádár et al. [84]. About 49% lignin degradation was 
observed when corn stover was pretreated with ozonolysis in a study by Williams [85].

4. Physicochemical pretreatment

4.1 Ammonia fiber expansion (AFEX)

AFEX technique belongs to the category of physicochemical pretreatment meth-
ods. In this low temperature process, concentrated ammonia (0.3–2 kg ammonia/
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kg of dry weight) is used as a catalyst. Ammonia is added to biomass in a reactor 
of high pressure; after 5–45 min of cooking, pressure is released rapidly. Normally 
temperature around 90°C is used in this process. Ammonia can be recovered and 
reused because of its volatility. The principle of AFEX is similar to steam explosion. 
Apparatus for AFEX includes reactor, thermocouple well, pressure gauge, pressure 
relief valve, needle valve, sample cylinder, temperature monitor, and vent. Rate 
of fermentation is seen to be improved by AFEX pretreatment of various grasses 
and herbaceous crops. For treatment of alfalfa, wheat chaff and wheat straw AFEX 
technology is used. Hemicellulose and lignin cannot be removed by using AFEX 
technology; hence, small amount of material is solubilized only. Degradation of 
hemicellulose into oligomeric sugars and deacetylation occur during AFEX pre-
treatment which is the reason of hemicellulose insolubility. After AFEX pretreat-
ment of Bermuda grass and bagasse, 90% hydrolysis of cellulose and hemicellulose 
was achieved. Effectiveness of AFEX pretreatment decreases with increase in the 
lignin content of biomass, for example, newspaper, woods, nutshells, and aspen 
chips. In case of AFEX pretreatment for newspaper and aspen chips, maximum 
hydrolysis yield was 40% and 50%, respectively. So for the treatment of biomass 
with high lignin content, AFEX pretreatment is not a suitable choice.

Ammonia recycle percolation (ARP) is another method that uses ammonia. 
Aqueous ammonia (10–15 wt %) is used in this method. With a fluid velocity of 
1 cm/min and temperature of 150–170°C and residence time of 14 minutes, aqueous 
ammonia passes through biomass in this pretreatment, and ammonia is recovered 
afterwards. Under these conditions, ammonia reacts with lignin and causes the 
breakdown of lignin breakdown linkages. Liquid ammonia is used in AFEX tech-
nique whereas in ammonia recycle percolation method/technique, aqueous ammo-
nia is used.

4.2 Steam explosion

In this method, high-pressure saturated steam is used to treat lignocellulosic bio-
mass, and then suddenly pressure is reduced, due to which lignocellulosic biomass 
undergoes explosive decompression. Initiation temperature of steam explosion 
160–260°C and 0.69–4.83 MPa pressure is provided for few seconds to minutes, 
and then lignocellulosic biomass is exposed and retained at atmospheric pressure 
for a period of time; this triggers hydrolysis of hemicellulose and at the end explo-
sive decompression, terminated the whole process. Cellulose hydrolysis potential 
increases due to the cellulose degradation and lignin transformation caused by 
high temperature. During the steam explosion pretreatment, acid and other acids 
formed, which played their role in the hydrolysis of hemicellulose. Fragmentation 
of lignocellulosic material occurs due to turbulent material flow and rapid flashing 
of material to atmospheric pressure [86–88]. In steam explosion pretreatment, the 
use of sulfuric acid or carbon dioxide decreases time, temperature, and formation 
of inhibitory products and increases hydrolysis efficiency that ultimately leads to 
complete removal of hemicellulose. Steam explosion pretreatment is not that effec-
tive for pretreating soft woods; however, acid catalyst addition during the process 
is a prerequisite to make the substrate accessible to hydrolytic enzymes. By using 
steam, targeted temperature can be achieved to process the biomass without the 
need of excessive dilution. Sudden release of pressure quenches the whole process 
at the end and also lowers the temperature. Particulate structure of biomass gets 
opened by rapid thermal expansion which is used to terminate the reaction. Steam 
explosion gets affected by certain factors like moisture content, residence time, 
chip size, and temperature. By two ways optimal hydrolysis and solubilization of 
hemicellulose can be achieved; either use high temperature and short residence 
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kg of dry weight) is used as a catalyst. Ammonia is added to biomass in a reactor 
of high pressure; after 5–45 min of cooking, pressure is released rapidly. Normally 
temperature around 90°C is used in this process. Ammonia can be recovered and 
reused because of its volatility. The principle of AFEX is similar to steam explosion. 
Apparatus for AFEX includes reactor, thermocouple well, pressure gauge, pressure 
relief valve, needle valve, sample cylinder, temperature monitor, and vent. Rate 
of fermentation is seen to be improved by AFEX pretreatment of various grasses 
and herbaceous crops. For treatment of alfalfa, wheat chaff and wheat straw AFEX 
technology is used. Hemicellulose and lignin cannot be removed by using AFEX 
technology; hence, small amount of material is solubilized only. Degradation of 
hemicellulose into oligomeric sugars and deacetylation occur during AFEX pre-
treatment which is the reason of hemicellulose insolubility. After AFEX pretreat-
ment of Bermuda grass and bagasse, 90% hydrolysis of cellulose and hemicellulose 
was achieved. Effectiveness of AFEX pretreatment decreases with increase in the 
lignin content of biomass, for example, newspaper, woods, nutshells, and aspen 
chips. In case of AFEX pretreatment for newspaper and aspen chips, maximum 
hydrolysis yield was 40% and 50%, respectively. So for the treatment of biomass 
with high lignin content, AFEX pretreatment is not a suitable choice.

Ammonia recycle percolation (ARP) is another method that uses ammonia. 
Aqueous ammonia (10–15 wt %) is used in this method. With a fluid velocity of 
1 cm/min and temperature of 150–170°C and residence time of 14 minutes, aqueous 
ammonia passes through biomass in this pretreatment, and ammonia is recovered 
afterwards. Under these conditions, ammonia reacts with lignin and causes the 
breakdown of lignin breakdown linkages. Liquid ammonia is used in AFEX tech-
nique whereas in ammonia recycle percolation method/technique, aqueous ammo-
nia is used.

4.2 Steam explosion

In this method, high-pressure saturated steam is used to treat lignocellulosic bio-
mass, and then suddenly pressure is reduced, due to which lignocellulosic biomass 
undergoes explosive decompression. Initiation temperature of steam explosion 
160–260°C and 0.69–4.83 MPa pressure is provided for few seconds to minutes, 
and then lignocellulosic biomass is exposed and retained at atmospheric pressure 
for a period of time; this triggers hydrolysis of hemicellulose and at the end explo-
sive decompression, terminated the whole process. Cellulose hydrolysis potential 
increases due to the cellulose degradation and lignin transformation caused by 
high temperature. During the steam explosion pretreatment, acid and other acids 
formed, which played their role in the hydrolysis of hemicellulose. Fragmentation 
of lignocellulosic material occurs due to turbulent material flow and rapid flashing 
of material to atmospheric pressure [86–88]. In steam explosion pretreatment, the 
use of sulfuric acid or carbon dioxide decreases time, temperature, and formation 
of inhibitory products and increases hydrolysis efficiency that ultimately leads to 
complete removal of hemicellulose. Steam explosion pretreatment is not that effec-
tive for pretreating soft woods; however, acid catalyst addition during the process 
is a prerequisite to make the substrate accessible to hydrolytic enzymes. By using 
steam, targeted temperature can be achieved to process the biomass without the 
need of excessive dilution. Sudden release of pressure quenches the whole process 
at the end and also lowers the temperature. Particulate structure of biomass gets 
opened by rapid thermal expansion which is used to terminate the reaction. Steam 
explosion gets affected by certain factors like moisture content, residence time, 
chip size, and temperature. By two ways optimal hydrolysis and solubilization of 
hemicellulose can be achieved; either use high temperature and short residence 
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time or low temperature and high residence time. Low energy requirement is a great 
advantage of steam explosion pretreatment, whereas in mechanical pretreatment 
70% more energy is required as compared to steam explosion pretreatment in order 
to obtain the same, reduced particle size. So far steam explosion pretreatment with 
addition of a catalyst is tested and came closest to scaling up at commercial level due 
to its cost-effectiveness. In Canada, at Iogen demonstration plant, steam explosion 
pretreatment is used at a pilot scale. For hardwood and agriculture residues, steam 
explosion pretreatment is a very effective pretreatment process.

4.3 Carbon dioxide explosion

Supercritical carbon dioxide explosion treatment falls in the category of phys-
iochemical pretreatment. Scientists had tried to develop a process cheaper than 
ammonia fiber explosion and a process which would operate at temperature lower 
than stream explosion temperature. In this process, supercritical carbon dioxide 
is used that behaves like a solvent. Supercritical fluids are compressed at room 
temperature above its critical point. When carbon dioxide is dissolved in water, 
carbonic acid is formed which causes less corrosiveness due to its special features. 
During the process, carbon dioxide molecules enter into small pores of lignocel-
lulosic biomass due to its small size. Carbon dioxide pretreatment is operated at 
low temperature which helped in prevention of sugar decomposition by acid. 
Cellulosic structure is disrupted when carbon dioxide pressure is released which 
ultimately increased the accessibility of the substrate to the cellulolytic enzymes 
for the process of hydrolysis [11, 40, 41, 43]. Dale and Moreira [89] used carbon 
dioxide pretreatment for alfalfa and observed 75% theoretical release of glucose. 
Zheng et al. [90] performed experiments to show comparison among ammonia 
explosion, steam pretreatment, and carbon dioxide pretreatment of recycled paper 
and sugarcane bagasse. The results showed that carbon dioxide explosion pretreat-
ment is cost-effective than AFEX.

4.4 Liquid hot water (LHW)

Hot compressed water is another terminology used for this method of treat-
ment. High temperature (160–220°C) and pressure (up to 5 MPa) are used in 
this type of pretreatment in order to maintain the liquid state of water. However, 
chemicals and catalysts are not used in liquid hot water pretreatment method [42]. 
In this method, water in liquid form remains in contact with lignocellulosic biomass 
for about 15 min. In this treatment pressure is used to prevent its evaporation, and 
sudden decompression or expansion in this pretreatment process is not needed. This 
method has proved to be very effective on sugarcane bagasse, wheat and rye straw, 
corncobs, and corn stover. Different terms like solvolysis, aqueous fractionation, 
aquasolv, and hydrothermolysis are used by different researchers to describe this 
pretreatment method [42, 60, 91]. Based on biomass flow direction and water flow 
direction into reactor, liquid hot water pretreatment can be performed in three 
different ways. The first method is co-current pretreatment, which is carried out 
by heating biomass slurry and water at high temperature, holding it for a controlled 
residence time at pretreatment conditions, and finally applying cool environment. 
The second method involves the countercurrent pretreatment that engages pump-
ing of hot water against biomass at controlled conditions. The third method is 
the flow-through pretreatment, which can be carried out by the flow of hot water 
through lignocellulosic biomass which acts like a stationary bed.

To investigate the effect of liquid hot water pretreatment, a study was conducted 
by Abdullah et al. [92] that determined the different hydrolysis rates of cellulose 
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and hemicellulose. Two steps of optimization of various conditions were consid-
ered. The first step was performed at less severity for hydrolyzing hemicellulose, 
whereas the second step was performed at high severity for cellulose depolymeriza-
tion. Disadvantage of liquid hot water pretreatment is high energy consumption 
requirement for downstream process because of the involvement of large amount of 
water. However, the advantage of this process is that chemicals and catalysts are not 
required and no inhibitor is formed [60].

4.5 Wet oxidation

In this pretreatment method, oxygen/air and water or hydrogen peroxide is 
used to treat biomass at high temperatures (>120°C) for half an hour at 0.5–2 MPa 
pressure [11, 93]. This pretreatment method is also used for the treatment of waste 
water and soil remediation. This method has proven to be very effective for pre-
treatment of lignin enriched biomass. Certain factors like reaction time, oxygen 
pressure, and temperature effect the efficiency of wet oxidation pretreatment 
process. Water acts like acid at high temperature, so it induces hydrolysis reaction as 
hydrogen ion concentration increases with increase in temperature which ultimately 
decreases the pH value. Pentose monomers are formed as a result of hemicellulose 
breakdown in wet oxidation pretreatment, and oxidation of lignin occurs, but 
cellulose remains least affected. There are certain reports on the addition of alkaline 
peroxide or sodium carbonate. The addition of these chemical agents help in bring-
ing down temperature reaction and reduce the formation of inhibitory compounds. 
Efforts to improve the degradation of hemicellulose at high temperature lead to the 
formation of inhibitory compounds like furfural and furfuraldehydes. However, 
amount of the production of inhibitors in wet oxidation pretreatment is certainly 
less than that of liquid hot water pretreatment or steam explosion method. There 
is extremely less possibility of using this process at industrial scale because of two 
reasons. One is the combustible nature of oxygen, and the other is the high cost of 
hydrogen peroxide used in the process [94].

4.6 SPORL treatment

SPORL stands for sulfite pretreatment to overcome recalcitrance of lignocel-
lulose, and this technique is used for pretreatment of lignocellulosic biomass [95]. 
SPORL is performed in two steps. The first step involves treatment of biomass with 
magnesium or calcium sulfite for the removal of lignin and hemicellulose fractions. 
The second step involves the reduction in size of pretreated biomass via mechanical 
disk miler. Effect of SPORL pretreatment was studied by Zhu et al. [22, 23] on spruce 
chips by employing conditions like temperature 180°C, half an hour time duration, 
8–10% bisulfite, and 1.8–3.7% sulfuric acid. By employing these conditions, more 
than 90% substrate was converted to cellulose when cellulase of 14.6 FPU and 
22.5 CBU β-glucosidase was used in hydrolysis. Low-yield inhibitors like hydroxy-
methyl furfural (HMF) (0.5%) and furfural (0.1%) were produced during this 
process. These percentages are far less as compared to acid-catalyzed steam pretreat-
ment of spruce. In another study, SPORL-pretreated Popular NE222, beetle-killed 
lodgepole pine, and Douglas fir were purified. Low contents of sulfur and molecular 
mass were obtained with high phenolic derivative production [96].

SPORL pretreatment on switch grass with temperature ranging between 163 and 
197°C, 3–37 min time duration, 0.8–4.2% sulfuric acid dose, and 0.6–7.4% sodium 
sulfite dose was performed by Zhang et al. [97]. The results with enhanced digest-
ibility by the removal of hemicellulose due to sulfonation and decreased hydropho-
bicity of lignin were obtained. SPORL yielded 77.3% substrate as compared to 68.1% 
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time or low temperature and high residence time. Low energy requirement is a great 
advantage of steam explosion pretreatment, whereas in mechanical pretreatment 
70% more energy is required as compared to steam explosion pretreatment in order 
to obtain the same, reduced particle size. So far steam explosion pretreatment with 
addition of a catalyst is tested and came closest to scaling up at commercial level due 
to its cost-effectiveness. In Canada, at Iogen demonstration plant, steam explosion 
pretreatment is used at a pilot scale. For hardwood and agriculture residues, steam 
explosion pretreatment is a very effective pretreatment process.

4.3 Carbon dioxide explosion

Supercritical carbon dioxide explosion treatment falls in the category of phys-
iochemical pretreatment. Scientists had tried to develop a process cheaper than 
ammonia fiber explosion and a process which would operate at temperature lower 
than stream explosion temperature. In this process, supercritical carbon dioxide 
is used that behaves like a solvent. Supercritical fluids are compressed at room 
temperature above its critical point. When carbon dioxide is dissolved in water, 
carbonic acid is formed which causes less corrosiveness due to its special features. 
During the process, carbon dioxide molecules enter into small pores of lignocel-
lulosic biomass due to its small size. Carbon dioxide pretreatment is operated at 
low temperature which helped in prevention of sugar decomposition by acid. 
Cellulosic structure is disrupted when carbon dioxide pressure is released which 
ultimately increased the accessibility of the substrate to the cellulolytic enzymes 
for the process of hydrolysis [11, 40, 41, 43]. Dale and Moreira [89] used carbon 
dioxide pretreatment for alfalfa and observed 75% theoretical release of glucose. 
Zheng et al. [90] performed experiments to show comparison among ammonia 
explosion, steam pretreatment, and carbon dioxide pretreatment of recycled paper 
and sugarcane bagasse. The results showed that carbon dioxide explosion pretreat-
ment is cost-effective than AFEX.

4.4 Liquid hot water (LHW)

Hot compressed water is another terminology used for this method of treat-
ment. High temperature (160–220°C) and pressure (up to 5 MPa) are used in 
this type of pretreatment in order to maintain the liquid state of water. However, 
chemicals and catalysts are not used in liquid hot water pretreatment method [42]. 
In this method, water in liquid form remains in contact with lignocellulosic biomass 
for about 15 min. In this treatment pressure is used to prevent its evaporation, and 
sudden decompression or expansion in this pretreatment process is not needed. This 
method has proved to be very effective on sugarcane bagasse, wheat and rye straw, 
corncobs, and corn stover. Different terms like solvolysis, aqueous fractionation, 
aquasolv, and hydrothermolysis are used by different researchers to describe this 
pretreatment method [42, 60, 91]. Based on biomass flow direction and water flow 
direction into reactor, liquid hot water pretreatment can be performed in three 
different ways. The first method is co-current pretreatment, which is carried out 
by heating biomass slurry and water at high temperature, holding it for a controlled 
residence time at pretreatment conditions, and finally applying cool environment. 
The second method involves the countercurrent pretreatment that engages pump-
ing of hot water against biomass at controlled conditions. The third method is 
the flow-through pretreatment, which can be carried out by the flow of hot water 
through lignocellulosic biomass which acts like a stationary bed.

To investigate the effect of liquid hot water pretreatment, a study was conducted 
by Abdullah et al. [92] that determined the different hydrolysis rates of cellulose 
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and hemicellulose. Two steps of optimization of various conditions were consid-
ered. The first step was performed at less severity for hydrolyzing hemicellulose, 
whereas the second step was performed at high severity for cellulose depolymeriza-
tion. Disadvantage of liquid hot water pretreatment is high energy consumption 
requirement for downstream process because of the involvement of large amount of 
water. However, the advantage of this process is that chemicals and catalysts are not 
required and no inhibitor is formed [60].

4.5 Wet oxidation

In this pretreatment method, oxygen/air and water or hydrogen peroxide is 
used to treat biomass at high temperatures (>120°C) for half an hour at 0.5–2 MPa 
pressure [11, 93]. This pretreatment method is also used for the treatment of waste 
water and soil remediation. This method has proven to be very effective for pre-
treatment of lignin enriched biomass. Certain factors like reaction time, oxygen 
pressure, and temperature effect the efficiency of wet oxidation pretreatment 
process. Water acts like acid at high temperature, so it induces hydrolysis reaction as 
hydrogen ion concentration increases with increase in temperature which ultimately 
decreases the pH value. Pentose monomers are formed as a result of hemicellulose 
breakdown in wet oxidation pretreatment, and oxidation of lignin occurs, but 
cellulose remains least affected. There are certain reports on the addition of alkaline 
peroxide or sodium carbonate. The addition of these chemical agents help in bring-
ing down temperature reaction and reduce the formation of inhibitory compounds. 
Efforts to improve the degradation of hemicellulose at high temperature lead to the 
formation of inhibitory compounds like furfural and furfuraldehydes. However, 
amount of the production of inhibitors in wet oxidation pretreatment is certainly 
less than that of liquid hot water pretreatment or steam explosion method. There 
is extremely less possibility of using this process at industrial scale because of two 
reasons. One is the combustible nature of oxygen, and the other is the high cost of 
hydrogen peroxide used in the process [94].

4.6 SPORL treatment

SPORL stands for sulfite pretreatment to overcome recalcitrance of lignocel-
lulose, and this technique is used for pretreatment of lignocellulosic biomass [95]. 
SPORL is performed in two steps. The first step involves treatment of biomass with 
magnesium or calcium sulfite for the removal of lignin and hemicellulose fractions. 
The second step involves the reduction in size of pretreated biomass via mechanical 
disk miler. Effect of SPORL pretreatment was studied by Zhu et al. [22, 23] on spruce 
chips by employing conditions like temperature 180°C, half an hour time duration, 
8–10% bisulfite, and 1.8–3.7% sulfuric acid. By employing these conditions, more 
than 90% substrate was converted to cellulose when cellulase of 14.6 FPU and 
22.5 CBU β-glucosidase was used in hydrolysis. Low-yield inhibitors like hydroxy-
methyl furfural (HMF) (0.5%) and furfural (0.1%) were produced during this 
process. These percentages are far less as compared to acid-catalyzed steam pretreat-
ment of spruce. In another study, SPORL-pretreated Popular NE222, beetle-killed 
lodgepole pine, and Douglas fir were purified. Low contents of sulfur and molecular 
mass were obtained with high phenolic derivative production [96].

SPORL pretreatment on switch grass with temperature ranging between 163 and 
197°C, 3–37 min time duration, 0.8–4.2% sulfuric acid dose, and 0.6–7.4% sodium 
sulfite dose was performed by Zhang et al. [97]. The results with enhanced digest-
ibility by the removal of hemicellulose due to sulfonation and decreased hydropho-
bicity of lignin were obtained. SPORL yielded 77.3% substrate as compared to 68.1% 
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for dilute acid treatment and 66.6% through alkali pretreatment. When sodium 
sulfite, sodium hydroxide, and sodium sulfide were used in SPORL pretreatment of 
switch grass, an improved digestibility of switch grass was achieved. When SPORL 
treatment was applied with optimized conditions, 97% lignin and 93% hemicel-
lulose were removed from water hyacinth, and 90% hemicellulose and 75% lignin 
were achieved for rice husk [98].

5. Biological pretreatment

Conventional methods for chemical and physical pretreatments require expen-
sive reagents, equipment, and high energy. On the other hand, biological pretreat-
ment requires live microorganisms for the treatment of lignocellulosic material, 
and this method is more environment friendly and consumes less energy. There 
are certain microorganism present in nature that exhibit cellulolytic and hemicel-
lulolytic abilities. White-rot, soft-rot, and brown fungi are known for lignin and 
hemicellulose removal with a very little effect on cellulose. White rot is able to 
degrade lignin due to the presence of lignin degrading enzymes like peroxidases 
and laccases. Carbon and nitrogen sources are involved in the regulation of these 
degrading enzymes [41]. Cellulose is commonly attacked by brown rot, whereas 
white and soft rot target both lignin and cellulose contents of plant biomass. 
Commonly used white-rot fungi species are Pleurotus ostreatus, Ceriporiopsis sub-
vermispora, Ceriporia lacerata, Pycnoporus cinnabarinus, Cyathus cinnabarinus, and 
Phanerochaete chrysosporium. Basidiomycetes species including Bjerkandera adusta, 
Ganoderma resinaceum, Trametes versicolor, Fomes fomentarius, Irpex lacteus, Lepista 
nuda, and Phanerochaete chrysosporium are also tested, and these species showed 
high efficiency for delignification [41, 99].

Pretreatment of wheat straw was studied by Hatakka [100]. The results showed 
13% conversion of wheat straw into sugars by Pleurotus ostreatus in duration of 
5 weeks, whereas Phanerochaete sordida and Pycnoporus cinnabarinus showed almost 
the same conversion rate but in less time. For degradation of lignin in woodchips 
and to prevent cellulose loss, cellulase-less mutant of fungus Sporotrichum pulveru-
lentum was developed [101]. Delignification of Bermuda grass by white-rot fungi 
Ceriporiopsis subvermispora and Cyathus stercoreus was studied that resulted in 29–32 
and 63–77% improvement in delignification [102]. During the secondary metabo-
lism in fungus P. chrysosporium, two lignin degrading enzymes, lignin peroxidase 
and manganese-dependent peroxidase, are produced in response to carbon and 
nitrogen limitation. Extracellular filtrates of various white-rot fungi contain these 
two enzymes.
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treatment was applied with optimized conditions, 97% lignin and 93% hemicel-
lulose were removed from water hyacinth, and 90% hemicellulose and 75% lignin 
were achieved for rice husk [98].

5. Biological pretreatment

Conventional methods for chemical and physical pretreatments require expen-
sive reagents, equipment, and high energy. On the other hand, biological pretreat-
ment requires live microorganisms for the treatment of lignocellulosic material, 
and this method is more environment friendly and consumes less energy. There 
are certain microorganism present in nature that exhibit cellulolytic and hemicel-
lulolytic abilities. White-rot, soft-rot, and brown fungi are known for lignin and 
hemicellulose removal with a very little effect on cellulose. White rot is able to 
degrade lignin due to the presence of lignin degrading enzymes like peroxidases 
and laccases. Carbon and nitrogen sources are involved in the regulation of these 
degrading enzymes [41]. Cellulose is commonly attacked by brown rot, whereas 
white and soft rot target both lignin and cellulose contents of plant biomass. 
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Phanerochaete chrysosporium. Basidiomycetes species including Bjerkandera adusta, 
Ganoderma resinaceum, Trametes versicolor, Fomes fomentarius, Irpex lacteus, Lepista 
nuda, and Phanerochaete chrysosporium are also tested, and these species showed 
high efficiency for delignification [41, 99].

Pretreatment of wheat straw was studied by Hatakka [100]. The results showed 
13% conversion of wheat straw into sugars by Pleurotus ostreatus in duration of 
5 weeks, whereas Phanerochaete sordida and Pycnoporus cinnabarinus showed almost 
the same conversion rate but in less time. For degradation of lignin in woodchips 
and to prevent cellulose loss, cellulase-less mutant of fungus Sporotrichum pulveru-
lentum was developed [101]. Delignification of Bermuda grass by white-rot fungi 
Ceriporiopsis subvermispora and Cyathus stercoreus was studied that resulted in 29–32 
and 63–77% improvement in delignification [102]. During the secondary metabo-
lism in fungus P. chrysosporium, two lignin degrading enzymes, lignin peroxidase 
and manganese-dependent peroxidase, are produced in response to carbon and 
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Fungal Pretreatment of
Lignocellulosic Materials
Najiah Nadir, Nur Liyana Ismail and Azlan Shah Hussain

Abstract

The biomass must be converted to fermentable carbohydrates through
pretreatment process to break down the complex structure to its constituents prior
to fermentation. For lignocellulosic materials, lignin moiety is extremely resistant to
degradation because of hydrogen bond cross-linking between the cellulose and
hemicellulose. Biological pretreatment using white-rot fungi are novel method and
environmental-friendly as a method of biomass deconstruction as compared to
other conventional means. These fungi can excrete ligninolytic enzymes to degrade
lignin although the rate of deconstruction is slow. Hence, this chapter will focus on
the fungal pretreatment or delignification process using white-rot fungi as it is an
important step to increase the feedstock conversion.

Keywords: biomass conversion, lignocellulose, pretreatment, enzyme,
white-rot fungi

1. Introduction

The depletion of fossil fuel energy sources causes much attention on biomass
as the source of renewable energy or biofuel. There are three classifications of
biofuel according to the feedstock source, which are first-, second- and third-
generation biofuels. First-generation biofuels employ an edible biomass as feedstock
while second-generation biofuels utilize numerous non-edible feedstock, ranging
from lignocellulosic biomass to municipal solid wastes. Third-generation biofuels
also exploit non-edible source but different feedstock such as algal biomass
and gases [1].

The lignocellulosic biomass mainly composed of cellulose, hemicellulose and
lignin. The conversion of lignocellulosic biomass requires a pretreatment process,
which is one of the most important and expensive stages in bioenergy production.
This process is performed to degrade and remove lignin from the biomass constitu-
ents and thus allows further manipulation of the valorizable portion of biomass,
that is, increasing the yield of fermentable carbohydrates [2, 3]. Generally, the
pretreatment process can be divided into four, that are physical, chemical, physi-
cochemical, and biological methods [2, 4] as in Table 1. Subject to the pretreatment
strategies, this process can reduce cellulose crystallinity, improve surface accessi-
bility and decrease lignin content [3].

Biological pretreatment methods are performed by biological agents, either the
microorganisms or enzymes excreted by the microorganisms. This method usually
utilizes mild pressure and/or temperature and does not involve acid, alkali, or any
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1. Introduction

The depletion of fossil fuel energy sources causes much attention on biomass
as the source of renewable energy or biofuel. There are three classifications of
biofuel according to the feedstock source, which are first-, second- and third-
generation biofuels. First-generation biofuels employ an edible biomass as feedstock
while second-generation biofuels utilize numerous non-edible feedstock, ranging
from lignocellulosic biomass to municipal solid wastes. Third-generation biofuels
also exploit non-edible source but different feedstock such as algal biomass
and gases [1].

The lignocellulosic biomass mainly composed of cellulose, hemicellulose and
lignin. The conversion of lignocellulosic biomass requires a pretreatment process,
which is one of the most important and expensive stages in bioenergy production.
This process is performed to degrade and remove lignin from the biomass constitu-
ents and thus allows further manipulation of the valorizable portion of biomass,
that is, increasing the yield of fermentable carbohydrates [2, 3]. Generally, the
pretreatment process can be divided into four, that are physical, chemical, physi-
cochemical, and biological methods [2, 4] as in Table 1. Subject to the pretreatment
strategies, this process can reduce cellulose crystallinity, improve surface accessi-
bility and decrease lignin content [3].

Biological pretreatment methods are performed by biological agents, either the
microorganisms or enzymes excreted by the microorganisms. This method usually
utilizes mild pressure and/or temperature and does not involve acid, alkali, or any
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reactive species [2–4]. Since this pretreatment is conducted under mild conditions,
it requires much lower energy input and the byproduct(s) would not hamper or
inhibit hydrolysis process. Apart from that, there is no need for chemical recovery
because no chemicals were employed [3, 5]. Due to these reasons, the biological
pretreatment is an environmentally safe process [3–6]. However, the main issue is it
consumes a long pretreatment time [4, 7].

This chapter discusses an overview of recent studies on fungal pretreatment
using white-rot fungi and important parameters affecting the pretreatment process
of lignocellulosic feedstock such as fungal strain, inoculum concentration and
moisture content.

2. Fungal pretreatment

The biological pretreatment can be categorized into bacterial consortium, fungal
treatments and enzymatic treatments [4, 8]. The commonly utilized microorgan-
isms in this pretreatment of lignocellulosic biomass are filamentous fungi, which
can be easily found in the environment such as ground, living plants and lignocel-
lulose wastes [9]. Wood-decay fungi are classified into three main groups, which
are white-, brown- and soft-rot fungi [10]. Among them, the most effective are
basidiomycetes white-rot fungi because they have the capability to degrade lignin
from the holocellulose (cellulose and hemicellulose) surface [2, 7, 9, 11] and cause
white-rot on wood or trees, whereas brown- and soft-rot fungi degrade only mini-
mal lignin [6]. Lignin is a polyaromatic polymer that gives rigidity to lignocellulose
[7, 11]. Previous studies on three types of rot fungi were presented in Table 2.

2.1 White-rot fungi

White-rot fungi differ significantly in the relative rates at which they attack
lignin and carbohydrates in woody or lignocellulosic tissues [6, 17]. They can be
differentiated by their delignification mode, named as selective and non-selective
delignification as can be seen in Figure 1. In selective delignification, mostly lignin
and hemicellulose are degraded, while consuming a small amount of cellulose.
However, for non-selective delignifiers, all three lignin, hemicellulose and cellulose
are degraded almost equally [6, 18]. Even the number of non-selective white-rot
fungi is greater than selective white-rot fungi [11], more than 1500 fungi species are
selective delignifiers [6]. These fungi are favored for fungal pretreatment in recent
researches to ensure a lignin-free and cellulose-rich biomass for next hydrolysis step
[3, 7, 17] and enhance the biomass digestibility [3, 18]. Some of the white-rot fungi
species were shown in Figure 2.

2.2 Enzymatic systems of white-rot fungi

The white-rot fungi play a major role in degrading woods in forest ecosystems
[9]. These fungi have the ability to degrade lignocellulosic biomass during their
growth in nature owing to the production of two enzymatic systems, which are
hydrolytic system and oxidative ligninolytic system [7, 17]. In hydrolytic system,
cellulases and hemicellulases are utilized to degrade holocellulose [17]. Non-
selective white-rot fungi cause substantial cellulose loss because of their high cellu-
lolytic and hemicellulolytic activity. Conversely, selective white-rot fungi excrete
hemicellulolytic enzymes and employ hemicellulose-derived sugars as the main
carbon sources [7].
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reactive species [2–4]. Since this pretreatment is conducted under mild conditions,
it requires much lower energy input and the byproduct(s) would not hamper or
inhibit hydrolysis process. Apart from that, there is no need for chemical recovery
because no chemicals were employed [3, 5]. Due to these reasons, the biological
pretreatment is an environmentally safe process [3–6]. However, the main issue is it
consumes a long pretreatment time [4, 7].

This chapter discusses an overview of recent studies on fungal pretreatment
using white-rot fungi and important parameters affecting the pretreatment process
of lignocellulosic feedstock such as fungal strain, inoculum concentration and
moisture content.

2. Fungal pretreatment

The biological pretreatment can be categorized into bacterial consortium, fungal
treatments and enzymatic treatments [4, 8]. The commonly utilized microorgan-
isms in this pretreatment of lignocellulosic biomass are filamentous fungi, which
can be easily found in the environment such as ground, living plants and lignocel-
lulose wastes [9]. Wood-decay fungi are classified into three main groups, which
are white-, brown- and soft-rot fungi [10]. Among them, the most effective are
basidiomycetes white-rot fungi because they have the capability to degrade lignin
from the holocellulose (cellulose and hemicellulose) surface [2, 7, 9, 11] and cause
white-rot on wood or trees, whereas brown- and soft-rot fungi degrade only mini-
mal lignin [6]. Lignin is a polyaromatic polymer that gives rigidity to lignocellulose
[7, 11]. Previous studies on three types of rot fungi were presented in Table 2.

2.1 White-rot fungi

White-rot fungi differ significantly in the relative rates at which they attack
lignin and carbohydrates in woody or lignocellulosic tissues [6, 17]. They can be
differentiated by their delignification mode, named as selective and non-selective
delignification as can be seen in Figure 1. In selective delignification, mostly lignin
and hemicellulose are degraded, while consuming a small amount of cellulose.
However, for non-selective delignifiers, all three lignin, hemicellulose and cellulose
are degraded almost equally [6, 18]. Even the number of non-selective white-rot
fungi is greater than selective white-rot fungi [11], more than 1500 fungi species are
selective delignifiers [6]. These fungi are favored for fungal pretreatment in recent
researches to ensure a lignin-free and cellulose-rich biomass for next hydrolysis step
[3, 7, 17] and enhance the biomass digestibility [3, 18]. Some of the white-rot fungi
species were shown in Figure 2.

2.2 Enzymatic systems of white-rot fungi

The white-rot fungi play a major role in degrading woods in forest ecosystems
[9]. These fungi have the ability to degrade lignocellulosic biomass during their
growth in nature owing to the production of two enzymatic systems, which are
hydrolytic system and oxidative ligninolytic system [7, 17]. In hydrolytic system,
cellulases and hemicellulases are utilized to degrade holocellulose [17]. Non-
selective white-rot fungi cause substantial cellulose loss because of their high cellu-
lolytic and hemicellulolytic activity. Conversely, selective white-rot fungi excrete
hemicellulolytic enzymes and employ hemicellulose-derived sugars as the main
carbon sources [7].
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Substrate Fungi species Effect References

Wheat
straw

Ganoderma lobatum
(white-rot) • Lignin, hemicellulose and cellulose

degradation of 50.3, 18.1 and 21.4%
• Sugar recovery increased by approximately

27.6%

[12]

Gloeophyllum trabeum
(brown-rot) • 37.6 and 13.3% of hemicellulose and cellulose

removal
• Sugar recovery decreased by 10.9%

Moso
bamboo

Phanerochaete
chrysosporium (white-
rot)

• Higher degradability
• On lignin over hemicellulose and cellulose

[13]

G. trabeum (brown-
rot) • Preferential degradability on hemicellulose

than lignin and cellulose

Radiata
pine

Trametes versicolor
(white-rot) • Loss of lignin at 16%, while both

hemicellulose and cellulose at 5% each

[14]

Stereum hirsutum
(white-rot) • Lignin degradation of 16%, whereas

hemicellulose and cellulose of 9%
individually

G. trabeum (brown-
rot) • Hemicellulose and glucans content reduced

approximately to 5 and 3%
• Mass loss ranged between 6 and 8% during

the first month of biodegradation

[15]

Scots pine Daldinia concentrica
(soft-rot) • 2.5% of weight loss after decayed for 2

months

[16]

Xylaria acuta (soft-rot)
• Weight reduction of 12.4% after 2 months of

incubation

Table 2.
Previous studies on fungal pretreatment using three different types of rot fungi.

Figure 1.
Mechanism of fungal pretreatment using white-rot fungi on lignocellulosic materials.
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The main enzymes in ligninolytic system to degrade lignin and open the phenyl
rings are lignin peroxidase (LiP), manganese peroxidase (MnP) and laccase
[5, 7, 17, 20]. Nevertheless, not all of these enzymes are secreted by fungal cultures
[7]. Lignin peroxidase (EC 1.11.1.14), also known as ligninase, is a heme-protein
involves in oxidizing and/or cleaving of non-phenolic aromatic lignin moieties and
similar molecules. Manganese peroxidase (EC 1.11.1.13) is a heme-containing gly-
coprotein, aids delignification by catalyzing reaction that oxidizes phenolic com-
pounds in the presence of Mn2+. Laccases (EC 1.10.3.2) are copper-containing
oxidase enzymes that act on phenols and similar molecules by executing one-
electron oxidations [5–7]. Versatile peroxidase (VP) is regarded as the third perox-
idase, a LiP-MnP hybrid as it is capable of degrading both phenolic and non-
phenolic lignin compounds and Mn2+ [6, 7].

2.3 Pretreatment of lignocelluloses with white-rot fungi

The sugarcane bagasse was subjected to fungal pretreatment by P. ostreatus
and C. subvermispora for a period of 60 days [18]. At the end of pretreatment,
P. ostreatus homogeneously degraded all the lignocellulose components of lignin,
xylan and glucan up to 11.1, 15.7 and 8.4%, respectively. C. subvermispora yielded

Figure 2.
White-rot fungi of species (a) Abortiporus biennis, (b) Ceriporiopsis subvermispora, (c) Coriolopsis trogii,
(d) Ganoderma applanatum, (e) Irpex lacteus and (f) Trametes versicolor [19].
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The main enzymes in ligninolytic system to degrade lignin and open the phenyl
rings are lignin peroxidase (LiP), manganese peroxidase (MnP) and laccase
[5, 7, 17, 20]. Nevertheless, not all of these enzymes are secreted by fungal cultures
[7]. Lignin peroxidase (EC 1.11.1.14), also known as ligninase, is a heme-protein
involves in oxidizing and/or cleaving of non-phenolic aromatic lignin moieties and
similar molecules. Manganese peroxidase (EC 1.11.1.13) is a heme-containing gly-
coprotein, aids delignification by catalyzing reaction that oxidizes phenolic com-
pounds in the presence of Mn2+. Laccases (EC 1.10.3.2) are copper-containing
oxidase enzymes that act on phenols and similar molecules by executing one-
electron oxidations [5–7]. Versatile peroxidase (VP) is regarded as the third perox-
idase, a LiP-MnP hybrid as it is capable of degrading both phenolic and non-
phenolic lignin compounds and Mn2+ [6, 7].

2.3 Pretreatment of lignocelluloses with white-rot fungi

The sugarcane bagasse was subjected to fungal pretreatment by P. ostreatus
and C. subvermispora for a period of 60 days [18]. At the end of pretreatment,
P. ostreatus homogeneously degraded all the lignocellulose components of lignin,
xylan and glucan up to 11.1, 15.7 and 8.4%, respectively. C. subvermispora yielded

Figure 2.
White-rot fungi of species (a) Abortiporus biennis, (b) Ceriporiopsis subvermispora, (c) Coriolopsis trogii,
(d) Ganoderma applanatum, (e) Irpex lacteus and (f) Trametes versicolor [19].
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obvious lignin and xylan removal while consuming minimal glucan at 48, 47 and
13.6%, correspondingly. With sugarcane bagasse as the biomass, P. ostreatus
behaves non-selectively due to the fact that the digestibility is not enhanced even
when it degrades both lignin and polysaccharides. In contrast, C. subvermispora
shows selective behavior as it removes lignin and xylan while sustaining glucan,
which further improved the digestibility.

The biodegradability of wheat straw and oak wood chips treated with the white-
rot fungi C. subvermispora and L. edodes was observed for 56 days [21]. Using wheat
straw as the feedstock, C. subvermispora reached higher lignin, hemicellulose and
cellulose degradation of 83.3, 80.5 and 20.2% than L. edodes with the values of 71.7,
69.3 and 12.2%, respectively. Different observation was found when choosing oak
wood chips as the biomass. C. subvermispora achieved lower lignin, hemicellulose
and cellulose removal of 53.5, 50.6 and 17.4% than L. edodes with the values of 60.6,
56.3 and 37.3%, correspondingly. Both fungi selectively degraded lignin in wheat
straw and wood chips but with different strategy. C. subvermispora colonizes the
biomass predominantly during the first 7 days and breaks lignin and hemicelluloses
without growing, whereas L. edodes constantly grows and removes lignin during the
growth. The relative lower lignin removal of wood chips compared to wheat straw
indicates that the fungi had more difficulty to penetrate the wood chips due to its
dense structure.

In a research done on pretreatment of willow sawdust via the white-rot fungi
A. biennis and Leiotrametes menziesii, it was revealed that A. biennis was more
preferable for fungal pretreatment even though it has lower delignification than
L. menziesii, because it consumed a very low amount of cellulose [22]. After 30 days
of treatment, the lignin, hemicellulose and cellulose loss attained by A. biennis were
17.1, 19.3 and 7.4%, respectively. On the other hand, higher lignin, hemicellulose
and cellulose removal was achieved by L. menziesii, with the corresponding values
of 30.5, 42.4 and 26.6%.

Xu et al. [23] reported that within 12 days of pretreatment, the highest lignin loss
achieved by medicinal mushroom, Inonotus obliquus, using wheat straw as substrate
is at 72%, with cellulose loss of 55%. However, lower delignification was observed
for corn stover and rice straw of 47 and 39% with cellulose reduction of 55 and 45%.
The hemicellulose content of wheat straw, corn stover and rice straw were
decreased to 46, 39 and 44%, respectively. From these results, I. obliquus shows its
potential as a delignifier of agricultural biomass as it can produce high-activity-level
ligninolytic and hydrolytic enzymes.

T. versicolor and S. hirsutum showed selective delignification characteristics during
the pretreatment of radiata pine wood chips [14]. Both fungi have the largest selec-
tivity value on 21 days of treatment, with T. versicolor exhibited better selectivity than
S. hirsutum. Both of T. versicolor and S. hirsutum delignified the chips by 16%. The
hemicellulose and cellulose was reduced at 5% each for T. versicolor whereas 9% each
for S. hirsutum. As the treatment period was increased, the selectivity values of both
fungi decreases because cellulose was degraded together with lignin.

The delignification properties of two white-rot fungi, rainbow fungus
(T. versicolor) and edible oyster fungus (P. ostreatus), on solid oriental beech wood
(Fagus orientalis Lipsky) was studied for 120 days [10]. For both fungi, there is no
substantial difference observed on lignin and cellulose degradation, with lignin
degradation was more effective in the first 30 days of exposure. After 120 days of
incubation,T. versicolor and P. ostreatus decayed lignin by 57.4 and 56.5%, and
cellulose by 16.7 and 13.9%, respectively. Meanwhile, the decrease in total carbohy-
drate content was significantly higher for the first 30 days using T. versicolor as
compared to P. ostreatus. At the end of the exposure period, the total carbohydrate
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content was almost the same, 7.3 and 6.7%, correspondingly. Both fungi are selec-
tive delignification, since the degradation of cellulose starts only after 60 days of
incubation.

Four agricultural residues (wheat straw, corn stover, barley straw, and corncob)
were pretreated for 21 days using the white-rot fungus Irpex lacteus [24]. The
highest lignin removal was detected using corn stover (45.8%) as the feedstock,
followed by wheat straw (42.3%), barley straw (31.0%) and corncob (17.1%). For
glucan digestibility, the increment was significant for corn stover (up to 59.2%),
wheat straw (up to 54.8%) and barley straw (up to 53.9%), except for corncob
(reduced to 30.3%). The increase in xylan digestibility was observed in corn
stover (up to 82.1%), wheat straw (up to 78.0%) and barley straw (up to 58.2%),
but not for corncob (decreased to 22.4). Generally, all residues showed a
reduction in lignin content. In the case of glucan and xylan digestibility, only
corncob yielded lower digestibility after treatment. However, to be specific,
I. lacteus behaves differently when subjected to different types of raw materials.

The lignin, hemicellulose and cellulose biodegradation of oil palm empty fruit
bunches was investigated by exploiting two white-rot fungi, P. ostreatus and
P. chrysosporium [25]. The lignin degradation was higher with P. ostreatus (51.9%)
than with P. chrysosporium (42.1%) after treating for 21 days. In contrast, lower
hemicellulose and cellulose degradation rates were noted for P. ostreatus (13.8 and
7.6%) compared to P. chrysosporium (27.7 and 28.2%). Since only a small amount of
cellulose was degraded, fungal pretreatment using P. ostreatus is acceptable for palm
residues. The fungus P. ostreatus can be considered as a selective delignifier because
the cellulose degradation happens only after the 21 days of treatment, whereas
P. chrysosporium is a non-selective delignifier as it concurrently breaks down lignin
and structural carbohydrates.

