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Chapter 1

Biomass Conversion Technologies 
for Bioenergy Generation: An 
Introduction
Abdurrahman Garba

Abstract

Over the last century, there has been increasing debate concerning the use of 
biomass for different purposes such as foods, feeds, energy fuels, heating, cooling 
and most importantly biorefinery feedstock. The biorefinery products were aimed 
to replace fossil fuels and chemicals as they are renewable form of energy. Biomass 
is a biodegradable product from agricultural wastes and residues, forestry and 
aquaculture. Biomass could be sourced from a variety of raw materials such as wood 
and wood processing by-products, manure, fractions of organic waste products 
and agricultural crops. As a form of renewable energy, they have the advantages of 
easy storage, transportation, flexible load utilization and versatile applications. The 
aim of this study is to provide an overview for thermochemical and biochemical 
 biomass conversion technologies that were employed currently. Attention was also 
paid to manufacture of biofuels because of their potentials as key market for large-
scale green sustainable biomass product.

Keywords: biomass, bioenergy, biochemicals, conversion routes, green chemistry

1. Introduction

Biomass can be regarded as any organic material that originated from plants 
or animals. Thus, the United Nations Framework Convention on Climate Change 
UNFCCC in 2005 [1], defined it as follows;

“A non-fossilized and biodegradable organic material originating from plants, 
animals and micro-organisms. This shall also include products, by-products, 
residues and waste from agriculture, forestry and related industries as well as the 
non-fossilized and biodegradable organic fractions of industrial and municipal 
wastes”.

The world’s energy demand has been steadily increasing in the last several 
decades. This is due to rapid increase in industrialization, population and the quest 
for improvement of the living standards for societies. On the other hand, this has 
caused an irreversible damage to the environment which leads to global warming, and 
climate change. These issues have been the topic of discussion among scientist and 
policy makers at national and international levels on how to mitigate the problem. 
The modern society is emphasizing on shift from non-renewable to renewable energy 
(such as wind, solar, tide, geothermal and biomass) in their search for energy source. 
Before the discovery of fossil fuels such as petroleum products, coal, and natural 
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The world’s energy demand has been steadily increasing in the last several 
decades. This is due to rapid increase in industrialization, population and the quest 
for improvement of the living standards for societies. On the other hand, this has 
caused an irreversible damage to the environment which leads to global warming, and 
climate change. These issues have been the topic of discussion among scientist and 
policy makers at national and international levels on how to mitigate the problem. 
The modern society is emphasizing on shift from non-renewable to renewable energy 
(such as wind, solar, tide, geothermal and biomass) in their search for energy source. 
Before the discovery of fossil fuels such as petroleum products, coal, and natural 
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gas, biomass was the main source of energy for heating and cooking [2]. Biomass is 
the term used to describe all materials that contain carbon in an organic form. This 
organic form of carbon can be transformed into inorganic through photosynthesis by 
forming bonds with other elements such as hydrogen, and oxygen using solar energy. 
The demolishing of these bonds (molecules) through physical or biological means, 
causes a closure in the cycle and making CO2 to be regenerated. During the regenera-
tion process, energy is released which can be converted into other forms of energy. 
Therefore, as long as these equilibrium is maintained between use and regeneration, 
biomass is a renewable or inexhaustible source of energy [3]. Biomass is expected to 
be the leading form of energy with a significant global energy load of about 10–15%. 
However, biomass has a share of about 90% of total energy requirements for remote 
and rural areas of the developing countries. Therefore, it is likely to remain the future 
leading source of energy feedstock for the developing countries since about 90% of 
the world population is expected to live in the developing world by 2050 [4–6].

Biomass accumulates chemical energy in form of carbohydrates through combina-
tion of solar power and carbon dioxide during the process of photosynthesis. This has 
made it to be a potential energy source since the carbon dioxide captured during pho-
tosynthesis could be released when it burns. It is cheap and available in all forms such 
as forest and agricultural residues, wood, by-products of biological materials, organic 
components of municipal and sludge wastes, etc. There are several ways to convert 
biomass into useful products which largely depends on biomass characteristics and 
the end product [7]. The technologies applied in the conversion of biomass are mainly 
categorized under thermochemical or biological methods.

2. Types of biomass conversion technologies

Biomass can be converted into several useful products for energy generation 
and chemicals. There are some factors that influence the choice of a conversion 
technology to be applied on the biomass. These factors include quality and quantity 
of the biomass feedstock, availability, choice of end-products, process economics 
and environmental issues (Figure 1) [9].

2.1 Thermochemical methods

The major options within thermochemical biomass conversion processes 
include combustion, gasification, pyrolysis, and liquefaction (Figure 2). The 
most practiced thermochemical conversion of biomass industrially is combustion 
process, which is used for heat and electricity generation. Most of biomass thermo-
chemical conversions were carried out with or without the use of catalysts, though 
the use of catalyst has distinct effects on the end-products [10].

2.1.1 Gasification

The process of biomass gasification was discovered independently in France 
and England by the year 1798. The technology did not come into its limelight until 
60 years later. The gasification process continued flourishing until 30 years later 
when natural gas from oil fields was discovered. Until 1970, the use of natural gas 
for cooking and lighting was substituted with liquid fuels due to discovery of oil. 
Generally, biomass gasification is an endothermic thermochemical conversion of 
solid biomass fuel using gasifying agents such as air, steam or CO2 to form a mix-
ture of combustible gases which may include H2, CH4, CO and CO2. The process is 
carried out at temperatures between 800 and 1300°C. Nowadays, flexibility of the 
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gasification technology coupled with the different uses of the produced syngas, 
allows for the integration of biomass gasification with many industrial processes 
and as well with power generation systems [7].

Biomass feedstock characteristics such as particle size, moisture content, shape, 
heating value, carbon content and ash content significantly affect the gasifier 
performance. However, knowledge on feedstock parameters such as volatility, 
elemental analysis, heat content and biomass potential for fouling or slagging is 
essential for evaluation of gasification process [11]. Therefore, feedstock with low 
volatile contents are preferred for partial oxidation gasification, while those with 
high volatile content are more suitable for indirect gasification process [12].

Figure 1. 
Main biomass conversion routes [8].

Figure 2. 
Thermochemical conversion processes and end products [10].
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Feedstocks for biomass gasification exists in different forms with each type 
having peculiar issues. Therefore, it is vital to predict suitable type of biomass for 
a specific gasifier type under defined conditions. Although, characteristics within 
specific biomass feedstock species is identical, the shape and size of the feedstock 
particles are useful in determining the difficulties that may arise during movement, 
delivery and as well as the feedstock behavior in the gasifier. The size and size distri-
bution of the feedstock affect the gasification zone thickness, pressure drop in the 
bed and the maximum hearth load. To overcome some of this problems, biomass 
feedstock of uniform size were utilized [7].

Gasifier operation depends on moisture content of the biomass feed used. The 
use of feedstock with high moisture content reduces biomass conversion efficiency 
and as well the production rate. This is because the process discharges more fuel or 
heat in order to vapourize the excess moisture to the temperature of the syngas [13]. 
During the pyrolysis/gasification process, water need about 2.3 MJ/kg to vapourize 
and as well 1.5 MJ/kg to raise it to 700°C. Also, high moisture content in a biomass 
reduces the achieved temperature in the oxidation zone which results in incomplete 
cracking of the products released in the pyrolysis zone. Consequently, high mois-
ture content in the biomass feedstock affect the syngas composition or quality due 
to production of CO2  from reaction between the moisture. Furthermore, using 
feedstock that has high moisture content results in the production of syngas with 
high moisture, which subsequently course additional stress on downstream cooling 
and filtering equipment [14].

2.1.1.1 Hydrothermal gasification

Hydrothermal gasification is a biomass treatment that involves the use of water at 
high temperatures and pressures. Products formed during this process is as a result of 
different reactions that takes place in the biomass which mainly depends on factors like 
temperature, pressure, and time of treatment. To understand the process, behavior of 
water at high temperature and pressure must be known. Figure 3 indicated the phase 
diagram of water, where at 273.15 K and atmospheric pressure (0.101325 MPa), ice 
melts to liquid water, while at 373.15 K liquid water boils and vapourized to steam. 
However, boiling point of water is affected by pressure and this means at high pressure 
the boiling point decreases, while at low pressure it increases. Likewise, pressure has 

Figure 3. 
Phase diagram of water [9].
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effect on volume of water when it changes to steam. The volume of water increases 
greatly when it changes to steam. This change in volume is as high as 1600 times under 
atmospheric pressure.

At increased pressure, the volume of liquid water is not affected when compared 
to steam volume. Therefore, under increased pressure, the increase in volume 
associated with the phase change becomes smaller (Figure 4). The volumes for both 
water and steam were found to be equal at 22.1 MPa at the phase change. Also, when 
the pressure is higher than this value, no noticeable phase change is seen. At this 
point, the pressure is called the critical pressure of water, while the temperature is 
called critical temperature of water which corresponds to 647 K. This point on the 
phase diagram, is called the critical point. If the temperature and pressure are above 
these critical values, the water is called supercritical water, while when the values 
are below the critical values, the water is called subcritical [9].

Hydrothermal treatment of biomass can be carried out in either supercritical or 
subcritical water. That is when the temperature and pressure of the water is high. 
The process employs low temperatures ranging between 150 and 250°C. Under 
these conditions, the polymeric components of the biomass such as hemicellulose 
and lignin are dissolved together with small fraction of cellulose [15]. This process 
is mainly physical and requires harsh reaction conditions since the decomposition 
of the polymeric substances is limited. The process is often employed for saccharifi-
cation of cellulose (Figure 5) or for an increased biomethanation of lignocellulosic 
biomass [16–18].

2.1.2 Pyrolysis

The term pyrolysis is defined as the thermal depolymerization of organic matter 
in the presence of nitrogen or absence of oxygen. Pyrolysis is an exothermic reac-
tion with heat requirements that ranges between 207 and 434 kJ/kg of which many 
wood based and agricultural biomass were heated in an inert atmosphere to pro-
duce vapours and a carbon rich residue. The vapours composed of fragments from 
cellulose, hemicellulose and lignin polymers. These vapours can be condensed into 
free flowing organic liquid known as the bio-oil. On the other hand, the remaining 
carbon residues is left as bio-char (Figure 6) [20].

The polymeric substances distribution in bio-oil largely depends on the lignocellu-
losic contents of the biomass feed [21]. Many researchers investigated the individual 
pyrolysis characteristics of cellulose, hemicellulose and as well lignin. Hemicellulose 
was observed to decomposes at 220-315°C, cellulose decomposes between the range 
of 314-400°C, while lignin decomposition takes place from 160 to 900°C and it 

Figure 4. 
Pressure effect on volume change when water changes into steam [9].
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generates a solid residue with highest percentage of about 40% [22]. From energy 
view point, cellulose pyrolysis was observed to be an endothermic reaction, while the 
reactions of hemicellulose and lignin is an exothermic. The gaseous products obtained 
from pyrolysis of these three components were similar and mainly comprises of CO2, 
CO, CH4 and other organic gases. Micro-GC was employed to analyzed the releasing 
behaviour of the H2 and total gases released when the three gases were pyrolyzed in a 
packed bed. Hemicellulose was observed to have higher yield for CO2, cellulose gives 
higher yield for CO with high presence of aromatic ring and methoxyl, while the lig-
nin cracking and deformation yields higher H2 and CH4. Cellulose pyrolysis involves 
the cleavage of glycosidic groups via dehydration which is followed by the breakdown 
of anhydroglucose units. The dehydration and breakdown of sugar molecules at lower 
temperatures, results in the formation of char. Shafizadeh and Fu [23] reported char 
yield of 34.2% for the pyrolysis of pure cellulose in the absence of air and at 300°C. At 
high temperatures, there is enough energy to initiate the rapid cleavage of glycosidic 
bonds and evaporation of gaseous products was favoured. However, the distribution 
of cellulose, hemicellulose and lignin in a bio-oil is predominantly determined by 
the interactions between these components rather than just their quantities. Rowell 
[24] suggested that hemicellulose and cellulose were bonded through hydrogen bond, 
while hemicellulose and lignin were covalently bonded via ester bonds. The bonds 
that exist between these polymeric substances influence the pyrolytic behaviour 
of the biomass which may bring about a difference in products distribution when 

Figure 5. 
Reaction network for hydrothermal gasification of cellulose [9].

Figure 6. 
Carbonization reaction scheme of a carbonaceous material [19].
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compared to a sample prepared synthetically by physical mixing. Couhert et al. 
[25] pyrolyzed two mixtures at 950°C containing the three components. One of the 
mixtures was prepared by simple mixing, while the other was prepared by intimate 
mixing. He discovered that, the yield for CO2  increases with an increase in intimacy 
of the mixture. Hence, the effect of components interaction may differ in a physical 
mixture in comparison with the actual biomass sample, because the structure of the 
biomass can affect pyrolysis outcome which alter selectivity for certain products [26].

The necessary conditions for pyrolysis are temperature, pressure, heating rate, 
residence time, environment, catalyst, etc. This conditions greatly determines the 
nature of the products formed after pyrolysis [27]. Therefore, the pyrolysis condi-
tions can be adjusted to obtain a desired product. It is well known from literatures 
that high temperature and short residence time favours formation of condensable 
fractions, high temperatures and longer residence time favours non-condensable 
gaseous products, and as well solids fractions are only favoured at low temperatures 
[28]. Depending on the pyrolysis conditions, the process can be classified as follows;

2.1.2.1 Fast pyrolysis

Recently, fast pyrolysis which is an advanced technology is gaining attention 
because of an increasing need for the production of fuel oil from biomass. As a con-
tinuous process, fast pyrolysis is aimed to prevent further cracking of the pyrolytic 
fractions to non-condensable compounds. During the process, the parameters that 
give high oil yield were carefully controlled in which the primary parameter is high 
rates of heat transfer. This parameter could be achieved by grinding the biomass 
feed finely. The finely ground biomass feed is heated rapidly at high temperatures 
between 450–600°C for a very short residence time of typically less than 2 seconds. 
The liquid yield for wood fast pyrolysis was reported to be as high as 75% [29, 30]. 
Since the process takes place in a very short period, not only chemical kinetics, but 
rate of heat and mass transfer, and as well transition phenomena plays an important 
role in determining the chemistry of the end products. Tailored products could be 
obtained by setting the necessary parameters at optimum [29].

2.1.2.2 Intermediate pyrolysis

In comparison with fast pyrolysis, intermediate pyrolysis is operated at optimum 
temperature range of 300–500°C. The liquid products obtained during the process 
is less viscous and contains low tar. However, the chemical reactions taking place 
during intermediate pyrolysis are more controlled and thus the process offers a 
wide range of parameter variations for process optimization. Although low yield 
for liquids of up to 55% were obtained during this operation, large sizes for biomass 
feed are acceptable that may be coarse, chopped, shredded or ground [31].

2.1.2.3 Slow pyrolysis

Slow pyrolysis is the carbonization of a biomass feed without condensing the 
pyrolysis products. The process is carried out in batches at low temperatures, slow 
heating rate and for a long residence time. Though, most of the literatures present 
about the process were based on its use to produce solid fuels such as charcoal and 
bio-char, but it can also be used to produce liquid fuels and bio-gas [32]. Temperatures 
as low as 0.1–2°C were reported by literatures. Slow pyrolysis is the oldest technique 
used for biomass conversion when the desired end product is charcoal or biochar. 
The vapours produced during the process were not condensed usually, but they could 
be used in the process to directly or indirectly provide heating. Moisture of about 
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15–20% were reported and it affects the properties of the solid fuels produced during 
the process [20]. The biomass feed sizes can vary from ground to a whole log.

2.1.3 Torrefaction

Torrefaction is a slow and mild pyrolysis process that is usually carried out at 
low temperatures between 225°C-300°C. The process is aimed at increasing the 
biomass energy density and as well its fuel properties [33]. This is achieved by 
removal of biomass moisture content and other superfluous volatiles. During the 
process, the biopolymeric substances such as cellulose, hemicellulose and lignin 
were partly decomposed to release organic volatiles. The product obtained at the 
end of the process is a dry and black residual solid regarded as torrified biomass. 
The torrified biomass is hydrophobic and soft which can easily be crush, grind or 
pulverized [20, 33].

2.1.4 Combustion

The process of combustion is a widely applied biomass conversion technology 
that was functional to a sizeable portion of human race since the advent of human 
civilization. It is widely applied even today for burning of wood and agricultural 
residues to make pot fires and stoves in order to provide heat and light energy for 
cooking and heating. Combustion process is frequently used for the conversion of 
lignin-rich biomass. The process could be applied in two broad ways, that is either 
by direct conversion of the whole biomass feedstock or by biochemical conversion 
in which some portions of the biomass remained. Compared with the other biomass 
conversion technologies, the process is largely non-selective in terms of the biomass 
feedstock. During the process, biomass feedstock is converted to CO2 and water 
including smaller amount of other species which depends on the composition of 
the biomass and the process parameters. However, combustion of biomass largely 
depends on energy content of the feedstock. The amount of heat energy released 
during the process depends on feedstock energy content and as well as the conver-
sion efficiency of the reaction. The fact that biomass feedstock composition plays a 
vital role in the combustion process was well established by many researchers world-
wide in various reports [34–36]. The major share of energy in the biomass is formed 
by the assembly of organic matter during photosynthesis and respiration in plants. 
However, the inorganic fractions in the biomass are important in design and opera-
tion of the combustion system, especially when using the fluidized bed reactor. The 
amount of volatile matter in biomass feedstock is higher when compared with its 
fossil counterpart in which it is around 70–80%. The presence of this high volatile 
matter, greatly influence the thermal decomposition of the biomass feedstock and 
as well as the combustion performance of the solid fuels. This is because, large 
portion of the biomass feedstock has to be vapourized before the homogeneous 
combustion reaction takes place and the remaining char will then undergo hetero-
geneous combustion reaction.

The main elements that constitutes the biomass feedstock are C, H, and O, 
while herbaceous feedstock such as agricultural waste and grasses contain higher 
amounts of ash forming minerals [37, 38]. Biomass is more oxygenated compared to 
the conventional fossil fuel. This is due to the biomass carbohydrate structure and 
its dry mass usually contains about 30–40% oxygen [37]. During the combustion 
process, part of the oxygen required is supplied by the organically bonded oxygen 
from the biomass, while the rest is supplied through air injection into the system. 
The primary constituent of a biomass is carbon which made up about 30–60% by 
weight of dry matter depending on its ash content. The carbon present in biomass 
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feedstock is in partly oxidized form and this justifies the low gross calorific value 
of biomass feedstock when compared to coal. Of the biomass organic components, 
hydrogen is the third most important constituent that made up of about 5–6% of 
the dry matter. Other elements that are found in smaller quantities in the biomass 
(less than 1%) are Nitrogen, Sulfur and Chlorine, with the exception of agricultural 
residues where their figures are sometimes above 1% [39, 40]. The presence of high 
amount of such inorganic elements in a biomass feedstock leads to serious opera-
tional problems such as agglomeration, deposition, fouling, sintering and corrosion 
or erosion. Combustion process, unlike biochemical and other thermochemical 
conversion technologies, is largely nonselective in terms of biomass feedstock selec-
tion and the process aims to reduce the entire fuel to simple products. However, 
this shows that the complex nature of the biomass has substantial influence on its 
combustion performance. Inorganic elements such as Si, K, S, Cl, P, Ca, Mg and Fe 
are associated with reactions that leads to ash fouling and slagging (Figure 7) [36].

2.2 Biochemical methods

Biochemical biomass conversion technologies refer to conversion of biomass 
through biological pre-treatments. These pre-treatments were aimed to turn the 
biomass into a number of products and intermediates through selection of different 
microorganisms or enzymes. The process provides a platform to obtain fuels and 
chemicals such as biogas, hydrogen, ethanol, butanol, acetone and a wide range 
of organic acids [42]. However, this process was aimed at producing products that 
could replace petroleum-based products and as well as those obtained from the 
grains. Biomass biochemical conversion technologies are clean, pure, and efficient 
when compared with the other conversion technologies [43].

2.2.1 Digestion

Anaerobic digestion (AD) is one of the most sustainable and cost-effective 
technology for lignocellulosic and other form of waste treatment for energy 
recovery in form of biofuels. This process does not only minimize the amount of 
waste, but also transforms such waste into bioenergy. Also, the digestates produced 
during the process are rich in nutrients, which can serve as fertilizer for agricul-
tural purposes [44].

Figure 7. 
Various reactors for combustion process [41].
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The digestion of lignocellulosic biomass anaerobically produces energy rich 
methane (CH4). The CH4 yield per unit area is usually employed for the determina-
tion of energy output of an individual feedstock which significantly varies between 
species and as well with maturity, location and inputs (such as fertilizer, water etc.) 
within the same variety (Yang et al., 2013). The Biochemical methane potential 
(BMP) test is commonly used to evaluate the anaerobic digestibility of a biomass 
substrate. The biomass yield and CH4 production potentials of some selected 
feedstocks were presented in Table 1 [45].

Anaerobic digestion is a process used to produce biogas through biological 
treatment of biomass. It is performed at temperature ranges between 30 and 35°C, 
or 50 and 55°C using two stages. The first stage is the breaking down of the complex 
organics in the biomass by acid-forming bacteria into simpler compounds such as 
acetic and propionic acids along with volatiles. The second stage is conversion of 
such acids into CO2 and CH4 commonly called biogas through the use of methane 
producing bacteria. Usually, both stages of biogas production are performed in a 
single tank. The produced biogas contains about 60% CH4, 35% CO2, and a mixture 
of other gases such as H2, NH3, CO, and H2S which account for about 5%. The 
biogas has a heating value of about 22,350 KJ/m3 for a mixture that contains a ratio 
(CH4:CO2:inerts) of 60: 35: 5 (Figure 8) [46].

2.2.2 Fermentation

Fermentation is a biological process that is commonly facilitated by secretion 
of enzymes sourced from microorganisms which converts simple sugars to low 
molecular weight structures such as alcohols and acids. The fermentation of two 
most common sugars follow the two reactions below:

 Glucose : C H1 O 2C H O 2CO→ +6 2 6 2 6 2  (1)

 Xylose : 3C H O 5C H O 5CO→ +5 10 5 2 6 2  (2)

During fermentation, biomass could be converted into alcohols through bio-
chemical pathways. These pathways involved several schemes in which hydrolysis 

Biomass Biomass yield (ton wet weight/ha) CH4 potential (Nm3 CH4/tonVS)

Sugar beet 40–70 387–408

Fodder beet 80–120 398–424

Maize 40–60 291–338

Wheat 30–50 351–378

Triticale 28–33 319–335

Sorghum 40–80 286–319

Grass 22–31 286–324

Red clover 17–25 297–347

Sunflower 31–42 231–297

Wheat grain 06–10 371–398

Table 1. 
The biomass yield and methane potential of some selected lignocellulosic biomass [45].
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and fermentation process are carried out either concurrently in the same reactor 
or separately [47]. The different processes involved for alcohols production are 
presented in Table 2.

Conversion of biomass feedstocks through fermentation process is a vital 
issue because it allows for the production of wide range of substances under mild 

Figure 8. 
Anaerobic digestion process [46].

Process Substrate Pre-treatment Ethanol 
Conc., g/L

Ethanol 
Pro., g/L/h 

SHF Parthenium hysterophorus L. Acids/alkali 13.6 —

Arundo donax Steam explosion 20.6 0.21

Wheat straw Steam explosion — 0.313

SSF Miscanthus sacchariflorus CHEMET with NaOH 69.2 1.24

Reed phosphoric 
acid-acetone

55.5 0.57

Reed Liquid hot water 39.4 0.66

Liriodendron tulipifera Acid-free organosolv 29.9 0.42

Corn stover Steam explosion 25.7 0.36

Miscanthus giganteus Dilute oxalic acid 12.1 0.13

Industrial hemp Steam explosion 21.3 0.30

SSCF Wood chips Steam explosion 32.9 0.34

Wheat straw Steam explosion — 0.7

CBP Corn stover Acid hydrolysis — 0.27

SHF = Separate hydrolysis and fermentation.
SSF = Simultaneous saccharification and fermentation.
SSCF = Simultaneous saccharification and co-fermentation.
CBP = Consolidated Bioprocessing.

Table 2. 
Processes in bio-ethanol production [47].
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conditions. The extent of fermentation on organic substances largely depends on 
composition and structure of the biomass feedstock. Only feedstocks that are not 
competing with the food items in terms of demand should be selected for biofuel 
production. Consequently, residues and waste materials from agriculture and 
forestry were considered as the most interesting sources of biomass.

High hydrolysis ratio is also an important requirement for the effective utiliza-
tion of monosugars present in lignocellulosic structures. From biochemical per-
spective, organic substances present in the hydrolyzed solution can be categorized 
into several groups such as simple and complex carbohydrates, lipids, proteins, 
and heteropolymers. The potentials for biogas and biohydrogen generation from 
lignocellulosic biomass is huge due to utilization of different microorganisms in the 
conversion of cellulose and hemicellulosic fractions of the agricultural and forestry 
residues [47]. However, a major setback is usually encountered during biofuels 
production which is the conversion ratio of the polymeric substances into ferment-
able sugars like hexoses and pentoses due to production of inhibitors along with the 
desired products. To minimize such inhibitors and maximize hexoses and pentoses 
production, microbial metabolism in the degradation and saccharification of the 
biomass cell wall were considered [48, 49].

3. Conclusion

Currently, the use of lignocellulosic biomass as raw material for the generation 
of bioenergy has received a considerable attention for the development of sustain-
able ways for production of energy. Most of the researches conducted for biomass 
conversion technologies heads towards discovery of advanced ways to produce 
energy fuels so as to tackle its shortage that the world is facing. Also, the studies are 
aimed towards reduction of greenhouse gases and other harmful effects posed by 
fossil fuels to the environment.

From above, it can be concluded that biomass is a green source of energy in 
recent times. The study also indicated that thermochemical and biochemical tech-
nologies for the conversion of biomass into different energy products was started 
several decades ago, but it slowed down due to the discovery of fossil fuels. The 
biomass conversion technologies gained momentum recently due the fact that it is 
clean, sustainable and renewable source of energy.
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Chapter 2

Biomass Pretreatment and
Characterization: A Review
Anthony Anukam and Jonas Berghel

Abstract

Biomass has the potential to replace conventional fuels in a number of applica-
tions, particularly in biofuel production. It is an abundantly available renewable
material with great potential as a feedstock for bioconversion processes for the
production of energy, fuels and a variety of chemicals. Due to its biogenic origin,
the carbon dioxide released from its combustion process does not impact atmo-
spheric carbon dioxide. Despite these merits, a major problem hindering its wide-
spread use has always been its recalcitrant nature, in terms of its inherent
characteristics, which are unfavorable to its use in bioconversion and bio refinery
processes. This makes it necessary for biomass to be pretreated before use in any
conversion process for maximum product recovery. However, a major issue with
regards to biomass pretreatment is the lack of rapid, high throughput and reliable
tools for assessing and tracing biopolymer components of biomass relevant to the
energy production potential of the biomass. This chapter therefore presents an
overview of the pretreatment and characterization of biomass relevant to energy,
fuels and chemicals production. The information provided will bequeath readers
with the basic knowledge necessary for finding an auspicious solution to
pretreatment problems and the production of energy from pretreated biomass.

Keywords: biomass, bioconversion, bio refinery, energy systems,
energy production

1. Introduction

The definition of biomass may vary due to a number of factors such as the
heterogeneity of biomass, its application and origin [1]. However, any organic
material directly or indirectly derived from the process of photosynthesis is consid-
ered biomass. Generally, biomass is a biological material that is present in various
forms such as wood, sugarcane bagasse, rice husk, rice straw, corn cob, paper waste,
municipal solid waste, animal manure, sewage, algae, etc. Traditionally, the use of
biomass resources is becoming increasingly vital because of their substantial annual
volumes and great economic potential. The main application of biomass is as a
source of energy, and it has been reported that global biomass land and aquatic
reserves stand at around 1.8 trillion tons for biomass, and about 4 billion tons for
aquatic reserves, respectively [1]. In spite of these huge reserves, biomass remains
under exploited, accounting for only about 14% of global energy with ca. 56 million
TJ/year [1]. This is because the application of biomass as a source of energy has not
shown a homogeneous distribution across the globe. In some developed countries,

19



Biotechnological Applications of Biomass

18

[36] Vassilev SV, Baxter D, Vassileva CG.  
An overview of the behaviour 
of biomass during combustion: 
Part I. Phase-mineral transformations 
of organic and inorganic matter. Fuel. 
2013;112:391-449

[37] McKendry P. Energy production 
from biomass (part 1): Overview of 
biomass. Bioresource Technology. 
2002;83(1):37-46

[38] Saxena R, Adhikari D, Goyal H. 
Biomass-based energy fuel through 
biochemical routes: A review. 
Renewable and Sustainable Energy 
Reviews. 2009;13(1):167-178

[39] Arvelakis S, Koukios E.  
Physicochemical upgrading of 
agroresidues as feedstocks for energy 
production via thermochemical 
conversion methods. Biomass and 
Bioenergy. 2002;22(5):331-348

[40] Vassilev SV et al. An overview of 
the chemical composition of biomass. 
Fuel. 2010;89(5):913-933

[41] Bhaskar T, Pandey A. Advances 
in thermochemical conversion of 
biomass—Introduction. In: Recent 
Advances in Thermo-Chemical 
Conversion of Biomass. Elsevier; 2015. 
pp. 3-30

[42] Chen H, Qiu W. Key technologies 
for bioethanol production from 
lignocellulose. Biotechnology Advances. 
2010;28(5):556-562

[43] Chen H, Wang L. Technologies for 
Biochemical Conversion of Biomass. 
Academic Press; 2016

[44] Li Y, Chen Y, Wu J. Enhancement 
of methane production in anaerobic 
digestion process: A review. Applied 
Energy. 2019;240:120-137

[45] Sawatdeenarunat C, Surendra K, 
Takara D, Oechsner H, Khanal SK. 
Anaerobic digestion of lignocellulosic 

biomass: Challenges and 
opportunities. Bioresource Technology. 
2015;178:178-186

[46] Balat M. Biomass energy and 
biochemical conversion processing 
for fuels and chemicals. Energy 
Sources, Part A: Recovery, Utilization, 
and Environmental Effects. 
2006;28(6):517-525

[47] Abo BO, Gao M, Wang Y, Wu C,  
Ma H, Wang Q. Lignocellulosic 
biomass for bioethanol: An overview 
on pretreatment, hydrolysis and 
fermentation processes. Reviews 
on Environmental Health. 
2019;34(1):57-68

[48] Zhang CM et al. Effective ethanol 
production by reutilizing waste 
distillage anaerobic digestion effluent 
in an integrated fermentation process 
coupled with both ethanol and 
methane fermentations. Bioprocess 
and Biosystems Engineering. 
2010;33(9):1067-1075

[49] Cheng X-Y, Li Q , Liu C-Z. 
Coproduction of hydrogen and methane 
via anaerobic fermentation of cornstalk 
waste in continuous stirred tank reactor 
integrated with up-flow anaerobic 
sludge bed. Bioresource Technology. 
2012;114:327-333

Chapter 2

Biomass Pretreatment and
Characterization: A Review
Anthony Anukam and Jonas Berghel

Abstract

Biomass has the potential to replace conventional fuels in a number of applica-
tions, particularly in biofuel production. It is an abundantly available renewable
material with great potential as a feedstock for bioconversion processes for the
production of energy, fuels and a variety of chemicals. Due to its biogenic origin,
the carbon dioxide released from its combustion process does not impact atmo-
spheric carbon dioxide. Despite these merits, a major problem hindering its wide-
spread use has always been its recalcitrant nature, in terms of its inherent
characteristics, which are unfavorable to its use in bioconversion and bio refinery
processes. This makes it necessary for biomass to be pretreated before use in any
conversion process for maximum product recovery. However, a major issue with
regards to biomass pretreatment is the lack of rapid, high throughput and reliable
tools for assessing and tracing biopolymer components of biomass relevant to the
energy production potential of the biomass. This chapter therefore presents an
overview of the pretreatment and characterization of biomass relevant to energy,
fuels and chemicals production. The information provided will bequeath readers
with the basic knowledge necessary for finding an auspicious solution to
pretreatment problems and the production of energy from pretreated biomass.

Keywords: biomass, bioconversion, bio refinery, energy systems,
energy production

1. Introduction

The definition of biomass may vary due to a number of factors such as the
heterogeneity of biomass, its application and origin [1]. However, any organic
material directly or indirectly derived from the process of photosynthesis is consid-
ered biomass. Generally, biomass is a biological material that is present in various
forms such as wood, sugarcane bagasse, rice husk, rice straw, corn cob, paper waste,
municipal solid waste, animal manure, sewage, algae, etc. Traditionally, the use of
biomass resources is becoming increasingly vital because of their substantial annual
volumes and great economic potential. The main application of biomass is as a
source of energy, and it has been reported that global biomass land and aquatic
reserves stand at around 1.8 trillion tons for biomass, and about 4 billion tons for
aquatic reserves, respectively [1]. In spite of these huge reserves, biomass remains
under exploited, accounting for only about 14% of global energy with ca. 56 million
TJ/year [1]. This is because the application of biomass as a source of energy has not
shown a homogeneous distribution across the globe. In some developed countries,
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energy production from biomass averages about 11% of the total energy produced;
while in developing countries this can be up to 50% [2, 3]. For example, Europe
generates about 3.5% of its energy from biomass, which is ca. 40 Mtoe/year; while
countries like Austria, Finland and Sweden have about 13, 18 and 17% of their total
energy produced from biomass resources; the United States on the other hand
generates 3% of its energy from biomass [4]. In general, there is a huge potential for
the exploitation of biomass as a source of energy because some countries in central
and northern Europe have actually established large plants for heat and power
production from biomass. However, there are two main routes by which biomass
can be converted to energy and bio products. These are biochemical and thermo-
chemical conversion routes. While the former involves breaking down biomass into
gaseous and/or liquid fuels (such as biogas and bioethanol) through the use of
bacteria, microorganisms and enzymes; the latter involves the use of heat to disrupt
the complex chemical structure of biomass (particularly lignocellulosic biomass
such as wood) into various products that includes heat, power, fuels, bio oil, biochar
and chemicals [5, 6].

It is evident from the above that the application of biomass as a source of energy
continues to attract global attention even in the midst of its gross underutilization.
The low quality of biomass, often defined in terms of its inherent characteristics
(high moisture content, low energy density, low bulk density, irregular size and
shape) has been one of the major reasons for its under exploitation [7]. In other
words, biomass in its natural form is difficult to use for the purpose of energy
production hence pretreatment is often required to overcome its recalcitrant nature
and make the biomass amenable for conversion through either of the conversion
routes previously mentioned for maximum product recovery; the pretreatment
leads to physical, chemical and structural changes to the biomass plays a vital role in
the commercial viability of the energy production process of biomass [7–9]. Thus,
bioconversion and bio refinery interests define the type of pretreatment measures
for biomass [7, 10]. However, there are different categories of pretreatment viz;
physical, chemical and biological pretreatments. These three classes of pretreatment
are described in greater detail in Section 3.

Another critical step to the optimization of biomass conversion and bio refinery
processes is related to the characterization of biomass to determine its suitability for
the aforementioned conversion processes. This means that the effectiveness and
impact of pretreatment on biomass can be determined through the use of a variety
of high-quality analytical techniques able to provide information on quintessential
biomass characteristics that can be used to maximize product recovery. Depending
on the end application of biomass, some of the useful characterization techniques
include atomic force microscopy (AFM), Fourier transform infrared spectroscopy
(FT-IR), scanning electron microscopy (SEM), transmission electron microscopy (TEM),
X-ray diffraction (XRD), solid state nuclear magnetic resonance (SSNMR), to name a
few. An overview of these analytical tools is presented in subsequent sections. For a
full understanding of the characteristics of biomass, its value and information for
the design and operation of the energy conversion systems using the biomass as
feedstock, it is vital to undertake biomass characterization before and after
pretreatment. Due to the complex nature of biomass, the study of the mechanisms
involved in its conversion process to energy and bio products is quite challenging.
The lack of rapid, high throughput and reliable tools for assessing and tracing
biomass components relevant not just to energy production but also to other value
added products remains a major bottleneck in studying the impact of biomass
pretreatment and process parameters. This chapter therefore presents a critical
review of biomass pretreatment and characterization and discusses the applications
of state-of-the-art analytical techniques commonly used to understand the features
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of both pretreated and non-pretreated biomass relevant to the production of fuels
and chemicals. It is believed that improving the fundamental knowledge of biomass
pretreatment and characterization will lead to significant advances in the field of
sustainable energy and chemicals production from biomass.

2. Overview of biomass composition

The composition of biomass is largely diverse and dependent upon its origin and
species. Besides plant biomass, which are commonly referred to as lignocellulosic
biomass (LCB) due to their three major cross-linked polysaccharide constituents
(cellulose, hemicellulose and lignin), there are other biomass materials whose pri-
mary components include lipids, proteins, starch, inorganics and minerals. These
types of biomass materials are regarded as non-lignocellulosic biomass (NLCB) and
include sewage sludge, animal manure, algae, etc. The major constituents of both the
LCB and NLCB are organic in nature and determine the characteristics of the entire
biomass [7]. In comparison to LCB however, NLCB pose a greater threat to the
environment because of higher content of heavy metals and heteroatoms such as
nitrogen (N) and phosphorus (P); [11–13]. The heavy metals can pollute water
systems, accumulate in food chains and cause serious health issues [14, 15]. Even
though the N and P composition of NLCB can serve as a source of nutrients for
plants, excessive amounts of these elements can lead to eutrophication of a water
body, a condition linked to the deterioration of water quality via excessive growth
of algae and other aquatic plants, resulting in oxygen depletion of the water body,
leading to the death of aquatic animals [12].

While the structural unit of NLCB is such that various atoms are arranged in an
orderly manner, LCB is characterized by complex internal structure with main
components that equally displays structural multiplicities. Figure 1 shows the
internal structure of lignocellulosic biomass and how its three primary components
are distributed.

The internal structure of lignocellulosic biomass reveals a crystalline fibrous
structure of cellulose, which forms the core of the complex structure of plant
biomass. Positioned between the micro- and macrofibrils of the cellulose matrix is
hemicellulose; while lignin plays a structural role that encapsulates both cellulose
and hemicellulose.

The composition of biomass varies significantly depending on the source of the
biomass. In addition to the three primary components of LCB (Figure 1), there are
other minor components such as extractives, proteins, water and inorganic components

Figure 1.
A structural representation of lignocellulosic biomass. Reproduced with permission from [1].
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and hemicellulose.

The composition of biomass varies significantly depending on the source of the
biomass. In addition to the three primary components of LCB (Figure 1), there are
other minor components such as extractives, proteins, water and inorganic components

Figure 1.
A structural representation of lignocellulosic biomass. Reproduced with permission from [1].
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such as silicon (Si), sodium (Na), potassium (K), calcium (Ca), magnesium (Mg) and
aluminum (Al); these minor constituents do not markedly contribute to the forma-
tion of the total structure of the biomass [16]. The organic components of various
LCB materials are summarized in Table 1.

The composition of NLCB, on the other hand, vary frommaterial to material and
contains more multifarious elements (such as those previously mentioned) that are
embedded in its structural unit; in contrast to LCB, the different compositions of
NLCB leads to different thermochemical conversion behaviors when these materials
(NLCB) are used as feedstock in the mentioned bioenergy conversion routes [21].

3. Biomass pretreatment

Pretreatment is a necessary process step for both biochemical and thermochem-
ical conversion of biomass and involves structural alteration aimed at overcoming
the recalcitrant nature of biomass. It is required to improve biomass characteristics
in order to enhance the energy utilization efficiency of the biomass [7, 22]. In
pretreatment processes requiring heat, the degradation ability of LCB is controlled
by its polymeric and aromatic constituents (cellulose, hemicellulose and lignin),
while the heteroatoms and inorganic elemental components of NLCB act as cata-
lysts to facilitate decomposition, leading to the formation of a product with a carbon
framework and structural changes that increases the performance of the pretreated
material in bioconversion processes [23–25]. The most important barriers facing
current pretreatment technologies are high costs and how to obtain a pretreated
product with minimal degradation of vital components. These issues are yet to be
convincingly tackled by past and present research and development hence exten-
sive studies aimed at the development of technologies that will further exploit the
physical, chemical and biological pretreatment approaches are required. The
pretreatment methods must be specifically tailored toward biomass origin and its
application in bioconversion and bio refinery processes. Figure 2 shows a schematic
layout of the classes and types of pretreatment processes required for the two main
conversion routes (biochemical and thermochemical) for biomass.

The following subsections present a further description of the main classes of
pretreatment.

3.1 Physical pretreatment

Physical pretreatment of biomass is intended to reduce particle size by mechan-
ical comminution in order to increase surface area and pore size. For LCB materials,

Type of lignocellulosic biomass Cellulose (%) Hemicellulose (%) Lignin (%)

Hardwood 40–55 24–40 18–25

Softwood 45–50 25–35 25–35

Grasses 25–40 35–50 10–30

Leaves 15–20 80–85 –

Sugarcane bagasse 40–45 30–35 20–30

Wheat straw 33–40 20–25 15–20

Sweet sorghum bagasse 45 27 21

Table 1.
The composition of the organic fractions of various lignocellulosic biomass materials (dry basis) [17–20].
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physical pretreatment decreases cellulose crystallinity and degree of polymeriza-
tion. It is a vital step prior to both the biochemical and thermochemical conversion
of biomass [7, 26]. However, there is limited information about the mode of action
of physical pretreatment processes, particularly with respect to how the chemical
composition of biomass is modified or how its structure is affected. The application
of biomass determines the type of physical pretreatment method to be applied. For
instance, biochemical conversion of LCB will require size reduction through milling
in order to improve enzymatic digestibility of lignocellulosic components. For ther-
mochemical conversion applications of biomass, milling is required for densifica-
tion, pelletization and even torrefaction prior to thermochemical conversion. In
both conversion pathways (biochemical and thermochemical), prior size reduction
is necessary in order to eliminate mass and heat transfer limitations. Chipping is also
another physical pretreatment technique commonly employed when the biomass is
to be used as feedstock in thermochemical conversion processes. This is because
most thermochemical conversion systems are size specific hence require feedstock
size in the range 50 mm by 50 mm in diameter [7].

As previously stated, densification, pelletization and torrefaction are all consid-
ered physical pretreatment methods for biomass intended as feedstock for thermo-
chemical conversion processes [7]. These pretreatment techniques use heat to
initiate changes that leads to improved biomass characteristics. A major drawback
of the physical pretreatment technique however is its lack of ability to get rid of the
lignin content of LCB materials, which renders the cellulose content of the material
inaccessible. Other shortcomings include high energy consumption and the prohib-
itive cost of scale-up for commercial purposes. Studies [26, 27] have shown that the
process of lignin removal from LCB materials could be one of the major reasons for
the high energy demand of physical pretreatment techniques hence the overall
energy efficiency of a bio refinery process may be ultimately affected by this
pretreatment method [26].

3.2 Chemical pretreatment

Chemical pretreatment of biomass involves the use of organic or inorganic
compounds to bring about disruption of biomass structure through interaction with
intra- and inter polymer bonds of primary organic components. Biomass, particu-
larly LCB materials are resistant to chemical breakdown hence biomass is regarded
as being recalcitrant in nature. A host of factors are responsible for the recalcitrance

Figure 2.
A layout showing different pretreatment methods for biomass and their corresponding energy conversion routes.
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nature of biomass including the structural complexity and heterogeneity of bio-
mass, the crystalline nature of its cellulose content, and the extent of lignification
[7, 28]. Throughout the chemical pretreatment process, the structural recalcitrance
of LCB is disrupted, resulting in the reduction of cellulose crystallinity and depoly-
merization as well as the degradation of cellulose and the breakdown of lignin
[29, 30]. For biochemical conversion of biomass, particularly LCB, chemical
pretreatment is commonly undertaken in order to isolate the respective bio-
polymeric constituents of the material. Figure 3 shows the effect of chemical
pretreatment on LCB.

Examples of compounds that have been used for the chemical pretreatment of
biomass and which had significant effect on its structure include acids, alkali,
organic solvents, and ionic liquids [32, 33].

3.3 Biological pretreatment

Biological pretreatment of biomass is mostly linked to the action of enzyme-
producing fungi that are able to degrade, depolymerize and cleave the cellulose,
hemicellulose and the lignin contents of biomass. This pretreatment method has
several advantages over other pretreatment methods including its limited or no
generation of toxic substances, high yield of needed products, low energy require-
ments and specificity of substrate and process reaction [34, 35]. However, its major
disadvantages include the fact that the process is too slow and needs careful control
of conditions of fungi growth as well as the large space required to carry out the
process [36]. According to Agbor et al., 2011 [37], the residence time required for
biological pretreatment processes is in the range 10 and 14 days. In addition, the
organic components of biomass are consumed by the microorganisms’ hence bio-
logical pretreatment processes faces techno-economic challenges and are considered
commercially less attractive when compared to other pretreatment methods
[38–40]. The types of fungi commonly used in biological pretreatment of biomass
include brown-, white- and soft-rot fungi, actinomycetes and bacteria. These fungi are
particularly known for their removal of hemicellulose and lignin as well as for their
mild effect on cellulose. Nevertheless, white- and brown-rot fungi have a variety of
ways to access and degrade LCB materials such as wood, and their very strong
metabolism has been applied in industrial operations. For instance, white- and

Figure 3.
A schematic representation of the impact of pretreatment on the surface and internal structure of lignocellulosic
biomass. Adapted from [31].
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brown-rot fungi are known to have a brightening effect on kraft pulp obtained from
hardwoods, with cost reductions in bleaching chemicals and potentially decreasing
the environmental impact on paper mill operations [41].

In spite of the fact that many pretreatment methods have been investigated,
while others are still in their developmental stages, it is quite onerous to assess and
compare pretreatment technologies. This is because most pretreatment technologies
involve upstream and downstream costs associated with processing, capital invest-
ment as well as complicated chemical recycling and waste treatment systems [42].

Table 2 presents a summary of the advantages and disadvantages of the
different classes of biomass pretreatment.

4. Biomass characterization

Heterogeneity remains an inherent characteristic of biomass. The feasibility and
viability of products recovery from biomass depends upon its properties. The two
main conversion pathways earlier mentioned are basically used to recover products
of value from biomass. The choice of the conversion route also depends on the
features of biomass hence characterization is essential to better understand quin-
tessential physicochemical properties of biomass that will determine how suitable
the material is for conversion; these properties are keys to the efficient utilization of
biomass in bioconversion processes [1, 7]. However, the characteristics of biomass
are largely swayed by its primary organic components (cellulose, hemicellulose and
lignin), which vary depending on biomass source, species, climatic conditions, etc.
Depending on the end use of biomass, characterization of biomass is commonly
determined and reported in terms of proximate and ultimate analysis using a vari-
ety of analytical tools some of which are described in subsequent sections of this
review. This provides vital information for evaluating various application potential
of biomass, particularly its energy production potential, which also takes into

Pretreatment
methods

Advantages Disadvantages Reference

Physical
pretreatment

• Simple and easy operation
• Very large volumes of biomass can be
handled

• Increases surface area and pore size
• Increases bulk and energy densities
• Reduces cellulose crystallinity
• Does not involve the use of chemicals

• Power consumption
quite high

• Require additional
pretreatment steps

[8, 25, 43, 44]

Chemical
pretreatment

• Increases accessibility to cellulose
• Alters the structure of lignin
• Hydrolyzes hemicellulose into various
sugar fractions

• High cost of chemicals
• Corrosion related issues
with equipment

• Liable to form inhibitory
substances

• Requires long residence
time (time consuming)

[45–47]

Biological
pretreatment

• Simple equipment
• Efficiently degrades both cellulose and
hemicellulose

• Suitable for both high and low biomass
moisture contents

• Low energy requirements

• Slightly degrades lignin
• Very slow rate of
hydrolysis

• The process requires a
large space

• Require long residence
times

[36, 37, 48]

Table 2.
A summary of the advantages and disadvantages of the classes of pretreatment.
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account heating value when the biomass is used as feedstock in thermochemical
conversion processes such as gasification [25]. Table 3 presents the most important
characteristics of various lignocellulosic and non-lignocellulosic biomass materials.

The proximate analysis estimates the physical properties of biomass with direct
influence on the combustion performance of biomass, while ultimate analysis pro-
vides a qualitative and quantitative estimation of chemical properties in terms of the
weight fractions of elemental components (such as C, H and O) and determines the
heating value of biomass, a vital property of biomass materials intended as feed-
stock for thermochemical conversion processes; the amounts of other elements such
as N, S and Si can help determine the environmental impact of using biomass as a
fuel [25, 50, 51]. The proximate and ultimate analyses are discussed further in the
following section.

4.1 Analytical techniques for biomass characterization

As earlier alluded, the determination of biomass characteristics often requires
the use of a wide variety of state-of-the-art analytical techniques able to provide not
just compositional information, but also pretreatment process validation. However,
the type of analytical technique to be used is defined by the application choice of the
biomass so that analyses results are interpreted in relation to the specific applica-
tion. A few of the analytical techniques commonly used in characterization studies
involving biomass materials are discussed in the following subsections.

4.1.1 Fourier transform infra-red spectroscopic analyzer

The Fourier transform infra-red spectroscopic (FTIR) is a sensitive technique
for the qualitative and quantitative analysis of organic materials such as biomass. It
identifies chemical bonds by generating a range of infrared (IR) retention in the
form of spectra that represents sample profile. This analytical tool is particularly
useful for tracing and tracking changes in biomass molecular structure caused by
pretreatment and can distinguish between functional groups [51]. It is a useful
technique for the characterization of biomass materials intended for a whole range
of applications including biochemical and thermochemical conversion applications.
For example, the FTIR can be used to investigate the possibilities of the removal of
hemicellulose and lignin from a chemically pretreated biomass in a pulping process.
It can also be used to understand the most reactive components of biomass

Type of biomass Proximate analysis
(wt.%)

Ultimate analysis (wt.%)

LCB MC VM FC A C H O S N

Wood & woody biomass 5–63 30–80 6–26 1–8 49–57 5–10 32–45 <1–1 <1–1

Herbaceous biomass 4–48 41–77 9–35 1–19 42–58 3–9 34–49 <1–1 <1–3

NLCB

Animal & human waste biomass 3–9 43–62 12–13 23–34 57–61 7–8 21–25 1–2 6–12

Aquatic biomass 8–14 42–53 22–33 11–38 27–43 4–6 34–46 1–3 1–3

Abbreviations: Moisture content (MC), Volatile matter (VM), Fixed carbon (FC), Ash (A), Carbon (C),
Hydrogen (H), Oxygen (O), Sulfur (S), Nitrogen (N).

Table 3.
The properties of various lignocellulosic and non-lignocellulosic biomass materials [49].
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materials and how these components affect the thermochemical conversion process
of biomass.

The FTIR technique relies on the fact that most organic materials absorb light
within the IR region of the electromagnetic spectrum. The frequency of absorption
of light is measured in wave numbers that is typically in the range 4000–600 cm�1.