Ishola et al. [26] found that fungal pretreatment improved the digestibility of oil
palm empty fruit bunches by 4.5 times. The digestibility of untreated bunches was
only 3.4%. This value was raised to 15.4% after the bunches were pretreated by
Pleurotus floridanus fungus. After the pretreatment, the percentage of total lignin
removal was very low, which is reduced by 0.03%. The hemicellulose content was
increased by 4.4%, whereas the cellulose was decreased by 5.0% due to fungal
attack on the linkage between lignin and carbohydrate.

Enhancement of hemicellulose accessibility was reported when fresh poplar
wood (Populus tomentosa) was treated for 56 days with a common white-rot fungus
on angiosperm wood,Trametes velutina [27]. Comparison between untreated and
fungi-pretreated material revealed that lignin degradation can positively impact
hemicellulose conversion. This was proven with the reduction in lignin content by
7.2% has resulted to an increase in both hemicellulose and cellulose content by 1.0
and 6.4%, consecutively. These findings suggested that lignin degradation rendered
xylan more susceptible to xylanase and that in turn rendered cellulose more sus-
ceptible to cellulase.

For woody materials and agricultural residues feedstock, the ligninolytic systems
and the appropriate fungal strains for the delignification may be different as they
have different structure and chemical composition. Hence, it is important to dis-
cover the most significant white-rot fungal strain by assessing the strains for the
highest degradation ability with the lowest holocellulose utilization as fungal selec-
tion subjects to the lignocellulosic biomass chosen for processing [11, 18]. Moreover,
one fungus yields a very large difference of the decayed lignin-hemicellulose-
cellulose ratio from another fungus, even when using different strains of the same
species [6]. Some of recent researches on fungal pretreatment were tabulated in
Table 3.
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is at 72%, with cellulose loss of 55%. However, lower delignification was observed
for corn stover and rice straw of 47 and 39% with cellulose reduction of 55 and 45%.
The hemicellulose content of wheat straw, corn stover and rice straw were
decreased to 46, 39 and 44%, respectively. From these results, I. obliquus shows its
potential as a delignifier of agricultural biomass as it can produce high-activity-level
ligninolytic and hydrolytic enzymes.

T. versicolor and S. hirsutum showed selective delignification characteristics during
the pretreatment of radiata pine wood chips [14]. Both fungi have the largest selec-
tivity value on 21 days of treatment, with T. versicolor exhibited better selectivity than
S. hirsutum. Both of T. versicolor and S. hirsutum delignified the chips by 16%. The
hemicellulose and cellulose was reduced at 5% each for T. versicolor whereas 9% each
for S. hirsutum. As the treatment period was increased, the selectivity values of both
fungi decreases because cellulose was degraded together with lignin.

The delignification properties of two white-rot fungi, rainbow fungus
(T. versicolor) and edible oyster fungus (P. ostreatus), on solid oriental beech wood
(Fagus orientalis Lipsky) was studied for 120 days [10]. For both fungi, there is no
substantial difference observed on lignin and cellulose degradation, with lignin
degradation was more effective in the first 30 days of exposure. After 120 days of
incubation,T. versicolor and P. ostreatus decayed lignin by 57.4 and 56.5%, and
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content was almost the same, 7.3 and 6.7%, correspondingly. Both fungi are selec-
tive delignification, since the degradation of cellulose starts only after 60 days of
incubation.

Four agricultural residues (wheat straw, corn stover, barley straw, and corncob)
were pretreated for 21 days using the white-rot fungus Irpex lacteus [24]. The
highest lignin removal was detected using corn stover (45.8%) as the feedstock,
followed by wheat straw (42.3%), barley straw (31.0%) and corncob (17.1%). For
glucan digestibility, the increment was significant for corn stover (up to 59.2%),
wheat straw (up to 54.8%) and barley straw (up to 53.9%), except for corncob
(reduced to 30.3%). The increase in xylan digestibility was observed in corn
stover (up to 82.1%), wheat straw (up to 78.0%) and barley straw (up to 58.2%),
but not for corncob (decreased to 22.4). Generally, all residues showed a
reduction in lignin content. In the case of glucan and xylan digestibility, only
corncob yielded lower digestibility after treatment. However, to be specific,
I. lacteus behaves differently when subjected to different types of raw materials.

The lignin, hemicellulose and cellulose biodegradation of oil palm empty fruit
bunches was investigated by exploiting two white-rot fungi, P. ostreatus and
P. chrysosporium [25]. The lignin degradation was higher with P. ostreatus (51.9%)
than with P. chrysosporium (42.1%) after treating for 21 days. In contrast, lower
hemicellulose and cellulose degradation rates were noted for P. ostreatus (13.8 and
7.6%) compared to P. chrysosporium (27.7 and 28.2%). Since only a small amount of
cellulose was degraded, fungal pretreatment using P. ostreatus is acceptable for palm
residues. The fungus P. ostreatus can be considered as a selective delignifier because
the cellulose degradation happens only after the 21 days of treatment, whereas
P. chrysosporium is a non-selective delignifier as it concurrently breaks down lignin
and structural carbohydrates.

Ishola et al. [26] found that fungal pretreatment improved the digestibility of oil
palm empty fruit bunches by 4.5 times. The digestibility of untreated bunches was
only 3.4%. This value was raised to 15.4% after the bunches were pretreated by
Pleurotus floridanus fungus. After the pretreatment, the percentage of total lignin
removal was very low, which is reduced by 0.03%. The hemicellulose content was
increased by 4.4%, whereas the cellulose was decreased by 5.0% due to fungal
attack on the linkage between lignin and carbohydrate.

Enhancement of hemicellulose accessibility was reported when fresh poplar
wood (Populus tomentosa) was treated for 56 days with a common white-rot fungus
on angiosperm wood,Trametes velutina [27]. Comparison between untreated and
fungi-pretreated material revealed that lignin degradation can positively impact
hemicellulose conversion. This was proven with the reduction in lignin content by
7.2% has resulted to an increase in both hemicellulose and cellulose content by 1.0
and 6.4%, consecutively. These findings suggested that lignin degradation rendered
xylan more susceptible to xylanase and that in turn rendered cellulose more sus-
ceptible to cellulase.

For woody materials and agricultural residues feedstock, the ligninolytic systems
and the appropriate fungal strains for the delignification may be different as they
have different structure and chemical composition. Hence, it is important to dis-
cover the most significant white-rot fungal strain by assessing the strains for the
highest degradation ability with the lowest holocellulose utilization as fungal selec-
tion subjects to the lignocellulosic biomass chosen for processing [11, 18]. Moreover,
one fungus yields a very large difference of the decayed lignin-hemicellulose-
cellulose ratio from another fungus, even when using different strains of the same
species [6]. Some of recent researches on fungal pretreatment were tabulated in
Table 3.
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3. Parameters affecting pretreatment process

High lignin degradation can be achieved by having high activities of white-rot
fungi and production of ligninolytic enzymes. This is influenced by several
pretreatment parameters such as fungal strain, inoculum concentration, moisture
content, aeration, pH, temperature, supplements and incubation time [28–30].
Moreno et al. [29] reviewed that for solid state fermentations (SSF), depending on
the strain used, the usual conditions that have been used are at moisture content
45–85%, pH 4–5, with an inoculum level of 1–10mg/g substrate (dry weight), at
temperatures ranging from 15 to 40°C and over 1–12 weeks. The optimization of
these parameters is important to increase the efficiency of the pretreatment by
reducing the carbohydrate loss and pretreatment time [31]. However, for most of
these factors, the optimal conditions are depended on the substrate and fungal
strain [28]. Temperature and pH are reported to affect fungal metabolism, spore
germination and growth. Low moisture content can reduce nutrients availability
and growth, while higher moisture content can boost contamination, reduce heat
and oxygen transmission, and affect enzyme production [32]. Adekunle et al. [33]
reported that the pH and temperature of the SSF play a vital role in the production
of laccase by T. versicolor.

3.1 Fungal strain

In order for the white-rot fungi to be used in the pretreatment process, screening
of a large number of fungal isolates is important in order to have the right isolates
for the process. Screening step allows the selection of isolates with the highest
ligninolytic enzymes production and activity as well as high lignin degradation on
the specific substrates. In order to limit matter losses, selective delignification is
crucial and high fermentable sugar losses must be avoided. White-rot fungi strains
should therefore be carefully selected based on these important parameters. Table 4
summarizes some of white-rot fungi species that have been studied for several
lignocellulosic biomass pretreatment.

3.2 Inoculum concentration

Inoculum concentration is an important factor in biological pretreatment. Suffi-
cient amounts of inoculum must be defined to ensure good fungal growth and
substrate colonization. The time required for the colonization of the substrate is
affected by the type and amount of inoculums [31]. Higher concentration of inocu-
lum will lead to shorter time of colonization of the substrate [49].

3.3 Moisture content

Moisture content of the solid state fermentation is a critical aspect for fungal
growth and activities. Lignin degradation is significantly influenced by this factor as
it affects the growth and activities of the fungal. Increasing the moisture content
enhances the nutrient transfer but reduces the porosity of the substrate and limits
oxygen transfer [28]. However, insufficient water content in the substrates may
cause deactivation of the fungi. Optimum moisture content depends upon the
organism and the substrate used for SSF [30]. The range of moisture content of
substrate for SSF using white-rot fungi is usually between 45 and 85% [29]. A study
on the effect of moisture content for delignification of cotton stalks by Daedalea
flavida MTCC 145 (DF-2) in SSF found that the highest ligninolytic enzyme
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3. Parameters affecting pretreatment process

High lignin degradation can be achieved by having high activities of white-rot
fungi and production of ligninolytic enzymes. This is influenced by several
pretreatment parameters such as fungal strain, inoculum concentration, moisture
content, aeration, pH, temperature, supplements and incubation time [28–30].
Moreno et al. [29] reviewed that for solid state fermentations (SSF), depending on
the strain used, the usual conditions that have been used are at moisture content
45–85%, pH 4–5, with an inoculum level of 1–10mg/g substrate (dry weight), at
temperatures ranging from 15 to 40°C and over 1–12 weeks. The optimization of
these parameters is important to increase the efficiency of the pretreatment by
reducing the carbohydrate loss and pretreatment time [31]. However, for most of
these factors, the optimal conditions are depended on the substrate and fungal
strain [28]. Temperature and pH are reported to affect fungal metabolism, spore
germination and growth. Low moisture content can reduce nutrients availability
and growth, while higher moisture content can boost contamination, reduce heat
and oxygen transmission, and affect enzyme production [32]. Adekunle et al. [33]
reported that the pH and temperature of the SSF play a vital role in the production
of laccase by T. versicolor.

3.1 Fungal strain

In order for the white-rot fungi to be used in the pretreatment process, screening
of a large number of fungal isolates is important in order to have the right isolates
for the process. Screening step allows the selection of isolates with the highest
ligninolytic enzymes production and activity as well as high lignin degradation on
the specific substrates. In order to limit matter losses, selective delignification is
crucial and high fermentable sugar losses must be avoided. White-rot fungi strains
should therefore be carefully selected based on these important parameters. Table 4
summarizes some of white-rot fungi species that have been studied for several
lignocellulosic biomass pretreatment.

3.2 Inoculum concentration

Inoculum concentration is an important factor in biological pretreatment. Suffi-
cient amounts of inoculum must be defined to ensure good fungal growth and
substrate colonization. The time required for the colonization of the substrate is
affected by the type and amount of inoculums [31]. Higher concentration of inocu-
lum will lead to shorter time of colonization of the substrate [49].

3.3 Moisture content

Moisture content of the solid state fermentation is a critical aspect for fungal
growth and activities. Lignin degradation is significantly influenced by this factor as
it affects the growth and activities of the fungal. Increasing the moisture content
enhances the nutrient transfer but reduces the porosity of the substrate and limits
oxygen transfer [28]. However, insufficient water content in the substrates may
cause deactivation of the fungi. Optimum moisture content depends upon the
organism and the substrate used for SSF [30]. The range of moisture content of
substrate for SSF using white-rot fungi is usually between 45 and 85% [29]. A study
on the effect of moisture content for delignification of cotton stalks by Daedalea
flavida MTCC 145 (DF-2) in SSF found that the highest ligninolytic enzyme
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activities, optimal lignin degradation 29.88 � 0.97% (w/w) with cellulose loss
11.70 � 1.30% (w/w) were observed at 75% moisture content [44]. It was reported
that the lignin degradation increased with increase in moisture content. Cellulose
and hemicellulose degradation were found to be increased at higher moisture con-
tent and small particle size. The selectivity value, SV also influenced by the mois-
ture content. Increase in moisture content decreased the SV, and this may be due to
the decreasing of lignin degradation compared to cellulose loss caused by oxygen
diffusion declining and ligninolytic enzymes inhibition. Similar condition was also
reported for SSF of steam-exploded cornstalk by T. versicolor where the highest
laccase activity achieved in this study was 2765.81 Ug�1 at 75% moisture content
[33]. A study on laccase production by a novel white-rot fungus Pseudolagaro-
basidium acaciicola LA 1 through SSF of Parthenium biomass reported that the
highest laccase activities, 16,388 Ug�1 of substrate was found at liquid to solid ratio
of 5 with an incubation period of 7 days [42].

3.4 Temperature

Temperature is another very critical factor in the pretreatment using white-rot
fungi. However, different genus has different tolerant to temperature. Fungal
physiology, fungal strain and types of substrate also resulted in different optimal
temperature for biological pretreatment [30]. This statement is in agreement with
several studies which showed the production of ligninolytic enzyme using white-rot

Fungi species Substrate(s) Enzymes References

Ceriporiopsis subvermispora Hazel branches Laccase and MnP [34]

Albizia chips [35]

Miscanthus sinensis [36]

Echinodontium taxodii Bamboo Laccase and MnP [37]

Trametes versicolor Pine wood chips Laccase [14]

Corn stalk [33]

Corn silage [38]

Tricholoma giganteum Wheat straw Laccase [39]

Schizophyllum commune Banana stalk
Corn cobs
Sugarcane bagasse
Wheat straw

Laccase, LiP and MnP [40, 41]

Pseudolagarobasidium acaciicola Parthenium biomass Laccase [42]

Dichomitus squalens Chestnut shell Laccase [43]

Daedalea flavida Cotton stalks Laccase and LiP [44]

Tremetes villosa Coconut shell
Sugarcane bagasse
Sisal fiber

MnP [45]

Stereum ostrea Wheat bran MnP [46]

Pleurotus ostreatus Rice straw N.S [47]

Polyporus brumalis Wheat straw N.S [48]

N.S,not specified.

Table 4.
Lignocellulosic biomass pretreatments with different white-rot fungi species and their isolated enzymes.
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fungi has various optimal temperature [33, 50]. White-rot basidiomycetes grow
optimally at temperature between 25 and 30°C while most of white-rot ascomycetes
fungi grow optimally at 39°C [5]. The metabolism of these fungi produces heat and
develops temperature gradients in SSF media. The accumulated heat can lead to
adverse effect on the fungal growth and their metabolic activity which leading to
the denaturation of the key enzymes. From the studies on pretreatment of rice
straw, ligninolytic activities by S. commune was found to be peaked at 30 and 35°C
[40, 41]. Meanwhile the highest ligninases production by T. versicolor was reported
at 40°C [51]. Adekunle et al. [33] reported in their study on the SSF of steam-
exploded cornstalk with T. versicolor that there was a direct correlation between the
temperature and laccase production, with the highest laccase activity of
2677.16 U g�1 was produced at 28°C. The maximum production of laccase by T.
giganteum AGHP (1.53 � 105 Ug�1 of dry substrate) was obtained at 30°C [39]. This
study also showed that lower temperature of 10 and 20°C are not suitable for the
growth of fungi due to lower enzyme production. Similar result was obtained from
the study on laccase production by Pseudolagarobasidium acaciicola LA 1, the opti-
mum production (19,944 Ug�1 dry substrate), was found at 30°C [42].

3.5 pH

pH is one of the prominent parameters in the cultivation of fungi and it is very
problematic to control in SSF [52]. The initial pH of the medium influences the
microbial growth and the production of ligninolytic enzyme. White-rot fungi grow
well at pH 4–5, while substrate acidity decreases their growth. A study conducted
on the isolation of laccase from a novel white-rot fungus Pseudolagarobasidium
acaciicola LA 1 through SSF of Parthenium biomass showed that the isolated laccase
was found to perform optimally at pH 4.5 and highly stable within the range of
pH 4–7 for 24 h [42]. The effect of pH is important in the case of laccase production,
and a small change in intracellular pH will result in a decrease of macromolecules
synthesis. Patel and Gupte [39] reported that the maximal laccase production
(1.27 � 105 Ug�1 of dry substrate) by Tricholoma giganteum AGHP was achieved at
pH 5.0. No increment in the production of enzyme was found at higher pH. This
may be attributed to the poor mycelial growth at an elevated pH which may restrict
the laccase production. It was reported that the maximum ligninolytic activities by
T. versicolor were found at pH 4.0 and 5.0 [33]. Asgher et al. [40] showed that the
optimum enzymes production by S. commune IBL-06 was found to be at pH 5 while
pH 4.43 and 4.46 for S. commune NI-07 [41]. Change in pH will affect the three
dimensional structure of laccase which in turn leads to the decrease in laccase
activity [5].

3.6 Aeration

Production and activity of ligninolytic enzymes are also influenced by aeration.
There are several purposes of aeration such as to supply oxygen into the media, for
the removal of CO2, heat dissipation, distribution of water vapor to regulate
humidity, and circulation of volatile compounds produced during metabolism.
Thus, this factor should be optimized to improve rate of delignification [49].

3.7 Supplements

Other factor such as various supplements (Cu2+, Mn2+, ferulic acid, xylidine,
veratric acid, vanillic acid, cinnamic acid, guaiacol, etc.) for the SSF media have
previously been reported in studying their effect on production of ligninolytic
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activities, optimal lignin degradation 29.88 � 0.97% (w/w) with cellulose loss
11.70 � 1.30% (w/w) were observed at 75% moisture content [44]. It was reported
that the lignin degradation increased with increase in moisture content. Cellulose
and hemicellulose degradation were found to be increased at higher moisture con-
tent and small particle size. The selectivity value, SV also influenced by the mois-
ture content. Increase in moisture content decreased the SV, and this may be due to
the decreasing of lignin degradation compared to cellulose loss caused by oxygen
diffusion declining and ligninolytic enzymes inhibition. Similar condition was also
reported for SSF of steam-exploded cornstalk by T. versicolor where the highest
laccase activity achieved in this study was 2765.81 Ug�1 at 75% moisture content
[33]. A study on laccase production by a novel white-rot fungus Pseudolagaro-
basidium acaciicola LA 1 through SSF of Parthenium biomass reported that the
highest laccase activities, 16,388 Ug�1 of substrate was found at liquid to solid ratio
of 5 with an incubation period of 7 days [42].
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Temperature is another very critical factor in the pretreatment using white-rot
fungi. However, different genus has different tolerant to temperature. Fungal
physiology, fungal strain and types of substrate also resulted in different optimal
temperature for biological pretreatment [30]. This statement is in agreement with
several studies which showed the production of ligninolytic enzyme using white-rot
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MnP [45]

Stereum ostrea Wheat bran MnP [46]

Pleurotus ostreatus Rice straw N.S [47]

Polyporus brumalis Wheat straw N.S [48]

N.S,not specified.
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Lignocellulosic biomass pretreatments with different white-rot fungi species and their isolated enzymes.
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fungi has various optimal temperature [33, 50]. White-rot basidiomycetes grow
optimally at temperature between 25 and 30°C while most of white-rot ascomycetes
fungi grow optimally at 39°C [5]. The metabolism of these fungi produces heat and
develops temperature gradients in SSF media. The accumulated heat can lead to
adverse effect on the fungal growth and their metabolic activity which leading to
the denaturation of the key enzymes. From the studies on pretreatment of rice
straw, ligninolytic activities by S. commune was found to be peaked at 30 and 35°C
[40, 41]. Meanwhile the highest ligninases production by T. versicolor was reported
at 40°C [51]. Adekunle et al. [33] reported in their study on the SSF of steam-
exploded cornstalk with T. versicolor that there was a direct correlation between the
temperature and laccase production, with the highest laccase activity of
2677.16 U g�1 was produced at 28°C. The maximum production of laccase by T.
giganteum AGHP (1.53 � 105 Ug�1 of dry substrate) was obtained at 30°C [39]. This
study also showed that lower temperature of 10 and 20°C are not suitable for the
growth of fungi due to lower enzyme production. Similar result was obtained from
the study on laccase production by Pseudolagarobasidium acaciicola LA 1, the opti-
mum production (19,944 Ug�1 dry substrate), was found at 30°C [42].

3.5 pH

pH is one of the prominent parameters in the cultivation of fungi and it is very
problematic to control in SSF [52]. The initial pH of the medium influences the
microbial growth and the production of ligninolytic enzyme. White-rot fungi grow
well at pH 4–5, while substrate acidity decreases their growth. A study conducted
on the isolation of laccase from a novel white-rot fungus Pseudolagarobasidium
acaciicola LA 1 through SSF of Parthenium biomass showed that the isolated laccase
was found to perform optimally at pH 4.5 and highly stable within the range of
pH 4–7 for 24 h [42]. The effect of pH is important in the case of laccase production,
and a small change in intracellular pH will result in a decrease of macromolecules
synthesis. Patel and Gupte [39] reported that the maximal laccase production
(1.27 � 105 Ug�1 of dry substrate) by Tricholoma giganteum AGHP was achieved at
pH 5.0. No increment in the production of enzyme was found at higher pH. This
may be attributed to the poor mycelial growth at an elevated pH which may restrict
the laccase production. It was reported that the maximum ligninolytic activities by
T. versicolor were found at pH 4.0 and 5.0 [33]. Asgher et al. [40] showed that the
optimum enzymes production by S. commune IBL-06 was found to be at pH 5 while
pH 4.43 and 4.46 for S. commune NI-07 [41]. Change in pH will affect the three
dimensional structure of laccase which in turn leads to the decrease in laccase
activity [5].

3.6 Aeration

Production and activity of ligninolytic enzymes are also influenced by aeration.
There are several purposes of aeration such as to supply oxygen into the media, for
the removal of CO2, heat dissipation, distribution of water vapor to regulate
humidity, and circulation of volatile compounds produced during metabolism.
Thus, this factor should be optimized to improve rate of delignification [49].

3.7 Supplements

Other factor such as various supplements (Cu2+, Mn2+, ferulic acid, xylidine,
veratric acid, vanillic acid, cinnamic acid, guaiacol, etc.) for the SSF media have
previously been reported in studying their effect on production of ligninolytic
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enzymes [44, 53]. Many studies reported that the copper at various concentrations
influences laccase production in S. ostrea,T. pubescens, P. eryngii, and P. ostreatus
[46, 54]. This is related to the role of Cu2+ that controls the transcription of
laccase gene and also enhances the stability of this enzyme. Meanwhile, the con-
centration on Mn2+ influenced both MnP and laccase production by different
Pleurotus species [55].

4. Conclusion

Pretreatment is very crucial in the conversion of lignocellulosic materials to
other value-added products as lignin acts as the barrier for enzyme penetration.
Comparing various pretreatment strategies, fungal pretreatment is more favorable
because it is an environmental-friendly process. White-rot fungi with high selec-
tivity of delignification than cellulose removal are more desirable compared to other
microorganisms as cellulose is the feedstock for the subsequent hydrolysis process.
Fungal strain, inoculum concentration, moisture content, temperature, pH, aera-
tion and supplements are crucial parameters for fungal growth and metabolism to
achieve good pretreatment outcome.
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Chapter 4

Woody Feedstock Pretreatments to 
Enhance Pyrolysis Bio-oil Quality 
and Produce Transportation Fuel
Hamid Rezaei, Fahimeh Yazdanpanah, Jim Choon Lim, 
Anthony Lau and Shahab Sokhansanj

Abstract

Lignocellulosic biomass as a potential renewable source of energy has a near-
zero CO2 emission. Pyrolysis converts biomass to a liquid fuel and increases the 
energy density and transportability. The pyrolysis bio-oil shows promising proper-
ties to substitute the conventional fossil fuels. But, unprocessed biomass is low in 
bulk and energy density; high in moisture; heterogeneous in physical and chemical 
properties, highly hygroscopic and difficult to handle. That is why the biomass 
needs mechanical, chemical and/or thermal pretreatments to turn into a more 
homogeneous feedstock and minimize the post-treatment fuel upgrading. This 
chapter explains the effects that various pretreatments such as size reduction, dry-
ing, washing and thermal pretreatments have on the quality and quantity of bio-oil. 
Washing with water or acid/alkali solutions extracts the minerals that consequently 
reduces the ash and shortens the reactor clean-out cycle. Torrefaction is gaining 
attention as an effective pretreatment to modify the quality of biomass in terms 
of physical and chemical properties. Torrefaction produces a uniform biomass 
with lower moisture, acidity and oxygen contents and higher energy density and 
grindability than raw biomass. Pyrolysis of torrefied biomass produces bio-oil with 
enhanced compositional and physical properties such as a higher heating value and 
increased C (lower O/C ratio).

Keywords: pyrolysis, pretreatment, torrefaction, washing, bio-oil, bio-fuel

1. Introduction

Crude oil and coal with high energy density and stable properties to store 
and transport are preferred fuels for industrial and home applications [1]. The 
recent reduction in affordable fossil fuels and environmental concerns increased 
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heterogeneous in physical, chemical and thermal properties; high in moisture [6],  
mineral [7] and oxygen contents [8]; highly hygroscopic [9] and difficult to 
handle [6]. Converting biomass to secondary liquid or gaseous fuels through ther-
mal conversion processes is a way of increasing the energy density and transport-
ability. Mechanical, chemical and thermal pretreatments are able to modify the 
biomass properties in order to produce a more homogeneous fuel and minimize 
the post-treatment fuel upgrading.

The current article reviews the feedstock properties that are important for 
the fast pyrolysis process and the potential pretreatments to modify the biomass 
properties are explained. Specifically, drying, grinding, washing and torrefaction 
processes and their influence on the final bio-oil product are thoroughly explained.

2. Pyrolysis

Pyrolysis is a thermal process to convert biomass particles to secondary solid, 
liquid and/or gaseous fuels [10]. The liquid bio-oil obtained from pyrolysis of 
biomass shows promising properties to substitute the conventional fossil fuels. 
The breakdown of biomass particles takes place in a pyrolysis reactor by expos-
ing them to an oxygen-free or deficit environment. As the temperature of the 
particle increases, different stages of thermal treatment occur. Drying happens 
first when a moist particle is heated up to temperatures of about 150°C [11]. At 
temperatures of 200–300°C and in the absence of oxygen/air, various degrees 
of torrefaction happen and release volatile [12–14]. At temperatures higher than 
300°C, more severe decomposition of biomass happens and structural changes 
such as a change in chemical composition and porosity of particles occur in the 
solid matrix.

Pyrolysis processes are generally categorized as “slow” and “fast” according 
to the time taken for processing the feed into pyrolysis products. Slow pyrolysis 
utilizes low temperatures of 300–400°C over a residence time of 30 minutes to 
hours to maximize char formation. Fast pyrolysis is a rapid thermal decomposition 
process to maximize the liquid fraction of products. In industrial fast pyrolysis, 
biomass particles would be exposed suddenly to an environment of 400–600°C 
to heat up rapidly. The combined effects of moisture content, particle size [15–17] 
and reactor temperature [18, 19] make a non-linear temperature profile inside the 
particle which affects the rate of conversion. The residence time of the volatile frac-
tion in the pyrolysis reactor and its contact with solid particles should be less than 
2–3 seconds to prevent the secondary reactions. Pyrolysis takes place in a complete 
absence of oxygen. The volatiles are quickly removed and quenched to maximize 
liquid yield. Figure 1 displays a schematic diagram of an industrial pyrolysis 
process. In the following sections, a comprehensive literature review is presented to 
discuss the effects of various parameters related to feedstock and pre-treatments on 
the efficiency of the pyrolysis process.

2.1 Feedstock composition

A plant-based dry biomass has the main fractions of cellulose, hemicelluloses, 
lignin, extractives and minerals. Wood extractives, or wood extracts, are low 
molecular weight molecules that are extracted from wood using solvents or other 
extraction methods. The extractives are the waxes, fatty acids, resin acids and 
terpenes of a tree. Table 1 lists the composition of a broad range of biomass spe-
cies. The composition of biomass changes the chemical composition and heating 
value of pyrolysis products [33]. Higher lignin content reduces the bio-oil yield at 

61

Woody Feedstock Pretreatments to Enhance Pyrolysis Bio-oil Quality and Produce…
DOI: http://dx.doi.org/10.5772/intechopen.81818

the expense of higher biochar yield in the pyrolysis process [29]. The extractives 
have the highest heating value in the woody biomass. The heating values of biomass 
components are 17–18, 16–17, 25–26 and 33–38 GJ/tonne for cellulose, hemicellu-
lose, lignin and extractives, respectively [34].

Each sub-component of the biomass has a specific thermal reactivity. For 
example, cellulose decomposes at 300–400°C; hemicellulose decomposes at 
200–300°C and lignin decompose continuously in the wide temperature range of 

Figure 1. 
Schematic diagram of the pyrolysis process, including drying, grinding, pyrolyzer, separation stages and 
condenser.

Biomass 
species

Composition (wt.%) Refs. Ultimate analysis 
(wt.%)

Ash 
(wt.%)

HHV (MJ/
kg)

Refs.

Cel.1 Hem.2 Lig.3 C H O

Pine wood 42.1 27.7 25.0 [20] 45.9 5.3 48.2 0.35 18.98 [21]

Beech wood 41.7 37.1 18.9 [22] 46.7 5.7 47.6 1.04 – [22]

Douglas fir 50.0 17.8 28.3 [23] 50.7 6.0 42.5 0.50 20.07 [24]

Spruce wood 41.1 20.9 28.0 [20] 48.9 6.0 44.6 0.30 19.26 [20]

Poplar aspen 49.9 22.4 18.1 [25] – – – – – –

Poplar wood 42.2 16.6 25.6 [26] 48.4 5.8 43.7 1.43 19.71 [26]

Birch wood 35.7 25.1 19.3 [20] 49.0 6.3 44.1 0.30 18.40 [27]

Corn stover 36.4 22.6 16.6 [28] – – – – – –

Corn cob 52.0 32.5 15.5 [29] 49.0 5.6 43.8 1.10 – [29]

Wheat straw 38.2 24.7 23.4 [28] 40.7 5.8 52.9 10.58 16.24 [30]

Rice straw 34.2 24.5 23.4 [31] 36.9 5.0 37.9 11.70 16.78 [31]

Rice straw 32.1 26.5 12.5 [32]

Olive husk 25.2 24.2 50.6 [29] 50.2 6.4 38.4 4.10 – [29]

Tea waste 33.2 23.3 43.5 [29] 48.2 5.5 44.3 1.50 – [29]
1Cellulose.
2Hemicellulose.
3Lignin.

Table 1. 
Composition and ultimate analysis, ash content and calorific value of various biomass feedstock.
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first when a moist particle is heated up to temperatures of about 150°C [11]. At 
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of torrefaction happen and release volatile [12–14]. At temperatures higher than 
300°C, more severe decomposition of biomass happens and structural changes 
such as a change in chemical composition and porosity of particles occur in the 
solid matrix.

Pyrolysis processes are generally categorized as “slow” and “fast” according 
to the time taken for processing the feed into pyrolysis products. Slow pyrolysis 
utilizes low temperatures of 300–400°C over a residence time of 30 minutes to 
hours to maximize char formation. Fast pyrolysis is a rapid thermal decomposition 
process to maximize the liquid fraction of products. In industrial fast pyrolysis, 
biomass particles would be exposed suddenly to an environment of 400–600°C 
to heat up rapidly. The combined effects of moisture content, particle size [15–17] 
and reactor temperature [18, 19] make a non-linear temperature profile inside the 
particle which affects the rate of conversion. The residence time of the volatile frac-
tion in the pyrolysis reactor and its contact with solid particles should be less than 
2–3 seconds to prevent the secondary reactions. Pyrolysis takes place in a complete 
absence of oxygen. The volatiles are quickly removed and quenched to maximize 
liquid yield. Figure 1 displays a schematic diagram of an industrial pyrolysis 
process. In the following sections, a comprehensive literature review is presented to 
discuss the effects of various parameters related to feedstock and pre-treatments on 
the efficiency of the pyrolysis process.

2.1 Feedstock composition

A plant-based dry biomass has the main fractions of cellulose, hemicelluloses, 
lignin, extractives and minerals. Wood extractives, or wood extracts, are low 
molecular weight molecules that are extracted from wood using solvents or other 
extraction methods. The extractives are the waxes, fatty acids, resin acids and 
terpenes of a tree. Table 1 lists the composition of a broad range of biomass spe-
cies. The composition of biomass changes the chemical composition and heating 
value of pyrolysis products [33]. Higher lignin content reduces the bio-oil yield at 
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the expense of higher biochar yield in the pyrolysis process [29]. The extractives 
have the highest heating value in the woody biomass. The heating values of biomass 
components are 17–18, 16–17, 25–26 and 33–38 GJ/tonne for cellulose, hemicellu-
lose, lignin and extractives, respectively [34].

Each sub-component of the biomass has a specific thermal reactivity. For 
example, cellulose decomposes at 300–400°C; hemicellulose decomposes at 
200–300°C and lignin decompose continuously in the wide temperature range of 
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Schematic diagram of the pyrolysis process, including drying, grinding, pyrolyzer, separation stages and 
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Refs.
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Pine wood 42.1 27.7 25.0 [20] 45.9 5.3 48.2 0.35 18.98 [21]

Beech wood 41.7 37.1 18.9 [22] 46.7 5.7 47.6 1.04 – [22]

Douglas fir 50.0 17.8 28.3 [23] 50.7 6.0 42.5 0.50 20.07 [24]

Spruce wood 41.1 20.9 28.0 [20] 48.9 6.0 44.6 0.30 19.26 [20]

Poplar aspen 49.9 22.4 18.1 [25] – – – – – –

Poplar wood 42.2 16.6 25.6 [26] 48.4 5.8 43.7 1.43 19.71 [26]

Birch wood 35.7 25.1 19.3 [20] 49.0 6.3 44.1 0.30 18.40 [27]

Corn stover 36.4 22.6 16.6 [28] – – – – – –

Corn cob 52.0 32.5 15.5 [29] 49.0 5.6 43.8 1.10 – [29]

Wheat straw 38.2 24.7 23.4 [28] 40.7 5.8 52.9 10.58 16.24 [30]
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Composition and ultimate analysis, ash content and calorific value of various biomass feedstock.
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180–600°C [35]. This specification directly influences the temperature range at 
which the material thermally decomposes and consequently the optimum pyrolysis 
temperature at which the maximum bio-oil yield is obtained. Table 2 lists pyrolysis 
liquid yield of various biomass species at tested temperatures and depicts the vari-
ability of produced bio-oil yield among the pyrolysis of different feedstocks. Apart 
from variability in conversion rate among species, the conversion rate increases 
with the reaction temperature.

In addition to the chemical composition, the elemental and proximate analysis 
of the biomass feedstock changes the properties of the produced fuel. From the 
elemental point of view, the biomass is mainly contained of carbon, hydrogen 
and oxygen (Table 1). The composition of elements affects the storage proper-
ties of the liquid fuel. Compared to conventional fossil fuels, biomass has a high 
amount of ~40–50% oxygen content. High oxygen content makes the produced 
liquid fuel unstable, corrosive and consequently not qualified for transportation 
and storage [16].

The minor elements present in the biomass material are minerals such as potas-
sium, chlorine, sulfur, silicon, calcium and magnesium [45]. Minerals are present in 
all biomass species, in a much lower amount than carbon, hydrogen and oxygen ele-
ments. Agricultural biomass has much more mineral contents than woody biomass. 
In a thermal process, minerals turn to ash (Table 1). The pyrolysis biochar typically 
contains up to 90% of the biomass minerals [46]. Ash shifts the size distribution 
of the char to smaller sizes that make their recovery from the gas stream challeng-
ing. An incomplete separation of char and volatiles causes continuous secondary 
reactions in the liquid phase [16, 47, 48] that accelerates the aging phenomenon and 
contribute to its instability [49, 50]. Aging phenomena is defined as a slow increase 
in viscosity bio-oil resulting from secondary reactions [16]. Minerals have a cata-
lytic effect on the rate of secondary reactions [51].

2.2 Pyrolysis products

Products of the pyrolytic reaction are biochar and hot volatile that need to be 
separated and cooled down quickly. The residence time of char and volatile in direct 
contact should be less than 2–3 seconds [5, 15, 52]. Char is greatly porous and has a 
catalytic effect on volatile cracking to non-condensable gases, more char and also 
non-desirable volatiles [1]. The main product of fast pyrolysis is liquid bio-oil that 
is obtained by condensation of volatiles, yielding up to 75 wt.% based on a dry feed 

Biomass type Pyrolysis temperature 
(°C)

Bio-oil yield 
(wt.%)

Refs.

Pine wood 450 55.0 [36]

Waste furniture sawdust 450 65.0 [37]

Wood sawdust 650 74.0 [38]

Corncob 550 56.8 [39]

Municipal, livestock and wood waste 500 39.7 [40]

Pine wood 450 50 [41]

Rice husks 450 60 [42]

Corn cobs and corn stover 650 61.6 [43]

Sugar cane waste 470 56.5 [44]

Table 2. 
Bio-oil yield in fast pyrolysis of different biomass feedstocks.
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basis [15]. Table 3 lists a few key properties of bio-oil and the properties of petro-
leum grade fuel (Fuel No. 6). Bio-oil has a heating value of about half of conven-
tional fossil fuel oil, 17–19 MJ/kg for bio-oil versus 35–40 MJ/kg for petroleum fossil 
fuel [52].

The final application of produced bio-oil depends on its quality and properties 
such as solid content, stability during storage and transportation, oxygen and water 
contents and its pH value [54]. High oxygen and water content make the bio-oil 
less stable and less competitive with conventional fossil fuels. Low stabilization, 
including phase separation and polymerization, and acidic and corrosive properties 
of bio-oil make its storage and transportation difficult [39, 55]. Based on National 
Renewable Energy Laboratory’s (NREL) recommendation, Multi-Year Program 
Plan (MYPP 2011), the bio-oil must maintain its consistency for at least 6 months of 
storage. Based on the published studies, a drastic reduction in water content of bio-
oil, insoluble solids and oxygen content and a substantial increase in the calorific 
value of bio-oil are needed for upgrading to fuel grade.

Gas and biochar are generated as by-products of the pyrolysis process. 
Optimizing their properties helps to find an application for by-products to make 
the overall process more economically feasible. They have the potential to pro-
vide the heat required for the pyrolysis process. The non-condensable gases of 
the pyrolysis process have a substantial amount of CO2 and CH4. Combustion of 
these permanent gases makes heat for the pyrolysis process. Biochar has various 
interesting properties. First one is that the biochar also has a high calorific value. 
The energy density for charcoal is 9–11 GJ/m3, while energy density for wood 
and coal are 8–10 and 25–40 GJ/m3, respectively [1]. Second, biochar is enriched 
with carbon that is a good soil amendment. In addition, adding char to soil moves 
the carbon from atmosphere to soil [56]. Third but not last, pyrolysis biochar has 
promising adsorption properties for heavy metals [57], dyes [58, 59] and aromat-
ics [60] in agricultural and industrial effluents. The biomass properties influence 
the biochar properties to be used for adsorption purposes. For example, woody 
biomass contains more lignin content than agricultural biomass and its biochar has 
higher surface area than other biomass-derived biochars. Then, it is speculated to 
have better adsorptivity properties [61].

Characteristics Fast pyrolysis bio-oil Heavy petroleum fuel

Wet Dry

Water content (wt.%) 15–25 0.1

Insoluble solids (%) 0.5–0.8 0.01

Carbon (%) 39.5 55.8 85.2

Hydrogen (%) 7.5 6.1 11.1

Oxygen (%) 52.6 37.9 1.0

Nitrogen (%) <0.1 0.3

Sulfur (%) <0.05 2.3

Ash (%) 0.2–0.3 <0.1

Heating value (MJ/kg) 17 40

Density (g/ml) 1.23 0.94

Viscosity (cp) @ 50°C 10–150 180

Table 3. 
Properties of wood-derived bio-oil and heavy petroleum fuel [53].
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amount of ~40–50% oxygen content. High oxygen content makes the produced 
liquid fuel unstable, corrosive and consequently not qualified for transportation 
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The minor elements present in the biomass material are minerals such as potas-
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all biomass species, in a much lower amount than carbon, hydrogen and oxygen ele-
ments. Agricultural biomass has much more mineral contents than woody biomass. 
In a thermal process, minerals turn to ash (Table 1). The pyrolysis biochar typically 
contains up to 90% of the biomass minerals [46]. Ash shifts the size distribution 
of the char to smaller sizes that make their recovery from the gas stream challeng-
ing. An incomplete separation of char and volatiles causes continuous secondary 
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basis [15]. Table 3 lists a few key properties of bio-oil and the properties of petro-
leum grade fuel (Fuel No. 6). Bio-oil has a heating value of about half of conven-
tional fossil fuel oil, 17–19 MJ/kg for bio-oil versus 35–40 MJ/kg for petroleum fossil 
fuel [52].

The final application of produced bio-oil depends on its quality and properties 
such as solid content, stability during storage and transportation, oxygen and water 
contents and its pH value [54]. High oxygen and water content make the bio-oil 
less stable and less competitive with conventional fossil fuels. Low stabilization, 
including phase separation and polymerization, and acidic and corrosive properties 
of bio-oil make its storage and transportation difficult [39, 55]. Based on National 
Renewable Energy Laboratory’s (NREL) recommendation, Multi-Year Program 
Plan (MYPP 2011), the bio-oil must maintain its consistency for at least 6 months of 
storage. Based on the published studies, a drastic reduction in water content of bio-
oil, insoluble solids and oxygen content and a substantial increase in the calorific 
value of bio-oil are needed for upgrading to fuel grade.

Gas and biochar are generated as by-products of the pyrolysis process. 
Optimizing their properties helps to find an application for by-products to make 
the overall process more economically feasible. They have the potential to pro-
vide the heat required for the pyrolysis process. The non-condensable gases of 
the pyrolysis process have a substantial amount of CO2 and CH4. Combustion of 
these permanent gases makes heat for the pyrolysis process. Biochar has various 
interesting properties. First one is that the biochar also has a high calorific value. 
The energy density for charcoal is 9–11 GJ/m3, while energy density for wood 
and coal are 8–10 and 25–40 GJ/m3, respectively [1]. Second, biochar is enriched 
with carbon that is a good soil amendment. In addition, adding char to soil moves 
the carbon from atmosphere to soil [56]. Third but not last, pyrolysis biochar has 
promising adsorption properties for heavy metals [57], dyes [58, 59] and aromat-
ics [60] in agricultural and industrial effluents. The biomass properties influence 
the biochar properties to be used for adsorption purposes. For example, woody 
biomass contains more lignin content than agricultural biomass and its biochar has 
higher surface area than other biomass-derived biochars. Then, it is speculated to 
have better adsorptivity properties [61].
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3. Feedstock pretreatment

Physical properties like particle size, particle shape and density influence the 
material handling and flowability of particles that are leading properties for an un-
interrupted feeding system [62]. Chemical properties like elemental and proximate 
analyses influence the pyrolysis products’ distribution and properties. Although 
biomass has inherent heterogeneous properties [1], various physical, chemical 
and thermal pretreatments contribute to achieving homogeneity in properties of 
biomass. Homogeneous feedstock with uniform physical and chemical properties 
plays a key role in a pyrolysis process and quality of its products. Although pretreat-
ments create an additional feedstock cost, they facilitate feeding a wide range of 
biomass species with broad properties and are beneficial due to producing uniform 
and homogeneous feedstock for power plants.

3.1 Moisture reduction

Biomass particles are dried for a more-efficient thermal combustion in pyrolysis 
reactors to produce bio-oil [63, 64]. A fresh biomass has a high moisture content 
of up to 80% [34]. High moisture content reduces the heating value of the fuel and 
shifts the ignition point to higher temperatures [6], and inhibits the rise of tem-
perature inside the particles and conversion reactor [65, 66]. Reduced particle and 
reactor temperatures diminish the liquid yield at the expense of a larger fraction 
of biochar and non-condensable gases [22, 66]. Water has a catalytic effect on 
volatile cracking. Di Blasi [67] showed that moisture content conducts the pyroly-
sis reaction to a low activation energy path that promotes the formation of char, 
non-condensable gases and more water. Biomass should be dried down to less than 
10% moisture content to improve the quality of produced fuel [15]. Pyrolysis of dry 
material produces less water compared to wet biomass. Bio-oil with a lower amount 
of water has higher heating value, a lower ignition point, higher combustion rate 
and a lower potential of phase separation [6].

Rezaei [68] stated that size of particles [69], initial moisture content [70], 
drying temperature [69, 71], relative humidity of drying gas [72, 73] and particle 
heating rate [74] influence the rate of moisture loss. Rezaei et al. [75] showed 
that biomass shrinks during the moisture loss that influences the drying rate. 
Dehydration of fresh wood causes a reduction in the dimension of wood in a direc-
tion normal to the microfibril orientation, whereas the longitudinal shrinkage is 
usually negligible [76]. Mazzanti et al. [77] showed that the longitudinal shrinkage 
for poplar wood is negligible. Taylor et al. [78] showed that the radial shrinkage of 
beech wood is about 70 times of longitudinal shrinkage.

3.2 Size reduction

Grinding reduces the dimensions of a particle and increases the particle’s specific 
surface area (ratio of the particle’s surface area to its mass). The same relationship 
holds for a bulk of particles where the surface area of the solids increases in a given 
volume of bulk particles. Therefore, the smaller particles have a more exposed 
surface to the raised-temperature environment to boost the rate of heat and mass 
transfer between the particles and surrounding. Rezaei et al. [79, 80] showed that 
larger particles (from 1 to 5 mm) have a delay in heat and mass transfer and reduced 
rate of pyrolysis (Figure 2). On the other hand, grinding the biomass to smaller 
particles requires more energy input. Rezaei et al. [81] reported that grinding wood 
chips to produce particles with average sizes of 1, 1.8, 3 and 5 mm requires about 
124.0, 85.7, 52.6 and 28.2 kJ/kg, respectively. Van Der Stelt et al. [82] measured 
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the power required for size reduction of coal, torrefied woodcutting, willow and 
demolition wood. He showed that to have particles smaller than 0.6 mm, the 
grinding power consumption increases sharply. The balance of the conversion rate 
and energy consumption identifies the optimum particle size appropriate for a fast 
pyrolysis process.

Figure 3 shows the published data on yields of three phases of solid, liquid and 
gas in pyrolysis of a range of particle size. In the range of particle size up to 2 mm, 
only the apricot stone pyrolyzed at 800°C showed a yield that was sensitive to 
particles size. An increase in particle size increased the char yield at the expense 
of less liquid yield [15, 22, 26, 83]. Some researchers did not observe any effect of 
particle size on the yield of products. For example, Şensöz et al. [84, 85] did not 
observe any meaningful influence of particle size on the pyrolysis products of 
rapeseed (Brassica napus L.) in the range of 0.22–0.85 mm [84] and of debarked 
pine in the range of 2–5 mm [85]. Encinar et al. [86] reported that liquid yield 
was independent of biomass particle size during pyrolysis of 0.4–2.0 mm grape 
residue and olive residue particles pyrolyzed at 500°C. On the other hand, some 
researchers showed that larger particles in pyrolysis decrease liquid yield and 
increase biochar yield [22, 83, 87]. NikAzar et al. [22] found out that size increase 
from 53 to 63 μm to 270–500 μm declined liquid yield from 53 to 38%. He claimed 
the particle’s core temperature diminished by particle size and caused the change 
in the yield of products. This result was confirmed by some other researchers 
[15–17, 26, 29, 88].

Most of the published data recommend that particles in the range of 1–2 mm are 
appropriate for fast pyrolysis [17, 52, 82, 89]. However, the effect of particle size on 
the pyrolysis process needs more work. The range of particle sizes tested in various 
studies is seldom comparable and a study on a wider range of particle size seems 
necessary. In addition, the challenges associated with commercial grinding and 
feeding the bulky lightweight biomass in the reactor should be taken into account 
that is out of the scope of the current chapter.

3.3 De-mineralization

The mineral elements in biomass may be listed mostly as potassium, chlorine, 
sulfur, silicon, calcium and magnesium [45]. The mineral content of biomass exists 
on the particle surface because of contact with soil during harvest and/or transpor-
tation, or within the material as biogenic characteristics.

Figure 2. 
Effect of particle size on the pyrolysis rate of ground wood particles at 500°C [80].
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tation, or within the material as biogenic characteristics.

Figure 2. 
Effect of particle size on the pyrolysis rate of ground wood particles at 500°C [80].



Biomass for Bioenergy - Recent Trends and Future Challenges

66

The minerals of the biomass present as ash or fouling in conversion vessels. In a 
pyrolysis process, the biochar typically contains up to 90% of the biomass minerals 
[46] that changes the physical properties of char. Ash shifts the size distribution 
of the char to smaller sizes that hardens its full separation from produced volatile. 
A partial char separation results in a high solid content bio-oil that cannot be used 
as turbine fuel [49]. Furthermore, minerals act as a catalyst and cause continuous 
secondary reactions in liquid phase [16, 47, 48] at the expense of char formation 
[51, 90]. More secondary reactions promote an increases in bio-oil viscosity with 
time and accelerate aging phenomenon [50]. Mineral contamination  accelerates 
the catalytic breaking of levoglucosan into unwanted hydroxyl acetaldehyde 
compounds [51, 91]. Former is desired part of volatiles and latter is an undesirable 
portion of volatiles. Addition of 0.05 wt.% NaCl to an ash-free cellulose decreases 
the levoglucosan formation yield by a factor of 6 [92].

One efficient pretreatment to reduce the mineral content is washing the biomass 
with water, acidic and/or alkaline solutions. Washing with dilute acid and hot water 
results in a slight decomposition of hemicellulose [93]. Washing with dilute alkali 
disrupts the lignin structure and solubilize the hemicellulose [94]. Washing biomass 
prior to pyrolysis takes away a huge amount of minerals from the biomass, up to 
70% of the initial minerals [1, 17].

Das et al. [95] studied the effect of various washing solutions, concentrations 
and the time of washing on ash content and products’ yields of sugarcane bagasse 
pyrolysis (Figure 4). The ash content decreased from 1.83% before washing to 
0.03%. The only washing solution that had a reverse effect was 5 M HCl. It must 
have been due to the adding chlorine element into the biomass. The important point 
is the effect of washing on yield of total liquid versus the bio-oil. The total liquid 
contains bio-oil and aqueous solutions. All washing solutions reduced the total 
liquid yield but boosted the bio-oil yield.

Table 4 lists different washing solutions based on demineralization yield, ash 
content, char and liquid yield and maximum decomposition rate [96]. Washing 
demineralized the biomass up to 98%, enhanced liquid yield, lowered the char yield, 
shifted up the decomposition rate and reduced the low molecular weight compounds 

Figure 3. 
Effect of biomass particle size on the yield of products in a fast pyrolysis process.
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in pyrolysis products. Solution temperature also influences the demineralization 
yield. Deng et al. [7] showed that demineralization of candlenut wood raised from 
8% at 30°C to 35% to 90°C. Mineral removal increased the higher heating value from 
16.53 to 17.82 MJ/kg and the rate of devolatilization increased too. Natural rain and 
season of raining change the composition of minerals in biomass [97].

3.4 Torrefaction

Torrefaction is a mild thermal treatment that modifies the structure and chemi-
cal composition of biomass by removing hemicelluloses [98], dehydrating and 
partially reducing cellulose and lignin [99]. Li et al. [13] described torrefaction as 
a mild heat treatment of biomass at a temperature range of 200–300°C, prolong-
ing 15–30 minutes. Westover et al. [6] divided torrefaction into three stages of 
non-reactive drying (50–150°C), reactive drying (150–200°C) and destructive 
stage (200–300°C). During thermal treatment, biomass releases moisture up to the 
temperature of 150–170°C [11]. In 180–270°C, exothermic hemicellulose degrada-
tion happens and biomass turns to brown color. At this stage, torrefaction reaction 

Figure 4. 
Effect of de-mineralization pretreatment on biomass ash content and products’ yield of sugarcane bagasse 
pyrolysis [95].

Washing 
solution

Demineralization 
yield (%)

Char 
yield 
(%)

Volatiles 
yield 

(wt.%)

Max. 
decomposition rate 

(wt.%/°C)

Tp3 
(°C)

No washing – 14.9 85.1 0.96 362

HCl1 69.3 11.8 88.2 1.55 366

HF2 97.3 10.2 89.8 1.15 368

Deionized water 97.7 11.0 89.0 1.23 372

Tap water 98.2 11.4 88.6 1.19 376
1Hydrochloric acid.
2Hydrofluoric acid.
3Temperature at which maximum decomposition rate happens.

Table 4. 
Specifications for pyrolysis of demineralized poplar wood at 550˚C [96].
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produces more water, CO2, acetic acid and phenols [12–14, 35]. The released gases 
are combustible and may be used to provide a portion of process energy. Beyond 
270°C, the reactions are more exothermic and produce CO and some other heavier 
products such as CH4 and C2H6. Torrefaction continues to a temperature of 300°C, 
where pyrolysis starts.

Torrefied biomass contains about 80% of the mass and 90% of the energy of the 
initial biomass [82, 99]. Similar to other thermal processes, mass and energy yield 
of torrefaction depends on biomass species [99], particle size [14, 26], operating 
temperature [6, 13, 33, 100, 101] and residence time [13, 33, 101]. Biomass tor-
refaction has been recognized as a feasible technique to convert raw biomass to a 
high energy density, hydrophobic, grindable, homogeneous, low moisture content 
(<5%) [6], better storage stability [34] and low-oxygen-content fuel that is a suit-
able feedstock for pyrolysis [102].

Torrefaction changes the stiffness and glass transition temperature (Tg) of 
biomass [6] that contributes to the grindability of the material. Ground torrefied 
biomass particles are smaller, drier and more uniform in size and physical and 
chemical properties [13, 14]. Table 5 lists the specific grinding energy of raw and 
torrefied pine and logging residue. Higher torrefaction temperature makes the 
biomass structure more brittle and reduces the specific grinding energy. Specific 
grinding energy consumption reduced by 90% from 240 kWh/t for raw pine chips 
to 24 kWh/t for torrefied pine chips at 300°C.

Using the torrefied biomass as a feedstock for fast pyrolysis has various ben-
efits. The level of these modifications depends on torrefaction temperature and 
residence time. First of all, torrefaction removes the hemicellulose and enriches the 
biomass into the cellulose and lignin (Figure 5). Presence of hemicellulose inten-
sively decreases the yield of levoglucosan and promotes the formation of hydroxyl 
acetaldehyde. The torrefied feedstock may eliminate or reduce this interaction as it 
removes hemicelluloses.

Bio-oil of torrefied biomass has a lower water content that increases bio-oil’s sta-
bility (less phase separation) [100, 104, 105], lower oxygen/carbon ratio and higher 
calorific value [104] compared to the bio-oil produced from non-torrefied biomass 
[5, 89, 99, 101]. Because torrefaction extracts contain acidic condensable volatiles 
such as acetic acid, furfural, formic acid, methanol, lactic acid and phenol from the 
biomass [106], the bio-oil has a lower acidity and aldehydes content [17, 105].  

Sample Specific 
grinding 

energy 
(kWh/t)

Hemicel. 
(wt.%)

Sample Specific 
grinding 

energy 
(kWh/t)

Hemicel. 
(wt.%)

Untreated-PC1 237.7 15.19 Untreated-LR3 236.7 14.77

TPC2-225°C 102.6 12.87 TLR4-225°C 113.8 13.26

TPC-250°C 71.4 6.94 TLR-250°C 110.4 5.87

TPC-275°C 52.0 0.99 TLR-275°C 78.0 5.23

TPC-300°C 23.9 0.56 TLR-300°C 37.6 1.04
1Pine chips.
2Torrefied pine chips.
3Logging residues.
4Torrefied logging residues.

Table 5. 
Specific energy consumption for grinding of untreated and torrefied biomass with a residence time of 
30 minutes [98].
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Klinger [105] pyrolyzed the torrefied material and observed 27% water reduc-
tion, 36% CO reduction, 55% CO2 reduction and 67% acetic acid reduction in the 
produced volatiles compared to volatiles obtained from non-torrefied biomass.

Despite all benefits, pyrolysis of torrefied biomass has a lower yield of total 
liquid. Liaw et al. [100] reported that pyrolysis total liquid yields of raw Douglas 
fir and torrefied Douglas fir at 280, 320 and 370°C was 59, 55, 48 and 30%, respec-
tively [100]. Boateng [99] and Zheng [5, 104] reported that more sever torrefaction 
decreases the total liquid yield and increases the yield of biochar and permanent 
gases. Tables 6 and 7 list the results of Zheng’s work for pyrolysis of raw and torre-
fied corncob.

Water content reduced from 35% in bio-oil produced from raw corncob to 
21% in bio-oil produced from torrefied corncob at 300°C. The pH increased in the 
bio-oil prepared from torrefied corncob. The viscosity of bio-oil also increased 
probably due to a reduction in water content. The acetic acid content decreased 
moderately with increasing torrefaction temperature and residence time. The 
furfural content also decreased gradually with torrefaction temperature and 
residence time. Acetic acid and furfural are mainly derived from hemicellulose and 
cellulose. Ren et al. [101, 107] conducted a research on Douglas fir in two sequent 

Figure 5. 
Composition of raw and torrefied pine at 240 and 280°C [103].

Properties and compounds Raw corncob Torrefied (240°C) Torrefied (300°C)

Water content (wt.%) 35.00 30.00 21.00

High heating value (MJ/kg) 14.85 16.49 17.21

pH 2.68 3.30 3.34

Kinematic viscosity @ 20°C (cSt) 3.42 7.27 12.62

Acids (95% acetic acid) (%wb) 7.16 5.65 4.75

Ketones (wt.%) 8.16 7.42 6.02

Furans (wt.%) 0.98 0.8 0.76

Phenols (wt.%) 2.45 4.51 5.27

Table 6. 
Physical properties and a few main chemical contents of bio-oil produced from pyrolysis (at 500°C) of raw and 
torrefied corncob at 240 and 300°C for 20 minutes [104].
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decreases the total liquid yield and increases the yield of biochar and permanent 
gases. Tables 6 and 7 list the results of Zheng’s work for pyrolysis of raw and torre-
fied corncob.

Water content reduced from 35% in bio-oil produced from raw corncob to 
21% in bio-oil produced from torrefied corncob at 300°C. The pH increased in the 
bio-oil prepared from torrefied corncob. The viscosity of bio-oil also increased 
probably due to a reduction in water content. The acetic acid content decreased 
moderately with increasing torrefaction temperature and residence time. The 
furfural content also decreased gradually with torrefaction temperature and 
residence time. Acetic acid and furfural are mainly derived from hemicellulose and 
cellulose. Ren et al. [101, 107] conducted a research on Douglas fir in two sequent 

Figure 5. 
Composition of raw and torrefied pine at 240 and 280°C [103].

Properties and compounds Raw corncob Torrefied (240°C) Torrefied (300°C)

Water content (wt.%) 35.00 30.00 21.00

High heating value (MJ/kg) 14.85 16.49 17.21

pH 2.68 3.30 3.34

Kinematic viscosity @ 20°C (cSt) 3.42 7.27 12.62

Acids (95% acetic acid) (%wb) 7.16 5.65 4.75

Ketones (wt.%) 8.16 7.42 6.02

Furans (wt.%) 0.98 0.8 0.76

Phenols (wt.%) 2.45 4.51 5.27

Table 6. 
Physical properties and a few main chemical contents of bio-oil produced from pyrolysis (at 500°C) of raw and 
torrefied corncob at 240 and 300°C for 20 minutes [104].
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articles. They determined the effects of pyrolysis temperature and torrefaction 
time, as a pretreatment, on the characterization of produced total bio-oil and 
syngas. Total bio-oil is the sum of condensed liquids from torrefaction and pyroly-
sis. Figure 6 shows that bio-oil yield from raw (untreated) biomass ranged from 
31 [107] to 53% [101] for pyrolysis at 400 and 450°C, respectively. The bio-oil yield 
from a 450°C pyrolysis decreased to 51 and 46% for 8 and 15 minutes torrefaction 
pretreatment at 275°C was carried out. Longer torrefaction reduced slightly the 
yield of bio-oil. Torrefaction also altered the compositions of syngas by reducing 
CO2 and increasing H2 and CH4. The syngas produced from pyrolysis step was rich 
in H2, CH4 and CO implying that the syngas quality was significantly improved by 
torrefaction process [105]. The quantity of syngas increased with the severity of 
the torrefaction.

Table 8 summarizes a qualitative analysis of benefits of feedstock thermal 
pretreatment on logistical and quality of bio-oil properties. Column 1 lists major 
properties that a feedstock would gain as a result of thermal pretreatment. The 
degree of change in properties depends upon the severity of thermal treat-
ment. Column 2 lists the benefits of these properties on improving conversion 
efficiency or the quality of produced bio-oil when the pretreated feedstock 
is pyrolyzed. Column 3 outlines the benefits of feedstock properties from a 
logistical perspective, that is, handling, transport, storage, unit operations like 
blending and feeding the feedstock to the pyrolysis reactor. Finally, column 4 
lists the potential monetary benefits of thermal pretreatments mostly due to 
improvements in logistics.

Properties Raw 
corncob

Residence time: 20 minutes Temperature: 275°C

250°C 275°C 300°C 10 minutes 60 minutes

Ultimate analysis of torrefied corncob (wt.%)

C 43.87 45.10 48.54 57.86 47.64 57.33

H 6.06 6.20 6.65 6.75 6.10 5.93

O 49.50 48.01 44.06 34.43 45.61 35.92

N 0.53 0.61 0.70 0.86 0.60 0.75

S 0.04 0.08 0.05 0.11 0.04 0.06

O/C 1.13 1.06 0.91 0.60 0.96 0.63

Yield of pyrolysis products (wt.%)

Bio-oil 57.20 55.15 47.60 40.74 50.36 39.35

Biochar 21.14 24.57 30.21 38.19 26.31 40.70

Non-condensable gas 21.66 20.28 22.19 21.07 23.33 19.95

Physical properties of bio-oil

Water content 35.0 33.0 25.0 21.0 30.0 22.0

Higher heating value (MJ/kg) 14.85 15.12 16.49 17.21 15.58 17.09

pH 2.68 2.97 3.30 3.34 2.88 3.35

Kinematic viscosity @ 20°C (cSt) 3.42 3.96 7.27 12.62 4.23 12.48

Crystallinity (%) 20.06 25.74 34.82 27.35 23.26 22.83

Table 7. 
Effect of temperature and residence time of corncob torrefaction on ultimate analysis of feedstock, the yield of 
pyrolysis products (at 500°C) and physical properties of bio-oil [5].
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Figure 6. 
Bio-oil yield from raw and torrefied Douglas fir at the various duration and temperature [101, 107].

Feedstock properties Conversion and 
quality of bio-oil 
benefit

Logistics benefit Economic benefit

Grindability Uniform small size 
particles for high heat 
transfer in the reactor

Torrefied particles 
are dry and a 
lower tendency for 
electrostatic charged

Lower investment 
and operating cost in 
grinder and grinder 
operation

Hydrophobicity Less water content due 
to a decrease in OH and 
COOH groups

Store unprotected, 
exposure to rain, long 
shelf life

Lower storage cost, 
lower transport cost

Low moisture content Reduced water in the 
bio-oil

Reduced mass to 
handle, stable in 
storage

Expensive drying is not 
required

High heat value Bio-oil will have a 
higher heat value due 
to increased C and low 
O/C ratio

Can be blended with 
coal and other high 
heat value products

Lower cost ($/GJ)
No need to design a new 
combustion chamber

Homogeneity Predictable conversion 
performance in the 
pyrolysis reactor

Reduced quality 
control, may easily 
become a commodity

Lower management 
cost

High density (after 
grinding)

Can be controlled to a 
precise particle size and 
density

Improved flowability, 
low off-gas emissions

Reduced cost of 
shipping and storage

Thermal degradation Lower acidity Higher energy density 
(GJ/m3)

Higher $/GJ

Wet fractionation 
(wet torrefaction)

Less chlorine and ash Access to low-quality 
feedstock (e.g. bark)

Reduced overall 
feedstock cost ($/t)

These improvements are in comparison with the untreated feedstock.

Table 8. 
Overview of benefits of torrefied feedstock for bio-oil production.
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4. Conclusions

The energy produced from lignocellulosic biomass is renewable, environmen-
tally friendly and carbon-neutral. Characteristics of bio-oil produced in fast pyroly-
sis showed that it is capable to substitute conventional petroleum-based fuels. This 
chapter explained the fast pyrolysis process and the pretreatments that contribute 
to acquiring a transportation bio-oil with enhanced physical and chemical proper-
ties. The modification of biomass feedstock properties through available pretreat-
ment techniques plays a key role in the pyrolysis process. Pretreatments change the 
biomass feedstock’s size, shape, mineral content, composition, hygroscopic proper-
ties, homogeneity, grindability, stability and transportability.

Torrefaction as a mild pyrolysis of biomass feedstock is a promising pretreat-
ment that modifies the structure and chemical composition of biomass by remov-
ing hemicelluloses, dehydrating and enriching biomass in cellulose and lignin. 
Torrefaction makes the structure of biomass more brittle that make it more grind-
able. Grinding torrefied biomass produces more uniform particles with smaller 
and narrower particle size distribution. Pyrolysis of torrefied material enhances 
the properties of produced bio-oil. This enhancement is consistent with the DOE 
MYPP’s target that “additional processing of the bio-oil is required to enable it to 
become a feedstock suitable for use in a petroleum refinery at several entry points.” 
However, this is penalized with a liquid yield reduction.

With all the opportunities of renewable biomass energy, some important issues 
are still needed to be solved to commercialize the process. To find the least-cost 
combination of torrefaction along with biomass fast pyrolysis, further testing of the 
two along with economic analysis are required.
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Abstract

Agro-industrial residues have been the spotlight of different researches worldwide, 
due to some of their constituents being raw material to generate a diversified variety of 
industrial products. Nowadays, this situation keeps prevailing and will increase con-
tinuously in the future. In the agroindustry, diverse biomasses are subjected to distinct 
unit processes for providing value to different waste materials from agriculture, food 
processing, and alcoholic industries. In this chapter, we reported an updated survey 
of different renewable organic materials that including agricultural wastes can be 
converted to bioenergy. Similarly, these wastes encrypt different bioactive compounds 
with an excellent nutraceutical functions and with high adding value. In addition, bio-
composites can be elaborated using fibers from wastes with a wide variety of applica-
tions in the automotive and packaging industry. Vinasses derived from tequila industry 
in Mexico represent a lot of potential to extract biocompounds, and we propose a 
process to obtain them. A perspective of market trend is mentioned in this chapter for 
compounds derived from agro-industrial wastes. Adding value to those agro-industrial 
wastes can provide the reduction of negative impact emission, discharge, or disposal, 
solves an environmental problem, and generates additional income.

Keywords: bioenergy, biocomposites, bioactive peptides, biocompounds,  
vinasses

1. Introduction

Agro-industrial residues provide an enormous potential to generate sustainable 
products and bioenergy. An integrated biorefinery is turning into a promising solu-
tion with multiple outputs (biofuels, bioactive biocompounds, and biomaterials). 
Most of the residues generated are intended for landfill or are disposed in an uncon-
trolled way, causing environmental damage and economic loss. For that reason, it is 
necessary to develop a sustainable management of them. An integral waste manage-
ment is proposed in the concept of circular economy to exploit renewable resources. 
Circular economy is based on the concept of biorefinery and the approach to 
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reduce, reuse, and recycle waste with the objective to recover materials derived 
from waste considering them as renewable resources [1].

A wide range of metabolites, materials, and energy can be obtained through the 
exploitation of agricultural residues. Being the commercial-scale technologies is the 
bottleneck to produce marketable bioproducts. In this review, we put aboard the mul-
tiple outputs that can have the agro-industrial residues from bioenergy until a wide 
array of metabolites can be extracted. In addition, we investigate the potential market 
for some products derived from residues, searching the revalorization of them.

2. Production of bioenergy

Nowadays, due to the increase in population, it is necessary to find a sustainable 
solution for the enhanced demand of energy in the world. The fossil fuels are limited 
and nonrenewable resources; the use of biomass for energy production seems to be 
a solution to provide energy and reduce the dioxide carbon emissions. The term bio-
mass includes energy crops, residues, and other biological materials that can be used 
to produce renewable energy [2]. The first-generation biofuels are produced from 
agricultural crops such as corn, sugarcane, soybean oil, and sunflower [3]. However, 
there is a conflict due to these biomasses being used for food and generating the 
name “food versus fuel” [4]. Additionally, emissions of greenhouse gases (GHG) are 
believed to be lesser for second-generation biofuels than the first-generation fuels 
[3]. For these reasons, agro-industrial residues have gained attention due to their 
disponibility, and they include residues from crop, food, and oil industries.

2.1 Solid fuels

Pellets are the most common solid biofuels used; they are cylindrical structures 
made by compression derived commonly from agricultural residues, forest prod-
ucts, and wood industries [5]. Pellets are used mainly for house heating and in 
industrial sector. Even though the agro-industrial residues have less energy content 
than fossil fuels, their use presents great advantages such as the reduction of logistic 
costs, easy storage, and provision of a great opportunity for the revalorization of 
these unused residues [5]. For the pellet elaboration, the biomass is treated to be 
compacted and densified; this includes the drying, and after, the biomass is milled 
to obtain particles with similar size [6]. Afterward, the material is pressed in a 
pelletizer and pellets are packaged and stored. Some common methods to improve 
energy density are torrefaction, steam explosion, hydrothermal carbonization, and 
biological treatment. In torrefaction, reactions of dehydration and decarboxylation 
occur lowering proportions in O/C and C/H and increasing heating value [7]. Steam 
explosion is a treatment with hot steam under pressure and followed by decompres-
sion which disintegrates the lignocellulosic structure [8]. Steam explosion treatment 
increased the heating value in pellets from a different biomass [9]. The interna-
tional market of pellets derived from wood has been increased, the USA, Canada, 
and Russia being the largest exporters to Europe, which is the main consumer in the 
world [10]. Several applications and uses have the pellets from residential to large-
scale power plants. The growing demand of sustainable and renewable fuels places 
the agro-industrial residue pellets with a great potential to supply renewable energy.

2.2 Liquid fuels

Liquid fuels as diesel and petrol are being replaced by liquid biofuels as bio-
diesel, bio-oil, bioethanol, and butanol. Biodiesel is obtained from feedstock oil 
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as waste cooking and frying oil, animal fats, and fish and microalgae oil, leather, 
winery, and agro-industrial wastes, directly or indirectly. Oleaginous microorgan-
isms are used in the indirect way for biodiesel production; lipids produced are 
extracted to be transformed to biofuel. For biodiesel production, three main steps 
are included: pretreatment, transesterification, and separation. Pretreatment allows 
agro-industrial residues to be assimilable for the microorganisms and is categorized 
into acidic, basic, thermal, enzymatic, or combination treatments [11]. Other 
important aspect to consider is that during pretreatments inhibitors for microbial 
growth as furfural, acetate, and others can be formed and are necessary to find 
tolerant strains or medium detoxification [12].

Bio-oils are obtained from biomass through two main processes: pyrolysis and 
liquefaction [13]. Pyrolysis has taken more attention; fast pyrolysis of lignocellulose 
biomass for bio-oil production is low cost compared to liquefaction that produces 
low yield at high cost [14]. Due to their physicochemical characteristics, bio-oils 
cannot be used for fuel applications without previous treatment [13]. Treatments are 
based in partial or total elimination of oxygen, and two catalytic routes have been 
proposed: cracking and hydrotreating. Pyrolysis of agro-industrial residues has been 
reported for sesame, mustard, Jatropha, palm kernel, cottonseed, and neem oil cakes 
showing an additional value for these residues and reducing wastes [15].

Bioethanol is the most common biofuel, and their production involves steps as 
pretreatment, saccharification, fermentation, and distillation [16]. Pretreatment 
allows cellulose to unwind from hemicellulose and lignin to be more available for 
enzymatic hydrolysis, and commonly physical, chemical, and biological treatments 
are used to achieve this purpose [17]. The enzymatic hydrolysis allows converting 
cellulose to glucose or galactose monomers and presents a low toxicity as well as low 
utility cost and corrosion compared to chemical hydrolysis [18]. Biological treat-
ment is an alternative to liberate cellulose with the use of microorganisms mainly as 
brown-rot, white-rot, or soft-rot fungi [19]. Once the saccharification is obtained, 
fermentation is carried on with microorganisms able to produce ethanol. For the 
microorganism selection, some parameters are necessary to have a broad-substrate 
utilization that is derived in a high ethanol yield and productivity, to be tolerant to 
high ethanol concentrations, temperature, and inhibitors presented in hydrolysate 
for which genetically modified or engineered microorganisms are a good option 
to achieve a complete utilization of sugars and better production [17]. The simul-
taneous saccharification and fermentation (SSF) and the separate hydrolysis and 
fermentation (SHF) are the most common processes usually used to ethanol pro-
duction [16]. SSF using olive pulp from oil extraction and the yeast Kluyveromyces 
marxianus showed ethanol yields of 76% [20].

Due to its higher heat of combustion and less volatility and it being mixed 
with gasolines in higher percentage without any modifications in the car engines, 
butanol is considered a promising renewable biofuel [21]. Butanol is produced 
through anaerobic biological fermentation process using the Clostridia genus 
[22]. Agricultural residues can be used for economical production of butanol. 
Simultaneous hydrolysis of wheat straw to sugars and fermentation to butanol 
resulted in an attractive option for ABE fermentation [23]. Rice bran has resulted to 
be an effective substrate to butanol production using C. saccharoperbutylacetonicum 
[24]. Agricultural residues can be a promissory source to be efficiently utilized as 
substrate for butanol production.

2.3 Gas fuels

Biobutanol is a product from anaerobic biological process called ABE fermenta-
tion, which converts sugar by using genus Clostridia into butanol, acetone, and 
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winery, and agro-industrial wastes, directly or indirectly. Oleaginous microorgan-
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growth as furfural, acetate, and others can be formed and are necessary to find 
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Bio-oils are obtained from biomass through two main processes: pyrolysis and 
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biomass for bio-oil production is low cost compared to liquefaction that produces 
low yield at high cost [14]. Due to their physicochemical characteristics, bio-oils 
cannot be used for fuel applications without previous treatment [13]. Treatments are 
based in partial or total elimination of oxygen, and two catalytic routes have been 
proposed: cracking and hydrotreating. Pyrolysis of agro-industrial residues has been 
reported for sesame, mustard, Jatropha, palm kernel, cottonseed, and neem oil cakes 
showing an additional value for these residues and reducing wastes [15].

Bioethanol is the most common biofuel, and their production involves steps as 
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allows cellulose to unwind from hemicellulose and lignin to be more available for 
enzymatic hydrolysis, and commonly physical, chemical, and biological treatments 
are used to achieve this purpose [17]. The enzymatic hydrolysis allows converting 
cellulose to glucose or galactose monomers and presents a low toxicity as well as low 
utility cost and corrosion compared to chemical hydrolysis [18]. Biological treat-
ment is an alternative to liberate cellulose with the use of microorganisms mainly as 
brown-rot, white-rot, or soft-rot fungi [19]. Once the saccharification is obtained, 
fermentation is carried on with microorganisms able to produce ethanol. For the 
microorganism selection, some parameters are necessary to have a broad-substrate 
utilization that is derived in a high ethanol yield and productivity, to be tolerant to 
high ethanol concentrations, temperature, and inhibitors presented in hydrolysate 
for which genetically modified or engineered microorganisms are a good option 
to achieve a complete utilization of sugars and better production [17]. The simul-
taneous saccharification and fermentation (SSF) and the separate hydrolysis and 
fermentation (SHF) are the most common processes usually used to ethanol pro-
duction [16]. SSF using olive pulp from oil extraction and the yeast Kluyveromyces 
marxianus showed ethanol yields of 76% [20].

Due to its higher heat of combustion and less volatility and it being mixed 
with gasolines in higher percentage without any modifications in the car engines, 
butanol is considered a promising renewable biofuel [21]. Butanol is produced 
through anaerobic biological fermentation process using the Clostridia genus 
[22]. Agricultural residues can be used for economical production of butanol. 
Simultaneous hydrolysis of wheat straw to sugars and fermentation to butanol 
resulted in an attractive option for ABE fermentation [23]. Rice bran has resulted to 
be an effective substrate to butanol production using C. saccharoperbutylacetonicum 
[24]. Agricultural residues can be a promissory source to be efficiently utilized as 
substrate for butanol production.

2.3 Gas fuels

Biobutanol is a product from anaerobic biological process called ABE fermenta-
tion, which converts sugar by using genus Clostridia into butanol, acetone, and 
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ethanol in a ratio of 6:3:1, respectively. In this process, genus Clostridia such as 
Clostridium acetobutylicum, Clostridium beijerinckii, Clostridium saccaroperbutyl-
acetonicum, and Clostridium saccharoacetobutylicum showed significant activity 
for synthesis of butanol with higher yield. Biobutanol is a product from anaerobic 
biological process called ABE fermentation, which converts sugar by using genus 
Clostridia into butanol, acetone, and ethanol in a ratio of 6:3:1, respectively. In this 
process, genus Clostridia such as Clostridium acetobutylicum, Clostridium beijerinckii, 
Clostridium saccaroperbutylacetonicum, and Clostridium saccharoacetobutylicum 
showed significant activity for synthesis of butanol with higher yield.

Biobutanol is a product from anaerobic biological process called ABE fermenta-
tion, which converts sugar by using genus Clostridia into butanol, acetone, and 
ethanol in a ratio of 6:3:1, respectively. In this process, genus Clostridia such as 
Clostridium acetobutylicum, Clostridium beijerinckii, Clostridium saccaroperbutyl-
acetonicum and Clostridium saccharoacetobutylicum showed significant activity for 
synthesis of butanol with higher yield. Biobutanol is a product from anaerobic 
biological process called ABE fermentation, which converts sugar by using genus 
Clostridia into butanol, acetone, and ethanol in a ratio of 6:3:1, respectively. In this 
process, genus Clostridia such as Clostridium acetobutylicum, Clostridium beijerinckii, 
Clostridium saccaroperbutylacetonicum, and Clostridium saccharoacetobutylicum 
showed significant activity for synthesis of butanol with higher yield.

Lignocellulosic biomass is a potential source of glucose, xylose, mannose, and 
arabinose and other organic compounds that can be anaerobically degraded to 
produce biogas [25]. Biogas is produced through an anaerobic digestion with four 
steps identified as hydrolysis, acidification, and production of acetate and finally 
methane using a microorganism consortium [26]. The final product is a gas mixture 
composed mainly of methane and carbon dioxide and traces of hydrogen sulfide, 
ammonia, hydrogen, and carbon monoxide [27]. For the enhancement of biogas 
production, it is necessary to apply pretreatments, and the most commonly used 
are dilute acid hydrolysis, steam explosion, alkaline hydrolysis, and liquid hot water 
[28], while Song et al. tested nine pretreatments showing that H2O2 and Ca(OH)2 
enhance methane yields [29].

3. Biocompounds from agro-industrial wastes

3.1 Polyphenols

Phenolic compounds are a group of chemical compounds that are widely 
distributed in nature, and their basic structure varies from a simple molecule to a 
complex skeleton and hydroxyl substituents. These compounds are being the most 
desirable phytochemicals due to their antioxidant activities that can be useful for the 
control of different human diseases or disorders [30]. Due to their reactivity, these 
compounds efficiently interact with important biomolecules such as DNA, lipids, 
proteins, and other cellular molecules to produce desired results, which then are 
used for designing natural therapeutic agents. Flavonoids, tannins, anthocyanins, 
and alkaloids are polyphenols with industrial significance and are present in fruits 
and plants. In addition, most of the phenolic complexes are found in barks, shells, 
husk, leaves, and roots [30]. Recently, agro-industrial wastes from fruits, vegetables, 
and crops have been subjected to different metabolite methods of extraction as a 
potential source of industrial bioactive compound production. For example, tomato 
processing industry approximately generates 8.5 million of tons of wastes globally 
[31], wastes such as seeds, pruning, and peels which contain a high concentration 
of bioactive phytochemicals. In that sense, peels and seeds of tomatoes are a richer 
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source of bioactive compounds such as carotenes, terpenes, sterols, tocopherols, and 
polyphenols [32], which exhibited excellent antimicrobial and antioxidant activi-
ties and high support of dietary fiber. Other important crop that generates a high 
amount of waste is the coffee production. Due to the heterogeneous nature of coffee 
waste, most of the authors are investigating its possible revalorization to determine 
the content of chemical compounds such as tannins and phenolic compounds. 
Exhausted and spent coffee ground wastes derived from industries, restaurants, and 
domestics are a valuable source of phenolic compounds. For example, in coffee waste 
derived from coffee industries, different ranges of concentrations of polyphenols 
and tannins around of 6 and 4%, respectively, were found [33]. J. curcas and Ricinus 
communis are the most important energetic plants for the biofuel industries; these 
plants generated high amounts of residues such as seed cake, pruning material, and 
seed shells with high concentrations of bioactive compounds. In fact, shells of this 
plants contained high contents of phenolic compounds and exhibited strong anti-
oxidant activities [34]. Extracts of residual wastes of seeds, leaves, fruits, stems, and 
roots derived from R. communis exert different nutraceutical effects such as antioxi-
dant, antimutagenic, as well as DNA protection against photooxidative stress [35].

3.2 Pigments

Agro-industrial wastes can be used as a feedstock extraction and for differ-
ent fermentation processes as a main source of microbial nutrients to produce 
biopigments useful in food and cosmetic industries. Chemically synthesized food 
colorants used as the additives in foods cause the risk of toxicity and hazardous 
effects to the consumers, than the natural pigments, that are quite safer, nontoxic, 
and nonhazardous for the environment [36]. The production of natural pigments 
can be derived from direct plant extraction (e.g., anthocyanins, chlorophylls, 
carotenoids, and melanin) or by fermentative production through the cultivation 
of bacteria, yeast, fungi, and algae (e.g., phycocyanins, xanthophylls, and melanin) 
[37]. Cyanobacteria and microalgae produce high amounts of beta-carotene and 
astaxanthin, which are used in the industries and have a great commercial value 
in pharmaceutical and food industries [38]. Different microorganisms such as 
Streptomyces, Serratia, Cordyceps, Monascus, and Paecilomyces, Penicillium atrovene-
tum, Penicillium herquei, Rhodotorula, Sarcina, Cryptococcus, Phaffia rhodozyma, 
Pseudomonas, Bacillus sp., Vibrio, Monascus purpureus, Achromobacter, Yarrowia, and 
Phaffia have shown their potential in pigment production as a major source of blue 
and yellow-red pigments [39]. Other important pigment is the melanin, which is 
present in animals, plants, and microorganisms to provide stress protection against 
UV radiation, oxidation, and defense [40]. This pigment is used for the cosmetic 
and pharmaceutic industries with a photoprotective and antioxidant importance 
in different products. The use of agro-industrial wastes such as fruits is a potential 
source for the melanin biosynthesis by microorganisms and is an attractive choice 
for commercial-scale production. For example, fruit, wheat bran extracts, and 
cabbage wastes were used as inoculum in Bacillus safensis [41], fungus Auricularia 
auricula [42], and Pseudomonas sp. [43] for the melanin production. Melanin is 
specially found in the seed coat of different plants; however, it is also found in other 
plant structures such as black spots of leaves, flowers, and seeds [44]. There are a 
few reports related to the melanin extraction from agro-industrial wastes. In that 
sense, sunflower husk derived from the oil production was subjected to the melanin 
extraction, and a technological scheme of melanin production from this waste was 
developed with a potential application as prophylactic mean and medicinal agent for 
the treatment of human diseases [45]. Similarly, residues as shells and epicarp from 
walnut contain high amounts of melanin with a high antioxidant capacity [46].
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source of bioactive compounds such as carotenes, terpenes, sterols, tocopherols, and 
polyphenols [32], which exhibited excellent antimicrobial and antioxidant activi-
ties and high support of dietary fiber. Other important crop that generates a high 
amount of waste is the coffee production. Due to the heterogeneous nature of coffee 
waste, most of the authors are investigating its possible revalorization to determine 
the content of chemical compounds such as tannins and phenolic compounds. 
Exhausted and spent coffee ground wastes derived from industries, restaurants, and 
domestics are a valuable source of phenolic compounds. For example, in coffee waste 
derived from coffee industries, different ranges of concentrations of polyphenols 
and tannins around of 6 and 4%, respectively, were found [33]. J. curcas and Ricinus 
communis are the most important energetic plants for the biofuel industries; these 
plants generated high amounts of residues such as seed cake, pruning material, and 
seed shells with high concentrations of bioactive compounds. In fact, shells of this 
plants contained high contents of phenolic compounds and exhibited strong anti-
oxidant activities [34]. Extracts of residual wastes of seeds, leaves, fruits, stems, and 
roots derived from R. communis exert different nutraceutical effects such as antioxi-
dant, antimutagenic, as well as DNA protection against photooxidative stress [35].
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Agro-industrial wastes can be used as a feedstock extraction and for differ-
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biopigments useful in food and cosmetic industries. Chemically synthesized food 
colorants used as the additives in foods cause the risk of toxicity and hazardous 
effects to the consumers, than the natural pigments, that are quite safer, nontoxic, 
and nonhazardous for the environment [36]. The production of natural pigments 
can be derived from direct plant extraction (e.g., anthocyanins, chlorophylls, 
carotenoids, and melanin) or by fermentative production through the cultivation 
of bacteria, yeast, fungi, and algae (e.g., phycocyanins, xanthophylls, and melanin) 
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tum, Penicillium herquei, Rhodotorula, Sarcina, Cryptococcus, Phaffia rhodozyma, 
Pseudomonas, Bacillus sp., Vibrio, Monascus purpureus, Achromobacter, Yarrowia, and 
Phaffia have shown their potential in pigment production as a major source of blue 
and yellow-red pigments [39]. Other important pigment is the melanin, which is 
present in animals, plants, and microorganisms to provide stress protection against 
UV radiation, oxidation, and defense [40]. This pigment is used for the cosmetic 
and pharmaceutic industries with a photoprotective and antioxidant importance 
in different products. The use of agro-industrial wastes such as fruits is a potential 
source for the melanin biosynthesis by microorganisms and is an attractive choice 
for commercial-scale production. For example, fruit, wheat bran extracts, and 
cabbage wastes were used as inoculum in Bacillus safensis [41], fungus Auricularia 
auricula [42], and Pseudomonas sp. [43] for the melanin production. Melanin is 
specially found in the seed coat of different plants; however, it is also found in other 
plant structures such as black spots of leaves, flowers, and seeds [44]. There are a 
few reports related to the melanin extraction from agro-industrial wastes. In that 
sense, sunflower husk derived from the oil production was subjected to the melanin 
extraction, and a technological scheme of melanin production from this waste was 
developed with a potential application as prophylactic mean and medicinal agent for 
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walnut contain high amounts of melanin with a high antioxidant capacity [46].
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3.3 Peptides

Bioactive peptides are encrypted within the protein sequences with different 
bioactivity functions and relevant in some important disorders in human health 
such as cancer, hypertension, antioxidant functions, diabetes mellitus, and other 
important diseases. These peptides may have different sizes, around 2–20 amino 
acid residues per molecule with molecular masses between 1 and 6 kDa and based 
on their physical properties and amino acid composition [47] which make them very 
attractive for different applications in pharmaceutical and food industries. Waste 
can contain many valuable substances, and through a suitable process or technol-
ogy, this material can be converted into value-added products or raw materials that 
can be used in secondary processes. Residual wastes generated by agro-industries 
are a protein-rich source and have become an alternative for obtaining compounds 
with bioactivity, mainly from protein hydrolysates; their extraction processes do not 
involve negative environmental impacts [48]. The principal residual wastes gener-
ated by the agro-industrial activities are soybean meal, residues of oiled plants, and 
rapeseed meal [48]. Those peptides can generate in the market peptides and protein 
drugs more than $40 billion/year, with an accelerated pace in the drug market [48]. 
The press cake, after oil extraction from J. curcas (not toxic genotypes) in biodiesel 
production, represents a potential of new source of protein for food and feed uses. 
The seed cake of Jatropha contains a high concentration of storage proteins mainly 
glutelins and globulin fractions [49] that encrypted peptides with antioxidant, 
chelating, and antihypertensive activities [50]. Some peptides have activities against 
bacteria that can reduce the human infections. In that sense, a trypsin inhibitor was 
purified from castor bean waste of seed cakes; the 75-kDa peptide displayed anti-
bacterial activity against Bacillus subtilis, Klebsiella pneumoniae, and Pseudomonas 
aeruginosa, which are important human pathogenic bacteria. In addition, micros-
copy studies indicated that this peptide disrupts the bacterial membrane with loss 
of the cytoplasm content and ultimately bacterial death. The author concludes that 
this peptide is a powerful candidate for the development of an alternative drug that 
may help reduce hospital-acquired infections [51]. Other important seed cakes from 
oiled plants can be used for the peptide characterization. For example, chia (Salvia 
hispanica) seed cake is novelty for the peptide extraction; the seed cake contains 
high amounts of proteins that encrypted different peptides with antioxidant, 
antidiabetic, and antihypertensive activities [46].

4. Biocomposites

Biocomposites are formed by a polymer matrix and natural fibers, which act as 
reinforcements. There are six types of natural fibers commonly used in biocom-
posite elaboration: grass and reed fibers (wheat, corn, and rice), core fibers (kenaf, 
jute, and hemp), bast fibers (jute, flax, hemp, ramie, kenaf, bamboo, and banana), 
seed fibers (coir, cotton and kapok), leaf fibers (abaca, sisal, and pineapple), and 
other types (wood and roots) [52].

The composition of natural fibers consists mainly of cellulose, hemicellulose, 
and lignin. Cellulose in plants is the main component that provides stability and 
strength to the cell walls, and this component directly influences the biocomposite 
production for a defined application, whether in the textile, automotive, and others. 
Lignin is a highly cross-linked structure, and the amount of this directly influences 
the structure, properties, morphology, hydrolysis rate, as well as the flexibility of 
the fibers. Besides, fibers with greater amount of lignin have less amount of cellu-
lose, and this will also depend on the application of the fiber.
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The fibers can be used in both thermoplastics and thermosets. Thermoplastic 
matrices include polypropylene (PP), high-density polyethylene (HDPE), polysty-
rene (PS), and polyvinyl chloride (PVC). Thermosets include epoxy, polyester, and 
phenolic resins. In recent years, the number of studies focused on these materials 
has increased, because they are environmentally friendly and have low production 
costs, easy workability, good properties of lightness, mechanical strength, and 
thermal insulation [53]. However, due to the hydrophilic nature of natural fibers 
and hydrophobic nature of polymer matrix, there is no good interfacial interaction 
between the two materials, and therefore, the mechanical properties are deterio-
rated. Based on the above, chemical and physical treatments have been developed 
to modify the surface of natural fibers and promote interfacial adhesion with the 
polymer matrix [54].