4.1.2 X-ray diffraction analyzer

To the best of the author’s knowledge, the X-ray diffraction (XRD) is the only
analytical instrument able to reveal comprehensive structural information of mate-
rials. Structural information that can be obtained includes chemical composition,
deformation, crystal structure, crystal size and orientation as well as layer thickness. This
instrument can be used to analyze a wide range of materials including
nanomaterials. The XRD is equally a valuable analytical tool for studies involving
biomass characterization for various applications. In XRD analysis, the extent of
crystallinity is calculated based on an equation: (Eq. (1)) [52, 53]:

CrI %ð Þ ¼ I002 � Iam
I002

� �
� 100% (1)

where CrI is the crystallinity index, while I002 represents the overall peak inten-
sity and Iam the baseline intensity.

XRD is especially useful for the determination of the efficiency of hydrolysis for
chemically pretreated biomass materials intended for the production of various
chemical compounds such as sugar molecules and oligosaccharides, which are
products of a fermentation process for the production of bioethanol.

4.1.3 Solid state nuclear magnetic resonance spectroscopy

For the analysis of biomass materials considered for the purpose of biofuels,
biochar or chemicals production, the solid state nuclear magnetic resonance spec-
troscopy (SSNMR) is the ideal technique. This technique allows detailed structural
elucidation of major constituents of biomass, particularly lignocellulosic biomass
such as wood. It complements the XRD technique since the degree of cellulose
crystallinity can also be determined. Nonetheless, the XRD is based on the proposi-
tion that X-ray scattering can be divided into two structural components that are
amorphous and crystalline [54], while SSNMR is characterized by orientation-
dependent interactions that are observed in a very broad spectrum that provides
detailed information on material chemistry, structure and dynamics in the solid
state. The production of biofuels and chemicals from lignocellulosic biomass require
an unfettered access to cellulose and hemicellulose, thus SSNMR can be used to
comprehend bioconversion of biomass as a function of process conditions [55].

The chemical barriers resulting from lignin renders the hydrolysis process of
biomass into fermentable sugars quite complicated. Therefore, advances in spec-
troscopic techniques, especially spectroscopic methods, have enabled researchers to
elucidate the structural characteristics of biomass in relation to specific applications.

4.1.4 Thermo-gravimetric analysis analyzer

When there is a need to investigate the combustion behavior of biomass mate-
rials, the thermo-gravimetric analysis (TGA) is particularly useful and valuable for
determining thermal parameters relevant to the thermochemical conversion of
biomass. Proximate analysis data can be obtained from TGA. In this technique, the
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materials and how these components affect the thermochemical conversion process
of biomass.

The FTIR technique relies on the fact that most organic materials absorb light
within the IR region of the electromagnetic spectrum. The frequency of absorption
of light is measured in wave numbers that is typically in the range 4000–600 cm�1.

4.1.2 X-ray diffraction analyzer

To the best of the author’s knowledge, the X-ray diffraction (XRD) is the only
analytical instrument able to reveal comprehensive structural information of mate-
rials. Structural information that can be obtained includes chemical composition,
deformation, crystal structure, crystal size and orientation as well as layer thickness. This
instrument can be used to analyze a wide range of materials including
nanomaterials. The XRD is equally a valuable analytical tool for studies involving
biomass characterization for various applications. In XRD analysis, the extent of
crystallinity is calculated based on an equation: (Eq. (1)) [52, 53]:
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where CrI is the crystallinity index, while I002 represents the overall peak inten-
sity and Iam the baseline intensity.

XRD is especially useful for the determination of the efficiency of hydrolysis for
chemically pretreated biomass materials intended for the production of various
chemical compounds such as sugar molecules and oligosaccharides, which are
products of a fermentation process for the production of bioethanol.

4.1.3 Solid state nuclear magnetic resonance spectroscopy

For the analysis of biomass materials considered for the purpose of biofuels,
biochar or chemicals production, the solid state nuclear magnetic resonance spec-
troscopy (SSNMR) is the ideal technique. This technique allows detailed structural
elucidation of major constituents of biomass, particularly lignocellulosic biomass
such as wood. It complements the XRD technique since the degree of cellulose
crystallinity can also be determined. Nonetheless, the XRD is based on the proposi-
tion that X-ray scattering can be divided into two structural components that are
amorphous and crystalline [54], while SSNMR is characterized by orientation-
dependent interactions that are observed in a very broad spectrum that provides
detailed information on material chemistry, structure and dynamics in the solid
state. The production of biofuels and chemicals from lignocellulosic biomass require
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troscopic techniques, especially spectroscopic methods, have enabled researchers to
elucidate the structural characteristics of biomass in relation to specific applications.

4.1.4 Thermo-gravimetric analysis analyzer

When there is a need to investigate the combustion behavior of biomass mate-
rials, the thermo-gravimetric analysis (TGA) is particularly useful and valuable for
determining thermal parameters relevant to the thermochemical conversion of
biomass. Proximate analysis data can be obtained from TGA. In this technique, the
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sample is combusted at desired heating rates in a chemically inactive atmosphere of
nitrogen or argon such that the mass of the sample is monitored as temperature
increases. The change in mass of the sample is usually plotted as a function of time
or temperature. The TGA is a high temperature analytical instrument that ade-
quately mimics the conditions existing in a typical thermal energy production
system [56]. For studies involving the need to determine the kinetics of thermal
decomposition of biomass, TGA is equally very helpful as it provides qualitative
information that can be used to understand process conditions and design parame-
ters of thermochemical conversion systems [57]. This requires that TGA be
conducted at different heating rates and its derivative (DTG) used to simplify the
reading of the characteristic peaks obtained from the thermogram of change in mass
versus temperature.

4.1.5 Differential scanning calorimetry

The differential scanning calorimetry (DSC) is a thermoanalytical tool used to
directly assess the heat energy uptake that occurs in a sample within a controlled
increase or decrease in temperature. The instrument monitors phase transitions that
lead to heat flow between crucibles since the process involves the heating of two
crucibles (one which contains the sample to be analyzed, and the other serving as a
reference without a sample). In this analysis, heat flow is measured as a function of
temperature so that combustion profiles that will help determine the series of stages
that characterizes the thermal performance of a material can be evaluated. In some
instances, the DSC can be used as a complementary analytical tool to the TGA,
particularly when monitoring softening or glass transition temperature range [8].
The DSC is very valuable for the analysis of biomass materials intended as feedstock
for thermochemical conversion processes and the data from DSC can help improve
the understanding of the effect of activation energy on the rate of biomass conver-
sion in the aforementioned thermal energy systems [58]. The reactivity of biomass
materials can also be determined using DSC and the volatiles from the analysis can
be identified using gas analyzers.

4.1.6 CHNS analyzer

The CHNS analyzer is the carbon (C), hydrogen (H), nitrogen (N) and sulfur
(S) analyzer used to measure the weight percentages of these elements in a given
material. In CHNS analysis, the weight fraction of oxygen is usually determined by
difference with respect to a generally accepted equation (Eq. (2)).

O ¼ 100� CþH þN þ Sð Þ (2)

The CHNS analyzer is an elemental analyzer whose principle of operation is
based on combustion that allows the quantitative determination of the above ele-
ments without the need for time consuming sample preparation steps or the use of
toxic chemicals. Elemental composition is one of the most important features for
biomass utilization [25, 59]. In addition to facilitating the determination of the
environmental compatibility of using biomass as a fuel in thermal energy systems,
CHNS analysis can be used to obtain information about calorific value and establish
the combustion performance of biomass, if the weight proportions of primary
elemental components such as C, H and O are known. One of the simplest ways to
calculate the calorific value of biomass without the need for analytical tools is from
an equation developed by Sheng and Azevedo, 2005 [60]:
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CV MJ=kgð Þ ¼ �1:3675þ 0:3137Cþ 0:7009H þ 0:0318O (3)

where CV is the calorific value of biomass.
Calorific value is an important property of biomass for design calculations or

numerical simulation of thermochemical conversion systems using biomass as
feedstock [25, 60].

4.1.7 Pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS)

The Py-GC/MS is a technique used to identify non-volatile compounds. It
involves high temperature heating of a sample to decomposition into smaller mole-
cules that are separated by gas chromatography and identified by mass spectrome-
try. This technique is particularly suited for the analysis of biomass materials
intended as feedstock in pyrolysis or hydrothermal liquefaction (HTL) processes for
the production of charcoals and bio-oils as the mechanisms involved in these two
thermochemical processes (pyrolysis and hydrothermal liquefaction) can be conve-
niently investigated. For example, pyrolysis of biomass is a relatively complex
process that involves both simultaneous and successive chemical reactions which
occurs when the biomass is heated in an unreactive environment. Due to the
compositional and structural variability of biomass, major constituents degrade
under non-identical mechanisms at different temperature ranges and at different
rates. Therefore, to explore the complexity of this process, cutting-edge analytical
tools such as the Py-GC/MS are required.

4.1.8 Scanning electron microscope

The scanning electron microscope (SEM) is a type of electron microscope that
produces the image of a sample by scanning the surface of the sample with a
focused beam of electrons that interact with the sample to produce a variety of
signals used to obtain information about surface composition and topography. The
macroscopic nature of biomass requires that some form of pretreatment, such as
size reduction, be performed in order to reveal properties of interest for any micro-
scopic and nanoscopic analyses. Thus, by employing imaging techniques such as the
SEM, it is possible to study the physical and chemical underpinnings of the prodigy
of biomass recalcitrance to breakdown. The SEM can be used to investigate the
morphological properties of biomass relevant to the specific application of the
biomass. The information obtained can then be used to hone biomass pretreatment
methods that will enhance biomass susceptibility to biochemical or thermochemical
conversion. It is however worthy to mention that the moisture content of biomass
can be very problematic to some microscopic techniques (such as the SEM) since
analyses using these techniques are usually performed on dry samples. As such,
samples with reduced moisture content are often required before analysis to avoid
the introduction of structural artifacts that may interfere with the SEM images of
the sample.

5. Future prospects

The large-scale substitution of fossil fuel with biomass resources is a topical issue
not just for the production of energy but also for the production of chemicals, bio
products and materials. Moreover, due to the large availability of biomass through-
out the world, the production of the high value-added products from biomass can
be achieved under any geographical conditions and the feasibility and viability of
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the production of the value-added products depends on biomass characteristics and
the pretreatment method employed. However, biomass complexity and the high
capital and operation costs associated with biomass pretreatment as well as the
mechanisms involved in the conversion process of biomass are some of the chal-
lenges associated with the use of biomass for the production of energy, chemicals
and fuels. Therefore, efforts should be geared toward the design of more easy-to-
use and cost effective technologies at all levels so as to encourage the widespread
application of biomass and attract investment in this field. In addition, not much is
known about the optimal biomass pretreatment conditions because they are seldom
reported. Consequently, for the efficient and feasible utilization of biomass in
bioconversion processes, information about the optimum conditions of
pretreatment is vital and efforts made to report such information. It has been
reported [61] that researchers and policy makers are in need of useful information
that may lead to the much needed improvements in this field of research. So, efforts
made to report optimal pretreatment conditions for biomass will create further
awareness on the advantages of the exploitation of biomass resources for the pro-
duction of renewable energy and other bio products.

On the other hand, characterization of biomass also faces significant challenges
ranging from the nature of the biomass and the multiphase bioconversion processes
using the biomass as feedstock as well as the lack of experimental validation of the
cutting-edge analytical techniques used for biomass characterization. Efforts made
to address these barriers through continued research will equally lead to optimiza-
tion of bioconversion and bio refinery processes. Needless to say that, since a single
analytical technique cannot provide all of the needed information simultaneously
with optimal resolution and high sensitivity, complementary techniques are often
required to achieve full understanding of the physical and chemical underpinnings
of the prodigy of biomass recalcitrance as it undergoes bioconversion processing.
This may ease the challenges associated with experimental validation. Nevertheless,
it is vital to mention that each type of characterization technique has its own merits
and demerits under a particular set of circumstances and that the shortcomings of
one technique may be compensated for by the merits of the other.

6. Conclusions

Pretreatment and characterization of biomass are key steps for the efficient
utilization of biomass materials in bioconversion processes. A determination of the
best pretreatment method and parameters requires an evaluation of its effects on
biomass using cutting-edge analytical tools able to provide information that will
facilitate better understanding of the origins of biomass recalcitrance and the
mechanism and impact of pretreatment relevant to the optimization of different
bioconversion pathways.
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Abstract

In recent years, alternatives have been sought for the reuse of lignocellulosic waste 
generated by agricultural and other industries because it is biodegradable and renew-
able. Lignocellulosic waste can be used for a wide variety of applications, depending 
on their composition and physical properties. In this chapter, we focus on the different 
treatments that are used for the extraction of natural cellulose fibers (chemical, physi-
cal, biological methods) for more sophisticated applications such as reinforcement 
in biocomposites. Due to the different morphologies that the cellulose can present, 
depending from sources, it is possible to obtain cellulose nanocrystals (CNCs), 
micro- nanofibrillated cellulose (MFC/NFC), and bacterial nanocellulose (BNC) with 
different applications in the industry. Among the different cellulose nanomaterials 
highlighted characteristics, we can find improved barrier properties for sound and 
moisture, the fact that they are environmentally friendly, increased tensile strength 
and decreased weight. These materials have the ability to replace metallic components, 
petroleum products, and nonrenewable materials. Potential applications of cellulose 
nanomaterials are present in the automotive, construction, aerospace industries, 
etc. Also, this chapter exhibits global market predictions of these new materials or 
products. In summary, lignocellulosic residues are a rich source of cellulose that can be 
extracted to obtain products with high value-added and eco-friendly characteristics.

Keywords: lignocellulosic waste, cellulose, lignin, surface treatments, nanomaterials

1. Introduction

The comprehensive use of lignocellulosic waste coincides with the concept of 
circular economy because these wastes are renewable, abundant in nature, and gener-
ated in large volumes. In addition, they are a main source of natural fibers, chemical 
compounds, and other industrial products. Lignocellulosic residues are used in various 
applications depending on their composition and physical properties. Generally, 
lignocellulosic residues are constituted of cellulose, hemicellulose, lignin, pectin, 
waxes, and ash [1]. One of its main applications is the production of biofuels, where 
cellulose is subjected to various physical (mechanical, ozonolysis, pyrolysis), chemical 



37

Chapter 3

Getting Environmentally Friendly 
and High Added-Value Products 
from Lignocellulosic Waste
Elizabeth Quintana Rodríguez, Domancar Orona Tamayo, 
José Nicacio González Cervantes, Flora Itzel Beltrán Ramirez, 
María Alejandra Rivera Trasgallo  
and Adriana Berenice Espinoza Martínez

Abstract

In recent years, alternatives have been sought for the reuse of lignocellulosic waste 
generated by agricultural and other industries because it is biodegradable and renew-
able. Lignocellulosic waste can be used for a wide variety of applications, depending 
on their composition and physical properties. In this chapter, we focus on the different 
treatments that are used for the extraction of natural cellulose fibers (chemical, physi-
cal, biological methods) for more sophisticated applications such as reinforcement 
in biocomposites. Due to the different morphologies that the cellulose can present, 
depending from sources, it is possible to obtain cellulose nanocrystals (CNCs), 
micro- nanofibrillated cellulose (MFC/NFC), and bacterial nanocellulose (BNC) with 
different applications in the industry. Among the different cellulose nanomaterials 
highlighted characteristics, we can find improved barrier properties for sound and 
moisture, the fact that they are environmentally friendly, increased tensile strength 
and decreased weight. These materials have the ability to replace metallic components, 
petroleum products, and nonrenewable materials. Potential applications of cellulose 
nanomaterials are present in the automotive, construction, aerospace industries, 
etc. Also, this chapter exhibits global market predictions of these new materials or 
products. In summary, lignocellulosic residues are a rich source of cellulose that can be 
extracted to obtain products with high value-added and eco-friendly characteristics.

Keywords: lignocellulosic waste, cellulose, lignin, surface treatments, nanomaterials

1. Introduction

The comprehensive use of lignocellulosic waste coincides with the concept of 
circular economy because these wastes are renewable, abundant in nature, and gener-
ated in large volumes. In addition, they are a main source of natural fibers, chemical 
compounds, and other industrial products. Lignocellulosic residues are used in various 
applications depending on their composition and physical properties. Generally, 
lignocellulosic residues are constituted of cellulose, hemicellulose, lignin, pectin, 
waxes, and ash [1]. One of its main applications is the production of biofuels, where 
cellulose is subjected to various physical (mechanical, ozonolysis, pyrolysis), chemical 



Biotechnological Applications of Biomass

38

(acid, alkali, organosolv), and biological (commonly used white-rot fungi) pretreat-
ments. However, this review is focused on the different treatments used on the surface 
of natural fibers in order to improve their compatibility with a polymeric matrix and 
thus obtain materials with ecological, lightweight, and excellent mechanical proper-
ties, called biocomposites. It is important to mention that when carrying out some 
of these treatments, residues are generated, which can be processed to recover some 
high value-added compounds (antioxidants, sugars, bioactive phenols, organic acids, 
polysaccharides, and polyphenolics). Furthermore, the different types of biomaterials 
that can be obtained from cellulose (MCF, NFC, CNC, BNC) are described. Finally, an 
investigation of the market size of some of the products derived from lignocellulosic 
residues was carried out.

2. Biocomposites

The biocomposites are materials formed by a polymer matrix and natural fibers, 
which act as reinforcements. Among their main advantages, we can highlight the 
following: low density, low cost, high resistance, and they are eco-friendly as well. 
However, they have a disadvantage, incompatibility between polymer matrix and 
natural fibers, because polymers are hydrophobic and natural fibers have a hydro-
philic nature. This is reflected in the mechanical performance of biocomposites. 
Because of this, chemical and physical treatments have been developed to promote 
interfacial adhesion between polymer and natural fibers, in addition, to improve 
dimensional stability and water absorption capacity of biocomposites [2]. In 
comparison to chemical and physical treatments, biological treatments are consid-
ered efficient and environmentally friendly processes. In nature, a great variety of 
microorganisms capable of degrading lignin, cellulose, and hemicellulose are found 
[3]. Inside these microorganisms, we can find out fungi that have the enzymatic 
structure necessary to degrade this type of polymers [4]. The main applications of 
biocomposites are automotive parts (door panel/inserts, seatbacks, spare tyre cov-
ers, interior panels, etc.), circuit boards, aerospace industry, building materials, etc.

2.1 Chemical treatment

As mentioned above, the main objective of the chemical treatment is to improve 
the adhesion between the natural fibers and the polymer matrix, in addition, it is 
possible to reduce the absorption of moisture, therefore the mechanical properties 
are improved. Chemical treatments including alkali, silane, acetylation, benzo-
ylation, acrylation, maleated coupling agents, isocyanates, and others are com-
monly used. Alkali treatment. This method changes the surface morphology of the 
fibers, due to the breaking of the hydrogen bonds causing a roughness surface. The 
aqueous sodium hydroxide (NaOH) applied to natural fibers promotes the ioniza-
tion of the hydroxyl group to the alkoxide [5]. It also removes certain quantity of 
lignin, oils, and waxes from the fiber surface; this treatment depolymerizes the cel-
lulose in such a way that the cellulose crystals are left exposed on the fiber surface, 
increasing the reaction sites. This type of treatment is widely used with natural 
fibers that act as a reinforcement in either thermoplastic or thermosets polymers. 
Vinayaka et al. [6] found that biocomposites containing alkali-treated castor plant 
fibers have better mechanical properties than those with untreated castor plant 
fibers. Finally, alkaline processing directly influences the cellulosic fibril, the degree 
of polymerization, and the extraction of lignin and hemicellulosic compounds 
[7]. Several studies have been focused on the accurate concentration of NaOH, 
the temperature, and the time of the treatment over the fibers surface, in order to 
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obtain biocomposites able to present satisfactory mechanical properties [8]. Silane 
treatment. According to Xie et al. [9], to effectively couple the natural fibers and 
polymer matrices, the silane molecule should have bifunctional groups, which may 
respectively react with the two phases thereby forming a bridge in between them.  
The general chemical structure of silane coupling agents consists of R(4-n)▬Si▬(R’X)n 
(n = 1, 2), where R is alkoxy, X represents an organofuncionality, and R’ is an alkyl 
bridge connecting the silicon atom and the organofuncionality. Silanes can be 
dissolved in organic solvents or in a water/solvent mixture; this solution can be 
sprayed on the surface of natural fibers. Silane coupling agents have been found to 
be efficient improving the compatibility between natural fibers and the polymeric 
matrix by increasing the tensile strength of the biocomposite. Nishitani et al. [10] 
studied the effects of silane coupling agents on surface of hemp fiber, and they 
found that the tribological properties of the biocomposites were improved with 
the surface treatment by the silane coupling agent. Acetylation. Acetylation is a 
reaction that introduces an acetyl functional group into an organic compound. In 
natural fibers, the acetyl group reacts with the hydroxyl groups of the fiber and an 
esterification is generated, which reduces its hydrophilic nature. The advantages of 
using this method is that it increases the thermal stability as well as the dispersion 
of the fibers in a polymeric matrix [11]. Benzoylation. Benzoylation is an important 
transformation in organic synthesis [12]. Benzoyl chloride is most often used in 
fiber treatment. Benzoylation of fiber improves fiber-matrix adhesion, thereby 
considerably increasing the strength of the composite, decreasing its water absorp-
tion, and improving its thermal stability [13]. Maleated coupling agents. These agents 
are mainly used to increase the compatibility between the polymeric matrix and the 
natural fiber. Generally, maleic anhydride is applied to modify the fiber’s surface, 
and the polypropylene (MAAP) enhances the interfacial bonds, as a result of that 
the mechanical properties increase (Impact strength, young’s modulus, flexural 
modulus, and hardness) [14]. Permanganate. Most of the permanganate treatments 
are conducted by using potassium permanganate (KMnO4) solution (with acetone) 
in different concentrations with a soaking duration from 1 to 3 min after alkaline 
pretreatment [15, 16]. Paul et al. [17] studied the electrical properties of short-sisal 
fiber-reinforced low-density polyethylene composites using different surface treat-
ments. As a result of permanganate treatment, the hydrophilic nature of the sisal 
fibers is reduced, and therefore, the water absorption decreases. At higher concen-
trations of KMnO4, there are possibilities to lead to the degradation of cellulosic 
fiber by the formation of polar groups. The dielectric constant values increase as the 
concentration of KMnO4 increases. Peroxide. Organic peroxides tend to decompose 
easily to form free radicals and attack the most available hydrogen in the polymer 
matrix and natural fibers. Benzoyl peroxide (BP) and dicumyl peroxide (DCP) are 
used in natural fiber surface modifications [11]. As a result of peroxide treatment, 
the hydrophilicity of the fiber decreases [17] and the tensile properties increase. 
Isocyanate. The isocyanate functional group (▬N═C═O) is highly susceptible to react 
with the hydroxyl groups of cellulose and lignin in fibers. Joseph and Thomas [18] 
studied the chemical treatment of the cardanol derivative of toluene diisocyanate 
(CTDIC) in sisal fiber-LDPE composites. It was demonstrated that CTDIC com-
posites show superior tensile properties than other chemically treated sisal fiber 
composites due to their better compatibility between sisal fibers and LDPE.

2.2 Physical treatment

There are different types of physical treatments used to modify only the surface 
of natural fibers without changing their chemical composition. Physical treatments 
promote the separation of the fiber bundle into individual fibrils and thus increase the 
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(acid, alkali, organosolv), and biological (commonly used white-rot fungi) pretreat-
ments. However, this review is focused on the different treatments used on the surface 
of natural fibers in order to improve their compatibility with a polymeric matrix and 
thus obtain materials with ecological, lightweight, and excellent mechanical proper-
ties, called biocomposites. It is important to mention that when carrying out some 
of these treatments, residues are generated, which can be processed to recover some 
high value-added compounds (antioxidants, sugars, bioactive phenols, organic acids, 
polysaccharides, and polyphenolics). Furthermore, the different types of biomaterials 
that can be obtained from cellulose (MCF, NFC, CNC, BNC) are described. Finally, an 
investigation of the market size of some of the products derived from lignocellulosic 
residues was carried out.
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are improved. Chemical treatments including alkali, silane, acetylation, benzo-
ylation, acrylation, maleated coupling agents, isocyanates, and others are com-
monly used. Alkali treatment. This method changes the surface morphology of the 
fibers, due to the breaking of the hydrogen bonds causing a roughness surface. The 
aqueous sodium hydroxide (NaOH) applied to natural fibers promotes the ioniza-
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obtain biocomposites able to present satisfactory mechanical properties [8]. Silane 
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studied the effects of silane coupling agents on surface of hemp fiber, and they 
found that the tribological properties of the biocomposites were improved with 
the surface treatment by the silane coupling agent. Acetylation. Acetylation is a 
reaction that introduces an acetyl functional group into an organic compound. In 
natural fibers, the acetyl group reacts with the hydroxyl groups of the fiber and an 
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transformation in organic synthesis [12]. Benzoyl chloride is most often used in 
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are conducted by using potassium permanganate (KMnO4) solution (with acetone) 
in different concentrations with a soaking duration from 1 to 3 min after alkaline 
pretreatment [15, 16]. Paul et al. [17] studied the electrical properties of short-sisal 
fiber-reinforced low-density polyethylene composites using different surface treat-
ments. As a result of permanganate treatment, the hydrophilic nature of the sisal 
fibers is reduced, and therefore, the water absorption decreases. At higher concen-
trations of KMnO4, there are possibilities to lead to the degradation of cellulosic 
fiber by the formation of polar groups. The dielectric constant values increase as the 
concentration of KMnO4 increases. Peroxide. Organic peroxides tend to decompose 
easily to form free radicals and attack the most available hydrogen in the polymer 
matrix and natural fibers. Benzoyl peroxide (BP) and dicumyl peroxide (DCP) are 
used in natural fiber surface modifications [11]. As a result of peroxide treatment, 
the hydrophilicity of the fiber decreases [17] and the tensile properties increase. 
Isocyanate. The isocyanate functional group (▬N═C═O) is highly susceptible to react 
with the hydroxyl groups of cellulose and lignin in fibers. Joseph and Thomas [18] 
studied the chemical treatment of the cardanol derivative of toluene diisocyanate 
(CTDIC) in sisal fiber-LDPE composites. It was demonstrated that CTDIC com-
posites show superior tensile properties than other chemically treated sisal fiber 
composites due to their better compatibility between sisal fibers and LDPE.

2.2 Physical treatment

There are different types of physical treatments used to modify only the surface 
of natural fibers without changing their chemical composition. Physical treatments 
promote the separation of the fiber bundle into individual fibrils and thus increase the 
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surface area of the fibers and the compatibility with the polymer matrix. According 
to Ahmed et al. [11], these physical treatments can be classified as follows: mechani-
cal treatment (stretching, calendaring, or rolling), solvent extraction treatment, 
and electric discharge (plasma treatment, corona treatment, ionized air treatment, 
thermal treatment, steam explosion, electron radiation, dielectric barrier, and ultra-
violet). The mechanical treatments promote the interactions between the natural fibers 
and the polymeric matrix by increasing the surface area of the fibers and decreasing 
the density and stiffness; therefore, a better distribution of the fibers in the polymer 
matrix is achieved [19]. Solvent extraction can increase the surface area and remove 
soluble impurities for natural fibers and fillers. Hence, fibers with high cellulose 
content are obtained. However, this treatment is not widely used because it generates 
dangerous stems that pollute the environment [20]. Electric discharge improve the 
compatibility between the hydrophilic fiber and the polymer matrix through rough-
ness of the natural fiber surface and structure [21]. Plasma treatment does not need 
the use of chemicals, which makes it environmentally friendly and cheaper as well. 
Fazeli et al. [22] modified cellulose fibers by using plasma treatment for the develop-
ment of biocomposites using a thermoplastic starch matrix (TPS), obtaining a bio-
composite with acceptable mechanical properties due to a good interfacial interaction 
between cellulose fibers and TPS, verified by scanning electron microscope (STEM). 
Corona treatment changes the surface of natural fibers (surface energy can decrease 
or increase and free radicals can be produced) by using different types of gases and 
cold plasma [23]. The steam explosion and alkaline extraction treatments are the most 
efficient for the removal of hemicellulose fibers. Ultraviolet rays treatment oxidizes 
the surface of the natural fibers and improves the mechanical properties due to a good 
interfacial adhesion between natural fibers and the polymer matrix [24].

2.3 Biological pretreatment

Biological pretreatment is based in the extracellular enzymes released by micro-
organisms in which enzymes degrade the noncellulosic components of the fiber 
surface. Biological pretreatment of fiber offers relevant advantages, such as low 
chemical and energy use that make it eco-friendly [25]. A great variety of microor-
ganisms exists in nature, they are able to hydrolyze lignin, being the fungi the most 
studied [3]. Basidiomycetes white-rot fungi are responsible for lignin degradation 
in nature; they can break down not only lignin but also hemicellulose and cellulose. 
It has been reported that these microorganisms degrade lignin in a selective way 
that is able to offer potential biotechnological application [26]. However, recent 
studies have shown that many bacteria are able to break down lignin [27]. Likewise, 
enzymes have an enormous potential to be used for lignin valorization.

2.3.1 Fungal lignin degradation

The breaking down of lignin by fungi has been reported mainly for white-rot 
fungi due to their highly efficient enzymatic system. White-rot fungi are able to 
degrade lignin in such an efficiently and selectively way that gives them utility in 
the industry. These fungi have been applied by different industries such as paper, 
biofuels, and biorefinery for delignifying biomass [28]. According to the selected 
strain, it is possible to obtain 20–100% for lignin removal. Black liquor from a pulp 
and paper mill, treated with the fungi Pleurotus ostreatus, reduced 70% its lignin 
content [29]. Sugarcane bagasse treated with Lentinula edodes and P. ostreatus 
presented, after the treatment, 87 and 85% of lignin, respectively [30]. Biological 
pretreatment of bamboo culms with Punctularia sp. Strain TUFC20056 showed 
more than 50% on lignin degradation [31]. High ligninolytic capabilities have 
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been found in the fungi Polyporus brumalis using wheat straw as substrate [32]. 
The fungal lignin degradation is based in an oxidative system. The oxidative and 
ligninolytic system is based in extracellular enzymes, which break down lignins and 
open phenyl rings; these enzymes are divided into two families: polyphenol oxi-
dases (laccases) and lignin-modifying heme-containing peroxidases (LMPs); this 
second family comprises: lignin peroxidases (LiP), manganese peroxidases (MnP), 
and versatile peroxidases (VP) [33].

Laccases use molecular oxygen to oxidize aromatic and nonaromatic com-
pounds, such as phenols, arylamines, anilines, thiols, and lignins [34]. The 
oxidation leads to the constitution of free radicals that act as intermediate for the 
enzymatic reactions. Likewise, these mediators can react with others high redox 
potential compounds and mediate nonenzymatic reactions [26]. White-Rot fungi 
are mainly reported to produce laccases such as, Phlebia radiata, P. ostreatus, and 
Trametes versicolor [35]. Although this enzyme is generally found in fungi, it has 
been found in bacteria as well, such as Streptomyces lavendulae, S. cyaneus, and 
Marinomonas mediterranea [36]. Laccases present an enormous potential because 
they work efficiently on a broad range of substrates with applications on paper 
industries, biosensors (identifying morphine or codeine), food industries, textile 
industries, soil bioremediation, and in the production of polymers [37].

LMPs belong to class II peroxidases, named plant, and fungal peroxidases, which 
contain protoporphyrin IX as a prosthetic group [38]. LiP enzymes oxidize different 
phenolic aromatic compounds and nonphenolic lignin compounds due to the fact 
that they are not very specific to their substrates [39]. LiP enzymes have been found 
only in a few white-rot fungi such as the genera: Bjerkandera, Phanerochaete, Phlebia, 
and Trametes [40–42]. The most common peroxidases found in white-rot fungi and 
other litter-decomposing fungi are the glycoproteins MnP [43]. The MnP glyco-
proteins catalyze the oxidation of Mn (II) to Mn (III), which is released in complex 
with oxalate or others chelators [44]. MnP enzymes are found in white-rot wood 
and litter-decomposing fungi such as Dichomitus squalens, Agaricus bisporus, and 
Agrocybe praecox [45]. VP enzymes present molecular similarities to LiP and MnP, 
oxidizing substrates as LiP and Mn2+ with a similar catalytic site to MnP [38]. VP 
enzyme has been found in white-rot fungal in the genera Pleurotus and Bjerkandera 
[46]. A variety of low molecular weight aromatic compounds are obtained from fun-
gal lignin degradation, such as, guaiacol, coniferyl alcohol, p-coumarate, ferulate, 
protocatechuate, p-hydroxybenzoate, and vanillate [47]. The resulting liquor can be 
used by bacteria that can metabolize lignin-derived aromatics compounds [48].

2.3.2 Bacterial lignin degradation

It has been reported that bacteria are able to degrade lignin through a complex 
of enzymes, such as extracellular peroxidases, Dye-decolorizing peroxidases 
(DyPs), and laccases. Among the reported bacterial genus, we found Rhodococcus, 
Pseudomonas, Streptomyces, Novosphingobium, and Bacillus [49]. The bacteria S. 
viridosporus and N. autotrophica were able to degrade lignin through extracellular 
peroxidases, whereas P. putida, Rhodococcus RHA1, and Rhodococcus sp. were active 
in hydrogen peroxide absence suggesting the presence of extracellular laccases [50]. 
DyP peroxidases are able to oxidize lignin, aromatic dye, and other phenolic com-
pounds [51]. In spite of finding at first the DyP peroxidases in fungi, recent studies 
have shown that these enzymes are prominent in bacteria [52]. Bioinformatic 
analysis showed that R. jostii sp. presents two peroxidases members of the DyP per-
oxidase family, and the deletion mutant gene assay in these genes showed reduced 
lignin degradation [53]. Bacterial laccases have showed high tolerance to tempera-
ture, salt, and acid/alkaline conditions, which make them valuable in the industry, 
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surface area of the fibers and the compatibility with the polymer matrix. According 
to Ahmed et al. [11], these physical treatments can be classified as follows: mechani-
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the density and stiffness; therefore, a better distribution of the fibers in the polymer 
matrix is achieved [19]. Solvent extraction can increase the surface area and remove 
soluble impurities for natural fibers and fillers. Hence, fibers with high cellulose 
content are obtained. However, this treatment is not widely used because it generates 
dangerous stems that pollute the environment [20]. Electric discharge improve the 
compatibility between the hydrophilic fiber and the polymer matrix through rough-
ness of the natural fiber surface and structure [21]. Plasma treatment does not need 
the use of chemicals, which makes it environmentally friendly and cheaper as well. 
Fazeli et al. [22] modified cellulose fibers by using plasma treatment for the develop-
ment of biocomposites using a thermoplastic starch matrix (TPS), obtaining a bio-
composite with acceptable mechanical properties due to a good interfacial interaction 
between cellulose fibers and TPS, verified by scanning electron microscope (STEM). 
Corona treatment changes the surface of natural fibers (surface energy can decrease 
or increase and free radicals can be produced) by using different types of gases and 
cold plasma [23]. The steam explosion and alkaline extraction treatments are the most 
efficient for the removal of hemicellulose fibers. Ultraviolet rays treatment oxidizes 
the surface of the natural fibers and improves the mechanical properties due to a good 
interfacial adhesion between natural fibers and the polymer matrix [24].

2.3 Biological pretreatment

Biological pretreatment is based in the extracellular enzymes released by micro-
organisms in which enzymes degrade the noncellulosic components of the fiber 
surface. Biological pretreatment of fiber offers relevant advantages, such as low 
chemical and energy use that make it eco-friendly [25]. A great variety of microor-
ganisms exists in nature, they are able to hydrolyze lignin, being the fungi the most 
studied [3]. Basidiomycetes white-rot fungi are responsible for lignin degradation 
in nature; they can break down not only lignin but also hemicellulose and cellulose. 
It has been reported that these microorganisms degrade lignin in a selective way 
that is able to offer potential biotechnological application [26]. However, recent 
studies have shown that many bacteria are able to break down lignin [27]. Likewise, 
enzymes have an enormous potential to be used for lignin valorization.

2.3.1 Fungal lignin degradation

The breaking down of lignin by fungi has been reported mainly for white-rot 
fungi due to their highly efficient enzymatic system. White-rot fungi are able to 
degrade lignin in such an efficiently and selectively way that gives them utility in 
the industry. These fungi have been applied by different industries such as paper, 
biofuels, and biorefinery for delignifying biomass [28]. According to the selected 
strain, it is possible to obtain 20–100% for lignin removal. Black liquor from a pulp 
and paper mill, treated with the fungi Pleurotus ostreatus, reduced 70% its lignin 
content [29]. Sugarcane bagasse treated with Lentinula edodes and P. ostreatus 
presented, after the treatment, 87 and 85% of lignin, respectively [30]. Biological 
pretreatment of bamboo culms with Punctularia sp. Strain TUFC20056 showed 
more than 50% on lignin degradation [31]. High ligninolytic capabilities have 
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been found in the fungi Polyporus brumalis using wheat straw as substrate [32]. 
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ligninolytic system is based in extracellular enzymes, which break down lignins and 
open phenyl rings; these enzymes are divided into two families: polyphenol oxi-
dases (laccases) and lignin-modifying heme-containing peroxidases (LMPs); this 
second family comprises: lignin peroxidases (LiP), manganese peroxidases (MnP), 
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oxidation leads to the constitution of free radicals that act as intermediate for the 
enzymatic reactions. Likewise, these mediators can react with others high redox 
potential compounds and mediate nonenzymatic reactions [26]. White-Rot fungi 
are mainly reported to produce laccases such as, Phlebia radiata, P. ostreatus, and 
Trametes versicolor [35]. Although this enzyme is generally found in fungi, it has 
been found in bacteria as well, such as Streptomyces lavendulae, S. cyaneus, and 
Marinomonas mediterranea [36]. Laccases present an enormous potential because 
they work efficiently on a broad range of substrates with applications on paper 
industries, biosensors (identifying morphine or codeine), food industries, textile 
industries, soil bioremediation, and in the production of polymers [37].

LMPs belong to class II peroxidases, named plant, and fungal peroxidases, which 
contain protoporphyrin IX as a prosthetic group [38]. LiP enzymes oxidize different 
phenolic aromatic compounds and nonphenolic lignin compounds due to the fact 
that they are not very specific to their substrates [39]. LiP enzymes have been found 
only in a few white-rot fungi such as the genera: Bjerkandera, Phanerochaete, Phlebia, 
and Trametes [40–42]. The most common peroxidases found in white-rot fungi and 
other litter-decomposing fungi are the glycoproteins MnP [43]. The MnP glyco-
proteins catalyze the oxidation of Mn (II) to Mn (III), which is released in complex 
with oxalate or others chelators [44]. MnP enzymes are found in white-rot wood 
and litter-decomposing fungi such as Dichomitus squalens, Agaricus bisporus, and 
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[46]. A variety of low molecular weight aromatic compounds are obtained from fun-
gal lignin degradation, such as, guaiacol, coniferyl alcohol, p-coumarate, ferulate, 
protocatechuate, p-hydroxybenzoate, and vanillate [47]. The resulting liquor can be 
used by bacteria that can metabolize lignin-derived aromatics compounds [48].

2.3.2 Bacterial lignin degradation

It has been reported that bacteria are able to degrade lignin through a complex 
of enzymes, such as extracellular peroxidases, Dye-decolorizing peroxidases 
(DyPs), and laccases. Among the reported bacterial genus, we found Rhodococcus, 
Pseudomonas, Streptomyces, Novosphingobium, and Bacillus [49]. The bacteria S. 
viridosporus and N. autotrophica were able to degrade lignin through extracellular 
peroxidases, whereas P. putida, Rhodococcus RHA1, and Rhodococcus sp. were active 
in hydrogen peroxide absence suggesting the presence of extracellular laccases [50]. 
DyP peroxidases are able to oxidize lignin, aromatic dye, and other phenolic com-
pounds [51]. In spite of finding at first the DyP peroxidases in fungi, recent studies 
have shown that these enzymes are prominent in bacteria [52]. Bioinformatic 
analysis showed that R. jostii sp. presents two peroxidases members of the DyP per-
oxidase family, and the deletion mutant gene assay in these genes showed reduced 
lignin degradation [53]. Bacterial laccases have showed high tolerance to tempera-
ture, salt, and acid/alkaline conditions, which make them valuable in the industry, 
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being the first bacterial laccases identified in Azospirillum lipoferum [54]. Many 
soil bacteria, actinobacteria, and α-, β-, and γ-proteobacteria have shown bacte-
rial laccase genes [55]. A higher laccase production was reached by the bacteria 
Streptomyces sp. KS1025A compared with white-rot fungi in reduced time [56].

2.3.3 Lignin-derived aromatic compounds breaking down by microorganisms

Low molecular weight aromatic compounds are obtained after fungal lignin 
depolymerization, such as guaiacol, coniferyl alcohol, p-coumarate, ferulate, pro-
tocatechuate, p-hydroxybenzoate, and vanillate [57]. Bacteria have the enzymatic 
machinery to metabolize-derived aromatic compounds that could allow the genera-
tion of value-added products such as flavors, polymer building blocks, and energy 
storage compounds (Figure 1). R. opacus DSM 1068 and PD630 strains were able to 
convert lignin into triacylglycerols under nitrogen-limiting conditions [58].

P. paucimobilis is able to metabolize β-aryl ether lignin dimer compounds to yield 
vanillic acid [59]. In the catecholic compounds production, O-demethylation is an 
essential process with ring cleavage catalyzed by dioxygenase [60]. Sphingobium is a 
bacterial genus characterized for the catabolism of lignin-derived aromatic com-
pounds sp. being able to produce protocatechuate/gallate and 3-O-methylgallate 
[61]. While Ralstonia eutropha strain H16 was able to synthesize the biopolyester 

Figure 1. 
Biorefinery based on microbial pretreatment in lignocellulosic residues.
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polyhydroxyalkanoate (PHA) from lignin derivates [62], Pandorea sp. ISTKB 
converts lignin and its derivates into a value-added product PHA [63].

Fungal and bacterial lignin degraders (BLD) depolymerize the lignocellulosic 
residues, thus obtaining hemicellulose and cellulose that can be used to produce 
biocomposites or biofuels and lignin-derived aromatic compounds which can be 
transformed by bacteria to value-added bioproducts.

2.3.4 Challenges in microbial lignin degradation

Biological lignin degradation process does not involve high temperatures and 
pressures and does not generate any undesirable products. However, it is a time-
consuming process, and there is not an accurate control on it [64]. Long time is 
necessary to achieve microbial lignin degradation that can range from 10 to 100 days, 
which is not suitable for commercial applications [28]. Several efforts have been 
made to engineer microorganisms in order to be more efficient to metabolize 
lignin-derived compounds with remarkable biotechnological applications, such as 
pretreatment of lignocellulosics, pulping and bleaching in the paper industry, and 
decolorization in the textile industry [49]. Yarrowia lipolytica was transformed with 
laccases genes from Pycnoporus cinnabarinus offering an efficient model for the 
engineering of laccases with industrial applications [65]. A dye-decolorizing peroxi-
dase from P. putida MET94 strain was engineered to enhance 100-fold the catalytic 
efficiency when oxidizing phenolic lignin model substrates [66]. On the other hand, 
multi-copy recombinant Pichia pastoris strain expressed lignin peroxidase from 
P. chrysosporium reaching a maximum activity after 12 h induction [67]. Systems 
among ligninolytic microorganisms and enzymes demonstrate an enormous poten-
tial to enhance the lignin degradation [68].

2.3.5 Purified enzymes

The application of enzymes is an attractive alternative due to its shortened time, 
improved yield, and simple processing [69]. The most common enzymes used to 
break down lignin are peroxidase and laccase, catalyzing lignin oxidation. Among 
the most studied peroxidases are lignin peroxidases and manganese-dependent 
peroxidases. These enzymes degrade lignin randomly converting the phenolic group 
to free radicals, which lead to lignin depolymerization [70]. Fungal peroxidase from 
P. ostreatus shown lignin degradation at 30°C and pH 4 yielding 2,6-dimethoxy-
1,4-benzoquinone, benzoic acid, butyl phthalate, and bis(2-ethylhexyl) phthalate 
[71]. Laccase can be isolated from fungi and bacteria; it is able to oxidize phenolic 
compounds; however, it can cooperate with mediators (small molecules able to trans-
fer an electron) to degrade nonphenolic compounds [72]. In spite fungal laccases are 
selected, not only bacterial laccases have higher thermostability and an extended pH 
range of use but also they represent a good alternative to lignin depolymerization 
[73]. The company MetGen Oy has designed the enzyme MetZyme® LIGNO™, a 
genetically laccase of bacteria origin that can perform its activity in extremely alka-
line pH and at elevated temperatures [74]. The enzyme immobilization has also been 
attempted to improve product separation and catalyzation because the enzymes can 
be made reusable through techniques such as cross-linking of enzymes, immobiliza-
tion onto nanomaterials, or entrapping on beads [75]. Laccases from Fomes fomentar-
ius and T. versicolor were cross-linked showing higher catalytic efficiency, stabilities, 
and high reusability compared with the free laccase [76]. Other efforts have been 
made to design multienzyme biocatalysts to improve stability and efficiency of lignin 
degradation. Co-immobilization of laccase and horseradish peroxidase by cross-
linking maintains their activity and improves enzyme stability [77].
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vanillic acid [59]. In the catecholic compounds production, O-demethylation is an 
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Figure 1. 
Biorefinery based on microbial pretreatment in lignocellulosic residues.
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polyhydroxyalkanoate (PHA) from lignin derivates [62], Pandorea sp. ISTKB 
converts lignin and its derivates into a value-added product PHA [63].
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1,4-benzoquinone, benzoic acid, butyl phthalate, and bis(2-ethylhexyl) phthalate 
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line pH and at elevated temperatures [74]. The enzyme immobilization has also been 
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be made reusable through techniques such as cross-linking of enzymes, immobiliza-
tion onto nanomaterials, or entrapping on beads [75]. Laccases from Fomes fomentar-
ius and T. versicolor were cross-linked showing higher catalytic efficiency, stabilities, 
and high reusability compared with the free laccase [76]. Other efforts have been 
made to design multienzyme biocatalysts to improve stability and efficiency of lignin 
degradation. Co-immobilization of laccase and horseradish peroxidase by cross-
linking maintains their activity and improves enzyme stability [77].
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3. New biomaterials

Cellulose is the most abundant polymer in the world. It is a linear polymer of 
β-d-glucose molecules linked by β(1 → 4) bonds. Due to this bond, each molecule 
has the ability to rotate 180° with regard to the previous one, forming long linear 
chains that are stabilized by the presence of hydrogen bonds and join chains to 
others. The cellulose micelle is made up approximately from 60 to 70 cellulose 
chains, and the union of 20 or 30 cellulose micelles achieves a semicrystalline pack-
ing and the formation of microfibrils. However, the morphology, size, and other 
characteristics depend on the cellulose origin, and according to the above, cellulose 
microfibrils (MFC)/nanofibrils (NFC), cellulose nanocrystals (CNCs), and bacte-
rial nanocellulose (BNC) can be obtained [78].

3.1 Micro/nanofibrillated cellulose (MFC/NFC)

Microfibrillated cellulose (MFC) is obtained with the longitudinally disintegration 
of cellulose fibers by multiple mechanical shearing actions; in this way, a three-dimen-
sional network of cellulose microfibrils (10–100 nm) is achieved, which has a higher sur-
face area than conventional cellulose fibers. Due to its structure, MFC has the ability to 
form gels. Different mechanical treatment procedures have been reported to obtain MFC 
(high-pressure homogenization and grinding for example) and various pretreatments 
to facilitate the mechanical treatment (enzymatic, acid hydrolysis, mechanical cutting 
pretreatments, etc.) [79]. The mechanical properties of MFCs are higher compared 
to lignocellulosic fibers because they have a more homogeneous structure. The main 
application of MFCs is in the packaging industry due to its excellent mechanical and 
barrier properties, which are required in this sector [80]. Adel et al. [81] obtained micro/
nanofibrillated cellulose from lignocellulosic residues (rice straw, sugarcane bagasse, 
cotton stalk) and botnia softwood Kraft pulp. First, the lignocellulosic residues were 
subjected to an alkaline pretreatment to eliminate the lignin, and later, the mechanical 
treatment was applied to them using a mill. According to their results, the crystallinity 
index of MFC increased and the length of the fibers that correspond to lignocellulosic 
residues decreased compared to the fibers of the pulp. And they concluded that the 
MFC obtained have optimal mechanical and optical properties; therefore, they can be 
used as reinforcement in the paper-making industry. Nanofibrillated cellulose (NFC) 
is obtained by delamination of wood pulp (wood, sugar beet, potato tuber, hemp, flax, 
etc.) by mechanical pressure before and/or after chemical enzymatic treatment with a 
diameter between 5 and 60 nm and its length in several micrometers. It exhibits amor-
phous and crystalline domains and high specific surface area. Nanofibrillated cellulose 
(NFC)/polyvinyl alcohol (PVA) nanocomposites are prepared by dispersion of nano-
fibers obtained from several biomass sources, normally at low contents (1–10%), into 
PVA aqueous solutions typically followed by solvent casting. Frone et al. [82] also used 
cellulose nanofibers obtained from microcrystalline cellulose by ultrasonic treatment 
as reinforcement (at lower 1–5 wt%) dispersed in PVA. In summary, these materials 
exhibit a high aspect ratio and specific surface area, excellent flexibility and strength, 
low thermal expansion, high optical transparency, and barrier properties. Consequently, 
they can be used to form strong transparent films and aerogels, as a rheology modifier 
and strength additive in the paper-making industry, like a constituent of food packaging 
and in different biomedical applications (drug delivery) [79].

3.2 Bacterial cellulose (BC)

Bacterial cellulose is produced by bacteria such as Acetobacter xylinus or 
Gluconacetobacter xylinus [78]. Its structure is similar to the original cellulose but 
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with an ultrafine three-dimensional network of nanofibers with an average diameter 
100 times thinner than that of common plant fibers [79]. BC has high water reten-
tion due to the fact of being very hydrophilic and having high crystallinity, is rela-
tively inexpensive to produce, and is widely used in biomedical applications (carriers 
for drug delivery, artificial skin and blood vessels, tissue engineering, etc.); hence, 
it promotes physical interaction with microorganisms and other active compounds 
because of its high porosity and surface area [83]. Azeredo et al. [84] explored the 
possibility of using BC as a raw material in the food and packaging industry applica-
tions, and they concluded that the use of this material is increasing and therefore its 
production cost is decreasing. However, research in this area continues to develop.

3.3 Cellulose nanocrystals (CNCs)

Cellulose nanocrystals are obtained by enzymatic hydrolysis and have the following 
characteristics: elongated, less flexible, cylindrical, and rod-like nanoparticles with 
4–70 nm in width, 100–6000 nm in length, and 54–88% crystallinity index [85]. Gopi 
et al. [86] used hydrochloric acid to carry out the hydrolysis of cellulose and obtained 
an improvement in the thermal stability of the CNCs but with a significant agglomera-
tion of the crystals. Park et al. [87] demonstrated a facile and green method of CNC 
extraction that uses only an high-pressure homogenization (HPH). The obtained CNCs 
presented rod-like shapes with a size distribution of 4–14 nm for width and 60–20 nm 
for length. Nanocrystalline cellulose (CNC) was dispersed in an alginate matrix for film 
application by Huq et al. [88]. They observed that with a small amount of CNC (approx-
imately 5% wt), the mechanical and barrier properties of the films made were improved 
by comparing with an alginate film. According to the results obtained by infrared 
spectroscopy (FTIR), they concluded that there was a molecular interaction between 
the CNC and the alginate through hydrogen bonds. In summary, the morphology and 
size of cellulose nanocrystals vary according to the kind of lignocellulosic biomass, 
extraction method, and manufacturing conditions. Nanocellulosic materials can be 
characterized by employing a variety of techniques [89]: X-ray diffraction (XRD), X-ray 
photoelectron spectroscopy (XPS), helium pycnometer, differential scanning calorime-
try (DSC), thermogravimetric analysis, transmission electron microscopy (TEM), field 
emission scanning electron microscopy (FESEM), and atomic force (AFM) among oth-
ers. On the other hand, cellulose nanocrystals not only consist of primary reactive sites 
(i.e., hydroxyl groups) but also they possess higher surface area to volume ratio, making 
CNC highly reactive and easy to be functionalized. The most common surface modifica-
tions of CNCs are sulfonation, TEMPO-mediated oxidation, esterification, etherifica-
tion, silylation, urethanization, amidation, polymer grafting, etc. The applications 
having the greatest potential due to the high available amount of volume on cellulose 
nanomaterials are placed in the following industries: automotive (body  components, 
interiors), construction (air and water filtration, insulation, and  soundproofing), pack-
aging (fiber/plastic replacement, filler, coating, film), paper (filler, coatings), personal 
care (cosmetics), textiles (clothing), aerogels, aerospace (structural, interiors), indus-
trial (viscosity modifiers, water purification), paint, sensors (medical, environmental, 
and industrial), electronics, photonic structures, etc. [90].

4. Recovery of chemical compounds of industrial interest

Diverse processes can be used to release lignin as the main product for the 
revaluation of different biomasses with high-value applications. Each process uses 
respective chemical agents to extract and obtain different materials from lignocel-
lulosic biomass and produces other materials with different compositions and 
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by comparing with an alginate film. According to the results obtained by infrared 
spectroscopy (FTIR), they concluded that there was a molecular interaction between 
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properties. There are distinct chemical processes of biomass hydrolysis, which use 
acids, bases, or enzymatic hydrolysis and others (other processes can be used, but 
their description would come out of the focus of this chapter) whose choice mainly 
depends on the material structure and characteristics desired for the products to be 
recovered. However, various sources of lignocellulosic materials need to be consid-
ered separately since they have different compositions of cellulose, hemicellulose, 
and lignin. Against all odds, the depolymerization process of the lignocellulosic bio-
mass is a common goal for all different feedstocks for the production of all types of 
chemicals [91]. In particular, polyphenolic acids are a group of chemical compounds 
that are widely distributed in plant biomasses. Those compounds are important 
antioxidants that efficiently interact with biomolecules such as DNA, RNA, lipids, 
proteins, enzymes, and other cellular molecules to produce desired results. Due to 
the benefic effects, that can be useful for preventing the oxidation in foods, and 
therapeutic human disorders [92], all of them can be used with potential applica-
tions in the pharmacy, food, cosmetic, and nutraceutical industries.

4.1 Chemicals derived from alkaline-based methods

Alkaline pretreatment is one of the most intensively studied technologies for 
biomass delignification [93], and the application of alkaline liquid with NaOH into 
the bagasse to obtain a black liquor that contains value-added chemicals has been 
investigated. This procedure is useful for the releasing of chemical compounds in 
different biomasses; particularly, this method has been commonly used for the 
processing of the switchgrass (Panicum virgatum), corn stover (Zea mays), and for-
estry biomasses. Due to their abundance and availability, the use of the process can 
produce a different number of high-value fine chemicals such as sugars, vanillin, 
isoeugenol, guaiacylpropanol, guaiacylethanol, ferulic, p-coumaric, and syringic 
acids [94, 95]. For example, different woody species of Quercus and Robinia were 
subjected to alkaline hydrolysis, and liquors were analyzed by GC-MS. The authors 
recovered and identified specific bioactive phenols for each woody species such as 
gallic acid, coniferyl alcohol, vanillic acid, syringaldehyde, and traces of epicatechin 
and catechin [96]. For the optimum alkali treatment concentration in sweet sor-
ghum bagasse, different types of phenolic species were determined with the use of 
alkali treatments between concentrations of 3.0 and 6.0 M NaOH, resulting in high 
concentrations of phenol, 4-ethylphenol, and guaiacol [97].

4.2 Chemicals derived from acid-based methods

The acidic pretreatment is a contemporaneous method for the processing of differ-
ent cereal straws. Nowadays, acidic and alkaline methods are used especially with other 
methods such as enzymatic hydrolysis for the production of fermentable sugar and 
polyphenols. Dilute sulfuric acid pretreatment was used on corn stover feedstock and 
storage for 3 months, resulting in nonobservable microbial infestation. The cellulose 
content was stable while the hemicellulose content exhibited a slight decrease in furfural 
and oligomers, and the concentration of chemical compounds such as O-glucose and 
O-xylose was also constant [98]. In recent years, the focus has been on the use of other 
types of biomasses of fruit, for example, apple pomace, citrus, bananas, and mango 
among others [99]. In that aspect, different solutions of sulfuric acids were used for the 
valorization of apple pomace and the production of fermentable sugars and organic 
acids; the hemicellulose of the biomass was hydrolyzed, and the obtained liquor con-
tained different concentrations of sugars such as glucose, xylose, arabinose, rhamnose, 
and galacturonic acid [100]. Those are new examples of the use of the acidic digestion of 
new biomasses with new co-products with a high application mainly in food industries.
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4.3 Chemicals derived from hot water methods

Hot water, also known as autohydrolysis, hydrolyzes hemicellulose to release acetyl 
chemical groups and diverse polyphenols and removes lignin, making cellulose fibers 
more accessible [101]. The hot water method is very extreme, due to the fact that this 
method uses water at high temperatures usually between 170 and 230°C [102]. The 
resulting liquor contains different concentrations of sugars and chemical constituents 
such as polyphenols. Polyphenol compounds are covalently attached to the cell wall 
constituents such as cellulose, hemicelluloses, lignin, pectin, and structural proteins 
[103]. For example, hydroxycinnamic and hydroxybenzoic acids form ether linkages 
with lignin through their hydroxyl groups in the aromatic ring and ester linkages with 
structural carbohydrates and proteins through their carboxylic group [104]. Therefore, 
the recovery of the polyphenols can be made by selective extraction with ethyl acetate, 
purified and cleaned with resins to obtain a high yield of polyphenols with a direct 
use in food industries [105]. Ares-Péon et al. characterized phenolic compounds 
from liquors of stems maize (Zea mays) and Eucalyptus globulus with the use of hot 
water. Those authors found high recoveries of different polyphenols such as vanillin, 
ferulic, coumaric, sinapinic, hydroxybenzoic acids, guaiacol, and others. In addition, 
strong antioxidant activities have been reported in oligosaccharides esterified with 
polyphenols compounds derived from cell wall of diverse biomasses subjected to hot 
water methods. For example, in heteroxylans, such as arabinoxylan or glucuronoxylan, 
the main and predominant component is the hemicellulosic chain polymer, found 
in hardwoods, brans, and other softwoods [106], which can link some esterified 
phenolic acids to the oligosaccharides chain. In that sense, Rivas et al. [107] analyzed, 
by autohydrolysis, samples of liquor from rice husks, Eucalyptus globulus wood, and 
Pinus pinaster and found high amounts of hemicellulose-derived saccharides with 
esterified polyphenols. The samples displayed higher antiradical activities against 
strong antioxidants such as DPPH, ABTS, and ferric-reducing power; in addition, the 
polyphenol samples exerted high antioxidant protection to β-carotene-linoleic emul-
sions. The authors concluded that those antioxidant activities were mainly due to the 
esterification of polyphenols such as ferulic, syringic, and vanillic acids found in these 
polymers. Autohydrolysis has been used to extract polysaccharides and polyphenolic 
compounds from different biomass sources such as coffee, Eucalyptus and hazelnut 
shells among others, with high antioxidant activities [108, 109].

4.4 Chemicals derived from enzymatic-based methods

Different enzymes have been involved in the lignin break down in order to release 
value-added chemical compounds, with different uses in the food industries. It is 
important to note that alkaline and acidic methods can support the delignification of 
the biomasses residues to support the use of enzymatic digestion and obtain mainly 
sugars, polyphenols, and organic acids. Biomasses such as sugarcane, maize, agave, 
and sweet sorghum bagasse are widely used for the sugar and phenol extractions 
[110]. There are other nonconventional biomasses that can use this type of acidic 
or alkaline pretreatments for the degradation of hemicellulose and therefore obtain 
fermentable sugars and release antioxidant molecules. For example, biomasses such 
as corn cobs, orange, and pomegranate peels produced high yields of glucose and 
reduced sugars employing alkaline and enzymatic treatments [111]. Pomegranate 
biomass contains a high concentration of fermentable sugars that can be used in 
ethanol production and secondary polyphenols derived from the chemical hydrolysis. 
Pomegranate biomass contains a high concentration of fermentable sugars that can 
be used in ethanol production and secondary polyphenols derived from the chemical 
hydrolysis, due to this fact, pomegranate peels were subjected to acidic hydrolysis, 
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4.3 Chemicals derived from hot water methods
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compounds from different biomass sources such as coffee, Eucalyptus and hazelnut 
shells among others, with high antioxidant activities [108, 109].

4.4 Chemicals derived from enzymatic-based methods
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the biomasses residues to support the use of enzymatic digestion and obtain mainly 
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and sweet sorghum bagasse are widely used for the sugar and phenol extractions 
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or alkaline pretreatments for the degradation of hemicellulose and therefore obtain 
fermentable sugars and release antioxidant molecules. For example, biomasses such 
as corn cobs, orange, and pomegranate peels produced high yields of glucose and 
reduced sugars employing alkaline and enzymatic treatments [111]. Pomegranate 
biomass contains a high concentration of fermentable sugars that can be used in 
ethanol production and secondary polyphenols derived from the chemical hydrolysis. 
Pomegranate biomass contains a high concentration of fermentable sugars that can 
be used in ethanol production and secondary polyphenols derived from the chemical 
hydrolysis, due to this fact, pomegranate peels were subjected to acidic hydrolysis, 
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and after an enzymatic process with cellulase there were released different ferment-
able sugars, moreover, bioethanol in presence of ethanol-producing microorganisms 
was produced. High concentrations of different sugars were released, with acid 
hydrolysis, such as glucose, xylose, cellobiose, arabinose, and fructose, with a range 
of ethanol production between 4.2 and 14.3 g/L [112]. Similarly, Talekar et al. [113] 
incorporated hydrothermal processing in combination with acid and enzymatic 
hydrolysis in pomegranate peels to recover pectin, phenols, and bioethanol. They 
recovered pectin ranges of 19–21% and phenolic compounds between 10.6 and 11.8%.

5. Pellets elaboration

Pellets are a type of biomass fuel, that is made from different agroindustrial 
biomasses; as an example, pellets are a derivative of forest biomass such as wood, 
sawdust, fruit shells, and kernels as well as agricultural remains derived from straw, 
corn stove, rice husk, and additionally from plant species with energetic potential 
such as Jatropha and Ricinus communis [114], which serve as a source of energy; 
therefore, it is a good way to use and recycle agricultural surpluses. However, the 
pellet production is not only focused on using them in the energy industries as 
solid fuel and thus avoid the use of nonrenewable energy resources such as coal, 
natural gas, nuclear energy, and oil [115]. Nowadays, the high cost of fossil fuels 
has led to a high consumption of energy pellets, mainly, since some biomasses 
are capable of producing a similar calorific index than the oil. Hence, the use of 
biomass as a heating fuel had an increase in the last decade [116]. Besides, biomass 
is considered as a carbon-neutral fuel due to the fact that there are no additional 
carbon dioxide concentrations like fossil energies [117]. However, for the pellets to 
be used in restaurant kitchens and home kitchens, the biomass must be treated to 
avoid toxic pollutants for health. For example, it is known that after the consump-
tion of biomass pellets, these produce ashes, which in their contents have high 
concentrations of chlorides, sulfides, carbonates, and silica among others that can 
be toxic to the health [118]. Different authors have pretreated the biomass with 
methodologies such as alkaline hydrolysis and heat treatment to obtain liquors rich 
in ashes, sugars, and other chemicals. In that sense, Retsina and Pylkkanen (2014) 
[119] used different treatments of the feedstock to produce an extract liquor that 
contained different chemicals such as soluble ash, hemicellulosic oligomers, acetic 
acid, dissolved lignin, and cellulose; the authors produced low-ash biomass ready to 
be transformed into energetic pellets. One of the most important parameters in the 
pellet production is its durability and is given by the pellet durability index (PDI). 
In order to achieve those parameters of PDI, strategies have been implemented to 
remove lignocellulose and sugars efficiently with the use of alkaline hydrolysis. 
Those molecules influence the final PDI of the pellet and its energetic capacity. 
For example, Tang et al. (2018), evaluated the release of lignin, soluble sugars, and 
whole particle size on the PDI of the untreated and treated Poplar (Populus spp.) 
wood sawdust, with a combination of alkaline and acid pretreatments and steam. 
The authors presented that PDI increased with those treatments, more specifically, 
with acidic pretreatment.

6.  Market of eco-friendly and high added-value products derived from 
lignocellulosic wastes

In recent years, a great number of studies have focused on the use of lignocel-
lulosic waste due to the high volume generated by the agroindustrial sector and 
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the need to manufacture new eco-friendly materials. Through a specialized search 
in the innovation platform “Lens” and using the keywords “cellulose,” “hemicel-
lulose,” “lignin,” “nanocellulose,” and “novel” between 2006 and 2020, an increase 
is shown in the production of research papers regarding cellulose, lignin, and 
nanocellulose. On the other hand, Table 1 shows the estimated market size of 
some of the major high value-added products from lignocellulosic waste before the 

Lignocellulosic 
waste

Estimated 
market 
size before 
COVID-19

Applications Negative 
impact

Opportunities References

Cellulose $48.37 
billion 
USD by 
2025

Textile, 
paper, fiber-
reinforced, 
and starch 
foams

Stranded 
supply chains, 
breach of 
contracts, 
supply chain 
shortage, and 
temporary 
closure of 
department 
stores

Increased the 
digital market, 
strengthening 
of the local 
supply chain, 
new buying 
and selling 
cycle, personal 
hygiene and 
protections 
equipment, 
made of 
corrugated 
paper, demand 
for toilet paper 
and sanitizing 
wipes, and 
medical 
materials 
packaging

[120–123]

Hemicellulose $1.3 billion 
USD by 
2007

Ethanol and 
fermentation 
products

Fuel ethanol 
consumption 
decreased

Opportunities 
in disinfection 
of medical 
materials and 
equipment

[124, 125]

Lignin Lignin 
market 
size worth 
$1.12 
billion 
USD by 
2027

Adhesives and 
binders

Temporary 
business 
closure, 
automotive 
supply 
chain, and 
automotive 
adhesives

Packaging 
adhesives and 
adhesives 
for medical 
applications

[126, 127]

Nanocellulose $0.78 
billion 
USD by 
2025

Biomedical, 
personal care, 
oil gas, paint, 
coatings, 
food, paper 
processing, 
and 
composites

Disruption in 
production 
and supply 
chains

Development 
antimicrobial 
surfaces and 
packaging

[128, 129]

Biocomposites $46.30 
billion 
USD by 
2025

Transport, 
construction, 
and 
electronics

Temporary 
closure of 
assembly 
plants

Medical 
applications

[92]

Table 1. 
Estimated market of products from lignocellulosic waste.
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COVID-19 pandemic as well as the negative impacts and area of opportunity caused 
by COVID-19. Based on the report by Global Market Insight [130], the market size 
for nanocellulose was close to 146.7 million USD in 2019 and is expected to grow 
to 418.2 million USD in 2026 because the global nanocellulose market indicates an 
increase in demand for certain applications by 2026, like paper processing, food and 
beverage packaging, paint and coatings, among others. It is important to mention 
that the term “nanocellulose” used in this report includes micro/nanofibrillated cel-
lulose, cellulose nanocrystals, and bacterial nanocellulose. Among the main nano-
cellulose manufacturing companies [128], we can mention: Fiberlan technologies 
(UK), Borregard (Norway), Nippon Paper Industries (Japan), Celluforce (Canada), 
etc. Due to the COVID-19 pandemic, demand also increased in the pulp and paper 
industry, mainly in personal hygiene paper products, food packaging products, 
corrugates packaging materials, and medical specialty papers [120]. Based on the 
above, we can conclude that the materials obtained from lignocellulosic residues 
have a wide field of application and have been successfully positioning themselves 
in the market before and after COVID-19.

7. Conclusions

The use of lignocellulosic waste is an alternative to generate environmentally 
friendly products with high added value. There is a variety of methods to modify 
the surface of cellulose fibers both to obtain biofuels and to improve their com-
patibility with a polymeric matrix and in this way, develop biocomposites with 
high mechanical performance to be used mainly in the automotive and packaging 
sectors. Likewise, from the chemical treatment waste, the black liquor is generated, 
and it can be reused for the generation of high added-value compounds. On the 
other hand, lignocellulosic residues have had a high growth potential in the market 
in a wide variety of applications; however, the COVID-19 pandemic has increased 
the use of some of these products mainly in medical applications and in the packag-
ing industry.
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Chapter 4

Laboratory Optimization Study 
of Sulfonation Reaction toward 
Lignin Isolated from Bagasse
Rini Setiati, Septoratno Siregar and Deana Wahyuningrum

Abstract

Bagasse is scientifically defined as waste from the extraction of sugarcane 
liquid after the grinding process. Bagasse is biomass which is used as raw mate-
rial to be processed into surfactants. Bagasse fiber cannot be dissolved in water 
because it consists mostly of cellulose, pentosane and lignin. The optimum 
conditions for obtaining the highest yield and the best conversion of bagasse to 
lignin were achieved when used 80 mesh bagasse and 3 M NaOH as a hydrolysis 
agent. Then lignin is reacted with 0.25 sodium bisulfite to the surfactant sodium 
lignosulfonate. Lignin and sodium lignosulfonate were further characterized using 
a FTIR spectrophotometer to determine the components contained therein. The 
lignin component consists of phenolic functional group elements, aliphatic and 
aromatic groups, ketone groups, aren functional groups, amine groups and alkyl 
groups along with standard lignin components. Likewise with lignosulfonates, 
with indicator components consisting of C═C alkenes, Sulfate S═O, C═O carbox-
ylic acids and S-OR esters. The NMR test was resulted the monomer structure of 
SLS surfactant bagasse. The results indicate that the lignin isolation process from 
bagasse has been successfully. Likewise, the sulfonation of lignin to lignosulfonate 
is also successful.

Keywords: bagasse, FTIR, isolation, lignin, lignosulfonate, sulfonation

1. Introduction

In specific, bagasse is scientifically defined as a waste of sugarcane liquid 
extraction after milling process and is in a fibrous form. Bagasse is one of the 
biomass resources that is widely used as a boiler fuel in sugar factory, source of 
animal feed, material of paper, cement and brick reinforcement material [1, 2]. 
The amount of bagasse production each year is abundant, easily obtained, and 
economical. Based on the data from Indonesian Sugar Farm Research Center 
(P3GI) [3], bagasse amounts to approximately 32% of milled sugarcane weight 
or about 10.2 million ton/year or mill/season all around Indonesia. Furthermore, 
bagasse contains 48–52% water, sugar (approximately3.3% in average), and fiber 
at an average of 47.7% [4, 5]. Bagasse fiber is unable to be dissolved in water 
because mostly it consists of cellulose, pentosane, and lignin [6]. Bagasse waste 
could be used as a raw material in producing surfactant due to its high lignin 
content, which is estimated to be approximately 25% [7]. Lignin can be separated 
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Figure 1. 
The reaction of lignin and NaOH in the delignification process [19].

from bagasse waste by lignin isolation method and hydrolysis process using 
sodium hydroxide (NaOH) solution [8, 9]. The process also depends on creating 
bagasse surface enlargement by minimizing the size of its fiber in order to have 
the better yields of the isolated product. Lignosulfonate is a derivate of lignin that 
can be produced by reacting lignin with sodium bisulfite (NaHSO3) at certain 
reaction conditions via the electrophilic addition reaction [10, 11]. The presence 
of double bonds within the lignin structure has made lignin to be available for 
the addition reaction using various electrophilic substances, for instance, the 
hydrogen sulfite (▬HSO3) group of sodium bisulfite [12]. Thus, the product is 
categorized as sodium lignosulfonate (SLS) surfactant [13]. In addition, lignosul-
fonate is one of the variants of anionic surfactant that is often utilized in a chemi-
cal injection process of enhanced oil recovery (EOR) in the oil industry [14]. 
Therefore, the high lignin content in bagasse have made bagasse to be an eligible 
candidate to produce surfactant and became the aim of this research, which is to 
produce the lignosulfonate surfactant via sulfonation reaction of lignin previously 
isolated from bagasse. Based on the observations and search for existing patents, 
what have been found are patent Nos. 2,837,435 and 4,304,361 regarding the use of 
bagasse as a raw material for building needs, cutting of bagasse fiber for growing 
media needs, methods for producing bio-aromatic-based chemicals, bio-based 
aromatic fuels, and lignin residues [15, 16]. Whereas, the No. 8529731 was found 
to contain the process of fractionation of bagasse into cellulose, hemicellulose 
(xylene), and lignin with high-purity α-cellulose, which is a useful raw material 
for the manufacture of cellulose esters such as cellulose triacetate and cellulose 
plastics [17]. Amri [18] has shown research on sodium lignosulfonate surfactant 
which has characteristics of water solubility, hygroscopic, and color properties as 
well as the polydispersity properties of sample SLS which are generally in accor-
dance with commercial SLS.

The lignin isolation method (hydrolysis) can excite lignin with acid, resulting in 
acid lignin as shown in Figure 1.

Isolation of lignin is generally carried out using sulfuric acid or hydrochloric 
acid. Under acidic conditions, the charged lignin will become neutral. Lignin will 
not dissolve in water and will settle. The resulting solid can be separated by filter-
ing. To change the nature of water-insoluble lignin, lignin can be modified through 
the sulfonation process to become lignosulfonate [20]. Sulfonation is intended 
to change the hydrophilic nature of the less polar lignin into a more polar/water- 
soluble lignosulfonate salt by inserting the sulfonate group and its salt into the lig-
nin hydroxyl group so that the lignosulfonate salt has a structure as a surface-active 
agent or surfactant [19]. The sulfonate group in the lignosulfonate is a hydrophilic 
group that causes the lignosulfonate to have an amphipathic structure (surfactant). 
Figure 2 shows the structure of the lignosulfonate.

The existence of the sulfonate group can be determined by the general for-
mula R-SO3Na which is a simplification of the sulfate R-O-SO3Na [21]. The R 
group is a group of C8-C22 aromatic carbon atoms which is a hydrophilic group, 
while the hydrophobic group consists of carboxylates, sulfonates, phosphates, 
or other organic acids. The sulfonation process is the core process for producing 
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lignosulfonate salts. The reaction occurs between lignin and sulfite salts. There are 
several types of sulfite salts that can be used in this process, including using sodium 
bisulfite (NaHSO3) in addition to other ingredients such as Na2SO3, NaOH + CH2 
(OH) SO3Na, HCHO + NaOH, C2Cl4 + ClSO3H, or SO3

2− + CH2O [22].
Several studies on the manufacture of sodium lignosulfonate that have been 

tried include raw materials for oil palm empty bunches [23], oil palm shells [24], 
palm frond biomass [18], and bagasse [25, 26]. The results of this study were 
limited to the manufacture of sodium lignosulfonate products which were cor-
related with the size of bagasse powder and the concentration of sodium bisulfite. 
Lignosulfonates, as a result of lignin sulfonation, are currently widely used as 
emulsifiers in iron ore processing, oil field chemicals, and pesticide formulas [27] as 
well as dust emission control and stabilizer for the fertilizer industry, animal feed 
industry, gypsum agent wallboard dispersant, oil well drilling mud additive, brick 
reinforcement, cement, and mortar [28].

2. Materials and methods

In this study of sulfonation reaction toward lignin isolated from bagasse, 
this study used bagasse as the main raw material, with chemical reagents being 
sodium hydroxide, sulfuric acid, sodium bisulfite, and distilled water. Range 
and specifications are used in the bagasse lignin isolation process consisting of 
bagasse size 40, 60, and 80 mesh; sodium hydroxide concentration 0.6, 2, 3, 6, 
8, and 10 M; and sodium bisulfate concentration 0.25 M. The equipment used 
in the process of lignin isolation and surfactant sulfonation consists of a sieve 
shaker; hot plate magnetic stirrer; two- or three-neck flask; condenser; beaker 
glass 200, 500, and 1000 mL; measuring cup 250 mL; thermometer; rod mixer; 
burette; gloves; glasses; mask; fume hood; pH meter paper; Buchner funnel; 
Whatman paper; watch glass; oven; digital balance; 250 and 500 mL reagent 
bottles; 10-mL vial bottle; and  desiccator. The mechanism process of the ligno-
sulfonate surfactant occurs through two reactions, namely, hydrolysis and sulfo-
nation [29]. Hydrolysis is a reaction to break down lignin molecules into smaller 
molecules so that they can dissolve in water. Sulfonation is a reaction between 
bisulfite ions and lignin molecules. Previous research results reported that the 
surfactant methyl ester sulfonate (MES) could be synthesized from the direct 
sulfonation of palm kernel oil methyl ester using sodium bisulfite solution. The 
important from this previous research is the sulfuric acid concentration factor 
which affects the value of the decrease in surface tension, the decrease in inter-
face tension, the stability of the emulsion, and the color of the surfactant [30].

Figure 2. 
Lignosulfonate structure.
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lignosulfonate salts. The reaction occurs between lignin and sulfite salts. There are 
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shaker; hot plate magnetic stirrer; two- or three-neck flask; condenser; beaker 
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Figure 2. 
Lignosulfonate structure.
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Figure 3. 
Bagasse.

The method of processing bagasse into lignosulfonate is carried out through two 
processes, namely, the isolation process of lignin from bagasse and the sulfonation 
process of lignin into sulfonates. The bagasse from the sugar factory was previously 
sifted coarsely and then to oven to dry completely. Then the oven bagasse is sieved 
again with a sieve shaker to obtain a particle size of bagasse with a certain mesh, 
namely, 40 mesh, 60 mesh, 80 mesh, and 100 mesh. Figure 3 shows the bagasse 
that has been dried and then sieved using a sieve shaker to become a fine powder 
(Figure 4) [31].

The method used in this study is a development from previous researchers who 
modified lignosulfonate from lignin. In his research, lignin isolation was carried 
out using NaOH reaction by heating at a temperature of 60–100°C for 3–10 hours 
[20]. In this research, the lignin isolation process begins by inserting the bagasse 
that has been sieved with a sieve shaker into the reaction flask and reflux directly 
in sodium hydroxide solution at a various concentration for 5 hours at a tem-
perature of 90–100°C. The result of reflux of NaOH is then filtered, diluted, and 
neutralized by adding dropwise concentrated sulfuric acid (H2SO4) to pH = 2 
and allowed to stand for at least 8 hours until a precipitate appears, then filtered, 
and dried in an oven at 70°C. In this filtering process, it is accompanied by rins-
ing with distilled water because lignin does not dissolve in water and this rinsing 
with distilled water will dissolve the remaining glucose that may still be present in 
the results of the lignin isolation. The precipitate obtained is lignin isolated from 
bagasse and after drying using a vacuum oven, it becomes a brown powder.

The lignin isolation process starts with 5 gram of dry bagasse powder of each 
mesh size which is put into a three-neck flask, then NaOH is added until the 
bagasse is submerged and heated for 5 hours using a hot plate magnetic stirrer at a 

Figure 4. 
Mesh of bagasse [31].
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temperature of 90–100°C. The reflux filtrate which still contains NaOH is taken and 
diluted with water at a volume ratio of 1:1. The solution is then added dropwise to 
H2SO until it reaches pH = 2, then this solution is left to stand to get a precipitate for 
at least 8 hours. The precipitate that is formed is filtered and then dried in an oven. 
The structure of isolated lignin product was determined through FTIR spectro-
photometric measurements which were then compared with the standard lignin 
FTIR spectrum. In the lignin isolation process, optimization was also carried out 
using the concentration of NaOH used, namely, with a concentration range of 2, 3, 
6, 8, and 10 M. Each NaOH concentration is used in the lignin isolation process by 
 varying the size of the bagasse mesh.

The synthesis of bagasse into sodium lignosulfonate begins with the prepara-
tion of bagasse powder which will be isolated to separate the lignin from the 
bagasse. After lignin is formed, a Fourier transform infrared (FTIR) [32, 33] test 
must be carried out to ensure the presence of lignin-forming components. The 
standard lignin used is commercial lignin from the lignin product of Aldrich 
and Kraft. If the component has not been formed, it must return to the isolation 
process again with changes to the variables used. There are three components of 
the main functional groups as indicators of lignin formation, namely, the phenolic 
O▬H functional groups, the aliphatic and aromatic ▬CH▬ stretching groups, and 
the C═C aromatic functional groups. In the lignin isolation process, the variables 
used are NaOH concentration, duration of the isolation process, and temperature 
in the isolation process. This looping process is carried out continuously until the 
lignin component is obtained that is in accordance with the existing commercial 
lignin standards. If the lignin formed meets the component requirements, it can 
be continued to the sulfonation process. The result of this sulfonation process is a 
brown powder of sodium lignosulfonate (SLS) surfactant. This product must also 
perform component characterization using the FTIR test. If the FTIR test results 
do not show any lignosulfonate-forming components, then a looping process is 
carried out until the sulfonation process produces a lignosulfonate component 
that matches the standard lignosulfonate. The standard lignosulfonates used are 
Patricia and Aldrich  standards [34].

The components of the lignosulfonate that must be present include the stretch-
ing vibration of the alkene functional group ▬C═C▬aromatic, the stretching 
vibration of the sulfonate functional group S═O, the bending vibration of the C═O 
functional group carboxylate group, and the bending vibration of the S-OR ester 
functional group. At this stage, it can be said that the synthesis process is complete, 
as illustrated in Figure 5. The process of synthesis of bagasse into sodium lignosul-
fonate surfactant as a whole can be seen in Figure 5.

The sulfonation process is a procedure in the form of adaptation and modifica-
tion from research conducted by Ari [25] and Furi [26]. A total of 8 gram of isolated 
bagasse lignin was put into a three-neck flask, then sodium bisulfite solution was 
added, and then heated (refluxed) at 150°C for 5 hours. The reaction product is 
cooled and precipitated and further dried in a vacuum oven. From this sulfonation 
process, it produces a surfactant called sodium lignosulfonate (SLS). The structure 
of SLS surfactant was determined through FTIR, LCMS, and NMR spectropho-
tometric measurements [36]. The FTIR test results were then compared with the 
main components of the commonly used commercial lignosulfonate [34]. If it is in 
accordance with the components forming the SLS surfactant, this product can be 
said to have been successfully obtained. If it is not accordance with the standard 
components that should be present in the lignosulfonate, the sulfonation process is 
repeated with different parameters.

Furthermore, the lignosulfonate monomer structure test was carried out using 
gas chromatograph mass spectrum (GCMS) and nuclear magnetic resonance 
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6, 8, and 10 M. Each NaOH concentration is used in the lignin isolation process by 
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that matches the standard lignosulfonate. The standard lignosulfonates used are 
Patricia and Aldrich  standards [34].
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main components of the commonly used commercial lignosulfonate [34]. If it is in 
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said to have been successfully obtained. If it is not accordance with the standard 
components that should be present in the lignosulfonate, the sulfonation process is 
repeated with different parameters.
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(NMR). The structure of the lignosulfonate monomer is needed in order to help see 
the suitability of the use of the surfactant lignosulfonate against the crude oil to be 
injected by the lignosulfonate.

3. Results and discussion

The lignin isolation process has been carried out several times with variations 
in the concentration of NaOH and the size of the mesh bagasse. Variations in 
bagasse mesh sizes used were 40 mesh, 60 mesh, 80 mesh, and 100 mesh, and the 
concentration of NaOH was 2, 3, 6, 8, and 10 M. Figure 6 shows the results of lignin 
isolation in the form of a dark brown powder.

From the experiment as many as 15 variations, only four variations met the 
requirements, namely, lignin results above 60% and they had lignin-forming com-
ponents, namely, lignin (80–3), lignin (60–8), lignin (40–10), and lignin (80–10). 
The results of lignin recovery can be seen in Table 1. In this table, it can be seen that 

Figure 5. 
Schematic synthesis of bagasse into sodium lignosulfonate [35].

Figure 6. 
Lignin from bagasse isolation.
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the highest percentage of lignin recovery occurs in the lignin isolation process with 
a concentration of 3 M NaOH—40 mesh size of 63.36%, 8 M NaOH—60 mesh size 
of 75.73%, and 10 M NaOH—80 mesh size 63.79%.

Based on the results of the percentage lignin obtained and the results of the 
lignin functional group absorption test, it turns out that not all research varia-
tions have three indicators of the lignin-forming functional groups. The lignin 
results were compared by looking at the percentage transmittance value; the best 
lignin results were lignin (80–3), which is bagasse lignin processed with 80 mesh 
size variations using NaOH 3 M. Lignin (80–3) is then compared with lignin 
commercial standards which are lignin of Aldrich and Kraft. Figure 7 shows the 
FTIR test results on the sample result of isolated and sample of standard lignin.

Figure 7 shows the combined FTIR results for the four most lignin isolation 
processes, which produce lignin yields of more than 60%. The four variations of 
lignin isolation are represented as curve a, curve b, curve c, and curve e. This FTIR 
graphic overlay is then combined with the standard lignin FTIR results, namely, 
curve “d” at this figure (Table 2).

No. Concentration of 
NaOH (M)

Lignin (%)

mesh 40 mesh 60 mesh 80 mesh 100

1 2 22.46 20.66 48.60 18.00

2 3 63.36 34.36 61.80 22.22

3 6 32.26 13.07 24.43 35.80

4 8 66.80 75.73 38.36 24.30

5 10 62.85 51.80 63.79 26.10

Table 1. 
Results of lignin isolation at variations in bagasse size and NaOH concentrations.

Figure 7. 
FTIR test results on lignin isolation.
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Based on the reference, standard lignin consists of five main components, 
namely, phenolic O▬H functional groups at wave number 3200–3550 cm−1, aliphatic 
and aromatic ▬CH▬ stretching groups at wave number 2900 cm−1, the C═C aro-
matic functional groups at wave number 1500–1600 cm−1, amine C▬N, and alkyl 
C▬H [37]. There are three main components that are the same as Aldrich lignin and 
Kraft lignin, namely, phenolic, aliphatic aromatic, and arenas.

In Figure 7, for the four curves that have a shape similar to the standard curve, 
curve “e” (colored black) shows peaks at phenolic, aliphatic, and aromatic wave-
lengths. So that based on the overlay of the FTIR results, it can be said that the most 
similar to the standard conditions is the “e” (black) curve which is the result of 80 
mesh lignin isolation with 3-M NaOH reagent.

The selected lignin was then continued for the sulfonation process with several 
variations in the concentration of sodium bisulfite. The sulfonation process has 
been done with various variations in the concentration of sodium bisulfite and 
sulfonation time. The best results were achieved in the sulfonation process with 
a concentration of 0.25 M sodium bisulfite and a sulfonation time of 5 hours. 
Sulfonation process repeated three times and compare to find spectrum that com-
pose lignosulfonate. The final result of the sulfonation process is lignosulfonate in 
the form of a light brown powder, as shown in the figure below Figure 8 (Table 3).

From the result of FTIR test, lignosulfonate has been formed, indicated by differ-
ence a wavelength spectrum of lignosulfonates and a wavelength spectrum of lignin. 
The sulfonation process was done in 3 repetitions and the results were tested again 
by FTIR. With 3 repetitions of the process, the results are almost the same, so you 

No. Typical functional group 
vibrations in lignin structure

Wave number (cm−1)

Standard Bagasse lignin 
(80–3)

Aldrich 
lignin

Kraft 
lignin

1. Stretch the phenolic O-H 3200–3550 3405.67 3436.62 3414

2 Aliphatic and aromatic stretch 
groups ▬CH▬

2900 2919.70 2930.17 2926.01

3. Stretch the arena▬C═C 1500–1600 1511.92 1599.14 1614.42

4. Amine C▬N 1000–1250 1100

5. Alkyl C▬H 600–700 650

Table 2. 
Comparison of the typical absorption peak wave numbers of bagasse lignin with commercial standard lignin 
FTIR spectrum by Aldrich and Kraft [35].

Figure 8. 
Sodium lignosulfonate surfactant from bagasse.
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can say the process is correct. To ensure the perfect result of the sulfonation process, 
a comparison was made with other lignosulfonates [34]. The standard lignosulfonate 
used for comparison were SLS Aldrich and SLS Patricia. From the FTIR results, the 
spectrum of SLS surfactant synthesized bagasse and sodium lignosulfonate standard 
spectrum, the absorption peak and its wave number in the FTIR spectrum of  SLS 
surfactant synthesized from bagasse showed conformity with the spectrum of FTIR 
standard. This shows that the sulfonation process of lignin to lignosulfonate has 
been successfully.

In Figure 9, it is clear that there is a difference between the FTIR results of 
lignin and surfactant, where on the blue curve line, as in the surfactant FTIR curve, 
there is a shift in the absorption peak that occurs, especially at a wavelength of 
1635.34 cm−1 as a function of the alkene group, at a wavelength of 1384.64 cm−1 
as a function of the sulfate group, at a wavelength of 1114.65 cm−1 as a func-
tion of the carbolic acids group, and at a wavelength of 462.832 cm−1 as the ester 
 functional group.

Some of the peaks read on FTIR showed lignin and lignosulfonate bagasse com-
ponents. The lignin component consists of phenolic functional group elements OH, 
aliphatic and aromatic groups ▬CH▬, C═O ketone groups, arena functional groups 
▬C═C▬, CN amine groups, and CH alkyl groups with similarity values for standard 
spectrum wavelengths, such as those shown in Table 4 (Figure 10).

Likewise for lignosulfonates, with indicator components consisting of C═C 
alkenes, sulfate S═O, C═O carboxylic acids, and S-OR esters, with spectrum 

No. Functional groups in the 
structure of lignosulfonates

Wave numbers (cm−1)

SLS standard 
(Patricia)

SLS standard 
(Aldrich)

SLS bagasse

1. Stretch alkene ═C═C 1630–1680 1608.34 1635.34

2 Stretch Sulfonate S═O 1350 1365 1384.64

3. Carboxylate C═O 1000–1300 1187.94 1114.64

4. Ester S-OR 500–540 499.83 462.83

Table 3. 
Comparison of the FTIR spectrum of SLS surfactant-synthesized bagasse and the FTIR spectrum of SLS 
standard Patricia and Aldrich.

Figure 9. 
Overlay of FTIR surfactant—Lignin from bagasse.
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spectrum, the absorption peak and its wave number in the FTIR spectrum of  SLS 
surfactant synthesized from bagasse showed conformity with the spectrum of FTIR 
standard. This shows that the sulfonation process of lignin to lignosulfonate has 
been successfully.

In Figure 9, it is clear that there is a difference between the FTIR results of 
lignin and surfactant, where on the blue curve line, as in the surfactant FTIR curve, 
there is a shift in the absorption peak that occurs, especially at a wavelength of 
1635.34 cm−1 as a function of the alkene group, at a wavelength of 1384.64 cm−1 
as a function of the sulfate group, at a wavelength of 1114.65 cm−1 as a func-
tion of the carbolic acids group, and at a wavelength of 462.832 cm−1 as the ester 
 functional group.

Some of the peaks read on FTIR showed lignin and lignosulfonate bagasse com-
ponents. The lignin component consists of phenolic functional group elements OH, 
aliphatic and aromatic groups ▬CH▬, C═O ketone groups, arena functional groups 
▬C═C▬, CN amine groups, and CH alkyl groups with similarity values for standard 
spectrum wavelengths, such as those shown in Table 4 (Figure 10).

Likewise for lignosulfonates, with indicator components consisting of C═C 
alkenes, sulfate S═O, C═O carboxylic acids, and S-OR esters, with spectrum 

No. Functional groups in the 
structure of lignosulfonates

Wave numbers (cm−1)

SLS standard 
(Patricia)

SLS standard 
(Aldrich)

SLS bagasse

1. Stretch alkene ═C═C 1630–1680 1608.34 1635.34

2 Stretch Sulfonate S═O 1350 1365 1384.64

3. Carboxylate C═O 1000–1300 1187.94 1114.64

4. Ester S-OR 500–540 499.83 462.83

Table 3. 
Comparison of the FTIR spectrum of SLS surfactant-synthesized bagasse and the FTIR spectrum of SLS 
standard Patricia and Aldrich.

Figure 9. 
Overlay of FTIR surfactant—Lignin from bagasse.
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wavelengths close to the standard spectrum wavelength values. Lignin from bagasse 
can be completely synthesized into sodium lignosulfonate surfactant completely 
with lignosulfonate components consisting of alkene, sulfonate, carboxylate, 
and ester.

Furthermore, from the results of the NMR test, the components form the lignosul-
fonate. In the HMQC data, it can be seen that the proton nuclei are directly correlated 
with carbon-13 (13C) or have one bond (1JC, H) so that their own pairs can be known 
with certainty. The broad singlet signal on the δ H 6.64 ppm chemical shift (2H, bs, 
H−3, and H-5) correlates directly with carbon at δ C 102.2 ppm (C-3 and C-5). In addi-
tion, the HMQC spectrum also indicates the presence of methylene protons bound to 
C-9, methane bound to oxygen, and sulfate bound to C-8 and C-7, respectively.

From the HMBC spectrum, it can be seen that there is a correlation between pro-
tons and carbon with a distance of two bonds (2 J) to three bonds (3 J), which can 
be seen in Figure 3. From the HMBC data, it can be seen that there is a correlation 
between H-3 and H-5 with C-5/C-3, C-1, and C-7; H-7 correlates with C-8 and H-9 
correlates with C-8 and C-7. These data support the existence of phenyl propanoid 
compounds as the basis for lignosulfonates [38]. The correlation between HMQC 
and HMBC can be seen in Figure 11. With the results that look like this, it shows 
that the isolation process of lignin from bagasse has been successful. Likewise, the 
sulfonation of lignin to lignosulfonate has also been successful.

Indicator Component Wavelength (cm−1)

Lignin Phenolic O-H 3400

Aliphatic and aromatic ▬CH▬ 2910

Ketone C═O 1450

Arena ▬C═C —

Amine C▬N 1100

Alkyl C▬H 650

Lignosulfonates Alkene C═C 1635.34

Sulfate S═O 1384.64

Carboxylic acids C═O 1114.65

Ester S-OR 462.832

Table 4. 
FTIR of lignin and lignosulfonate bagasse.

Figure 10. 
Sugarcane becomes lignosulfonate [35].
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4. Conclusions

Based on the results of the lignin sulfonation process on lignin sulfonation 
optimization, several conclusions can be drawn, namely:

1. Bagasse as biomass is a raw material that can be processed into lignosulfonate 
surfactants. The lignosulfonate obtained from bagasse is processed in two 
stages, namely, the lignin isolation process using sodium hydroxide and the 
sulfonation process using sodium bisulfite.

2. Based on the FTIR test, the lignin-forming components were shown by the 
presence of phenolic functional groups O▬H, aliphatic ▬CH▬ and aromatic 
stretching groups, and C═O ketone functional groups, while the lignosulfo-
nate-forming components were indicated by the presence of alkene groups, 
sulfate groups, and carbocyclic acids and ester functional groups, each with a 
spectrum wavelength corresponding to the standard spectrum.

3. Based on the results of the NMR test, the presence of phenyl propanoid 
compounds as the basis of the lignosulfonate compounds indicates that the 
sulfonation process has reached the expected target, namely, the formation of 
lignosulfonates completely.

Figure 11. 
NMR test results—HSQC and HMBC correlation of bagasse lignosulfonate H4S4 isolates.
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Abstract

The search for energy alternatives from renewable and clean sources has been 
gaining prominence at the international level, due to the increased demand for 
energy and the future depletion of fossil fuels, coupled with the concern with 
environmental issues. The generation of electricity distributed from the use of 
biomass can contribute to the conservation of the environment, the diversification 
of the energy matrix, the national economic development, the generation of jobs in 
the agro-industry and in the distribution of clean energy, as a sustainable alterna-
tive. This chapter aims to present information related to the use of different residual 
biomass as an energy alternative for Brazil, with a focus on electricity generation, 
based on a bibliographic survey, where it is highlighted as the best sources of 
biomass for electricity generation in the country, observing the profitability and 
viability for logistics and national economy.

Keywords: biomass residues, power generation, energy efficiency, environment, 
sustainable

1. Introduction

The constant growth of the world population and the economy and social devel-
opment are the main drivers of the increase global energy demand that is currently 
supported by fossil fuels. The global energy market depends heavily on fossil fuel 
energy sources such as coal, oil, and natural gas. Currently, oil is the main source of 
energy, although its reserves are considered finite, since it takes millions of years for 
these fuels to be formed on earth, they are soon subject to depletion as they are con-
sumed. In addition to the production processes in the oil fields, they are recognized 
as polluting and harmful to the environment and the climate. Many efforts have 
been made to find alternative ways of obtaining energy through cleaner and more 
sustainable processes. The only natural and renewable resource based on carbon 
that is vast enough to be used as a replacement for fossil fuels it is biomass [1–5].

Biomass is all organic matter, of vegetable or animal origin, used in the produc-
tion of energy. It is obtained through the decomposition of a variety of renewable 
resources, such as plants, wood, food scraps, excrement, garbage, and agricultural 
waste. The advantages of biomass energy over other energy sources may explain 
the growing interest in its consumption. First, biomass energy can be used for 
many different purposes, such as cooking, heating, electricity generation, and 
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transportation. Among the types of renewable energy, biomass conversion process 
can generate solid, liquid or gaseous fuels, the biomass energy being the only 
one that can be converted into liquid fuel. Second, biomass energy is renewable 
energy, abundant, and easily produced source. The use of biomass energy will help 
countries to reduce their dependence on fossil energy resources and ensure national 
energy security. Third, biomass energy production contributes to creating more job 
opportunities, thereby increasing income and reducing poverty among the rural 
labor force. Finally, and most importantly, biomass energy is a “carbon neutral” 
source. Compared with fossil energy, biomass energy is less polluting and environ-
mentally safer. Using biomass energy can help to mitigate greenhouse gas emissions 
and tackle climate change [6–9].

In Brazil, different forms of agro-industrial production work are in parallel with 
agricultural production. Most processing is directly conditioned to the generation of 
products and, consequently, the generation large amounts of waste. The production 
of waste from agro-industrial works is originally derived from the processing of sugar 
and alcohol industries, biodiesel, cassava, citrus, beers, pulp, and paper, participate 
expressively in the production of waste. Inadequate disposal of residual biomass 
can cause soil contamination, compromise the quality of water resources, and cause 
environmental disturbance among species. Several other factors are related to the 
disposal of biomass, including many associated with public health problems. Brazil 
has vast reserves of residual biomass energy from agricultural activities, such as 
sugarcane bagasse, cassava, and soybeans, which has been gaining interest as a source 
of energy resources, due to the energetic potential. It is possible to verify that these 
species together have in Brazil an energy potential of 2615,360 GWh/year [10–15].

2. Biomass agricultural origin

Biomass is one of the most environmentally friendly fuels, since bagasse offers 
the advantage of being a cheap, abundant, and low-polluting fuel [16]. Biomass has 
been considered a promising and “environmentally friendly” energy source about 
energy production. One reason for this renewed interest is due to the way they 
spread, their sustainable character, and their potential to reduce global emissions of 
greenhouse gases [17]. World biomass amount is estimated at 1.8 Tt on a dry basis, 
with a potential thermal yield close to 138 EJ [18–20].

Biomass has been widely recognized as a source of renewable energy with 
increasing potential to replace conventional fossil fuels in the energy market. 
Furthermore, using biomass for energy production, another part of a problem is 
solved, which is waste disposal.

2.1 Bagasse sugar cane

As Brazil is the largest producer of sugarcane, accounting for 36% of global 
production [21–23], great importance to mention this biomass. In addition, the 
cultivation of sugarcane has the potential to increase environmental benefits, 
increasing carbon sequestration, optimizing the agricultural production chain, and 
thus moderating local environmental impacts [21].

When compared to other agricultural residues, the bagasse has a high yield in 
terms of the solar energy reservoir and the capture of chemical energy. The sugar-
cane combustion/gasification produces the same amount of CO2 that it consumes 
during its growth; therefore it has a carbon neutral [24].

Edreis et al. [16] studied the effect of the gasification heating rate and the 
thermal kinetic behavior of sugarcane bagasse coals prepared at 500, 800, and 
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900°C during CO2 gasification, and they found that the sugar cane coal gasification 
occurred in a one stage and that the maximum mass loss rate and its corresponding 
temperature are directly proportional to the high pyrolysis temperature and the 
gasification heating rate. In thermal analysis, the activation energy mainly affects 
the temperature sensitivity of the reaction rate.

2.2 Cassava

The cassava starch produces a significant quantity of residues, which must 
be rationally used for minimizing the environmental impact of the agricultural 
activities.

Cassava is widely grown in the tropical and subtropical regions of Asia, Africa, 
and South America. Brazil occupies a prominent position in world cassava produc-
tion, alongside only Nigeria and Thailand [25]. Serious attempts have been carried out 
by the industrial and agro-industrial sectors aiming at the use of this waste profitably 
[26], but still further opportunities are yet to be developed mainly due to the variety 
of biomasses and bi-products obtained during the processing steps. The cassava 
bagasse can be considered as the remaining fraction of the processing of cassava for 
starch production and consists of 75% of starch, on average, on a dry basis [25].

2.3 Corn stalk

The behavior of corn stalk pyrolysis was studied by Sun et al. [27]. Their 
research showed that hydrogen-rich gas could be generated by decomposing of the 
pyrolysis gas at a higher temperature. They concluded that the residual charcoal 
produced—consisting of fixed carbon and ash—is a good fuel with higher activity 
and heat value [28].

Corn stands out among agricultural species with the potential to provide 
biomass for energy production, as it has a large planted area of approximately 177 
million acres worldwide [29] and grain production of almost 900 million hectares. 
Tons [30] resulting in approximately the same amount of residual biomass [31]. 
This biomass has a high calorific value, ranging from 15.6 to 18.3 MJ Kg−1, like the 
values of species cultivated exclusively for energy production, such as Eucalyptus 
sp. [32–33]. Due to the different energy content and amounts of biomass produced 
by different parts of the corn plant, its potential for energy generation varies 
significantly [34–37].

3. Process of energy conversion of biomass

High moisture content biomass, such as the herbaceous plant sugarcane, lends 
itself to a “wet/aqueous” conversion process, involving biologically mediated reac-
tions, such as fermentation, while a “dry” biomass such as cassava and corn stalks, 
is more economically suited to gasification, pyrolustion. Aqueous processing is 
used when the moisture content of the material is such that the energy required for 
drying would be inordinately large compared to the energy content of the product 
formed. It is the inherent properties of the biomass source that determines both the 
choice of conversion process and any subsequent processing difficulties that may 
arise. Equally, the choice of biomass source is influenced by the form in which the 
energy is required, and it is the interplay between these two aspects that enables 
flexibility to be introduced into the use of biomass as an energy source.