Among the chemical treatments stands out alkali, benzoylation, cyclohexane, 
silicon, peroxide, acetylation, sulfuric acid, stearic acid treatment, and the modi-
fication with maleic anhydride. The chemical modification provides more dimen-
sional stability and reduces water absorption capacity [55]. Alkaline treatment is 
the most used and consists in eliminating the lignin, wax, and oil of the fibers, 
since these components act as a barrier between the polymeric matrix and the 
fibers; and in turn, it is possible to increase the roughness in the surface of the fibers 
[56]. Another alternative to improve the compatibility between these materials is 
using compatibilizing agents, such as maleic anhydride grafted with polyolefins, 
either polypropylene or high-density polyethylene. The main factors that affect the 
processing and performance of biocomposites are the presence of moisture, type, 
shape (short or long), concentration, and orientation of the fibers. The processing 
method for obtaining biocomposites will depend on the type of fiber, for example: 
twin-screw extruder and hydraulic press, injection molding, melt mixing, and 
single-screw extruder for short-fiber-reinforced composites [57]. New technologies 
can improve the processing of these materials to make it easier.

The main applications of the biocomposites are automotive parts, packaging, 
military industry, aerospace, medical articles, etc. The interest of the automotive 
sector in developing biocomposites lies mainly in reducing the consumption of 
fiber glass because it is more expensive than the natural one and, in turn, making 
the vehicles lighter, and it also contributes to the consumption of less combustible 
and to the fact of being eco-friendly. In recent years, Toyota, Mercedes-Benz, Ford, 
Mitsubishi, and Daimler Chrysler AG have incorporated biodegradable materials 
in the exterior parts of some of their vehicles [58]. Pracella et al. [58] studied the 
functionalization, compatibilization, and properties of polypropylene (PP) com-
posites with hemp fibers. The fibers were functionalized with glycidyl methacrylate 
(GMA). PP/hemp composites at various compositions were prepared in a Brabender 
internal mixer. All modified composites showed improved fiber dispersion in the 
polyolefin matrix and higher interfacial adhesion with respect to the unmodified 
PP/hemp. Composites showed an increase in Young modulus as compared to PP 
due to the addition of PP-g-GMA. Vilaseca et al. [59] studied the effect of alkali 
treatment on interfacial bonding in abaca fibers. They used an epoxy resin, and the 
results showed that alkali treatments modify the structure and chemical composi-
tion of abaca fibers. Abaca fibers treated in 5 wt. % NaOH showed excellent interfa-
cial adhesion with epoxy resin. Bledzki et al. [60] carried out polypropylene-based 
biocomposites with different types of natural fibers (jute, kenaf, abaca, and soft-
wood) to compare their performance under the same processing conditions, and 
they found that the properties of biocomposites depend on geometry of the fibers. 
Kenaf provides strength to biocomposites, abaca obtains the best results in impact 
resistance, jute fibers are the most stable thermally, and the wood microfibers have 
good resistant strength. Currently, several studies have been carried out with other 
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3.3 Peptides
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types of fibers, in which we can mention agave, castor plant, and J. curcas fibers 
[61]. During the tequila production process, large amounts of waste are produced 
(mostly fiber), and in the case of castor plant and J. curcas, only the seeds are used 
for the extraction of oils, and the rest of plant is discarded. Therefore, an alternative 
to take advantage of this waste is to use it to develop biocomposites. Zuccarello et al. 
[62] demonstrated that the agave variety plays an important role on the mechani-
cal performance of the fibers and they proposed an innovative and eco-friendly 
method for the fiber extraction based on the simple mechanical pressing of the 
leaves, alternated to proper water immersions avoiding alkaline treatment. They 
used an eco-friendly green epoxy and a polylactic acid (PLA) to obtain renewable 
biocomposites. In another work, Zuccarello et al. [62] studied the effect of agave 
fiber size on epoxy resin and PLA composites. This study showed that biocom-
posites with short fibers fail to act as a reinforcement, while the long fibers in the 
compounds with PLA achieve a high mechanical strength. Vinayaka et al. [63] 
elaborated composites with polypropylene and fibers extracted from the outer layer 
of R. communis (castor plant), which exhibited an elongation at 5% that was higher 
than the common bast fibers jute and flax, and the strength at 350 MPa was similar 
to that of jute but lower than that of cotton. Biocomposites have an enormous 
potential of applications and a growth market especially in automotive industry.

5. Vinasse and tequila production in Mexico, a case study

The production of alcohol and alcoholic beverages such as wine, beer, and 
tequila generates two main residues in its process, one of them is the solid part 
called bagasse and a liquid part obtained from the distiller which is known as 
vinasse [64]. In Mexico, more than 70% of the establishments that produce vinasse 
come from the production of tequila and mezcal, 20% from beer, and the rest from 
the production of wines from grapes and other fruits. Due to the denomination 
of origin of tequila and mezcal, researchers consider as essential the study of the 
vinasse process, due to the high environmental and economic impacts in Mexico. In 
recent years, to decrease the high volume of residual vinasses, it has been decided 
to generate compost from bagasse and vinasse [65], which is given to farmers to 
use it in their crops; however, the production of compost uses less than 50% of the 
vinasses, and the rest is discarded without treatment. The tequila production gener-
ates high volumes of vinasses on a ratio of 10–12 L for each liter of tequila produced; 
they have a high organic content that causes damage to ecosystems by anoxia and 
acidification of water. Biodigestion systems have been developed for the removal of 
solids [66]. Nevertheless, the treatments are expensive and with a low efficiency, 
which has not been achieved an industrial implementation.

Due to the physicochemical characteristics of vinasses, these represent a high 
source of contamination that must be contained and treated to avoid serious 
damage to ecosystems [67]. Due to the current production volumes of tequila, it 
is reported that during 2017 more than 271 million liters were produced (https://
www.crt.org.mx/) of which between 2710 and 3252 million liters of vinasse would 
be obtained [68]. For elaboration of the tequila, two main industrial processes are 
used to produce the fermentation juice. In the first one, the agave is cooked and 
squeezed to obtain the juice, and there is a subsequent fermentation process. The 
most recent and apparently energy efficient is to squeeze the raw agave heart by 
spraying it with a little hot water for this juice, to be used later in the fermentation 
process. Vinasse components have been compared between both processes showing 
significant changes where cooking processes present the highest contents of organic 
acids compared with spraying with steam [69].
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We carry out the characterization of the compounds present in the vinasse that 
leave the distillation process in order to identify the majority of compounds and 
to propose an adequate purification process that allows to preserve the properties, 
as well as to avoid their degradation. The components of the vinasse vary between 
the different fermentation processes, since they depend on the raw materials; the 
cooking time will give the characteristics of the juices or liqueurs, the fermentation 
process, and the variables of distillation, so it will be necessary to carry out a char-
acterization study for the vinasse. Since the vinasse has been treated as a residue, no 
measures are taken to prevent its degradation or contamination. It is important to 
obtain reliable results, collect fresh vinasse and free of foreign contaminants, and 
keep it cool, clean, and not exposed light to prevent its degradation. Vinasse is a 
complex mixture in which organic compounds with very different chemical char-
acteristics are found. In addition, oils and fats that are contained solubilize another 
group of compounds, making this mixture difficult to separate.

It is required to carry out an integral development that allows the correct 
treatment of each component of the vinasse. Three general stages of separation are 
proposed using as model the composition of the vinasse previously characterized 
(Figure 1). The first stage is the separation of solids and liquids; the second a sepa-
ration of water-soluble compounds such as alcohol traces and polar compounds of 
solids belonging to organic matter generated during fermentation and some other 
solids from the broth culture as carbohydrates, proteins, and mineral salts, among 
others; and finally the generation of value-added products, organic compounds, 
and solids of high organic matter content, which can easily be recycled in the form 
of fertilizer for industrial use.

Each stage requires the implementation of independent processes, but they will 
guarantee the obtaining of water that is easy to use in compliance with current 
regulations. The feasibility of obtaining compounds of antioxidant capacity of 
commercial interest derived from vinasse represents an income that costs the entire 
process.

As mentioned previously, currently in Mexico the treatment of vinasse has been 
limited mainly due to the fact that there is no solvency or economic technology that 
companies can implement. Different types of treatment are being used that depend 
mainly on the size of the company and the total volume of production; Table 1 
summarizes the strategies used to treat vinasse.

Pretreatments and primary treatments are the most commonly used, as they are 
economical and simple to implement on any scale. Pretreatments are useful only for 
acidity reduction but do not eliminate organic load or color. Sedimentation ponds 
allow the removal of 80% of the sedimentable solids; however, it does not reduce 
the organic load or fats. The flotation strategy consists of applying air together with 

Figure 1. 
General process to recovery of compounds from vinasse obtained from distillation processes.
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General process to recovery of compounds from vinasse obtained from distillation processes.
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a polymer that allows accelerating the separation of soluble solids, and it is used as 
preparation for a biological process. The process is useful for the removal of solids, 
it is not efficient in the chemical demand of oxygen (CDO), and in addition, it is 
expensive in industrial scales. On the other hand, these strategies represent a focus 
of soil and subsoil contamination by filtration. The physicochemical treatments are 
mostly used on a pilot scale and generally used in two stages; in one, a coagulant is 
added to agglomerate soluble solids and then a flocculant for remotion. It is efficient 
in 20–30%, and its ability is being studied to remove the color; at the laboratory 
level, it has achieved a 70% reduction in color and 30% in CDO. Although there are 
already reports of a 100% removal efficiency using a cationic polymer [70], to date 
it has not been implemented on an industrial scale. It is estimated that the cost of 
these processes is 3.8 USD/Kg of vinasse, but the ecological impact of the emission 
of heavy metals and the reaction of chlorine salts with organic matter increases 
rather than decreases the level of toxicity. The main coagulants that are currently 
used in industries have metallic composition, and some environmentally friendly 
alternatives are being studied, including sugar polymers from some plant species, 
such as mesquite gum, shrimp chitosan, and some other vegetable gums [71]. 
Although removal percentages higher than metallic salts have been achieved by 
these alternatives, the process of obtaining is still expensive and uncommon.

6. Market of the bioproducts derived from agro-industrial wastes

In the last year, exploitation of agricultural waste for development of new 
products with a commercial value has been investigated. New related sectors have 
appeared in the global scene with great growth opportunities in the global market. 
Therefore, the specialized search engine “Web of Science,” using the keyword 
“waste” in conjunction with the descriptive words of each item shows that the sec-
tors with the greatest number of publications are “biocomposites and the peptides 
with antioxidant activity.” Even though at present research in these fields remains 
small, it has a great potential for growth in the global market (Figure 2).

Globally, sectors related with products from agro-industrial residues are grow-
ing, and therefore, there is an increase in the publications showing the enormous 
potential to enter and take a position in the market. If we look at the size of the 
market for each compound, we can direct and plan new strategies aimed at the 

Classification Treatment Application Advantage

Pretreatment Temperature low Pool circulation Economic and popular

pH neutralization Ca(OH)2 addition Economic and popular

Primary treatment Sedimentation pools Storage Easy for industrial volumes

Air flash floating Polymer addition Easy for industrial volumes

Physicochemical 
treatment

Coagulation Al2(SO4)3 addition Good remotion of solids

Flocculation Cationic polymer addition Good remotion of solids

Biological Anaerobic fermentation Biodigestion Methane generation

Acidogenesis Biodigestion H2 and CO2 generation

New treatments Oxidation Redox reaction using ozone, 
H2O2, UV radiation, or Cl

Remotion of color, odor, and 
organic matter

Table 1. 
Treatments actually used for the disposal of vinasse.
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development of products toward the sectors with the highest economic growth and 
create the interest of companies looking for innovation in each of the product. The 
main growing market is in the phytochemicals with the extraction of carotenoids, 
flavonoids, and anthocyanins, among others with potential use in the alimentary 
industry. Valorization of residues can be achieved such as in soybean residues from 
pressing oil extraction, which are rich in phytochemical compounds [72]. Thus, 
there is a growing interest in agro-industrial residues as source of high-benefit 
products potentially useful as valuable constituents, flavors, and antioxidant in 
food and cosmetics [73]. The market of phytochemicals is becoming more competi-
tive with the entry of pharmaceutical companies as Cargill, Hormel, and Doehler 
groups, which ensures a growing market. To pharmaceutical industry, bioactive 
peptides are considered a growing market and represent a potential solution to 
more efficacious disease treatment. In addition, peptides promise to combine the 
lower production costs and high specificity. For 2025, the proposed market growth 
appears to be near to USD $48.04 billion (Figure 2). Current trends indicate that 
a bright future for bioactive peptides and position them as firm candidates to 
the growth and innovation in pharmaceutical industry with the participation at 
this moment of companies as Elly Lilly and Pfizer [74], while the biocomposites 
are being alternatives to conventional petroleum-derived material becoming 
increasingly utilized in a great variety of applications [75]. An increased research 
is reflected in the number of publications that indicates a strong trend for applica-
tions of eco-friendly materials. Kenaf fiber has been used to reinforce polyurethane 
composites improving the mechanical and thermal properties [76]. The global bio-
composite market is estimated to grow at USD $46.30 billion for 2025. The trends 
indicate that the rising awareness among people by the replacement of plastics 
with biodegradable and environmentally favorable alternatives allows the market 
growth [77]. Automotive sector is a rising market; the search for new materials 
that increase the safety of passengers and reduce the vehicle weight spurs market 
demand [78]. Biomass pellets are an emerging market with a lot of potential. The 
European Union was the primary market responsible for the global production and 

Figure 2. 
Estimated market of new components obtained from waste (USD, billions) [79-85].
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Classification Treatment Application Advantage

Pretreatment Temperature low Pool circulation Economic and popular

pH neutralization Ca(OH)2 addition Economic and popular

Primary treatment Sedimentation pools Storage Easy for industrial volumes

Air flash floating Polymer addition Easy for industrial volumes

Physicochemical 
treatment

Coagulation Al2(SO4)3 addition Good remotion of solids

Flocculation Cationic polymer addition Good remotion of solids

Biological Anaerobic fermentation Biodigestion Methane generation

Acidogenesis Biodigestion H2 and CO2 generation
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Remotion of color, odor, and 
organic matter

Table 1. 
Treatments actually used for the disposal of vinasse.
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consumption of pellets to residential and district heating East Asia being predicted 
to become the second largest consumer [6]. Generating an advantage to closing, the 
circle called “the field to the hand of consumption” creates new opportunities to 
transform the field of an agricultural activity to agro-industrial activity centered on 
a circular economy. Circular economy advises the reincorporation of residues into 
the economy; wastes become a transient phase in an ideally perpetual utilization 
cycle rather than environmentally sound disposal [1].

7. Conclusions

Utilization of agro-industrial residual wastes can help to reduce them and avoid 
the environmental contamination, health diseases by the overcrowding, ecological 
damage, and other pollution-associated problems. Nowadays, there is a growing 
interest by researchers and industrials by the different substances and proper-
ties that exhibit the different agro-industrial residues to obtain a value-added 
product. Residual wastes have an enormous potential to be revalorized producing 
solid, liquid, and gas energies, obtaining different bioactive compounds such as 
polyphenols, peptides, and melanin. In addition, fibers from residues can be used 
to elaborate biocomposite for automotive industries mainly. New methods are 
proposed to obtain a value-added product from vinasses in demand not only for 
the pharmaceutical industries. All of these compounds and mixtures are profitable 
for a commercial market that grows with a high potential and application for new 
sectors. In that sense, the future is here.
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Abstract

This chapter covers the information on bio-hydrogen and methane production
from lignocellulosic materials. Pretreatment methods of lignocellulosic materials
and the factors affecting bio-hydrogen production, both dark- and photo-
fermentation, and methane production are addressed. Last but not least, the pro-
cesses for bio-hydrogen and methane production from lignocellulosic materials are
discussed.
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1. Introduction

The need for energy has continuously been a major issue in human society.
Energy use per capita has been increasing at an average rate of 21.5 kg of oil
equivalent annually since the year 2000 (value calculated from [1]). Increase in
energy demands leads to the search for alternative sources for energy production.
Biomass, as the fourth largest energy source after coal, oil, and natural gas, is a very
promising resource for energy production due to its renewability and versatility [2].
Biomass is biologically originated materials or simply any materials that are not
fossilized. Supplies of biomass could be from forestry, agriculture, and wastes. They
could be used directly to produce energy by burning or could be refined to produce
biofuels in the form of solid, liquid, or gas [3].

Lignocellulosic biomass is the biomass with the structure that is composed of
lignin, hemicellulose, and cellulose. They can be divided into woody and non-
woody biomass. Woody biomass can be further categorized into hardwoods and
softwoods, which differ in their reproduction; angiosperm for hardwoods and
gymnosperm for softwoods. Examples of hardwoods include beech, mahogany,
maple, and teak, while softwoods are cedar, pine, juniper, and spruce. Non-woody
biomass are those of agricultural residues, grass family (Poaceae or Gramineae),
and non-woody fibers such as cotton fiber [4, 5].

Apart from using biomass in co-firing with fossil fuels, gasification, and pyroly-
sis, its use in fermentation technology for liquid and gaseous biofuels production is
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Energy use per capita has been increasing at an average rate of 21.5 kg of oil
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woody biomass. Woody biomass can be further categorized into hardwoods and
softwoods, which differ in their reproduction; angiosperm for hardwoods and
gymnosperm for softwoods. Examples of hardwoods include beech, mahogany,
maple, and teak, while softwoods are cedar, pine, juniper, and spruce. Non-woody
biomass are those of agricultural residues, grass family (Poaceae or Gramineae),
and non-woody fibers such as cotton fiber [4, 5].

Apart from using biomass in co-firing with fossil fuels, gasification, and pyroly-
sis, its use in fermentation technology for liquid and gaseous biofuels production is
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also applicable and widely studied. The hemicellulose and cellulose structures
(so called holocellulose) in lignocellulosic biomass contain sugar monomers that
could be utilized by microorganisms and converted to various biofuels via biological
pathways.

Cellulose is considered a major composition of lignocellulosic biomass. It is a
homopolymer containing glucose as the only monomer. Glucose molecules in cellu-
lose are linked by β-1,4-glycosidic bonds (Figure 1). Cellulose chain is also known
as β-1,4-glucan. The chains are packed into tiny and extremely long structure called
microfibrils. These microfibrils are packed into lattices, which make most part of
the cellulose fibers inaccessible by enzymes [6–8].

Hemicellulose is also the composition that consists of sugars that can be utilized
by microorganisms. It is a heteropolymer of pentoses (xylose, arabinose), hexoses
(mannose, glucose, galactose), and uronic acids (4-O-methylglucuronic acid,
galacturonic acid). Due to its heterogeneity, different structures of hemicellulose
are found in different types of biomass [9, 10].

In hardwoods, glucuronoxylan is the major hemicellulose. Its backbone consists
of xylose connected by β-1,4-glycosidic linkage, with some acetylation at C2 and C3
of xylose molecules. In addition, side chains of 4-O-methylglucuronic acid are
found attached to xylose with α-1,2-linkage. Main hemicellulose in softwoods is
galactoglucomannan. As the name suggests, galactoglucomannan has mannose and
glucose as the backbone, with galactose and acetyl group as the side chains. For
grasses (including cereals), glucuronoarabinoxylan, wherein xylose is the backbone,
is the major hemicellulose [9, 11]. Structures of main hemicellulose in lignocellulosic
biomass are illustrated in Figure 2.

Some other hemicellulose, which can be found in multiple sources, include
xyloglucan which could be found in all hardwoods, softwoods, and grasses,
arabinoglucuronoxylan in grasses and softwood. In addition, glucomannan is found
as a minor component in softwoods and hardwoods.

The last major component of lignocellulosic biomass is lignin. Lignin is the only
non-sugar component of the biomass. It is the second most abundant biopolymer
besides cellulose. It is an amorphous polymer with structures that vary among
different types of biomass and environmental conditions. Primarily, lignin
consisted of three phenylpropane units of p-hydroxyphenyl (H), guaiacyl (G), and
syringyl (S), which are originated from aromatic alcohols, p-coumaryl, coniferyl,
and sinapyl alcohols [12].

Figure 1.
Structure of cellulose.
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Although the sugar monomers in holocellulose part of the biomass are of interest
for use in biofuel production via biological pathways, breaking down the structure
to obtain the monomers is not a simple task. All three components of lignocellulose
are incorporated into complex structures and recalcitrant to hydrolysis. Not only
the cellulose itself has a strong crystalline structure, its microfibrils are packed and
interconnected with hemicellulose. In addition, lignin that fills the void of the
structure adds additional strength, increases the hydrophobicity of the wall, and
hence prevents the action of hydrolytic enzymes [13, 14].

In order to utilize lignocellulosic biomass in production of biofuels via biological
pathways, its tough structures have to be loosen, and hydrolysis of holocellulose
needs to be achieved to release sugars for microbial usage. Block diagram in
Figure 3 shows generalized scheme for handling and processing of lignocellulosic
biomass when applied in biofuel production by microorganisms through
fermentation process.

Figure 2.
Structures of main hemicellulose in hardwoods, soft woods and grasses. (a) Glucorunoxylan,
(b) galactoglucomannan, (c) glucuronoarabinoxylan.

Figure 3.
Basic flow diagram for the use of lignocellulosic biomass in biofuels production through fermentation route.
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2. Pretreatment of lignocellulosic material

Lignocellulosic biomass is abundantly available, relatively low-cost, and is a
good feedstock for the production of biofuels due to their compositions (cellulose,
hemicellulose, and lignin). The natural microorganisms cannot directly ferment
lignocellulosic biomass into biofuels. The pretreatment step is required to overcome
the recalcitrance attributed to the structural characteristic of lignocellulosic biomass
and hydrolyze the lignocellulose biomass into fermentation sugars. Various
pretreatment technologies have been proposed, challenging the complexity of bio-
mass structure and attempting to recover high fermentable sugars. The
pretreatment methods must meet the following requirements: (1) increase the sugar
production or ability to afterward form sugar by enzymatic hydrolysis, (2) mini-
mize the formation of inhibitors that affect the hydrolysis and fermentation pro-
cess, (3) avoid the loss of carbohydrates, and (4) be cost-effective. The present
section summarizes the performance of various pretreatment technologies, includ-
ing physical, chemical, physicochemical, and biological processes. Furthermore, the
advantages and disadvantages of different pretreatment technologies are also
included.

2.1 Physical pretreatment

Physical pretreatment involves an increase in the accessible surface area of
lignocellulosic materials to enzymes by breaking down the particle size or
disrupting their crystalline structures. The physical pretreatment methods such as
chipping, milling, and grinding are applied to pretreat several lignocellulosic mate-
rials [15]. Chipping and grinding are used to reduce a huge lignocellulosic material
into small pieces. Thus, milling is required to mill lignocellulosic material into fine
particles. Among these physical methods, milling can significantly reduce the
degree of crystallinity and particle size and consequently improve their enzymatic
hydrolysis [16]. The energy requirement for physical pretreatment methods
depends on the particle size and the reduction of crystallinity in lignocellulosic
material. In fact, the required energy is higher than the theoretical energy content
available in the biomass [15]. As aforementioned, these methods cannot be used in
an industrial scale process due to its cost.

Microwave irradiation is another physical pretreatment method. It is a heating
method which directly applies an electromagnetic field to the molecular structure.
Microwaves are nonionizing electromagnetic radiation with the wavelengths rang-
ing from 1 mm to 1 m. The electromagnetic spectrums are located between 300 and
300,000 MHz. The application of microwave pretreatment causes swelling and
fragmentation of lignocellulosic biomass. The study of Shahzadi et al. [17] indicates
that the use of microwave irradiation can enhance the digestibility of lignocellulosic
material. In order to enhance the hydrolysis efficiency, microwave pretreatment
assisted with catalysts such as acid and alkaline are applied [18]. The advantages
and disadvantages of physical pretreatment method are tabulated in Table 1.

2.2 Chemical pretreatment

Acid, alkaline, ionic liquid, and organic solvent (organosolv) are used as cata-
lysts in the chemical pretreatment methods. Since 1819, acids including sulfuric and
hydrochloric are applied to pretreat lignocellulosic materials [19]. After the discov-
ery, various concentrated and diluted acids have been used to pretreat various
lignocellulosic materials [20, 21]. The concentrated acid pretreatments can degrade

106

Biomass for Bioenergy - Recent Trends and Future Challenges

cellulose and produce a high concentration of inhibitors, such as furfural and 5-
hydroxymethylfurfural (5-HMF). In addition, the utilization of concentrated acid
causes corrosion of equipment, making the process less attractive [21]. Dilute acid is

Pretreatment
method

Effects Advantages Disadvantages

Physical

Chipping,
grinding,
milling

Reduce the particle
size and disrupt the
crystallinity

Control of final particle size,
easy handling, less water
consumption

High energy consumption

Microwave Swelling and
fragmentation of
lignocellulosic
material

Fast heat transfer, short
reaction time, energy-
efficient

Low penetration of radiation
in bulk products, the
distribution of microwave
power around of material due
to nonhomogeneous material

Chemical

Acid Lignin cellulose and
hemicellulose
fractionate

Enzymatic hydrolysis is
sometimes not required as
the acid itself may hydrolyze
the biomass to fermentable
sugars

Corrosive and toxic,
formation of inhibitors as by-
products

Alkaline Lignin and
hemicellulose
removal

Reduce the absorption of
cellulose due to efficient
lignin removal, low cost

Generates inhibitors, long
residence time required

Ionic liquid Cellulose
precipitation and
lignin removal

Working under mild reaction
condition, low vapor pressure

High cost, complexity of
purification and synthesis

Organosolv Lignin removal and
hemicellulose
fractionate

Formation of a high purity of
lignin

High capital cost, need to
separate solvent, need
washing step

Physicochemical

Steam explosion Particle size
reduction, partial
hydrolysis of
hemicellulose,
lignin removal

Less water uses, no chemical
uses, low environmental
impacts

It has a high equipment cost

Liquid hot water Partial hydrolysis of
hemicellulose,
lignin removal

Does not require washing,
chemical recovery, or
detoxification steps

High water consumption and
energy input

AFEX Decreases the
crystallinity and
lignin removal

Low formation of by-
products

Not suitable for lignocellulosic
biomass with high lignin
content

SPORL Lignin removal and
hemicellulose
fractionate

Low formation of inhibitors,
energy-efficient, reduces the
absorption by sulfonation of
cellulose

High cost of chemical
recovery

Biological

Microorganisms
and enzymes

Lignin,
hemicellulose, and
cellulose
degradation

Selective degradation of
lignin, hemicellulose, and
cellulose, environmentally
friendly

Long pretreatment time, the
hydrolysis rate is low

Table 1.
Summary of advantages and disadvantages of each pretreatment methods [22–24].
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lignocellulosic biomass into biofuels. The pretreatment step is required to overcome
the recalcitrance attributed to the structural characteristic of lignocellulosic biomass
and hydrolyze the lignocellulose biomass into fermentation sugars. Various
pretreatment technologies have been proposed, challenging the complexity of bio-
mass structure and attempting to recover high fermentable sugars. The
pretreatment methods must meet the following requirements: (1) increase the sugar
production or ability to afterward form sugar by enzymatic hydrolysis, (2) mini-
mize the formation of inhibitors that affect the hydrolysis and fermentation pro-
cess, (3) avoid the loss of carbohydrates, and (4) be cost-effective. The present
section summarizes the performance of various pretreatment technologies, includ-
ing physical, chemical, physicochemical, and biological processes. Furthermore, the
advantages and disadvantages of different pretreatment technologies are also
included.

2.1 Physical pretreatment

Physical pretreatment involves an increase in the accessible surface area of
lignocellulosic materials to enzymes by breaking down the particle size or
disrupting their crystalline structures. The physical pretreatment methods such as
chipping, milling, and grinding are applied to pretreat several lignocellulosic mate-
rials [15]. Chipping and grinding are used to reduce a huge lignocellulosic material
into small pieces. Thus, milling is required to mill lignocellulosic material into fine
particles. Among these physical methods, milling can significantly reduce the
degree of crystallinity and particle size and consequently improve their enzymatic
hydrolysis [16]. The energy requirement for physical pretreatment methods
depends on the particle size and the reduction of crystallinity in lignocellulosic
material. In fact, the required energy is higher than the theoretical energy content
available in the biomass [15]. As aforementioned, these methods cannot be used in
an industrial scale process due to its cost.

Microwave irradiation is another physical pretreatment method. It is a heating
method which directly applies an electromagnetic field to the molecular structure.
Microwaves are nonionizing electromagnetic radiation with the wavelengths rang-
ing from 1 mm to 1 m. The electromagnetic spectrums are located between 300 and
300,000 MHz. The application of microwave pretreatment causes swelling and
fragmentation of lignocellulosic biomass. The study of Shahzadi et al. [17] indicates
that the use of microwave irradiation can enhance the digestibility of lignocellulosic
material. In order to enhance the hydrolysis efficiency, microwave pretreatment
assisted with catalysts such as acid and alkaline are applied [18]. The advantages
and disadvantages of physical pretreatment method are tabulated in Table 1.

2.2 Chemical pretreatment

Acid, alkaline, ionic liquid, and organic solvent (organosolv) are used as cata-
lysts in the chemical pretreatment methods. Since 1819, acids including sulfuric and
hydrochloric are applied to pretreat lignocellulosic materials [19]. After the discov-
ery, various concentrated and diluted acids have been used to pretreat various
lignocellulosic materials [20, 21]. The concentrated acid pretreatments can degrade

106

Biomass for Bioenergy - Recent Trends and Future Challenges

cellulose and produce a high concentration of inhibitors, such as furfural and 5-
hydroxymethylfurfural (5-HMF). In addition, the utilization of concentrated acid
causes corrosion of equipment, making the process less attractive [21]. Dilute acid is

Pretreatment
method

Effects Advantages Disadvantages

Physical

Chipping,
grinding,
milling

Reduce the particle
size and disrupt the
crystallinity

Control of final particle size,
easy handling, less water
consumption

High energy consumption

Microwave Swelling and
fragmentation of
lignocellulosic
material

Fast heat transfer, short
reaction time, energy-
efficient

Low penetration of radiation
in bulk products, the
distribution of microwave
power around of material due
to nonhomogeneous material

Chemical

Acid Lignin cellulose and
hemicellulose
fractionate

Enzymatic hydrolysis is
sometimes not required as
the acid itself may hydrolyze
the biomass to fermentable
sugars

Corrosive and toxic,
formation of inhibitors as by-
products

Alkaline Lignin and
hemicellulose
removal

Reduce the absorption of
cellulose due to efficient
lignin removal, low cost

Generates inhibitors, long
residence time required

Ionic liquid Cellulose
precipitation and
lignin removal

Working under mild reaction
condition, low vapor pressure

High cost, complexity of
purification and synthesis

Organosolv Lignin removal and
hemicellulose
fractionate

Formation of a high purity of
lignin

High capital cost, need to
separate solvent, need
washing step

Physicochemical

Steam explosion Particle size
reduction, partial
hydrolysis of
hemicellulose,
lignin removal

Less water uses, no chemical
uses, low environmental
impacts

It has a high equipment cost

Liquid hot water Partial hydrolysis of
hemicellulose,
lignin removal

Does not require washing,
chemical recovery, or
detoxification steps

High water consumption and
energy input

AFEX Decreases the
crystallinity and
lignin removal

Low formation of by-
products

Not suitable for lignocellulosic
biomass with high lignin
content

SPORL Lignin removal and
hemicellulose
fractionate

Low formation of inhibitors,
energy-efficient, reduces the
absorption by sulfonation of
cellulose

High cost of chemical
recovery

Biological

Microorganisms
and enzymes

Lignin,
hemicellulose, and
cellulose
degradation

Selective degradation of
lignin, hemicellulose, and
cellulose, environmentally
friendly

Long pretreatment time, the
hydrolysis rate is low

Table 1.
Summary of advantages and disadvantages of each pretreatment methods [22–24].
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an attractive method due to its ability to hydrolyze both hemicellulose and cellulose.
As results, pentose sugars (xylose and arabinose) and hexose (glucose) sugar are
obtained in the hydrolysate. Moreover, this process minimizes the inhibitor forma-
tion compared with concentrated acid pretreatment. However, both concentrated
and diluted acids slightly degrade lignin.

Alkaline pretreatment is the most commonly used to degrade lignin in lignocel-
lulosic material. Alkaline reagents, such as sodium hydroxide (NaOH), potassium
hydroxide (KOH), calcium hydroxide (Ca(OH)2), aqueous ammonia (NH4OH),
and oxidative alkaline, are mainly used to cleave the ester linkages in lignin and
hemicellulose structures. The cleavages of these linkages significantly enhance the
solubilization of lignin and hemicellulose, resulting in a higher cellulose hydrolysis
to fermentable sugar by microorganisms or enzymatic hydrolysis.

Ionic liquids (ILs) are salts composed of cations and anions. These liquids have
melting point lower than 100°C and low vapor pressure [25]. Anions and cations in
ILs form hydrogen bonds with cellulose hydroxyl groups, resulting in a cellulose
precipitation. In addition, lignin can be dissolved in the ILs [25]. This reaction
occurs in mild conditions with the ease of cellulose recovery, as well as the ILs, with
no toxic or odor emission. However, the utilization of ILs to pretreat lignocellulosic
materials is not favorable due to its cost. In comparison to other chemical pretreat-
ments, ILs have the advantages of low toxicity, high solvation power, low volatility,
thermal stability, as well as inflammability.

In the organosolv process, organic solvents are mainly used to cleave the linkage
of lignin and hemicellulose which can increase the pore volume and accessible
surface area of cellulose. The resulting lignin is dissolved in the organic solvent
phase, while cellulose is recovered as the solid. Many organic solvents such as
ethanol, methanol, acetone, organic acids, and ethylene glycol have been utilized to
pretreat various lignocellulosic materials. Among these, ethanol is the most favor-
able solvent due to its low toxicity and its ease of recovery. This process can occur in
the presence or absence of catalysts (acid or base) [26]. Comparing with other
chemical pretreatments, organosolv process has many advantages such as easy to
recover solvent by distillation, low environmental impact, and recovery of high-
quality lignin as by-product. Contrastingly, high price of organic solvent and
potential hazard of handling large volume of organic solvents limit the utilization
of organosolv process. The overall advantages and disadvantages of chemical
pretreatments are shown in Table 1.

2.3 Physicochemical pretreatment

Physicochemical pretreatment is a combination between physical and chemical
pretreatments, which aims to enhance lignin removal and increase the hydrolysis
efficiency. Several successful physicochemical pretreatments, such as steam explo-
sion, liquid hot water, wet oxidation, ammonia-based, and sulfite pretreatment
(SPORL), are applied to various lignocellulosic materials.

Steam explosion is a combined method between thermo-mechano-chemical
treatments. In this process, biomass is exposed to a high pressure (0.69–4.83 MPa)
with a saturated steam at a high temperature (160–260°C) for a few seconds
[21, 27]. The steam penetrates into the biomass and swells the cell wall of the fibers
before the explosion and partial hydrolysis. During pretreatment, the hydrolysis of
hemicellulose into hexose and pentose sugars is accomplished by the action of acetic
acid produced from the acetyl groups of hemicellulose. This process is called
“autohydrolysis.” The efficiency of steam explosion can be enhanced by adding the
catalyst such as sulfuric acid (H2SO4), SO2, or CO2. Among these catalysts, acid is
the best in terms of sugar recovery, minimization of the inhibition compound
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formation, and enzymatic hydrolysis improvement [21]. Liquid hot water
pretreatment process is quite similar to steam explosion pretreatment, but it uses
water instead of steam. This leads to less formation of inhibitors at the high
temperatures.

In the ammonia-based or ammonia fiber explosion (AFEX) process, the ligno-
cellulosic biomass is subjected to liquid ammonia at a high pressure (250–300 psi)
and a temperature around 60–100°C for a few minutes. After that, the pressure is
immediately released [28]. Liquid ammonia can cause the swelling of lignocellulose
structure, resulting in an increase in the enzymatic hydrolysis efficiency. The
immediate release of the pressure causes the physical disruption in the crystalline
cellulose, resulting in a decrease in the crystallinity of lignocellulosic biomass.
However, the lignin and hemicellulose degradation efficiency is low. AFEX process
has advantages such as mild reaction temperature and low formation of inhibitors.

SPORL pretreatment process consists of two steps. First, the lignocellulosic
materials are treated with magnesium sulfite or calcium sulfite in order to remove
the lignin and hemicellulose fractions. Second, the mechanical disk miller is used to
reduce the particle size of pretreated lignocellulosic material. This method is effi-
cient to pretreat various lignocellulosic materials [21]. The amounts of HMF and
furfural generated from SPORL pretreatment are less than those obtained using acid
pretreatment. This is attributed to the fact that at the same acid charge, higher
amount of bisulfite leads to higher pH which reduces the decomposition of sugar to
HMF and furfural [21].

2.4 Biological pretreatment

In the biological pretreatment, microorganisms and enzymes are the key points
used to pretreat lignocellulosic materials before enzymatic hydrolysis [22, 28]. Main
biological process is delignification and saccharification process. Microorganisms,
such as brown, white, and soft rot fungi, have been used to degrade lignocellulosic
materials. White and soft rot fungi mainly degrade lignin and hemicellulose while
brown rot fungi are used to degrade cellulose [22, 28]. White rot fungi such as
Cyathus stercoreus, Phanerochaete chrysosporium, Ceriporia lacerata, Ceriporiopsis
subvermispora, Pycnoporus cinnabarinus, and Pleurotus ostreatus are frequently
applied to degrade lignin because these species contain lignin degradation enzymes,
including peroxidase and laccase [22, 28]. Also, Basidiomycetes species, such as
Bjerkandera adusta, Irpex lacteus, Fomes fomentarius, and Trametes versicolor are
studied for breaking down lignocellulosic materials [11, 12]. Recently, cellulose
hydrolyzing bacteria such as Clostridia and Actinomycetes are widely used to
pretreat lignocellulosic materials. Clostridia and Actinomycetes grow and degrade
lignocellulose under anaerobic and aerobic conditions, respectively [29]. Clostridia
have an extracellular complex enzyme system called “cellulosome” that can degrade
lignocellulosic materials. This system contains various enzymes, such as
endoglucanases, exoglucanases, hemicellulases, chitinases, pectin lyases, and
lichenases [30].

As for enzymes used in biological pretreatment, both commercial and extracted
enzymes from microbes are used. Commercial cellulase and xylanase are commonly
used to degrade lignocellulosic materials such as sugarcane bagasse [31], rice straw
[32], napier grass [33], etc. Extracted lignin degradation enzymes, including lignin
peroxidase, manganese peroxidase, and laccase, from white rot fungi, are also used
to degrade lignin from lignocellulosic materials [28]. The study of Taniguchi et al.
[34] found that pretreating rice straw with Pleurotus ostreatus enhanced the
degradation of lignin and hemicellulose to 41 and 48% degradation efficiency,
respectively. The lignin and hemicellulose degradation by Pleurotus ostreatus occurs
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an attractive method due to its ability to hydrolyze both hemicellulose and cellulose.
As results, pentose sugars (xylose and arabinose) and hexose (glucose) sugar are
obtained in the hydrolysate. Moreover, this process minimizes the inhibitor forma-
tion compared with concentrated acid pretreatment. However, both concentrated
and diluted acids slightly degrade lignin.

Alkaline pretreatment is the most commonly used to degrade lignin in lignocel-
lulosic material. Alkaline reagents, such as sodium hydroxide (NaOH), potassium
hydroxide (KOH), calcium hydroxide (Ca(OH)2), aqueous ammonia (NH4OH),
and oxidative alkaline, are mainly used to cleave the ester linkages in lignin and
hemicellulose structures. The cleavages of these linkages significantly enhance the
solubilization of lignin and hemicellulose, resulting in a higher cellulose hydrolysis
to fermentable sugar by microorganisms or enzymatic hydrolysis.

Ionic liquids (ILs) are salts composed of cations and anions. These liquids have
melting point lower than 100°C and low vapor pressure [25]. Anions and cations in
ILs form hydrogen bonds with cellulose hydroxyl groups, resulting in a cellulose
precipitation. In addition, lignin can be dissolved in the ILs [25]. This reaction
occurs in mild conditions with the ease of cellulose recovery, as well as the ILs, with
no toxic or odor emission. However, the utilization of ILs to pretreat lignocellulosic
materials is not favorable due to its cost. In comparison to other chemical pretreat-
ments, ILs have the advantages of low toxicity, high solvation power, low volatility,
thermal stability, as well as inflammability.

In the organosolv process, organic solvents are mainly used to cleave the linkage
of lignin and hemicellulose which can increase the pore volume and accessible
surface area of cellulose. The resulting lignin is dissolved in the organic solvent
phase, while cellulose is recovered as the solid. Many organic solvents such as
ethanol, methanol, acetone, organic acids, and ethylene glycol have been utilized to
pretreat various lignocellulosic materials. Among these, ethanol is the most favor-
able solvent due to its low toxicity and its ease of recovery. This process can occur in
the presence or absence of catalysts (acid or base) [26]. Comparing with other
chemical pretreatments, organosolv process has many advantages such as easy to
recover solvent by distillation, low environmental impact, and recovery of high-
quality lignin as by-product. Contrastingly, high price of organic solvent and
potential hazard of handling large volume of organic solvents limit the utilization
of organosolv process. The overall advantages and disadvantages of chemical
pretreatments are shown in Table 1.

2.3 Physicochemical pretreatment

Physicochemical pretreatment is a combination between physical and chemical
pretreatments, which aims to enhance lignin removal and increase the hydrolysis
efficiency. Several successful physicochemical pretreatments, such as steam explo-
sion, liquid hot water, wet oxidation, ammonia-based, and sulfite pretreatment
(SPORL), are applied to various lignocellulosic materials.

Steam explosion is a combined method between thermo-mechano-chemical
treatments. In this process, biomass is exposed to a high pressure (0.69–4.83 MPa)
with a saturated steam at a high temperature (160–260°C) for a few seconds
[21, 27]. The steam penetrates into the biomass and swells the cell wall of the fibers
before the explosion and partial hydrolysis. During pretreatment, the hydrolysis of
hemicellulose into hexose and pentose sugars is accomplished by the action of acetic
acid produced from the acetyl groups of hemicellulose. This process is called
“autohydrolysis.” The efficiency of steam explosion can be enhanced by adding the
catalyst such as sulfuric acid (H2SO4), SO2, or CO2. Among these catalysts, acid is
the best in terms of sugar recovery, minimization of the inhibition compound
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formation, and enzymatic hydrolysis improvement [21]. Liquid hot water
pretreatment process is quite similar to steam explosion pretreatment, but it uses
water instead of steam. This leads to less formation of inhibitors at the high
temperatures.

In the ammonia-based or ammonia fiber explosion (AFEX) process, the ligno-
cellulosic biomass is subjected to liquid ammonia at a high pressure (250–300 psi)
and a temperature around 60–100°C for a few minutes. After that, the pressure is
immediately released [28]. Liquid ammonia can cause the swelling of lignocellulose
structure, resulting in an increase in the enzymatic hydrolysis efficiency. The
immediate release of the pressure causes the physical disruption in the crystalline
cellulose, resulting in a decrease in the crystallinity of lignocellulosic biomass.
However, the lignin and hemicellulose degradation efficiency is low. AFEX process
has advantages such as mild reaction temperature and low formation of inhibitors.

SPORL pretreatment process consists of two steps. First, the lignocellulosic
materials are treated with magnesium sulfite or calcium sulfite in order to remove
the lignin and hemicellulose fractions. Second, the mechanical disk miller is used to
reduce the particle size of pretreated lignocellulosic material. This method is effi-
cient to pretreat various lignocellulosic materials [21]. The amounts of HMF and
furfural generated from SPORL pretreatment are less than those obtained using acid
pretreatment. This is attributed to the fact that at the same acid charge, higher
amount of bisulfite leads to higher pH which reduces the decomposition of sugar to
HMF and furfural [21].

2.4 Biological pretreatment

In the biological pretreatment, microorganisms and enzymes are the key points
used to pretreat lignocellulosic materials before enzymatic hydrolysis [22, 28]. Main
biological process is delignification and saccharification process. Microorganisms,
such as brown, white, and soft rot fungi, have been used to degrade lignocellulosic
materials. White and soft rot fungi mainly degrade lignin and hemicellulose while
brown rot fungi are used to degrade cellulose [22, 28]. White rot fungi such as
Cyathus stercoreus, Phanerochaete chrysosporium, Ceriporia lacerata, Ceriporiopsis
subvermispora, Pycnoporus cinnabarinus, and Pleurotus ostreatus are frequently
applied to degrade lignin because these species contain lignin degradation enzymes,
including peroxidase and laccase [22, 28]. Also, Basidiomycetes species, such as
Bjerkandera adusta, Irpex lacteus, Fomes fomentarius, and Trametes versicolor are
studied for breaking down lignocellulosic materials [11, 12]. Recently, cellulose
hydrolyzing bacteria such as Clostridia and Actinomycetes are widely used to
pretreat lignocellulosic materials. Clostridia and Actinomycetes grow and degrade
lignocellulose under anaerobic and aerobic conditions, respectively [29]. Clostridia
have an extracellular complex enzyme system called “cellulosome” that can degrade
lignocellulosic materials. This system contains various enzymes, such as
endoglucanases, exoglucanases, hemicellulases, chitinases, pectin lyases, and
lichenases [30].