The World Energy Council defines bioenergy to include traditional biomass 
(example forestry and agricultural residues), modern biomass and biofuels [38]. 
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The typical biomass materials used for power generation are bagasse, cotton stalk, 
straw, rice husk, soya husk, saw dust, de-oiled cakes, coconut shells, coffee waste, 
groundnut shells, Neem, Jatropha curcas, Mahua, and Jute wastes, [39]. These 
biomass materials are being converted into energy via two major energy conversion 
routes, that is, thermochemical and biochemical. The possible ways in thermo-
chemical route are illustrated in Figure 1 [40].

The main material properties of interest, during subsequent processing as an 
energy source, relate to:

• moisture content (intrinsic and extrinsic),

• calorific value,

• proportions of fixed carbon and volatiles,

• ash/residue content,

• alkali metal content,

• cellulose/lignin ratio.

For dry biomass conversion processes, the first five properties are of interest, 
while for wet biomass conversion processes, the first and last properties are of 
prime concern.

In biomass the moisture content is presented as intrinsic (without the influence 
of climate effects) and extrinsic (the influence of climate in the moisture content).

Figure 1. 
Thermochemical and biochemical routes for conversion of biomass to energy [40].
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In practical terms, it is only concerned with the extrinsic moisture content 
because the intrinsic moisture content is usually only achieved, or applicable, in a 
laboratory setting.

The calorific value (CV) of a material is an expression of the energy content, or heat 
value, released when burnt in air. The CV is usually measured in terms of the energy 
content per unit mass, or volume; hence MJ/kg for solids, MJ/l for liquids, or MJ/Nm3 
for gases. The CV of a fuel can be expressed in two forms, the gross CV (GCV), or 
higher heating value (HHV) and the net CV (NCV), or lower heating value (LHV). In 
practical terms, the latent heat contained in the water vapor cannot be used effectively 
and therefore, the LHV is the appropriate value to use for the energy available for sub-
sequent use. In Table 1 is shown the immediate analysis of some biomass feedstocks.

Fuel analysis has been developed based on solid fuels, such as coal, which 
consists of chemical energy stored in two forms, fixed carbon and volatiles:

• the volatiles content, or volatile matter (VM) of a solid fuel, is that portion 
driven-off as a gas (including moisture) by heating (to 950 C for 7 min).

• the fixed carbon content (FC), is the mass remaining after the releases of 
volatiles, excluding the ash and moisture contents.

Elemental analysis of a fuel, presented as C, N, H, O and S together with the ash 
content, is termed the ultimate analysis of a fuel. Table 2 gives the ultimate analyses 
for some biomass materials.

The significance of the VM and FC contents is that they provide a measure of the 
ease with which the biomass can be ignited and subsequently gasified, or oxidized, 
depending on how the biomass is to be utilized as an energy source.

The chemical breakdown of a biomass fuel, by either thermo-chemical or 
bio-chemical processes, produces a solid residue. When produced by combustion in 
air, this solid residue is called “ash” and forms a standard measurement parameter 
for solid and liquid fuels. The ash content of biomass affects both the handling and 
processing costs of the overall, biomass energy conversion cost. During biochemi-
cal conversion, the percentage of solid residue will be greater than the ash content 
formed during combustion of the same material.

Dependent on the magnitude of the ash content, the available energy of the 
fuel is reduced proportionately. In a thermo-chemical conversion process, the 

Biomass VM (%) FC (%) Ash (%) HHV (MJ/Kg)

Sugar cane [41, 42] 85.49 12.39 2.12 18.73

Cassava [43, 44] 79.89 13.40 5.43 15.39

Corn stalk [45] 75.38 17.95 6.67 16.59

Table 1. 
Immediate analysis of some biomass feedstocks (wt%).

Material C H O N S

Sugar cane [41] 49.8 6.00 43.90 0.20 0.06

Cassava [42] 49.4 6.10 44.60 0.17 0.10

Corn stalk [43] 42.53 6.17 43.59 0.93 0.11

Table 2. 
Ultimate analyses for typical biomass materials (wt%).
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chemical composition of the ash can present significant operational problems. This 
is especially true for combustion processes, where the ash can react to form a “slag,” 
a liquid phase formed at elevated temperatures, which can reduce plant throughput 
and result in increased operating costs.

4. Methods of generating electricity using biomass

4.1 Biomass in the Brazilian energy matrix

Global energy demand is still largely satisfied by non-renewable energy sources. 
According to the International Energy Agency [46], in the world, of the nearly 14 
million toe (tons of oil equivalent) of the total primary energy supply in 2019, oil, 
coal, and natural gas together represented more than 80% of this demand, where 
each one corresponded to 32, 27, and 22% respectively, on the other hand, biomass-
derived energy supplied only 10% of this amount [46].

The domestic energy supply in Brazil in 2019 reached 294 million toes, cor-
responding to a total of approximately 1.4 tons per inhabitant, an increase of 1.4% 
over the previous year [47].

Of this total, renewable sources corresponded to 46.1% of the total energy 
generation in the country, divided into biomass from sugarcane (18%), hydraulic 
(12.4%), firewood, and charcoal (8.7%) and other renewables (7%) [47]. Only bio-
mass from sugarcane and firewood with charcoal were responsible for 26.7% of the 
domestic energy supply, however, it is known that among others renewables there 
are more biomass-derived energy sources such as leachate, biogas, biodiesel, and 
others, which still increase the share of biomass in the Brazilian energy matrix [47].

The current Brazilian electric scenario is even more centered on renewable ener-
gies, since of the domestic supply of electric energy in the country, approximately 
651.3 TWh, during 2019, 83% was composed of renewable energy sources, with the 
generation of electricity through hydroelectric (64.9%), wind (8.6%), biomass (8.4) 
and solar (1%) [47].

4.2 Electricity production and cogeneration using biomass

The power production by biomass can be carried out through different techno-
logical routes, commonly the process consists of converting the feedstock into an 
intermediate product, which will be used for the operation of generating mechanical 
energy in a machine to drive an electric generator, which will produce electricity [48].

Traditionally, the industrial sectors that generate electricity by biomass also 
choose to have a cogeneration system, where two or more energy forms are pro-
duced from a single process for generating energy, such as heat and electricity [48].

Among the main technological routes, stands out the steam cycle with back pres-
sure turbines, steam cycle with extraction condensing turbines, and the biomass 
integrated gasification combined cycle [48].

4.3 Steam cycle with back pressure turbines

In this process for generating power, the steam produced by the direct burning of 
biomass in the boilers is used in turbines coupled with generators, for the production 
of electrical energy or in turbines for the production of mechanical work and also the 
fraction that would be released into the atmosphere can be reused directly to meet 
the thermal needs of the process [48]. In general, the back-pressure steam turbines 
provide not only electricity but also steam to be used in the plant facilities [49].
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The advantage of this process is that the back pressure turbines have few stages 
with simple structure and small exhaust parts, which results in low cost of the 
equipment [49], currently this route is the most used and is already well developed 
commercially, having in Brazil several producers for most equipment [48].

4.4 Steam cycle with extraction condensing turbines

This process is similar to the previous one, however, the steam is totally or 
partially condensed, after its use in the production process, therefore, its main 
difference is found in the presence of a condenser in the exhaust of the turbine and 
specific levels for heating the feedwater boiler supply [48].

In addition, extraction condensing turbines can independently change the 
production of electricity and process steam, through the control of valves [49], 
thus, this type of cycle has greater operational flexibility for power generation, con-
cerning with the back pressure turbines [48, 49], also having higher global energy 
efficiency, allowing obtaining a larger volume of power produced [48].

However, the disadvantage of this type of process is the higher investments for 
its implementation in relation to the use of back pressure turbines [49] and simple 
condensing systems [48].

4.5 Biomass integrated gasification combined cycle

By biomass gasification, the fuel gas is obtained and can be used in thermoelectric 
plants operating on gas for power generation, and applied on a large scale, transforms 
biomass into an important feedstock for the large thermoelectric plants and through 
the use of combined cycles of gas and steam, increases the system efficiency [48].

However, it is still a technological route that is not yet commercially competitive, 
since its greatest difficulty for its application is the production of quality fuel gas, 
with reliability and safety, adapted to the parameters of biomass and operation [48].

4.6 Biomass thermoelectric plants in Brazil

The participation of thermoelectric plants operating on biomass plays an 
increasingly important role for the national panorama concerning the supply of 
electricity. The immense Brazilian land surface located mainly in tropical and rainy 
regions favors the production and energy use of biomass on a large scale [50].

Sugarcane bagasse is the most widely used biomass as fuel in Brazil for the produc-
tion of electricity, corresponding to 82% of the electricity exported to the National 
Interconnected System (in Portuguese, Sistema Interligado Nacional or SIN), this is 
only possible, because its plants can be energetically self-sufficient [51]. As a result, 
the power generation costs are competitive with the conventional supply system, 
which makes the plants through cogeneration being energetic self-sufficient [50].

Sugarcane stands out among biomasses because its high productivity crops 
together with the gains from the transformation processes of sugar-alcohol bio-
mass, make available an enormous amount of organic matter, mainly in the form 
of bagasse in the plants and distilleries, also, there is still an interesting comple-
mentary relationship between the electricity generated through sugarcane bagasse 
biomass and hydroelectric power plants, since the sugarcane harvest season coin-
cides exactly in the dry months, thus, the generation of electricity through biomass 
acts to complement the electrical demand, Figure 2 [50, 51].

The share of electricity generated through sugarcane in Brazil’s energy matrix in 
2019 was 3.8%, of which, out of 366 sugar-energy plants in operation in 2019, 220 
exported to the network about in mean 2.6 GW [51].
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By biomass gasification, the fuel gas is obtained and can be used in thermoelectric 
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regions favors the production and energy use of biomass on a large scale [50].

Sugarcane bagasse is the most widely used biomass as fuel in Brazil for the produc-
tion of electricity, corresponding to 82% of the electricity exported to the National 
Interconnected System (in Portuguese, Sistema Interligado Nacional or SIN), this is 
only possible, because its plants can be energetically self-sufficient [51]. As a result, 
the power generation costs are competitive with the conventional supply system, 
which makes the plants through cogeneration being energetic self-sufficient [50].

Sugarcane stands out among biomasses because its high productivity crops 
together with the gains from the transformation processes of sugar-alcohol bio-
mass, make available an enormous amount of organic matter, mainly in the form 
of bagasse in the plants and distilleries, also, there is still an interesting comple-
mentary relationship between the electricity generated through sugarcane bagasse 
biomass and hydroelectric power plants, since the sugarcane harvest season coin-
cides exactly in the dry months, thus, the generation of electricity through biomass 
acts to complement the electrical demand, Figure 2 [50, 51].

The share of electricity generated through sugarcane in Brazil’s energy matrix in 
2019 was 3.8%, of which, out of 366 sugar-energy plants in operation in 2019, 220 
exported to the network about in mean 2.6 GW [51].
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Recently, there has been a significant increase in the export of power to the electri-
cal system generated through other biomasses, especially black liquor, biogas, forest 
residues, rice husk and others, being important for energy security and reliability, given 
the seasonality of sugarcane biomass [51]. Figure 3 shows the biomass thermoelectric 
plants in operation in Brazil and the potential installed by states in September 2003.

Figure 3. 
Biomass thermoelectric plants in operation in Brazil by states in September 2003 [51].

Figure 2. 
Participation of sugarcane biomass in electricity generation from January 2018 to December 2019 [51].
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5. Conclusions

The global energy market’s dependence on fossil fuel energy sources such as 
coal, oil, and natural gas needs to give way to alternative and sustainable ways to 
meet this demand. One of the most promising alternatives is the use of biomass, the 
only natural and renewable resource based on carbon that is vast enough to be used 
as a substitute for fossil fuels

The biomass conversion process can generate solid, liquid, or gaseous fuels, 
the biomass energy being one of the renewable energies, the only one that can be 
converted into liquid fuel. In addition, biomass energy is renewable energy, an 
abundant and easily produced source. The use of biomass energy is an important 
ally in mitigating greenhouse gas emissions.

Brazil occupies a prominent position in the world production of cassava, along-
side countries in subtropical regions. Cassava starch produces a significant amount 
of waste, which must be used rationally to minimize the environmental impact of 
agricultural activities. Brazil is also the largest producer of sugarcane. In addition, 
the cultivation of sugarcane has the potential to increase environmental benefits, 
increasing carbon sequestration and optimizing the agricultural production chain. 
Corn stands out among agricultural species with the potential to provide biomass 
for energy production, as it has a large acreage worldwide and is a biomass with 
high calorific value.

The inherent properties of the biomass source are that determine the choice 
of the conversion process and the possible processing difficulties. In this way, the 
choice of the biomass source is influenced by the way in which energy is needed, 
and it is the interaction between these two aspects that allows flexibility to be 
introduced in the use of biomass as an energy source. Biomass is converted into 
energy through two main energy conversion routes, namely, thermochemistry and 
biochemistry.

Due to its vast territory, Brazil has high potential or effective rates of waste from 
agro-industrial products, making the use of biomass a great possibility for increas-
ing energy production in the Brazilian energy matrix. The results achieved in the 
year 2019, by 220 sugar-energy plants in operation, exported about 2.6 average GW 
to the network, showing that the participation of biomass thermoelectric plants 
assumes an increasingly important role for the national panorama about electric-
ity supply. Sugarcane bagasse is the biomass most used as fuel in Brazil to produce 
electric energy, due to the high productivity of sugarcane in its crops to serve the 
sugar and alcohol sector. The energy generated by this biomass stands out, and due 
to the sugarcane harvest exactly coincides with the dry months, the generation of 
electricity from biomass acts as a complement to the electric demand produced by 
hydroelectric plants; there was also a significant increase in energy exports for the 
electrical system generated by other biomasses.
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to the sugarcane harvest exactly coincides with the dry months, the generation of 
electricity from biomass acts as a complement to the electric demand produced by 
hydroelectric plants; there was also a significant increase in energy exports for the 
electrical system generated by other biomasses.



Biotechnological Applications of Biomass

90

Author details

Cintia de Faria Ferreira Carraro1,2*, André Celestino Martins1,  
Ana Carolina da Silva Faria1 and Carla Cristina Almeida Loures1

1 The Federal Center for Technological Education Celso Suckow da Fonseca  
(Cefet/RJ), Angra dos Reis, RJ, Brazil

2 Federal University Fluminense, Volta Redonda, RJ, Brazil

*Address all correspondence to: cintia.carraro@cefet-rj.br

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

91

Agroenergy from Residual Biomass: Energy Perspective
DOI: http://dx.doi.org/10.5772/intechopen.93644

References

[1] Kumar A, Samadder SR. A review on 
technological options of waste to energy 
for effective management of municipal 
solid waste. Waste Management. 
2017;69:407-422

[2] REN21. Renewables 2018 e global 
status report (Paris: REN21 secretariat). 
Renewable Energy Policy Network for 
the 21st Century; 2018. p. 2018

[3] Bilandzija N, Voca N, Jelcic B, 
Jurisic V, Matin A, Grubor M, et al. 
Evaluation of Croatian agricultural solid 
biomass energy potential. Renewable 
and Sustainable Energy Reviews. 
2018;93:225-230

[4] Rountree V. Nevada’s experience 
with the renewable portfolio standard. 
Energy Policy. 2019;129:279-291

[5] Gutierrez AS, Eras JC, Hens L,  
Vandecasteele C. The energy potential 
of agriculture, agroindustrial, livestock, 
and slaughterhouse biomass wastes 
through direct combustion and anaerobic 
digestion. The case of Colombia. Journal 
of Cleaner Production. 2020;269

[6] Sikka M, Thornton TF. Sustainable 
biomass energy and indigenous cultural 
models of wellbeing in an Alaska 
forest ecosystem. Ecology and Society. 
2013;18:38

[7] Bildirici M, Özaksoy F. An analysis 
of biomass consumption and economic 
growth in transition countries. 
Economic Research-Ekonomska 
Istraživanja. 2018;31:386-405. DOI: 
10.1080/1331677x.2018.1427610

[8] Aydin M. The effect of biomass 
energy consumption on economic 
growth in BRICS countries: A country-
specific panel data analysis. Renewable 
Energy. 2019;138:620-627

[9] Wang Z, Bui Q , Zhang B, Pham TL. 
Biomass energy production and its 

impacts on the ecological footprint: 
An investigation of the G7 countries. 
The Science of the Total Environment. 
2020;743:140741

[10] Malico I, Pereira RN, Gonçalves AC, 
M 0 SA. Current status and future 
perspectives for energy production from 
solid biomass in the European industry. 
Renewable and Sustainable Energy 
Reviews. 2019;112:960-977

[11] Özdenkçi K, De Blasio C, Sarwar G, 
Melin K, Koskinen J, Alopaeus V. 
Techno-economic feasibility of 
supercritical water gasification of black 
liquor. Energy. 2019;189

[12] Carrillo-Nieves D, Rostro Alanís MJ, 
de la Cruz Quiroz R, Ruiz HA, 
Iqbal HMN, Parra-Saldívar R. Current 
status and future trends of bioethanol 
production from agro-industrial wastes 
in Mexico. Renewable and Sustainable 
Energy Reviews. 2019;102:63-74

[13] Ike M, Donovan JD, Topple C, 
Masli EK. The process of selecting and 
prioritising corporate sustainability 
issues: Insights for achieving the 
sustainable development goals. Journal 
of Cleaner Production. 2019;236:117661

[14] Ferreira LRA, Otto RB, Silva FP, 
De Souza SNM, De Souza SS, Ando 
Junior OH. Review of the energy 
potential of the residual biomass for 
the distributed generation in Brazil. 
Renewable and Sustainable Energy 
Reviews. 2018;94:440-455

[15] Famoso F, Prestipino M, Brusca S, 
Galvagno A. Designing sustainable 
bioenergy from residual biomass: Site 
allocation criteria and energy/exergy 
performance indicators. Applied 
Energy. 2020;247:115315

[16] Edreis EMA, Yao H. Kinetic 
thermal behaviour and evaluation of 
physical structure of sugar cane bagasse 



Biotechnological Applications of Biomass

90

Author details

Cintia de Faria Ferreira Carraro1,2*, André Celestino Martins1,  
Ana Carolina da Silva Faria1 and Carla Cristina Almeida Loures1

1 The Federal Center for Technological Education Celso Suckow da Fonseca  
(Cefet/RJ), Angra dos Reis, RJ, Brazil

2 Federal University Fluminense, Volta Redonda, RJ, Brazil

*Address all correspondence to: cintia.carraro@cefet-rj.br

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

91

Agroenergy from Residual Biomass: Energy Perspective
DOI: http://dx.doi.org/10.5772/intechopen.93644

References

[1] Kumar A, Samadder SR. A review on 
technological options of waste to energy 
for effective management of municipal 
solid waste. Waste Management. 
2017;69:407-422

[2] REN21. Renewables 2018 e global 
status report (Paris: REN21 secretariat). 
Renewable Energy Policy Network for 
the 21st Century; 2018. p. 2018

[3] Bilandzija N, Voca N, Jelcic B, 
Jurisic V, Matin A, Grubor M, et al. 
Evaluation of Croatian agricultural solid 
biomass energy potential. Renewable 
and Sustainable Energy Reviews. 
2018;93:225-230

[4] Rountree V. Nevada’s experience 
with the renewable portfolio standard. 
Energy Policy. 2019;129:279-291

[5] Gutierrez AS, Eras JC, Hens L,  
Vandecasteele C. The energy potential 
of agriculture, agroindustrial, livestock, 
and slaughterhouse biomass wastes 
through direct combustion and anaerobic 
digestion. The case of Colombia. Journal 
of Cleaner Production. 2020;269

[6] Sikka M, Thornton TF. Sustainable 
biomass energy and indigenous cultural 
models of wellbeing in an Alaska 
forest ecosystem. Ecology and Society. 
2013;18:38

[7] Bildirici M, Özaksoy F. An analysis 
of biomass consumption and economic 
growth in transition countries. 
Economic Research-Ekonomska 
Istraživanja. 2018;31:386-405. DOI: 
10.1080/1331677x.2018.1427610

[8] Aydin M. The effect of biomass 
energy consumption on economic 
growth in BRICS countries: A country-
specific panel data analysis. Renewable 
Energy. 2019;138:620-627

[9] Wang Z, Bui Q , Zhang B, Pham TL. 
Biomass energy production and its 

impacts on the ecological footprint: 
An investigation of the G7 countries. 
The Science of the Total Environment. 
2020;743:140741

[10] Malico I, Pereira RN, Gonçalves AC, 
M 0 SA. Current status and future 
perspectives for energy production from 
solid biomass in the European industry. 
Renewable and Sustainable Energy 
Reviews. 2019;112:960-977

[11] Özdenkçi K, De Blasio C, Sarwar G, 
Melin K, Koskinen J, Alopaeus V. 
Techno-economic feasibility of 
supercritical water gasification of black 
liquor. Energy. 2019;189

[12] Carrillo-Nieves D, Rostro Alanís MJ, 
de la Cruz Quiroz R, Ruiz HA, 
Iqbal HMN, Parra-Saldívar R. Current 
status and future trends of bioethanol 
production from agro-industrial wastes 
in Mexico. Renewable and Sustainable 
Energy Reviews. 2019;102:63-74

[13] Ike M, Donovan JD, Topple C, 
Masli EK. The process of selecting and 
prioritising corporate sustainability 
issues: Insights for achieving the 
sustainable development goals. Journal 
of Cleaner Production. 2019;236:117661

[14] Ferreira LRA, Otto RB, Silva FP, 
De Souza SNM, De Souza SS, Ando 
Junior OH. Review of the energy 
potential of the residual biomass for 
the distributed generation in Brazil. 
Renewable and Sustainable Energy 
Reviews. 2018;94:440-455

[15] Famoso F, Prestipino M, Brusca S, 
Galvagno A. Designing sustainable 
bioenergy from residual biomass: Site 
allocation criteria and energy/exergy 
performance indicators. Applied 
Energy. 2020;247:115315

[16] Edreis EMA, Yao H. Kinetic 
thermal behaviour and evaluation of 
physical structure of sugar cane bagasse 



Biotechnological Applications of Biomass

92

char during non-isothermal steam 
gasification. Journal of Materials Research 
and Technology [Internet]. 2016;5(4): 
317-326. DOI: 10.1016/j.jmrt.2016.03.006

[17] Gokcol C, Dursun B, Alboyaci B, 
Sunan E. Importance of biomass energy 
as alternative to other sources in Turkey. 
Energy Policy. 2009;37(2):424-431. 
DOI: 10.1016/j.enpol.2008.09.057

[18] Kitani O, Hall CW. Biomass 
Handbook (Gordon and Breach Science 
Publishers; 1989. p. 963

[19] Melin K, Hurme M. Lignocellulosic 
biorefinery economic evaluation. 
Cellulose Chemistry and Technology. 
2011;45(7):443-454

[20] McKendry P. Energy production 
from biomass (part 1): Overview of 
biomass. Bioresource Technology. 
2002;83(1):37-46. DOI: 10.1016/
s0960-8524(01)00118-3

[21] Bodunrin MO, Burman NW, 
Croft J, Engelbrecht S, Goga T, 
et al. The availability of life-cycle 
assessment, water footprinting, and 
carbon footprinting studies in Brazil. 
The International Journal of Life Cycle 
Assessment. 2018;23(8):1701-1707. DOI: 
10.1007/s11367-018-1484-2

[22] Caldeira-Pires A, Benoist A, Luz, 
da SM, Silverio VC, Silveira CM, 
Machado FS. Implications of removing 
straw from soil for bioenergy: An 
LCA of ethanol production using total 
sugarcane biomass. Journal of Cleaner 
Production. 2018;181:249-259. DOI: 
10.1016/j.jclepro.2018.01.119

[23] Du C, Dias LC, Freire F. Robust 
multi-criteria weighting in comparative 
LCA and S-LCA: A case study of 
sugarcane production in Brazil. Journal 
of Cleaner Production. 2019;2:35. DOI: 
10.1016/j.jclepro.2019.02.035

[24] Ren N-Q , Zhao L, Chen C, 
Guo W-Q , Cao G-L. A review on 

bioconversion of lignocellulosic biomass 
to h2: Key challenges and new insights. 
Bioresource Technology. 2016;215:92e9. 
DOI: 10.1016/j.biortech.2016.03.124

[25] de SouzaYes Fernandes D, dos 
Santos TPR, Fernandes AM, Leonel M. 
Harvest time optimization leads to the 
production of native cassava starches 
with diferent properties. International 
Journal of Biological Macromolecules. 
2019;132:710-721. DOI: 10.1016/j.
ijbiomac.2019.03.245

[26] Pandey A, Soccol CR, Nigam P, 
Soccol V, Vanderberghe LPS, Mohan R. 
Biotechnological potential of agro-
industrial residues II: Cassava bagasse. 
Bioresourse Technol. 2000;74:81-87

[27] Sun L, Xu M, Sun RF. Behaviour 
of corn stalk in an indirectly heated 
pyrolysis reactor. In: Proceedings of 
Pyrolysis and Gasification of Biomass 
and Wastes. Strasbourg: CPL Press; 
2002 

[28] Zabaniotou A, Ioannidou O. 
Evaluation of utilization of corn 
stalks for energy and carbon 
material production by using rapid 
pyrolysis at high temperature. Fuel. 
2008;87(6):834-843. DOI: 10.1016/j.
fuel.2007.06.003

[29] FAO. Food and Agriculture 
Organization of the United Nations. 
2016. Available from: http://ww.fao.org

[30] USDA - UNITED STATE 
DEPARTMENT OF AGRICULTURE. 
Near Record Safrinha Crop Increases 
Glogal Corn Supply. 2016. Available 
from: www.usda.gov

[31] Nogueira LA, Lora EES. 
Dendroenergy: Fundamentals and 
Applications. 2th ed. Rio de Janeiro: 
Interciência; 2003. p. 200

[32] Quirino WF et al. Calorific power 
of wood and lignocellulosic residues. 
Biomass and Energy. 2004;1(2):173-182

93

Agroenergy from Residual Biomass: Energy Perspective
DOI: http://dx.doi.org/10.5772/intechopen.93644

[33] Ioannidou O et al. Investigating 
the potential for energy, fuel, materials 
and chemicals production from corn 
residues (cobs and stalks) by non-
catalytic and catalytic pyrolysis in two 
reactor configurations. Renewable 
and Sustainable Energy Reviews. 
2009;13(4):750-762

[34] Pordesimo LO, Edens WC, 
Sokhansanj S. Distribution of 
aboveground biomass in corn 
Stover. Biomass and Bioenergy. 
2004;26(4):337-343

[35] Varvel GE, Wilhelm WW. Cob 
biomass production in the western 
corn belt. BioEnergy Research. 
2008;1(3-4):223-228

[36] Ambrosio R, Pauletti V, Barth G, 
Povh FP, da Silva DA, Blum H. Energy 
potential of residual maize biomass 
at different spacings and nitrogen 
doses. Ciência e Agrotecnologia. 
2017;41(6):626-633. DOI: 10.1590/ 
1413-70542017416009017

[37] Zeng K, He X, Yang H, Wang X, 
Chen H. The effect of combined 
pretreatments on the pyrolysis of 
corn stalk. Bioresource Technology. 
2019;02:107. DOI: 10.1016/j.
biortech.2019.02.107

[38] Bioenergy and Biofuels. 
International Energy Agency (IEA). 
Available from: http://www.iea.
org/topics/renewables/bioenergy/

[39] Murugan S, Gu S. Research and 
development activities in pyrolysis – 
Contributions from Indian scientific 
community – A review. Renewable 
and Sustainable Energy Reviews. 
2015;46:282-295

[40] Chintala V. Production, 
upgradation and utilization of solar 
assisted pyrolysis fuels from biomass – 
A technical review. Renewable 
and Sustainable Energy Reviews. 
2018;90:120-130. DOI: 10.1016/j.
rser.2018.03.066

[41] Vassilev SV, Baxter D, Andersen LK, 
Vassileva CG, Morgan TJ. An overview 
of the organic and inorganic phase 
composition of biomass. Fuel. 2012;94: 
1-33. DOI: 10.1016/j. fuel.2011.09.030

[42] Channiwala SA, Parikh PP. A 
Unifiel correlation for estimating HHV 
of solid, liquis and gaseous fuels. Fuel. 
2002;81:1051-1063

[43] De Faria Ferreira Carraro C, de 
Almeida Loures CC, da Silva LM, de 
Castro JA. Characterization of cassava 
biomass using differential scanning 
calorimetry and thermogravimetry 
for energy purposes. Journal of 
Thermal Analysis and Calorimetry. 
2019;8:905. DOI: 10.1007/s10973-019- 
08905-2

[44] Cruz G, Rodrigues AP, Silva DF, 
Gomes WC. Physical–chemical 
characterization and thermal behavior 
of cassava harvest waste or application 
in thermochemical processes. 
Journal of Thermal Analysis and 
Calorimetry. 2020:1-12. DOI: 10.1007/
s10973-020-09330-6

[45] Chen D, Cen K, Cao X, Li Y, 
Zhang Y, Ma H. Restudy on torrefaction 
of corn stalk from the point of view of 
deoxygenation and decarbonization. 
Journal of Analytical and Applied 
Pyrolysis. 2028;09:15. DOI: 10.1016/j.
jaap.2018.09.015

[46] IEA - International Energy 
Agency. World Energy Balances: 
An Overview. Available from: 
https://www.iea.org/reports/
world-energy-balances-overview

[47] EPE - Energy Research Company. 
National Energy Balance. Available 
from: https://www.epe.gov.br/pt/
publicacoes-dados-abertos/publicacoes/
balanco-energetico-nacional-ben

[48] ANEEL - National Electricity 
Agency. Atlas of Electrical Energy in 
Brazil. 3 ed. Brasília: ANEEL, 2008. 



Biotechnological Applications of Biomass

92

char during non-isothermal steam 
gasification. Journal of Materials Research 
and Technology [Internet]. 2016;5(4): 
317-326. DOI: 10.1016/j.jmrt.2016.03.006

[17] Gokcol C, Dursun B, Alboyaci B, 
Sunan E. Importance of biomass energy 
as alternative to other sources in Turkey. 
Energy Policy. 2009;37(2):424-431. 
DOI: 10.1016/j.enpol.2008.09.057

[18] Kitani O, Hall CW. Biomass 
Handbook (Gordon and Breach Science 
Publishers; 1989. p. 963

[19] Melin K, Hurme M. Lignocellulosic 
biorefinery economic evaluation. 
Cellulose Chemistry and Technology. 
2011;45(7):443-454

[20] McKendry P. Energy production 
from biomass (part 1): Overview of 
biomass. Bioresource Technology. 
2002;83(1):37-46. DOI: 10.1016/
s0960-8524(01)00118-3

[21] Bodunrin MO, Burman NW, 
Croft J, Engelbrecht S, Goga T, 
et al. The availability of life-cycle 
assessment, water footprinting, and 
carbon footprinting studies in Brazil. 
The International Journal of Life Cycle 
Assessment. 2018;23(8):1701-1707. DOI: 
10.1007/s11367-018-1484-2

[22] Caldeira-Pires A, Benoist A, Luz, 
da SM, Silverio VC, Silveira CM, 
Machado FS. Implications of removing 
straw from soil for bioenergy: An 
LCA of ethanol production using total 
sugarcane biomass. Journal of Cleaner 
Production. 2018;181:249-259. DOI: 
10.1016/j.jclepro.2018.01.119

[23] Du C, Dias LC, Freire F. Robust 
multi-criteria weighting in comparative 
LCA and S-LCA: A case study of 
sugarcane production in Brazil. Journal 
of Cleaner Production. 2019;2:35. DOI: 
10.1016/j.jclepro.2019.02.035

[24] Ren N-Q , Zhao L, Chen C, 
Guo W-Q , Cao G-L. A review on 

bioconversion of lignocellulosic biomass 
to h2: Key challenges and new insights. 
Bioresource Technology. 2016;215:92e9. 
DOI: 10.1016/j.biortech.2016.03.124

[25] de SouzaYes Fernandes D, dos 
Santos TPR, Fernandes AM, Leonel M. 
Harvest time optimization leads to the 
production of native cassava starches 
with diferent properties. International 
Journal of Biological Macromolecules. 
2019;132:710-721. DOI: 10.1016/j.
ijbiomac.2019.03.245

[26] Pandey A, Soccol CR, Nigam P, 
Soccol V, Vanderberghe LPS, Mohan R. 
Biotechnological potential of agro-
industrial residues II: Cassava bagasse. 
Bioresourse Technol. 2000;74:81-87

[27] Sun L, Xu M, Sun RF. Behaviour 
of corn stalk in an indirectly heated 
pyrolysis reactor. In: Proceedings of 
Pyrolysis and Gasification of Biomass 
and Wastes. Strasbourg: CPL Press; 
2002 

[28] Zabaniotou A, Ioannidou O. 
Evaluation of utilization of corn 
stalks for energy and carbon 
material production by using rapid 
pyrolysis at high temperature. Fuel. 
2008;87(6):834-843. DOI: 10.1016/j.
fuel.2007.06.003

[29] FAO. Food and Agriculture 
Organization of the United Nations. 
2016. Available from: http://ww.fao.org

[30] USDA - UNITED STATE 
DEPARTMENT OF AGRICULTURE. 
Near Record Safrinha Crop Increases 
Glogal Corn Supply. 2016. Available 
from: www.usda.gov

[31] Nogueira LA, Lora EES. 
Dendroenergy: Fundamentals and 
Applications. 2th ed. Rio de Janeiro: 
Interciência; 2003. p. 200

[32] Quirino WF et al. Calorific power 
of wood and lignocellulosic residues. 
Biomass and Energy. 2004;1(2):173-182

93

Agroenergy from Residual Biomass: Energy Perspective
DOI: http://dx.doi.org/10.5772/intechopen.93644

[33] Ioannidou O et al. Investigating 
the potential for energy, fuel, materials 
and chemicals production from corn 
residues (cobs and stalks) by non-
catalytic and catalytic pyrolysis in two 
reactor configurations. Renewable 
and Sustainable Energy Reviews. 
2009;13(4):750-762

[34] Pordesimo LO, Edens WC, 
Sokhansanj S. Distribution of 
aboveground biomass in corn 
Stover. Biomass and Bioenergy. 
2004;26(4):337-343

[35] Varvel GE, Wilhelm WW. Cob 
biomass production in the western 
corn belt. BioEnergy Research. 
2008;1(3-4):223-228

[36] Ambrosio R, Pauletti V, Barth G, 
Povh FP, da Silva DA, Blum H. Energy 
potential of residual maize biomass 
at different spacings and nitrogen 
doses. Ciência e Agrotecnologia. 
2017;41(6):626-633. DOI: 10.1590/ 
1413-70542017416009017

[37] Zeng K, He X, Yang H, Wang X, 
Chen H. The effect of combined 
pretreatments on the pyrolysis of 
corn stalk. Bioresource Technology. 
2019;02:107. DOI: 10.1016/j.
biortech.2019.02.107

[38] Bioenergy and Biofuels. 
International Energy Agency (IEA). 
Available from: http://www.iea.
org/topics/renewables/bioenergy/

[39] Murugan S, Gu S. Research and 
development activities in pyrolysis – 
Contributions from Indian scientific 
community – A review. Renewable 
and Sustainable Energy Reviews. 
2015;46:282-295

[40] Chintala V. Production, 
upgradation and utilization of solar 
assisted pyrolysis fuels from biomass – 
A technical review. Renewable 
and Sustainable Energy Reviews. 
2018;90:120-130. DOI: 10.1016/j.
rser.2018.03.066

[41] Vassilev SV, Baxter D, Andersen LK, 
Vassileva CG, Morgan TJ. An overview 
of the organic and inorganic phase 
composition of biomass. Fuel. 2012;94: 
1-33. DOI: 10.1016/j. fuel.2011.09.030

[42] Channiwala SA, Parikh PP. A 
Unifiel correlation for estimating HHV 
of solid, liquis and gaseous fuels. Fuel. 
2002;81:1051-1063

[43] De Faria Ferreira Carraro C, de 
Almeida Loures CC, da Silva LM, de 
Castro JA. Characterization of cassava 
biomass using differential scanning 
calorimetry and thermogravimetry 
for energy purposes. Journal of 
Thermal Analysis and Calorimetry. 
2019;8:905. DOI: 10.1007/s10973-019- 
08905-2

[44] Cruz G, Rodrigues AP, Silva DF, 
Gomes WC. Physical–chemical 
characterization and thermal behavior 
of cassava harvest waste or application 
in thermochemical processes. 
Journal of Thermal Analysis and 
Calorimetry. 2020:1-12. DOI: 10.1007/
s10973-020-09330-6

[45] Chen D, Cen K, Cao X, Li Y, 
Zhang Y, Ma H. Restudy on torrefaction 
of corn stalk from the point of view of 
deoxygenation and decarbonization. 
Journal of Analytical and Applied 
Pyrolysis. 2028;09:15. DOI: 10.1016/j.
jaap.2018.09.015

[46] IEA - International Energy 
Agency. World Energy Balances: 
An Overview. Available from: 
https://www.iea.org/reports/
world-energy-balances-overview

[47] EPE - Energy Research Company. 
National Energy Balance. Available 
from: https://www.epe.gov.br/pt/
publicacoes-dados-abertos/publicacoes/
balanco-energetico-nacional-ben

[48] ANEEL - National Electricity 
Agency. Atlas of Electrical Energy in 
Brazil. 3 ed. Brasília: ANEEL, 2008. 



Biotechnological Applications of Biomass

94

Available from: http://www2.aneel.gov.
br/arquivos/PDF/atlas3ed.pdf

[49] OHJI A, HARAGUCHI M. 
Steam Turbine Cycles and Cycle 
Design Optimization: The Rankine 
Cycle, Thermal Power Cycles, and 
IGCC Power Plants. Woodhead 
Publishing, 2017. DOI: 10.1016/
B978-0-08-100314-5.00002-6

[50] ANEEL - National Electricity 
Agency. Atlas of electrical energy in 
Brazil. 2nd ed. Brasília: ANEEL. 2005. 
Available from: http://www2.aneel.gov.
br/arquivos/pdf/livro_atlas.pdf

[51] EPE - Energy Research Company. 
Biofuels Analysis. 2019. p. 64. 
Available from: https://www.epe.gov.
br/pt/publicacoes-dados-abertos/
publicacoes/analise-de-conjuntura-dos-
biocombustiveis

95

Chapter 6

The Potential of Biomass in Africa 
and the Debate on Its Carbon 
Neutrality
Joan Nyika, Adeolu Adesoji Adediran, Adeniyi Olayanju, 
Olanrewaju Seun Adesina and Francis Odikpo Edoziuno

Abstract

To enhance the energy security and promote energy diversity, biomass sources 
of energy are viable resources worldwide. Bioenergy is an organic source of power 
derived from various feedstock including fuel wood, energy crops, solid wastes, 
and residues of plants. This book chapter explores the use of biomass in Africa and 
the technical and economic potential of these resources for energy supply in the 
continent. Findings of literature revealed that the potential of biomass is high in 
Africa due to availability of land, its preference due to limited electricity supply and 
the exorbitant nature of fossil fuels, the assorted variety of energy crops suitable 
for growth in the continent and the green nature associated with the resource. The 
chapter also established that bioenergy is renewable and not carbon neutral. As 
such, accurate computation of its resultant greenhouse gas emissions based on their 
sequestration and emission rates is strongly advised to optimize biomass for energy 
utility and sustainability compared to conventional energy sources.

Keywords: Africa, biomass, carbon emissions, environmental sustainability

1. Introduction

The global population is growing at a fast rate so that today’s population is 
200% more compared to the 1960s and is further projected to rise up to 9 billion 
by 2050 [1]. According to Jackson et al. [2], the global per capita energy use was 
rated to increase by 0.2% annually with consumption in developing countries such 
as India and China having an increased consumption rate of 3.4 and 1.6% per year, 
respectively. The European Union and USA recorded declined energy consump-
tion rates of 0.3 and 0.2% per annum, respectively [2]. The increment trend has 
and is expected to increase the global energy demand particularly in urban areas 
of developing nations considering that these countries will account for 99% of the 
population growth and 50% of these individuals will be in major cities [3]. Energy 
increments are also attributed to industrial revolution and the need to realize the 
sustainable development goal number 17 on affordable and clean energy according 
to [4]. These anticipations though reasonable are against the current global efforts 
to mitigate climate change, which is a serious environmental crisis.

In response to these developments on accommodating accessibility of sufficient 
energy and mitigation of climate change effects, the global energy mix especially 
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in urban areas is growing although many cities still rely heavily on conventional 
energy sources based on fossil fuels. The use of the energy sources has stirred a 
heated debate on energy sustainability since they are associated with environmental 
pollution and the apparent climate change state [1]. In China for instance, the expo-
nential growth in use of natural gas resulted to a 2–7% increase in carbon dioxide 
emissions correspondent to extensive air pollution in China [2]. Evidence showing 
that cities are the greatest environmental polluters and climate change contributors 
from the 70% carbon dioxide emissions out of the total possible, most of which is 
anthropogenic-based confirms the need for alternative, reliable, easily accessible 
and low-carbon emitting energy sources [5]. Zaharia et al. [4] agreed with these 
sentiments claiming that prosperity, population and non-renewable energy con-
sumption in developing economies of Asia and Africa are attributable to the rise in 
pollutant emissions.

Of these proposed alternatives in the energy mix is biomass, which is organic 
matter that is used as energy directly for heating and combustion or indirectly as 
biofuels [6]. Biofuel examples include wood shavings, sawdust, firewood, fruit 
stones (avocados, olives and nutshells) wastewater, manure, paper waste and pel-
lets. Biomass especially from wood is a promising domestic energy source according 
to Bildirici and Ozaksoy [7] who reported that 81% of African population depend 
on it for economic, household and cooking activities. The wide availability of 
biomass obtained from agricultural and industrial processes’ by-products justifies 
it high preference. Additionally, its direct and indirect uses to produce energy make 
its suitable in developing regions of Africa. However, it is worth noting that direct 
use of biomass is not always feasible and in some cases require additional treat-
ment (biologically or physically) to prevent the effects of conventional fuels [1]. 
This book chapter focuses on the various sources of biomass in Africa and assesses 
their potential in addition to having a candid discussion on the carbon neutrality 
of biomass. Three categories of biomass including forestry biomass, energy crops 
and wastes or residues will be discussed. The prospects of the chapter will help 
in drawing a roadmap to providing reliable energy for socio-economic growth 
in Africa while at the same time, taking precautionary measures to conserve the 
environment.

2. Types of biomass

Biomass, which is sourced from organic matter from the biosphere (animal 
or plant origin) and through transformation of wastes, is a promising source of 
energy. This renewable energy source can be classified into three: (1) forestry 
biomass, (2) energy crops and (3) biomass from wastes and residues. These three 
forms of biomass will be discussed in the following sections.

2.1 Forestry biomass and residues

Forests as terrestrial ecosystems store and generate biomass, which justifies 
their applicability as energy sources since time immemorial [8, 9]. This biomass 
form differs based on topography, stand structure, site and management systems. 
Irrespective of the variations, forest is a primordial energy source due to its unifor-
mity and availability globally as well its carbon neutrality [10, 11]. Forest biomass 
is removed as harvests or in silvicultural activities. Forest biomass is classified 
into two categories: (1) energy plantations and (2) timber systems where energy 
is produced as forest residues. Energy plantations are distinguished from agricul-
tural crops from the ability to enhance their biodiversity, their variability globally, 
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harvest flexibility, economic variability, low risk and their capacity to perform 
phytoremediation [12, 13]. Some countries such as China, Canada, USA and 
Europe have some of these plantations as documented by Goncalves et al. [14] and 
compared to developing countries. A number of factors such as the management 
practices, harvest cycle, rotation, density and the selection of species are considered 
in the growth of energy crops [14]. Forest residues include stumps, stems, limbs and 
tops of trees and their production depends on tree species, stem quality and stand 
structure [8].

The current share of forest biomass use is limited despite the known advantages 
of its use in energy production including the ability to convert it to transportation 
fuels, heat and electricity. The use of bioenergy and renewable wastes for energy 
supply accounted for 9.4% compared to all sources in 2015 [15]. Among these 
biomass supplies, 63.7% was from solid biofuels such as renewable municipal waste, 
biogas and liquid biofuels while other renewable biomass took the remaining share. 
Wood, wood fuel and wood residues produce heat and electricity and can be used 
indirectly by power plants combined with heat and power or directly by end users. 
Forest biomass contributed to 87% of biomass feedstock while 3 and 10% was from 
municipal waste and agricultural feedstock, respectively [16]. Examples of forest 
biomass sources include wood pellets, pine wood chips, pine bark, beech woos, wil-
low wood, poplar and eucalyptus wood [17]. In sub-Saharan Africa, woody biomass 
is the main source of energy at domestic level and 81% of the population use it for 
economic, household and cooking activities [7]. This rate is by far higher compared 
to higher income developing countries of India and China. Although projections 
by the IEA as noted by Stecker et al. [18] claimed that wood biomass use for energy 
would reduce globally by 2035, it is noted that in Africa, this form of biomass will 
contribute to 51–57% of energy consumption. Wood biomass use in Africa varies 
with some countries such as Central African Republic, Burundi and Rwanda having 
a percentage use rate of 90% and above [18].

2.2 Energy crops

Energy crops are wild and cultivated crops, which produce biomass for various 
purposes. They exist as woody, herbaceous, perennial, or annual and generate raw 
materials for gaseous or liquid biofuels in addition to solid biomass. A number of 
factors including maintenance of land productivity, improved soil fertility, use of 
crop rotation systems, climate change adaptation and crop characteristics influence 
the successful production of energy crops [19]. Energy crops are used for three 
main purposes: 1) biodiesel, 2) bioethanol and 3) electric and thermal production 
[20]. Some of the crops used to produce biodiesel include Cynara cardunculus, 
cotton, Glycine max, Helianthus annuus and Brassica napus. Energy crops used in 
bioethanol production include Beta vulgaris, Zea mays and Sorghum bicolor, wheat 
among other cereals. Miscanthus giganteus, Eucalyptus globulus and Arundo donax are 
used in electric and thermal production. According to Lynd et al. [21], energy crops 
occur in four categories: (1) cellulosic such as trees, grass and a variety of wastes, 
(2) oil rich such as palm oil, soy, rapeseed and sunflower, (3) sugar rich including 
sugar beet and sugarcane and (4) starch rich crops such as sorghum, wheat and 
maize. A number of conversion technologies transform the crops to energy. These 
technologies include biological processes such as fermentation, lignocellulose 
hydrolysis and anaerobic digestion as well as non-biological processes such as 
transesterification, pyrolysis, gasification and combustion. African countries such 
as Kenya, Zimbabwe, South Africa, Tanzania, Ghana and Ethiopia have embraced 
the use of these biomass crops as energy sources in addition to the use of forest 
biomass, residues and other forms of wastes [21].
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biomass obtained from agricultural and industrial processes’ by-products justifies 
it high preference. Additionally, its direct and indirect uses to produce energy make 
its suitable in developing regions of Africa. However, it is worth noting that direct 
use of biomass is not always feasible and in some cases require additional treat-
ment (biologically or physically) to prevent the effects of conventional fuels [1]. 
This book chapter focuses on the various sources of biomass in Africa and assesses 
their potential in addition to having a candid discussion on the carbon neutrality 
of biomass. Three categories of biomass including forestry biomass, energy crops 
and wastes or residues will be discussed. The prospects of the chapter will help 
in drawing a roadmap to providing reliable energy for socio-economic growth 
in Africa while at the same time, taking precautionary measures to conserve the 
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2. Types of biomass

Biomass, which is sourced from organic matter from the biosphere (animal 
or plant origin) and through transformation of wastes, is a promising source of 
energy. This renewable energy source can be classified into three: (1) forestry 
biomass, (2) energy crops and (3) biomass from wastes and residues. These three 
forms of biomass will be discussed in the following sections.

2.1 Forestry biomass and residues

Forests as terrestrial ecosystems store and generate biomass, which justifies 
their applicability as energy sources since time immemorial [8, 9]. This biomass 
form differs based on topography, stand structure, site and management systems. 
Irrespective of the variations, forest is a primordial energy source due to its unifor-
mity and availability globally as well its carbon neutrality [10, 11]. Forest biomass 
is removed as harvests or in silvicultural activities. Forest biomass is classified 
into two categories: (1) energy plantations and (2) timber systems where energy 
is produced as forest residues. Energy plantations are distinguished from agricul-
tural crops from the ability to enhance their biodiversity, their variability globally, 
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harvest flexibility, economic variability, low risk and their capacity to perform 
phytoremediation [12, 13]. Some countries such as China, Canada, USA and 
Europe have some of these plantations as documented by Goncalves et al. [14] and 
compared to developing countries. A number of factors such as the management 
practices, harvest cycle, rotation, density and the selection of species are considered 
in the growth of energy crops [14]. Forest residues include stumps, stems, limbs and 
tops of trees and their production depends on tree species, stem quality and stand 
structure [8].

The current share of forest biomass use is limited despite the known advantages 
of its use in energy production including the ability to convert it to transportation 
fuels, heat and electricity. The use of bioenergy and renewable wastes for energy 
supply accounted for 9.4% compared to all sources in 2015 [15]. Among these 
biomass supplies, 63.7% was from solid biofuels such as renewable municipal waste, 
biogas and liquid biofuels while other renewable biomass took the remaining share. 
Wood, wood fuel and wood residues produce heat and electricity and can be used 
indirectly by power plants combined with heat and power or directly by end users. 
Forest biomass contributed to 87% of biomass feedstock while 3 and 10% was from 
municipal waste and agricultural feedstock, respectively [16]. Examples of forest 
biomass sources include wood pellets, pine wood chips, pine bark, beech woos, wil-
low wood, poplar and eucalyptus wood [17]. In sub-Saharan Africa, woody biomass 
is the main source of energy at domestic level and 81% of the population use it for 
economic, household and cooking activities [7]. This rate is by far higher compared 
to higher income developing countries of India and China. Although projections 
by the IEA as noted by Stecker et al. [18] claimed that wood biomass use for energy 
would reduce globally by 2035, it is noted that in Africa, this form of biomass will 
contribute to 51–57% of energy consumption. Wood biomass use in Africa varies 
with some countries such as Central African Republic, Burundi and Rwanda having 
a percentage use rate of 90% and above [18].