As for enzymes used in biological pretreatment, both commercial and extracted
enzymes from microbes are used. Commercial cellulase and xylanase are commonly
used to degrade lignocellulosic materials such as sugarcane bagasse [31], rice straw
[32], napier grass [33], etc. Extracted lignin degradation enzymes, including lignin
peroxidase, manganese peroxidase, and laccase, from white rot fungi, are also used
to degrade lignin from lignocellulosic materials [28]. The study of Taniguchi et al.
[34] found that pretreating rice straw with Pleurotus ostreatus enhanced the
degradation of lignin and hemicellulose to 41 and 48% degradation efficiency,
respectively. The lignin and hemicellulose degradation by Pleurotus ostreatus occurs
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through the action of peroxidase and laccase. Biological pretreatment is environ-
mentally friendly as no chemicals and lower energy are used compared with other
pretreatment methods. The advantages and disadvantages of biological
pretreatment methods are given in Table 1.

Currently, the combined physical, chemical, and biological pretreatment process
is investigated for enhancing the degradation efficiency [21]. The combined process
is more effective as compared to a single process. Yu et al. [35] combined physical,
chemical, and biological pretreatment process to pretreat rice husk. Results
indicate that the combination of chemical (2% H2SO4) and biological (P. ostreatus)
pretreatments leads to a higher lignin degradation than single-step pretreatments.
The combined pretreatment of napier grass carried out using 2% NaOH along
with cellulase enzyme was found to be more effective as compared with single
alkaline pretreatment, in which a 3.97 time higher methane production (MP) was
obtained [36].

3. Potential bio-hydrogen and methane production from lignocellulosic
biomass

Alternative fuels are recently in high demand owing to concerns about depletion
of fossil fuels and harmful gases emission problem which results in climate change
and environmental deterioration [37]. Biofuels (fuel alcohol, biodiesel/bio-jet, and
biogas) can be a suitable alternative to fossil fuels as they are derived from renew-
able feedstocks, biodegradable, and combusted based on carbon dioxide cycle [38].
Biofuels can be used for the energy generation by combustion or other technologies.
They have been used in transportation and power generation sectors, in which the
share of biofuel in transport fuel demand has been increasing and reached 3% in
2017 [39]. Biogas (hydrogen and methane) is a highly promising biofuel because
it can be produced from a variety of organic feedstocks, including waste
biomass which can attribute to the waste reduction simultaneously with energy
production [40].

3.1 Hydrogen

Hydrogen is a noncarbonaceous fuel and energy carrier possessing higher net
calorific value compared to other fuels [41]. It can be directly converted into energy
in fuel cell or mixed with natural gas for use in internal combustion and jet engines,
as well as the gas power turbines. Combustion of hydrogen yields only water; thus it
is considered as a clean energy source. The limitation in using hydrogen is its
explosivity when mixed with oxygen, leading to difficulty in its storage and distri-
bution [42]. Production of hydrogen from lignocellulosic biomass can be achieved
by gasification and microbial fermentation technologies. Gasification is very
energy-intensive and releases large amount of carbon, sulfur, and nitrogen oxides to
the atmosphere [43]. Therefore, attention had been paid to the microbial fermen-
tation process as it is more environmentally friendly. Bio-hydrogen is a term used to
call hydrogen produced via microbial fermentation. Dark- and photo-fermentation
are typically applied for bio-hydrogen production. Dark fermentation of organic
carbon substrates is carried out by obligate or facultative anaerobic bacteria yielding
bio-hydrogen and other side products, such as volatile fatty acids (VFAs) and
alcohols. Photo-fermentation requires energy from light to aid the decomposition of
organic substrates by photosynthetic bacteria, mostly purple non-sulfur bacteria
(PNSB) [44]. The dark fermentative bacteria are capable of utilizing various sub-
strates with high rate of hydrogen production. A drawback of dark fermentation is
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its low yield due to the large quantity of side products formed. The substrates for
photo-fermentative bacteria are limited to simple sugars and organic acids, and the
hydrogen production rate by photo-fermentation is usually lower than dark fer-
mentation [44]. However, with the high substrate conversion efficiency and high
hydrogen yield (HY), the photo-fermentation is also considered a promising tech-
nology for bio-hydrogen production [45]. In addition, recent research reported the
sequential dark-photo-fermentation as an efficient bio-hydrogen production pro-
cess. The VFAs from dark fermentation are further utilized for hydrogen produc-
tion in photo-fermentation, thus the HY and substrate conversion efficiency can be
improved via sequential dark-photo-fermentation [45–47]. Typical reactions for
dark fermentation with acetic acid formation and photo-fermentation can be stated
as follows:

Dark fermentation : C6H12O6 ! 2CH3COOHþ 2CO2 þ 4H2 (1)

Photo-fermentation : 2CH3COOHþ 4H2Oþ Light ! 4CO2 þ 8H2 (2)

Despite the continuing research at the laboratory scale, the biological hydrogen
production from lignocellulosic biomass at pilot and industrial scales is still limited.
Various kinds of lignocellulosic feedstock have been investigated for bio-hydrogen
production by different microorganisms. Typically, the feedstocks are pretreated
prior to fermentation in order to enhance hydrogen production efficiency.
Pretreatment of the biomass can be conducted by physical (such as size reduction),
physicochemical (such as steam, ammonia fiber, and carbon dioxide explosion, hot
water, and microwave pretreatment), chemical (such as alkaline, diluted acid, and
hydrogen peroxide pretreatment), and biological (such as enzymatic pretreatment)
methods. The yield of hydrogen from lignocellulosic feedstocks is diverse
depending on the types of substrates, pretreatment methods and microorganisms
used. Under mesophilic condition, dark fermentation of untreated water
hyacinth by mixed culture of Enterobacter sp. and Clostridium sp. resulted in
119.6 mL-H2/g-VS [48]. Enzymatic hydrolysates of agave bagasse yielded
1.53–3.40 mol-H2/mol-substrate by anaerobic mixed cultures [49, 50]. Higher
hydrogen production from acid hydrolysate of sugarcane bagasse (6980 mL-H2/L-
substrate) was observed with mixed cultures compared to the pure culture of
Enterobacter aerogenes (1000 mL-H2/L-substrate) [51, 52].

The pretreated lignocellulosic biomass (in solid form) can also be directly
fermented to hydrogen. Alkaline-pretreated sugarcane bagasse fermentation
by C. beijerinckii yielded 0.733 mmol-H2/g-substrate [53]. The HY of
51.9 mL-H2/L-substrate was obtained by fermenting corn stover obtained after steam
explosion using mixed cultures of C. celluloblyticum and Citrobacter amalonaticus [54].
The pretreated solid biomass could also be used as feedstocks for hydrogen produc-
tion via simultaneous saccharification and fermentation (SSF) process. The cellulo-
lytic enzymes mostly perform well under thermophilic condition (50–60°C).
However, hydrogen production by SSF under mesophilic condition had been investi-
gated by some researchers based on the optimal temperature for growth and activity
of hydrogen producers. Hydrogen yield of 72 mL-H2/g-substrate was obtained from
acetic acid steam-exploded corn straw by SSF with Ethanoligenens harbinense at 37°C
[55]. A lower yield of 68 mL-H2/g-substrate was obtained from steam-exploded corn
straw by SSF with C. bytyricum AS1 at 35°C [56].

Fermentation under thermophilic condition (50–65°C) was reported to improve
dark fermentative hydrogen production via enhancing substrate degradation rate.
Various thermophilic hydrogen producers, such as Thermoanaerobacterium
thermosaccharolyticum [57, 58], C. thermosaccharolyticum, and C. thermocellum
[59, 60], as well as thermophilic mixed cultures [61], were applied for hydrogen
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through the action of peroxidase and laccase. Biological pretreatment is environ-
mentally friendly as no chemicals and lower energy are used compared with other
pretreatment methods. The advantages and disadvantages of biological
pretreatment methods are given in Table 1.

Currently, the combined physical, chemical, and biological pretreatment process
is investigated for enhancing the degradation efficiency [21]. The combined process
is more effective as compared to a single process. Yu et al. [35] combined physical,
chemical, and biological pretreatment process to pretreat rice husk. Results
indicate that the combination of chemical (2% H2SO4) and biological (P. ostreatus)
pretreatments leads to a higher lignin degradation than single-step pretreatments.
The combined pretreatment of napier grass carried out using 2% NaOH along
with cellulase enzyme was found to be more effective as compared with single
alkaline pretreatment, in which a 3.97 time higher methane production (MP) was
obtained [36].

3. Potential bio-hydrogen and methane production from lignocellulosic
biomass

Alternative fuels are recently in high demand owing to concerns about depletion
of fossil fuels and harmful gases emission problem which results in climate change
and environmental deterioration [37]. Biofuels (fuel alcohol, biodiesel/bio-jet, and
biogas) can be a suitable alternative to fossil fuels as they are derived from renew-
able feedstocks, biodegradable, and combusted based on carbon dioxide cycle [38].
Biofuels can be used for the energy generation by combustion or other technologies.
They have been used in transportation and power generation sectors, in which the
share of biofuel in transport fuel demand has been increasing and reached 3% in
2017 [39]. Biogas (hydrogen and methane) is a highly promising biofuel because
it can be produced from a variety of organic feedstocks, including waste
biomass which can attribute to the waste reduction simultaneously with energy
production [40].

3.1 Hydrogen

Hydrogen is a noncarbonaceous fuel and energy carrier possessing higher net
calorific value compared to other fuels [41]. It can be directly converted into energy
in fuel cell or mixed with natural gas for use in internal combustion and jet engines,
as well as the gas power turbines. Combustion of hydrogen yields only water; thus it
is considered as a clean energy source. The limitation in using hydrogen is its
explosivity when mixed with oxygen, leading to difficulty in its storage and distri-
bution [42]. Production of hydrogen from lignocellulosic biomass can be achieved
by gasification and microbial fermentation technologies. Gasification is very
energy-intensive and releases large amount of carbon, sulfur, and nitrogen oxides to
the atmosphere [43]. Therefore, attention had been paid to the microbial fermen-
tation process as it is more environmentally friendly. Bio-hydrogen is a term used to
call hydrogen produced via microbial fermentation. Dark- and photo-fermentation
are typically applied for bio-hydrogen production. Dark fermentation of organic
carbon substrates is carried out by obligate or facultative anaerobic bacteria yielding
bio-hydrogen and other side products, such as volatile fatty acids (VFAs) and
alcohols. Photo-fermentation requires energy from light to aid the decomposition of
organic substrates by photosynthetic bacteria, mostly purple non-sulfur bacteria
(PNSB) [44]. The dark fermentative bacteria are capable of utilizing various sub-
strates with high rate of hydrogen production. A drawback of dark fermentation is
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its low yield due to the large quantity of side products formed. The substrates for
photo-fermentative bacteria are limited to simple sugars and organic acids, and the
hydrogen production rate by photo-fermentation is usually lower than dark fer-
mentation [44]. However, with the high substrate conversion efficiency and high
hydrogen yield (HY), the photo-fermentation is also considered a promising tech-
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Dark fermentation : C6H12O6 ! 2CH3COOHþ 2CO2 þ 4H2 (1)

Photo-fermentation : 2CH3COOHþ 4H2Oþ Light ! 4CO2 þ 8H2 (2)

Despite the continuing research at the laboratory scale, the biological hydrogen
production from lignocellulosic biomass at pilot and industrial scales is still limited.
Various kinds of lignocellulosic feedstock have been investigated for bio-hydrogen
production by different microorganisms. Typically, the feedstocks are pretreated
prior to fermentation in order to enhance hydrogen production efficiency.
Pretreatment of the biomass can be conducted by physical (such as size reduction),
physicochemical (such as steam, ammonia fiber, and carbon dioxide explosion, hot
water, and microwave pretreatment), chemical (such as alkaline, diluted acid, and
hydrogen peroxide pretreatment), and biological (such as enzymatic pretreatment)
methods. The yield of hydrogen from lignocellulosic feedstocks is diverse
depending on the types of substrates, pretreatment methods and microorganisms
used. Under mesophilic condition, dark fermentation of untreated water
hyacinth by mixed culture of Enterobacter sp. and Clostridium sp. resulted in
119.6 mL-H2/g-VS [48]. Enzymatic hydrolysates of agave bagasse yielded
1.53–3.40 mol-H2/mol-substrate by anaerobic mixed cultures [49, 50]. Higher
hydrogen production from acid hydrolysate of sugarcane bagasse (6980 mL-H2/L-
substrate) was observed with mixed cultures compared to the pure culture of
Enterobacter aerogenes (1000 mL-H2/L-substrate) [51, 52].

The pretreated lignocellulosic biomass (in solid form) can also be directly
fermented to hydrogen. Alkaline-pretreated sugarcane bagasse fermentation
by C. beijerinckii yielded 0.733 mmol-H2/g-substrate [53]. The HY of
51.9 mL-H2/L-substrate was obtained by fermenting corn stover obtained after steam
explosion using mixed cultures of C. celluloblyticum and Citrobacter amalonaticus [54].
The pretreated solid biomass could also be used as feedstocks for hydrogen produc-
tion via simultaneous saccharification and fermentation (SSF) process. The cellulo-
lytic enzymes mostly perform well under thermophilic condition (50–60°C).
However, hydrogen production by SSF under mesophilic condition had been investi-
gated by some researchers based on the optimal temperature for growth and activity
of hydrogen producers. Hydrogen yield of 72 mL-H2/g-substrate was obtained from
acetic acid steam-exploded corn straw by SSF with Ethanoligenens harbinense at 37°C
[55]. A lower yield of 68 mL-H2/g-substrate was obtained from steam-exploded corn
straw by SSF with C. bytyricum AS1 at 35°C [56].

Fermentation under thermophilic condition (50–65°C) was reported to improve
dark fermentative hydrogen production via enhancing substrate degradation rate.
Various thermophilic hydrogen producers, such as Thermoanaerobacterium
thermosaccharolyticum [57, 58], C. thermosaccharolyticum, and C. thermocellum
[59, 60], as well as thermophilic mixed cultures [61], were applied for hydrogen
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production from lignocellulosic feedstocks and their hydrolysates. HY of
1947 mL-H2/L-substrate from microwave-assisted acid hydrolysate of oil palm
trunk (OPT) was achieved using T. thermosaccharolyticum KKU19 [62], while the
enzymatic hydrolysate of lime-pretreated OPT yielded 2179 mL-H2/L-substrate
using the same strain [58]. Corn stover hydrolysate obtained by diluted sulfuric acid
pretreatment was fermented by T. thermosaccharolyticum W16 with a yield of
2.24 mol-H2/mol-sugar [63]. When the enzymatic hydrolysate of NaOH-pretreated
corn stover was used, the strain W16 produced 108.5 mmol-H2/L-substrate [64].
Solid residues of sweet sorghum stalk after hydrogen fermentation was subjected to
diluted sulfuric acid hydrolysis. The resulting acid-treated slurry was further
fermented by C. thermosaccharolyticum DSM572 and yielded 2.5 mmol-H2/g-
substrate [65]. Activated sludge and anaerobic granular sludge produced 627 and
822 mL-H2/L-substrate from diluted sulfuric acid hydrolysate of corn stover under
thermophilic condition, which were 2.3 and 3.7 times higher than those obtained
under mesophilic condition [61]. Sweet sorghum stalks were used as substrate for
hydrogen production by mixed cultures of C. thermocellum DSM7072 and C.
thermosaccharolyticum DSM572. The HY of 5.1 mmol-H2/g-substrate was observed
[59]. Fermentation of hydrogen by thermophilic microorganisms could overcome
the technical challenge of SSF regarding difference between optimal temperatures
for enzymatic saccharification and fermentation. SSF of lime-pretreated OPT by
T. thermosaccharolyticum KKU19 achieved a maximum yield of 60.22 mL-H2/g-
pretreated OPT [66]. Fungal-pretreated cornstalk yielded 89.3 mL-H2/g-substrate
by SSF process with T. thermosaccharolyticum W16 [67].

Co-digestion with nitrogen-rich organic biomass was reported to enhance
hydrogen production from lignocellulosic feedstocks. The OPT hydrolysate co-
digested with slaughterhouse wastewater by T. thermosaccharolyticum KKU19 gave
2604 mL-H2/L-substrate [68]. Co-digestion of napier grass and its silage with cow
dung with the bioaugmentation of C. butyricum TISTR 1032 yielded 6.98 and
27.71 mL-H2/g-volatile solid (VS) [69]. Wheat straw and cheese whey were co-
digested by anaerobic granular sludge, and the hydrogen production of 4554, 3685,
and 4132 mL-H2/L-substrate were observed in 0.11-L serological bottle, 1-L biore-
actor, and 4-L bioreactor, respectively [70].

Photo-fermentative hydrogen production mostly uses simple sugars (such as
glucose) or organic acids (such as acetic and butyric acids) as substrates. Lignocel-
lulosic hydrolysates with sugar monomers were investigated for hydrogen produc-
tion. Photo-fermentation of enzymatic hydrolysate of ammonia pretreated wheat
straw by Rhodobacter capsulatus-PK gave 712 mL-H2/L-substrate [71]. Corn stalk
pith was hydrolyzed by cellulase enzyme. The resulting hydrolysate was fermented
by photosynthetic consortium comprising R. capsulatus, R. sphaeroides,
Rhodopseudomonas capsulata, Rhodopseudomonas palustris, and Rhodospirillum
rubrum, in which a HY of 2.6 mol-H2/mol-sugar consumed was achieved [72].

Sequential dark-photo-fermentation was applied to increase HY from lignocel-
lulosic biomass. The organic acids obtained from dark fermentation of lignocellu-
losic biomass are used as substrate for photo-fermentation. The yield of hydrogen
from water hyacinth was enhanced from 76.7 to 596.1 mL-H2/g-total volatile solid
(TVS) by combining dark fermentation (using mixed hydrogen-producing bacte-
ria) with photo-fermentation (using R. palustris) [73]. Dark fermentation of
pretreated corn stalk by mixed culture from cow dung yield 192.9 mL-H2/g-TVS.
The yield was increased to 401.5 m mL-H2/g-TVS by combining with photo-
fermentation using R. sphaeroides HY01 [74]. Yang et al. [75] reported a HY from
pretreated corncob by dark fermentation with mixed cultures from dairy manure of
120.2 mL-H2/g-corncob. Photo-fermentation of the effluent from this process gave
713.6 mL-H2/g-COD. The authors also stated that reducing sugars and
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oligosaccharides in corncob hydrolysate contributed to the hydrogen produced by
dark fermentation, while acetic acid, butyric acid, and alcohols in the dark fermen-
tation effluent contributed to the hydrogen produced by photo-fermentation [75].
A pilot scale test of sequential dark-photo-fermentation from corn stover was
investigated. Sewage sludge and photo-hydrogen-producing consortia HAU-M1
were used as inoculum for dark and photo-fermentation, respectively. The overall
volumetric hydrogen production rate (HPR) was 7.8 and 4.7 m3/ m3d from dark and
photo-fermentation, respectively [47].

3.2 Methane

Methane is a fuel gas mainly produced from anaerobic digestion process.
Organic substrates are decomposed by diverse microbial communities through a
series of metabolic stages during anaerobic digestion, resulting in gaseous products
called biogas and inorganic molecules remaining in digestate. Biogas mainly com-
prises methane (50–75%), carbon dioxide (25–40%), nitrogen (<5%), hydrogen
(<1%), oxygen (<1%), and hydrogen sulfide (50–5000 ppm) [76]. Biogas is
suitable for use in internal combustion engines and gas turbine generators. Methane
has higher octane rating than gasoline, and its combustion produces less CO2 as
compared to fossil fuels [77].

Methane production by anaerobic digestion process involved multiple steps
performed by several groups of microorganisms. Typically, anaerobic digestion is
divided into four steps that are hydrolysis, acidogenesis, acetogenesis, and
methanogenesis. In hydrolysis step, complex organic matters (such as cellulose and
protein) are converted into simpler and soluble molecules (such as sugars and
amino acids) by hydrolase enzymes excreted by facultative and strictly anaerobic
microorganisms called fermentative bacteria. The soluble molecules produced by
the hydrolysis steps are then utilized by acidogenic bacteria to produce short-chain
organic acids (such as acetic, butyric, and propionic acids) along with hydrogen,
carbon dioxide, and alcohols in the acidogenesis step. These products are further
consumed in the acetogenesis step to produce acetic acid by acetogenic bacteria. In
the last step, acetic acid, hydrogen with carbon dioxide, formic acids, and alcohols
were utilized by methanogenic bacteria to produce methane under obligate anaero-
bic condition [76]. The optimal condition for methanogenic bacteria and other
groups of bacteria are different. Some researchers, therefore, introduced two-stage
hydrogen and methane production carried out by separating the fermentation into
two phases of acidogenesis and methanogenesis, which can promote the methane
fermentation rate and increase energy yield from feedstocks [27, 58].

Methane production from various lignocellulosic biomasses has been investi-
gated by different research groups. Due to their complex structures which limit the
bioavailability, hydrolysis was reported as the rate-limiting step for methane
production from lignocellulosic feedstocks [78]. In order to increase methane
production rate (MPR) and improve methane production efficiency, different
pretreatment methods such as size reduction, thermal, hydrothermal, alkaline,
dilute acid, thermal alkaline/dilute acid, and fungal pretreatments were applied
[79–82]. Alkaline pretreatment and combination of alkaline with other
pretreatment methods are usually employed, while the thermal pretreatment is
reported as the suitable method resulting in greater than 50% increased methane
yield compared to un-pretreated feedstocks [83].

Theoretically, the yield of methane, at standard temperature and pressure, from
cellulose and hemicellulose are 415 and 424 mL-CH4/g with 50% methane content
in the biogas [76]. Since the compositions of lignocellulosic biomass are diverse, the
yield of methane varies depending on the type lignocellulosic feedstocks used.
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rubrum, in which a HY of 2.6 mol-H2/mol-sugar consumed was achieved [72].

Sequential dark-photo-fermentation was applied to increase HY from lignocel-
lulosic biomass. The organic acids obtained from dark fermentation of lignocellu-
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from water hyacinth was enhanced from 76.7 to 596.1 mL-H2/g-total volatile solid
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fermentation using R. sphaeroides HY01 [74]. Yang et al. [75] reported a HY from
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oligosaccharides in corncob hydrolysate contributed to the hydrogen produced by
dark fermentation, while acetic acid, butyric acid, and alcohols in the dark fermen-
tation effluent contributed to the hydrogen produced by photo-fermentation [75].
A pilot scale test of sequential dark-photo-fermentation from corn stover was
investigated. Sewage sludge and photo-hydrogen-producing consortia HAU-M1
were used as inoculum for dark and photo-fermentation, respectively. The overall
volumetric hydrogen production rate (HPR) was 7.8 and 4.7 m3/ m3d from dark and
photo-fermentation, respectively [47].

3.2 Methane

Methane is a fuel gas mainly produced from anaerobic digestion process.
Organic substrates are decomposed by diverse microbial communities through a
series of metabolic stages during anaerobic digestion, resulting in gaseous products
called biogas and inorganic molecules remaining in digestate. Biogas mainly com-
prises methane (50–75%), carbon dioxide (25–40%), nitrogen (<5%), hydrogen
(<1%), oxygen (<1%), and hydrogen sulfide (50–5000 ppm) [76]. Biogas is
suitable for use in internal combustion engines and gas turbine generators. Methane
has higher octane rating than gasoline, and its combustion produces less CO2 as
compared to fossil fuels [77].

Methane production by anaerobic digestion process involved multiple steps
performed by several groups of microorganisms. Typically, anaerobic digestion is
divided into four steps that are hydrolysis, acidogenesis, acetogenesis, and
methanogenesis. In hydrolysis step, complex organic matters (such as cellulose and
protein) are converted into simpler and soluble molecules (such as sugars and
amino acids) by hydrolase enzymes excreted by facultative and strictly anaerobic
microorganisms called fermentative bacteria. The soluble molecules produced by
the hydrolysis steps are then utilized by acidogenic bacteria to produce short-chain
organic acids (such as acetic, butyric, and propionic acids) along with hydrogen,
carbon dioxide, and alcohols in the acidogenesis step. These products are further
consumed in the acetogenesis step to produce acetic acid by acetogenic bacteria. In
the last step, acetic acid, hydrogen with carbon dioxide, formic acids, and alcohols
were utilized by methanogenic bacteria to produce methane under obligate anaero-
bic condition [76]. The optimal condition for methanogenic bacteria and other
groups of bacteria are different. Some researchers, therefore, introduced two-stage
hydrogen and methane production carried out by separating the fermentation into
two phases of acidogenesis and methanogenesis, which can promote the methane
fermentation rate and increase energy yield from feedstocks [27, 58].

Methane production from various lignocellulosic biomasses has been investi-
gated by different research groups. Due to their complex structures which limit the
bioavailability, hydrolysis was reported as the rate-limiting step for methane
production from lignocellulosic feedstocks [78]. In order to increase methane
production rate (MPR) and improve methane production efficiency, different
pretreatment methods such as size reduction, thermal, hydrothermal, alkaline,
dilute acid, thermal alkaline/dilute acid, and fungal pretreatments were applied
[79–82]. Alkaline pretreatment and combination of alkaline with other
pretreatment methods are usually employed, while the thermal pretreatment is
reported as the suitable method resulting in greater than 50% increased methane
yield compared to un-pretreated feedstocks [83].

Theoretically, the yield of methane, at standard temperature and pressure, from
cellulose and hemicellulose are 415 and 424 mL-CH4/g with 50% methane content
in the biogas [76]. Since the compositions of lignocellulosic biomass are diverse, the
yield of methane varies depending on the type lignocellulosic feedstocks used.
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Herbaceous biomasses are common lignocellulosic feedstocks for methane produc-
tion. Corn stover yielded 320–335 mL-CH4/g-VS [79, 84]. Co-digestion of corn
stover with goose manure increased the methane yield (MY) to 393 mL-CH4/g-VS
[85]. The straws of wheat, rice, and corn gave 240–329 mL-CH4/g-VS [86–91].
Relatively low values HY were observed from biomass of grasses (142–
301 mL-CH4/g-VS) [36, 83, 92, 93] and woody biomass (136–205 mL-CH4/g-TS)
[79, 94], while bagasse feedstocks yielded relatively high values of 330–
420 mL-CH4/g-VS [95, 96].

Two-stage hydrogen and methane production was reported as a successful
process to produce hydrogen together with methane and enhance energy recovery
from lignocellulosic biomass. Energy yield from OPT hydrolysate increased from
0.8 to 10.6 kJ/g-COD by applying two-stage thermophilic hydrogen and mesophilic
methane production in comparison to one-stage thermophilic hydrogen production
[57]. The HY of 53.8 mL-H2/g-VS together with HY of 133.9 mL-CH4/g-VS was
achieved by two-stage fermentation of maize silage [97]. Sequential hydrogen and
methane fermentation of sugarcane bagasse hydrolysate obtained by steam explo-
sion yielded a total energy of 304.11 kJ/L-substrate [78]. The gaseous (hydrogen and
methane) recovery from mixed sugarcane bagasse hydrolysate and water hyacinth
was maximized by continuous two-stage hydrogen and methane production at a
hydraulic retention time of 8 h and 10 days, respectively, providing energy yield of
8.97 KJ/g-COD [98]. Continuous two-stage hydrogen and methane production from
agave bagasse enzymatic hydrolysate was optimized at an organic loading rate of
44 g-COD/L-d (for hydrogen) and 20 g-COD/L-d (for methane), in which 9.22
kJ/g-bagasse was recovered [99].

4. Factors affecting dark fermentative hydrogen production

4.1 Types of inoculum

Pure and mixed cultures are two types of inoculum used to produce hydrogen by
dark fermentation. Clostridium sp. and Enterobacter sp. are the pure culture widely
used to produce hydrogen. Pure cultures give the high HPR and HY [100]. The
major disadvantage of using pure culture is the sterile conditions which are required
during the start-up and operations resulting in high operation costs from an energy
use. This problem can be mitigated by using mixed cultures. Using mixed cultures
as an inoculum in bio-hydrogen fermentation process is more practical than those
using pure culture because it is simpler to operate, the process is easier to be
controlled [101], and its feasibility to use complex organic wastes [100]. Inoculum
sources for mixed cultures are animal dung, anaerobic sludge, municipal solid
waste, soil, and compost [102]. The presence of hydrogen consumers such as
methanogens and homoacetogens is the drawbacks of using mixed cultures. In
order to inhibit these hydrogen consumers while harvesting the hydrogen pro-
ducers, the pretreatment methods including heat treatment; acid treatment; alkali
treatment; sonication; aeration; freezing and thawing; addition of specific chemical
compounds, e.g., 2-bromoethanesulfonic acid; and addition of long-chain fatty
acids are needed [103, 104].

4.2 Feedstocks

Various kinds of feedstock have been used to produce hydrogen by dark
fermentation. They can be classified into three generations. First-generation feed-
stocks are food crops such as sugarcane, sugar beet, corn, and cassava which can be
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easily digested by fermentative microorganisms. However, there is the concern on
food competition and arable land when food crops are used to produce biofuels
[105]. Thus, lignocellulosic biomass is developed as the second-generation feed-
stocks. Due to its compositions, lignocellulosic biomass is difficult to be digested by
microorganisms. Therefore, the pretreatment and hydrolysis of the lignocellulosic
biomass are needed in order to obtain its underlying monosugars prior the fermen-
tation. Recently, the third-generation feedstock, i.e., microalgae has received high
attention to produce hydrogen. Microalgae have rapid growth rate with a high
capturing ability for CO2 and other greenhouse gases. They can be cultivated with-
out soil and have a very short harvesting cycle (1–10 days) [106, 107]. Microalgae
biomass consists of high carbohydrates (cellulose and starch) and lipid contents that
can be converted to hydrogen by hydrogen producers. HY, HPR, and the overall
economy of the process [102] are affected by the differences in carbohydrate
content, bioavailability, and biodegradation rate of the first-, second-, and third-
generation feedstocks. In addition, the concentrations of feedstocks must be con-
sidered because a feedstock or product inhibition can occur in the fermentation
process [108].

4.3 Nitrogen and phosphate

Nitrogen is required for growth of hydrogen-producing bacteria. Nitrogen
source for fermentative hydrogen production is classified into inorganic and
organic. Examples of inorganic nitrogen are ammonia nitrogen [109], ammonium
bicarbonate [110], and ammonium chloride [111, 112]. Ammonia nitrogen is the
most widely used inorganic nitrogen with its optimal concentration in the range 0.1
to 7.0 g/L [113, 114]. Peptone, yeast extract, and corn steep liquor are the examples
of organic nitrogen. Ferchichi et al. [115] and Ueno et al. [116] reported that a higher
HY was obtained when organic nitrogen is supplied to the fermentation medium.

In fermentative hydrogen production, phosphate is needed due to its nutritious
value as well as buffering capacity. An increase in phosphate concentration results
in increase of the capability of the bacteria to produce hydrogen. However, too high
concentrations of phosphate could cause the substrate inhibition [113, 117]. The
optimum C/N and C/P ratios are 74:200 and 599:1000, respectively [118, 119].

4.4 Temperature

Temperature affects the maximum specific growth rate, substrate utilization rate,
hydrolysis of the substrate, mass transfer rate, hydrogen partial pressure, hydroge-
nase activity, and the metabolic pathway of the bacteria resulting in a shift of by-
product compositions [101, 120, 121]. Fermentative hydrogen production can be
operated under a wide range of temperature, i.e., mesophilic (25–40°C), thermophilic
(40–65°C), or hyperthermophilic (>80°C) ranges [122]. Thermophilic condition gave
a higher hydrogen production than the mesophilic condition. Sotelo-Navarro et al.
[123] reported that the bio-hydrogen production from disposable diapers at 55°C was
greater at 35°C. This could be due to the increased pace of microbial metabolism in
the thermophilic condition. The optimal temperature for fermentative hydrogen
production varies depending on the inoculum and substrate types.

4.5 pH

pH affects the activity of hydrogenase as well as the metabolism pathway of the
microorganisms [109]. Low pH inhibited hydrogenase activity [124, 125] resulting
in longer lag time [126] and the inhibition of dark fermentation process. This can be
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fermentation. They can be classified into three generations. First-generation feed-
stocks are food crops such as sugarcane, sugar beet, corn, and cassava which can be

114

Biomass for Bioenergy - Recent Trends and Future Challenges

easily digested by fermentative microorganisms. However, there is the concern on
food competition and arable land when food crops are used to produce biofuels
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stocks. Due to its compositions, lignocellulosic biomass is difficult to be digested by
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can be converted to hydrogen by hydrogen producers. HY, HPR, and the overall
economy of the process [102] are affected by the differences in carbohydrate
content, bioavailability, and biodegradation rate of the first-, second-, and third-
generation feedstocks. In addition, the concentrations of feedstocks must be con-
sidered because a feedstock or product inhibition can occur in the fermentation
process [108].

4.3 Nitrogen and phosphate

Nitrogen is required for growth of hydrogen-producing bacteria. Nitrogen
source for fermentative hydrogen production is classified into inorganic and
organic. Examples of inorganic nitrogen are ammonia nitrogen [109], ammonium
bicarbonate [110], and ammonium chloride [111, 112]. Ammonia nitrogen is the
most widely used inorganic nitrogen with its optimal concentration in the range 0.1
to 7.0 g/L [113, 114]. Peptone, yeast extract, and corn steep liquor are the examples
of organic nitrogen. Ferchichi et al. [115] and Ueno et al. [116] reported that a higher
HY was obtained when organic nitrogen is supplied to the fermentation medium.

In fermentative hydrogen production, phosphate is needed due to its nutritious
value as well as buffering capacity. An increase in phosphate concentration results
in increase of the capability of the bacteria to produce hydrogen. However, too high
concentrations of phosphate could cause the substrate inhibition [113, 117]. The
optimum C/N and C/P ratios are 74:200 and 599:1000, respectively [118, 119].

4.4 Temperature

Temperature affects the maximum specific growth rate, substrate utilization rate,
hydrolysis of the substrate, mass transfer rate, hydrogen partial pressure, hydroge-
nase activity, and the metabolic pathway of the bacteria resulting in a shift of by-
product compositions [101, 120, 121]. Fermentative hydrogen production can be
operated under a wide range of temperature, i.e., mesophilic (25–40°C), thermophilic
(40–65°C), or hyperthermophilic (>80°C) ranges [122]. Thermophilic condition gave
a higher hydrogen production than the mesophilic condition. Sotelo-Navarro et al.
[123] reported that the bio-hydrogen production from disposable diapers at 55°C was
greater at 35°C. This could be due to the increased pace of microbial metabolism in
the thermophilic condition. The optimal temperature for fermentative hydrogen
production varies depending on the inoculum and substrate types.

4.5 pH

pH affects the activity of hydrogenase as well as the metabolism pathway of the
microorganisms [109]. Low pH inhibited hydrogenase activity [124, 125] resulting
in longer lag time [126] and the inhibition of dark fermentation process. This can be
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attributed to the protonation of undissociated acids in medium which can penetrate
the microbial cell membrane and inhibit the growth and activities of microorganism
[127]. Acidic pH of 4.5–6.0 favors the acetic and butyric acid production pathway.
High initial pH leads to the production of ethanol and propionate rather than
hydrogen production [128]. The propionate production pathways consume reduc-
ing powers that are potentially used for hydrogen synthesis [108].

4.6 Metal ion

Fe, Ni, and Mg are required for bio-hydrogen production process. These metals
are cofactors for enzymes facilitating transport processes in the microorganisms
[122, 129, 130]. Fe2+ is an important element to form hydrogenase and other
enzymes. Fe-S affects protein functions by acting as an electron carrier and involv-
ing in oxidation of pyruvate to acetyl-CoA, CO2, and H2 [122]. Additionally, Fe

2+

induces metabolic alteration and is involved in Fe-S and non-Fe-S protein operation
in hydrogenase [122, 131]. Nickel is a fundamental component of [NiFe]-
hydrogenase. It has the influences on the activity of [NiFe]-hydrogenase. High
concentration of nickle inhibits the activity of [NiFe]-hydrogenase, promoting fer-
mentative hydrogen production [122, 132]. Mg2+ is an element that is found abun-
dantly in microbial cells. It stabilizes ribosomes, cell membranes, and nucleic acids
and plays a crucial role as an activator of many kinases and synthetases [133]. Cu,
Cr, and Zn also have influences on hydrogen fermentation process [122]. The
relative toxicity of these heavy metals are Zn (most toxic) > Cu > Cr (least toxic).

4.7 Hydraulic retention time

Hydraulic retention time (HRT) is defined as the time that fermentation broth
remains in a reactor. It is related to the working volume of the reactor and the
influent flow rate. HRT affects a continuous hydrogen production. Hydrogen-
producing bacteria are fast-growing bacteria, so they prefer short HRT, while the
methanogens are slow-growing microorganisms, so they prefer long HRT [134].
Therefore, HRT can be used as controlling parameters to suppress the community
of methanogens [102]. Jung et al. [134] reported that the HRT for treating liquid-
type substrate is shorter than that of solid-type substrate because the times to
hydrolyze substrate containing high solid are much longer.

4.8 Hydrogen partial pressure

Hydrogen partial pressure affects hydrogenase activity because it is involved in
reversibly oxidizing and reducing ferredoxin [102]. High accumulation of hydrogen
partial pressure in the fermentation broth decreases the hydrogen production
because the reaction tends to be reducing ferredoxin rather than oxidizing ferre-
doxin [135]. Hydrogen partial pressure can be reduced by biogas sparging [136],
agitation, and reduction of headspace pressure using vacuum pump or enlarging the
headspace volume.

5. Factors affecting photo-fermentative hydrogen production

5.1 Carbon sources

Various kinds of substrates can be used as carbon source by PNSB. Short-chain
organic acids such as malic, lactic, succinic, acetic, propionic, and butyric acids
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[137–141] are the most generally used substrates for photo-hydrogen production.
VFAs in the hydrogenic effluent can also be used to produce hydrogen by PNSB
[142–145]. Additionally, other carbohydrate substrates [37, 146, 147] and organic
acids from industrial wastewaters can be utilized as carbon source by PNSB
[148–151]. Carbon affects the metabolism of cell growth and photo-hydrogen fer-
mentation system [152, 153]. Cell formation utilizes large fraction of carbon, while
hydrogen production utilizes a smaller fraction. The efficiency of photo-hydrogen
production is different according to the types of carbon substrates. This is due to the
variations in the electron transfer capabilities in the different metabolic pathways
of photosynthetic microbes [154]. Substrate concentration can also affect the photo-
hydrogen production. The optimum concentrations of VFAs for photo-hydrogen
production were reported in the range of 1800–2500 mg/L [155, 156]. The maxi-
mum theoretical HY from different carbon substrates are as follows:

Lactate : C3H6O3 þ 3H2O ! 6H2 þ 3CO2 (3)

Malate : C4H6O5 þ 3H2O ! 6H2 þ 4CO2 (4)

Butyrate : C4H8O2 þ 6H2O ! 10H2 þ 4CO2 (5)

Acetate : C2H4O2 þ 2H2O ! 4H2 þ 2CO2 (6)

Propionate : C3H6O2 þ 4H2O ! 7H2 þ 3CO2 (7)

Formate : CH2O2 ! H2 þ CO2 (8)

5.2 Nitrogen sources

Nitrogen is an essential nutrient for cell synthesis and hydrogen production. The
activity of nitrogenase, an enzyme involved in the hydrogen production by photo-
synthetic bacteria, is greatly affected by nitrogen. Glutamate is a preferred nitrogen
source for PNSB. It was rapidly consumed and could also improve hydrogen pro-
duction of photo-hydrogen-producing bacteria [157–159]. Ammonia has an adverse
effect on hydrogen production. High concentration of ammonium ions powerfully
inhibited the synthesis and activity of nitrogenase. However, a low ammonium
concentration less than a non-inhibitory level can support the growth of cells and is
able to enhance the photo-hydrogen production.

5.3 pH

pH affects the ionic concentration in the medium. These ionic forms influence
the active site of nitrogenase and affect the biochemical characteristic in microbial
cells during metabolism process [154, 160]. Optimal pH for photo-hydrogen pro-
duction of PNSB was 7.0 [140, 161–164].

5.4 Temperature

An increase in the environmental temperature until the optimal temperature can
improve the activities of the nitrogenase and proteins associated with the cell
growth or hydrogen production. An imbalance of incubation temperature on cells
growth inhibits the physiological activity, intracellular enzyme activity, and
metabolism of cells. Unstable temperature may cause bacteria to spend their energy
for adaptation to low/high temperatures in order to be able to survive [165] which
results in a reduction in the hydrogen production, HPR, HY, and substrate conver-
sion efficiency [139, 154, 166].
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Cr, and Zn also have influences on hydrogen fermentation process [122]. The
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remains in a reactor. It is related to the working volume of the reactor and the
influent flow rate. HRT affects a continuous hydrogen production. Hydrogen-
producing bacteria are fast-growing bacteria, so they prefer short HRT, while the
methanogens are slow-growing microorganisms, so they prefer long HRT [134].
Therefore, HRT can be used as controlling parameters to suppress the community
of methanogens [102]. Jung et al. [134] reported that the HRT for treating liquid-
type substrate is shorter than that of solid-type substrate because the times to
hydrolyze substrate containing high solid are much longer.

4.8 Hydrogen partial pressure

Hydrogen partial pressure affects hydrogenase activity because it is involved in
reversibly oxidizing and reducing ferredoxin [102]. High accumulation of hydrogen
partial pressure in the fermentation broth decreases the hydrogen production
because the reaction tends to be reducing ferredoxin rather than oxidizing ferre-
doxin [135]. Hydrogen partial pressure can be reduced by biogas sparging [136],
agitation, and reduction of headspace pressure using vacuum pump or enlarging the
headspace volume.

5. Factors affecting photo-fermentative hydrogen production

5.1 Carbon sources

Various kinds of substrates can be used as carbon source by PNSB. Short-chain
organic acids such as malic, lactic, succinic, acetic, propionic, and butyric acids
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[137–141] are the most generally used substrates for photo-hydrogen production.
VFAs in the hydrogenic effluent can also be used to produce hydrogen by PNSB
[142–145]. Additionally, other carbohydrate substrates [37, 146, 147] and organic
acids from industrial wastewaters can be utilized as carbon source by PNSB
[148–151]. Carbon affects the metabolism of cell growth and photo-hydrogen fer-
mentation system [152, 153]. Cell formation utilizes large fraction of carbon, while
hydrogen production utilizes a smaller fraction. The efficiency of photo-hydrogen
production is different according to the types of carbon substrates. This is due to the
variations in the electron transfer capabilities in the different metabolic pathways
of photosynthetic microbes [154]. Substrate concentration can also affect the photo-
hydrogen production. The optimum concentrations of VFAs for photo-hydrogen
production were reported in the range of 1800–2500 mg/L [155, 156]. The maxi-
mum theoretical HY from different carbon substrates are as follows:

Lactate : C3H6O3 þ 3H2O ! 6H2 þ 3CO2 (3)

Malate : C4H6O5 þ 3H2O ! 6H2 þ 4CO2 (4)

Butyrate : C4H8O2 þ 6H2O ! 10H2 þ 4CO2 (5)

Acetate : C2H4O2 þ 2H2O ! 4H2 þ 2CO2 (6)

Propionate : C3H6O2 þ 4H2O ! 7H2 þ 3CO2 (7)

Formate : CH2O2 ! H2 þ CO2 (8)

5.2 Nitrogen sources

Nitrogen is an essential nutrient for cell synthesis and hydrogen production. The
activity of nitrogenase, an enzyme involved in the hydrogen production by photo-
synthetic bacteria, is greatly affected by nitrogen. Glutamate is a preferred nitrogen
source for PNSB. It was rapidly consumed and could also improve hydrogen pro-
duction of photo-hydrogen-producing bacteria [157–159]. Ammonia has an adverse
effect on hydrogen production. High concentration of ammonium ions powerfully
inhibited the synthesis and activity of nitrogenase. However, a low ammonium
concentration less than a non-inhibitory level can support the growth of cells and is
able to enhance the photo-hydrogen production.

5.3 pH

pH affects the ionic concentration in the medium. These ionic forms influence
the active site of nitrogenase and affect the biochemical characteristic in microbial
cells during metabolism process [154, 160]. Optimal pH for photo-hydrogen pro-
duction of PNSB was 7.0 [140, 161–164].

5.4 Temperature

An increase in the environmental temperature until the optimal temperature can
improve the activities of the nitrogenase and proteins associated with the cell
growth or hydrogen production. An imbalance of incubation temperature on cells
growth inhibits the physiological activity, intracellular enzyme activity, and
metabolism of cells. Unstable temperature may cause bacteria to spend their energy
for adaptation to low/high temperatures in order to be able to survive [165] which
results in a reduction in the hydrogen production, HPR, HY, and substrate conver-
sion efficiency [139, 154, 166].
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5.5 Light energy

Light energy is a necessary resource for the reaction, electron transport, ATP
synthesis, and hydrogen production [165, 167]. Light intensity influences the HPR
and cell synthesis [160, 163, 168]. At the optimal light intensity, large amounts of
ATP and reductive power are sufficient for nitrogenase activity to produce hydro-
gen and generate the cells. However, a further increase in light intensity greater
than the saturation condition became an inhibitory for hydrogen production by
PNSB. Photo inhibition occurs when the photosynthetic system supplies excess
ATP and Fdred in comparison to the capacity of nitrogenase enzyme [169].
Consequently, the cell is damaged by the bleaching bacteriochlorophyll pigment
during the extra-light cultivation [170].