2.2 Energy crops

Energy crops are wild and cultivated crops, which produce biomass for various 
purposes. They exist as woody, herbaceous, perennial, or annual and generate raw 
materials for gaseous or liquid biofuels in addition to solid biomass. A number of 
factors including maintenance of land productivity, improved soil fertility, use of 
crop rotation systems, climate change adaptation and crop characteristics influence 
the successful production of energy crops [19]. Energy crops are used for three 
main purposes: 1) biodiesel, 2) bioethanol and 3) electric and thermal production 
[20]. Some of the crops used to produce biodiesel include Cynara cardunculus, 
cotton, Glycine max, Helianthus annuus and Brassica napus. Energy crops used in 
bioethanol production include Beta vulgaris, Zea mays and Sorghum bicolor, wheat 
among other cereals. Miscanthus giganteus, Eucalyptus globulus and Arundo donax are 
used in electric and thermal production. According to Lynd et al. [21], energy crops 
occur in four categories: (1) cellulosic such as trees, grass and a variety of wastes, 
(2) oil rich such as palm oil, soy, rapeseed and sunflower, (3) sugar rich including 
sugar beet and sugarcane and (4) starch rich crops such as sorghum, wheat and 
maize. A number of conversion technologies transform the crops to energy. These 
technologies include biological processes such as fermentation, lignocellulose 
hydrolysis and anaerobic digestion as well as non-biological processes such as 
transesterification, pyrolysis, gasification and combustion. African countries such 
as Kenya, Zimbabwe, South Africa, Tanzania, Ghana and Ethiopia have embraced 
the use of these biomass crops as energy sources in addition to the use of forest 
biomass, residues and other forms of wastes [21].
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2.3 Biomass from wastes

Municipal solid waste commonly known as garbage comprises of leather and 
wood by-products, leaves, clippings from grass, food wastes, cardboard, paper and 
biogenic material from plants and animals. All these form biomass and can be trans-
formed to energy for heating or steam for electricity generation. This has been done 
in developed countries such as the USA where in 2018, 14 billion kilowatt-hours of 
electricity from combusting 29.5 million tons of municipal solid waste was pro-
duced by 68 power plants [22]. More than 60% of the combustible waste consisted 
of biomass materials and accounted for the more than 50% of the generated power 
[22]. The remaining combustible weight was from non-biomass materials such as 
plastics. Landfill gas also made from biomass material is transformed to methane 
gas and used in energy production. In Africa, the use of municipal solid waste for 
energy production has high potential as Scarlat et al. [23] concluded in an evalua-
tion of its potential especially in urban areas of the continent though it is done at 
small-scale levels.

3. An overview of biomass in Africa

Bioenergy from biomass is the primary source of energy for more than 2.7 
billion people globally and serves a traditional role in Africa [24]. Organization for 
economic cooperation and development (OECD) [25] highlighted that more than 
81% of the population accounting for 653 million Africans rely on biomass for their 
energy demands and the figure is expected to rise by 2030 to 720 million. The total 
energy demand in Africa is dominated by biomass that accounts for almost half 
(about 48%) of the total available sources (Figure 1a). A similar trend is evident 
in the sub-Saharan Africa as shown in Figure 1b. With the exclusion of South 
Africa, the rest of sub-Saharan Africa depends on biomass to a rate of more than 

Figure 1. 
Total biomass energy supply in (a) Africa, (b) sub-Saharan Africa and (c) sub-Saharan Africa excluding 
South Africa.
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81%. (Figure 1c) Total biomass energy supply for the entire continent is at 28,177 
petajoules (PJ) while in sub-Saharan Africa it is 21, 646 and 15,575 PJ including and 
excluding South Africa, respectively, according to the IEA data of 2009 [18, 26].

Apart from contributing to the primary energy demand in Africa, biomass also 
contributes significantly to the total final consumption. Although it is expected 
that this trend is on a reducing trend due to other competing uses of biomass such 
as animal feeds, organic sources and food, IEA [26] still projects that biomass 
sources will contribute to 51–57% of energy consumption by 2035 in the continent. 
In poorer countries of Africa especially those of sub-Saharan Africa excluding 
South Africa, the tendency to use biomass for energy is even higher according to 
Dasappa [27]. Usually the uses are traditional referring to the inappropriate use of 
animal dung, agricultural residues, animal dung, tree residues and fuel wood for 
space heating, lighting and cooking. This could be contrasted to modern biomass 
technical and effective use of energy characterized by high efficiency. Most of poor 
African population relies on traditional use of biomass for its energy uses despite 
the unsustainability of these trends, the rarity of quality biomass energy in these 
areas and the need for food security usually sourced from biomass sources [18]. The 
traditional uses of biomass via inefficient stoves is associated with indoor air pollu-
tion, soil degradation, forest degradation, ample time spent collecting firewood and 
ultimately, poverty [24]. These challenges necessitate a comprehensive analysis of 
biomass potential in Africa to find solutions towards having high quality, effective 
and efficient biomass. The following sections discuss the various biomass types 
with specific production levels in Africa and thereafter the potential of biomass in 
the continent.

Africa has more than 650 million hectares of forest cover, which accounts for 
17% of the world’s total area. The area covered is a fifth of the continent though 
the distribution of this resource is uneven with the Congo Basin and some areas 
of central and western Africa taking the largest share as shown in Figure 2. In the 
regions, production of wood products and round-wood is a key source of employ-
ment and African forests account for 0.85 ha per capita of population according to 
Dasappa [27]. Approximately 1% of the continent is characterized as forest planta-
tion while the tropical rain forests account to 25% of such areas globally. Due to 
the lack of recent statistics, this study used the Food and Agriculture Organization 
[29] data to show the forest product statistics for some African countries as shown 
in Table 1. Summarizes the wooded and forested areas of Africa with statistics 
showing 645 Mha accounting for 21% of total area as having biomass cover. 
Regions of central, west, east and South Africa have larger forested and wooded 
regions compared to the north. This could be because the latter has a considerable 
share of fossil fuel resources compared to other African regions.

Round-wood is the major forest product at 237 million tons compared to char-
coal, fuel wood and industrial products at 15, 52, and 207 million tons, respectively. 
The ratio of wood fuel to round-wood for some named African countries ranges 
from 0.9 to 1. In addition to wood, the processing of wood generates residues such 
as tops, lops, sawdust and cut-offs that are used as biomass. During forest and plant 
production, residues in the form of leaves, husks, cobs, shells and stalks are pro-
duced and serve as useful biomass too.

In the use of municipal solid waste biomass in Africa for energy, the section 
is largely unexploited according to Hafner et al. [30]. This trend is predominant 
in the continent despite the great potential of valorizing waste biomass to gener-
ate renewable and efficient energy in addition to dealing with the current waste 
disposal crises if conducted in large scale. The UN Environment Program [31] lauds 
Ethiopia for constructing a waste biomass-to-power plant, which is one of the first 
in large-scale capacity in the continent. Africa has also taken up the use of energy 
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81%. (Figure 1c) Total biomass energy supply for the entire continent is at 28,177 
petajoules (PJ) while in sub-Saharan Africa it is 21, 646 and 15,575 PJ including and 
excluding South Africa, respectively, according to the IEA data of 2009 [18, 26].

Apart from contributing to the primary energy demand in Africa, biomass also 
contributes significantly to the total final consumption. Although it is expected 
that this trend is on a reducing trend due to other competing uses of biomass such 
as animal feeds, organic sources and food, IEA [26] still projects that biomass 
sources will contribute to 51–57% of energy consumption by 2035 in the continent. 
In poorer countries of Africa especially those of sub-Saharan Africa excluding 
South Africa, the tendency to use biomass for energy is even higher according to 
Dasappa [27]. Usually the uses are traditional referring to the inappropriate use of 
animal dung, agricultural residues, animal dung, tree residues and fuel wood for 
space heating, lighting and cooking. This could be contrasted to modern biomass 
technical and effective use of energy characterized by high efficiency. Most of poor 
African population relies on traditional use of biomass for its energy uses despite 
the unsustainability of these trends, the rarity of quality biomass energy in these 
areas and the need for food security usually sourced from biomass sources [18]. The 
traditional uses of biomass via inefficient stoves is associated with indoor air pollu-
tion, soil degradation, forest degradation, ample time spent collecting firewood and 
ultimately, poverty [24]. These challenges necessitate a comprehensive analysis of 
biomass potential in Africa to find solutions towards having high quality, effective 
and efficient biomass. The following sections discuss the various biomass types 
with specific production levels in Africa and thereafter the potential of biomass in 
the continent.

Africa has more than 650 million hectares of forest cover, which accounts for 
17% of the world’s total area. The area covered is a fifth of the continent though 
the distribution of this resource is uneven with the Congo Basin and some areas 
of central and western Africa taking the largest share as shown in Figure 2. In the 
regions, production of wood products and round-wood is a key source of employ-
ment and African forests account for 0.85 ha per capita of population according to 
Dasappa [27]. Approximately 1% of the continent is characterized as forest planta-
tion while the tropical rain forests account to 25% of such areas globally. Due to 
the lack of recent statistics, this study used the Food and Agriculture Organization 
[29] data to show the forest product statistics for some African countries as shown 
in Table 1. Summarizes the wooded and forested areas of Africa with statistics 
showing 645 Mha accounting for 21% of total area as having biomass cover. 
Regions of central, west, east and South Africa have larger forested and wooded 
regions compared to the north. This could be because the latter has a considerable 
share of fossil fuel resources compared to other African regions.

Round-wood is the major forest product at 237 million tons compared to char-
coal, fuel wood and industrial products at 15, 52, and 207 million tons, respectively. 
The ratio of wood fuel to round-wood for some named African countries ranges 
from 0.9 to 1. In addition to wood, the processing of wood generates residues such 
as tops, lops, sawdust and cut-offs that are used as biomass. During forest and plant 
production, residues in the form of leaves, husks, cobs, shells and stalks are pro-
duced and serve as useful biomass too.

In the use of municipal solid waste biomass in Africa for energy, the section 
is largely unexploited according to Hafner et al. [30]. This trend is predominant 
in the continent despite the great potential of valorizing waste biomass to gener-
ate renewable and efficient energy in addition to dealing with the current waste 
disposal crises if conducted in large scale. The UN Environment Program [31] lauds 
Ethiopia for constructing a waste biomass-to-power plant, which is one of the first 
in large-scale capacity in the continent. Africa has also taken up the use of energy 



Biotechnological Applications of Biomass

100

crops for biofuel production. The feedstock for such processes comes from: (1) first 
generation food crops such as cereals, sugarcane and vegetable oils, (2) from second 
generation crops such as wood, wastes and bagasse and (3) from third generation 
organisms such as algae. It is not easy to quantify the use of energy crops due in 
Africa due to their affiliated competition with food demands especially in famine 
prone areas of sub-Saharan Africa. Additional challenges including food-fuel 
competition exacerbated by corruption, weak governance, political instability and 
competition for land slow down efforts aimed at modernizing biomass for energy 
in most African countries [30]. IEA [32] expressed optimism that with the appro-
priate policies, African countries including Uganda, South Africa, Nigeria, Ghana 
and Mozambique could use biofuels to meet energy demands of their respective 
transport sectors. It is from this optimism that several examples of biomass use in 
Africa have been documented. These include bioethanol generation from sugarcane 

Figure 2. 
Percentage of forest cover in Africa [28].

Region Forested land 
area (1000 ha)

% Land area Other wooded 
land (1000 ha)

Other land with tree 
cover (1000 ha)

Southern and Eastern 
Africa

226,534 27.8 167,023 10,345

Northern Africa 131,048 8.6 94,609 10,207

Central and Western 
Africa

277, 829 44.1 144,468 788

Total Area 645, 412 21.4 406,100 21,339

Table 1. 
Forest and wooded areas in Africa according to the FAO 2005 statistics [27].
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in Malawi, jatropha electrification in Mali, the use of sisal waste for biogas produc-
tion in Tanzania and the production of ethanol from cassava in Benin [33–35]. In 
Zambia, Tanzania, South Africa, Sierra Leone, Liberia, Kenya, Ghana, Gambia, 
Cameroon, Burkina Faso and Botswana, policies on the use of bioenergy have been 
formalized and are in the implementation stages [36].

4. Potential of biomass in Africa

The potential of biomass in Africa has been examined in a number of studies 
especially in relation to available land [34, 35, 37]. These studies however focus 
on productive areas compared to arid and semi-arid regions. In Africa however, 
most of the area is largely arid of semi-arid characterized by mismanaged natural 
resources, low productivity and high vulnerability to climate change and soil 
erosion, which worsens the continent’s poverty crises. The potential of biomass is 
therefore generalized using two aspects: (1) the availability of land and the viable 
production systems (technical potential) and (2) the expenditure and income 
resulting from biomass production (economic potential) that vary from humid 
to arid and semi-arid areas. Ultimately, with these considerations, the economic 
potential of bioenergy generation is affected. The next section focuses on Africa’s 
biomass potential in relation to its technical and economic potential.

4.1 Technical potential

The technical potential of biomass is classified into two: (1) available land for 
bioenergy production and (2) viable biomass production systems. Available land 
defines the land left after current high biodiversity, agricultural and unsuitable 
areas are excluded. In this context, unsuitable areas include steep slopes, deserts 
and cities while high biodiversity areas include wetlands, forests, biodiversity 
hotspots and protected areas. In this context, Africa has a great technical potential 
of biomass as it has ample land for growth of bioenergy crops [27] and has serious 
electricity supply problems especially in rural areas steered up by poverty and 

Figure 3. 
The suitability of growing (a) sugarcane, (b) maize and (c) sorghum in Africa [40].
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on productive areas compared to arid and semi-arid regions. In Africa however, 
most of the area is largely arid of semi-arid characterized by mismanaged natural 
resources, low productivity and high vulnerability to climate change and soil 
erosion, which worsens the continent’s poverty crises. The potential of biomass is 
therefore generalized using two aspects: (1) the availability of land and the viable 
production systems (technical potential) and (2) the expenditure and income 
resulting from biomass production (economic potential) that vary from humid 
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of biomass as it has ample land for growth of bioenergy crops [27] and has serious 
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Figure 3. 
The suitability of growing (a) sugarcane, (b) maize and (c) sorghum in Africa [40].
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these factors could stimulate the use of biomass as an alternative energy source 
[30]. Kemausuor [38] supported the suggestion that Africa has high biomass 
potential by showing that its available land, harvested residues and bioenergy 
crops are higher compared to those of other parts of the world as shown in Figure 3. 
The figures on the available land by FAO also confirm the sufficiency of land for 
production of fuel wood and other bioenergy crops. However, the characteristics 
of African land such as its vulnerability to soil erosion, low productivity and 
misuse of natural resources coupled with traditional biomass uses are limiting 
factors to its optimal exploitation [24, 30]. Africa has many biofuel options from 
the many production systems of plants such as sugarcane, corn, sweet sorghum, 

Figure 4. 
The suitability of growing (a) cassava, (b) palm oil and (c) jatropha in Africa [40].

Bioenergy 
crop

Suitable conditions for optimal 
production

Yield for every 
hectare

Producing countries

Sugarcane 1600 meters (m) above sea level 4000 liters/ 
hectare (l/ha) in 
Africa

Mauritius, Zimbabwe, 
Swaziland, Kenya, Sudan, 
South Africa

Corn Can grow everywhere with 
enough watering

700 l/ha in Africa Tanzania, Kenya, Ethiopia, 
Nigeria, South Africa

Sweet 
sorghum

2500 m attitude in dry temperate 
and tropical areas

3000–6000 l/ha Burkina Faso, Sudan, 
Ethiopia, Nigeria

Cassava Above 1000 m attitude in tropical 
climate

1750 l/ha in 
Africa

Angola, Ghana, Mozambique, 
DR Congo, Nigeria

Palm oil Above 700 m attitude in humid 
tropic climate

3000 l/ha in 
Africa

Ghna, DR Congo, Cote 
d’Ivoire, Nigeria

Jatropha Above 500 m attitude and as low 
as 300 mm rainfall in semi-arid 
and tropical climate

40–2200 l/ha oil Tanzania, Mozambique, 
Mali, Ghana

Table 2. 
Some of the bioenergy crops grown in Africa, their climatic conditions, estimated yield rates and producing 
countries [38–39].
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cassava, palm oil and jatropha that are all energy crops [39]. The first three crops 
are collectively known as the ethanol crops while the last two are useful in biodiesel 
production. All the crops are economically and technically feasible in various parts 
of Africa based on their suitable conditions, yields from every hectare and some 
African producers summarized in Table 2 [39].

Ethanol crops were initially developed for feed and crop production but their 
energy potential has suited the use of their biomass. Maize and sugarcane have 
greater potential since they are cultivated in many African countries at both small- 
and large-scale levels. Biodiesel crops include examples such as sunflower, castor 
oil, sesame, rapeseed, coconut, soya bean, jatropha and palm oil. However, for 
Africa palm oil and jatropha are focused on because of the high yield rates for every 
hectare and capacity to produce biofuel, respectively [39]. Areas where these energy 

Country Zambia Tanzania South 
Africa

Senegal Mali Kenya Burkina 
Faso

Botswana

Transportation 
costs (US$t−1km−1)

0.07 0.07 0.05 0.08 0.08 0.07 0.08 0.05

Transport distance 
for cassava Arid 
areas (km)

- - 636 40 92 35 164 121

Semi-arid areas 
(km)

36 35 69 57 37 26 40 39

Transport distance 
for fuelwood and 
jatropha Arid areas 
(km)

- - 115 5 12 8 21 16

Semi-arid areas 
(km)

7 10 15 9 6 7 7 6

Land costs  
(US$ ha−1y−1)

20 20 93 22 22 20 22 93

Labour costs  
(US$ h−1)

0.3 0.3 4 0.4 0.4 0.3 0.4 1

Fertilizer costs for 
NPK (US$)

2102 2226 1521 2332 2332 1998 2332 2102

Yield rate of 
fuelwood Arid 
areas (t ha−1 y−1)

- - 1.1 5.7 2.7 8.9 6.3 0.7

Semi-arid areas  
(t ha−1 y−1)

12.4 9.5 8.7 7.4 8.1 12.4 10 5.5

Yield rate of 
jatropha Arid areas 
(t ha−1 y−1)

- - 0.3 1.7 0.7 2 2.4 0.2

Semi-arid areas  
(t ha−1 y−1)

2.7 2.5 2.3 2.7 2.6 2.4 3.1 2.5

Yield rate of 
cassava Arid areas 
(t ha−1 y−1)

- - 0.4 1.2 0.6 4.4 1.8 0.2

Semi-arid areas  
(t ha−1 y−1)

4.9 8.9 4.8 2.8 3.4 7.5 3.8 2.3

Table 3. 
The labour, land, transport and fertilizer costs of energy crops in some African countries in comparison to their 
yield rates [27].
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The figures on the available land by FAO also confirm the sufficiency of land for 
production of fuel wood and other bioenergy crops. However, the characteristics 
of African land such as its vulnerability to soil erosion, low productivity and 
misuse of natural resources coupled with traditional biomass uses are limiting 
factors to its optimal exploitation [24, 30]. Africa has many biofuel options from 
the many production systems of plants such as sugarcane, corn, sweet sorghum, 

Figure 4. 
The suitability of growing (a) cassava, (b) palm oil and (c) jatropha in Africa [40].

Bioenergy 
crop

Suitable conditions for optimal 
production

Yield for every 
hectare

Producing countries

Sugarcane 1600 meters (m) above sea level 4000 liters/ 
hectare (l/ha) in 
Africa

Mauritius, Zimbabwe, 
Swaziland, Kenya, Sudan, 
South Africa

Corn Can grow everywhere with 
enough watering

700 l/ha in Africa Tanzania, Kenya, Ethiopia, 
Nigeria, South Africa

Sweet 
sorghum

2500 m attitude in dry temperate 
and tropical areas

3000–6000 l/ha Burkina Faso, Sudan, 
Ethiopia, Nigeria

Cassava Above 1000 m attitude in tropical 
climate

1750 l/ha in 
Africa

Angola, Ghana, Mozambique, 
DR Congo, Nigeria

Palm oil Above 700 m attitude in humid 
tropic climate

3000 l/ha in 
Africa

Ghna, DR Congo, Cote 
d’Ivoire, Nigeria

Jatropha Above 500 m attitude and as low 
as 300 mm rainfall in semi-arid 
and tropical climate

40–2200 l/ha oil Tanzania, Mozambique, 
Mali, Ghana

Table 2. 
Some of the bioenergy crops grown in Africa, their climatic conditions, estimated yield rates and producing 
countries [38–39].
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cassava, palm oil and jatropha that are all energy crops [39]. The first three crops 
are collectively known as the ethanol crops while the last two are useful in biodiesel 
production. All the crops are economically and technically feasible in various parts 
of Africa based on their suitable conditions, yields from every hectare and some 
African producers summarized in Table 2 [39].

Ethanol crops were initially developed for feed and crop production but their 
energy potential has suited the use of their biomass. Maize and sugarcane have 
greater potential since they are cultivated in many African countries at both small- 
and large-scale levels. Biodiesel crops include examples such as sunflower, castor 
oil, sesame, rapeseed, coconut, soya bean, jatropha and palm oil. However, for 
Africa palm oil and jatropha are focused on because of the high yield rates for every 
hectare and capacity to produce biofuel, respectively [39]. Areas where these energy 

Country Zambia Tanzania South 
Africa

Senegal Mali Kenya Burkina 
Faso

Botswana

Transportation 
costs (US$t−1km−1)

0.07 0.07 0.05 0.08 0.08 0.07 0.08 0.05

Transport distance 
for cassava Arid 
areas (km)

- - 636 40 92 35 164 121

Semi-arid areas 
(km)

36 35 69 57 37 26 40 39

Transport distance 
for fuelwood and 
jatropha Arid areas 
(km)

- - 115 5 12 8 21 16

Semi-arid areas 
(km)

7 10 15 9 6 7 7 6

Land costs  
(US$ ha−1y−1)

20 20 93 22 22 20 22 93

Labour costs  
(US$ h−1)

0.3 0.3 4 0.4 0.4 0.3 0.4 1

Fertilizer costs for 
NPK (US$)

2102 2226 1521 2332 2332 1998 2332 2102

Yield rate of 
fuelwood Arid 
areas (t ha−1 y−1)

- - 1.1 5.7 2.7 8.9 6.3 0.7

Semi-arid areas  
(t ha−1 y−1)

12.4 9.5 8.7 7.4 8.1 12.4 10 5.5

Yield rate of 
jatropha Arid areas 
(t ha−1 y−1)

- - 0.3 1.7 0.7 2 2.4 0.2

Semi-arid areas  
(t ha−1 y−1)

2.7 2.5 2.3 2.7 2.6 2.4 3.1 2.5

Yield rate of 
cassava Arid areas 
(t ha−1 y−1)

- - 0.4 1.2 0.6 4.4 1.8 0.2

Semi-arid areas  
(t ha−1 y−1)

4.9 8.9 4.8 2.8 3.4 7.5 3.8 2.3

Table 3. 
The labour, land, transport and fertilizer costs of energy crops in some African countries in comparison to their 
yield rates [27].
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crops are grown in Africa based on their suitability and according to the IIASA / FAI 
[40], statistics are shown in Figures 3 and 4.

4.2 Economic potential

Economic potential of biomass focuses on its production for profitable gains and 
with economic viability. To assess this biomass potential in Africa, costs of energy 
crop production such as inputs, labor, land and transportation costs from the farm 
until the last stage of energy conversions are considered. Other considerations 
according to Dasappa [27] include taxes, retail and wholesale margins, fertilizer and 
distribution costs. They help in comparing the economic viability of biomass energy 
with conventional energy prices. Some of these costs in eight named countries of 
Africa in comparison to the average yields of fuel wood, a biodiesel (jatropha) and 
ethanol (cassava) crop and according to literature are summarized in Table 3 [27].

From the estimates of literature, the costs vary based on countries and there is 
need to adopt modern biomass uses that focus on efficiency and effectiveness even 
at the production levels [33, 34]. The costs in arid areas are higher compared to the 
semi-arid areas due to the challenges of land aforementioned in this chapter. The 
estimates are however, a simplification of the actual situation and more accurate 
and region specific estimates are needed as Dasappa [27] highlighted.

5. The carbon neutrality debate of biomass

Bioenergy or biomass energy has received a lot of attention globally as a viable 
alternative to conventional energy sources from fossil fuels because of its capacity 
to enhance energy security, result to economic growth and at the same time, cause 
minimal environmental impacts [41]. With this high attention drawn to biomass 
production and its subsequent conversion to bio power, researchers, government 
agencies, biomass feedstock generators and environmentalists are equally pay-
ing attention to its carbon neutrality issue. The carbon neutrality debate revolves 
around the ability of biomass production and conversion to energy processes 
resulting to zero increase in the greenhouse gas (GHG) levels in the atmosphere 
following a full life cycle basis. The debate influences future adoption to biomass 
sources and legislation on their use. During the contest, some bioenergy genera-
tors and biomass feedstock farmers support that associated energy resources are 
neutral since carbon released during biomass generation originates from feedstock 
that withdrew carbon from the atmosphere during growth. On the other hand, 
some environmentalists argue that bioenergy is not carbon neutral since the GHG 
emissions released in production of a unit of energy in a case such as combustion 
could even be higher than those of fossil fuels depending on the biomass type. Van 
Renssen [42] bases the debate on carbon neutrality of biomass energy sources to 
the inaccurate GHG emission assessment, which could result to long-term environ-
mental issues.

To understand the debate around the carbon neutrality of biomass, this 
chapter does a summative focus on the carbon cycle. The cycle involves many 
pathways where carbon is exchanged between land, water and the atmosphere. 
Anthropogenic activities emit CO2 and contribute to the carbon cycle. The con-
tribution of CO2 by humans is considerably small compared to other sources but 
once released to the environment; CO2 is taken up by oceans, soils and vegetation 
at a slower rate compared to the emission rate [43]. Unless there are available CO2 
sinks in ocean and on land, the gas is likely to accumulate in the atmosphere causing 
modifications on the climatic conditions of the earth. Energy production is one of 
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the human activities that releases significant amounts of CO2. The net result of any 
energy production activity occurs in three ways: [43].

1. Carbon positivity, which defines activities that release CO2 to the environment.

2. Carbon negativity, which defined activities that draw CO2 more from the envi-
ronment compared to the emission rates.

3. Carbon neutrality that defines activities leading to CO2 absorption and release 
of equal measure.

To be carbon neutral, biomass has to meet the following four conditions  
according to Miner [44].

1. Compared to conventional energy sources, biomass sources should result to 
lower net increments of GHG emissions.

2. Emissions of biomass overall life cycle from the cultivation, harvesting and 
transportation processes should sum up to zero.

3. If biomass cultivation draws more atmospheric CO2 compared to resultant 
emissions.

4. If by nature, biomass sources are carbon neutral then their products will be 
neutral too.

The suppositions by Miner [44] are contentious and escalate the carbon neutral-
ity debate. For example, the assumption that biomass is carbon neutral naturally, 
fails to account for GHG emissions that occur during energy crop tendering pro-
cesses such as fertilization. Additionally, the demand to remove CO2 resulting from 
biomass growth equally means more planting of such crops. To assess the carbon 
neutrality of biomass compared to conventional fossil fuels, it is important to 
focus on their specific carbon cycles and identify differences as shown in Figure 5. 
Bioenergy has renewable sources of carbon in that plants can be re-grown and result 
to stable carbon concentrations compared to fossil fuel energy with finite sources of 
carbon that lead to additional CO2 concentrations. Emissions from biofuels mainly 
occur from bio power technology type, feedstock production and transformation. 
This fact therefore suggests that the use of biomass as an alternative to conventional 
energy sources eliminates or reduces emissions from fossil fuels but also results to 
its own emissions and cannot possibly be carbon neutral as Bird et al. [45] sug-
gested. The authors cited the example of combusting a metric ton of bone-dry wood 
that emits 1.8 tons of atmospheric CO2. These differences coupled with the fact that 
feedstock growth consumes CO2 could justify the ideologies of biomass as carbon 
neutral according to Bracmort [43].

A number of policies consider the burning of biomass as carbon neutral irre-
spective of their sources. Concurrently, the policies acknowledge the presence of 
carbon emissions using fossil fuels to process biomass but fail to narrow it down to 
CO2 [45]. Through this error when computing emissions from bioenergy, they con-
clude that all biomass-based energy sources are carbon neutral. According to Haberl 
et al. [41] such policies are inaccurate. In another assumption, carbon neutrality is 
assumed since combustion of biomass releases the carbon that was initially drawn 
from the atmosphere as the plants were growing. This is a baseline error since the 
ideology fails to acknowledge that if energy crops were not harvested, they would 
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crops are grown in Africa based on their suitability and according to the IIASA / FAI 
[40], statistics are shown in Figures 3 and 4.

4.2 Economic potential

Economic potential of biomass focuses on its production for profitable gains and 
with economic viability. To assess this biomass potential in Africa, costs of energy 
crop production such as inputs, labor, land and transportation costs from the farm 
until the last stage of energy conversions are considered. Other considerations 
according to Dasappa [27] include taxes, retail and wholesale margins, fertilizer and 
distribution costs. They help in comparing the economic viability of biomass energy 
with conventional energy prices. Some of these costs in eight named countries of 
Africa in comparison to the average yields of fuel wood, a biodiesel (jatropha) and 
ethanol (cassava) crop and according to literature are summarized in Table 3 [27].

From the estimates of literature, the costs vary based on countries and there is 
need to adopt modern biomass uses that focus on efficiency and effectiveness even 
at the production levels [33, 34]. The costs in arid areas are higher compared to the 
semi-arid areas due to the challenges of land aforementioned in this chapter. The 
estimates are however, a simplification of the actual situation and more accurate 
and region specific estimates are needed as Dasappa [27] highlighted.

5. The carbon neutrality debate of biomass

Bioenergy or biomass energy has received a lot of attention globally as a viable 
alternative to conventional energy sources from fossil fuels because of its capacity 
to enhance energy security, result to economic growth and at the same time, cause 
minimal environmental impacts [41]. With this high attention drawn to biomass 
production and its subsequent conversion to bio power, researchers, government 
agencies, biomass feedstock generators and environmentalists are equally pay-
ing attention to its carbon neutrality issue. The carbon neutrality debate revolves 
around the ability of biomass production and conversion to energy processes 
resulting to zero increase in the greenhouse gas (GHG) levels in the atmosphere 
following a full life cycle basis. The debate influences future adoption to biomass 
sources and legislation on their use. During the contest, some bioenergy genera-
tors and biomass feedstock farmers support that associated energy resources are 
neutral since carbon released during biomass generation originates from feedstock 
that withdrew carbon from the atmosphere during growth. On the other hand, 
some environmentalists argue that bioenergy is not carbon neutral since the GHG 
emissions released in production of a unit of energy in a case such as combustion 
could even be higher than those of fossil fuels depending on the biomass type. Van 
Renssen [42] bases the debate on carbon neutrality of biomass energy sources to 
the inaccurate GHG emission assessment, which could result to long-term environ-
mental issues.

To understand the debate around the carbon neutrality of biomass, this 
chapter does a summative focus on the carbon cycle. The cycle involves many 
pathways where carbon is exchanged between land, water and the atmosphere. 
Anthropogenic activities emit CO2 and contribute to the carbon cycle. The con-
tribution of CO2 by humans is considerably small compared to other sources but 
once released to the environment; CO2 is taken up by oceans, soils and vegetation 
at a slower rate compared to the emission rate [43]. Unless there are available CO2 
sinks in ocean and on land, the gas is likely to accumulate in the atmosphere causing 
modifications on the climatic conditions of the earth. Energy production is one of 
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the human activities that releases significant amounts of CO2. The net result of any 
energy production activity occurs in three ways: [43].

1. Carbon positivity, which defines activities that release CO2 to the environment.

2. Carbon negativity, which defined activities that draw CO2 more from the envi-
ronment compared to the emission rates.

3. Carbon neutrality that defines activities leading to CO2 absorption and release 
of equal measure.

To be carbon neutral, biomass has to meet the following four conditions  
according to Miner [44].

1. Compared to conventional energy sources, biomass sources should result to 
lower net increments of GHG emissions.

2. Emissions of biomass overall life cycle from the cultivation, harvesting and 
transportation processes should sum up to zero.

3. If biomass cultivation draws more atmospheric CO2 compared to resultant 
emissions.

4. If by nature, biomass sources are carbon neutral then their products will be 
neutral too.

The suppositions by Miner [44] are contentious and escalate the carbon neutral-
ity debate. For example, the assumption that biomass is carbon neutral naturally, 
fails to account for GHG emissions that occur during energy crop tendering pro-
cesses such as fertilization. Additionally, the demand to remove CO2 resulting from 
biomass growth equally means more planting of such crops. To assess the carbon 
neutrality of biomass compared to conventional fossil fuels, it is important to 
focus on their specific carbon cycles and identify differences as shown in Figure 5. 
Bioenergy has renewable sources of carbon in that plants can be re-grown and result 
to stable carbon concentrations compared to fossil fuel energy with finite sources of 
carbon that lead to additional CO2 concentrations. Emissions from biofuels mainly 
occur from bio power technology type, feedstock production and transformation. 
This fact therefore suggests that the use of biomass as an alternative to conventional 
energy sources eliminates or reduces emissions from fossil fuels but also results to 
its own emissions and cannot possibly be carbon neutral as Bird et al. [45] sug-
gested. The authors cited the example of combusting a metric ton of bone-dry wood 
that emits 1.8 tons of atmospheric CO2. These differences coupled with the fact that 
feedstock growth consumes CO2 could justify the ideologies of biomass as carbon 
neutral according to Bracmort [43].

A number of policies consider the burning of biomass as carbon neutral irre-
spective of their sources. Concurrently, the policies acknowledge the presence of 
carbon emissions using fossil fuels to process biomass but fail to narrow it down to 
CO2 [45]. Through this error when computing emissions from bioenergy, they con-
clude that all biomass-based energy sources are carbon neutral. According to Haberl 
et al. [41] such policies are inaccurate. In another assumption, carbon neutrality is 
assumed since combustion of biomass releases the carbon that was initially drawn 
from the atmosphere as the plants were growing. This is a baseline error since the 
ideology fails to acknowledge that if energy crops were not harvested, they would 
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continue to absorb atmospheric CO2. The resultant carbon reductions are included 
in the global estimates of CO2 emissions in future and this in not precise since it 
results to double counting. Ritcher et al. [46] emphasized the computational error 
of carbon neutrality using the example of a hectare of cropped land that is left to 
reforest. In this case, the growing plants absorb atmospheric CO2 to form biomass. 
Some of the biomass is eaten by microorganisms, fungi and animals and released 
to the atmosphere while the other is stored in soils and vegetation during growth 
processes. The overall effect would be reduced CO2 emissions and a negative 
effect on global warming. On the other hand, if energy crops were cultivated to be 
combusted in power plants, fossil fuel based emissions would reduce but carbon 
emissions from the plants’ chimneys would arise. Bird et al. [45] supported this 
line of thought claiming that for every unit of energy, CO2 emitted from the power 
plants would even be higher that fossil fuels because (1) the efficiency of combust-
ing biomass compared to fossil fuel is lower and (2) biomass has lower unit energy 
potential compared to natural gas or petroleum based power. Therefore growing 
energy crops draws CO2 from the atmosphere but it foregoes the sequestration of 
this gas that would occur if the land was forested. The foregone CO2 atmospheric 

Figure 5. 
Carbon cycles of bioenergy compared to fossil fuel sourced energy [43].
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withdrawals are not accounted in existent biomass GHG emission computation 
methods. The growth of forests in Ukrainian forests for instance after abandoning 
farmland resulted more carbon sinking at the rate of one ton per hectare of forested 
land annually [47]. The growth of energy crops causes more carbon to be seques-
tered in underground fossil fuels though the advantage has an opportunity cost of 
less carbon being stored in soils and plants. Biomass energy sources would reduce 
carbon emissions to be considered neutral if the former effect outweighs the latter.

The use of food crops such as maize, cassava, sorghum for energy crops is a 
perfect scenario to demystify the carbon neutrality debate. The process does not 
compensate the emissions from its use and does not directly lead to additional 
growth of plants [48, 49]. However, the energy crops can significantly reduce 
carbon emissions indirectly under the following circumstances:

1. The crops sequester carbon from the atmosphere for longer periods since 
humans and animals consume them and then return carbon during respira-
tion. If the crops are not replaced, they result to net carbon reductions and 
their consumption emits less CO2. However, the approach is not sustainable in 
reducing GHGs.

2. If more crops are concentrated per unit land, more carbon is absorbed. In the 
event more land is cultivated, carbon withdraws from the atmosphere are 
likely to increase.

In these two scenarios, carbon fluctuations due to land-use changes must be 
determined accurately. From the many considerations on biomass carbon neutral-
ity made in this chapter, the main issue in the debate is the failure to consider the 
emissions that would result if bioenergy was produced from other alternatives apart 
from energy crops. This error results to incorrect GHG accounting [41]. Therefore, 
accurate GHG accounting should reflect the carbon stock losses during production 
of biomass, the energy consumed and consider the carbon withdrawals that would 
result if bioenergy was not used at all. In forested areas of countries at the northern 
hemisphere, biomass accumulation occurs [46, 50] resulting to more carbon seques-
tration. In events that the harvest of biomass does not surpass forest growth, carbon 
stocks are estimated to be constant and consequent GHG emission reductions can 
be realized [43, 51]. If forests are left to regrow following harvest, they realize the 
same carbon sequestration levels as the unharvested ones when carbon stock build 
up slows and stops at maturity. At that point, biomass use is considered carbon 
neutral. Such a realization could take many years and as such, atmospheric CO2 is 
retained longer in the atmosphere before removal by plants, which is the cause of 
climate change [48, 49]. Increasing the harvest times for forests in the long term for 
sustainable fuel wood supply decreases the carbon stocks resulting to a carbon debt 
that is repaid after longer periods even if forest conservation occurs [51]. Holistic 
GHG emission accounting from biomass sources of energy should consider plant 
growth rate in the presence and absence of bioenergy generation and the changes in 
carbon storage in soils and plants as a result of the initiatives or otherwise.

6. Conclusions and recommendations

Biomass is a useful energy source in most African countries and is used for 
thermal applications in addition to cooking and producing electricity. As an alterna-
tive source of energy, it is essential as large part of the continent do not have direct 
access to electricity and other conventional energy sources. Additionally the use 
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in the global estimates of CO2 emissions in future and this in not precise since it 
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withdrawals are not accounted in existent biomass GHG emission computation 
methods. The growth of forests in Ukrainian forests for instance after abandoning 
farmland resulted more carbon sinking at the rate of one ton per hectare of forested 
land annually [47]. The growth of energy crops causes more carbon to be seques-
tered in underground fossil fuels though the advantage has an opportunity cost of 
less carbon being stored in soils and plants. Biomass energy sources would reduce 
carbon emissions to be considered neutral if the former effect outweighs the latter.

The use of food crops such as maize, cassava, sorghum for energy crops is a 
perfect scenario to demystify the carbon neutrality debate. The process does not 
compensate the emissions from its use and does not directly lead to additional 
growth of plants [48, 49]. However, the energy crops can significantly reduce 
carbon emissions indirectly under the following circumstances:

1. The crops sequester carbon from the atmosphere for longer periods since 
humans and animals consume them and then return carbon during respira-
tion. If the crops are not replaced, they result to net carbon reductions and 
their consumption emits less CO2. However, the approach is not sustainable in 
reducing GHGs.

2. If more crops are concentrated per unit land, more carbon is absorbed. In the 
event more land is cultivated, carbon withdraws from the atmosphere are 
likely to increase.

In these two scenarios, carbon fluctuations due to land-use changes must be 
determined accurately. From the many considerations on biomass carbon neutral-
ity made in this chapter, the main issue in the debate is the failure to consider the 
emissions that would result if bioenergy was produced from other alternatives apart 
from energy crops. This error results to incorrect GHG accounting [41]. Therefore, 
accurate GHG accounting should reflect the carbon stock losses during production 
of biomass, the energy consumed and consider the carbon withdrawals that would 
result if bioenergy was not used at all. In forested areas of countries at the northern 
hemisphere, biomass accumulation occurs [46, 50] resulting to more carbon seques-
tration. In events that the harvest of biomass does not surpass forest growth, carbon 
stocks are estimated to be constant and consequent GHG emission reductions can 
be realized [43, 51]. If forests are left to regrow following harvest, they realize the 
same carbon sequestration levels as the unharvested ones when carbon stock build 
up slows and stops at maturity. At that point, biomass use is considered carbon 
neutral. Such a realization could take many years and as such, atmospheric CO2 is 
retained longer in the atmosphere before removal by plants, which is the cause of 
climate change [48, 49]. Increasing the harvest times for forests in the long term for 
sustainable fuel wood supply decreases the carbon stocks resulting to a carbon debt 
that is repaid after longer periods even if forest conservation occurs [51]. Holistic 
GHG emission accounting from biomass sources of energy should consider plant 
growth rate in the presence and absence of bioenergy generation and the changes in 
carbon storage in soils and plants as a result of the initiatives or otherwise.

6. Conclusions and recommendations

Biomass is a useful energy source in most African countries and is used for 
thermal applications in addition to cooking and producing electricity. As an alterna-
tive source of energy, it is essential as large part of the continent do not have direct 
access to electricity and other conventional energy sources. Additionally the use 
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of fossil fuel based energy is associated with climate change among other environ-
mental problems. Biomass is sourced from fuel wood, energy crops, municipal solid 
wastes and plant residues. This book chapter analyzed the technical and economic 
potential of biomass for energy in Africa based on literature. The findings showed 
that Africa has adequate land, climatic conditions, and a variety of suitable energy 
crops for biomass production. Evenly, the costs of biomass production though 
varied based on the country and climatic condition (humid, arid and semi-arid) are 
not as high. Biomass is therefore a potential driver to socio-economic growth of the 
continent through its capacity to enhance energy security. The chapter also explored 
on the carbon neutrality of biomass energy sources and laid the conditions for this 
realization. Additionally, the error in computing GHG emissions due to biomass 
production and use is discussed. Conclusively, biomass energy sources are renew-
able but not carbon neutral. This chapter therefore makes the following recommen-
dations as efforts to realizing carbon neutrality through the use of biomass.

1. African countries and the rest of the world should formulate policies to 
encourage use of biomass for energy while reducing GHG emissions and not 
compromising ecosystems services of providing fiber and food.

2. Global expectations of bioenergy use potential and use should be modified to 
the earth’s ability to produce more biomass without affecting natural ecosys-
tems negatively.

3. Integrated biomass production that enhances food security should be encour-
aged through the preference to use biomass from residues, wastes and by-prod-
ucts unless needed in soil management for energy generation rather than fuel 
wood and food crops that have other competing needs.

4. Computation of GHGs resulting from biomass combustion should consider 
offsets from additional biomass cultivation, its reduced decomposition or oth-
erwise in relation to CO2 sequestration and release to the atmosphere.
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tems negatively.

3. Integrated biomass production that enhances food security should be encour-
aged through the preference to use biomass from residues, wastes and by-prod-
ucts unless needed in soil management for energy generation rather than fuel 
wood and food crops that have other competing needs.

4. Computation of GHGs resulting from biomass combustion should consider 
offsets from additional biomass cultivation, its reduced decomposition or oth-
erwise in relation to CO2 sequestration and release to the atmosphere.
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Abstract

Sorghum is one of the main cereal crops, its consumption is large, since it 
provides grain, fiber and biofuel. Likewise, its genome, with only 10 diploid 
chromosomes, makes it an attractive model for research and genetic improvement. 
Sorghum is the most studied C4 plant of its genus; several lines have been devel-
oped under three main characteristics: grain, forage and sugar biomass. Compared 
to other crops, sweet sorghum possesses high levels of highly fermentable sugars 
in the stem. Also, it has the ability of producing high production yields in mar-
ginal lands. These characteristics make it and attractive crop for the generation of 
biofuels. Molecular markers associated to several resistances and tolerances to biotic 
and abiotic factors have been described in literature. These allow the development 
of high-density linkage maps, which, along with the rising availability of sorghum 
genomes, will accelerate the identification of markers and the integration of the 
complete genome sequence. This will facilitate the selection of traits related to 
biofuels and the marker-assisted genetic improvement. Most of the information 
presented in this review is focused in Sorghum bicolor (L.) Moench. However, from 
the bioenergetics perspective, it is limited to sweet sorghum, which represents a 
promising opportunity for further studies.

Keywords: genetic differences, trait sequencing, biofuel, post-transcriptional 
regulation

1. Introduction

Sorghum (Sorghum bicolor) was originated in Africa; however, it is of high 
agricultural and economic importance in México. It is a multipurpose crop, since it 
serves as food, fiber and fuel. In addition, it can be grown in a wide range of agro-
ecosystems, especially those of fragile conditions. It is also known as the “camel” 
of the crops, since to complete a productive cycle it requires less amount of water 
compared to other cereals of agricultural relevance. It has a remarkable ability to 
produce under low water availability regimes, as well as in other adverse abiotic 
conditions. Regarding the global production, it occupies the fifth place among 
the grains of economic importance [1]. Every year, sorghum production has been 
stabilized in 60 million tons in a producing area of 44 million hectares. México has 
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1. Introduction

Sorghum (Sorghum bicolor) was originated in Africa; however, it is of high 
agricultural and economic importance in México. It is a multipurpose crop, since it 
serves as food, fiber and fuel. In addition, it can be grown in a wide range of agro-
ecosystems, especially those of fragile conditions. It is also known as the “camel” 
of the crops, since to complete a productive cycle it requires less amount of water 
compared to other cereals of agricultural relevance. It has a remarkable ability to 
produce under low water availability regimes, as well as in other adverse abiotic 
conditions. Regarding the global production, it occupies the fifth place among 
the grains of economic importance [1]. Every year, sorghum production has been 
stabilized in 60 million tons in a producing area of 44 million hectares. México has 
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the third place worldwide with 4.5 million tons produced in 2018 [2]. From this, 
62% corresponds to grain production, while 38% to forage.

Sweet sorghum is a natural variant of the common grain sorghum, with high 
content of sugars in the stem. It is frequently regarded as a “smart crop”, since it 
can produce food as well as fuel. Currently, there are no records of commercial 
production of sweet sorghum in México, since it is a crop of recent introduction in 
the country. The first appearance of this crop in México was in the INIFAP Campo 
Experimental Río Bravo in the year of 2006, with the varieties Dale, Topper 76–6, 
Theis and M-81E [3]. Since then, the INIFAP genetic improvement program for 
sorghum, has searched for varieties which can adapt to the arid and semi-arid 
regions of the northeast or the country. These conditions are met by the variety 
RB Cañero, which has been tested in different environments, where it has shown a 
remarkable development and a high potential to produce bioethanol sugars [4].

Despite sweet sorghum is still a new crop in Mexico, the productive potential 
and the area of exploitation are highly promising. In 2010, INIFAP estimated the 
area available in México for sweet sorghum production, being the northeast region 
suitable with more than 4.38 million hectares [3]. The latter, pictures México as 
a country with great expectative of self-sufficiency in the generation of its own 
biofuel. The use of biofuels, being a cleaner and more efficient way of producing 
energy, would help to reduce pollution and greenhouse gases, which destabilize 
climate [5]. Pursuing this goal, biotechnology is an effective tool to develop meth-
ods which can optimize the bioethanol production from sweet sorghum. This 
review presents some of the biotechnological advances, as well as the current state 
of the genetic and molecular studies in sorghum, related to new routes to achieve 
an efficient generation of biofuels from this crop. This knowledge makes clear the 
necessity for effort and economic investment on this field, to reach self-sufficiency 
in the generation of energy sources in the country.

2. Sorghum as a research model

Sorghum possesses a small genome, which makes it attractive as a model organism 
for studies focused on understanding the structure, function and evolution of the 
cereals’ genome. Sorghum is a tropical crop with a typical C4 photosynthesis, which 
uses a complex specialized biochemical and morphological system for carbon assimi-
lation when it is exposed to elevated temperatures. This is a unique feature among the 
species of the same family it belongs to.

Like in other crops, sorghum is compared to other Poaceae of agricultural 
relevance such as maize (Zea mays), rice (Oryza sativa), sugar cane (Saccharum 
officinarum) or wheat (Triticum aestivum). Sorghum has ten diploid chromosomes 
and has a low degree of genetic duplication, which if compared to maize, makes it 
an outstanding model to develop functional genomics studies. On the other hand, 
maize developed a duplication of its entire genome since its evolutionary divergence 
from sorghum, changing the chromosome number from n = 5 to n = 10, being one 
of the sub genomes very similar to sorghum than to any other cereal [6]. However, 
evidence shown in NCBI database indicate that homologous genes between these 
species vary mainly in gene size and protein coding [7]. In the case of rice, it pos-
sesses a bigger genome than sorghum and also more genetic duplication. However, 
some comparisons prove that between sorghum and rice homologous gene exist, 
but with differences that could be attributed to the particularities of each species. 
Some reports indicate that sorghum and maize split from a common ancestor 12 
million years ago [6], whereas the rice lineage is about 42 million years old com-
pared to these two crops [7]. Lastly, sugar cage, possibly the most important sugar 
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producing crop worldwide, could have share ancestors with sorghum approximately 
5 million years ago [8], since they conserve similar genes [9], and even it is viable 
to generate offspring from intergeneric crosses. Sugar cane contains at least two 
genomic duplications [9].

Sorghum represents an excellent model for research, since linkage mapping 
methodologies have been successfully implemented on it and possesses a wide 
mating system by self-pollination, which tends to preserve the association rela-
tionships for longer time periods compared to the self-pollination of cereals like 
maize, which facilitates the development of pure lines. Also, its genome sequence 
is available in several databases [10].

3. Differences between sweet sorghum and grain sorghum

Sweet sorghum plant produces sugars which can be directly fermented, 
together with its ability to produce high biomass volumes under adverse condi-
tions, this crop is consider ideal for the generation of bioethanol of first and 
second generation. Also, its cultivation is suitable for marginal lands, avoiding 
competence for land with other food crops [11–13]. However, the genetics underly-
ing these traits have been barely studied. The genetic differences between sweet 
and grain sorghum consist on a series of variations in the sequence and alterations 
of the genetic structure. The variations at sequence level are usually identified by 
single-nucleotide polymorphisms (SNPs), association sequences, genetic diversity 
and domestication [14–16].

S. bicolor has three subspecies: arundinaceum, bicolor y drummondii. All the 
feasible varieties belong to bicolor, which is divided into 5 races: bicolor, caudatum, 
durra, guinea y kafir. Sweet sorghum differs phenotypically from grain sorghum 
in several aspects: juicy stem rich in sugars, higher plant length, higher biomass 
production and less amount of grains in the spike [11]. These differences cannot be 
only explained by the genetic variation among these two varieties, which suggest 
DNA methylation and other epigenetic mechanisms are key factors to describe 
them [17].

Trait Grain sorghum Sweet Sorghum

Phenotypic Height (cm) 97.6 230–281

Biomass (g plant−1) 67 605–1096

Spike (dry weight, g) 
(g plant−1)

24.2 60–80

Roots (dry weight, g) 
(g plant−1)

15.1 68–88

Stem (dry weight, g) 
(g plant−1)

27 164

Genotypic SNPs 85,041(14,782 genes)

Line BTx623 (grain) Indels 16,781 (7,977 genes)

vs. SVs 1,847 (2,071 genes)

Line Keller (sweet) Protein functional 
divergence

563(SNP), 287(Indels), 69 (SV)

Grain sorghum data obtained from Assefa et al., [20] and Wang et al., [21]. Sweet sorghum data obtained from 
Ekefre et al., [22]. Genotypic differences data obtained from Jiang et al., [17].

Table 1. 
Main differences between grain and sweet sorghum.
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genomic duplications [9].

Sorghum represents an excellent model for research, since linkage mapping 
methodologies have been successfully implemented on it and possesses a wide 
mating system by self-pollination, which tends to preserve the association rela-
tionships for longer time periods compared to the self-pollination of cereals like 
maize, which facilitates the development of pure lines. Also, its genome sequence 
is available in several databases [10].

3. Differences between sweet sorghum and grain sorghum

Sweet sorghum plant produces sugars which can be directly fermented, 
together with its ability to produce high biomass volumes under adverse condi-
tions, this crop is consider ideal for the generation of bioethanol of first and 
second generation. Also, its cultivation is suitable for marginal lands, avoiding 
competence for land with other food crops [11–13]. However, the genetics underly-
ing these traits have been barely studied. The genetic differences between sweet 
and grain sorghum consist on a series of variations in the sequence and alterations 
of the genetic structure. The variations at sequence level are usually identified by 
single-nucleotide polymorphisms (SNPs), association sequences, genetic diversity 
and domestication [14–16].