Halogen [141, 152, 171], tungsten [155, 161], fluorescent [172], infrared [172],
and light-emitting diode (LED) lamps [173, 174] have been used as the light source
for photo-hydrogen fermentation. Among these lamps, LED has the high opera-
tional stability and can improve the performance of photo-hydrogen fermentation
[154]. Other advantages of LED include specific wavelengths (770–920 nm), lower
electricity consumption, lower heat generation, and longer life expectancy
[154, 174].

5.6 Iron concentration

Iron is the major cofactor at the active site of FeMo-nitrogenase [157, 175]. There
are 24 atoms of Fe as the composition in each molecule of nitrogenase [176]. It is
also an essential component in ferredoxin and cytochrome b-c complex, which are
electron carriers of the photosynthetic electron transport system. Ferredoxin also
contains Fe4S4 in a cluster of nitrogenase [177]. Photo-hydrogen production is
functioned by nitrogenase, which receives electron carriers from ferredoxin and
reduces protons to molecular hydrogen. The optimal Fe2+ concentration for
photo-hydrogen fermentation are in the range of 1.68–35 mg/L [164, 177–179].
Concentration of iron greater than the requirement of regular physiological
metabolisms can disrupt the cell surface of microorganisms. As a consequence, the
production of hydrogen is reduced [177].

5.7 Vitamin solution

Vitamins are essential for carbohydrate, protein, lipid, and cell metabolism
[180, 181]. Vitamin B1 (thiamine) is a precursor of thiamine pyrophosphate (TPP),
a coenzyme of the pyruvate dehydrogenase complex, essential for catabolism of
carbohydrates, organic acids, and amino acids. This is important in the conversion
of pyruvic acid and provides acetyl-CoA in the TCA cycle which supports cell
synthesis. Biotin is a part of an enzymatic carboxylation and is a cofactor for carbon
dioxide fixing enzymes such as pyruvate carboxylase. Oxaloacetate is supplied by
pyruvate carboxylase. This is important in the citric acid cycle and in the production
of biochemical energy. Vitamin B6 (pyridoxamine) is necessary for the metabolism
of amino acid and in glycogen hydrolysis [181–183]. Nicotinic acid is a precursor of
NAD+/NADP, which are electron carrier and play an important role in electron
transfer during the photo-fermentation process [180].

5.8 Inoculum concentration

The ratio of initial cell concentration (X0) to initial substrate concentration (S0)
affects the initial energy level of microorganisms. This energy is necessary to
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support the cell synthesis and metabolism process [140]. At a high S0/X0 ratio, i.e.,
low seed inoculation, microorganisms require more adaptation to utilize the high
substrate concentration leading to a delay of the lag period for photo-hydrogen
fermentation [140, 162, 163]. A further increase in cell concentration to greater
than the optimal level resulted in a decreased hydrogen production [140, 162, 163].
A low S0/X0 ratio, i.e., high seed inoculation, resulted in an insufficiency of the
substrate to supply the growth of cells [140]. In addition, excess biomass prevents
penetration of light into the cultivation system due to a self-shading effect. This
leads to a decrease in light intensity that causes a reduction of ATP creation
resulting in the decrease of hydrogen production by photosynthetic bacteria.
Moreover, extracellular concentrations might promote the formation of bacterial
flocs or biofilm creation which can limit substrate distribution inside the bioreactor
system [140, 157, 167].

6. Factors affecting methane production

6.1 pH

pH influences the growth of microorganisms in various stages of the anaerobic
digestion (AD) process [184, 185]. Optimum pH for methanogens to produce
methane ranges from 7.0 to 7.2 [186]. pH outside the range of 6.0–8.5 is toxic to
methanogens. pH values below 6.6 starts to adversely affect the activities of the
methanogens, and the values below 6.2 are significantly toxic to the methanogens.
During the acidogenesis stage of AD process, the pH in an anaerobic digester
decreases to below 6.0 due to VFAs accumulation and carbon dioxide production.
After this, the pH rises to 7.0–8.0 or above. Yu and Fang [186] and Kim et al. [187]
found that the optimal hydrolysis and acidogenesis stage were achieved at
pH 5.5–6.5, and the acidogenic bacteria continue to produce the acids until the pH
drops to 4.5–5.0 [186, 188, 189]. As a consequence, the activity of methanogens is
inhibited. Thus, it is recommended that the hydrolysis, acidification,
acetogenesis/methanogenesis stage in AD process should be carried out
separately [190].

6.2 Temperature

Most of the methanogens are mesophile which are active in the temperature
ranges of 30–35°C, while only a few are thermophile which are active in the tem-
perature ranges of 50–60°C [186]. Deublein and Steinhauser [190] reported that the
methanogenic activity is inhibited at the temperatures between 40 and 50°C
especially at the values near 42°C. This is believed to be a transition temperature
from mesophilic to thermophilic temperature [191].

6.3 Hydraulic retention time

HRT affects the rate and extent of methane production. A long HRT results in
higher total VS mass reduction, which in turn leads to higher cumulative biogas
production as well as to allow the microorganisms to acclimate to toxic compounds
[191]. Methanogens have a long generation time. Thus, the HRT is usually set at
10–15 days to avoid the washout from the reactor [186]. The length of HRT can vary
depending on bacterial stains, operation condition, and so on.
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tional stability and can improve the performance of photo-hydrogen fermentation
[154]. Other advantages of LED include specific wavelengths (770–920 nm), lower
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Concentration of iron greater than the requirement of regular physiological
metabolisms can disrupt the cell surface of microorganisms. As a consequence, the
production of hydrogen is reduced [177].

5.7 Vitamin solution

Vitamins are essential for carbohydrate, protein, lipid, and cell metabolism
[180, 181]. Vitamin B1 (thiamine) is a precursor of thiamine pyrophosphate (TPP),
a coenzyme of the pyruvate dehydrogenase complex, essential for catabolism of
carbohydrates, organic acids, and amino acids. This is important in the conversion
of pyruvic acid and provides acetyl-CoA in the TCA cycle which supports cell
synthesis. Biotin is a part of an enzymatic carboxylation and is a cofactor for carbon
dioxide fixing enzymes such as pyruvate carboxylase. Oxaloacetate is supplied by
pyruvate carboxylase. This is important in the citric acid cycle and in the production
of biochemical energy. Vitamin B6 (pyridoxamine) is necessary for the metabolism
of amino acid and in glycogen hydrolysis [181–183]. Nicotinic acid is a precursor of
NAD+/NADP, which are electron carrier and play an important role in electron
transfer during the photo-fermentation process [180].

5.8 Inoculum concentration

The ratio of initial cell concentration (X0) to initial substrate concentration (S0)
affects the initial energy level of microorganisms. This energy is necessary to
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support the cell synthesis and metabolism process [140]. At a high S0/X0 ratio, i.e.,
low seed inoculation, microorganisms require more adaptation to utilize the high
substrate concentration leading to a delay of the lag period for photo-hydrogen
fermentation [140, 162, 163]. A further increase in cell concentration to greater
than the optimal level resulted in a decreased hydrogen production [140, 162, 163].
A low S0/X0 ratio, i.e., high seed inoculation, resulted in an insufficiency of the
substrate to supply the growth of cells [140]. In addition, excess biomass prevents
penetration of light into the cultivation system due to a self-shading effect. This
leads to a decrease in light intensity that causes a reduction of ATP creation
resulting in the decrease of hydrogen production by photosynthetic bacteria.
Moreover, extracellular concentrations might promote the formation of bacterial
flocs or biofilm creation which can limit substrate distribution inside the bioreactor
system [140, 157, 167].

6. Factors affecting methane production

6.1 pH

pH influences the growth of microorganisms in various stages of the anaerobic
digestion (AD) process [184, 185]. Optimum pH for methanogens to produce
methane ranges from 7.0 to 7.2 [186]. pH outside the range of 6.0–8.5 is toxic to
methanogens. pH values below 6.6 starts to adversely affect the activities of the
methanogens, and the values below 6.2 are significantly toxic to the methanogens.
During the acidogenesis stage of AD process, the pH in an anaerobic digester
decreases to below 6.0 due to VFAs accumulation and carbon dioxide production.
After this, the pH rises to 7.0–8.0 or above. Yu and Fang [186] and Kim et al. [187]
found that the optimal hydrolysis and acidogenesis stage were achieved at
pH 5.5–6.5, and the acidogenic bacteria continue to produce the acids until the pH
drops to 4.5–5.0 [186, 188, 189]. As a consequence, the activity of methanogens is
inhibited. Thus, it is recommended that the hydrolysis, acidification,
acetogenesis/methanogenesis stage in AD process should be carried out
separately [190].

6.2 Temperature

Most of the methanogens are mesophile which are active in the temperature
ranges of 30–35°C, while only a few are thermophile which are active in the tem-
perature ranges of 50–60°C [186]. Deublein and Steinhauser [190] reported that the
methanogenic activity is inhibited at the temperatures between 40 and 50°C
especially at the values near 42°C. This is believed to be a transition temperature
from mesophilic to thermophilic temperature [191].

6.3 Hydraulic retention time

HRT affects the rate and extent of methane production. A long HRT results in
higher total VS mass reduction, which in turn leads to higher cumulative biogas
production as well as to allow the microorganisms to acclimate to toxic compounds
[191]. Methanogens have a long generation time. Thus, the HRT is usually set at
10–15 days to avoid the washout from the reactor [186]. The length of HRT can vary
depending on bacterial stains, operation condition, and so on.
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6.4 Substrate composition

Biogas yield and the compositions of biogas are greatly influenced by the com-
position of feedstocks. AD of carbohydrates, fats, and protein yield 886, 1535, and
587 L biogas/kg-VS with methane content of approximately 50, 70, and 84%,
respectively, [184]. Substrate to inoculum ratio (S/I), as well as biodegradability of
the substrate, is another important factor affecting batch AD processes, especially at
high solid content [192]. Too high S/I ratio may be toxic, while too low S/I ratio may
prevent induction of the enzyme necessary for biodegradation [193]. Too high
concentration of feedstock can cause inhibition or failure of AD [194] due to
substrate inhibition. High S/I ratio can lead to overloads due to VFAs accumulation
[192, 195] and long lag phase. Thus, a low S/I ratio is preferred in order to attain
shorter lag phase [192, 196]. Owen et al. [197] proposed a standard S/I ratio to be
approximately 1 g-VSsubstrate/g-VSinoculum.

6.5 Organic loading rate

Organic loading rate (OLR) is defined as the amount of VS or COD components
fed per day per unit digester volume. Higher OLR can reduce the digester’s size and
the capital cost as a consequence. However, enough time (HRT) should be provided
to the microorganisms for breaking down the organic material and converting it
into gas [198]. An increase in OLR can result in higher hydrogen production effi-
ciency [199]. However, a further increase in OLR beyond a certain level will result
in substrate inhibition, leading to a lower MY [200]. Too high OLR can shift
the metabolic to solventogenic phase [201]. Hobson and Bousfield [201] and
Chandra et al. [185] reported that a total solid content of 8.0–10.0% is desirable for
optimum MY.

6.6 Alkalinity

Buffer capacity, or alkalinity in AD process, is the equilibrium of carbon dioxide
and bicarbonate ions that provides resistance to significant and rapid changes in pH.
Alkalinity is proportional to the concentration of bicarbonate. The imbalance of
digester can be more reliably measured by a buffer capacity than a direct measure-
ment of pH. This is because an accumulation of short-chain fatty acids will reduce
the buffering capacity significantly before the pH decreases. A low buffer capacity
can be improved by reducing OLR. This is because too high OLR inhibited the
microorganisms due to too high fatty acid concentration. Reducing OLR therefore
reduces the availability of these fatty acids. Then, the alkalinity of the system can be
improved. Guwy et al. [202] andWard et al. [189] indicated that a quicker way is to
add strong bases or carbonate salts to remove carbon dioxide from the gas space and
convert it to bicarbonate. Alternatively, bicarbonate (HCO3

�) can be added
directly.

6.7 Carbon to nitrogen (C/N) ratio

C/N ratio is a ratio of the mass of carbon to the mass of nitrogen in a substance.
In AD process, a C/N ratio ranging from 20 to 30 is considered optimum [184, 185],
and the value of at least 25:1 is suggested for optimal gas production [191]. If the
C/N ratio is too high, methanogens will rapidly consume the nitrogen to meet their
protein requirements and will no longer react with the rest of carbon in the mate-
rial. As a result, gas production will be low. On the other hand, if the C/N ratio is too
low, nitrogen will be liberated and accumulated in the system in the form of
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ammonium ion (NH4
+). This can possibly increase the pH of the digestate to a level

that is toxic to methanogens (pH 8.5) [186, 203].

7. Processes for bio-hydrogen and methane production from
lignocellulosic materials

The abundance of lignocellulosic biomass makes it a viable feedstock for hydro-
gen (H2) and methane (CH4) production. Cellulose in lignocellulosic biomass can be
saccharified to glucose then fermented to hydrogen and methane. In this section,
summarized details on fermentative conversion process for hydrogen, i.e., dark
fermentation and photo-fermentation, methane production, and AD are given.

7.1 Processes for fermentative hydrogen production

The methods that are investigated widely for fermentative hydrogen production
are dark fermentation, photo-fermentation, and a coupling system comprising dark
fermentation and photo-fermentation [204]. Dark fermentation is an acidogenic
fermentation process conducted under anaerobic conditions in the absence of light.
Dark fermentation, as compared to photo-fermentation, is regarded as a more
promising method [42], owing to its ability to utilize a wide range of biomass, its
high hydrogen production rate, and its independence of lighting conditions [109].
Microorganisms used in dark fermentation are strictly anaerobic bacteria, particu-
larly those in the genus Clostridium, and facultative anaerobic bacteria, e.g.,
Enterobacter spp. [205]. Mixed cultures, for example, sludge compost and sewage
sludge, are also used [204]. In theory, the maximum HY obtained under dark
fermentation is 4 mol-H2/mol-glucose when acetic acid is produced as a co-product
(Eq. (9)). This is roughly equivalent to one third of energy recovery from the
biomass [204]. The HY of 2 mol-H2/mol-glucose can also be obtained when butyric
acid is produced as the co-product (Eq. (10)). However, when mixed culture is
used, mixed acids are often produced, leading to a lower HY of 2.5 mol-H2/mol-
glucose (Eq. (11)).

C6H12O6 þ 6H2O ! 2CO2 þ 2CH3COOHþ 4H2 (9)

C6H12O6 þ 6H2O ! 2CO2 þ CH3CH2CH2COOHþ 2H2 (10)

4C6H12O6 þ 6H2O ! 3CH3CH2CH2COOHþ 2CH3COOHþ 8CO2 þ 10 H2 (11)

Photo-fermentation is another process being investigated widely for hydrogen
production from biomass. Unlike dark fermentation, photo-fermentation is a pro-
cess that requires light to drive the conversion of organic substrates into hydrogen.
Purple non-sulfur bacteria are a group of microorganisms responsible for hydrogen
production under photo-fermentation. Examples of PNSB include Rhodobacter spp.,
Rhodopseudomonas spp., and Rhodospirillum sp. Photo-fermentation is a process
known for its high substrate conversion efficiencies [206]. In theory, photo-
fermentation can completely convert organic compound into hydrogen, i.e.,
12 moles of hydrogen can be obtained from a mole of glucose (Eq. (12)), which is
much higher than that obtained through dark fermentation (4 mol-H2/mol-
glucose). However, when VFAs are used as the substrate, lower HYs in a range
1–10 mol-H2/mol-VFA are obtained (Eqs. (13)–(17)). In photo-fermentation, it was
reported that PNSB showed an affinity toward VFAs, with malate and lactate being
the most preferable substrate. Nevertheless, a good yield is also reported using
acetate as the substrate [206].
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6.4 Substrate composition
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�) can be added
directly.

6.7 Carbon to nitrogen (C/N) ratio

C/N ratio is a ratio of the mass of carbon to the mass of nitrogen in a substance.
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ammonium ion (NH4
+). This can possibly increase the pH of the digestate to a level

that is toxic to methanogens (pH 8.5) [186, 203].

7. Processes for bio-hydrogen and methane production from
lignocellulosic materials
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saccharified to glucose then fermented to hydrogen and methane. In this section,
summarized details on fermentative conversion process for hydrogen, i.e., dark
fermentation and photo-fermentation, methane production, and AD are given.

7.1 Processes for fermentative hydrogen production

The methods that are investigated widely for fermentative hydrogen production
are dark fermentation, photo-fermentation, and a coupling system comprising dark
fermentation and photo-fermentation [204]. Dark fermentation is an acidogenic
fermentation process conducted under anaerobic conditions in the absence of light.
Dark fermentation, as compared to photo-fermentation, is regarded as a more
promising method [42], owing to its ability to utilize a wide range of biomass, its
high hydrogen production rate, and its independence of lighting conditions [109].
Microorganisms used in dark fermentation are strictly anaerobic bacteria, particu-
larly those in the genus Clostridium, and facultative anaerobic bacteria, e.g.,
Enterobacter spp. [205]. Mixed cultures, for example, sludge compost and sewage
sludge, are also used [204]. In theory, the maximum HY obtained under dark
fermentation is 4 mol-H2/mol-glucose when acetic acid is produced as a co-product
(Eq. (9)). This is roughly equivalent to one third of energy recovery from the
biomass [204]. The HY of 2 mol-H2/mol-glucose can also be obtained when butyric
acid is produced as the co-product (Eq. (10)). However, when mixed culture is
used, mixed acids are often produced, leading to a lower HY of 2.5 mol-H2/mol-
glucose (Eq. (11)).
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Photo-fermentation is another process being investigated widely for hydrogen
production from biomass. Unlike dark fermentation, photo-fermentation is a pro-
cess that requires light to drive the conversion of organic substrates into hydrogen.
Purple non-sulfur bacteria are a group of microorganisms responsible for hydrogen
production under photo-fermentation. Examples of PNSB include Rhodobacter spp.,
Rhodopseudomonas spp., and Rhodospirillum sp. Photo-fermentation is a process
known for its high substrate conversion efficiencies [206]. In theory, photo-
fermentation can completely convert organic compound into hydrogen, i.e.,
12 moles of hydrogen can be obtained from a mole of glucose (Eq. (12)), which is
much higher than that obtained through dark fermentation (4 mol-H2/mol-
glucose). However, when VFAs are used as the substrate, lower HYs in a range
1–10 mol-H2/mol-VFA are obtained (Eqs. (13)–(17)). In photo-fermentation, it was
reported that PNSB showed an affinity toward VFAs, with malate and lactate being
the most preferable substrate. Nevertheless, a good yield is also reported using
acetate as the substrate [206].
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C6H12O6 þ 6H2Oþ Light ! 6CO2 þ 12H2 (12)

HCOOHþ Light ! CO2 þH2 (13)

CH3COOHþ 2H2Oþ Light ! 2CO2 þ 4H2 (14)

CH3CH OHð ÞCOOHþ 3H2Oþ Light ! 3CO2 þ 6H2 (15)

HO2CCH OHð ÞCH2COOHþ 3H2Oþ Light ! 4CO2 þ 6H2 (16)

CH3CH2CH2COOHþ 6H2Oþ Light ! 4CO2 þ 10H2 (17)

Due to the ability of photo-fermentation to utilize VFAs as the substrate for
hydrogen production, in recent years, much attention has been paid on improve-
ment of hydrogen production from biomass using coupling systems comprising
dark fermentation and photo-fermentation. Anaerobic bacteria and PNSB can be
co-cultivated in a single bioreactor, so that VFAs produced as the co-products
during dark fermentation are instantly converted into hydrogen by photo-
fermentation. Several co-cultivation of anaerobic bacteria, either pure or mixed
culture, and PNSB have been reported in literatures with better HYs compared with
the use of single-strain cultivation, for example, C. butyricum and Rhodobacter sp.
M-19 [207], C. butyricum and R. sphaeroides [208], and Lactobacillus delbrueckii
and R. sphaeroides RV [209], and heterotrophic consortium and R. sphaeroides
N7 [210]. However, the implementation of this integrated dark fermentation-
photo-fermentation system is still hindered by the great differences in growth
rate and acid tolerance between anaerobic bacteria and PNSB [211].
Alternatively, dark fermentation and photo-fermentation can be performed
sequentially in separated reactors. In this process configuration, dark fermentation
effluent containing VFAs is fed, after some adjustments such as dilution and
neutralization [204], into photo-fermentation reactor to allow the conversion of
VFAs to hydrogen by PNSB. This sequential process is generally easier to operate
and control compared with the co-cultivation system as dark fermentation and
photo-fermentation are operated separately. Recently, the sequential dark
fermentation-photo-fermentation process was tested at a pilot scale using corn
stover hydrolysate as a substrate in 11 m3 reactor (3 m3 for dark fermentation and 8
m3 for photo-fermentation). Results showed that 59.7 m3/d of hydrogen was pro-
duced, of which 22.4 m3/d was from dark fermentation and 37.3 m3/d was from
photo-fermentation [47]. This demonstrates clearly that the sequential dark
fermentation-photo-fermentation process is more efficient in conversion of bio-
mass into hydrogen, compared with a single-stage dark fermentation or photo-
fermentation process.

7.2 Process for methane production

A process for fermentative production of methane is generally called AD. AD is a
microbiologically mediated process, in which organic compounds are converted
into methane and carbon dioxide in the absence of oxygen [212]. AD process
consists of four sequential stages, hydrolysis, acidogenesis, acetogenesis, and
methanogenesis, and involves several groups of microorganisms. The hydrolysis is a
stage that macromolecules (protein, fat, carbohydrate) are degraded to water solu-
ble monomers (amino acids, fatty acids, and sugars). These monomers are then
fermented to VFAs (acetic, propionic, lactic, butyric, and valeric acids) during the
acidogenesis stage. The fermentation products after acidogenesis are subsequently
converted into acetic acid, carbon dioxide, and hydrogen in the acetogenesis stage
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before acetic acid and hydrogen are consumed to produce methane [213]. AD
process have been used to produce methane from a wide variety of lignocellulosic
biomass, e.g., corn stover, barley straw, rice straw, wheat straw, sugarcane bagasse,
and yard waste [200, 214]. Biochemical methane potential (BMP) of a selected
biomass with a formula CaHbOc can be estimated using Buswell’s equation
(Eq. (18)), while Boyle’s equation (Eq. (19)) is used to estimate BMP of biomass
with a formula CaHbOcNdSe, where a, b, c, d, e is the molar fraction of C, H, O, N, S,
respectively. It should be noted that Eqs. (18) and (19) are used assuming the total
stoichiometric conversion of organic matter into methane and carbon dioxide [215].
Using cellulose (C6H10O5) as an example, BMP estimated using Eq. (18) is
415 mL/g-VS:

BMP ¼
a
2 þ b

8 � c
4

� �
12aþ bþ 16cð Þ � 22,400 (18)

BMP ¼
a
2 þ b

8 � c
4 � 3d

8 � e
4

� �
12aþ bþ 16cþ 14dþ 32eð Þ � 22, 400 (19)

Alternatively, organic fraction composition of biomass can be used to estimate
the theoretical methane production using Eq. (20) [216]:

BMP ¼ 415�%carbohydrate
� �þ 496�%proteinð Þ þ 1014�%lipidð Þ (20)

AD process can be divided, based on the percentage of total solids (TS) in the
system, into liquid-AD (L-AD) and solid-state AD (SS-AD). Although the criteria
for this classification is not clear, it is generally accepted that systems containing
less than 15% TS are called L-SD and those containing 15% TS or higher are called
SS-AD. While L-AD is a traditional process being used extensively for waste treat-
ment, SS-AD is relatively new, being developed in the past decades for municipal
solid waste treatment [217]. Comparing between the two, SS-AD has many advan-
tages over L-AD, including a smaller reactor volume, thus higher volumetric pro-
ductivity of methane, higher organic loading rate, lower water consumption, lower
energy input for operation (heating and mixing), and no problems of floating and
stratification of fats [218]. However, due to a relatively high TS content of the
system, limitation of mass and heat transfers can occur during the process, leading
to a low fermentation yield. The use of SS-AD on wheat straw, corn stover, switch
grass, and grass silage was reported to produce 55–197 L-CH4/kg-volatile solids
[219], while methane production of 45–290 L/kg-volatile solids were obtained from
rice straw, corn straw, wheat straw, and yard waste [200].

8. Bioconversion process for lignocellulosic materials to bio-hydrogen
and methane

Based on average composition of lignocellulose, 35–50% cellulose, 20–35%
hemicellulose, and 10–25% lignin [220], bioconversion processes for cellulose into
hydrogen and methane through dark fermentation, photo-fermentation, sequential
dark fermentation-photo-fermentation, and AD are presented (Figure 4). Starting
with 1000 kg of lignocellulosic biomass containing 35–50% cellulose,
193.4–276.3 m3 of hydrogen is obtained by dark fermentation, 580–828.8 m3 of
hydrogen is obtained by photo-fermentation and a sequential dark fermentation-
photo-fermentation, and 145.0–207.2 m3 of methane is obtained by AD.
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co-cultivated in a single bioreactor, so that VFAs produced as the co-products
during dark fermentation are instantly converted into hydrogen by photo-
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culture, and PNSB have been reported in literatures with better HYs compared with
the use of single-strain cultivation, for example, C. butyricum and Rhodobacter sp.
M-19 [207], C. butyricum and R. sphaeroides [208], and Lactobacillus delbrueckii
and R. sphaeroides RV [209], and heterotrophic consortium and R. sphaeroides
N7 [210]. However, the implementation of this integrated dark fermentation-
photo-fermentation system is still hindered by the great differences in growth
rate and acid tolerance between anaerobic bacteria and PNSB [211].
Alternatively, dark fermentation and photo-fermentation can be performed
sequentially in separated reactors. In this process configuration, dark fermentation
effluent containing VFAs is fed, after some adjustments such as dilution and
neutralization [204], into photo-fermentation reactor to allow the conversion of
VFAs to hydrogen by PNSB. This sequential process is generally easier to operate
and control compared with the co-cultivation system as dark fermentation and
photo-fermentation are operated separately. Recently, the sequential dark
fermentation-photo-fermentation process was tested at a pilot scale using corn
stover hydrolysate as a substrate in 11 m3 reactor (3 m3 for dark fermentation and 8
m3 for photo-fermentation). Results showed that 59.7 m3/d of hydrogen was pro-
duced, of which 22.4 m3/d was from dark fermentation and 37.3 m3/d was from
photo-fermentation [47]. This demonstrates clearly that the sequential dark
fermentation-photo-fermentation process is more efficient in conversion of bio-
mass into hydrogen, compared with a single-stage dark fermentation or photo-
fermentation process.

7.2 Process for methane production

A process for fermentative production of methane is generally called AD. AD is a
microbiologically mediated process, in which organic compounds are converted
into methane and carbon dioxide in the absence of oxygen [212]. AD process
consists of four sequential stages, hydrolysis, acidogenesis, acetogenesis, and
methanogenesis, and involves several groups of microorganisms. The hydrolysis is a
stage that macromolecules (protein, fat, carbohydrate) are degraded to water solu-
ble monomers (amino acids, fatty acids, and sugars). These monomers are then
fermented to VFAs (acetic, propionic, lactic, butyric, and valeric acids) during the
acidogenesis stage. The fermentation products after acidogenesis are subsequently
converted into acetic acid, carbon dioxide, and hydrogen in the acetogenesis stage
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before acetic acid and hydrogen are consumed to produce methane [213]. AD
process have been used to produce methane from a wide variety of lignocellulosic
biomass, e.g., corn stover, barley straw, rice straw, wheat straw, sugarcane bagasse,
and yard waste [200, 214]. Biochemical methane potential (BMP) of a selected
biomass with a formula CaHbOc can be estimated using Buswell’s equation
(Eq. (18)), while Boyle’s equation (Eq. (19)) is used to estimate BMP of biomass
with a formula CaHbOcNdSe, where a, b, c, d, e is the molar fraction of C, H, O, N, S,
respectively. It should be noted that Eqs. (18) and (19) are used assuming the total
stoichiometric conversion of organic matter into methane and carbon dioxide [215].
Using cellulose (C6H10O5) as an example, BMP estimated using Eq. (18) is
415 mL/g-VS:
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Alternatively, organic fraction composition of biomass can be used to estimate
the theoretical methane production using Eq. (20) [216]:

BMP ¼ 415�%carbohydrate
� �þ 496�%proteinð Þ þ 1014�%lipidð Þ (20)

AD process can be divided, based on the percentage of total solids (TS) in the
system, into liquid-AD (L-AD) and solid-state AD (SS-AD). Although the criteria
for this classification is not clear, it is generally accepted that systems containing
less than 15% TS are called L-SD and those containing 15% TS or higher are called
SS-AD. While L-AD is a traditional process being used extensively for waste treat-
ment, SS-AD is relatively new, being developed in the past decades for municipal
solid waste treatment [217]. Comparing between the two, SS-AD has many advan-
tages over L-AD, including a smaller reactor volume, thus higher volumetric pro-
ductivity of methane, higher organic loading rate, lower water consumption, lower
energy input for operation (heating and mixing), and no problems of floating and
stratification of fats [218]. However, due to a relatively high TS content of the
system, limitation of mass and heat transfers can occur during the process, leading
to a low fermentation yield. The use of SS-AD on wheat straw, corn stover, switch
grass, and grass silage was reported to produce 55–197 L-CH4/kg-volatile solids
[219], while methane production of 45–290 L/kg-volatile solids were obtained from
rice straw, corn straw, wheat straw, and yard waste [200].

8. Bioconversion process for lignocellulosic materials to bio-hydrogen
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Based on average composition of lignocellulose, 35–50% cellulose, 20–35%
hemicellulose, and 10–25% lignin [220], bioconversion processes for cellulose into
hydrogen and methane through dark fermentation, photo-fermentation, sequential
dark fermentation-photo-fermentation, and AD are presented (Figure 4). Starting
with 1000 kg of lignocellulosic biomass containing 35–50% cellulose,
193.4–276.3 m3 of hydrogen is obtained by dark fermentation, 580–828.8 m3 of
hydrogen is obtained by photo-fermentation and a sequential dark fermentation-
photo-fermentation, and 145.0–207.2 m3 of methane is obtained by AD.
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9. Conclusion

Lignocellulosic materials are the promising substrate for bio-hydrogen and
methane production. The main compositions of lignocellulosic materials are cellu-
lose, hemicellulose, and lignin. In order to obtain the underlying monosugar, the
appropriate pretreatment methods are recommended to hydrolyze hemicellulose or
to remove lignin. Physical pretreatment can be used to increase the accessible
surface area of lignocellulosic materials prior to the subsequent hydrolysis. Chemi-
cal hydrolysis by means of dilute acid pretreatment is an effective method to
hydrolyze both hemicellulose and cellulose in lignocellulosic materials. Though, this
method can slightly degrade lignin. Lignin can be effectively removed by alkaline
pretreatment. Biological pretreatment by microorganisms and enzymes can be used
to pretreat the lignocellulosic materials before enzymatic hydrolysis. Combined
physical, chemical, and biological pretreatment process is more effective than a sole
process. Bio-hydrogen and methane production process is greatly affected by the
environmental factors. The ranges of these factors mainly depend on, but not
limited to, the types of feedstocks and microorganisms in the process. Dark fer-
mentation followed by photo-fermentation is more efficient in producing hydrogen
from lignocellulosic materials than the single-stage fermentation. Methane produc-
tion from lignocellulosic materials is an environmentally friendly process for
producing bioenergy and managing the waste at the same time.

Figure 4.
Theoretical hydrogen and methane yields obtained from dark fermentation, photo-fermentation, sequential
dark fermentation-photo-fermentation, and anaerobic digestion for hydrogen and methane production from
lignocellulosic biomass.
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Chapter 7

Selection of Optimal Localization 
for a Biomass Energy Plant that 
Uses Residual Biomass as a Raw 
Material in the Araucanía Region 
of Chile
Celián Román-Figueroa, Sebastián Herrera 
and Manuel Paneque

Abstract

Residual biomass is used for energy purposes, such as producing heat and 
electricity. The potential raw materials are wheat, oat and barley straw, corn stover 
from the agricultural industry, and wood chips from forest residuals and the wood 
industry. In Chile about 10 MM t year−1 residues are produced; however, most of 
these are burned, increasing the greenhouse gas emission. This study evaluated the 
energy production from the residual biomass in the Araucanía Region of Chile. The 
optimal location for installing an energy generation plant was determined, accord-
ing to various conditions, such as the distance from the villages, energy demands, 
industry location, etc. A multi-criteria evaluation and analytic hierarchy process 
were performed for determining the optimal location, and a proposal for its instal-
lation was created. A total of 19 districts were selected as suitable location that met 
the requirements for the three scenarios.

Keywords: biomass, gasification, combustion, wheat straw, bioenergy, 
energy production

1. Introduction

A close relationship exists between an increase in energy consumption and the 
economic growth for a particular country. In South America, it is estimated that 
a 1% increase in energy consumption translates to a 0.42% increase in economic 
growth [1]. In countries, such as Chile, where 59.3% of the primary energy matrix is 
imported, with 90.2% of this from fossil fuels [2], uncertainty and insecurity arise 
in the energy supplies and dependence on foreign markets, obliging the assumption 
of risk in the face of possible fluctuations [1].

Alternative sources of energy that are renewable and have a reduced environ-
mental impact are required to reduce the use of nonrenewable energy sources, 
such as fossil fuels [3], which have negative effects, such as climate change, forest 
destruction, and the extinction of species [3, 4].
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Renewable energy offers environmental benefits and increases the standard of 
living for various populations, diversifies the energy matrix, improves the infra-
structure, promotes technology transfer, and provides other positive effects [4, 5]. 
Biofuels are nonconventional renewable energy sources (NCRECs) that may replace 
fossil fuels, lowering the dependence on international markets and the atmospheric 
emissions of greenhouse gases (EGGs) [6].

Chile promised, in 2010, to reduce emissions by 20% below the 2020 projec-
tion [7]; however, according to current trends, an increase of 360% is projected 
in carbon dioxide (CO2) emissions in electricity generation and transportation. 
The aforementioned items currently represent 0.3% of the total emissions 
 globally [8].

Firewood and biofuels are the second source of energy for Chile. They are 
entirely produced within the country, representing 28.9% of the primary energy 
matrix in 2013 [9]. Here, 36% of the national population is concentrated between 
the O’Higgins and Aysén Regions, with 74% of these homes consuming firewood or 
its derivatives [10] for heating or cooking systems. Biofuel is used for self-produced 
electricity [11].

The residual biomass from agricultural activities has an average caloric power 
of 17,500 kJ kg−1 [12] and is underused in Chile [2, 13]. Cereal production residue is 
concentrated in the central south area of the country, particularly in the regions of 
Araucanía (29.3%) and Libertador Bernardo O’Higgins (19.8%) as the main cereal 
residue producers [14].

Wheat is the main cereal produced in Chile, representing 32.9% of the 
planted agricultural surface during the 2016/2017 agricultural season [15]. The 
Araucanía Region is the main wheat production region in the country. During 
the 2016/2017 agricultural season, 42.0% of the total surface area of planted 
wheat was concentrated here, yielding a production of approximately 597,835 
tons [16].

Román-Figueroa et al. [2] determined that, in the Araucanía Region, 50% 
of the production of wheat residuals was concentrated in 23 (of 299) census 
districts, while 10 of these districts produced 27.8% of the residues. The majority 
was produced in the central valley of the region, specifically in the province of 
Malleco, which has a regional coverage of 60,800 ha [2]. Currently, the agricul-
tural residue is burnt [17, 18], which causes environmental problems owing to the 
emission of EGGs, as well as public health problems owing to particulate matter 
emissions [17, 19].

Electricity production from agricultural residue biomass has been widely 
studied and recommended, owing to the low production costs, high conversion 
efficiency, and environmental benefits because it is carbon neutral [20, 21]. Singh 
[21] determined, in the Punjab, India region, production of between 2375 and 
2937 MWel was possible depending on the efficiency of the conversion plant, with 
more than 22,000 million tons of residue. In the Araucanía Region, a 5.0 MWth 
plant and 27,000 tons of residue, between 3.17 MWel and 4.89 MWel, can be pro-
duced using fluidized bed combustion technology with a generation turbine (C/ST) 
and gasification of the fluidized bed followed by a combined cycle of gas and vapor 
(G/CC), respectively [2].

Various studies have determined the optimal location of a biomass-based energy 
production plant using geographic information systems (GIS) [21–25]. With GIS, 
evaluation using different attributes and maps to determine the optimal energy 
production plant location is feasible, [23, 25]. A multi-criteria analysis (MCA) 
evaluates, using different criteria or factors, a group of opposed real alternatives, 
considering different development visions and objectives [25]. Therefore, an 

145

Selection of Optimal Localization for a Biomass Energy Plant that Uses Residual Biomass as…
DOI: http://dx.doi.org/10.5772/intechopen.83526

evaluation considering economic, social, and environmental criteria is possible, 
optimizing the decision-making process [23].

In Chile, Villamar et al. [23] evaluated the possibility of installing an anaero-
bic co-digestion plant using discarded agribusiness materials (animal dung and 
agricultural residues) in the Biobío Region. Using a hierarchical analysis process, 
they considered factors that were social (distances to residential areas and roads) 
and economic (residue production, distance to residue production sites, proximity 
between residue production sites, and closeness of the production plant to roads) 
[23]. This is the only evaluation of the installation of a residual biomass-based 
bioenergy plant in the country.

The objective of this study was to determine the optimal location for an energy 
production plant, which was based on wheat residue in the Araucanía Region of 
Chile. Three different types of demands were considered: current, potential, and 
social demands. Three scenarios were used to determine the location of the energy 
production plant based on wheat residue biomass.

2. Materials and methods

2.1 Area of study

The area of study was the Araucanía Region, located between 37°35′ and 
39°37′ southern latitude and from 70°50′ western longitude to the Pacific Ocean, 
an area of 31,842 km2 (Figure 1). The study was realized at a district level 

Figure 1. 
Study area of Araucanía region, Chile, on a district scale.
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according to the census boundaries determined by the National Institute of 
Statistics [26].

2.2 Areas with an energy demand

The areas were determined with priority assigned to the energy supply, accord-
ing to three types of demand: current (or high demand), potential, and social. 
The current demand refers to the sectors with a high consumption. The potential 
demand refers to the non-covered demand, such as the districts without electric-
ity. The social demand refers to areas where heating or electrical energy should be 
locally supplied to homes, schools, or treatment centers.

Different criteria were employed to determine the demand in each case. The 
current demand considers consumers in the industrial [27] and residential sectors 
[28]. For the potential demand, the demand for electrical services that are not yet 
provided is considered [29]; and in the social demand, the demand for energy 
(thermal and electrical) for services (education and healthcare) and rural homes is 
considered.

2.2.1 Standardization of criteria for determining the areas with an energy demand

Each criterion was standardized with values between 1 and 7, with 1 rep-
resenting the worst condition and 7 representing the best condition for each 
criterion.

For the current demand, the distance to the industries, industries quantity per 
district [30], and the residential energy consumption were considered [30, 31]. 
All criteria were discretized with values between 1 and 7 (Table 1). For the 
 potential demand, those districts with an electrical coverage of less than 40% were 
 considered, according to the 2006 CASEN [28]. These were discretized with values 
between 1 and 7. However, only odd values were used owing to the quantity of 

Value Current Potential Social

Industries 
(m)

Industries 
(number)

Energy 
consumption 

(MW)

Coverage 
(%)

Villages 
(m)

Primary 
healthcare 

(m)

Rural 
educational 

(m)

7 0–21,300 7–8 2000–12,000 0–10 0–9531 0–4572 0–4019

6 21,300–
42,600

6 1600–2000 — 9531–
19,062

4572– 
9145

4019–8038

5 42,600–
63,900

5 1300–1600 10–20 19,062–
28,593

9145– 
13,717

8038–12,057

4 63,900–
85,201

4 1000–1300 — 28,593–
38,124

13,717–
18,289

12,057–16,076

3 85,201–
106,501

3 700–1000 20–30 38,124–
47,655

18,289–
22,861

16,076–20,095

2 106,501–
127,801

2 400–700 — 47,655–
57,186

22,861–
27,434

20,095–24,114

1 127,801–
149,101

1 0–400 30–40 57,186–
66,717

27,434–
32,006

24,114–28,133

Table 1. 
Discretization of the values to determine the supply of energy in the Araucanía region, according to the 
different demand criteria.
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ranges available (Table 1). For the social demand, the distance to rural settlements, 
which corresponded to the villages, as well as the distances to primary healthcare 
centers and rural educational establishments were considered [32]. These were 
discretized with values between 1 and 7, with 7 representing the shortest distance 
(Table 1).

Based on the type of demand and the multi-criteria evaluation (MCE), weights 
or considerations were assigned to each criterion (Table 2). The priority sites were 
determined, considering each type of demand (current, potential, and social). 
Finally, the set of demands was evaluated, where each demand was given a con-
sideration value of 0.33. Thereafter, the energy demand information was used 
to determine the location of an energy production plant based on biomass in the 
Araucanía Region.

2.3 Determination of the priority sites for installing an energy production plant 
based on biomass

Determining the location of an energy production plant based on biomass was 
carried out according to a decision rule, where the MCE was used with an analytic 
hierarchy process (AHP). The use of these combined techniques is a common 
methodology employed to determine the installation location of energy production 
plants [29, 33].

2.3.1 Definition of criteria

Criteria selection is required for making decisions. Possible alternatives must 
be quantified and must contribute to the decision-making process [33–35]. 
These criteria may be factors or limiters. A factor is a criterion that negatively or 
positively affects the possible location for the energy production plant, while a 
limiter (or exclusion criterion) restricts the location potential, excluding possible 
 installation [33, 34].

The factors employed in this evaluation were as follows:

a. Availability of biomass: The districts with a greater production of wheat 
residue biomass according to the estimates by Román-Figueroa et al. [2] were 
considered the most appropriate; however, this was not established as an exclu-
sion criterion.

b. Energy consumption priority areas: These were established according to the 
energy demand scenarios previously calculated: high demand, social demand, 

Current demand Potential demand Social demand

Criterion Weighting Criterion Weighting Criterion Weighting

Distance to the 
industries

0.25 Electrical 
coverage

1.0 Primary 
healthcare

0.33

Industry quantity 0.25 Rural educational 0.33

Energy consumption 0.5 Villages 0.33

Table 2. 
Consideration of the criteria analyses in the MCE to determine the locations with the highest energy demand 
(high, potential, and social).
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which corresponded to the villages, as well as the distances to primary healthcare 
centers and rural educational establishments were considered [32]. These were 
discretized with values between 1 and 7, with 7 representing the shortest distance 
(Table 1).
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or considerations were assigned to each criterion (Table 2). The priority sites were 
determined, considering each type of demand (current, potential, and social). 
Finally, the set of demands was evaluated, where each demand was given a con-
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to determine the location of an energy production plant based on biomass in the 
Araucanía Region.
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Criteria selection is required for making decisions. Possible alternatives must 
be quantified and must contribute to the decision-making process [33–35]. 
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positively affects the possible location for the energy production plant, while a 
limiter (or exclusion criterion) restricts the location potential, excluding possible 
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The factors employed in this evaluation were as follows:

a. Availability of biomass: The districts with a greater production of wheat 
residue biomass according to the estimates by Román-Figueroa et al. [2] were 
considered the most appropriate; however, this was not established as an exclu-
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and potential demand. The selected sectors with a high demand were consid-
ered a priority and more suitable.

c. Land use/coverage: The installation of an energy production plant must comply 
with the legal requirements and land usage. Competition with other current 
uses of the land must be avoided, allowing current activities to continue. The 
areas considered feasible for the installation of a plant were those without 
vegetation, meadows, or scrub and were industrial use lands. Urban areas and 
lands of agricultural use were considered unsuitable because other activities 
are carried out there that are relevant to society [33, 34].

d. Roads: Connectivity is essential for the supply of raw materials to the plant; 
thus, the transport of raw materials should be considered [33, 36]. Therefore, 
a maximum distance of 1.0 km between the energy plant and the road was 
considered a priority. Moreover, the type of road material affects accessibility, 
and thus, this was considered a factor.

e. Electrical network: Wheat residue was considered the raw material for electricity 
production [2]. The distance from the energy production plant to the electrical 
network is relevant to the electricity generated in the electrical supply network. 
Nonconventional renewable energy (NCRE), such as a generation less than 
9.0 MWel, can directly connect to the Chilean distribution network [37]. This would 
provide an economic benefit to plant installation. A maximum distance of 3.0 km 
between the energy plant and the electrical network was considered a priority.

Each of these factors was discretized with values between 1 and 7, with 7 as the 
most suitable (Table 3).

Conversely, the following limiters were considered:

a. Restricted areas: This represents zones where installation is not viable for envi-
ronmental, legal, or other reasons [33, 34]. These areas include those covered 
by the protected forest areas system (SNASPE), protected private areas (PPAs), 
bodies of water, cities, and the current road network. A value of 0 was assigned 
to the limiter areas, and 1 was assigned to those without restrictions.