S. bicolor has three subspecies: arundinaceum, bicolor y drummondii. All the 
feasible varieties belong to bicolor, which is divided into 5 races: bicolor, caudatum, 
durra, guinea y kafir. Sweet sorghum differs phenotypically from grain sorghum 
in several aspects: juicy stem rich in sugars, higher plant length, higher biomass 
production and less amount of grains in the spike [11]. These differences cannot be 
only explained by the genetic variation among these two varieties, which suggest 
DNA methylation and other epigenetic mechanisms are key factors to describe 
them [17].

Trait Grain sorghum Sweet Sorghum

Phenotypic Height (cm) 97.6 230–281

Biomass (g plant−1) 67 605–1096

Spike (dry weight, g) 
(g plant−1)

24.2 60–80

Roots (dry weight, g) 
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Grain sorghum data obtained from Assefa et al., [20] and Wang et al., [21]. Sweet sorghum data obtained from 
Ekefre et al., [22]. Genotypic differences data obtained from Jiang et al., [17].
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Main differences between grain and sweet sorghum.
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Sweet sorghum has been found on different races [18], which challenges its 
origin, selection and genetics. This also suggest high genetic variability between 
sweet and grain sorghum, which could be exploited for genetic improvement of 
sweet sorghum. Currently the BTx623 grain sorghum genome sequence is avail-
able [10], which provides a genomic base for comparative studies of the genome. 
Regardless this achievement, it is still difficult to access the information related 
to the hidden variability among genomes of the same species. Zheng et al., [19] 
studied the resequencing of the two sweet and one grain sorghum genomes, with 
the aim of identify polymorphism patterns of the sequences and structural varia-
tions, using BTx623 as a reference genome. This study allowed the identification 
of great differences in the number of SNPs, indels, copy number variations and 
structural variations (SV) among these genomes. The comparison of this genetic 
variation defined potential genomic regions and metabolic pathways associated to 
sweet sorghum and traits such as sugar production. Table 1 presents phenotypic 
and genotypic differences between grain and sweet sorghum.

4. Sorghum genetic mapping

Building a linkage map is the fundamental step required for a detailed study 
of genetic improvement of crops by marker-assisted selection. Mapping of sor-
ghum genome based on DNA markers started in the 90’s, and nowadays there 
are several genetic maps available. It is important to mention that sorghum, par-
ticularly S. bicolor, possesses 10 chromosomes and has been classified as a diploid 
(2n = 2x = 20) [23]. However, it has been assumed that sorghum has a tetraploid 
origin, due to the large number of complementary gene loci and to some studies on 
meiotic mating among chromosomes as in S. halepense, which is 2n = 4x = 40. Other 
studies with fluorescence in situ hybridization (FISH) have reached the same con-
clusion [24]). Nonetheless, [25] used the same FISH technique and other structural 
genomic resources, including genomic clones with large inserts in artificial bacterial 
chromosomes (BACs), and identified the 10 chromosomes simultaneously. Years 
after, Paterson et al., [7] found identities and homologies among the linkage groups 
in metaphase state and this determined S. bicolor diploidy (2n = 20) as well as the 
genome length of 730 Megabases (Mb).

The first genetic maps built where based on DNA analogy tests based on corn 
genome Binelli et al., [26]; Whitkus et al., [27]; Melake-Berhan et al., [28]; Pereira 
et al., [27] After, maps were built from genomic DNA analysis Chittenden et al., 
[29]; Ragab et al., [30]; Xu et al., [31]. Other published map was based on tests done 
in sugar cane and maize [32]. All these maps were built using restriction fragments 
length polymorphisms (RFLPs) and the majority of them used F2 populations, 
while Dufour et al., [32] used two populations of recombinant inbred lines (RILs). 
This last map was extended by Boivin et al., [33] with the addition of a great 
number of RFLPs and AFLPs (Amplified Fragment Length Polymorphisms). On 
the other hand, [34] built a sorghum map using a RIL population and a variety of 
tests which include sorghum genomic DNA, corn and sugar cane DNA and cDNA, 
versus tests of other cereals, and 8 simple sequence repeat (SSRs) microsatellite loci. 
Subudhi and Nguyen [35] completed the alignment of the 10 linkage groups using 
RFLPs on a RIL population and completing the maps of de Chittenden et al. [29], 
Ragab et al. [30, 31] of corn and other cereals.

Kong et al. [36] mapped a RIL population with 31 SSR polymorphic loci 
obtained from 51 clones isolated from a S. bicolor genetic library, which was pro-
vided with four oligomers di- and trinucleotides radioactively labeled. Haussmann 
et al. [37] mapped molecular markers related to resistance of the hemiparasite 
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Striga hermonthica in two recombinant populations (RIP-1, −2) of F3.5 lines. RIP-1 
and RIP-2 maps covered 1,498 cM and 1,599 cM respectively with 157 markers 
distributed in among the linkage groups.

Apart from these linkage maps, integrated maps have also been built. An 
integrated linkage map of SSRs and AFLPs from sorghum was reported by Kong  
et al. [36] using different sorghum lines. SSR loci were designed from clones 
isolated from two sorghum BAC libraries. The linkage map covered 1,406 cM and 
consisted in 147 SSR loci and 323 RFLP loci. Klein et al. [36] constructed an inte-
grated physical and genetic map of sorghum genome (750 Mb) from PCR methods 
for the creation of BAC libraries and the localization of BAC clones in sorghum 
genetic maps. Also, Menz et al. [38] built a genetic map using AFLPs. The 1713 cM 
of the map covered 2,926 loci distributed among the 10 linkage groups, where 2,454 
were AFLPs, 136 were SSRs previously mapped in sorghum and 203 were cDNAs 
and genomic clones coming from rice, barley, oat and maize. Another reported 
map was the one from [39], which consisted in 2,512 loci spaced in intervals of 
0.4 cM on average, and it was based in 2,050 RFLPs, including 865 heterology tests 
from sugar cane, maize, rice, Pennisetum setaceum and Arabidopsis thaliana.

Recently, a high genetic density map was published by Ji et al. [40], where 
specific length amplified fragment markers (SLAFs) were utilized. This map was 
based on a F2 population of 130 individuals originated from a cross between a grain 
sorghum variety, J204, and a sweet sorghum variety, Keter. Massive sequencing was 
used to cover the 52,928 SLAFs from the 43 million reads generated. From these 
markers, 12% appeared to be polymorphic and from 2,246 of these SLAFs a linkage 
map was built, covering the 10 chromosomes. The total length was 2,158 cM, which 
is 50% more compared to the previous maps available, which were constructed 
using RFLPs.

Another method used is the comparative genome mapping. This particular 
method is interesting for geneticists and evolutionary biologists to elucidate the 
mechanisms determining chromosome’s evolution. Comparative genome mapping 
provides a powerful technique to study the way and the time where chromosomal 
evolution occurs [23]. This approach involves the use of molecular markers, such as 
RFLPs, to map the genomes of two species for a group of markers in common (loci). 
Even it is an expensive and intensive duty, this method can determine the reach and 
the nature of the chromosomes recombination in incompatible species crosses. The 
finding of small chromosomal regions which retain a similar gene order in sorghum 
and in two dicotyledon species (Arabidopsis y Gossypium hirsutum), suggest that 
comparative mapping can reach a major evolutive distance compared to what has 
been reached until now.

Among the Andropogoneae grass tribe, comparative mapping facilitates the 
understanding of sorghum genetics. At this point, several research groups have 
established a relationship between sorghum and maize genomes [27, 28, 32, 41, 42]. 
The high degree of conservation of the genes order between these two crops has 
limited the identification of chromosomal rearrangements between them. Apart 
from being compared with maize, sorghum has also been compared to rice, where 
certain apparent collinearity was also found.

Until 2015, more than 850 loci associated to traits relevant to biofuels produc-
tion were identified in sorghum. These are traits regarding plant architecture 
(roots, leaves and stem), flowering time, and conversion rate of biomass into 
biofuels. These quantitative trait loci (QTLs) related to biofuels generation have 
been found in different mapped populations, which suggest the plasticity of these 
traits in different environments. This makes the genes located in these QTL regions 
could be potential targets to improve sweet sorghum yield for biomass and biofuels 
production [43].
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Regardless of the multiple QTLs already reported, very few studies have been 
done with the aim of genetically improving these traits. In one of these, a quantita-
tive gene (dw3), orthologous to branchytic 2 (br2) from corn, was cloned with the 
intention of reducing plant height. This gene is a P-glycoprotein which modules 
auxin transport in maize stems [44]. Another group of researchers cloned and 
sequenced, from the cultivar dulce Rio, homologous genes of the sucrose trans-
porter proteins (SUTs), which were compared to the published sequence of BTX623 
grain sorghum variety. It was possible to identify six SUTs in BTx623, along with 
nine differences in the amino acids sequence of SbSUT5 between the two varieties. 
Two of the five remaining SUTs exhibited unique variations in the amino acids 
sequences of SbSUT1 and SbSUT2, whereas the rest shared identical sequences. It 
was also proven that in a mutant of Saccharomyces (SEY6210), uncapable of grow-
ing with sucrose as the only available carbon source, sorghum SUTs are capable 
of transporting sucrose [45]. This showcases the relatively low knowledge of the 
genes underlying the traits associated to biofuels generation in sweet sorghum and 
bolsters the potential of sweet sorghum breeding to produce biofuel through the 
exploitation of its genetic resources.

5. Genome sequencing and sorghum functional genomics

Massive sequencing of the line BTx623 is nowadays completed and approxi-
mately 10.5 million of reads (8X coverage) have been deposited in the NCBI 
database. In the preliminary assembly, more than 97% of the genes codifying 
for proteins (Expressed Sequence Tag, EST) in sorghum were found in 250 large 
contigs. The majority was able to be joined, ordered and oriented using genetic and 
physical maps to reconstruct the full chromosomes. The preliminary alignment 
assembly for the sorghum sequence was based on methyl-filtrated sequences. Also, 
the assembly for sorghum, maize, sugar cane transcripts, as well as Arabidopsis and 
rice proteomes, confirmed the correct assembly of the bases and local structure. 
This allowed the approximate prediction of 30,000 to 50,000 loci which code for 
proteins. The conserve genetic synteny with rice is evident, as expected from the 
comparisons obtained from the maps [10].

The spatial structure of the genes in sorghum is represented by approximately 
125,000 ESTs, which have been grouped in 22,000 unigenes, representing more 
than the 20 diverse libraries of different genotypes [46]. Around 50,000 methyl-
filtrated reads, which provide an estimated coverage of 1X [47] have been assembled 
into contigs. Another representative strategy is the cloning and direct sequencing 
(Cot-Base cloning), which was used in sorghum in 2001 for the first time [48]. This 
method offers the potential to cover and increase this coverage more than could be 
achieved with ESTs and methyl-filtrated reads as demonstrated in maize.

The progress in transcriptomes’ characterization has been parallel to the identi-
fication of differential genes expressing in response to biotic and abiotic factors, as 
well as to damage caused by insects, dehydration, high salt concentration, abscisic 
acid [49], methyl-jasmonate, salicylic acid and amino cyclopropane carboxylic 
acid [50].

6. Post-transcriptional regulation by miRNAs in sorghum

The micro-RNAs (miRNAs) are small RNA molecules of approximately 21 
nucleotides, which play an important role in the post-transcriptional genetic 
regulation inhibiting the translation of the messenger RNAs (mRNAs) by blocking 
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translation machinery or by excision of the mRNAs [51]. In plants, the majority of 
miRNAs promote the degradation of mRNA targets by perfect or almost perfect 
mating of the complimentary RNA strands [52]. miRNAs intervene in a variety 
of biological processes, such as development and identity of organs, metabolism 
and stress responses [53]. A substantial number of miRNAs has been identified in 
different plants, and recently the number of studies in sorghum has been increasing 
with respect to the identification of miRNAs and their target genes.

Recently, Katiyar et al. [54] showed the importance of studying miRNAs and 
other RNA molecules using RNA sequencing from the libraries created from geno-
types of a variety tolerant to drought (M35–1) and one susceptible. These varieties 
were cultivated in controlled conditions as well as in drought stress. After sequenc-
ing the RNA profiles generated, it was possible to identify 96 miRNAs regulated by 
the stressed caused by drought conditions. This represents new perspectives for the 
genetic engineering regarding the potential of miRNAs to improve drought resis-
tance as well as other types of abiotic stresses.

Following the same research line, in 2016, Hamza et al., used 8 deregulated miR-
NAs by abiotic stress in 11 elite varieties of sorghum under low water availability 
and drought [55]. This study showed that the miRNAs miR396, miR393, miR397-5p, 
miR166, miR167 and miR168 have a significative deregulation, being sbi-miR396 
and sbi-miRNA398 the ones with higher overexpression for all the genotypes. This 
same research group has studied the effects of drought and salinity in the miRNAs 
profiles generated in S. bicolor [56]; these results confirm that the miRNAs expres-
sion patterns are related to the dose of stress the plants are subjected; however, 
every miRNA responded in a unique way in every of the six genotypes.

Other important trait to improve sweet sorghum is sugar accumulation, which 
has been already studied by Yu et al. [57], who propose mir-271 as a specific miRNA 
of the Rio sweet sorghum variety, related to cellulose synthesis and sugar accumula-
tion. A full detailed list with most of the relevant miRNAs for the genetic improve-
ment of sorghum in biofuels production was published by Dhaka et al. [58].

7. Transformation and reverse genetic in sorghum

Methods for sorghum transformation have been available since the beginning 
of the 90’s, initially by protoplasts [59] and cell culture [60], and subsequently in 
planta [61, 62], using Agrobacterium and protocols based in microprojectiles which 
are now available and with substantially improved efficiencies [63–69]. Sorghum 
is a crop hard to transform, since it is a recalcitrant genus for tissue culture and 
the transformation protocols reported are scarce and not very reproducible. In the 
particular case of sweet sorghum, [70] proposed a transformation system based on 
optimizing tissue culture conditions using embrionary callus with a regeneration 
of 90% in 12 weeks. Also, hygromycin resistance selection conferred by the Ubi-hpt 
transgene was performed, followed by particle bombardment. This method proved 
to be highly reproducible with an efficiency of transformation of 0.09% in every 
embryo. In 2012, Liu and Godwin, published a method with a better transformation 
efficiency in S. bicolor, in which using pure line embryos (IEs) Tx430, reaching 
an efficiency of 20.7% in the three independent experiments [71]. The protocol, 
which involves the use of microprojectiles and transgenes regulated under the ubi1 
constitutive promoter, improves the conditions of the media culture for embryos, as 
well as the parameters for transformation with microprojectiles. In this experiment, 
the transgenes were inherited by the T1 generation.

After, Tien-Do et al. [72] developed a fast and efficient system for sorghum 
transformation using binary vectors and the AGL1 Agrobacterium strain instead of 
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microprojectiles. With the public genotype P898012 and the bar gene as a selec-
tive marker, callus regeneration time was reduced to 7–12 weeks, producing 18 
plants per callus. This experiment achieved a frequency of 14%, where 40–50% 
of the transformation events possessed a single copy of integrated T-DNA with 
a segregation of mendelian 3: 1 estimated by Southern blot. An example of the 
utility of genetic transformation of sweet sorghum is presented by Zhu et al. [73], 
where using Agrobacterium and induce early flowering, the gene Bt cry1Ah was 
introduced. BT or Cry proteins are produced naturally in aggregates or crystals by 
Bacillus thuringiensis. There proteins are specific for the digestive system of different 
insects. Protein Cry1Ah, confers resistance to Ostrinia furnacalis. In this study, the 
generated plants, after being selected for herbicide resistance to confirm transfor-
mation, showed a high resistance at T0. Apart from the resistance tests, transgene 
expression was confirmed by RT-PCR and the presence of BT proteins produced by 
the plant by Western blot and ELISA.

One of the main arguments against the use of transgenics is the use of selection 
markers such as herbicide tolerance and the fact that they stay inside the genome 
of the transformed plant. The main issue is the possibility of the cultivar’s pollen to 
pollinate related weeds and therefore the resistance is inherited to undesired plants. 
Against this problematic, there are several efforts to generate marker-free trans-
genics. An example is presented by Lu et al. [74], where at the cost of reducing the 
selection pressure, they manage to obtain marker-free transgenics.

In other hand, sorghum offers the opportunity to complete what has been 
previously described in the reverse genetics of rice and maize, providing to the 
genetic and familiar studies, those genes which are hard to manipulate in these 
crops. This allows the directed functional analysis to specify the genes in sorghum 
related to traits such as hydric stress and the production of certain sugars by genetic 
association. To accelerate the specific direct identification of genes, mutant lines 
using ethyl methane sulfonate (EMS) have been created. For the genotype BTx623 
there are 1,600 M3 annotations, individual pedigrees, which was characterized 
[75]. Currently, each of the inspected M3 lines is distinguishable from the original 
stock and some have multiple mutant phenotypes. The additional M2 mutants 
are available for the scientific community for the production of thousands of M3 
additional lines.

Until few years ago, even with the genome sequencing technology for the elite 
line BTx623, the genetic sources and sorghum germplasm where limited, making 
hard the functional validation of the sequenced genes. In 2016, 4,600 M4 mutant 
pedigrees where created by EMS mutagenizing of BTx623 seed, which were later 
transformed in lines by single-seed descendant method [76]. The sequencing of 
256 mutant lines revealed more than 1.8 million of induced canonical mutations, 
affecting 95% of the sorghum genome.

8. Perspectives

The studies here presented represent an introduction to the current state of 
sorghum genomics. Regardless these advances have contributed relevant achieve-
ments to what it is known about genetic diversity of this species, it is still necessary 
to develop further studies, which its aim is focused in sweet sorghum. However, the 
knowledge acquired in grain sorghum and other related species, constitute an impor-
tant molecular base to continue developing research studies which allow to know 
sweet sorghum and its unreported genomic regions. In them could lie the key for the 
increased production of sugars, lignin and other traits of interest such as tolerance to 
new plague’s appearances such as yellow aphids and/or diseases. It is also necessary 
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to develop genetic maps which allow the localization of genetic codifying regions to 
certain traits of agronomic interest. Regarding molecular studies in Mexico, there are 
no reports of genetic maps or genomics performed in sweet sorghum. This repre-
sents an opportunity to develop research lines which allow to generate the country’s 
own sweet sorghum genotypes carrying tolerances to adverse biotic and abiotic con-
ditions predominant in the country. This would allow the growth on its production 
and of its sub products, focusing in alternative environment friendly energy sources.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



Biotechnological Applications of Biomass

120

microprojectiles. With the public genotype P898012 and the bar gene as a selec-
tive marker, callus regeneration time was reduced to 7–12 weeks, producing 18 
plants per callus. This experiment achieved a frequency of 14%, where 40–50% 
of the transformation events possessed a single copy of integrated T-DNA with 
a segregation of mendelian 3: 1 estimated by Southern blot. An example of the 
utility of genetic transformation of sweet sorghum is presented by Zhu et al. [73], 
where using Agrobacterium and induce early flowering, the gene Bt cry1Ah was 
introduced. BT or Cry proteins are produced naturally in aggregates or crystals by 
Bacillus thuringiensis. There proteins are specific for the digestive system of different 
insects. Protein Cry1Ah, confers resistance to Ostrinia furnacalis. In this study, the 
generated plants, after being selected for herbicide resistance to confirm transfor-
mation, showed a high resistance at T0. Apart from the resistance tests, transgene 
expression was confirmed by RT-PCR and the presence of BT proteins produced by 
the plant by Western blot and ELISA.

One of the main arguments against the use of transgenics is the use of selection 
markers such as herbicide tolerance and the fact that they stay inside the genome 
of the transformed plant. The main issue is the possibility of the cultivar’s pollen to 
pollinate related weeds and therefore the resistance is inherited to undesired plants. 
Against this problematic, there are several efforts to generate marker-free trans-
genics. An example is presented by Lu et al. [74], where at the cost of reducing the 
selection pressure, they manage to obtain marker-free transgenics.

In other hand, sorghum offers the opportunity to complete what has been 
previously described in the reverse genetics of rice and maize, providing to the 
genetic and familiar studies, those genes which are hard to manipulate in these 
crops. This allows the directed functional analysis to specify the genes in sorghum 
related to traits such as hydric stress and the production of certain sugars by genetic 
association. To accelerate the specific direct identification of genes, mutant lines 
using ethyl methane sulfonate (EMS) have been created. For the genotype BTx623 
there are 1,600 M3 annotations, individual pedigrees, which was characterized 
[75]. Currently, each of the inspected M3 lines is distinguishable from the original 
stock and some have multiple mutant phenotypes. The additional M2 mutants 
are available for the scientific community for the production of thousands of M3 
additional lines.

Until few years ago, even with the genome sequencing technology for the elite 
line BTx623, the genetic sources and sorghum germplasm where limited, making 
hard the functional validation of the sequenced genes. In 2016, 4,600 M4 mutant 
pedigrees where created by EMS mutagenizing of BTx623 seed, which were later 
transformed in lines by single-seed descendant method [76]. The sequencing of 
256 mutant lines revealed more than 1.8 million of induced canonical mutations, 
affecting 95% of the sorghum genome.

8. Perspectives

The studies here presented represent an introduction to the current state of 
sorghum genomics. Regardless these advances have contributed relevant achieve-
ments to what it is known about genetic diversity of this species, it is still necessary 
to develop further studies, which its aim is focused in sweet sorghum. However, the 
knowledge acquired in grain sorghum and other related species, constitute an impor-
tant molecular base to continue developing research studies which allow to know 
sweet sorghum and its unreported genomic regions. In them could lie the key for the 
increased production of sugars, lignin and other traits of interest such as tolerance to 
new plague’s appearances such as yellow aphids and/or diseases. It is also necessary 

121

A General Overview of Sweet Sorghum Genomics
DOI: http://dx.doi.org/10.5772/intechopen.98539

Author details

Raymundo Rosas-Quijano1, Abraham Ontiveros-Cisneros2, Noé Montes-García3, 
Arturo Díaz-Franco3, Alfredo Vázquez-Ovando1 and Didiana Gálvez-López1*

1 Bioscience Institute, Autonomous University of Chiapas, Tapachula, Chiapas, 
Mexico

2 Lund University, Lund, Skane, Sweden

3 INIFAP, Río Bravo Experimental Field, Río Bravo, Tamaulipas, Mexico

*Address all correspondence to: didiana.galvez@unach.mx

to develop genetic maps which allow the localization of genetic codifying regions to 
certain traits of agronomic interest. Regarding molecular studies in Mexico, there are 
no reports of genetic maps or genomics performed in sweet sorghum. This repre-
sents an opportunity to develop research lines which allow to generate the country’s 
own sweet sorghum genotypes carrying tolerances to adverse biotic and abiotic con-
ditions predominant in the country. This would allow the growth on its production 
and of its sub products, focusing in alternative environment friendly energy sources.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



122

Biotechnological Applications of Biomass

[1] FAOSTAT, Food Agricultural 
Organization. 2019. Consulted on 
may/2019 [fao.org/faostat/en/#data/
QC/visualize].

[2] SIAP (Servicio de Información 
Agroalimentaria). 2019. Consulted on 
may/2019 [nube.siap.gob.mx/
cierreagricola/].

[3] N. Montes-García, V. Pecina-
Quintero, M. E. Cisneros-López, y M. A. 
García-García, “RB Cañero: Sorgo dulce 
(Sorghum bicolor (L.) Moench) para la 
producción de etanol.”, INIFAP 
SAGARPA Foll. Técnico, núm. 49, p. 
31, 2010.

[4] N. Montes-García, J. R. Salinas-
García, A. González-Jiménez, R. 
Loredo-Pérez, y G. Díaz-Padilla, “Guía 
Técnica de Producción de Sorgo Dulce 
(Sorghum bicolor (L.) Moench) en 
Tamaulipas.”, INIFAP SAGARPA Foll. 
Técnico, núm. 49, p. 35, 2010.

[5] A. Almodares y M. R. Hadi, 
“Production of bioethanol from sweet 
sorghum: A review”, African J. Agric. 
Res., vol. 4, núm. 9, pp. 772-780, 2009.

[6] Z. Swigonova, “Close Split of 
Sorghum and Maize Genome 
Progenitors”, Genome Res., vol. 14, núm. 
10a, pp. 1916-1923, sep. 2004, doi: 
10.1101/gr.2332504.

[7] A. H. Paterson, J. E. Bowers, y B. A. 
Chapman, “Ancient polyploidization 
predating divergence of the cereals, and 
its consequences for comparative 
genomics”, Proc. Natl. Acad. Sci., vol. 
101, núm. 26, pp. 9903-9908, jun. 2004, 
doi: 10.1073/pnas.0307901101.

[8] B. W. S. Sobral, D. P. V. Braga, E. S. 
LaHood, y P. Keim, “Phylogenetic 
analysis of chloroplast restriction 
enzyme site mutations in the 
Saccharinae Griseb. subtribe of the 
Andropogoneae Dumort. tribe”, Theor. 

Appl. Genet., vol. 87, núm. 7, pp. 
843-853, feb. 1994, doi: 10.1007/
BF00221137.

[9] R. Ming et al., “Detailed alignment of 
Saccharum and Sorghum chromosomes: 
Comparative organization of closely 
related diploid and polyploid genomes.”, 
Genetics, vol. 150, núm. 4, pp. 1663-
1682, 1998.

[10] A. H. Paterson et al., “The Sorghum 
bicolor genome and the diversification of 
grasses”, Nature, vol. 457, núm. 7229,  
pp. 551-556, ene. 2009, doi: 10.1038/
nature07723.

[11] W. L. Rooney, J. Blumenthal, B. 
Bean, y J. E. Mullet, “Designing 
sorghum as a dedicated bioenergy 
feedstock”, Biofuels, Bioprod. Biorefining, 
vol. 1, núm. 2, pp. 147-157, oct. 2007, 
doi: 10.1002/bbb.15.

[12] N. C. Carpita y M. C. McCann, 
“Maize and sorghum: genetic resources 
for bioenergy grasses”, Trends Plant Sci., 
vol. 13, núm. 8, pp. 415-420, ago. 2008, 
doi: 10.1016/j.tplants.2008.06.002.

[13] W. Vermerris, “Survey of Genomics 
Approaches to Improve Bioenergy Traits 
in Maize, Sorghum and SugarcaneFree 
Access”, J. Integr. Plant Biol., vol. 53, 
núm. 2, pp. 105-119, feb. 2011, doi: 
10.1111/j.1744-7909.2010.01020.x.

[14] K. J. Schmid, “Large-Scale 
Identification and Analysis of Genome-
Wide Single-Nucleotide Polymorphisms 
for Mapping in Arabidopsis thaliana”, 
Genome Res., vol. 13, núm. 6, pp. 
1250-1257, may 2003, doi: 10.1101/
gr.728603.

[15] F. A. Feltus, “An SNP Resource for 
Rice Genetics and Breeding Based on 
Subspecies Indica and Japonica Genome 
Alignments”, Genome Res., vol. 14, núm. 
9, pp. 1812-1819, sep. 2004, doi: 10.1101/
gr.2479404.

References

123

A General Overview of Sweet Sorghum Genomics
DOI: http://dx.doi.org/10.5772/intechopen.98539

[16] M. A. Gore et al., “A First-
Generation Haplotype Map of Maize”, 
Science (80-. )., vol. 326, núm. 5956, pp. 
1115-1117, nov. 2009, doi: 10.1126/
science.1177837.

[17] S.-Y. Jiang, Z. Ma, J. Vanitha, y S. 
Ramachandran, “Genetic variation and 
expression diversity between grain and 
sweet sorghum lines”, BMC Genomics, 
vol. 14, núm. 1, p. 18, 2013, doi: 
10.1186/1471-2164-14-18.

[18] K. B. Ritter, C. L. McIntyre, I. D. 
Godwin, D. R. Jordan, y S. C. Chapman, 
“An assessment of the genetic 
relationship between sweet and grain 
sorghums, within Sorghum bicolor ssp. 
bicolor (L.) Moench, using AFLP 
markers”, Euphytica, vol. 157, núm. 1-2, 
pp. 161-176, ago. 2007, doi: 10.1007/
s10681-007-9408-4.

[19] L.-Y. Zheng et al., “Genome-wide 
patterns of genetic variation in sweet 
and grain sorghum (Sorghum bicolor)”, 
Genome Biol., vol. 12, núm. 11, p. R114, 
2011, doi: 10.1186/gb-2011-12-11-r114.

[20] Y. Assefa y S. A. Staggenborg, 
“Phenotypic Changes in Grain Sorghum 
Over the Last Five Decades”, J. Agron. 
Crop Sci., vol. 197, núm. 4, pp. 249-257, 
ago. 2011, doi: 10.1111/j.1439-037X. 
2010.00462.x.

[21] M. Wang et al., “Evaluation of Sweet 
Sorghum as a Feedstock by Multiple 
Harvests for Sustainable Bioenergy 
Production”, J. Sustain. Bioenergy Syst., 
vol. 02, núm. 04, pp. 122-137, 2012, doi: 
10.4236/jsbs.2012.24019.

[22] D. E. Ekefre et al., “Evaluation of 
three cultivars of sweet sorghum as 
feedstocks for ethanol production in the 
Southeast United States”, Heliyon, vol. 3, 
núm. 12, p. e00490, dic. 2017, doi: 
10.1016/j.heliyon.2017.e00490.

[23] S. Kaur y G. S. Dhillon, “Recent 
trends in biological extraction of chitin 
from marine shell wastes: a review”, 

Crit. Rev. Biotechnol., vol. 35, núm. 1, pp. 
44-61, ene. 2015, doi: 
10.3109/07388551.2013.798256.

[24] M. I. Gómez et al., “FISH of a maize 
sh2 -selected sorghum BAC to 
chromosomes of Sorghum bicolor”, 
Genome, vol. 40, núm. 4, pp. 475-478, 
ago. 1997, doi: 10.1139/g97-063.

[25] J. S. Kim et al., “Integrated 
karyotyping of sorghum by in situ 
hybridization of landed BACs.”, Genome, 
vol. 45, núm. 402-412, 2002.

[26] G. Binelli et al., “Similarity of maize 
and sorghum genomes as revealed by 
maize RFLP probes”, Theor. Appl. 
Genet., vol. 84, núm. 1-2, pp. 10-16, jun. 
1992, doi: 10.1007/BF00223975.

[27] M. G. Pereira, M. Lee, P. Bramel-
Cox, W. Woodman, J. Doebley, y R. 
Whitkus, “Construction of an RFLP 
map in sorghum and comparative 
mapping in maize”, Genome, vol. 37, 
núm. 2, pp. 236-243, abr. 1994, doi: 
10.1139/g94-033.

[28] A. M. Berhan, S. H. Hulbert, L. G. 
Butler, y J. L. Bennetzen, “Structure and 
evolution of the genomes Ofsorghum 
bicolor Andzea mays”, Theor. Appl. 
Genet., vol. 86, núm. 5, pp. 598-604, jun. 
1993, doi: 10.1007/BF00838715.

[29] L. M. Chittenden, K. F. Schertz, Y. 
R. Lin, R. A. Wing, y A. H. Paterson, “A 
detailed RFLP map of Sorghum bicolor x 
S. propinquum, suitable for high-
density mapping, suggests ancestral 
duplication of Sorghum chromosomes 
or chromosomal segments”, Theor. 
Appl. Genet., vol. 87, núm. 8, pp. 
925-933, mar. 1994, doi: 10.1007/
BF00225786.

[30] R. A. Ragab, S. Dronavalli, M. A. S. 
Maroof, y Y. G. Yu, “Construction of a 
sorghum RFLP linkage map using 
sorghum and maize DNA probes”, 
Genome, vol. 37, núm. 4, pp. 590-594, 
ago. 1994, doi: 10.1139/g94-084.



122

Biotechnological Applications of Biomass

[1] FAOSTAT, Food Agricultural 
Organization. 2019. Consulted on 
may/2019 [fao.org/faostat/en/#data/
QC/visualize].

[2] SIAP (Servicio de Información 
Agroalimentaria). 2019. Consulted on 
may/2019 [nube.siap.gob.mx/
cierreagricola/].

[3] N. Montes-García, V. Pecina-
Quintero, M. E. Cisneros-López, y M. A. 
García-García, “RB Cañero: Sorgo dulce 
(Sorghum bicolor (L.) Moench) para la 
producción de etanol.”, INIFAP 
SAGARPA Foll. Técnico, núm. 49, p. 
31, 2010.

[4] N. Montes-García, J. R. Salinas-
García, A. González-Jiménez, R. 
Loredo-Pérez, y G. Díaz-Padilla, “Guía 
Técnica de Producción de Sorgo Dulce 
(Sorghum bicolor (L.) Moench) en 
Tamaulipas.”, INIFAP SAGARPA Foll. 
Técnico, núm. 49, p. 35, 2010.

[5] A. Almodares y M. R. Hadi, 
“Production of bioethanol from sweet 
sorghum: A review”, African J. Agric. 
Res., vol. 4, núm. 9, pp. 772-780, 2009.

[6] Z. Swigonova, “Close Split of 
Sorghum and Maize Genome 
Progenitors”, Genome Res., vol. 14, núm. 
10a, pp. 1916-1923, sep. 2004, doi: 
10.1101/gr.2332504.

[7] A. H. Paterson, J. E. Bowers, y B. A. 
Chapman, “Ancient polyploidization 
predating divergence of the cereals, and 
its consequences for comparative 
genomics”, Proc. Natl. Acad. Sci., vol. 
101, núm. 26, pp. 9903-9908, jun. 2004, 
doi: 10.1073/pnas.0307901101.

[8] B. W. S. Sobral, D. P. V. Braga, E. S. 
LaHood, y P. Keim, “Phylogenetic 
analysis of chloroplast restriction 
enzyme site mutations in the 
Saccharinae Griseb. subtribe of the 
Andropogoneae Dumort. tribe”, Theor. 

Appl. Genet., vol. 87, núm. 7, pp. 
843-853, feb. 1994, doi: 10.1007/
BF00221137.

[9] R. Ming et al., “Detailed alignment of 
Saccharum and Sorghum chromosomes: 
Comparative organization of closely 
related diploid and polyploid genomes.”, 
Genetics, vol. 150, núm. 4, pp. 1663-
1682, 1998.

[10] A. H. Paterson et al., “The Sorghum 
bicolor genome and the diversification of 
grasses”, Nature, vol. 457, núm. 7229,  
pp. 551-556, ene. 2009, doi: 10.1038/
nature07723.

[11] W. L. Rooney, J. Blumenthal, B. 
Bean, y J. E. Mullet, “Designing 
sorghum as a dedicated bioenergy 
feedstock”, Biofuels, Bioprod. Biorefining, 
vol. 1, núm. 2, pp. 147-157, oct. 2007, 
doi: 10.1002/bbb.15.

[12] N. C. Carpita y M. C. McCann, 
“Maize and sorghum: genetic resources 
for bioenergy grasses”, Trends Plant Sci., 
vol. 13, núm. 8, pp. 415-420, ago. 2008, 
doi: 10.1016/j.tplants.2008.06.002.

[13] W. Vermerris, “Survey of Genomics 
Approaches to Improve Bioenergy Traits 
in Maize, Sorghum and SugarcaneFree 
Access”, J. Integr. Plant Biol., vol. 53, 
núm. 2, pp. 105-119, feb. 2011, doi: 
10.1111/j.1744-7909.2010.01020.x.

[14] K. J. Schmid, “Large-Scale 
Identification and Analysis of Genome-
Wide Single-Nucleotide Polymorphisms 
for Mapping in Arabidopsis thaliana”, 
Genome Res., vol. 13, núm. 6, pp. 
1250-1257, may 2003, doi: 10.1101/
gr.728603.

[15] F. A. Feltus, “An SNP Resource for 
Rice Genetics and Breeding Based on 
Subspecies Indica and Japonica Genome 
Alignments”, Genome Res., vol. 14, núm. 
9, pp. 1812-1819, sep. 2004, doi: 10.1101/
gr.2479404.

References

123

A General Overview of Sweet Sorghum Genomics
DOI: http://dx.doi.org/10.5772/intechopen.98539

[16] M. A. Gore et al., “A First-
Generation Haplotype Map of Maize”, 
Science (80-. )., vol. 326, núm. 5956, pp. 
1115-1117, nov. 2009, doi: 10.1126/
science.1177837.

[17] S.-Y. Jiang, Z. Ma, J. Vanitha, y S. 
Ramachandran, “Genetic variation and 
expression diversity between grain and 
sweet sorghum lines”, BMC Genomics, 
vol. 14, núm. 1, p. 18, 2013, doi: 
10.1186/1471-2164-14-18.

[18] K. B. Ritter, C. L. McIntyre, I. D. 
Godwin, D. R. Jordan, y S. C. Chapman, 
“An assessment of the genetic 
relationship between sweet and grain 
sorghums, within Sorghum bicolor ssp. 
bicolor (L.) Moench, using AFLP 
markers”, Euphytica, vol. 157, núm. 1-2, 
pp. 161-176, ago. 2007, doi: 10.1007/
s10681-007-9408-4.

[19] L.-Y. Zheng et al., “Genome-wide 
patterns of genetic variation in sweet 
and grain sorghum (Sorghum bicolor)”, 
Genome Biol., vol. 12, núm. 11, p. R114, 
2011, doi: 10.1186/gb-2011-12-11-r114.

[20] Y. Assefa y S. A. Staggenborg, 
“Phenotypic Changes in Grain Sorghum 
Over the Last Five Decades”, J. Agron. 
Crop Sci., vol. 197, núm. 4, pp. 249-257, 
ago. 2011, doi: 10.1111/j.1439-037X. 
2010.00462.x.

[21] M. Wang et al., “Evaluation of Sweet 
Sorghum as a Feedstock by Multiple 
Harvests for Sustainable Bioenergy 
Production”, J. Sustain. Bioenergy Syst., 
vol. 02, núm. 04, pp. 122-137, 2012, doi: 
10.4236/jsbs.2012.24019.

[22] D. E. Ekefre et al., “Evaluation of 
three cultivars of sweet sorghum as 
feedstocks for ethanol production in the 
Southeast United States”, Heliyon, vol. 3, 
núm. 12, p. e00490, dic. 2017, doi: 
10.1016/j.heliyon.2017.e00490.

[23] S. Kaur y G. S. Dhillon, “Recent 
trends in biological extraction of chitin 
from marine shell wastes: a review”, 

Crit. Rev. Biotechnol., vol. 35, núm. 1, pp. 
44-61, ene. 2015, doi: 
10.3109/07388551.2013.798256.

[24] M. I. Gómez et al., “FISH of a maize 
sh2 -selected sorghum BAC to 
chromosomes of Sorghum bicolor”, 
Genome, vol. 40, núm. 4, pp. 475-478, 
ago. 1997, doi: 10.1139/g97-063.

[25] J. S. Kim et al., “Integrated 
karyotyping of sorghum by in situ 
hybridization of landed BACs.”, Genome, 
vol. 45, núm. 402-412, 2002.

[26] G. Binelli et al., “Similarity of maize 
and sorghum genomes as revealed by 
maize RFLP probes”, Theor. Appl. 
Genet., vol. 84, núm. 1-2, pp. 10-16, jun. 
1992, doi: 10.1007/BF00223975.

[27] M. G. Pereira, M. Lee, P. Bramel-
Cox, W. Woodman, J. Doebley, y R. 
Whitkus, “Construction of an RFLP 
map in sorghum and comparative 
mapping in maize”, Genome, vol. 37, 
núm. 2, pp. 236-243, abr. 1994, doi: 
10.1139/g94-033.

[28] A. M. Berhan, S. H. Hulbert, L. G. 
Butler, y J. L. Bennetzen, “Structure and 
evolution of the genomes Ofsorghum 
bicolor Andzea mays”, Theor. Appl. 
Genet., vol. 86, núm. 5, pp. 598-604, jun. 
1993, doi: 10.1007/BF00838715.

[29] L. M. Chittenden, K. F. Schertz, Y. 
R. Lin, R. A. Wing, y A. H. Paterson, “A 
detailed RFLP map of Sorghum bicolor x 
S. propinquum, suitable for high-
density mapping, suggests ancestral 
duplication of Sorghum chromosomes 
or chromosomal segments”, Theor. 
Appl. Genet., vol. 87, núm. 8, pp. 
925-933, mar. 1994, doi: 10.1007/
BF00225786.

[30] R. A. Ragab, S. Dronavalli, M. A. S. 
Maroof, y Y. G. Yu, “Construction of a 
sorghum RFLP linkage map using 
sorghum and maize DNA probes”, 
Genome, vol. 37, núm. 4, pp. 590-594, 
ago. 1994, doi: 10.1139/g94-084.



Biotechnological Applications of Biomass

124

[31] G.-W. Xu, C. W. Magill, K. F. 
Schertz, y G. E. Hart, “A RFLP linkage 
map of Sorghum bicolor (L.) Moench”, 
Theor. Appl. Genet., vol. 89-89, núm. 
2-3, pp. 139-145, oct. 1994, doi: 10.1007/
BF00225133.

[32] P. Dufour et al., “Construction of a 
composite sorghum genome map and 
comparison with sugarcane, a related 
complex polyploid”, Theor. Appl. 
Genet., vol. 94, núm. 3-4, pp. 409-418, 
mar. 1997, doi: 10.1007/s001220 
050430.

[33] K. Boivin, M. Deu, J.-F. Rami, G. 
Trouche, y P. Hamon, “Towards a 
saturated sorghum map using RFLP and 
AFLP markers”, Theor. Appl. Genet., vol. 
98, núm. 2, pp. 320-328, feb. 1999, doi: 
10.1007/s001220051076.

[34] Y. Z. Tao, R. G. Henzell, y C. L. 
McIntyre, “Construction of a genetic 
map in a sorghumRIL population using 
probes from different sources and its 
comparison with other sorghum maps.”, 
Aust. J. Agric. Sci., vol. 49, pp. 729-
736, 1998.

[35] P. K. Subudhi y H. T. Nguyen, 
“Linkage group alignment of sorghum 
RFLP maps using a RIL mapping 
population”, Genome, vol. 43, núm. 2, 
pp. 240-249, mar. 2000, doi: 10.1139/
g99-112.

[36] L. Kong, J. Dong, y G. E. Hart, 
“Characteristics, linkage-map 
positions, and allelic differentiation of 
Sorghum bicolor (L.) Moench DNA 
simple-sequence repeats (SSRs)”, Theor. 
Appl. Genet., vol. 101, núm. 3, pp. 
438-448, ago. 2000, doi: 10.1007/
s001220051501.

[37] B. I. G. Haussmann et al., “Genomic 
regions influencing resistance to the 
parasitic weed Striga hermonthica in two 
recombinant inbred populations of 
sorghum”, Theor. Appl. Genet., vol. 109, 
núm. 5, pp. 1005-1016, sep. 2004, doi: 
10.1007/s00122-004-1706-9.

[38] M. A. Menz, R. R. Klein, J. E. 
Mullet, J. A. Obert, N. C. Unruh, y P. E. 
Klein, “A high-density genetic map of 
Sorghum bicolor (L.) Moench based on 
2926 AFLP®, RFLP and SSR markers”, 
Plant Mol. Biol., vol. 48, núm. 5-6, pp. 
483-499, 2002, doi: 
10.1023/A:1014831302392.

[39] J. E. Bowers et al., “Development of 
a BAC based physical map of sorghum.”, 
Plant Anim. Genome IX Conf, San 
Diego, 2001.

[40] G. Ji et al., “Construction of a 
high-density genetic map using specific-
locus amplified fragments in sorghum”, 
BMC Genomics, vol. 18, núm. 1, p. 51, 
dic. 2017, doi: 10.1186/
s12864-016-3430-7.

[41] L. Grivet, A. D’Hont, P. Dufour, P. 
Hamon, D. Roques, y J. C. Glaszmann, 
“Comparative genome mapping of sugar 
cane with other species within the 
Andropogoneae tribe”, Heredity 
(Edinb)., vol. 73, núm. 5, pp. 500-508, 
nov. 1994, doi: 10.1038/hdy.1994.148.

[42] A. H. Paterson et al., “Convergent 
Domestication of Cereal Crops by 
Independent Mutations at 
Corresponding Genetic Loci”, Science 
(80-. )., vol. 269, núm. 5231, pp. 1714-
1718, sep. 1995, doi: 10.1126/
science.269.5231.1714.

[43] S. E. Anami, L. Zhang, Y. Xia, Y. 
Zhang, Z. Liu, y H. Jing, “Sweet 
sorghum ideotypes: genetic 
improvement of the biofuel syndrome”, 
Food Energy Secur., vol. 4, núm. 3, pp. 
159-177, oct. 2015, doi: 10.1002/fes3.63.

[44] D. S. Multani, “Loss of an MDR 
Transporter in Compact Stalks of Maize 
br2 and Sorghum dw3 Mutants”, Science 
(80-. )., vol. 302, núm. 5642, pp. 81-84, 
oct. 2003, doi: 10.1126/science.1086072.

[45] R. J. Milne, C. S. Byrt, J. W. Patrick, 
y C. P. L. Grof, “Are sucrose transporter 
expression profiles linked with patterns 

125

A General Overview of Sweet Sorghum Genomics
DOI: http://dx.doi.org/10.5772/intechopen.98539

of biomass partitioning in Sorghum 
phenotypes?”, Front. Plant Sci., vol. 4, 
2013, doi: 10.3389/fpls.2013.00223.

[46] L. H. Pratt et al., “Sorghum 
Expressed Sequence Tags Identify 
Signature Genes for Drought, 
Pathogenesis, and Skotomorphogenesis 
from a Milestone Set of 16,801 Unique 
Transcripts”, Plant Physiol., vol. 139, 
núm. 2, pp. 869-884, oct. 2005, doi: 
10.1104/pp.105.066134.

[47] J. A. Bedell et al., “Sorghum Genome 
Sequencing by Methylation Filtration”, 
PLoS Biol., vol. 3, núm. 1, p. e13, ene. 
2005, doi: 10.1371/journal.pbio. 
0030013.

[48] D. G. Peterson, “Integration of Cot 
Analysis, DNA Cloning, and High-
Throughput Sequencing Facilitates 
Genome Characterization and Gene 
Discovery”, Genome Res., vol. 12, núm. 
5, pp. 795-807, may 2002, doi: 10.1101/
gr.226102.

[49] C. D. Buchanan et al., “Sorghum 
bicolor’s Transcriptome Response to 
Dehydration, High Salinity and ABA”, 
Plant Mol. Biol., vol. 58, núm. 5, pp. 
699-720, jul. 2005, doi: 10.1007/
s11103-005-7876-2.

[50] R. A. Salzman et al., 
“Transcriptional Profiling of Sorghum 
Induced by Methyl Jasmonate, Salicylic 
Acid, and Aminocyclopropane 
Carboxylic Acid Reveals Cooperative 
Regulation and Novel Gene Responses”, 
Plant Physiol., vol. 138, núm. 1, pp. 
352-368, may 2005, doi: 10.1104/
pp.104.058206.

[51] E. Huntzinger y E. Izaurralde, “Gene 
silencing by microRNAs: contributions 
of translational repression and mRNA 
decay”, Nat. Rev. Genet., vol. 12, núm. 2, 
pp. 99-110, feb. 2011, doi: 10.1038/
nrg2936.

[52] S. Ossowski, R. Schwab, y D. Weigel, 
“Gene silencing in plants using artificial 

microRNAs and other small RNAs”, 
Plant J., vol. 53, núm. 4, pp. 674-690, 
feb. 2008, doi: 10.1111/j.1365-313X.2007. 
03328.x.

[53] M. J. Axtell, J. A. Snyder, y D. P. 
Bartel, “Common functions for diverse 
small RNAs of land plants”, Plant Cell, 
vol. 19, núm. 6, pp. 1750-1769, 2007, doi: 
10.1105/tpc.107.051706.

[54] A. Katiyar, S. Smita, S. K. 
Muthusamy, V. Chinnusamy, D. M. 
Pandey, y K. C. Bansal, “Identification 
of novel drought-responsive microRNAs 
and trans-acting siRNAs from Sorghum 
bicolor (L.) Moench by high-throughput 
sequencing analysis”, Front. Plant Sci., 
vol. 6, jul. 2015, doi: 10.3389/fpls. 
2015.00506.

[55] N. B. Hamza, N. Sharma, A. 
Tripathi, y N. Sanan-Mishra, 
“MicroRNA expression profiles in 
response to drought stress in Sorghum 
bicolor”, Gene Expr. Patterns, vol. 20, 
núm. 2, pp. 88-98, mar. 2016, doi: 
10.1016/j.gep.2016.01.001.

[56] R. S. El Sanousi, N. B. Hamza, A. 
A. Abdelmula, I. A. Mohammed, S. M. 
Gasim, y N. Sanan-Mishra, 
“Differential Expression of miRNAs in 
&amp;lt;i&amp;gt;Sorghum 
bicolor&amp;lt;/i&amp;gt; under 
Drought and Salt Stress”, Am. J. Plant 
Sci., vol. 07, núm. 06, pp. 870-878, 
2016, doi: 10.4236/ajps.2016.76082.

[57] H. Yu et al., “Identification of 
differentially expressed microRNA in 
the stems and leaves during sugar 
accumulation in sweet sorghum”, Gene, 
vol. 571, núm. 2, pp. 221-230, oct. 2015, 
doi: 10.1016/j.gene.2015.06.056.

[58] N. Dhaka y R. Sharma, “MicroRNAs 
as targets for engineering biofuel 
feedstock Sorghum”, Indian J. Plant 
Physiol., vol. 22, núm. 4, pp. 484-492, 
dic. 2017, doi: 10.1007/
s40502-017-0332-x.



Biotechnological Applications of Biomass

124

[31] G.-W. Xu, C. W. Magill, K. F. 
Schertz, y G. E. Hart, “A RFLP linkage 
map of Sorghum bicolor (L.) Moench”, 
Theor. Appl. Genet., vol. 89-89, núm. 
2-3, pp. 139-145, oct. 1994, doi: 10.1007/
BF00225133.

[32] P. Dufour et al., “Construction of a 
composite sorghum genome map and 
comparison with sugarcane, a related 
complex polyploid”, Theor. Appl. 
Genet., vol. 94, núm. 3-4, pp. 409-418, 
mar. 1997, doi: 10.1007/s001220 
050430.

[33] K. Boivin, M. Deu, J.-F. Rami, G. 
Trouche, y P. Hamon, “Towards a 
saturated sorghum map using RFLP and 
AFLP markers”, Theor. Appl. Genet., vol. 
98, núm. 2, pp. 320-328, feb. 1999, doi: 
10.1007/s001220051076.

[34] Y. Z. Tao, R. G. Henzell, y C. L. 
McIntyre, “Construction of a genetic 
map in a sorghumRIL population using 
probes from different sources and its 
comparison with other sorghum maps.”, 
Aust. J. Agric. Sci., vol. 49, pp. 729-
736, 1998.

[35] P. K. Subudhi y H. T. Nguyen, 
“Linkage group alignment of sorghum 
RFLP maps using a RIL mapping 
population”, Genome, vol. 43, núm. 2, 
pp. 240-249, mar. 2000, doi: 10.1139/
g99-112.

[36] L. Kong, J. Dong, y G. E. Hart, 
“Characteristics, linkage-map 
positions, and allelic differentiation of 
Sorghum bicolor (L.) Moench DNA 
simple-sequence repeats (SSRs)”, Theor. 
Appl. Genet., vol. 101, núm. 3, pp. 
438-448, ago. 2000, doi: 10.1007/
s001220051501.

[37] B. I. G. Haussmann et al., “Genomic 
regions influencing resistance to the 
parasitic weed Striga hermonthica in two 
recombinant inbred populations of 
sorghum”, Theor. Appl. Genet., vol. 109, 
núm. 5, pp. 1005-1016, sep. 2004, doi: 
10.1007/s00122-004-1706-9.

[38] M. A. Menz, R. R. Klein, J. E. 
Mullet, J. A. Obert, N. C. Unruh, y P. E. 
Klein, “A high-density genetic map of 
Sorghum bicolor (L.) Moench based on 
2926 AFLP®, RFLP and SSR markers”, 
Plant Mol. Biol., vol. 48, núm. 5-6, pp. 
483-499, 2002, doi: 
10.1023/A:1014831302392.

[39] J. E. Bowers et al., “Development of 
a BAC based physical map of sorghum.”, 
Plant Anim. Genome IX Conf, San 
Diego, 2001.

[40] G. Ji et al., “Construction of a 
high-density genetic map using specific-
locus amplified fragments in sorghum”, 
BMC Genomics, vol. 18, núm. 1, p. 51, 
dic. 2017, doi: 10.1186/
s12864-016-3430-7.

[41] L. Grivet, A. D’Hont, P. Dufour, P. 
Hamon, D. Roques, y J. C. Glaszmann, 
“Comparative genome mapping of sugar 
cane with other species within the 
Andropogoneae tribe”, Heredity 
(Edinb)., vol. 73, núm. 5, pp. 500-508, 
nov. 1994, doi: 10.1038/hdy.1994.148.

[42] A. H. Paterson et al., “Convergent 
Domestication of Cereal Crops by 
Independent Mutations at 
Corresponding Genetic Loci”, Science 
(80-. )., vol. 269, núm. 5231, pp. 1714-
1718, sep. 1995, doi: 10.1126/
science.269.5231.1714.

[43] S. E. Anami, L. Zhang, Y. Xia, Y. 
Zhang, Z. Liu, y H. Jing, “Sweet 
sorghum ideotypes: genetic 
improvement of the biofuel syndrome”, 
Food Energy Secur., vol. 4, núm. 3, pp. 
159-177, oct. 2015, doi: 10.1002/fes3.63.

[44] D. S. Multani, “Loss of an MDR 
Transporter in Compact Stalks of Maize 
br2 and Sorghum dw3 Mutants”, Science 
(80-. )., vol. 302, núm. 5642, pp. 81-84, 
oct. 2003, doi: 10.1126/science.1086072.

[45] R. J. Milne, C. S. Byrt, J. W. Patrick, 
y C. P. L. Grof, “Are sucrose transporter 
expression profiles linked with patterns 

125

A General Overview of Sweet Sorghum Genomics
DOI: http://dx.doi.org/10.5772/intechopen.98539

of biomass partitioning in Sorghum 
phenotypes?”, Front. Plant Sci., vol. 4, 
2013, doi: 10.3389/fpls.2013.00223.

[46] L. H. Pratt et al., “Sorghum 
Expressed Sequence Tags Identify 
Signature Genes for Drought, 
Pathogenesis, and Skotomorphogenesis 
from a Milestone Set of 16,801 Unique 
Transcripts”, Plant Physiol., vol. 139, 
núm. 2, pp. 869-884, oct. 2005, doi: 
10.1104/pp.105.066134.

[47] J. A. Bedell et al., “Sorghum Genome 
Sequencing by Methylation Filtration”, 
PLoS Biol., vol. 3, núm. 1, p. e13, ene. 
2005, doi: 10.1371/journal.pbio. 
0030013.

[48] D. G. Peterson, “Integration of Cot 
Analysis, DNA Cloning, and High-
Throughput Sequencing Facilitates 
Genome Characterization and Gene 
Discovery”, Genome Res., vol. 12, núm. 
5, pp. 795-807, may 2002, doi: 10.1101/
gr.226102.

[49] C. D. Buchanan et al., “Sorghum 
bicolor’s Transcriptome Response to 
Dehydration, High Salinity and ABA”, 
Plant Mol. Biol., vol. 58, núm. 5, pp. 
699-720, jul. 2005, doi: 10.1007/
s11103-005-7876-2.

[50] R. A. Salzman et al., 
“Transcriptional Profiling of Sorghum 
Induced by Methyl Jasmonate, Salicylic 
Acid, and Aminocyclopropane 
Carboxylic Acid Reveals Cooperative 
Regulation and Novel Gene Responses”, 
Plant Physiol., vol. 138, núm. 1, pp. 
352-368, may 2005, doi: 10.1104/
pp.104.058206.

[51] E. Huntzinger y E. Izaurralde, “Gene 
silencing by microRNAs: contributions 
of translational repression and mRNA 
decay”, Nat. Rev. Genet., vol. 12, núm. 2, 
pp. 99-110, feb. 2011, doi: 10.1038/
nrg2936.

[52] S. Ossowski, R. Schwab, y D. Weigel, 
“Gene silencing in plants using artificial 

microRNAs and other small RNAs”, 
Plant J., vol. 53, núm. 4, pp. 674-690, 
feb. 2008, doi: 10.1111/j.1365-313X.2007. 
03328.x.

[53] M. J. Axtell, J. A. Snyder, y D. P. 
Bartel, “Common functions for diverse 
small RNAs of land plants”, Plant Cell, 
vol. 19, núm. 6, pp. 1750-1769, 2007, doi: 
10.1105/tpc.107.051706.

[54] A. Katiyar, S. Smita, S. K. 
Muthusamy, V. Chinnusamy, D. M. 
Pandey, y K. C. Bansal, “Identification 
of novel drought-responsive microRNAs 
and trans-acting siRNAs from Sorghum 
bicolor (L.) Moench by high-throughput 
sequencing analysis”, Front. Plant Sci., 
vol. 6, jul. 2015, doi: 10.3389/fpls. 
2015.00506.

[55] N. B. Hamza, N. Sharma, A. 
Tripathi, y N. Sanan-Mishra, 
“MicroRNA expression profiles in 
response to drought stress in Sorghum 
bicolor”, Gene Expr. Patterns, vol. 20, 
núm. 2, pp. 88-98, mar. 2016, doi: 
10.1016/j.gep.2016.01.001.

[56] R. S. El Sanousi, N. B. Hamza, A. 
A. Abdelmula, I. A. Mohammed, S. M. 
Gasim, y N. Sanan-Mishra, 
“Differential Expression of miRNAs in 
&amp;lt;i&amp;gt;Sorghum 
bicolor&amp;lt;/i&amp;gt; under 
Drought and Salt Stress”, Am. J. Plant 
Sci., vol. 07, núm. 06, pp. 870-878, 
2016, doi: 10.4236/ajps.2016.76082.

[57] H. Yu et al., “Identification of 
differentially expressed microRNA in 
the stems and leaves during sugar 
accumulation in sweet sorghum”, Gene, 
vol. 571, núm. 2, pp. 221-230, oct. 2015, 
doi: 10.1016/j.gene.2015.06.056.

[58] N. Dhaka y R. Sharma, “MicroRNAs 
as targets for engineering biofuel 
feedstock Sorghum”, Indian J. Plant 
Physiol., vol. 22, núm. 4, pp. 484-492, 
dic. 2017, doi: 10.1007/
s40502-017-0332-x.



Biotechnological Applications of Biomass

126

[59] M. Battraw y T. C. Hall, “Stable 
transformation of Sorghum bicolor 
protoplasts with chimeric neomycin 
phosphotransferase II and 
β-glucuronidase genes”, Theor. Appl. 
Genet., vol. 82, núm. 2, pp. 161-168, ago. 
1991, doi: 10.1007/BF00226207.

[60] T. Hagio, A. Blowers, y E. Earle, 
“Stable transformation of sorghum cell 
cultures after bombardment with 
DNA-coated microprojectiles”, Plant 
Cell Rep., vol. 10, núm. 5, ago. 1991, doi: 
10.1007/BF00232571.

[61] A. M. Casas et al., “Transgenic 
sorghum plants via microprojectile 
bombardment”, Proc. Natl. Acad. Sci., 
vol. 90, núm. 23, pp. 11212-11216, dic. 
1993, doi: 10.1073/pnas.90.23.11212.

[62] A. M. Casas et al., “Transgenic 
sorghum plants obtained after 
microprojectile bombardment of 
immature inflorescences”, Vitr. Cell. 
Dev. Biol. - Plant, vol. 33, núm. 2, pp. 
92-100, abr. 1997, doi: 10.1007/
s11627-997-0003-0.

[63] Z. Zhao et al., “Agrobacterium 
-mediated sorghum transformation”, 
núm. 1991, pp. 789-798, 2000.

[64] P. B. Devi y M. B. Sticklen, “In vitro 
culture and genetic transformation of 
sorghum by microprojectile 
bombardment”, Plant Biosyst. - An Int. J. 
Deal. with all Asp. Plant Biol., vol. 137, 
núm. 3, pp. 249-254, ene. 2003, doi: 
10.1080/11263500312331351491.

[65] Y. Tadesse, L. Sági, R. Swennen, y 
M. Jacobs, “Optimisation of 
transformation conditions and 
production of transgenic sorghum 
(Sorghum bicolor) via microparticle 
bombardment”, Plant Cell. Tissue Organ 
Cult., vol. 75, núm. 1, pp. 1-18, 2003, 
doi: 10.1023/A:1024664817800.

[66] C. H. S. Carvalho et al., 
“Agrobacterium-mediated 
transformation of sorghum: factors that 

affect transformation efficiency”, Genet. 
Mol. Biol., vol. 27, núm. 2, pp. 259-269, 
2004, doi: 10.1590/S1415-47572004000 
200022.

[67] Z. Gao, J. Jayaraj, S. Muthukrishnan, 
L. Claflin, y G. H. Liang, “Efficient 
genetic transformation of Sorghum 
using a visual screening marker”, 
Genome, vol. 48, núm. 2, pp. 321-333, 
abr. 2005, doi: 10.1139/g04-095.

[68] Z. Gao, X. Xie, Y. Ling, S. 
Muthukrishnan, y G. H. Liang, 
“Agrobacterium tumefaciens-mediated 
sorghum transformation using a 
mannose selection system”, Plant 
Biotechnol. J., vol. 3, núm. 6, pp. 591-599, 
nov. 2005, doi: 10.1111/j.1467-7652. 
2005.00150.x.

[69] A. Howe, S. Sato, I. Dweikat, M. 
Fromm, y T. Clemente, “Rapid and 
reproducible Agrobacterium-mediated 
transformation of sorghum”, Plant Cell 
Rep., vol. 25, núm. 8, pp. 784-791, ago. 
2006, doi: 10.1007/s00299-005-0081-6.

[70] A. Raghuwanshi y R. G. Birch, 
“Genetic transformation of sweet 
sorghum”, Plant Cell Rep., vol. 29, núm. 
9, pp. 997-1005, sep. 2010, doi: 10.1007/
s00299-010-0885-x.

[71] G. Liu y I. D. Godwin, “Highly 
efficient sorghum transformation”, 
Plant Cell Rep., vol. 31, núm. 6, pp. 
999-1007, jun. 2012, doi: 10.1007/
s00299-011-1218-4.

[72] P. T. Do, H. Lee, M. Mookkan, W. R. 
Folk, y Z. J. Zhang, “Rapid and efficient 
Agrobacterium-mediated 
transformation of sorghum (Sorghum 
bicolor) employing standard binary 
vectors and bar gene as a selectable 
marker”, Plant Cell Rep., vol. 35, núm. 
10, pp. 2065-2076, oct. 2016, doi: 
10.1007/s00299-016-2019-6.

[73] L. Z.-H. ZHU Li LI Gui-Ying, HE 
Kang-Lai, YUE Tong-Qing, ZHANG Jie, 
HUANG Da-Fang, “Introduction of Bt 

127

A General Overview of Sweet Sorghum Genomics
DOI: http://dx.doi.org/10.5772/intechopen.98539

cry1Ah Gene into Sweet Sorghum 
(Sorghum bicolor L. Moench) by 
Agrobacterium tumefaciens-Mediated 
Transformation”, Scientia Agricultura 
Sinica, vol. 44, núm. 10. pp. 1989-1996, 
[En línea]. Disponible en: https://www.
chinaagrisci.com.

[74] L. Lu et al., “Development of 
marker-free transgenic sorghum 
[Sorghum bicolor (L.) Moench] using 
standard binary vectors with bar as a 
selectable marker”, Plant Cell, Tissue 
Organ Cult., vol. 99, núm. 1, pp. 97-108, 
oct. 2009, doi: 10.1007/
s11240-009-9580-4.

[75] Z. Xin et al., “Applying genotyping 
(TILLING) and phenotyping analyses to 
elucidate gene function in a chemically 
induced sorghum mutant population”, 
BMC Plant Biol., vol. 8, núm. 1, p. 103, 
2008, doi: 10.1186/1471-2229-8-103.

[76] Y. Jiao et al., “A Sorghum Mutant 
Resource as an Efficient Platform for 
Gene Discovery in Grasses”, Plant Cell, 
p. tpc.00373.2016, jun. 2016, doi: 
10.1105/tpc.16.00373.



Biotechnological Applications of Biomass

126

[59] M. Battraw y T. C. Hall, “Stable 
transformation of Sorghum bicolor 
protoplasts with chimeric neomycin 
phosphotransferase II and 
β-glucuronidase genes”, Theor. Appl. 
Genet., vol. 82, núm. 2, pp. 161-168, ago. 
1991, doi: 10.1007/BF00226207.

[60] T. Hagio, A. Blowers, y E. Earle, 
“Stable transformation of sorghum cell 
cultures after bombardment with 
DNA-coated microprojectiles”, Plant 
Cell Rep., vol. 10, núm. 5, ago. 1991, doi: 
10.1007/BF00232571.

[61] A. M. Casas et al., “Transgenic 
sorghum plants via microprojectile 
bombardment”, Proc. Natl. Acad. Sci., 
vol. 90, núm. 23, pp. 11212-11216, dic. 
1993, doi: 10.1073/pnas.90.23.11212.

[62] A. M. Casas et al., “Transgenic 
sorghum plants obtained after 
microprojectile bombardment of 
immature inflorescences”, Vitr. Cell. 
Dev. Biol. - Plant, vol. 33, núm. 2, pp. 
92-100, abr. 1997, doi: 10.1007/
s11627-997-0003-0.

[63] Z. Zhao et al., “Agrobacterium 
-mediated sorghum transformation”, 
núm. 1991, pp. 789-798, 2000.

[64] P. B. Devi y M. B. Sticklen, “In vitro 
culture and genetic transformation of 
sorghum by microprojectile 
bombardment”, Plant Biosyst. - An Int. J. 
Deal. with all Asp. Plant Biol., vol. 137, 
núm. 3, pp. 249-254, ene. 2003, doi: 
10.1080/11263500312331351491.

[65] Y. Tadesse, L. Sági, R. Swennen, y 
M. Jacobs, “Optimisation of 
transformation conditions and 
production of transgenic sorghum 
(Sorghum bicolor) via microparticle 
bombardment”, Plant Cell. Tissue Organ 
Cult., vol. 75, núm. 1, pp. 1-18, 2003, 
doi: 10.1023/A:1024664817800.

[66] C. H. S. Carvalho et al., 
“Agrobacterium-mediated 
transformation of sorghum: factors that 

affect transformation efficiency”, Genet. 
Mol. Biol., vol. 27, núm. 2, pp. 259-269, 
2004, doi: 10.1590/S1415-47572004000 
200022.

[67] Z. Gao, J. Jayaraj, S. Muthukrishnan, 
L. Claflin, y G. H. Liang, “Efficient 
genetic transformation of Sorghum 
using a visual screening marker”, 
Genome, vol. 48, núm. 2, pp. 321-333, 
abr. 2005, doi: 10.1139/g04-095.

[68] Z. Gao, X. Xie, Y. Ling, S. 
Muthukrishnan, y G. H. Liang, 
“Agrobacterium tumefaciens-mediated 
sorghum transformation using a 
mannose selection system”, Plant 
Biotechnol. J., vol. 3, núm. 6, pp. 591-599, 
nov. 2005, doi: 10.1111/j.1467-7652. 
2005.00150.x.

[69] A. Howe, S. Sato, I. Dweikat, M. 
Fromm, y T. Clemente, “Rapid and 
reproducible Agrobacterium-mediated 
transformation of sorghum”, Plant Cell 
Rep., vol. 25, núm. 8, pp. 784-791, ago. 
2006, doi: 10.1007/s00299-005-0081-6.

[70] A. Raghuwanshi y R. G. Birch, 
“Genetic transformation of sweet 
sorghum”, Plant Cell Rep., vol. 29, núm. 
9, pp. 997-1005, sep. 2010, doi: 10.1007/
s00299-010-0885-x.

[71] G. Liu y I. D. Godwin, “Highly 
efficient sorghum transformation”, 
Plant Cell Rep., vol. 31, núm. 6, pp. 
999-1007, jun. 2012, doi: 10.1007/
s00299-011-1218-4.

[72] P. T. Do, H. Lee, M. Mookkan, W. R. 
Folk, y Z. J. Zhang, “Rapid and efficient 
Agrobacterium-mediated 
transformation of sorghum (Sorghum 
bicolor) employing standard binary 
vectors and bar gene as a selectable 
marker”, Plant Cell Rep., vol. 35, núm. 
10, pp. 2065-2076, oct. 2016, doi: 
10.1007/s00299-016-2019-6.

[73] L. Z.-H. ZHU Li LI Gui-Ying, HE 
Kang-Lai, YUE Tong-Qing, ZHANG Jie, 
HUANG Da-Fang, “Introduction of Bt 

127

A General Overview of Sweet Sorghum Genomics
DOI: http://dx.doi.org/10.5772/intechopen.98539

cry1Ah Gene into Sweet Sorghum 
(Sorghum bicolor L. Moench) by 
Agrobacterium tumefaciens-Mediated 
Transformation”, Scientia Agricultura 
Sinica, vol. 44, núm. 10. pp. 1989-1996, 
[En línea]. Disponible en: https://www.
chinaagrisci.com.

[74] L. Lu et al., “Development of 
marker-free transgenic sorghum 
[Sorghum bicolor (L.) Moench] using 
standard binary vectors with bar as a 
selectable marker”, Plant Cell, Tissue 
Organ Cult., vol. 99, núm. 1, pp. 97-108, 
oct. 2009, doi: 10.1007/
s11240-009-9580-4.

[75] Z. Xin et al., “Applying genotyping 
(TILLING) and phenotyping analyses to 
elucidate gene function in a chemically 
induced sorghum mutant population”, 
BMC Plant Biol., vol. 8, núm. 1, p. 103, 
2008, doi: 10.1186/1471-2229-8-103.

[76] Y. Jiao et al., “A Sorghum Mutant 
Resource as an Efficient Platform for 
Gene Discovery in Grasses”, Plant Cell, 
p. tpc.00373.2016, jun. 2016, doi: 
10.1105/tpc.16.00373.



129

Chapter 8

Current Situation and Future 
Outlook of Forest Biomass 
Production and Its Utilization in 
Japan
Takuyuki Yoshioka

Abstract

The current situation of forests and forestry as well as woody biomass utilization 
in Japan was described, and the future outlook for the use of forest biomass in Japan 
was presented. Many planted forests are now becoming mature, so the operational 
efficiency in forestry should be improved not only by the development of the forest 
infrastructure but also by the full mechanization of the logging system. The Kyoto 
Protocol adopted in 1997 promoted the energy utilization of waste woody biomass 
such as mill residues and wood-based waste materials, and the launch of the Feed-in 
Tariff scheme for renewable energy (FIT) in 2012 promoted the energy utilization 
of once-unutilized thinnings. In order to further expand the production of forest 
biomass and its utilization for energy, logging residues, small-sized trees, and short 
rotation woody coppices (SRWC) are promising. Thus, low-cost harvesting tech-
nologies should be developed as soon as possible, with reference to machines and 
systems operating in foreign countries where the utilization of such forest biomass 
is making steady progress.

Keywords: Forest Utilization, forest and forestry, woody bioenergy utilization,  
forest biomass harvesting, Japan

1. Introduction

The discipline of “Forest Utilization” in Japan was introduced with refer-
ence to the German “Forstbenutzung” at the end of the nineteenth century. The 
Forstbenutzung covers not only the processes of felling, processing, yarding/skid-
ding, and transporting trees but also wood anatomy, wood physics, wood process-
ing, and wood craft; therefore, it can be said that the Forstbenutzung pursues the 
rational utilization of forests and trees. In the case of Japan, the research subjects of 
wood anatomy, wood physics, wood processing, and wood craft went independent 
as the Wood Science after World War II; thus, the Forest Utilization has progressed 
to cover the fields of civil engineering, machine engineering, operational efficiency, 
and ergonomics in forestry. From this point of view, the current Japanese Forest 
Utilization is similar to the Forest Engineering developed in North America and the 
Forest Operations developed in Europe.
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Research and development (R&D) in the Forest Utilization is very important to 
make the Japanese forestry economically viable. Now, the stumpage price, i.e., the 
price of standing trees per m3, Q’ (USD/m3), is expressed as:

 ( )
100

nQ P Q′ = − ×  (1)

where P (USD/m3) is the market price of roundwood, Q (USD/m3) is the logging 
cost, and n (%) is the utilization percentage to standing tree volume. Q’ contains 
the costs of reforestation and tending; thus, the forestry itself cannot be economi-
cally justified when Q’ is cheaper than a certain level. Then, Q is expressed as a 
function of yarding/skidding distance, x (m):

 Q a b x c= + × +  (2)

where a (USD/m3) is the cost of felling and processing trees, b (USD/m3/m) 
is the yarding/skidding cost per unit length of yarding/skidding distance, and c 
(USD/m3) is the overhead cost. In order to increase the income of forest owners, Q’ 
of Eq. (1) must be increased, that is, Q of Eq. (2) must be reduced; therefore, a and 
b of Eq. (2) must be diminished by developing efficient forestry machines as well 
as by improving logging methods, and x of Eq. (2) must be shortened by develop-
ing forest road networks. Improving the utilization percentage, n of Eq. (1), is also 
effective. Utilization of residual forest biomass such as logging residues, that is, tree 
tops and branches that are generated during limbing and bucking, and small-sized 
trees that are felled at pre-commercial stages can raise the utilization percentage, 
leading to increase in the income of forest owners.

In this chapter, with the aim of showing the R&D of forest biomass production 
and its utilization within the framework of the Japanese Forest Utilization, the cur-
rent situation of forests and forestry as well as woody biomass utilization in Japan is 
described, and the future outlook for the use of forest biomass in Japan is presented.

2. Current situation of forests and forestry in Japan

The current total forest area in Japan is about 25 million ha. As shown in 
Table 1, in densely populated countries such as the USA, Canada, and Germany, 

Region Country Land area [A] Forest area [B] B/A Population

(x 1,000 ha) (x 1,000 ha) (%) (x 1,000)

Asia Japan 36,450 24,958 68.5 126,573

North America USA 916,192 310,095 33.8 321,774

Canada 909,351 347,069 38.2 35,940

Central Europe Germany 34,861 11,419 32.8 80,689

Austria 8,244 3,869 46.9 8,545

Northern Europe Sweden 41,034 28,073 68.4 9,779

Finland 30,390 22,218 73.1 5,503

Table 1. 
Comparison of land area, forest area, and population.
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slightly more than 30% of national land area is covered with forest [1]. Japan has a 
population size similar to the abovementioned countries; however, forest occu-
pies almost two-thirds of the national land, which is the same level as in sparsely 
populated Sweden and Finland. This can be attributed to the steepness of so much 
of the land area in Japan.

Figure 1 shows the changes in the breakdown of the Japanese forest area [2]. 
The total forest area has been constant for more than a half century. Historically, 
naturally regenerated forests were converted to planted forests. During and after 
World War II, quite large numbers of trees were felled and harvested, so afforesta-
tion was actively promoted from the 1950s to the 1970s in order to compensate. Ten 
million hectares of man-made planted forests, which equals almost 30% of the total 
national land area, was established in the 1980s.

On the other hand, after World War II, the more the Japanese economy grew, 
the worse the profitability of forestry became. Young people left rural areas, and 
then the self-sufficiency rate of wood decreased continuously. Thus, the incentive 
for afforestation was gradually diminished. As shown in Figure 2, consequently, 
the current age distribution of planted forest is extremely imbalanced, so that 65% 
of planted forests that are older than 45 years reach the time for being harvested 
finally [2].

Figure 3 shows the changes in the growing stock [2]. The growing stock keeps 
increasing mainly because of the dominance of young planted forests. The cur-
rent average stem volume per 1 ha of planted forest, 324 m3/ha, is similar to that of 
Austrian forests, 325 m3/ha. This means that an operational efficiency equivalent 
to that of Austria might be expected if the forest infrastructure was well developed 
and the logging system was fully mechanized, but in practice, this is very difficult 
to achieve.

The changes in the wood supply and demand are shown in Figure 4 [2]. As 
mentioned previously, the self-sufficiency rate continuously decreased in inverse 
proportion to the economic growth during the latter half of the twentieth century. 
The trade in roundwood was completely liberalized in 1964, more than a half 

Figure 1. 
Changes in the breakdown of the Japanese forest area.
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rent situation of forests and forestry as well as woody biomass utilization in Japan is 
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The current total forest area in Japan is about 25 million ha. As shown in 
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Region Country Land area [A] Forest area [B] B/A Population

(x 1,000 ha) (x 1,000 ha) (%) (x 1,000)

Asia Japan 36,450 24,958 68.5 126,573

North America USA 916,192 310,095 33.8 321,774

Canada 909,351 347,069 38.2 35,940

Central Europe Germany 34,861 11,419 32.8 80,689

Austria 8,244 3,869 46.9 8,545

Northern Europe Sweden 41,034 28,073 68.4 9,779

Finland 30,390 22,218 73.1 5,503

Table 1. 
Comparison of land area, forest area, and population.
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slightly more than 30% of national land area is covered with forest [1]. Japan has a 
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naturally regenerated forests were converted to planted forests. During and after 
World War II, quite large numbers of trees were felled and harvested, so afforesta-
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to achieve.
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The trade in roundwood was completely liberalized in 1964, more than a half 

Figure 1. 
Changes in the breakdown of the Japanese forest area.
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century ago. Since the middle of the 1990s, Japan has been in an economic slump, so 
the demand for wood is shrinking. On the other hand, planted forests are maturing, 
and thus, the supply of domestic wood is gradually increasing and the self-suffi-
ciency rate itself is improving, the driving force for which will be explained later.

Figure 5 shows the number of workers that can be employed by 1 m3 of stand-
ing Japanese cedar trees [3]. The number of workers is calculated by dividing the 

Figure 2. 
Age distribution of planted forest (as of March 2017).

Figure 3. 
Changes in the growing stock.
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stumpage price of standing Japanese cedar trees by the daily wage of a forestry 
worker. It can be read from the graph that, even in Japan, labor-intensive work was 
possible during the 1960s.

The changes in the number of forestry workers are shown in Figure 6 [2]. The 
number of forestry workers decreased by more than 100,000 in the past 35 years, 
and the percentage of aged workers (>65 years old) is relatively higher than that in 
other industries in Japan. On the other hand, forestry is the only industry in Japan 
in which the percentage of young workers (<35 years old) is increasing. The replace-
ment of manual labor by mechanization in the limbing, bucking, and yarding/for-
warding processes, but not in the felling process, seems to be contributing to this.

Figure 7 illustrates a typical mechanized logging system in Japan. The system 
is similar to that of Austrian mountainous areas. Nearly 10,000 advanced forestry 

Figure 5. 
Number of workers that can be employed by 1 m3 of standing Japanese cedar trees.

Figure 4. 
Changes in the wood supply and demand.
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machines such as processors, tower yarders, and forwarders have been introduced, 
and 70% of the logs produced are processed by such forestry machines. However, 
there are not enough forest roads, so supplemental lower-grade operation roads 
have been constructed, and a forwarder uses them to haul logs to a forest road.

A comparison of productivity and logging costs is given in Table 2 [4]. In Japan, 
the rate of operation of advanced forestry machines remains at a low level, which 
makes the productivity low and the logging cost high. It is said that, in Austria, 
intensive investments were made in the development of a forest road network in the 
1960s, when the price of wood was relatively higher. Although the price of wood 
fell and the labor cost rose after that, the productivity was improved by mechaniza-
tion. The forest road network density in Japan, 19.7 m/ha (13.1 m/ha for forest roads 
and 6.6 m/ha for operation roads), is less than a quarter of that in Austria, 89 m/ha 
(45 m/ha for forest roads and 44 m/ha for operation roads). The development of a 
forest road network is relatively delayed in Japan.

Figure 7. 
Typical mechanized logging system in Japan.

Figure 6. 
Changes in the number of forestry workers.
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3. Woody biomass utilization in Japan

After the Kyoto Protocol was adopted in 1997, renewable and carbon-neutral 
biomass attracted widespread attention for its potential as an ideal primary energy 
resource in a sustainable society. In 2001, the Japanese government officially 
defined biomass as one of the new energy resources in the “Law Concerning Special 
Measures for Promotion of the Use of New Energy” [5], and the government 
decided on the “Biomass Nippon Strategy” in 2002 [6]. As mentioned previously, 
forest resources are abundant in Japan, and thus, the energy utilization of woody 
biomass is expected to contribute to a revitalization of the forestry and forest 
products industries, which have long been depressed. The annual available amount 
of woody biomass resources is estimated to be 31.7 million dry-t/y [7], which has a 
calorific value of 634 PJ/y, corresponding to 2.8% of the national primary energy 
supply, 23.0 EJ/y, and woody biomass utilization was expected to promote the 
tending of planted forests, many of which were being neglected when the Biomass 
Nippon Strategy was adopted. This triggered the energy and material utilization of 
waste woody biomass such as mill residues (Figure 8), wood-based waste materials 
(Figure 9), and tree trimmings.

Country Productivity (m3/man-day) Logging cost (USD/m3)

Japan (final cutting) 4.00 57.7

Japan (thinning) 3.45 84.8

Sweden 30 11.8 (final cutting)
21.8 (thinning)

Austria 7–43 29.1–50.0

Table 2. 
Comparison of productivity and logging costs.

Figure 8. 
Mill residue.



Biotechnological Applications of Biomass

134

machines such as processors, tower yarders, and forwarders have been introduced, 
and 70% of the logs produced are processed by such forestry machines. However, 
there are not enough forest roads, so supplemental lower-grade operation roads 
have been constructed, and a forwarder uses them to haul logs to a forest road.

A comparison of productivity and logging costs is given in Table 2 [4]. In Japan, 
the rate of operation of advanced forestry machines remains at a low level, which 
makes the productivity low and the logging cost high. It is said that, in Austria, 
intensive investments were made in the development of a forest road network in the 
1960s, when the price of wood was relatively higher. Although the price of wood 
fell and the labor cost rose after that, the productivity was improved by mechaniza-
tion. The forest road network density in Japan, 19.7 m/ha (13.1 m/ha for forest roads 
and 6.6 m/ha for operation roads), is less than a quarter of that in Austria, 89 m/ha 
(45 m/ha for forest roads and 44 m/ha for operation roads). The development of a 
forest road network is relatively delayed in Japan.

Figure 7. 
Typical mechanized logging system in Japan.

Figure 6. 
Changes in the number of forestry workers.

135

Current Situation and Future Outlook of Forest Biomass Production and Its Utilization in Japan
DOI: http://dx.doi.org/10.5772/intechopen.93433

3. Woody biomass utilization in Japan

After the Kyoto Protocol was adopted in 1997, renewable and carbon-neutral 
biomass attracted widespread attention for its potential as an ideal primary energy 
resource in a sustainable society. In 2001, the Japanese government officially 
defined biomass as one of the new energy resources in the “Law Concerning Special 
Measures for Promotion of the Use of New Energy” [5], and the government 
decided on the “Biomass Nippon Strategy” in 2002 [6]. As mentioned previously, 
forest resources are abundant in Japan, and thus, the energy utilization of woody 
biomass is expected to contribute to a revitalization of the forestry and forest 
products industries, which have long been depressed. The annual available amount 
of woody biomass resources is estimated to be 31.7 million dry-t/y [7], which has a 
calorific value of 634 PJ/y, corresponding to 2.8% of the national primary energy 
supply, 23.0 EJ/y, and woody biomass utilization was expected to promote the 
tending of planted forests, many of which were being neglected when the Biomass 
Nippon Strategy was adopted. This triggered the energy and material utilization of 
waste woody biomass such as mill residues (Figure 8), wood-based waste materials 
(Figure 9), and tree trimmings.

Country Productivity (m3/man-day) Logging cost (USD/m3)

Japan (final cutting) 4.00 57.7

Japan (thinning) 3.45 84.8

Sweden 30 11.8 (final cutting)
21.8 (thinning)

Austria 7–43 29.1–50.0

Table 2. 
Comparison of productivity and logging costs.

Figure 8. 
Mill residue.



Biotechnological Applications of Biomass

136

With respect to the actual situation of planted forests at that time, the thinning 
of largely established planted forests did not commonly take place because the 
trees were so small that there was little profitability on a business basis in thinning 
operations.

Figure 10. 
Comparison of the woody bioenergy utilization around 2005 (Each percentage value means the share to the 
total domestic primary energy supply).

Figure 9. 
Wood-based waste material.
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Figure 10 shows a comparison of the woody bioenergy utilization around 2005. 
From the point of view of the amount of woody bioenergy utilization itself, Japan 
was almost on a par with Sweden and Finland. This is because there has been a big 
pulp and paper industry in Japan, and the recycling of black liquor, that is, by-
product from the kraft process when digesting pulpwood into paper pulp removing 
lignin, hemicelluloses, and other extractives from the wood to free the cellulose 
fibers, was promoted in the 1970s.

The domestic woody biomass availability in 2010 as estimated by the Japanese 
government is shown in Figure 11 [8]. There was little available waste woody biomass 

Figure 11. 
Domestic woody biomass availability in 2010.

Figure 12. 
Young planted forest contained large amounts of felled thinnings.
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such as mill residue or wood-based waste material, while logging residue went almost 
unutilized. It has been said since that time that logging residues should be utilized by 
developing dedicated harvesting machines as has been done in Sweden and Finland.

In these statistics, the term “logging residue” actually refers to unutilized 
thinning materials (Figure 12). In view of environmental conservation and 
global warming mitigation measures, huge amounts of subsidies were spent to 
fell trees for the purpose of thinning, but the felled trees were never harvested. 
Thus, the young planted forests contained large amounts of felled thinnings. So, 
the 20 million m3/y of logging residue shown in Figure 11 should have been clas-
sified as “forest biomass,” most of which was composed of unutilized thinnings.

4. Launch of the FIT scheme 1 year after Fukushima

The Feed-in Tariff scheme for renewable energy (FIT) was launched in 
2012, 1 year after the Fukushima nuclear disaster following the Great East Japan 
Earthquake, and the scheme increased the utilization of forest biomass. Figure 13 

Figure 13. 
Framework of the FIT.
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shows the framework of the FIT [9]. In the case of biomass, the electric utilities 
have committed to buy the electricity derived from biomass at a higher price than 
the normal retail one for 20 years. However, this cost is passed down to the electric-
ity consumers. Japanese public covered additional 18.8 billion US dollars in 2016 
within the framework of the FIT. The price of electricity has already risen over 10% 
from the price before the implementation of the FIT.

With respect to the woody biomass resources for the FIT, “general wood” 
consists of mill residues and imported woods. From the point of view of power 
generation capacity, the construction project of a power generation plant which 
utilizes general wood as fuel accounts for the majority (Figure 14) [10]. There are 
plans to establish many large-scale plants with a power-generation capacity of more 
than 10 MW along seashores and to import a huge amount of woody biomass such 
as wood chips, wood pellets, and palm kernel shells (PKS).

Forest biomass utilization is also being done mainly in mountainous areas. The 
main source of forest biomass is the unutilized thinnings that were once abandoned 
in planted forests (Figure 15). Since the tariff on electricity derived from forest bio-
mass is set to be hefty, the price of forest biomass as fuel is sometimes greater than 
that of forest biomass as pulpwood. In some areas, pulpwoods are also transported 
directly to power generation plants, and adjacent pulp mills located in such areas are 
obliged to import pulpwoods instead.

As a result, forest biomass utilization is rapidly increasing (Figure 16) [2]. 
The rapid increase in the utilized amount of forest biomass triggered by the FIT 
is the driving force behind the improvement of the self-sufficiency rate of wood. 

Figure 14. 
Map of FIT-certified woody biomass power plants.
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The self-sufficiency rate of wood in 2017 as shown in Figure 4 was 36.2%, but it 
goes down to 31.6% when the use of wood as fuelwood is excluded.

It is unclear whether unutilized thinnings can continue to be utilized as energy 
in the future. Planted forests are going to mature so that the value of the thinning 
material will increase and the amount available for energy use will decrease. On the 
other hand, “true” logging residues such as tree tops and limbs are not currently 

Figure 16. 
Changes in the utilized amount of forest biomass.

Figure 15. 
Unutilized thinnings that were once abandoned in planted forests.
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utilized much as energy sources. If this situation continues, the energy utilization of 
forest biomass might drop sharply after the completion of the FIT. Thus, a frame-
work for the utilization of logging residues must be established as soon as possible.

5. Future perspectives on forest biomass in Japan

The use of the whole-tree logging system has increased through the spread of 
mechanization, such as the use of processors and harvesters. This situation makes 
logging residues easier to collect. So an efficient and low-cost harvesting, transport-
ing, and chipping system for logging residues must be established. The author’s 

Figure 17. 
Experimenting with a forwarder hauling of slashes.

Figure 18. 
Comminution of logging residues with a tub grinder.
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research group experimented with the collection of logging residues by a forwarder 
(Figure 17) [11]. Comminution of logging residues was also investigated (Figure 18) 
[12], and the harvesting (collecting and comminuting) cost of logging residues 
was calculated as 76.0 USD/dry-t [13]. As compared to Sweden and Finland, where 
the energy utilization of forest biomass is making steady progress (see Figure 10), 
the calculated cost is relatively expensive, so that the development of dedicated 
machines such as the chipper-forwarder (Figure 19) [14] and bundler (Figure 20) 
[15] may be necessary [16].

The use of small-sized trees is also promising. The area covered by planted 
forests that have undergone final cutting and subsequent reforestation is now 
gradually increasing. Thus, a cleaning operation in young planted forests will be 
necessary 15–20 years from now, when the FIT will expire. So the development of 

Figure 20. 
Bundler.

Figure 19. 
Chipper-forwarder.
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efficient harvesting technology for small-sized trees will be necessary. An accumu-
lative felling machine (Figure 21) may be effective [17, 18]. Harvesting small-sized 
trees with a truck-mounted multi-tree felling head was attempted (Figure 22), and 
the harvesting (felling, collecting, and comminuting) cost of small-sized trees was 
calculated as 99.4 USD/dry-t.

Figure 21. 
Multi-tree feller-buncher.

Figure 22. 
Harvesting small-sized trees with a truck-mounted multi-tree felling head.
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Short rotation woody coppices (SRWC) have a huge potential. Before and dur-
ing World War II, an average of 50 million m3/y of naturally regenerated forest was 
felled and harvested for energy use in the form of charcoal and firewood in Japan. 
The annual available amount of naturally regenerated broad-leaved trees used as 
SRWC is estimated to be 9 million dry-t/y [7]. The energy utilization of SRWC 
has already begun within the framework of the FIT. Moreover, the development 
of short rotation forestry in abandoned farmlands may be worth considering. 
Commercial willow plantations have been cultivated for bioenergy purposes in 
Sweden since the 1980s, and around 16,000 ha of short rotation willow plantations 
were established domestically from 1986 to 2000 [19]. In 2006, about 8,000 ha 
of the first commercial willow biomass crops in North America were started in 
upstate New York [20]. Growing and harvesting willow trees aimed at short rota-
tion forestry was experimented with in northern Japan. A sugarcane harvester that 
was used in southern Japan was applied for harvesting willows during its agricul-
tural off-season (Figure 23) [21]. The harvesting (growing, cutting, collecting, 
and comminuting) cost of SRWC was calculated as 136 USD/dry-t [22].

6. Conclusions

In this chapter, the current situation of forests and forestry as well as woody 
biomass utilization in Japan was described, and the future outlook for the use of 
forest biomass in Japan was presented. As a result, the following conclusions were 
drawn:

1. Many planted forests are now becoming mature, so the operational efficiency 
in forestry should be improved not only by the development of the forest infra-
structure but also by the full mechanization of the logging system;

2. The Kyoto Protocol adopted in 1997 promoted the energy utilization of waste 
woody biomass such as mill residues and wood-based waste materials, and 

Figure 23. 
Experiment of harvesting willow trees using a sugarcane harvester.
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then the launch of the FIT in 2012 promoted the energy utilization of once-
unutilized thinnings;

3. In order to further expand the production of forest biomass and its utilization 
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Short rotation woody coppices (SRWC) have a huge potential. Before and dur-
ing World War II, an average of 50 million m3/y of naturally regenerated forest was 
felled and harvested for energy use in the form of charcoal and firewood in Japan. 
The annual available amount of naturally regenerated broad-leaved trees used as 
SRWC is estimated to be 9 million dry-t/y [7]. The energy utilization of SRWC 
has already begun within the framework of the FIT. Moreover, the development 
of short rotation forestry in abandoned farmlands may be worth considering. 
Commercial willow plantations have been cultivated for bioenergy purposes in 
Sweden since the 1980s, and around 16,000 ha of short rotation willow plantations 
were established domestically from 1986 to 2000 [19]. In 2006, about 8,000 ha 
of the first commercial willow biomass crops in North America were started in 
upstate New York [20]. Growing and harvesting willow trees aimed at short rota-
tion forestry was experimented with in northern Japan. A sugarcane harvester that 
was used in southern Japan was applied for harvesting willows during its agricul-
tural off-season (Figure 23) [21]. The harvesting (growing, cutting, collecting, 
and comminuting) cost of SRWC was calculated as 136 USD/dry-t [22].

6. Conclusions

In this chapter, the current situation of forests and forestry as well as woody 
biomass utilization in Japan was described, and the future outlook for the use of 
forest biomass in Japan was presented. As a result, the following conclusions were 
drawn:

1. Many planted forests are now becoming mature, so the operational efficiency 
in forestry should be improved not only by the development of the forest infra-
structure but also by the full mechanization of the logging system;

2. The Kyoto Protocol adopted in 1997 promoted the energy utilization of waste 
woody biomass such as mill residues and wood-based waste materials, and 

Figure 23. 
Experiment of harvesting willow trees using a sugarcane harvester.
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Chapter 9

Location Analysis and Application 
of GIS in Site Suitability Study for 
Biogas Plant
Emmanuel C. Chukwuma, Chinenye F. Okey-Onyesolu, 
Daniel C. Anizoba and Joseph I. Ubah

Abstract

Proper livestock waste management and development of robust system for 
the treatment of the bio-waste has been emphasized and investigated by several 
searchers. Utilization of bio-waste for bio-energy production is advantageous for 
sustainable environment and socio-economic viewpoints. This study therefore 
is essential in providing critical strategy needed in situating bio-energy plants, 
consideration was made in the application of geospatial technology owing to it 
wide adoption and numerous advantages. Data for site analysis of biogas plant was 
obtained from GIS organizations and agency, the biomass generation and sites 
data was obtained from field survey. The biomass potential was based on paunch 
content generated in the various 43 abattoirs in the study area. The ArcGIS 10 
software was used for all GIS operations and subsequent map production. The final 
suitability index map was obtained by overlaying the land use suitability map with 
the biomass spatial density layer. The suitable areas were divided into 4 classes: 
the Most Suitable, Highly Suitable, Moderate Suitable and Not Suitable. The study 
indicates that suitable sites are predominant in the East and central region of the 
study area, this study is essential in developing framework for siting biogas plant.

Keywords: biomass utilization, geospatial technology, location analysis, bio-energy 
plant, waste management

1. Introduction

Biogas technology is a renewable energy technique from which biogas is 
obtained from biomass by anaerobic digestion of substrates obtained from 
Industrial, agricultural and municipal wastes [1]. It is has been acclaimed as an 
appropriate technology and has received global massive attention recently, and has 
equally been recommended as a strategy to ease global energy and environmental 
problems [2]. The potential of biomass as energy source have been estimated by 
different experts and scientists, using various assumptions and scenarios. For 
instance, the European Biomass Association (AEBIOM) asserted that the European 
production of biomass based energy can be increased from the 72 million tones in 
2004 to 220 Mtoe in 2020 [3]. As the global trend is advocating for a transition from 
fossil energy waste to Renewable Energy (RE) based on several socio-economic and 
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environmental justification, the necessity to embark on a process that ensures that 
biogas plants are properly sited for energy production is inevitable [4–6].

Siting of biogas plants in strategic locations is a major means of combating some of 
the environmental challenges of bio-waste generation; that would also be convenient 
and economically advantageous [7]. One of the biggest barriers in utilizing bio-waste 
in several countries is the dispersion of livestock farms across a given geographical 
location. This often leads to generation of relatively small or inadequate bio-waste; 
also most farms lack the technical capability of operating a farm scale biogas plant. 
Therefore, based on technical feasibility and economic viability, centralized large scale 
biogas production has been advocated, however suitable location for the plant requires 
geospatial consideration and location modeling. Implementation of spatial informa-
tion technologies such as remote sensing and GIS in addressing this issue have been 
receiving enormous attention recently, and has been described as appropriate meth-
odology to be utilized in site selection and analysis for biogas plant [8, 9]. The applica-
tion of GIS as an appropriate tool for site suitability analysis by several researchers is a 
strong indicator of its capability to resolve location issues [10–12]. This study therefore 
attempted to present logical framework that would serve as a guide in the process of 
identifying suitable sites for biogas plant using the power of geospatial technology.

2. Biogas plants for processing agricultural wastes

The biogas plants for processing agricultural wastes are considered as those 
plants which are utilized in processing feedstock that have agricultural origin. 
Common or notable feedstock types for this kind of plants are vegetable residues 
and vegetable, animal manure and slurries, dedicated energy crops, sewage sludge, 
various residues from food industries etc. [1]. The design and technology of biogas 
plants differ from one country to another, it depends on the climatic conditions and 
national frameworks, energy or biomass availability and affordability. Based on 
sizes, functions and locations, agricultural AD plants can be classified as [3]:

a. Family scale biogas plants (very small scale)

b. Farm scale biogas plants (small or medium to large scale)

c. Centralized/ joint co-digestion plants (medium to large scale)

3. The major driving factors in adoption of biogas technology

The benefits of biogas have increased the adoption rate amongst many countries. 
Biogas for instance can be utilized after treatment in numerous applications such 
as provision of electricity and heat generation, connection to the natural gas grid, 
or as biofuel in vehicles [13]. Several studies on biogas technology potentials and 
their adoption in various developing countries have shown that biogas technology 
has high potential in developing countries as an alternative energy source [15–17]. 
Further discussion on the benefits based on energy production, and environmental 
concern is discussed below:

3.1 Energy interest

After water, energy is a vital resource required for development globally, the 
demand is high especially in developing countries. To prevent further growth on 
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the impact of climate change in most developing countries, it is argued that the 
energy market in such regions should be based on renewable sources [14]. Biogas 
as a renewable energy source, have received widespread adoption in Europe, they 
produce clean energy from organic waste and have framework for increase produc-
tion [6]. The adoption of biogas technology based on energy interest in developing 
countries though faced with several barriers, critical information on viability of 
adoption of biogas technology is receiving attention currently by various researchers 
in these countries [7, 15–17].

3.2 Environmental interests

Biogas technology is suitable for recycling various types of biomass waste, how-
ever the operational conditions and parameters are of interest since this can inhibit 
the microbial operations necessary for the digestion and may restrict the end use 
of digested biomass as a bio-fertilizer [18]. It is of major environmental interest 
that nutrient losses from residue of anaerobic digestion process is minimized when 
applied to the soil. Additionally, anaerobic treatment in a biogas plant reduces odor 
nuisances during slurry application, this is a welcome issue by many farmers [19]. 
Furthermore, biogas technology tend to reduce the potency of greenhouse gases 
(GHG), by capturing and combusting methane during anaerobic digestion and 
utilization as cook gas or energy source, GHG has been reported to be 21 times as 
much atmospheric warming potential as CO2 [20, 21]. Therefore, global attrac-
tion and adoption of biogas technology is hinged on the numerous environmental 
benefits associated with the technology.

4. Application of GIS in land/location suitability analysis

GIS is a computer system that enhances capturing, checking, storing, integrating, 
analyzing, and displaying data about the earth in a spatially referenced way. The 
application of GIS is cross-disciplinary and has been adopted and applied in several 
fields of science and engineering. Land suitability analysis involves the search for the 
best location of one or more facilities to support some desired function, it involves 
the process to ascertain whether the land resource is appropriate for some desired 
uses and to determine its suitability level. Land suitability refers to the inherent 
suitability of the land for some specific, persistent uses. Examples range from retail 
site location to the location of multiple ambulance dispatch points. Land suitability 
analysis or assessment is achieved by considering certain land features such as 
hydrology, geography, topography, geology etc. in an enabled environment using 
GIS technologies [22].

GIS technology has been applied by various researchers in biogas plant loca-
tion suitability assessment. Few instances are stated here: To develop potential for 
collective biogas plants in France, GIS was used to geo-reference the bio-resources 
potential and also to locate the optimal sites at both national and regional scales for 
the country [23], the final suitability map from the study provided constraint map 
and the energy potential grid, synthesized in the form of a raster GIS file. The study 
provided successfully a suitability map using precise geo-location of farms obtained 
through the analysis of aerial photographs and Landsat imagery used in the identi-
fication of crop residues. Similarly, a study was done to determine the optimal loca-
tions, sizes and number of biogas plants in Southern Finland, this study analyzed 
the spatial distribution and amount of potential biomass feedstock for bio-methane 
production for the study area [24]. In addition to numerous studies on site suitabil-
ity analysis for biogas plant, a GIS based spatial data mining approach was adopted 
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the impact of climate change in most developing countries, it is argued that the 
energy market in such regions should be based on renewable sources [14]. Biogas 
as a renewable energy source, have received widespread adoption in Europe, they 
produce clean energy from organic waste and have framework for increase produc-
tion [6]. The adoption of biogas technology based on energy interest in developing 
countries though faced with several barriers, critical information on viability of 
adoption of biogas technology is receiving attention currently by various researchers 
in these countries [7, 15–17].

3.2 Environmental interests
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ever the operational conditions and parameters are of interest since this can inhibit 
the microbial operations necessary for the digestion and may restrict the end use 
of digested biomass as a bio-fertilizer [18]. It is of major environmental interest 
that nutrient losses from residue of anaerobic digestion process is minimized when 
applied to the soil. Additionally, anaerobic treatment in a biogas plant reduces odor 
nuisances during slurry application, this is a welcome issue by many farmers [19]. 
Furthermore, biogas technology tend to reduce the potency of greenhouse gases 
(GHG), by capturing and combusting methane during anaerobic digestion and 
utilization as cook gas or energy source, GHG has been reported to be 21 times as 
much atmospheric warming potential as CO2 [20, 21]. Therefore, global attrac-
tion and adoption of biogas technology is hinged on the numerous environmental 
benefits associated with the technology.