Value Residual biomass 
(t year−1)

Land use/coverage Road 
types

Electrical network (m)

7 23,217–27,086 Grassland and scrubland Asphalt 0–1000

6 19,347–23,217 — — 1000–2000

5 15,478–19,347 Industrial and urban area Gravel 2000–3000

4 11,608–15,478 — — 3000–12,000

3 7739–11,608 Primary and secondary forest Dirt 12,000–21,000

2 3869–7730 — — —

1 0–3869 Agricultural land and 
plantations

— —

Table 3. 
Discretization of the values for the factors used to determine the optimal location of an energy production plant 
based on the wheat biomass in the Araucanía region.
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b. Availability of biomass: Districts where the minimum quantity of wheat 
residue is required for the production of 1 MWel were considered as feasible, 
such as the districts with a residue production less than 8534.8 t year−1, for 
a plant with fluidized bed combustion and a generating turbine (C/ST), 
and 5536.1 t year−1, for a plant with fluidized bed gasifiers followed by a 
combined cycle of gas and steam (G/CC), based on the study carried out by 
Román-Figueroa et al. [2]. A value of 0 was assigned to the districts with 
residue production less than the minimum required to produce 1 MWel, while 
other districts with higher production were assigned a value of 1. Depending 
on the situation, the availability of biomass was used as a factor, with the 
production of biomass being classified with values from 1 to 7 (Table 3). 
C/ST and G/CC were considered independently as technologies for energy 
production.

2.3.2  Proposals for energy production plant placements according to the energy 
demand scenarios

An AHP was used to determine the best location for an energy production plant 
using wheat biomass as a raw material. The main criterion for the plant location was 
the biomass supply, by which other major criteria were determined. The analysis 
was carried out considering the energy demand scenarios (current, potential, and 
social) as part of the analysis.

In the AHP, an importance value was assigned to each criterion according to 
its objective. The value scale ranged from 1 to 9, where 1 was considered to be 
equally important for two criteria (a and b) and 9 was considered to be more 
important for one criterion than another (a over b) [38, 39]. Therefore, when the 
relative importance of a over b was established, a value of 1/9 was automatically 
 established [39].

a. Social scenario: The objective was to satisfy rural sector energy needs, 
supplying services to healthcare, educational, and rural resident sec-
tors. This scenario was based on social and potential demand, and 
therefore, industrial and residential (that already have supply) sectors 
were not considered in this scenario. The availability of biomass, use of 
land, roads, and electrical supply network were considered as factors. 
Each of these factors was considered with a different relative weight 
(Table 4).

b. Feasibility scenario: The objective was to install an energy production plant 
based on the biomass, and thus, the residual biomass was considered as a lim-
iter, 8534.8 t year−1 for C/ST and 5536.1 t year−1 for G/CC [2]. The areas with an 
energy demand had less relevance than other criteria because the availability of 
the raw material is most relevant (Table 4).

c. Demand scenario: The objective was to satisfy large consumer demand; 
therefore, the high-demand scenario was used, where priority was assigned to 
industrial and residential sectors that currently receive electricity. This was not 
considered relevant for rural sectors that do not receive. The electrical network 
had a greater relevance in this scenario because of the goal to satisfy the current 
energy demand (Table 4).
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b. Availability of biomass: Districts where the minimum quantity of wheat 
residue is required for the production of 1 MWel were considered as feasible, 
such as the districts with a residue production less than 8534.8 t year−1, for 
a plant with fluidized bed combustion and a generating turbine (C/ST), 
and 5536.1 t year−1, for a plant with fluidized bed gasifiers followed by a 
combined cycle of gas and steam (G/CC), based on the study carried out by 
Román-Figueroa et al. [2]. A value of 0 was assigned to the districts with 
residue production less than the minimum required to produce 1 MWel, while 
other districts with higher production were assigned a value of 1. Depending 
on the situation, the availability of biomass was used as a factor, with the 
production of biomass being classified with values from 1 to 7 (Table 3). 
C/ST and G/CC were considered independently as technologies for energy 
production.

2.3.2  Proposals for energy production plant placements according to the energy 
demand scenarios

An AHP was used to determine the best location for an energy production plant 
using wheat biomass as a raw material. The main criterion for the plant location was 
the biomass supply, by which other major criteria were determined. The analysis 
was carried out considering the energy demand scenarios (current, potential, and 
social) as part of the analysis.

In the AHP, an importance value was assigned to each criterion according to 
its objective. The value scale ranged from 1 to 9, where 1 was considered to be 
equally important for two criteria (a and b) and 9 was considered to be more 
important for one criterion than another (a over b) [38, 39]. Therefore, when the 
relative importance of a over b was established, a value of 1/9 was automatically 
 established [39].

a. Social scenario: The objective was to satisfy rural sector energy needs, 
supplying services to healthcare, educational, and rural resident sec-
tors. This scenario was based on social and potential demand, and 
therefore, industrial and residential (that already have supply) sectors 
were not considered in this scenario. The availability of biomass, use of 
land, roads, and electrical supply network were considered as factors. 
Each of these factors was considered with a different relative weight 
(Table 4).

b. Feasibility scenario: The objective was to install an energy production plant 
based on the biomass, and thus, the residual biomass was considered as a lim-
iter, 8534.8 t year−1 for C/ST and 5536.1 t year−1 for G/CC [2]. The areas with an 
energy demand had less relevance than other criteria because the availability of 
the raw material is most relevant (Table 4).

c. Demand scenario: The objective was to satisfy large consumer demand; 
therefore, the high-demand scenario was used, where priority was assigned to 
industrial and residential sectors that currently receive electricity. This was not 
considered relevant for rural sectors that do not receive. The electrical network 
had a greater relevance in this scenario because of the goal to satisfy the current 
energy demand (Table 4).
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3. Results and discussion

3.1 Areas with energy demand

a. High demand: This scenario was created based on the number of indus-
tries, distance to the industry, and current energy consumption existing in 
the region. The industries in the Araucanía Region are concentrated in the 
municipalities of Angol and Temuco. This is because the municipalities are 
the capitals of the provinces of Malleco and Cautín, respectively. They are also 
the cities with a large labor and economic importance, along with Villarica, 
in the Araucanía Region [40]. Conversely, the current energy consumption in 
the region generally occurs in the municipalities of Temuco, Ercilla, Cunco, 

Criterion Social scenario

Biomass Social 
demand

Potential 
demand Land use Roads Electrical 

network

Biomass 1 3 3 5 5 5

Social 
demand

1/3 1 1 3 3 3

Potential 
demand

1/3 1 1 3 3 3

Land use 1/5 1/3 1/3 1 1 1

Road 1/5 1/3 1/3 1 1 1

Electrical 
network

1/5 1/3 1/3 1 1 1

Feasibility scenario

Priority 
areas

Land use Roads Electrical 
network

Priority 
areas

1 1/7 1/7 1/7

Land use 7 1 1 1

Road 7 1 1 1

Electrical 
network

7 1 1 1

Demand scenario

Biomass Current 
demand

Land use Roads Electrical 
network

Biomass 1 3 7 7 7

Current 
demand

1/3 1 7 7 7

Land use 1/7 1/7 1 1 1

Road 1/7 1/7 1 1 1

Electrical 
network

1/7 1/7 1 1 1

Table 4. 
Valorization of the different criteria used to determine the optimal location of a production plant based on the 
biomass according to the social, feasibility, and demand scenarios.
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Perquenco, and Freire and to a lesser degree in Angol, Villarrica, and Pucón. 
These municipalities concentrate the populations; besides, they are located 
in Ruta 5 road or they are the main touristic centers in the Araucanía Region 
[40]. Because of the greater consideration placed on the residential electrical 
consumption (0.5) than that of the quantities of and distances to the industries 
(0.25 for each one; Table 2), the high-demand scenario concentrated on the 
same municipalities (Figure 2a).

b. Potential demand: This scenario was created based on the existing rural 
electricity required in the Araucanía Region, which is one of the regions with 
the least amount of rural electricity in Chile [41]. Therefore, the districts with 
electrical coverage less than 40% were given priority. These districts are princi-
pally located in the mountain or costal area of the region and the extreme north 
and south. The total surface area of the districts with these characteristics was 
447,954 ha (Figure 2b).

Figure 2. 
Sites with a higher energy demand according to the (a) high demand, (b) potential demand, (c) social 
demand scenarios, and (d) priority energy demand sites according to the three demand scenarios in the 
Araucanía region.
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c. Social demand: This scenario was based on rural establishments (educational 
and healthcare facilities and villages), prioritizing the energy supply to these 
locations. All priority sites under this scenario were located following the 
central axis with the most populated municipalities, Angol, Victoria, and 
Temuco [40], distributing to west and southwest of Temuco, covering rural 
coast municipalities, Carahue, Teodoro Schmidt, Saavedra, and Nueva Toltén 
(Figure 2c).

Information for each of the scenarios was cross-matched linearly to determine 
the priority energy demand sites. The priority sites occupied an irregular distribu-
tion in the territory (Figure 2d) and covered approximately 548,134 ha (17.2% of 
the regional surface).

3.2 Priority sites for installing an energy production plant based on biomass in 
the Araucanía region

The availability of the wheat biomass residue, considered a biomass production 
of 8534.8 t year−1 for C/ST and 5536.1 t year−1 for G/CC in the Araucanía Region, 
was concentrated in the central valley, in the south of the Malleco Province and 
in the north of the Cautín Province (Figure 3a) [2]. The usable land for installing 
an energy production plant is mainly located in the peripheral areas of the region, 
to the south and in the Andes Cordillera. The central area has a greater level of 
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the development could be modified by reducing the use of scrubland meadows; the 
locations with a higher priority for an energy plant may be hindered by agricultural 
use [42].

The road network is a central paved axis, which corresponds to Route 5 that 
runs from the north to the south of the region. There are a series of secondary 
paved roads that run perpendicular to this route. Generally, paved roads are scarce, 
while gravel roads represent the densest network of roads in the region and are 
distributed toward the coastal area. Finally, dirt roads are found in the peripheral 
areas and are scarce (Figure 3c). The distance to the electrical distribution network 
displayed a similar pattern to that of the road network. A concentration of smaller 
distances to the network in the central and west areas was observed, while places 
with larger distance were found in the northeast region. Distances greater than 
21,000 m were recorded (Figure 3d).

3.2.1 Determination of the priority placement areas

Standardized matrixes and priority vectors were established (or standard-
ized vectors) for each of the priority placement scenarios (social, feasibility, and 
demand) for each energy production plant based on the wheat biomass (Table 5).

An evaluation of the consistency in the priority evaluation matrices is relevant in 
AHP to avoid inconsistencies in the final matrix [33, 38, 43, 44]. Thus, a consistency 
reason (CR) was used. A consistency index (CI) and a randomness index (RI) were 
used to calculate the CR [33, 38, 44]. The CRs in the social and demand scenario 
matrices were 0.019 (CI: 0.023 and RI: 1.24) and 0.049 (CI: 0.056 and RI: 1.12), 
respectively. This showed that the matrices were consistent, since the inconsisten-
cies of the chosen weights were less than 10% [38, 44]. For the feasibility scenario 
matrix, the column values were the same for all criteria, showing that the weights 
(values) used were consistent; therefore, a consistency analysis does not need to be 
performed [44, 45]. The CR would be equal to 0. Mu and Pereyra-Rojas [44] recom-
mended performing a consistency analysis whenever the criteria were more than 
two. The CR for the feasibility scenario was 0 because the CI values obtained from 
the priority vector was 0.

Value of priority vectors were considered as the final relative weight to each one 
of the variables in this analysis, for determining the optimal locations according 
to the three priority site scenarios [33, 43]. Here, under the social site scenario, the 
biomass availability was the most relevant (41.2%), while under the social demand 
and potential scenarios, the biomass availability was secondary (18.7% relevance for 
each). The same pattern was found in the demand scenario, where the availability 
was most relevant (49.6%), followed by the high-energy demand (33.0%). Finally, 
in the feasibility scenario, where biomass was considered a limiter, the land use, 
road network, and distance to the electrical distribution network were considered 
the factors with the greatest weight (31.8%).

Using the three scenarios for determining the best location for an energy pro-
duction plant based on the wheat residue biomass, a similar behavior was observed 
in the priority establishment sites (Figure 4). In the social scenario, the optimal 
locations were dispersed in the central valley of the region, with a greater quantity 
in the south of the province of Malleco and the north of the province of Cautín, 
covering a surface of 226,414 ha (Figure 4a). In the feasibility scenario, the avail-
ability of the residue biomass was considered as a limiter; therefore, the best sites 
were clustered in areas similar to the distribution of the residues, which was con-
centrated in the central area of the region. For a G/CC plant with a minimum bio-
mass requirement of 5536.1 t year−1, the available surface was 54,795 ha. However, 
for a C/ST plant, with a minimum biomass requirement of 8534.8 t year−1, the 
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of 8534.8 t year−1 for C/ST and 5536.1 t year−1 for G/CC in the Araucanía Region, 
was concentrated in the central valley, in the south of the Malleco Province and 
in the north of the Cautín Province (Figure 3a) [2]. The usable land for installing 
an energy production plant is mainly located in the peripheral areas of the region, 
to the south and in the Andes Cordillera. The central area has a greater level of 
agricultural and industrial development (Figure 3b); however, the distribution of 
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the development could be modified by reducing the use of scrubland meadows; the 
locations with a higher priority for an energy plant may be hindered by agricultural 
use [42].

The road network is a central paved axis, which corresponds to Route 5 that 
runs from the north to the south of the region. There are a series of secondary 
paved roads that run perpendicular to this route. Generally, paved roads are scarce, 
while gravel roads represent the densest network of roads in the region and are 
distributed toward the coastal area. Finally, dirt roads are found in the peripheral 
areas and are scarce (Figure 3c). The distance to the electrical distribution network 
displayed a similar pattern to that of the road network. A concentration of smaller 
distances to the network in the central and west areas was observed, while places 
with larger distance were found in the northeast region. Distances greater than 
21,000 m were recorded (Figure 3d).

3.2.1 Determination of the priority placement areas

Standardized matrixes and priority vectors were established (or standard-
ized vectors) for each of the priority placement scenarios (social, feasibility, and 
demand) for each energy production plant based on the wheat biomass (Table 5).

An evaluation of the consistency in the priority evaluation matrices is relevant in 
AHP to avoid inconsistencies in the final matrix [33, 38, 43, 44]. Thus, a consistency 
reason (CR) was used. A consistency index (CI) and a randomness index (RI) were 
used to calculate the CR [33, 38, 44]. The CRs in the social and demand scenario 
matrices were 0.019 (CI: 0.023 and RI: 1.24) and 0.049 (CI: 0.056 and RI: 1.12), 
respectively. This showed that the matrices were consistent, since the inconsisten-
cies of the chosen weights were less than 10% [38, 44]. For the feasibility scenario 
matrix, the column values were the same for all criteria, showing that the weights 
(values) used were consistent; therefore, a consistency analysis does not need to be 
performed [44, 45]. The CR would be equal to 0. Mu and Pereyra-Rojas [44] recom-
mended performing a consistency analysis whenever the criteria were more than 
two. The CR for the feasibility scenario was 0 because the CI values obtained from 
the priority vector was 0.

Value of priority vectors were considered as the final relative weight to each one 
of the variables in this analysis, for determining the optimal locations according 
to the three priority site scenarios [33, 43]. Here, under the social site scenario, the 
biomass availability was the most relevant (41.2%), while under the social demand 
and potential scenarios, the biomass availability was secondary (18.7% relevance for 
each). The same pattern was found in the demand scenario, where the availability 
was most relevant (49.6%), followed by the high-energy demand (33.0%). Finally, 
in the feasibility scenario, where biomass was considered a limiter, the land use, 
road network, and distance to the electrical distribution network were considered 
the factors with the greatest weight (31.8%).

Using the three scenarios for determining the best location for an energy pro-
duction plant based on the wheat residue biomass, a similar behavior was observed 
in the priority establishment sites (Figure 4). In the social scenario, the optimal 
locations were dispersed in the central valley of the region, with a greater quantity 
in the south of the province of Malleco and the north of the province of Cautín, 
covering a surface of 226,414 ha (Figure 4a). In the feasibility scenario, the avail-
ability of the residue biomass was considered as a limiter; therefore, the best sites 
were clustered in areas similar to the distribution of the residues, which was con-
centrated in the central area of the region. For a G/CC plant with a minimum bio-
mass requirement of 5536.1 t year−1, the available surface was 54,795 ha. However, 
for a C/ST plant, with a minimum biomass requirement of 8534.8 t year−1, the 
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available surface was 41,949 ha (Figure 4b). In the high-demand scenario, a similar 
distribution to that of the feasibility scenario was observed, with a concentration 
of the optimal areas in the center of the region. The available space was 183,235 ha 
(Figure 4c).

Finally, 19 districts that met the requirements for the three scenarios were 
found. Thus, the installation of the plant may be considered an integrated solu-
tion for different types of demand (social, feasibility, and high demand). These 
districts were Chufquén, Coipué, Colonia Lautaro, Dollinco, General López, 
Huichahue, La Colmena, La Selva, Manzanaco, Parlamento, Perquenco, Quilquén, 
Quilquilco, Quino, Quintrilpe, Rehuecoyán, Roble Gaucho, Santa Ana, and 
Tricauco (Figure 4d).

In this study, the possibility of producing electrical energy using wheat residue 
biomass was evaluated based on two different combined cycle technologies  

Criterion Social scenario

Biomass Social 
demand

Potential 
demand

Land use Roads Electrical 
network

PVE

Biomass 0.4412 0.5000 0.5000 0.3571 0.3571 0.3571 0.4188

Social 
demand

0.1471 0.1667 0.1667 0.2143 0.2143 0.2143 0.1872

Potential 
demand

0.1471 0.1667 0.1667 0.2143 0.2143 0.2143 0.1872

Land use 0.0882 0.0556 0.0556 0.0714 0.0714 0.0714 0.0689

Road 0.0882 0.0556 0.0556 0.0714 0.0714 0.0714 0.0689

Electrical 
network

0.0882 0.0556 0.0556 0.0714 0.0714 0.0714 0.0689

Feasibility scenario

Priority 
areas

Land use Roads Electrical 
network

PVE

Priority 
areas

0.0455 0.0455 0.0455 0.0455 0.0455

Land use 0.3182 0.3182 0.3182 0.3182 0.3182

Road 0.3182 0.3182 0.3182 0.3182 0.3182

Electrical 
network

0.3182 0.3182 0.3182 0.3182 0.3182

Demand scenario

Biomass Current 
demand

Land use Roads Electrical 
network

PVE

Biomass 0.5676 0.6774 0.4118 0.4118 0.4118 0.4961

Current 
demand

0.1892 0.2258 0.4118 0.4118 0.4118 0.3301

Land use 0.0811 0.0323 0.0588 0.0588 0.0588 0.0580

Road 0.0811 0.0323 0.0588 0.0588 0.0588 0.0580

Electrical 
network

0.0811 0.0323 0.0588 0.0588 0.0588 0.0580

Table 5. 
Standardized matrices and priority vectors used to determine the optimal location of an energy production 
plant in the Araucanía region, according to the social, feasibility, and demand scenarios.
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(C/ST and G/CC), where the biomass was submitted to a thermic process and 
then generated electricity [2]. These technologies must be economically evaluated 
to determine their viability in the Araucanía Region. In addition, there are other 
potential uses for residual biomass. Recently, Azócar et al. [46] evaluated the 
production of pellets from wheat residue biomass using a roasting process that 
optimized energy production from this raw material. Therefore, there are multiple 
alternatives for creating energy from this raw material that should be evaluated 
to avoid burning these residues and the environmental consequences from these 
actions [17].

4. Conclusions

The multi-criteria analysis determined the sites where energy demand was 
present based on various scenarios. The energy demand contained a distribution 

Figure 4. 
Priority sites for energy plant installation an energy production plant based on the wheat biomass in the 
Araucanía region obtained by AHP under different scenarios, (a) social scenario; (b) feasibility scenario for 
C/ST plant with 8534.8 t year−1 biomass as minimum requirement; (c) current demand scenario; and (d) 
multipurpose priority sites based in three scenarios for installation an energy production plant based on the 
wheat biomass in the Araucanía region.
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available surface was 41,949 ha (Figure 4b). In the high-demand scenario, a similar 
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of the optimal areas in the center of the region. The available space was 183,235 ha 
(Figure 4c).

Finally, 19 districts that met the requirements for the three scenarios were 
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tion for different types of demand (social, feasibility, and high demand). These 
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Huichahue, La Colmena, La Selva, Manzanaco, Parlamento, Perquenco, Quilquén, 
Quilquilco, Quino, Quintrilpe, Rehuecoyán, Roble Gaucho, Santa Ana, and 
Tricauco (Figure 4d).
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(C/ST and G/CC), where the biomass was submitted to a thermic process and 
then generated electricity [2]. These technologies must be economically evaluated 
to determine their viability in the Araucanía Region. In addition, there are other 
potential uses for residual biomass. Recently, Azócar et al. [46] evaluated the 
production of pellets from wheat residue biomass using a roasting process that 
optimized energy production from this raw material. Therefore, there are multiple 
alternatives for creating energy from this raw material that should be evaluated 
to avoid burning these residues and the environmental consequences from these 
actions [17].
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The multi-criteria analysis determined the sites where energy demand was 
present based on various scenarios. The energy demand contained a distribution 
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in different sectors of the region. The current demand (high demand) was concen-
trated in the main economic and residential centers of the region, and because the 
residential demand was prioritized over the industrial demand, the municipalities 
of Carahue, Cunco, and Temuco had the highest demand. The potential demand 
was found in the rural zones, where there is a minimal electrical service. These areas 
are mainly located in the mountain and/or coastal zones, which are far from the city 
of Temuco, the regional capital. The social demand showed greater distribution in 
the region, because there are dispersed rural settlements that require energy.

The optimal location for an energy production plant was determined using 
relevant information, such as the availability of the biomass, road network, etc. The 
biomass availability was the criterion with the greatest influence on a placement 
decision in the three scenarios (social, feasibility, and demand). Therefore, in the 
three scenarios, the optimal locations had a distribution similar to the availability 
of the biomass. The districts were Chufquén, Coipué, Colonia Lautaro, Dollinco, 
General López, Huichahue, La Colmena, La Selva, Manzanaco, Parlamento, 
Perquenco, Quilquén, Quilquilco, Quino, Quintrilpe, Rehuecoyán, Roble  
Gaucho, Santa Ana, and Tricauco, where the energy-producing plant, using wheat 
residue biomass, had greater viability because it meets the demand for the three 
scenarios under evaluation.
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Chapter 8

Sorghum an Important Annual
Feedstock for Bioenergy
Bushra Sadia, Faisal Saeed Awan, Fozia Saleem,
Ali Razzaq and Bushra Irshad

Abstract

Plant-based renewable biofuels guarantee sustainable solutions to food and
energy demands. High-biomass C4 grasses including sugarcane, corn, and sorghum
are potential candidates for bioenergy. Among these, sorghum enjoys the status of
a highly diverse food, feed, and biofuel source worldwide. The natural attributes
like abiotic stress tolerance, diverse genetic base, viable seed industry, and sound
breeding system make sorghum a perfect candidate for establishing an efficient and
low-cost biofuel industry. Scientists are exploring ways to exploit forage, sweet,
and biomass sorghums as climate-smart energy crops. In this context, conventional
breeding has played a significant role in developing high-yielding sorghum varie-
ties. For biomass sorghum, stem compositional analysis helps screen low lignin and
high polysaccharide types as feedstocks for biofuels. Recent tools of phenomics,
genomics, proteomics, and genome editing are key players of designing eco-friendly
bioenergy sorghum. Here, we report stem compositional analysis and proteomics-
based evaluation of USDA sorghum germplasm as a baseline to develop sorghum
as a biofuel feedstock.

Keywords: fossil fuels, feedstock, lignocellulosic biomass, C4 crops, genome,
proteomics, hemicellulose, SSR

1. Introduction

In the present-day-global-warming era and with ever-increasing number of
automobiles on the roads, fossil fuel reserves are going to be scarce and depleted
over next few decades. In order to provide a safer environment to our future
generations, we need to use energy wisely and economically and look for alternative
fuel sources like biofuels, derived from crops and their waste products [1].

Biofuels are considered zero net emitters as they use atmospheric carbon dioxide
for their growth and afterward release the same when burnt in the vehicles. The
biofuels are generally classified as “conventional” (the first generation) and
“advanced” biofuels (the second-, third-, and fourth-generation biofuels). Biodiesel
and bioethanol are categorized as first-generation biofuels. These are produced
from food crops rich in higher fermentable carbohydrate level. The second-
generation biofuels are most commonly extracted from switchgrass, jatropha,
miscanthus, and the residues of food crops. Often, industrial wastes are also used
for the production of second-generation biofuel. The biofuels extracted from algae
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are classed as third generation. Major crops used for the production of biofuel are
sugarcane, corn, wheat, sorghum, sugar beet, and cassava [2].

The choice of the most efficient biofuel depends upon its life cycle analysis,
climatic, and economic factors. Moreover, its transportation cost to refinery, price
of biofuel, and greenhouse gases also matter. Plant-based feedstocks for biofuels
include crops like corn, sugarcane, soybean, poplar, sorghum, switch grass, etc. The
cost-effective biofuel production depends upon the exploitation of high-yielding
energy crops. Designing climate-smart energy crop with optimized composition to
suit the growers, consumers, and industry needs is the backbone of cost-
competitive biofuel industry. C4 grasses provide a perfect fit to this definition
owing to higher photosynthetic rate, productivity, and broader genetic base of
germplasm. Sorghum is a short duration crop of about 3–4 months and produces
higher biomass yield with less inputs. These characteristics make sorghum a popular
biofuel feedstock [3]. Sorghum has different end-use types including biomass,
forage, sweet, and grain sorghums. Energy sorghum including biomass and sweet
type varieties is the most efficient and climate-smart feedstock being able to grow
with less inputs on marginal lands under harsh climatic conditions and having
ability to utilize more sunlight [4–6].

It has diverse germplasm owing to extensive breeding and natural selection [7].
Sorghum is a crop of subsistence worldwide, the fifth most important cereal crop and
an important component of poultry industry [8]. It is very responsive to
biotechniques ranging from simple in vitro culture to transgenics, cisgenics, and
genome-editing technologies. However, the outcrossing of sorghum with its weedy
relatives has prevented regulation of GM technology in this crop. All above-ground
parts of sorghum, starch, sugar, or stem biomass are utilized for the first- and second-
generation biofuel production [9]. Though sweet sorghum has been widely used as a
biofuel source, biomass sorghum has also been recently recognized as a promising
feedstock for cellulosic ethanol production. This sorghum type usually has stem
higher than 5 m, more number of leaves, fibrous roots, greater potential for vegeta-
tive growth, and is suitable for mechanization [10]. Besides producing second-
generation ethanol, biomass sorghum also releases energy during biomass combus-
tion [11]. It is a good substitute to corn and sugarcane with additional benefit of less
water consumption. It is an annual grass having higher dry matter yield like perennial
crops but in less duration, thus facilitating cheaper crop rotation. Recent wide scale
applications of omics approaches like phenomics, genomics, proteomics, and
metabolomics are enhancing the efficiency of sorghum breeding processes. Being an
important element of system biology approach, omics analysis dissects the association
between genes and proteins within diverse phenotypes. Genome analysis further
refines this integration. Sorghum yields fuel and chemicals form sugars and cell wall
biopolymers. Sorghum is a widely grown summer forage of Pakistan, while its biofuel
potential is yet to be explored in the country. Information on sorghum stem quality
traits is vital for designing eco-friendly biofuel source. Present study intended to
demonstrate the basis of morphological characterization of 24 USDA sorghum geno-
types selected under Pakistan conditions. These genotypes were subjected to proxi-
mate analysis to measure stem quality traits like crude protein, ash contents, neutral
detergent fiber, acid detergent fiber, hemicellulose, cellulose, and acid detergent
lignin. Translational analysis indicated a unique band of 56.1 kDa in 12 out of 24
genotypes. This uncharacterized protein is supposed to be translated by Dw1 gene
(Sobic.009G229800) comprising of 510 amino acids and controls the internodal
length in sorghum. In this chapter, stem composition evaluation and
proteomics-based recent research involving USDA sorghum germplasm is reported in
order to screen promising energy-type sorghum.
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2. Analyzing sorghum biomass potential

2.1 Phenotyping biomass sorghums

Sorghum biomass is influenced by genetic and environmental factors [12]. The
identification of variation in phenotypic, genetic, structural, and physiological
characters of energy sorghum is vital to its improvement. Sorghum biomass
improvement model relies on integrating several genomic-assisted techniques with
phenomics approaches. Common field-based selection of high biomass sorghum
depends upon characterizing biomass-related morphological traits like days to
flowering (days after sowing), plant height, fresh biomass yield, dry matter, and
dry matter yield, plant height, stalk diameter, leaf number, leaf width, leaf
length, leaf angle and leaf area index, etc. [13]. Several studies report on
morphological diversity assessment of sorghum for biomass traits in the field
environment [14, 15].

Accurate and comprehensive phenotypic data are the baseline to elucidate
genetic mechanisms underlying complex quantitative biomass traits. Since biomass-
related traits are measured via destructive sampling, recording morphological data
during the entire growing period of energy sorghum is possible only once.
Manual, nondestructive sampling for these traits over complete development of
sorghum is impossible. As compared to relatively cheaper technologies of
genomic selection, association mapping and GWAS, reliable phenotyping is labori-
ous and expensive. About 20 years back when genotyping techniques were fast
advancing, improving phenotyping approaches was completely ignored. Recently,
there has been a growing interest in developing effective sorghum phenotyping
methods. The work started with optimizing high-throughput phenotyping systems
for model plants under controlled environments. Later on, field-based phenotyping
platforms were devised for short stature crops [16]. In the last 5 years, different
approaches have been excogitated with promising capabilities of recording sorghum
phenology in field environments. Some of these include various UAS platforms
[17, 18], field-based robotic phenotyping system [19], unmanned aerial system
[20], ultrasonic sensors [21], the light detection and ranging (LiDAR) [22], the
time of flight cameras [23], tomography imaging [24], Kinect v2 camera [21], RGB
and NIR imaging [25], and Phenobot 1.0 [26]. The next-generation phenomics tools
generate enormous amount of data that are being translated via machine- learning
statistical approaches into trait descriptions, relevant to sorghum breeders [27].

2.2 Analyzing biomass stem composition

The composition of biomass derived from forage, grain, and sweet sorghums has
been well characterized [28]. The research on exploiting forage sorghum as biofuel
was initiated in 1980s, which led to the development of photoperiod-sensitive-
energy sorghum hybrids [29]. These are high biomass yielders [30]. Being relatively
a recent introduction, the stem composition knowledge of energy sorghum is still
limited. Up till now, a majority of research on sorghum biomass feedstock has
focused more on improving yield than the quality components. So, there is a need to
accurately conduct the biochemical analysis, since stem composition is the basic
element influencing biofuel yield.

Plant cell walls are the main constituents of biomass that provide strength and
limited plasticity to cell. The cell wall serves as a tough physical barrier, protecting
interior of the cell against biotic and abiotic stresses. It is a multilayered structure
composed of polysaccharides and proteins, which are important contributors of
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between genes and proteins within diverse phenotypes. Genome analysis further
refines this integration. Sorghum yields fuel and chemicals form sugars and cell wall
biopolymers. Sorghum is a widely grown summer forage of Pakistan, while its biofuel
potential is yet to be explored in the country. Information on sorghum stem quality
traits is vital for designing eco-friendly biofuel source. Present study intended to
demonstrate the basis of morphological characterization of 24 USDA sorghum geno-
types selected under Pakistan conditions. These genotypes were subjected to proxi-
mate analysis to measure stem quality traits like crude protein, ash contents, neutral
detergent fiber, acid detergent fiber, hemicellulose, cellulose, and acid detergent
lignin. Translational analysis indicated a unique band of 56.1 kDa in 12 out of 24
genotypes. This uncharacterized protein is supposed to be translated by Dw1 gene
(Sobic.009G229800) comprising of 510 amino acids and controls the internodal
length in sorghum. In this chapter, stem composition evaluation and
proteomics-based recent research involving USDA sorghum germplasm is reported in
order to screen promising energy-type sorghum.
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biofuel quality and energy conversion processes. The polysaccharides are cellulose
(a polymer of glucose), pectic compounds (polymers of galacturonic acid), and
hemicellulose (a polymer of a variety of sugars including xylose, arabinose, and
mannose). Cellulose is the largest source of glucose for biofuels. Glucuronoara-
binoxylan (GAX) hemicellulose complex is linked to lignin. Since lignin component
of plant cell wall provides structure, it cannot be converted to carbohydrates and
hence is recalcitrant to conversion protocols. Likewise, ash content also reduces
biomass to biofuel conversion reaction. Certain constituents of cell wall are water
soluble like sugars, proteins, amino acids, mixed-linkage glucans, and phenolic
glycosides, whereas chlorophyll, lipids, and waxes are water-insoluble ingredients
that need ethanol extraction.

Different studies have reported various approaches for compositional analysis
of energy sorghum leaves and stem. In some sorghum genotypes, proportion of
cellulose can vary between 27 and 52%, while the range of hemicellulose content is
17–23% and lignin content is 6.2–8.1% [31, 32]. Along with the biomass yield, low
lignin, high cellulose, and hemicellulose contents are also the desirable selection
attributes for energy sorghum genotypes [33]. Such sorghums exhibit wide
variations in biomass composition [34]. Now a days, near-infrared spectroscopic
(NIR) analysis is routinely used for high-throughput computation of biomass
composition [28].

Cellulosic bioethanol production requires three main steps: pretreatment,
hydrolysis, and fermentation [35] (Figure 1). Pretreatment is performed to frac-
tionate lignocellulose into different components via physical (boiling, steaming, and
ultrasonication), chemical (acid, alkali, salts, etc.), physiochemical (ammonium
fiber explosion or AFEX), and biological methods (bacteria and fungi). It increases
porosity and surface area of the substrate. During hydrolysis, nonstructural carbo-
hydrates are degraded in to sugars. Enzyme-based hydrolysis is preferred over acid
hydrolysis being a mild and cost-effective process.

The process of fermentation proceeds under liquid or solid state in the presence
of bacteria or yeast [36]. In a recent study, 24 sorghum genotypes (Table 1) were
subjected to stem compositional analysis [37]. These genotypes had previously been
selected on the basis of morphological traits [38].

The dried stem samples of these genotypes were grinded and used for measuring
crude protein (%), ash contents (%), neutral detergent fiber (NDF %), acid deter-
gent fiber (ADF %), hemicellulose (%), cellulose (%), and acid detergent lignin
(ADL %), using the respective formulae:

Crude protein % ¼ 0:1 N H2SO4 � 100� 6:25� 0:0014� total diluted volumeð Þ
Weight of sample� diluted digested material mlð Þ

(1)

Figure 1.
Flow chart of sorghum cellulosic ethanol production process.
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Ash% ¼ Weight of ash� 100
Weight of sample

(2)

NDF% ¼ Weight of crucible residueð Þ �Weight of crucible� 100
Weight of sample

(3)

ADF% ¼ Weight of crucibleþ ADF residueð Þ �Weight of crucible� 100
Weight of sample

(4)

Hemicellulose % ¼ NDF� ADFð Þ �Weight of crucible� 100
Weight of sample

(5)

Cellulose% ¼
Weight of crucibleþ ADF residueð Þ �Weight:of crucibleþ residue after 24 NH2SO4 � 100

Weight of sample

(6)

Lignin=ADL %ð Þ ¼
ðWeight of crucibleþ residue of celluloseÞ �Weight of crucibleþ residue after combustion� 100

Weight of sample

(7)

Statistical analysis indicated highly significant variations among all sorghum
genotypes for crude protein, ash contents, NDF, ADF, ADL, hemicellulose, and
cellulose contents (Table 2).

PCA analysis of different biochemical traits indicated three principle compo-
nents (PC1, PC2, and PC3) having Eigen values greater than 1 (Table 3). The
cumulative variability of three PCs was 82.94% for the studied genotypes. The total
variability in traits shared by three PCs was 37.48, 27.37, and 18.096%, respectively.
Different biomass-related traits added more than 34% of variation factor in PC1
such as: ash contents (43.7%), ADL (47.6%), cellulose (45.5%), hemicelluloses
(37.4%), and NDF (48.5%). PC1 showed weak and positive correlation with crude
protein (0.000%) and ADF (0.012%). The PC2 contributed for 27.37% of total
variability. PC2 showed positive and strong correlation with the traits such as ADL
(38.4%), ADF (50.1%), and cellulose (46.8%). Weak and negative correlation was

Sr. # Genotype # Sr. # Genotype #

1. PI-609239-01-SD 13. PI-329875-03-SD

2. PI-620625-01-SD 14. PI-330039-02-SD

3. PI-648173-01-SD 15. PI-330022-01-SD

4. PI-648187-01-SD 16. PI-456415-03-SD

5. PI-454464-03-SD 17. PI-329488-02-SD

6. PI-570039-02-SD 18. PI-155871-02-SD

7. PI-525981-01-SD 19. PI-457393-02-SD

8. PI-329569-01-SD 20. PI-329480-02-SD

9. PI-583832-02-SD 21. PI-303658-02-SD

10. PI-329733-01-SD 22. PI-303656-01-SD

11. PI-456441-03-SD 23. NSL-54978

12. PI-329471-02-SD 24. PI-257595-01-SD

Table 1.
Sorghum genotypes used for stem compositional analysis.
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binoxylan (GAX) hemicellulose complex is linked to lignin. Since lignin component
of plant cell wall provides structure, it cannot be converted to carbohydrates and
hence is recalcitrant to conversion protocols. Likewise, ash content also reduces
biomass to biofuel conversion reaction. Certain constituents of cell wall are water
soluble like sugars, proteins, amino acids, mixed-linkage glucans, and phenolic
glycosides, whereas chlorophyll, lipids, and waxes are water-insoluble ingredients
that need ethanol extraction.
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cellulose can vary between 27 and 52%, while the range of hemicellulose content is
17–23% and lignin content is 6.2–8.1% [31, 32]. Along with the biomass yield, low
lignin, high cellulose, and hemicellulose contents are also the desirable selection
attributes for energy sorghum genotypes [33]. Such sorghums exhibit wide
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Statistical analysis indicated highly significant variations among all sorghum
genotypes for crude protein, ash contents, NDF, ADF, ADL, hemicellulose, and
cellulose contents (Table 2).

PCA analysis of different biochemical traits indicated three principle compo-
nents (PC1, PC2, and PC3) having Eigen values greater than 1 (Table 3). The
cumulative variability of three PCs was 82.94% for the studied genotypes. The total
variability in traits shared by three PCs was 37.48, 27.37, and 18.096%, respectively.
Different biomass-related traits added more than 34% of variation factor in PC1
such as: ash contents (43.7%), ADL (47.6%), cellulose (45.5%), hemicelluloses
(37.4%), and NDF (48.5%). PC1 showed weak and positive correlation with crude
protein (0.000%) and ADF (0.012%). The PC2 contributed for 27.37% of total
variability. PC2 showed positive and strong correlation with the traits such as ADL
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observed for ash contents (21.8%), crude protein (18.8%), hemicellulose (48.1%),
and NDF (26.1%). Crude protein and ash contents showed 77.7 and 37.3% of the
factor variations in PC3, respectively.

Biplot analysis described that variables were greatly obliged as vectors; compar-
ative length of the vector was distinguished as the relative proportion of the vari-
ability in each variable. The traits like ADL and CP, which were plotted near the
central point, showed more similarities, while cellulose, ADF, NDF, and HC
displayed more variability (Figure 2). Significant characters such as ADL, ADF, and
cellulose were located at positive and positive coordinate region in biplot. Traits like
AC, NDF, and HC were allocated at negative coordinate (Figure 2). Variability in
the traits explains the variations among genotypes, which can be used in sorghum
breeding plan effectively. Correlation analysis among biofuel-related stem compo-
sitional traits indicated that concentration of protein and lignin contents showed
negative interaction with cellulose and hemicelluloses (Table 4). It showed that
significant genetic variability is present among 24 sorghum genotypes. In sorghum,
cellulose and hemicellulose contents play significant role in biofuel quality. For fiber

Eigen vectors PC1 PC2 PC3

AC 0.437 �0.218 0.373

ADL 0.476 0.384 0.134

ADF 0.012 0.501 �0.191

C 0.455 0.468 0.097

CP 0.000 �0.188 0.777

HC 0.374 �0.481 �0.293

NDF 0.485 �0.261 �0.328

Eigen value 2.623 1.916 1.267

Variability % 37.476 27.371 18.096

Cumulative % 37.476 64.847 82.943

PC, principle component; SD, standard deviation; CV, coefficient of variation; AC, ash contents; ADL, acid detergent
lignin; ADF, acid detergent fiber; C, cellulose; CP, crude protein; HC, hemicellulose; NDF, neutral detergent fiber.

Table 2.
Principle component analysis (PCA) related to biomass traits in sorghum.

Variables Minimum Maximum Mean SD CV (%)

CP 4.927 10.927 7.808 1.414 1.37

AC 5.217 19.470 12.418 3.877 2.39

NDF 54.633 81.500 63.947 6.411 2.29

ADF 26.167 54.500 34.410 6.994 4.34

ADL 1.500 8.000 3.160 1.316 14.17

HC 22.087 44.150 31.419 5.981 1.64

C 29.000 57.167 39.250 7.331 2.03

SD, standard deviation; CV, coefficient of variation; AC, ash contents; ADL, acid detergent lignin; ADF, acid
detergent fiber; C, cellulose; CP, crude protein; HC, hemicellulose; NDF, neutral detergent fiber.

Table 3.
Descriptive statistics for quantitative traits of sorghum germplasm.
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analysis, NDF, ADL, and ADF are generally used as standard quality testing
techniques [39], while lignin concentration markedly affects the efficiency
of hydrolysis [40].

Study reports that by increasing the level of lignin, cellulose and hemicellulose
concentrations decreased. The genetic relationships among 24 genotypes were
identified through construction of dendrogram on the basis of similarity matrix
utilizing the UPGMA algorithm (Figure 3). The genotypes were grouped into two
main clusters: only two genotypes (PI-583832-02-SD and PI-456415-03-SD) were
present in subcluster-1, while the subcluster-2 was divided into smaller groups. The
genotypes PI-570039-02-SD, PI-330022-01-SD, and NSL-54978 were grouped
together and showed some distinctness from rest of the members of the group,
whereas the maximum genetic relatedness was found among genotypes
PI-329569-01-SD and PI-303658-02-SD followed by genotypes PI-329733-01-SD,
PI-525981-01-SD, PI-303656-01-SD, and PI-648187-01-SD. The genotypes

Figure 2.
PCA grouping of 24 USDA sorghum genotypes using quantitative traits.

Traits CP AC NDF ADF ADL HC C

CP 1 0.347* �0.128 �0.066 �0.182 �0.051 �0.080

AC 0.347 1 0.473* 0.362* �0.173 0.431* 0.311*

NDF �0.128 0.473 1 0.293* �0.033 0.802** 0.289*

ADF �0.066 0.362 0.293 1 �0.153 0.067 0.955**

ADL �0.182 �0.173 �0.033 0.153 1 �0.313 0.335*

HC �0.051 0.431 0.802 0.067 �0.313 1 �0.016

C �0.080 0.311 0.289 0.955 0.335 �0.016 1
*Normal correlation.
**Strong correlation.

Table 4.
Correlation coefficients of various traits of sorghum genotypes.
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observed for ash contents (21.8%), crude protein (18.8%), hemicellulose (48.1%),
and NDF (26.1%). Crude protein and ash contents showed 77.7 and 37.3% of the
factor variations in PC3, respectively.
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analysis, NDF, ADL, and ADF are generally used as standard quality testing
techniques [39], while lignin concentration markedly affects the efficiency
of hydrolysis [40].

Study reports that by increasing the level of lignin, cellulose and hemicellulose
concentrations decreased. The genetic relationships among 24 genotypes were
identified through construction of dendrogram on the basis of similarity matrix
utilizing the UPGMA algorithm (Figure 3). The genotypes were grouped into two
main clusters: only two genotypes (PI-583832-02-SD and PI-456415-03-SD) were
present in subcluster-1, while the subcluster-2 was divided into smaller groups. The
genotypes PI-570039-02-SD, PI-330022-01-SD, and NSL-54978 were grouped
together and showed some distinctness from rest of the members of the group,
whereas the maximum genetic relatedness was found among genotypes
PI-329569-01-SD and PI-303658-02-SD followed by genotypes PI-329733-01-SD,
PI-525981-01-SD, PI-303656-01-SD, and PI-648187-01-SD. The genotypes

Figure 2.
PCA grouping of 24 USDA sorghum genotypes using quantitative traits.

Traits CP AC NDF ADF ADL HC C

CP 1 0.347* �0.128 �0.066 �0.182 �0.051 �0.080

AC 0.347 1 0.473* 0.362* �0.173 0.431* 0.311*

NDF �0.128 0.473 1 0.293* �0.033 0.802** 0.289*

ADF �0.066 0.362 0.293 1 �0.153 0.067 0.955**

ADL �0.182 �0.173 �0.033 0.153 1 �0.313 0.335*

HC �0.051 0.431 0.802 0.067 �0.313 1 �0.016

C �0.080 0.311 0.289 0.955 0.335 �0.016 1
*Normal correlation.
**Strong correlation.

Table 4.
Correlation coefficients of various traits of sorghum genotypes.
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PI-583832-02-SD and PI-329733-01-SD were also found genetically distinct from
rest of the genotypes used in the study (Figure 4). Variance decomposition for
optimal classification showed that there were 23.41 and 76.59% variances present
within and between classes, respectively.

The sorghum germplasm with less lignin and protein contents is desirable for
biofuel production. Sorghum genotype PI-609239-01-SD had maximum value of
NDF (83.5%) and ash contents (19.5%), while genotype PI-303658-02-SD exhibited
the maximum value (57.5%) of cellulose content.

Though sorghum is viewed as a cheap source of biofuel being able to grow on
marginal lands, few studies have indicated the lower biofuel potential of energy
sorghums grown on marginal lands than the crop land [41]. Hence, screening of
energy sorghum having stress tolerance, with efficient production technology and
conservation tillage practices, is the key element of sustainable commercial produc-
tion of energy sorghum [5].

Figure 3.
Classification of 24 sorghum genotypes using UPGMA cluster analysis.

Figure 4.
Cladogenesis studies using homology-based classification of 24 sorghum genotypes.
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2.3 Transcriptional and translational analyses of sorghum biomass

The mysterious relationship between phenotype and genotype can be revealed
by applying various biotechnological approaches such as proteomics,
transcriptomics, and metabolomics [42]. In transcriptomics, a huge set of gene
libraries can be established by employing different techniques of bioinformatics and
next-generation sequencing [43]. Over the last decade, expression profiling exper-
iments for genome-wide investigation in sorghum have been carried out to analyze
responses to numerous abiotic and biotic stresses, to determine tissue-specific and
genotype-specific gene expression motifs, and to disclose the genetic modification
and expression divergence between different sorghum varieties.

RNA-seq technology for expression profiling has been applied in sorghum to
study different gene functions [44]. This technique gives a precise assessment of
gene expression at different stages of sorghum plant development [45].

Proteomics offers the set of the most efficient tools for recognition, assessment,
and quantification of unique proteins. Our recent study [44] merged transcriptomic
and proteomic approaches for screening sorghum germplasm best suited for
bioenergy and for comparative analysis of protein expression of elite sorghum
germplasm. The study was based on 24 USDA sorghum genotypes selected for
biomass potential in the field experiments, which is already reported in this chapter
[37]. For translational analysis, 12 out of 24 selected genotypes were divided into
three groups based on stem height, since height is directly correlated with biomass
in sorghum. Four short stature genotypes were chosen as negative control
(Table 5).

The in vitro-germinated, 15-day-old sorghum seedlings were used for protein
extraction. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
revealed diverse banding pattern of proteins ranging in size from 14.9 to 124 kDa
with different expression levels in all studied genotypes (Table 6).

Sr. # Genotypes Height-based groups

1. NSL-54978 Tall

2. PI-456441-03-SD

3. PI-525981-01-SD

4. PI-303656-01-SD

5. PI-457393-02-SD Medium

6. PI-583832-02-SD

7. PI-620625-01-SD

8. PI-456415-03-SD

9. PI-648187-01-SD Small

10. PI-609239-01-SD

11. PI-330039-02-SD

12. PI-329733-01-SD

13. PI-643630-01-SD Negative control

14. PI-643735-03-SD

15. PI-643581-01-SD

16. PI-642993-01-SD

Table 5.
Sorghum genotypes and their respective groups based on height.
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transcriptomics, and metabolomics [42]. In transcriptomics, a huge set of gene
libraries can be established by employing different techniques of bioinformatics and
next-generation sequencing [43]. Over the last decade, expression profiling exper-
iments for genome-wide investigation in sorghum have been carried out to analyze
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genotype-specific gene expression motifs, and to disclose the genetic modification
and expression divergence between different sorghum varieties.

RNA-seq technology for expression profiling has been applied in sorghum to
study different gene functions [44]. This technique gives a precise assessment of
gene expression at different stages of sorghum plant development [45].

Proteomics offers the set of the most efficient tools for recognition, assessment,
and quantification of unique proteins. Our recent study [44] merged transcriptomic
and proteomic approaches for screening sorghum germplasm best suited for
bioenergy and for comparative analysis of protein expression of elite sorghum
germplasm. The study was based on 24 USDA sorghum genotypes selected for
biomass potential in the field experiments, which is already reported in this chapter
[37]. For translational analysis, 12 out of 24 selected genotypes were divided into
three groups based on stem height, since height is directly correlated with biomass
in sorghum. Four short stature genotypes were chosen as negative control
(Table 5).

The in vitro-germinated, 15-day-old sorghum seedlings were used for protein
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revealed diverse banding pattern of proteins ranging in size from 14.9 to 124 kDa
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Sorghum genotypes and their respective groups based on height.
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SDS-PAGE showed nine different bands in 12 selected sorghum genotypes. The
banding pattern of four negative controls was different from the selected ones,
which revealed low expression of proteins. The study showed a unique band of
56.1 kDa present only in all selected genotypes. This band represents a hypothetical
protein Sobic.009G229800, which has 510 amino acids (Figures 5 and 6) and
controls the internodal length of stem in sorghum, which is why short-stature
sorghum genotypes were devoid of this protein.

Height is positively correlated with biomass production [46] and is reported to
be independent of stem structural composition like cellulose, hemicellulose, and
lignin contents [47]. The Quantitative trait loci (QTL) for total dry biomass has
been found to be localized with height QTLs [48]. Hence, breeders aim for taller

Genotype Protein weight (kDa)

NSL-54978 124 97.6 64 56.1 40.5 38.7 32 14.9

PI-456441-03-SD 124 97.6 64 56.1 40.5 38.8 32 14.9

PI-525981-01-SD 124 97.6 71 64 56.1 40.5 38.8 32 14.9

PI-303656-01-SD 124 97.6 64 56.1 40.5 38.8 32 14.9

PI-457393-02-SD 71 64 56.1 40.5 38.8 32

PI-583832-02-SD 97.6 71 64 56.1 40.5 38.8 32

PI-620625-01-SD 71 64 56.1 40.5 38.8 32

PI-456415-03-SD 71 64 56.1 40.5 38.8 32

PI-648187-01-SD 97.6 71 64 56.1 40.5 38.8 32

PI-609239-01-SD 71 64 56.1 40.5 38.8 32

PI-330039-02-SD 97.6 64 56.1 40.5 38.8 32

PI-329733-01-SD 97.6 64 56.1 40.5 38.8 32

PI-643630-01-SD 97.6 64 40.5 32

PI-643735-03-SD 97.6 64 40.5 32

PI-643581-01-SD 64 40.5 32

PI-642993-01-SD 64 40.5 32

Table 6.
SDS-PAGE-based banding pattern of various proteins in sorghum genotypes.

Figure 5.
Secondary structure prediction of SORB1_3009G229800 protein responsible for stem internodal length.
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genotypes in sorghum biomass improvement plans. Chromosomes six, seven, and
nine carry QTLs for height in sorghum. This protein (Sobic.0 09G229800) is con-
sidered to be translated from Dw1, a gene greatly conserved in plants (Table 7).
Earlier reports showed that Dw1 enhances the internodal length and weight of
sorghum plant [49] and is in turn important for plant biomass production.

3. Conclusion

Energy sorghum is considered to be a promising biofuel feedstock to counteract
the depleted fossil fuel reserves. To keep pace with fast progressing sorghum
genomics, recent phenomics tools have been evolved that are more efficient than
traditional laborious field-based manual phenotyping methods. This chapter
describes the results of recent studies involving 24 selected biomass sorghums. The

Figure 6.
Blast result for confirming the SORB1_3009G229800 protein against NCBI database.

Names and taxonomy

Protein Uncharacterized protein

Gene SORBI_009G229800

Organism Sorghum bicolor

Taxonomic identifier 4558 [NCBI]

Proteomes UP000000768

Chromosome 9

Sequence databases CM000768 Genomic DNA
Translation KXG22524.1

Last sequence update November 2, 2016

Table 7.
Profile of SORBI_3009G229800 protein translated from Dw1 gene and upregulated in top sorghum genotypes.
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sidered to be translated from Dw1, a gene greatly conserved in plants (Table 7).
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sorghum plant [49] and is in turn important for plant biomass production.
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genotypes with low lignin, high cellulose, and hemicellulose components have been
identified. Furthermore, with the help of translational analysis, an uncharacterized
protein (Sobic.009G229800) is identified in tall sorghum genotypes. It regulates
plant height by altering the length of internodes. Sorghum feedstock’s stem compo-
sitional analysis, genomics, phenomics, and proteomics are enabling technologies
extensively used by sorghum researchers for selection of elite sorghum germplasm
with biofuel potential.
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Advanced Cookstove-Based
Annular Thermoelectric
Cogeneration System
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Abstract

This chapter deals with the energy and exergy analysis of the cookstove-based
gasifier annular thermoelectric generator (GATEG). The vented waste heat is made
available at the outer surface of the combustion chamber of an advanced micro-
gasifier cookstove for added energy feed to the GATEG. This combined device has a
competence to satisfy both cooking needs andmicro-electrification of rural villages by
a simultaneous recovery of heat energy and power (CHP) as cogeneration system. The
power output (W), electrical energy efficiency (%) and exergy efficiency (%) of the
proposed advanced micro-gasifier cookstove-based ATEG are 10W, 6.78 and 15%,
respectively. The maximum hot side wasted temperature without annulus gain is
275°C, which translates equivalent loss values as 7.64 W, 5.45 and 10.49%; this loss is
higher than achievable minimum hot side temperature of 150°C on which this analyt-
ical chapter is drafted. This detailed study will be extremely useful to the designers of
commercial biomass advanced micro-gasifier cookstove integrated ATEG systems.

Keywords: cookstove, energy, exergy, power, annular thermoelectric generator

1. Introduction

Clean sources of enhanced energy recovery offer the best mitigating solution to
the economic, environmental and climate effects from the continued high con-
sumption/utilisation of fossil fuels. Biomass resource is an excessive source of
carbon-neutral renewable energy (RE) available far and worldwide and is a good
source of environment-friendly, clean energy resource. In the near future, the
biomass energy is likely to be one of the most dominant REs, contributing to a
substantial reduction in consumption of carbon-emitting fossil fuels and electricity
for cooking as well as lighting. Many methods have been adopted to produce
combined heat energy and power (CHP), in improved cookstoves with advanced
features of the flat thermoelectric generator (FTEG). Easy availability, accessibility,
low-cost per capita produced energy, reduced emissions and inbuilt driving force
have led to greater attention to CHP cookstove systems. Subsequently, exploring an
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efficient biomass advanced cookstove technology is necessary. An accurate inbuilt
electricity generation unit to drive forced draft combustion fan/blower, to optimise
performance with high efficiencies, is proposed in this current study.

For the previous two decades, the use of thermoelectric generators and its
applications have been investigated and improved worldwide due to its significant
advantages of straight conversion of thermal energy into electricity with minimum/
no moving parts and reduced noise. Hence, newly developed thermoelectric gener-
ators (TEGs) are accepted as green sustainable technology and are widely used as
flexible generators for a diversified applications [1, 2]. A combined advanced
micro-gasifier cookstove with the TEG for heat and power cogeneration from a
single system is presented here.

Champier et al. [3] have developed a prototype of a biomass cookstove with a
higher-efficient combustion chamber (CC), and TEGmodules are attached to either
side of the cookstove. It was found from the experimental investigations that 6W of
electrical power was generated from four numbers of TEG. Experimental analysis
was performed by Nuwayhid et al. [4] on the biomass domestic wood stove coupled
with natural convection-cooled thermoelectric generator. It was obtained from the
results that about 4.2 W of power was produced from each component. Kraemer
et al. [5] built an innovative solar flat thermal panel for electricity generation
adopting Seebeck effect concept with higher thermal concentration. There was an
interesting result obtained from the study that an electrical convention efficiency of
4.6% for 1000 W/m2 solar conditions is about eight times much more powerful
than the other systems. Omer and Infield [6] proposed a conceptual model of a TEG
for the estimation of an optimal device in power production. By means of using
their developed model, four different TEGs were compared. Besides, they have
developed a two-stage solar concentrator for a cogeneration system (combined heat
and power from the thermoelectric modules). It was proven from the studies
conducted by Omer and Infield [7] that an improvement of thermal efficiency as well
as overall characteristics of the solar thermal concentrator for combined heat and
thermoelectric power generation can be achieved using second stage concentrator.

Atik [8] studies the thermoelectric performances of the concentrating collector,
receiver and TEG modules. The electric power generation efficiency, system effi-
ciency and surface area temperature of the receiver system were obtained from the
different solar radiation (W/m2) and from different concentration ratios. Chen [9]
suggested a model to examine the conceptual efficiency of solar thermoelectric
generators (STEGs), which includes thermal concentration as well as optical con-
centration. It was obtained from his study that the component efficiency increases
with increase in hot side temperature, but thermal efficiency decreases with
increasing hot side temperature. Furthermore, he stated that the STEG efficiency
can be improved when it has been maintained under evacuated condition.

Manikandan and Kaushik [1] performed the energy and exergy study of the
solar annular thermoelectric generator (SATEG) in view of the impact of Thomson
effect in concurrence with Peltier effect, Joule effect and Fourier heat conduction.
Their study proposed annular thermoelectric generator as an alternative for flat
thermoelectric generator (FTEG) to increase the cross-sectional area along the
radial direction. They have established that the power output (W) and whole
exergy efficiency (%) of the SATEG were 1.92 W and 5.02%, respectively, which
was established to be 0.52 and 0.40% greater than that of SFTEG. They suggested
that this SATEG system could be effectively used as the thermal insulation material
as it offered better heat transfer characteristics; it was simple to drive and maintain
compared to the solar flat plate thermoelectric generator.

From an in-depth literature survey, it is established that there are certainly no
research studies available on CHP system in cookstove and an ATEG. Studies have
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explored only the performance evaluation of energy efficiency and exergy effi-
ciency of the cookstove with an FTEG. The advantage of using an ATEG instead of
FTEG is that it enhances the heat transfer surface area on both hot side and cold
side, due to cylindrical structure. It is proposed to study the behaviour of ATEG
placed outside the cylindrical CC to convert waste heat (hot side) into electricity as
well as dissipate heat (cold side) by passing and preheating air through annular fins.
Hence, it is indeed essential to study the energy and exergy analysis of an advanced
cookstove-based ATEG for clean combustion and self-sustained cooking options,
particularly suited for developing countries. Here, the exergy analysis (second law
of thermodynamics) is an advanced method to enumerate the real irreversibilities
delivered in the thermodynamic process.

2. Materials and methods

2.1 System description

The design and fabricated CC of the proposed biomass advanced micro-gasifier
cookstove [10–15] are clearly depicted in Figure 1. The CC is fabricated using
carbon steel with an inner diameter of 110 mm and an inner height of 155 mm. By
means of increase in the proportion percentage (%) of carbon content, the cylinder
material becomes harder and stronger providing higher creep properties. Carbon
steel with high carbon content has been used to ensure it can withstand high
temperatures.

The secondary air (combustion air) injection of the proposed cookstove is
skewed to an angle of 45° towards bottom grate [11, 12, 16]. This is to confirm the
better turbulence in the course of volatile combustion and for the period of char
combustion. Exfoliated vermiculite mineral matter of 93% with glass wool of 2%

Figure 1.
Model of the proposed cookstove.

179

Energy and Exergy Analysis of an Advanced Cookstove-Based Annular Thermoelectric…
DOI: http://dx.doi.org/10.5772/intechopen.84237



efficient biomass advanced cookstove technology is necessary. An accurate inbuilt
electricity generation unit to drive forced draft combustion fan/blower, to optimise
performance with high efficiencies, is proposed in this current study.

For the previous two decades, the use of thermoelectric generators and its
applications have been investigated and improved worldwide due to its significant
advantages of straight conversion of thermal energy into electricity with minimum/
no moving parts and reduced noise. Hence, newly developed thermoelectric gener-
ators (TEGs) are accepted as green sustainable technology and are widely used as
flexible generators for a diversified applications [1, 2]. A combined advanced
micro-gasifier cookstove with the TEG for heat and power cogeneration from a
single system is presented here.

Champier et al. [3] have developed a prototype of a biomass cookstove with a
higher-efficient combustion chamber (CC), and TEGmodules are attached to either
side of the cookstove. It was found from the experimental investigations that 6W of
electrical power was generated from four numbers of TEG. Experimental analysis
was performed by Nuwayhid et al. [4] on the biomass domestic wood stove coupled
with natural convection-cooled thermoelectric generator. It was obtained from the
results that about 4.2 W of power was produced from each component. Kraemer
et al. [5] built an innovative solar flat thermal panel for electricity generation
adopting Seebeck effect concept with higher thermal concentration. There was an
interesting result obtained from the study that an electrical convention efficiency of
4.6% for 1000 W/m2 solar conditions is about eight times much more powerful
than the other systems. Omer and Infield [6] proposed a conceptual model of a TEG
for the estimation of an optimal device in power production. By means of using
their developed model, four different TEGs were compared. Besides, they have
developed a two-stage solar concentrator for a cogeneration system (combined heat
and power from the thermoelectric modules). It was proven from the studies
conducted by Omer and Infield [7] that an improvement of thermal efficiency as well
as overall characteristics of the solar thermal concentrator for combined heat and
thermoelectric power generation can be achieved using second stage concentrator.

Atik [8] studies the thermoelectric performances of the concentrating collector,
receiver and TEG modules. The electric power generation efficiency, system effi-
ciency and surface area temperature of the receiver system were obtained from the
different solar radiation (W/m2) and from different concentration ratios. Chen [9]
suggested a model to examine the conceptual efficiency of solar thermoelectric
generators (STEGs), which includes thermal concentration as well as optical con-
centration. It was obtained from his study that the component efficiency increases
with increase in hot side temperature, but thermal efficiency decreases with
increasing hot side temperature. Furthermore, he stated that the STEG efficiency
can be improved when it has been maintained under evacuated condition.

Manikandan and Kaushik [1] performed the energy and exergy study of the
solar annular thermoelectric generator (SATEG) in view of the impact of Thomson
effect in concurrence with Peltier effect, Joule effect and Fourier heat conduction.
Their study proposed annular thermoelectric generator as an alternative for flat
thermoelectric generator (FTEG) to increase the cross-sectional area along the
radial direction. They have established that the power output (W) and whole
exergy efficiency (%) of the SATEG were 1.92 W and 5.02%, respectively, which
was established to be 0.52 and 0.40% greater than that of SFTEG. They suggested
that this SATEG system could be effectively used as the thermal insulation material
as it offered better heat transfer characteristics; it was simple to drive and maintain
compared to the solar flat plate thermoelectric generator.

From an in-depth literature survey, it is established that there are certainly no
research studies available on CHP system in cookstove and an ATEG. Studies have

178

Biomass for Bioenergy - Recent Trends and Future Challenges

explored only the performance evaluation of energy efficiency and exergy effi-
ciency of the cookstove with an FTEG. The advantage of using an ATEG instead of
FTEG is that it enhances the heat transfer surface area on both hot side and cold
side, due to cylindrical structure. It is proposed to study the behaviour of ATEG
placed outside the cylindrical CC to convert waste heat (hot side) into electricity as
well as dissipate heat (cold side) by passing and preheating air through annular fins.
Hence, it is indeed essential to study the energy and exergy analysis of an advanced
cookstove-based ATEG for clean combustion and self-sustained cooking options,
particularly suited for developing countries. Here, the exergy analysis (second law
of thermodynamics) is an advanced method to enumerate the real irreversibilities
delivered in the thermodynamic process.

2. Materials and methods

2.1 System description

The design and fabricated CC of the proposed biomass advanced micro-gasifier
cookstove [10–15] are clearly depicted in Figure 1. The CC is fabricated using
carbon steel with an inner diameter of 110 mm and an inner height of 155 mm. By
means of increase in the proportion percentage (%) of carbon content, the cylinder
material becomes harder and stronger providing higher creep properties. Carbon
steel with high carbon content has been used to ensure it can withstand high
temperatures.

The secondary air (combustion air) injection of the proposed cookstove is
skewed to an angle of 45° towards bottom grate [11, 12, 16]. This is to confirm the
better turbulence in the course of volatile combustion and for the period of char
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Figure 1.
Model of the proposed cookstove.
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and Portland cement of 5% altogether by weight is moulded into a mixture for the
preparation of the thermal protection lining material inside the concentric cylindri-
cal CC. The air gap between two concentric cylindrical rings of the CC is filled with
the same refractory composite paste. The thermal conductivity (k) of the prepared
composite blend slab is calculated to be about 0.047 W/m°C by performing steady-
state thermal conductivity test, as suggested by BIS-IS 9489 [17]. Due care is taken
to ensure the total absence of any bypass channels due to the faulty lining of the
thermal composite insulation material in the gasification and combustion air paths.
A blower of the capacity 12 V DC is fitted below the combustion chamber of the
cookstove. It tends to force the ambient air upwards along the way through the side
of the CC; gasification and combustion ducts of diameter 4 and 3 mm provide the
needed gasification and combustion air.

In the advanced micro-gasifier cookstove-based ATEG system, the exterior sur-
face of the CC is in connection with the hot side junction of the GATEG. Hence, the
waste heat ejected or lost is effectively used by the ATEG for the generation of
electric power. The remaining heat energy available at the cold side junction of
ATEG is exploited for preheating the secondary combustion air. The primary heat
generated by the advanced micro-gasifier system is used for cooking food on the
stove. This combined cogeneration cookstove system can deliver both electric
power to drive fan/blower (also lighting, micro-charger applications) and cooking
applications in rural areas from biomass energy. The graphical illustration of the
combined biomass advanced micro-gasifier cookstove with ATEG system is shown
in Figure 2(a and b).

2.2 Characterisation of fuels

The two different categories of biomass used in the study are:

a. Solid biomass

(i) Prosopis juliflora (Seemai Karuvelam)

(ii) Coconut shells (Thotti/Cherattai/Kottanguchi)

b.Pellet (densified biowaste)

(iii) Tamarind seed pellet (Puliyan kottai)

Figure 2.
(a) Advanced micro-gasifier annular thermoelectric generator system and (b) cross-sectional view.
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The three types of biomass with different densities and ash content considered
for this work are depicted in Figure 3, including two types of solid biomass wood
with different properties and an agro residue seed pellet. All the solid biomass and
pellets used are first dried in sunlight for 24 hours to ensure uniform moisture
content (5–10%).

Table 1 summarises the properties of all the types of biomass used. Pictures of
all the biomass types used in the experiments are illustrated in Figure 3.

Figure 3.
Photograph of the biomass fuels considered for the experimental study.

Characteristics Prosopis juliflora Coconut shells Tamarind seed pellet Standard

Size (cm3) 5 � 2 � 0.5 5 � 3 � 0.25 5 � 1 –

Bulk density (kg m�3) 560�20 610�20 1200�10 –

HHV (MJ/kg) 17.7 17.37 16.2 ASTM E711-87

Moisture content (%) 5.4 10 10.07 ASTM E871-82

Volatile matter (%) 77.9 72.05 63.02 ASTM E872-82

Ash content (%) 1.0 0.59 9.07 ASTM D1102-84

Fixed carbon (%) 15.7 17.34 18.04 By difference

Carbon (%) 45.5 45.84 50.15 ASTM E777-08

Hydrogen (%) 6.4 5.51 6.02 ASTM E777-08

Nitrogen (%) 0.6 0.35 0.42 ASTM E778-08

Oxygen (%) 47.2 47.58 41.41 By difference

Sulphur (%) 0.3 – 0.28 –

Table 1.
Proximate and ultimate analysis of the three different fuels [11–15]
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3. Thermodynamic modelling

3.1 Thermodynamic modelling of the advanced micro-gasifier cookstove

The graphical illustration of the advanced micro-gasifier cookstove with the
ATEG is presented in Figure 4. The thermal resistance network of the combined
advanced cookstove ATEG is exposed in Figure 5.

By using the first law of thermodynamics, the energy balance equation of the
biomass advanced cookstove ATEG can be written as

Qgen ¼ Qloss þQuseful (1)

Qgen ¼ mfuel � CVfuel (2)

Qloss ¼ Qrad þQcond þQconv (3)

Qrad ¼ σεpanApan Tpan
4 � Tair

4� �
(4)

Qcond ¼ Q ¼ Tcc � Th

Rs1 þ Rins þ Rs2 þ Rteg
(5)

Qconv ¼
Th � Tc

Rair
(6)

Figure 4.
Schematic illustration of the advanced micro-gasifier ATEG.

Figure 5.
The thermal network of advanced micro-gasifier ATEG.
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3.1.1 Conductive resistance

Conductive resistance from a CC to ATEG (radial direction) is determined
considering one-dimensional (1D) with steady-state conductive heat transfer via
composite cylindrical walls. Three different types of materials, namely, steel-1 and
steel-2 made up of extraordinary carbon steel, are used; the thermal insulation
material used is Vermiculite composite:

Rs1 ¼ 1
2πks1L

ln
r2
r1

(7)

Rins ¼ 1
2πkinsL

ln
r3
r2

(8)

Rs2 ¼ 1
2πks2L

ln
r4
r3

(9)

Rteg ¼ 1
2πktegL

ln
r5
r4

(10)

3.1.2 Convective resistance

Convective resistance from ATEG to combustion air (radial direction) is
considered as 1D steady-state convective heat transfer for ATEG (through extended
surface finned annulus):

Rair ¼ 1
2πhairLr5

(11)

3.1.3 Heat transferred at hot and cold side junction of ATEG

Waste heat from the outer surface of CC is absorbed by the ATEG (Qh) at the
hot junction can be deliberated by the energy balance equation given as

Qh ¼ αITh � I2R
2

þ K Th � Tcð Þ � τI Th � Tcð Þ
2

� n (12)

The transmitted heat through the ATEG is released at the cold side junction
(annular fins) of the ATEG by preheating the combustion air. The equation is
written as

Qc ¼ αITc þ I2R
2

þ K Th � Tcð Þ þ τI Th � Tcð Þ
2

� n (13)

3.2 Thermodynamic modelling of ATEG

A cross-sectional observation of the thermoelement of an ATEG is depicted in
Figure 6. The cross-sectional area A(r) of the ATEG thermoelectric pair increases in
a radial direction (r). The exhaustive thermodynamic modelling and energy and
exergy analysis of the ATEG in view of the Thomson effect have been deliberated in
the following section, as studied by Kaushik and Manikandan [18]. The assumptions
used for the thermodynamic modelling and investigations of ATEG are:

• 1D steady-state heat transfer equation of ATEG alongside the radial path is
deliberated for the study.
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• The thickness (δ) of the ATEG module is constant throughout.

• Convection losses and radiation losses from the sides of the thermoelectric
modules to the atmosphere are negligible (as heated air is recirculated into the
combustion chamber).

• The electrical resistance of the contact is presumed to be about 10% of the
actual inbuilt electrical resistance.

For the study, it has been assumed that Qstorage ¼ Qg, loss ¼ 0; however Qr and
Q r+dr are the heat input (from waste heat) supplied to the ATEG from outside the
CC and heat output dissipated from the ATEG into the secondary air, respectively,
whereas Qgen can be the addition of Thomson and Joule’s heat produced in the
element (dr) [1]. The cross-sectional region of the thermoelement is established on
the study conducted by Shen et al. [19].

Based on the assumptions, the cross-sectional area, length (L) and thickness (δ)
of the p-type and also n-type thermoelectric (TE) leg are the same; the dispersal of
temperature in the p-type and n-type leg of the ATEG is also assumed to be the
same. Shen et al. [19] have studied the thermal conductance (K) and electrical
resistance (R) of the ATEG are as given below:

K ¼ Kn þ Kp
� � ¼ Δφδ

ln r5=r4ð Þ kn þ kp
� �

(14)

R ¼ Rn þ Rp
� � ¼ ln r5=r4ð Þ

Δφδ
ρn þ ρp

� �
(15)

The only difference is the value of K and R in the thermodynamic modelling of
the FTEG and ATEG; the rest of the equations for the GATEG and GFTEG are
comparable with Shen et al. (2015):

I ¼ ∝� τð Þ Th � TCð Þ
Rþ RL

(16)

RL ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ZTmR

p
(17)

Figure 6.
Cross-sectional view of ATEG [1].

184

Biomass for Bioenergy - Recent Trends and Future Challenges

The thermal properties and electrical properties of a TE material combined
together are referred to as figure of merit (FOM). Dimensionless FOM has been
generally used to measure the desirability of TE materials for devices by multiplying
with mean operating temperature (Tm) [1]:

ZTm ¼ ∝ ∝� τð Þ
ρk

Th � TCð Þ
2

(18)

The power output (W) produced, electrical energy efficiency (%) and exergy
efficiency (%) of an advanced micro-gasifier-based ATEG system can be considered
from the altered work done by Manikandan and Kaushik [1]:

Pout ¼ Qh � Qc ¼ α� τð Þ Th � Tcð ÞI � I2R ¼ I2RL (19)

Eq. (19) designates that the Thomson effect will decrease the power output of
the ATEG. The energy efficiency (electrical) of advanced cookstove-assisted ATEG
is given as

ηel ¼
Pout

Q
¼ α� τð Þ Th � Tcð ÞI � I2R

Qcond
� n (20)

The exergy efficiency (electrical) of the advanced cookstove-assisted ATEG is
derived as

ψ el ¼
Pout

EQ
¼ α� τð Þ Th � Tcð ÞI � I2R

Qcond 1� Tair
Th

� � � n (21)

Hence, the combination of potential energy and exergy efficiencies of the
advanced micro-gasifier cookstove ATEG system can be written as

Combined efficiency %ð Þ ¼ ηel þ ηth (22)

The energy as well as exergy analysis of the micro-GATEG is analysed via
engineering equation solver (EES) for different operating conditions.

3.3 Cookstove performance

3.3.1 Energy efficiency

Thermal efficiency (%) is defined as the fraction of heat energy given off by the
biomass fuel that is successfully transported to the water in the cooking vessel. The
remaining unrecovered heat energy is dissipated into the largest heat sink of an
atmosphere. The method used to assess the thermal energy efficiency is specified in
Eq. 23, as follows:

ηth ¼ 4:186� mwi �mwf
� �� Twf � Twi

� �� �þ Wv � 2257ð Þ
mfw � CVfuel

( )
(23)

3.3.2 Exergy efficiency

The maximum possible work, which can be created by a system for a particular
environmental condition, is generally taken as the Carnot hypothetical maximum
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relating to the ambient temperature. The thermal exergy input supplied to the pot
for water boiling can be stated as below [13, 14, 20]:

Exin ¼ mTP� C1� ηcþ x� d� C2ð Þ 1� Ta
Tfuel

� �
(24)

The exergy output of the ATEG attached advanced micro-gasifier cookstove is
the quantity of energy spent by the boiling water times the Carnot factor as follows
[20]:

Exo ¼ mw� Cp� Tfw� Tiwð Þ 1� Ta
Tfw

� �
þmpot� Cp; pot� Tfp� Tipð Þ 1� Ta

Tfp

� �� �

(25)

Generally, lowering heat source or raising heat sink lowers exergy. The exergy
efficiency (ψ) is well defined as the fraction between the output exergy and the
input exergy as shown below:

ηth ¼ Exo
Exin

(26)

A small number of essential parameters like the mass of water (kg), the weight
of fuel (kg), the volume of the kerosene sample (for the ignition of fuel) and the
weight of unfilled Al vessel were computed before starting the test. Readings of
water temperature (°C) and pot temperature (°C) were taken on a minute-to-
minute basis. The reference conditions taken for exergy analysis are To=303 K and
Po=101.325 kPa.

4. Results and discussions

4.1 Analysis of energy and exergy efficiencies of the advanced micro-gasifier
cookstove

The performance of the ACS cookstove is assessed in terms of energy efficiency
(%) and exergy efficiency (%) using Prosopis juliflora, coconut shells and tamarind
seed pellets as fuel. It is perceived that the thermal efficiencies of the stove are
36.7�0.4, 37�0.4 and 35�0.4% for coconut shell, Prosopis juliflora and tamarind
pellets, respectively, after four repetition tests. The exergy efficiencies (%) of the
cookstove are 15.6�0.45, 17.5�0.45 and 15�0.45% for the discussed three different
fuels. The uncertainties for energy and exergy efficiencies are established as 0.43%
and 0.48%, respectively.

The comparison on the energy efficiency and exergy efficiency of the advanced
micro-gasifier cookstove is illustrated in Figure 7 for a distinct set of operational
constraints. It is also witnessed that the energy efficiency (%) performance of the
ACS cookstove is considerably higher than that of exergy efficiency (%) perfor-
mance. This is due to the extent of energy extracted in the hot water for ACS
cookstove being much less than the worth of energy extracted due to temperature
constraint; this phenomenon is common for all cookstoves.

4.2 Conceptual modelling results of GATEG

In this investigative study, the energy and exergy analysis of an advanced micro-
gasifier cookstove ATEG is studied under various operating circumstances. The
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influence of hot side and cold side junction temperature and the influence of the
number of thermocouples and operating electric current (A) on electric power
output (W), thermal output (of cookstove) and energy and exergy efficiencies (%)
of the GATEG system are studied.

4.2.1 Effect of change in hot junction temperature

The influence of CC temperature outside the insulation on the power output as
well as the energy and exergy efficiencies (%) of the ATEG have been studied. The
combustion air temperature passed over the annular fins of the TEG varies with
time so the cold junction temperature is also varied between 30 and 150°C in this
study. The atmospheric temperature is considered as 30°C.

The effects of various hot junction temperatures on the power output of the
ATEG are shown in Figure 8(a–f). The various zones of the CC temperature
determine the hot side temperature of the ATEG. During combustion of the
advanced micro-gasifier cookstove, the flame front propagates downwards with
respect to the fuel bed density and heat transfer rate. Hence, heat is not uniform
throughout from top to bottom. The uniform temperature is reached only after the
conversion takes place from volatile combustion mode to char combustion mode,
almost at the end (after 70% of weight loss in fuel). Therefore, when there is a
variation in hot junction temperature, like an increase from a smaller value to
higher, the power output (W) and the optimum current (A) value for maximum
power output also increase. The reason is that when the temperature inside the
combustion zone increases, a respective temperature of the outside chamber after
insulation increases, thus increasing the power output of the TEG. It is also clear
from Figure 8(a–f) that the power output of the micro-gasifier annular thermoelec-
tric generator is maximum when the outside combustion temperature is at a maxi-
mum of 275°C. At a current flow rate of 0.8 A, the actual power output of GATEG is
10.05 W, electrical energy efficiency is 6.76% and exergy efficiency is 15%.

Similarly, from Figure 8(a–f), it is clear that the power output of the micro-
gasifier ATEG is minimum when the outside combustion temperature is at a mini-
mum of 150°C. At a current flow rate of 0.4 A, the power output of GATEG is
2.414 W, electrical energy efficiency is 1.31% and exergy efficiency is 4.62%.

Figure 7.
Energy and exergy efficiencies of the advanced micro-gasifier cookstove.
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Exo ¼ mw� Cp� Tfw� Tiwð Þ 1� Ta
Tfw

� �
þmpot� Cp; pot� Tfp� Tipð Þ 1� Ta

Tfp

� �� �

(25)

Generally, lowering heat source or raising heat sink lowers exergy. The exergy
efficiency (ψ) is well defined as the fraction between the output exergy and the
input exergy as shown below:

ηth ¼ Exo
Exin

(26)
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cookstove are 15.6�0.45, 17.5�0.45 and 15�0.45% for the discussed three different
fuels. The uncertainties for energy and exergy efficiencies are established as 0.43%
and 0.48%, respectively.
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micro-gasifier cookstove is illustrated in Figure 7 for a distinct set of operational
constraints. It is also witnessed that the energy efficiency (%) performance of the
ACS cookstove is considerably higher than that of exergy efficiency (%) perfor-
mance. This is due to the extent of energy extracted in the hot water for ACS
cookstove being much less than the worth of energy extracted due to temperature
constraint; this phenomenon is common for all cookstoves.

4.2 Conceptual modelling results of GATEG

In this investigative study, the energy and exergy analysis of an advanced micro-
gasifier cookstove ATEG is studied under various operating circumstances. The
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influence of hot side and cold side junction temperature and the influence of the
number of thermocouples and operating electric current (A) on electric power
output (W), thermal output (of cookstove) and energy and exergy efficiencies (%)
of the GATEG system are studied.

4.2.1 Effect of change in hot junction temperature

The influence of CC temperature outside the insulation on the power output as
well as the energy and exergy efficiencies (%) of the ATEG have been studied. The
combustion air temperature passed over the annular fins of the TEG varies with
time so the cold junction temperature is also varied between 30 and 150°C in this
study. The atmospheric temperature is considered as 30°C.

The effects of various hot junction temperatures on the power output of the
ATEG are shown in Figure 8(a–f). The various zones of the CC temperature
determine the hot side temperature of the ATEG. During combustion of the
advanced micro-gasifier cookstove, the flame front propagates downwards with
respect to the fuel bed density and heat transfer rate. Hence, heat is not uniform
throughout from top to bottom. The uniform temperature is reached only after the
conversion takes place from volatile combustion mode to char combustion mode,
almost at the end (after 70% of weight loss in fuel). Therefore, when there is a
variation in hot junction temperature, like an increase from a smaller value to
higher, the power output (W) and the optimum current (A) value for maximum
power output also increase. The reason is that when the temperature inside the
combustion zone increases, a respective temperature of the outside chamber after
insulation increases, thus increasing the power output of the TEG. It is also clear
from Figure 8(a–f) that the power output of the micro-gasifier annular thermoelec-
tric generator is maximum when the outside combustion temperature is at a maxi-
mum of 275°C. At a current flow rate of 0.8 A, the actual power output of GATEG is
10.05 W, electrical energy efficiency is 6.76% and exergy efficiency is 15%.

Similarly, from Figure 8(a–f), it is clear that the power output of the micro-
gasifier ATEG is minimum when the outside combustion temperature is at a mini-
mum of 150°C. At a current flow rate of 0.4 A, the power output of GATEG is
2.414 W, electrical energy efficiency is 1.31% and exergy efficiency is 4.62%.

Figure 7.
Energy and exergy efficiencies of the advanced micro-gasifier cookstove.
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The influence of variation of hot lateral temperature on the electrical energy
efficiency (%) of GATEG is shown in Figure 9(a–f). It can be observed from
Figure 9(a–f) that the electrical energy efficiency of GATEG is for the range of heat
input considered, for the maximum hot side temperature of 275°C and an opera-
tional current flow of 0.8 A; the electrical efficiency (%) of GATEG is 6.76%.

The variation of exergy efficiency of GATEG for changing cold junction tem-
peratures at maximum hot side temperature of 275°C is shown in Figure 10(a–f).
It is seen that the exergy efficiency of the GATEG is high for all working conditions.
It is obvious that the exergy efficiency of GATEG obtained for the heat input of
149 W at a working current of 0.8 A is 6.76%. This is due to the power output
(i.e., exergy output) of the GATEG that is marginally greater because of superior
heat transfer rates.

4.2.2 Effect of the number of thermocouples

The influence of the number of thermo-plates (i.e., thermocouples) on the
performance variance like power output (W), energy efficiency and exergy

Figure 8.
Power output (W) with respect to current (A) for (a) 275°C, (b) 250°C, (c) 225°C, (d) 200°C, (e) 175°C
and (f) 150°C.
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efficiency of the ACS cookstove annular/flat thermoelectric generator cogeneration
system is studied. With an increase in the number of thermocouples, there is a rise
in the heat transfer area. Hence, heat transfer between a hot side and cold side
junction of the ATEG system is improved, as deliberated by Manikandan and
Kaushik [1] and He et al. [21]. Figure 11 shows the effect of numbers in thermo-
couples on the power output (W) of GATEG, with a clear indication of the number
of thermocouples being directly proportional to the power output of GATEG, as
proposed by Manikandan and Kaushik [1].

The hot junction temperature is considered as 275°C, and the cold side temper-
ature is retained at 30°C. The losses in the systems are considered as negligible.
Figure 11 demonstrates the influence of the number of TEG modules on the electric
power generation for variation of current (A) levels. Figure 11 clearly indicates the
power produced; it is maximum as a result of the addition of/rises in the number of
TEG modules.

Eventually, the addition of modules leads to overall thermal resistance causing a
reduction in the combined modules, Rtem, which leads to a fall in temperature
difference, rapidly offsetting any further rise in voltage output. The plots shift to
small current range slowly as “n” increases primly due to the interior electrical
resistance upsurges steadily with the number of modules. The maximum power

Figure 9.
Electrical energy efficiency (%) with respect to current (A) for (a) 275°C, (b) 250°C, (c) 225°C, (d) 200°C,
(e) 175°C and (f) 150°C.
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Figure 10.
Electrical exergy efficiency (%) with respect to current (A) for (a) 275°C, (b) 250°C, (c) 225°C, (d) 200°C,
(e) 175°C and (f) 150°C.

Figure 11.
Influence of the number of TEG modules on the power output.
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(W) is obtained once the load resistance (RL) matches with the system resistance
according to maximum power transfer theorem. A similar curve with a notable
difference in power output indicates that the maximum power output is attained for
an increasing number of thermoelectric modules. The increase in efficiency by
increasing 100 numbers into 1000 numbers is 100%. Thus, from the power output
point of view, using an increased number of modules produces more power. This
observation is similar to that of a steady state conducted by Jie Chen et al. [22]. A
further intensification in the number of thermocouples results in an increase in
surface area and volume which offers more resistance, thereby increasing the tem-
perature of combustion air and consequently reducing the power output of TEG
(refer Figure 11) and its electrical energy efficiency. These outcomes are compara-
ble to those recorded by He et al. [21, 23].

5. Conclusions

An investigation of the micro-gasifier ATEG is conducted based on the first law
and second law of thermodynamics, and its performance factors are investigated for
varying hot and cold side temperature conditions and by varying number of ther-
mocouples. From the conceptual modelling, the following conclusions are
summarised:

• The power output (W), electrical energy efficiency (%), exergy efficiency (%)
and combined system energy and exergy efficiencies (%) of the GATEG are
10.05 W, 6.76%, 15.12% and 43.46% and 30.72%, respectively, calculated for
the maximum temperature difference of 275°C across the TEG, with the help of
EES software.

• The same modelling is repeated for a low surface temperature of 150°C outside
the combustion chamber. The power output (W), electrical energy efficiency
(%), exergy efficiency (%) and combined system energy efficiency (%) of the
GATEG are 2.41 W, 1.31%, 4.63% and 38% and 20.23%, respectively, for the
maximum temperature difference of 150°C across the TEG.

• The advanced micro-gasifier cookstove annular thermoelectric generator is a
suitable option since it has many advantages like enhanced heat transfer
characteristics in the hot side and cold side of the ATEG due to the greater heat
transfer area. The diameter (D) of the CC (based on the cooking load
requirement) can be increased if necessary, to provide more heat transfer
surface area to the ATEG.

The fixing of the ATEG with the cylinder-shaped CC will be very easy, and the
facility to arrange for thermal insulation to the cold lateral of the TEG will become
easier if the ATEG has been adopted. The conceptual model analysis untaken in this
study may be supportive in designing actual GATEG systems for electric power
production from engine exhaust heat (flue gas), other heat pipes, etc. As the power
output (W) and overall exergy efficiency (%) of the GATEG are low, these
arrangements are improvident, but with the improved/novel TEG materials with
the higher ZT, this type of concepts will gain more significance in the near future.
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Nomenclature

Qgen heat generated inside the combustion chamber of gasifier (W)
Qloss heat loss by conduction, convection and radiation (W)
Quseful the heat input to the purpose of water boiling (W)
mfuel mass rate of fuel consumed (kg/s)
CVfuel calorific value of wood (kJ/kg)
Qrad radiation loss offered by the pan (W)
σ Stefan-Boltzmann constant (W/m2K4)
εpan emissivity of the pan
Apan surface area of the pan (m2)
Tpan final temperature of the pan (K)
Tair atmospheric air temperature (K)
Qcond ¼ Q heat input to the ATEG (W)
Tcc temperature inside the combustion chamber (K)
Th temperature at hot junction of ATEG (K)
Rs1 conductive resistance for steel-1 (K/W)
Rins conductive resistance for insulation (K/W)
Rs2 conductive resistance for steel-2 (K/W)
Rteg conductive resistance for ATEG (K/W)
Qconv heat rejected by the cold junction of ATEG (W)
Th temperature at hot junction of ATEG (K)
Tc temperature at cold junction of ATEG (K)
ks1, ks2 thermal conductivities of steel-1 and steel-2 (W/m K)
kins thermal conductivity of insulation (W/m K)
Kteg thermal conductivity of TEG (W/m K)
L length of the combustion chamber or ATEG (m)
r1 inner diameter of combustion chamber or steel-1 (m)
r2 outer diameter of steel-1 and inner diameter of insulation (m)
r3 outer diameter of insulation and inner diameter of steel-2 (m)
r4 outer diameter of steel-2 and inner diameter of ATEG (m)
r5 outer diameter of ATEG (m)
hair convective heat transfer coefficient (W/m2K
Qh heat absorbed by the hot junction of the ATEG (W)
Qc heat rejected by the cold junction of the ATEG (W)
K thermal conductance of the ATEG (W/K)
R electrical conductance of the ATEG (Ω)
φ angle (radians)
kp, kn thermal conductivity of p and n legs of ATEG (W/m K)
ρn, ρp electrical resistivity of p and n legs of ATEG (Ωm)
I current (A)
α Seebeck coefficient (V/K)
τ Thompson coefficient (V/K)
RL external resistive load of imposed on ATEG (Ω)
ZTm dimensionless figure of merit
Z figure of merit (1/K)
Pout power output from the ATEG (W)
n no of thermoelectric couples
ɳel electrical energy efficiency (%)
ψ el exergy efficiency (%)
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