4. Application of GIS in land/location suitability analysis

GIS is a computer system that enhances capturing, checking, storing, integrating, 
analyzing, and displaying data about the earth in a spatially referenced way. The 
application of GIS is cross-disciplinary and has been adopted and applied in several 
fields of science and engineering. Land suitability analysis involves the search for the 
best location of one or more facilities to support some desired function, it involves 
the process to ascertain whether the land resource is appropriate for some desired 
uses and to determine its suitability level. Land suitability refers to the inherent 
suitability of the land for some specific, persistent uses. Examples range from retail 
site location to the location of multiple ambulance dispatch points. Land suitability 
analysis or assessment is achieved by considering certain land features such as 
hydrology, geography, topography, geology etc. in an enabled environment using 
GIS technologies [22].

GIS technology has been applied by various researchers in biogas plant loca-
tion suitability assessment. Few instances are stated here: To develop potential for 
collective biogas plants in France, GIS was used to geo-reference the bio-resources 
potential and also to locate the optimal sites at both national and regional scales for 
the country [23], the final suitability map from the study provided constraint map 
and the energy potential grid, synthesized in the form of a raster GIS file. The study 
provided successfully a suitability map using precise geo-location of farms obtained 
through the analysis of aerial photographs and Landsat imagery used in the identi-
fication of crop residues. Similarly, a study was done to determine the optimal loca-
tions, sizes and number of biogas plants in Southern Finland, this study analyzed 
the spatial distribution and amount of potential biomass feedstock for bio-methane 
production for the study area [24]. In addition to numerous studies on site suitabil-
ity analysis for biogas plant, a GIS based spatial data mining approach was adopted 
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to model the optimal location for distributed biomass power generation facilities in 
Tumkur district, India [25], these studies asserted that GIS is an appropriate and 
recognized spatial tool for location analysis [23–25].

5. Location and site suitability considerations

Suitable areas for biogas plants are evaluated to avoid close proximity to land 
features and uses that may be sensitive to the characteristics of utility-scale power 
production and waste streams. Sensitive land features to be avoided include surface 
water, wetlands, forests, public lands, highly sloped lands, and developed residential 
areas, with acceptable slopes of 14o or fewer [26]. Location and site suitability consid-
eration for biogas plant includes:

Slope: Slope is usually derived from the Digital Elevation Model (DEM) of the 
study area. The lower the slope value, the flatter the terrain; similarly, the higher the 
slope value, the steeper the terrain, higher slopes is associated with higher cost of 
land preparation and grading, while an acceptable slope of 14% and below has been 
suggested [26]. The slope derived from the DEM is used to produce the slope layer.

Biomass availability within the region: Biomass availability is critical for 
the sustenance of biogas production plants, it is characterized with year to year 
variability and is subject to non-homogeneity [27]. Several studies have therefore 
embarked on assessment of biomass availability as preliminary study for biogas 
plant siting. The biomass resource potential is usually estimated using geospatial 
technology, the amount of agricultural biomass in the form of crop residues, wood 
and forestry products, animal waste production etc. are usually estimated.

Density of biomass production: clustering of biomass waste source are usually 
of economic advantage, it offers several benefits such as ability to maximize labor 
skills and professionals, reduction in transportation costs, easy access to common 
infrastructure for production and biomass resource. Areas with high clustering or 
density of biomass resource are usually considered potential areas for centralized 
biogas plants.

6. Application of GIS in siting biogas plant for abattoir biomass

An application of GIS in determination of suitable sites is applied here using 
a typical biomass data collected in Anambra state of Nigeria for demonstration 
purposes.

6.1 The study area and data collection

The study area for the application of GIS in biogas plant location analysis is 
Anambra State in South-east of Nigeria. The area is located between Latitudes 
0504215611N and 0604513411N and Longitude 0603713011E and 0702513011E, it is sur-
rounded by several states such as Delta State in the West, Imo State and Rivers State in 
the South, Enugu State in the East and Kogi State in the North. Data used in the study 
include primary and secondary data collected from various organizations, literatures 
and individuals. The flow chart of the research method is shown in Figure 1.

Figure 1 present the research procedure which usually involves data collection 
and analysis. Data for site analysis of biogas plant was obtained from GIS organiza-
tions and agency, the biomass generation and sites data was obtained from field 
survey. The figure also shows the major layers used for the study. The primary data 
was collected from field survey through visit to slaughter houses in the study area, 
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the biomass potentials was determined using Global Positioning System (GPS) 
receiver (Handheld GARMIN 76S), the biomass potential was based on paunch 
content generated in the various 43 abattoirs in the state. The data on the biomass 
generation capacity of all the abattoirs is shown in the appendix. GPS was used to 
obtain the geographical co-ordinate of the biomass source for geo-coding in data 
analysis. ArcGIS 10 software was used for all GIS operations and subsequent map 
production. The GIS-based thematic maps used for the production of the suitability 
map include political boundary map layer, Land Use and Land Cover (LULC) map 
obtained from the Landsat imagery, slope layer and the biomass layer. The land 
use map for the study area, was generated from the Landsat-7 ETM+ image and 
then classified to extract the different land uses of the study area using maximum 
likelihood classification algorithm. The residential and reserved areas in the study 
area were termed constrained areas and were exempted in the suitability map, the 
constrain map was made considering several environmental and socio-economical 
factors. The data types, format, scale and sources is shown in Table 1.

Figure 1. 
Flowchart of geospatial modeling for biogas plant.

List of data Format/Map scale Source

Land use map Landsat-7 ETM + imagery National Remote Sensing Centre, Jos.

Administrative layer 
map

Arcinfo shapefile/digitalized 
from 1:50,000 scale map

Survey deparment, Ministry of Lands, Survey 
and Town Planning, Awka

Biomass source 
Location map

Arcinfo shapefile Field trip to farms, Use of GPS

DEM SRTM imagery at 30 m 
resolution of 2000

(http://www.landcover.org)

Table 1. 
List of data sources and format.
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Figure 2. 
Land cover and land use suitability map.

The site suitability was assessed using Eq. 1 below:

 = ∑i i iS W X  (1)

Where Wi is the weighted score of the factor, Xi is the suitability rank of the 
factor, S is the suitability value for each factor and i is factor i.

7. Result and discussion

Data collection is critical in geospatial analysis, typical data used for this study 
include Land Use map classified from Remote sensing data source; geo-coded data 
of the biomass sources, this is usually in the form of point data, obtained using GPS 
device. The acquired data points and the value was transferred into Arcmap envi-
ronment of ArcGIS and processed into vector map for the site suitability analysis. 
The result of the various data analysis and modeling of suitable sites for the biogas 
plant by excluding unwanted areas identified in the constrain map and overlaying 
the thematic maps is fully discussed below.

7.1 Land Use classification map

Based on prior knowledge of land use of some geographical co-ordinates points, six 
classes were categorized. They are agriculture areas, barren/open land, dense forest, 
sand, urban land, and water body. The classified land use map is shown in Figure 2.
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Assessment of classification accuracy was carried out using the scatter plot 
analysis in statistical toolbar in ArcGIS 10. All the training data were highlighted to 
compare the scatter plot of the six classes to each other. The classes were examined 
to detect any form of overlap (these are classes having different pixel value). This 
shown in Figure 3, the statistics for the training data was also used to assess the accu-
racy of the classification. The statistic are usually organized for each training area. 
The covariance statistics evaluates the correlation between the values of different 
bands and were adequate for the study.

The areas covered by each class of the LULC shows that urban land occupies 
36.52% which represent 506896km2 of landmass of the overall LULC while the least 
class is the sand class followed by water body, these feature classes occupies landmass 
of 13080km2 and 14000km2 respectively. The overall classification accuracy deter-
mined is 83%. The Table of LULC classification of Anambra State, area occupied in 
km2 and percentage occupies by the various classes is shown in Table 4.1 (Table 2).

7.2 Biomass data of abattoir waste generating centers and map

One of the basics for site analysis of biogas plant is the biomass potential den-
sity; Figure 4 shows the abattoir biomass data indicating areas where the bio-wastes 
are generated across the study area. Figure 4 shows the towns and villages in the 
State that has abattoir centers. From the Figure, there are no abattoir centres in the 

Figure 3. 
Scatter plot of image classification in ArcGIS.

Class Area(km) Percentage (%)

WATER BODY 14000 1.00

SAND 13080 0.94

DENSE FOREST 257999 18.59

URBAN LAND 506896 36.52

AGRICULTURAL LAND 356430 25.68

BARREN/OPEN LAND 239400 17.25

TOTAL 1387805 100

Table 2. 
Area occupation of various LULC classes.
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Figure 4. 
Biomass potential density of the study area.

Northern parts of the state. There are highest number of abattoir biomass within 
the central region of the state, and scarce generating centers towards the extreme of 
the Southern parts of the state.

Though the energy source from biomass in the study area could be utilized for 
biogas production and clean energy, this would be better to the current practices 
of burning wood in most homes and even in the abattoirs during meat processing 
operations. Biomass wastes generated during the slaughter of these animals includes 
blood, wastewater, ruminal content etc. The concentration of abattoirs in some 
of the areas in the study area is probably connected to the high population density 
of these areas. Since meat demand logically increases with increase in population. 
Areas with high concentration of biomass generation and clustering are best sites 
when considering proximity of waste sources as major criteria for bio-energy plant 
location. Figure 4 was used to produce a vector map of biomass spatial density 
layer, used in the final suitability analysis.

7.3 Land use suitability map

The slope was derived from the digital elevation model of the study area. The slope 
of the study area was obtained through the slope function in spatial analyst tool in 
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ArcGIS 10. The Slope command takes an input surface raster and calculates an output 
raster containing the slope at each cell, Figure 5 shows the slope of the study area.

The output slope raster is in percent (percent rise) as shown in the figure.
The red color in the map represents areas in the study area that are less than 8%, 

thus they represent suitable locations to site biogas plant. Areas shown in the map 
within the range of 62–89% signifies high sloped areas, and should be avoided, this 
is of economic importance in siting and building of structures. Other land features 
such as hill-shade view for maximizing sunlight effect for increase in temperature 
for the biogas plant was created. Elevation layer was created from DEM to avoiding 
flood occurrence, all the layers was classified into 5 classes. The most suitable were 
sites with higher elevation, lower slope, and higher hill-view values. All the layers 
and land use layer obtained from Satellite imagery were overlaid using in ArcGIS 
using Weighted Overlay Tool. The result of such geospatial operation is the land use 
suitability map (not shown).

7.4 Final suitability map

The final suitability index map was obtained by overlaying the land use  suitability 
map with the biomass spatial density layer. The output is shown in Figure 6 below. 
The suitable areas were divided into 4 classes- the Most Suitable, Highly Suitable, 
Moderate Suitable and Not Suitable. Figure 6 shows that the suitable sites are 

Figure 5. 
Slope map of the study area.
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predominant in the East and central region of the study area. Extraction of these 
areas based on the selected criteria indicates the power of GIS in extracting useful 
geospatial information for geographical data analysis.

8. Conclusion

This paper presents an application of GIS for site selection of bio-energy plant in 
Anambra State of Nigeria. Several environmental criteria and socio-economic fac-
tors were considered and used to obtain the land use suitability index map and bio-
mass spatial density map. The final suitability index map was obtained by overlaying 
both maps. The suitable areas were divided into 4 classes- the Most Suitable, Highly 
Suitable, Moderate Suitable and Not Suitable and were predominant in the East and 
central region of the study area. This study therefore is a veritable framework tool in 
assessing and selecting suitable sites for siting of biogas treatment facilities.

Figure 6. 
Final suitability map. Source: [28].

Appendix

S/N Locations Aver. No. of cows Slaughtered daily Amount Paunch (Kg/yr)

1 Nkwo Igboukwu 5 61137.5

2 Eke Ekwulobia 8.5 103933.75

3 Oye Uga 10 122275
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S/N Locations Aver. No. of cows Slaughtered daily Amount Paunch (Kg/yr)

4 Nwagu-Agulu 8 97820

5 Amikwo, Awka 18 220095

6 Amansea 23 281232.5

7 Afor-Igwe 
Umudioka

6.5 79478.75

8 Ugwu-oye 
Ozubulu

8 97820

9 Oraifite 3 36682.5

10 Nkwo-Ogidi 14.5 177298.75

11 Obosi 16 195640

12 Nkpor Private 5 61137.5

13 Nkpor 15 183412.5

14 Afor-Oba 7 85592.5

15 Afor-Nnobi 17 207867.5

16 Eke-Awka Etiti 35 427962.5

17 Eke-Agba, Uli 5 61137.5

18 Amorka 6 73365

19 Nkwo Ogbe 10 122275

20 Nkwo Okija 5 61137.5

21 Isseke 4 48910

22 Oye-Agu Abagana 6 73365

23 Eke-Agu 4 48910

24 Nkwo-Nnewi 10.5 128388.75

25 Orie-Agbo 3 36682.5

26 Oba-Isi Edo 14.5 177298.75

27 Amichi 4.5 55023.75

28 Afor-Ukpor 2 24455

29 Osumenyi 
Slaughter House

3 36682.5

30 Unubi Slaughter 
House

0.5 6113.75

31 Iyi-owa Odekpe 2 24455

32 Ochanja 70 855925

33 Bridge-Head 11.5 140616.25

34 Marine 26 317915

35 Ugwunabamkpa 1.5 18341.25

36 Main Mkt 20 244550

37 Afor Nanka 2 24455

38 Eke Oko 8 97820

39 Nkwo Umunze 4 48910

40 Nteje 13 158957.5

41 Oye-olisa 
Ogbunike

52.5 641943.75
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1 Nkwo Igboukwu 5 61137.5

2 Eke Ekwulobia 8.5 103933.75

3 Oye Uga 10 122275
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S/N Locations Aver. No. of cows Slaughtered daily Amount Paunch (Kg/yr)

4 Nwagu-Agulu 8 97820

5 Amikwo, Awka 18 220095

6 Amansea 23 281232.5

7 Afor-Igwe 
Umudioka

6.5 79478.75

8 Ugwu-oye 
Ozubulu

8 97820

9 Oraifite 3 36682.5

10 Nkwo-Ogidi 14.5 177298.75

11 Obosi 16 195640

12 Nkpor Private 5 61137.5

13 Nkpor 15 183412.5

14 Afor-Oba 7 85592.5

15 Afor-Nnobi 17 207867.5

16 Eke-Awka Etiti 35 427962.5

17 Eke-Agba, Uli 5 61137.5

18 Amorka 6 73365

19 Nkwo Ogbe 10 122275

20 Nkwo Okija 5 61137.5

21 Isseke 4 48910

22 Oye-Agu Abagana 6 73365

23 Eke-Agu 4 48910

24 Nkwo-Nnewi 10.5 128388.75

25 Orie-Agbo 3 36682.5

26 Oba-Isi Edo 14.5 177298.75

27 Amichi 4.5 55023.75

28 Afor-Ukpor 2 24455

29 Osumenyi 
Slaughter House

3 36682.5

30 Unubi Slaughter 
House

0.5 6113.75

31 Iyi-owa Odekpe 2 24455

32 Ochanja 70 855925

33 Bridge-Head 11.5 140616.25

34 Marine 26 317915

35 Ugwunabamkpa 1.5 18341.25

36 Main Mkt 20 244550

37 Afor Nanka 2 24455

38 Eke Oko 8 97820

39 Nkwo Umunze 4 48910

40 Nteje 13 158957.5

41 Oye-olisa 
Ogbunike

52.5 641943.75
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Chapter 10

Silvopastoral Systems for Energy
Generation
Cid Marcos Gonçalves Andrade, Sérgio Inácio Gomes,
Mauro Antônio da Silva Sá Ravagnani
and Eugênia Leandro Almeida

Abstract

The silvipastoral systems are characterized by the association between tree crops,
pastures and animals and can also constitute an efficient and sustainable means of
supplying forest biomass for energy purposes such as electric, mechanical and ther-
mal energy generation. It is an unconventional energy alternative and the evaluation
of the energy potential offered by this productive system depends on several factors,
such as management techniques, forest species, silvipastoral system characteristics
and the design of the conversion and energy utilization process. In this context, it was
developed a mathematical model to determine the energy efficiency of silvipastoril
production system integrated with a cogeneration system for the production of ther-
mal, mechanical and electrical energy. It can be concluded that these results are
advantageous in relation to the conventional modalities of energy generation, taking
into account the prices of electricity practiced in the market.

Keywords: cogeneration of energy, thermoeconomic analysis, exergoeconomic
cost, exergoeconomic efficiency, silvipastoral system, modeling, simulation

1. Introduction

The procedures for the production and use of energy resources are the center of
concern in the contemporary world, which requires the establishment of a more
harmonious relationship between issues related to climate, energy, the environment
and society [1].

According to the bibliographic review made by [2], several studies on future
perspectives on the contribution of biomass to the global energy supply have
reached very different conclusions. To exemplify, there are studies that indicate
projections for the year 2050, below 100 EJ/year, while others, indicate them above
400 EJ/year. The major reason for it is that the parameters used are very uncertain,
and subject to widely different opinions.

In any case, biomass of forest origin is a potential renewable resource, which can
be planned and used as an energy alternative in view of the need to diversify the
energy matrix [3].

According [4], energy is essential for individuals and populations to escape from
poverty and move onto a path of greater well-being, security and prosperity. In
view of this, a strategy is planned with a view to promoting pathways with the
supply of energy to meet basic needs with the promotion of more modern and
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In any case, biomass of forest origin is a potential renewable resource, which can
be planned and used as an energy alternative in view of the need to diversify the
energy matrix [3].

According [4], energy is essential for individuals and populations to escape from
poverty and move onto a path of greater well-being, security and prosperity. In
view of this, a strategy is planned with a view to promoting pathways with the
supply of energy to meet basic needs with the promotion of more modern and
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innovative ways of using biomass to generate income and reduce poverty, a strategy
that is associated with other better objectives, such as the management, protection
and improvement of productive ecosystems and landscapes, greater the use of
sustainable and renewable bioenergy, which will mitigate climate change.

Consistent with the prospects for insertion of forest biomass for a more sustainable
future, the silvopastoral system is an agroforestry modality with great potential [3].

According to [4], silvopastoral systems are agroforestry systems characterized
by the association of tree crops, pastures and animals, constituting an efficient
means of promoting the sustainable use of land.

According to [5], the commercial livestock activity is the main factor of defor-
estation in the world, with several negative environmental and social impacts.

Forest restoration, on the other hand, can increase soil productivity and fertility
[6]. It can also improve the infiltration of water and its preferential drainage flow,
since the trees in the pasture system reduce runoff in the face of greater rainfall
intensities [7], making the silvopastoral system, a modality of high interest.

Many studies have demonstrated the environmental and economic benefits that
can be obtained with the use of silvopastoral systems in agricultural activity.

Among others, we can pontuate [8], that evaluated the impacts of pasture
afforestation systems on livestock activity in relation to meat quality.

Other studies have analyzed carbon stocks [9], soil quality [10] and the influ-
ence of grazing on the decomposition of tree stumps and roots [11].

In this way, silvopastoral systems have greater biodiversity and offer more
environmental services when compared to conventional livestock systems. It can
also offer environmental and economic benefits with the addition of a sustainable
forest biomass production system and income generation for farmers [12].

Studies also shows that the configuration of tree planting has interactions with
the environment, generating impacts on productivity, environmental characteris-
tics and the soil, such as its hydrological properties [13].

In this context, this work aims to develop a mathematical model capable of
making the thermoeconomic evaluation of a silvopastoral system for energy purposes.

The proposed simulation model is based on three principles, which are:

1.Mass balance;

2.Energy balance;

3.Thermoeconomic balance;

For the development of the work, cost factors and productive characteristics of
silvopastoral systems, appropriate for the region of the Sandstone Caiuá, northwest
of the State of Paraná, Brazil, will be considered.

It is noteworthy that the proposed system includes the silvopastoral system
associated with a cogeneration process in which the biomass of forest origin is used
as raw material. Cogeneration is defined as the production of two forms of energy
simultaneously using a single fuel. The most common example is the use of a single
thermal source for the production of thermal and electrical (or mechanical) energy.

The specificities and characteristics of the cogeneration system to be used is not
part of the present work, it only assesses its efficiency.

1.1 Mass balance

Themass balance is based on the principle of conservation ofmass, that is, the
amount ofmass that enters a process is equal to the amount ofmass that comes out of it.
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Therefore, as a starting point, it is necessary to quantify the average biomass
produced annually by the silvopastoral system for energy purposes.

Thus, the proposed simulation starts from considering the configuration or spatial
arrangement of the tree plantation for the silvopastoral system to be evaluated.

A silvopastoral system can consist of different arboreal spatial arrangements. It
is a factor of great relevance when it is intended to carry out studies aimed at
analysis of silvopastoral systems, since it is directly associated with the productivity
of forest biomass, pasture and livestock.

The productivity of forest biomass is the result of many factors and variables,
such as its edaphic characteristics, the water regime and soil nutrients, among many
others.

However, the avaluation of the biomass productivity as a function of the spacing
or arrangement of the trees without changing their density in the occupied area was
the object of study by [14]. The authors concluded that the so-called “edge effect”
has an influence on the growth of biomass.

The initial density of planting and the characteristics of the tree on growth,
wood density and anatomical properties for the forest species were the object of
study by [15].

According to the research by [16], it is important to assess the influence of the
spatial arrangement of the silvopastoral system with regard to the quantity and
quality of light and its effects on the production and chemical composition of the
pasture.

This is a productive aspect relevant to livestock activity and compared the effect
for a group of spatial arrangements. It was found that the 3.0 m x 2.0 m spacing
offered the largest increase in dry matter production, but the denser spacing offered
improvements in the composition of forages.

Thus, the spatial arrangement to be evaluated considering rows of trees with a
width of 3 m x 2 m according [16], but any other arrangements can be simulated.

A certain area of pasture with the silvopastoral system can be characterized in
terms of spatial arrangements, to be used in the mathematical modeling by defining
five variables, which are:

1.area (in m2);

2.distance between ranks, Dr (in m);

3.number of rows of trees in a rank, N f (units);

4.distance between trees in a row, da (in m);

5.distance between rows, d f (in m)

In our simulations, each species and each productive arrangement can be calcu-
lated using the matrix form of the equations. However, the present purpose is to
present the fundamental mathematical relationships that are employed.

So, the density (or quantity) of trees in the silvopastoral system, depends on the
spatial arrangement of afforestation in the planted area. It varies according to
number of rows in a rank, the distances between rows, trees in a row or ranks,
according to Eq. (1), expressed in (trees per hectare or trees per area).

number of trees in an area ¼ N f x area in m2ð Þ
da x Dr þ N f � 1

� �
x d f

� � (1)
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amount ofmass that enters a process is equal to the amount ofmass that comes out of it.
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Therefore, as a starting point, it is necessary to quantify the average biomass
produced annually by the silvopastoral system for energy purposes.

Thus, the proposed simulation starts from considering the configuration or spatial
arrangement of the tree plantation for the silvopastoral system to be evaluated.

A silvopastoral system can consist of different arboreal spatial arrangements. It
is a factor of great relevance when it is intended to carry out studies aimed at
analysis of silvopastoral systems, since it is directly associated with the productivity
of forest biomass, pasture and livestock.

The productivity of forest biomass is the result of many factors and variables,
such as its edaphic characteristics, the water regime and soil nutrients, among many
others.

However, the avaluation of the biomass productivity as a function of the spacing
or arrangement of the trees without changing their density in the occupied area was
the object of study by [14]. The authors concluded that the so-called “edge effect”
has an influence on the growth of biomass.

The initial density of planting and the characteristics of the tree on growth,
wood density and anatomical properties for the forest species were the object of
study by [15].

According to the research by [16], it is important to assess the influence of the
spatial arrangement of the silvopastoral system with regard to the quantity and
quality of light and its effects on the production and chemical composition of the
pasture.

This is a productive aspect relevant to livestock activity and compared the effect
for a group of spatial arrangements. It was found that the 3.0 m x 2.0 m spacing
offered the largest increase in dry matter production, but the denser spacing offered
improvements in the composition of forages.

Thus, the spatial arrangement to be evaluated considering rows of trees with a
width of 3 m x 2 m according [16], but any other arrangements can be simulated.

A certain area of pasture with the silvopastoral system can be characterized in
terms of spatial arrangements, to be used in the mathematical modeling by defining
five variables, which are:

1.area (in m2);

2.distance between ranks, Dr (in m);

3.number of rows of trees in a rank, N f (units);

4.distance between trees in a row, da (in m);

5.distance between rows, d f (in m)

In our simulations, each species and each productive arrangement can be calcu-
lated using the matrix form of the equations. However, the present purpose is to
present the fundamental mathematical relationships that are employed.

So, the density (or quantity) of trees in the silvopastoral system, depends on the
spatial arrangement of afforestation in the planted area. It varies according to
number of rows in a rank, the distances between rows, trees in a row or ranks,
according to Eq. (1), expressed in (trees per hectare or trees per area).

number of trees in an area ¼ N f x area in m2ð Þ
da x Dr þ N f � 1

� �
x d f

� � (1)
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The average annual volumetric increase in forest biomass, expressed in (m3/(ha.
year)), is a statistical data on the average productivity of each forest species referred
to a reference silvicultural system for the location or region.

So, the first variable to be considered as a reference in the analysis of the
simulation will be the “total gross productivity of forest biomass” harvested in the
monoculture system of silviculture with a forest species in a given area under the
standard spatial arrangement (3 m x 2 m), at the end of a planting cycle.

So, based on the “total gross productivity of forest biomass”, which consists of
the final harvest of a known number of trees per hectare in conventional forestry,
after a too known number of years, from planting to harvest, it is possible to obtain
the average annual gross productivity per cultivated area (tonnes/(ha.year)).

Considering the basic density of dry forest biomass of that species, in (g/cm3)
and the humidity factor on a wet basis in (%), we can calculate the average annual
volumetric increase in forest biomass, Ima, according to Eq. (2), expressed in (solid
m3/(ha.year)).

Ima ¼ biomass moisture wetb%ð Þ
basic density g=cm3ð Þ x

gross productivity tonnesð Þ
time planting to harvest yearsð Þ (2)

As seen by the studies by [14]. the “edge effect” has an influence on the growth
of biomass as a function of the spacing or arrangement of the trees. So, it is possible
to predict the establishment of a factor influencing the silvopastoral arrangement,
(dimensionless) and the productivity of dry forest biomass, Pmf , obtained in a total
cultivated área, in (ha), according to Eq. (3), expressed in (tonnes/year).

Pmf ¼ silvopastoral factor x
number of trees per hectare in the silvipastoral system
number of trees per hectare in the conventional pasture

x Ima x basic density x area

(3)

So, based on the mass balance, it is possible to estimate the average mass rate per
forest species, referring to the average hourly flow of forest biomass, B f , in (kg/h),
which depends on the estimated average annual production of biomass, Pmf and the
annual operating time, in (hours/year), according to Eq. (4), expressed in (kg/hour).

B f ¼
1000 x annual production of biomass,Pmf tonnes=yearð Þ

annual operating time hourð Þ (4)

1.2 Energy balance

Like the mass balance, the energy balance is based on the principle of energy
conservation, that is, energy cannot be created or destroyed, but transformed.
Therefore, the energy entering the process must also be equal to the energy
leaving it.

To understand the difference in terms of physical and quantitative meanings
used in this simulation, it is necessary to explain the difference between energy and
exergy.

According [17], to determine energy efficiency or performance in an open sys-
tem it is necessary to make the mass balance and the energy balance that goes in and
out control volume, constituting the thermal balance. However, the thermal balance
does not provide the real values, since the full conversion of energy is considered
without having to there, energetic destruction.

166

Biotechnological Applications of Biomass

The exergetic method, however, allows to analyze the quality of the process in
which the heat turns to work. Allows you to calculate energy losses, such as capacity
carrying out work on the part of heat or steam and discovering its causes.

According to [18], exergy depends on the state of the fluid being considered and
the state of the environment present.

According to the author, exergy of a system is defined as the maximum work
capacity that can be performed by the compounds of the system in a reference
environment. Therefore, exergy is defined as being the maximum possible useful
work to be obtained by a flow of energy under conditions imposed by the sur-
rounding environment.

It is also noteworthy that energy is conserved in any system or process.
The energy cannot be destroyed, while exergy can be destroyed or lost according
to [19].

Exergy incorporates concepts from first and second law of thermodynamics, but
in real systems, exergy is never conserved. The analysis of a process or system
through simultaneous use of the first and second laws of thermodynamics is, there-
fore, associated with the concept of exergy, or efficiency, or useful energy.
According to [19] is therefore, the exergy and not the energy that can be valued as a
merchandise.

So, based on the energy balance, it is possible to estimate the average exergy rate
of entry of a process of energy transformation (cogeneration system) on a wet basis
of the forest biomass.

The combustion of biomass itself implies the loss of its chemical exergy. Even if
the efficiency in the boiler, for example, is high, say 90%, a good part of the exergy
is lost in it.

According to [20, 21], the thermal exergy made available to the thermal cycle
can be obtained according to the moisture content, the chemical composition
contained in the forest biomass and the specific chemical exergy of each type.

A practical difficulty is to know the chemical composition of forest species and
the relationship between the chemical exergy of biomass and the exergy effectively
released in its complete combustion to be applied in the simulation. Thus, the
exergy ratio to be released to the thermal cycle by each forest species used and its
superior calorific value, according to the information provided by [22].

The superior and inferior calorific power of dry forest biomass of each forest
species are expressed in (MJ/kg). They are tabulated and used in the simulation
model in the form of a dimensionless exergy relationship for each species of forest
biomass on a dry basis, Rex.

An approximate value of Rex is assigned, whenever the inferior calorific power of
a given forest species is not available.

So, the rate of average exergy offered by each species of forest biomass on a dry
basis at the beginning of the thermal cycle, Exibs, will be given by the Eq. (5),
expressed in (MJ/kg).

dry exergy IN ¼ rate exergy x upper calorific value (5)

The biomass moisture impacts its exergy and a standardization can be
established based on [22], which outlined an experimental curve approximation.

For practical purposes, an equation can be used to estimate the average exergy
rate offered by each species of forest biomass on a wet basis at the entrance of the
thermal cycle, according to Eq. (6), expressed in (MJ/kg). Humidity factor is the
dimensionless relationship between humidity and exergy of each forest species.

wet exergy IN ¼ humidity factor x dry exergy IN (6)
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Therefore, the overall average exergy of the wet cycle thermal input, Exibm, can
be obtained based on the specific exergy on a wet basis, according to Eq. (7),
expressed in (MJ/kg).

medium wet exergy IN ¼ summation of all wet exergy IN (7)

The effective input power of the cogeneration process, can be calculated by the
Eq. (8), expressed in (MW).

input power ¼ medium wet exergy IN x flow of biomass,B f

3600
(8)

The difference between the output power and the input power can be under-
stood as destroyed exergy.

As already mentioned, a considerable part of the loss of exergy in thermal power
plants occurs in the boiler and not in condensers, which promote rejection of heat.

Therefore, an efficient energy use project must be planned for the use of the
portion of thermal energy, whose utilization rate will depend on the characteristics
of this energy use process.

According to [23], cogeneration may have better energy efficiency when
compared to conventional energy conversion, since the thermal energy produced is
underutilized or can be best used.

Thus, two concepts of exergetic efficiency can be defined, the efficiency of
the cogeneration system, ηCOG, and the efficiency of the electricity generation
system, ηEE.

Once the energy efficiency of the cogeneration system is known, ηCOG, the
effective output power of the cogeneration process will be given by Eq. (9),
expressed in [MW]. It represents the power available primarily in the form of
thermal energy with additional capacity to perform mechanical work

output power ¼ ηCOG x input power (9)

In the same way, we can calculate the active power of the electricity generation,
in [MW], also as a function of the input power according to Eq. (10).

electricity active power ¼ ηEE x input power (10)

Therefore, the available power of thermal generation with possibilities of use can
be obtained by the Eq. (11), expressed in [MW].

available thermal power ¼ output power� electricity active power (11)

The output power, in turn, can be understood as having three components,
which would be:

1.Thermal losses;

2.Usable thermal exergy (or useful thermal exergy);

3.Usable kinetic exergy (in mechanical movement);

According [24], exergy may be associated with work or heat transfer. In the
cogeneration system, kinetic exergy is associated with work transfer and thermal
exergy is associated with heat transfer.
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The kinetic exergy portion can be almost entirely converted into electrical
energy, since its conversion efficiency is close to 100%, saved by reduced losses of
exergy from a flow of mechanical energy (rotor of a generator in movement) that is
converted into electrical energy, [23].

The power conversion rate at the input exergy to electricity is generally not
much higher than 1/3 (it is, ηEEmax ffi 33%).

However, the same does not happen from the point of view of temperature, that
is, of thermal energy, on which it must be considered that the exergy of a thermal
flow must be calculated according to the variation of the water temperature in
relation to the environment, going from an initial temperature to a final tempera-
ture, in [Kelvin], according to what [23] called “temperature factor exergetic”,
according to Eq. (12), expressed in [%].

temperature factor exergetic ¼ 1� initial temperature
final temperature

(12)

Still according to [23], the temperature factor exergetic must be multiplied
by the available thermal power produced from the outlet to obtain the useful
thermal exergy flow (or useful thermal power), according to Eq. (13), expressed
in [MW].

useful thermal power ¼ temperature factor exergetic x available thermal power
(13)

Eq. (14) calculates the useful output power, expressed in [MW]

useful output power ¼ electricity active powerþ useful thermal power (14)

As the output and input powers refer to the annual average, the relationship
between these corresponds to the overall exergetic efficiency of the cogeneration
system, corresponding to the same relationship between the useful annual average
exergy estimates, according to Eq. (15).

exergetic efficciency ¼ useful output power
input power

(15)

The electrical power generated will be considered equal to the average power or
guaranteed by the thermoelectric plant. Assured power is defined as the maximum
power that a plant can supply during its worst cycle of raw material availability
(fuel or primary energy).

The installed power or nominal power of the thermoelectric plant must be
greater than the effective power of electricity generation. The capacity factor, is the
relationship between the annual electricity supplied and the product of the installed
power over time of annual operation.

This means that a plant that operates at full load full time, without operational
intermittence, it will have the unit capacity factor.

In practice, the generation capacity factor is always less than the unit, the
average of the generation factor being thermoelectricity capacity equal to 0.55 [25].

So, the nominal power of the electric generator of the thermoelectric can be
dimensioned based on the Eq. (16), expressed in [MW].

nominal power of the generator ¼ electricity active power
load factor

(16)
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Thus, it is possible to estimate the average useful annual exergy generated in this
process, which will be the integration of both types of average powers (thermal and
electrical) developed over time (in hours) of the year, according to Eq. (17),
expressed in [MWh/year].

useful annual exergy ¼ useful output power x annual operating time (17)

1.3 Termoeconomic balance

Thermoeconomy deals with the relationship between the thermal efficiency
of the processes of conversion and energy use and the costs of investments and
operation of these processes.

The central objective of thermoeconomics is to seek maximum thermal
efficiency associated with the lowest economic cost, as long as they are
adequately met with the requirements of operational reliability, thermodynamic
restrictions, etc.

As pointed out by [18], the word thermoeconomics would be ambiguous, since it
could refer to conventional energy analysis under the concept of the first Law of
Thermodynamics, which does not consider the irreversibilities existing in all real
energy conversion processes. In view of this, he proposed the use of the term
exergoeconomics for analysis based on exergy under the concept of the second Law
of Thermodynamics. The origin of the word comes from the Greek “ex” and “ergo”,
meaning “extraction of labor” and economics.

In the proposed simulation model, the thermoeconomic balance of the process
has the objective to estimate the exergoeconomic efficiency of the cogeneration
system from biomass forest produced by the silvopastoral system.

The associated costs are grouped into two categories: fixed costs and variable
costs, when added together, make up the total costs of the process, according to
Eq. (18), expressed in [$/year].

fixed costs ¼ summation of all fixed costs to produce electric and thermal energy
(18)

The fixed costs for the production of electricity are dependent on the following
variables that impact on fixed costs, which are:

1.average annual cost due to Operation and Maintenance (O & M) activities in
function of the installed capacity for electric energy generation in
cogeneration, CfgEE, expressed in ($/(kW.year));

2. the nominal power of the generation (installed power), Pn, expressed in
(MW);

3.average annual cost of investment in the cogeneration system for electricity
generation, CiEE, expressed in ($/year);

The fixed costs for the production of electric energy can be estimated by the
Eq. (19).

CfEE ¼ CfgEE x Pn þ CiEE (19)

Similarly, the fixed costs for the production of thermal energy are dependent on
the following variables that impact on fixed costs, which are:
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1.average annual cost due to Operation and Maintenance (O & M) activities in
function of the installed capacity for electric energy generation in
cogeneration, CfgH, expressed in ($/(kW.year));

2. the useful thermal power, expressed in (MW);

3.average annual cost of investment in the cogeneration system for useful
thermal energyCiH, expressed in ($/year);

The fixed costs for the production of useful thermal energy can be estimated by
the Eq. (20).

CfH ¼ CfgH x useful thermal powerþ CiH (20)

The average annual cost related to the portion of investment in generation of
electrical energy, CiEE, and thermal energy, CiH, expressed in (1000$/year), as a
function of average investment in installed capacity for the generation of electricity
(and thermal energy) in a cogeneration system, in (1000$/year) and of the installed
generation (nominal power of the generation or useful thermal energy), in (MW)
and the depreciation time of the investment, Tdi, in (years).

The average annual cost of investment in generation of electrical energy is
estimated according Eq. (21) and (thermal energy), according to Eq. (22).

CiEE ¼ investment in installed capacity x Pn

Tdi
(21)

CiH ¼ investment in thermal capacity x useful thermal power
Tdi

(22)

Variable costs are composed of the sum of the costs of cogeneration of energy
(electric and thermal), cost of transport and cost of forest biomass, according to Eq. (23).

variable costs ¼ summation costs cogeneration energy, transport and forest biomassð Þ
(23)

The average annual variable costs for the generation of electrical and thermal
energy cogeneration process, can be calculated, in [$/year], by Eqs. (24) and (25).

costs of cogeneration electrical energy ¼
electrical generation variable cost x annual electrical exergy

(24)

costs of cogeneration thermal energy ¼
thermal generation variable cost x annual thermal exergy

(25)

The cost of transporting forest biomass depends on the average transport dis-
tance, in [km], the average transport cost, in [$/km] and the volume of the total
load to be transported, Pvf , in [m3/year].

To estimate the total volume of the load to be transported, it will be necessary to
consider previously calculated data about the average annual productivity of forest
biomass and convert it into volumetric terms (m3/year), according Eq. (26),

volumetric forest biomass,Pvf ¼
productivity of forest biomass,Pmf

basic density g
cm3

� � (26)
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Thus, it is possible to estimate the average useful annual exergy generated in this
process, which will be the integration of both types of average powers (thermal and
electrical) developed over time (in hours) of the year, according to Eq. (17),
expressed in [MWh/year].

useful annual exergy ¼ useful output power x annual operating time (17)

1.3 Termoeconomic balance

Thermoeconomy deals with the relationship between the thermal efficiency
of the processes of conversion and energy use and the costs of investments and
operation of these processes.

The central objective of thermoeconomics is to seek maximum thermal
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Thermodynamics, which does not consider the irreversibilities existing in all real
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fixed costs ¼ summation of all fixed costs to produce electric and thermal energy
(18)

The fixed costs for the production of electricity are dependent on the following
variables that impact on fixed costs, which are:

1.average annual cost due to Operation and Maintenance (O & M) activities in
function of the installed capacity for electric energy generation in
cogeneration, CfgEE, expressed in ($/(kW.year));

2. the nominal power of the generation (installed power), Pn, expressed in
(MW);

3.average annual cost of investment in the cogeneration system for electricity
generation, CiEE, expressed in ($/year);

The fixed costs for the production of electric energy can be estimated by the
Eq. (19).

CfEE ¼ CfgEE x Pn þ CiEE (19)

Similarly, the fixed costs for the production of thermal energy are dependent on
the following variables that impact on fixed costs, which are:
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The cost of transporting forest biomass depends on the average transport dis-
tance, in [km], the average transport cost, in [$/km] and the volume of the total
load to be transported, Pvf , in [m3/year].

To estimate the total volume of the load to be transported, it will be necessary to
consider previously calculated data about the average annual productivity of forest
biomass and convert it into volumetric terms (m3/year), according Eq. (26),

volumetric forest biomass,Pvf ¼
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basic density g
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So, the cost of transporting can be calculated, in [$/year], by Eq. (27).

transport cost ¼ av:distance x av:transport cost x volumetric forest biomass (27)

The cost of forest biomass is the sum of the total average annual cost of forest
management by the silvopastoral system (or cost of biomass production in the
silvopastoral system), with the average annual cost of remuneration for the use of
pasture land, according Eq. (28), in [$/year].

cost of forest biomass ¼ summation costs management and remuneration landð Þ
(28)

The cost of biomass production in the silvopastoral system (or management
cost), in [$/year], depends on the planted area, in [hectare] and the cost of
production of forest biomass (which is a statistic data of silvicultural activity), in
[$/(hectare.year)]. The sum of the planted area is the total area multiplied by the
relationship between the density of trees in the silvopastoral system and the density
of trees in the monocultural reference system (with the same species).

So, the cost of biomass production can be calculated by Eq. (29).

management cost,Cpfs ¼
cost of production of forest biomass,Cpf x

summation of the planted area in the silvipastoral system
(29)

The equation referring to the cost of remuneration for land use depends on the
silvopastoral arrangement, the value of the land lease practiced in the region and the
planted area, in [$/(hectare.year)], according to Eq. (30), expressed in [$/year].

remuneration land cost,Crem ¼ remuneration land per area x
summation of the planted area in the silvipastoral system

(30)

Finally, the total cost of the integrated forest biomass production system with
the energy cogeneration system, will be the sum of fixed and variable costs,
according to the Eq. (31), expressed in [$/year].

total cost ¼ summation of fixed costs and variable costs (31)

According to [18], one of the objectives that can be obtained with exergoeconomic
analysis is to calculate the costs associated with manufactured products.

In the present study, the product is the useful energy in thermal and electrical
forms and its global exergoeconomic cost is determined by the Eq. (32), expressed
in [kWh/$].

exergoeconomic cost ¼ useful annual exergy
total cost

(32)

The exergoeconomic cost is an important indicator for the analysis of the
economic viability of this unconventional modality of energy use.

2. Methodology and simulations

As mentioned, the present work proposes to evaluate the viability of an
unconventional energy alternative by means of a mathematical simulation system.
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It is the possibility of using silvopastoral systems for the production of forest
biomass to be used as fuel (raw material) in an energy cogeneration system.

With this intention, a mathematical model was developed capable of evaluating
the thermoeconomic viability of the system proposed.

The analysis procedure to be used in this work will be to evaluate the case studies
that will be considered, in order to test and evaluate the effectiveness of the
simulation model equations for which it was proposed.

2.1 Mass balance

The simulation model used in this work, evaluates the productive data from real
cases. According [26], in terms of planted forests, the predominant genus in Brazil
is the Eucalyptus, which had in 2015 a total area of 7.8 million hectares planted,
where the main cultivated species indicated for the tropical and subtropical climates
are, among others (Eucalyptus): camaldulensis, cloeziana, dunnii, grandis, saligna,
tereticornis, urophylla, benthamii and the hybrid Urograndis (urophylla x grandis).
Eucalyptus grandis is the most common, with almost 50% of the total area, followed
by saligna and urophylla.

Therefore, for the purposes of the simulations that follow, these species (sp1,
sp2, sp3) are considered with their typical characteristics and productive data,
although it can apply to any other species.

In order to prospect perspectives on productive data in terms of forest biomass,
with the silvopastoral system in the same local conditions, case studies are assumed
in Tables 1–4. The data considered are compatible with those practiced in the
evaluated region.

Several different situations regarding productive data can be assessed. In one of
these case studies, the total gross productivity of the forest biomass (on a wet basis)
was obtained, after 7 years from planting to harvest: 678 tons per “alqueire
paulista”, which is a measure of a very common area in Brazil and corresponds to
24200 m2.

It means that, the average productivity per hectare obtained after seven years
was, 280.1 (tonnes/hectare).

The data referring to the spatial arrangements and productivity of forest biomass
to be evaluated are real practices productive data of the region under evaluation.

Distance between
trees

Distance between
ranks

Distance between
rows

Number of
rows

Tree density (trees /
hectare)

da (m) Dr (m) df (m) Nf (un) Na (un)

2 18 0 1 277,8

2 18 3 2 476,2

2,5 18 2,5 3 521,7

1,7 18 3 2 560,2

2 21 0 1 238,1

2,5 25 3 3 387,1

2,5 21 3 2 333,3

2 30 3 2 303,0

2,5 30 2,5 3 342,9

Table 1.
Data and results estimated by Eq. (1).
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So, the cost of transporting can be calculated, in [$/year], by Eq. (27).
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pasture land, according Eq. (28), in [$/year].
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(28)
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cost), in [$/year], depends on the planted area, in [hectare] and the cost of
production of forest biomass (which is a statistic data of silvicultural activity), in
[$/(hectare.year)]. The sum of the planted area is the total area multiplied by the
relationship between the density of trees in the silvopastoral system and the density
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So, the cost of biomass production can be calculated by Eq. (29).

management cost,Cpfs ¼
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summation of the planted area in the silvipastoral system
(29)

The equation referring to the cost of remuneration for land use depends on the
silvopastoral arrangement, the value of the land lease practiced in the region and the
planted area, in [$/(hectare.year)], according to Eq. (30), expressed in [$/year].

remuneration land cost,Crem ¼ remuneration land per area x
summation of the planted area in the silvipastoral system

(30)

Finally, the total cost of the integrated forest biomass production system with
the energy cogeneration system, will be the sum of fixed and variable costs,
according to the Eq. (31), expressed in [$/year].

total cost ¼ summation of fixed costs and variable costs (31)

According to [18], one of the objectives that can be obtained with exergoeconomic
analysis is to calculate the costs associated with manufactured products.

In the present study, the product is the useful energy in thermal and electrical
forms and its global exergoeconomic cost is determined by the Eq. (32), expressed
in [kWh/$].

exergoeconomic cost ¼ useful annual exergy
total cost

(32)

The exergoeconomic cost is an important indicator for the analysis of the
economic viability of this unconventional modality of energy use.

2. Methodology and simulations

As mentioned, the present work proposes to evaluate the viability of an
unconventional energy alternative by means of a mathematical simulation system.

172

Biotechnological Applications of Biomass

It is the possibility of using silvopastoral systems for the production of forest
biomass to be used as fuel (raw material) in an energy cogeneration system.

With this intention, a mathematical model was developed capable of evaluating
the thermoeconomic viability of the system proposed.

The analysis procedure to be used in this work will be to evaluate the case studies
that will be considered, in order to test and evaluate the effectiveness of the
simulation model equations for which it was proposed.

2.1 Mass balance

The simulation model used in this work, evaluates the productive data from real
cases. According [26], in terms of planted forests, the predominant genus in Brazil
is the Eucalyptus, which had in 2015 a total area of 7.8 million hectares planted,
where the main cultivated species indicated for the tropical and subtropical climates
are, among others (Eucalyptus): camaldulensis, cloeziana, dunnii, grandis, saligna,
tereticornis, urophylla, benthamii and the hybrid Urograndis (urophylla x grandis).
Eucalyptus grandis is the most common, with almost 50% of the total area, followed
by saligna and urophylla.

Therefore, for the purposes of the simulations that follow, these species (sp1,
sp2, sp3) are considered with their typical characteristics and productive data,
although it can apply to any other species.

In order to prospect perspectives on productive data in terms of forest biomass,
with the silvopastoral system in the same local conditions, case studies are assumed
in Tables 1–4. The data considered are compatible with those practiced in the
evaluated region.

Several different situations regarding productive data can be assessed. In one of
these case studies, the total gross productivity of the forest biomass (on a wet basis)
was obtained, after 7 years from planting to harvest: 678 tons per “alqueire
paulista”, which is a measure of a very common area in Brazil and corresponds to
24200 m2.

It means that, the average productivity per hectare obtained after seven years
was, 280.1 (tonnes/hectare).

The data referring to the spatial arrangements and productivity of forest biomass
to be evaluated are real practices productive data of the region under evaluation.

Distance between
trees

Distance between
ranks

Distance between
rows

Number of
rows

Tree density (trees /
hectare)

da (m) Dr (m) df (m) Nf (un) Na (un)

2 18 0 1 277,8

2 18 3 2 476,2

2,5 18 2,5 3 521,7

1,7 18 3 2 560,2

2 21 0 1 238,1

2,5 25 3 3 387,1

2,5 21 3 2 333,3

2 30 3 2 303,0

2,5 30 2,5 3 342,9

Table 1.
Data and results estimated by Eq. (1).
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Forest species Biomass
moisture2

Average basic
density of

forest biomass3

Gross
productivity
of forest
biomass

Time
planting

to
harvest

Average annual
volumetric increase
in forest biomass

(%) (g/cm3) (tonnes/
hectare)

(years) (m3/(ha.year))

sp1 27,50 0,479 225 7 48,7

sp2 27,50 0,465 225 7 50,1

sp3 27,50 0,559 225 7 41,7

not specified1 30 0,50 517,6 20 36,2

Grevillea robusta1 25 0,6 125 7 22,3
1Real cases.
2Wet basis in [%]. Refers to: one minus the average humidity measurement of forest biomass after post-harvest drying
in the ambient condition (Humidity on a humid basis).
3Data source: [27].

Table 2.
Data and results estimated by Eq. (2).

Silvopastoral
Factor1

Number of trees
per hectare in the

silvipastoral
system

Average annual
volumetric

increase in forest
biomass

Average basic
density of

forest biomass
(g/cm3)

Cultivated
area

Annual
production
of biomass

(dimension
less)

Na (trees/
hectare)

(m3/(hectare.
year))

(g/cm3) (hectare) (tonnes/
year)

1,22 476,2 45,7 0,52 5,0 41

1,12 476,2 45,7 0,52 5,0 37,4

1,32 476,2 45,7 0,52 5,0 44

1,23 333,3 45,7 0,52 5,0 28,5

1,23 277,8 45,7 0,52 5,0 24
1Silvopastoral factor: assigned value.
2Note 1: The objective of the three first line, is to assess the effect of the influence of the silvopastoral factor.
3Note 2: The objective of the fourth and fifth line, is to assess the effect of the influence of the density of trees per hectare
and the spatial arrangement.

Table 3.
Data and results estimated by Eq. (3).

Forest species1 Cultivated area (hectare) Annual production of
biomass (tonnes/year)

Average flow of forest
biomass (kg/hour)2

sp1 150.0 1,198.9 136.9

sp2 120.0 959 109.5

sp3 80.0 639.6 73.0

summation: 2,797.5 319.4
1The same genetic species as before (and the same basic density and average productivity); number of trees per hectare
in the silvopastoral system: 476.2 (trees/hectare) with spatial arrangement: 18 m x 2 m x 3 m and silvopastoral factor:
1.2.
2Annual operating time considered: 8760 hour/year.

Table 4.
Data and results estimated by Eqs. (1)–(4).
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Table 1 shows and calculate the tree densities, according to Eq. (1), of some of
the possible spatial arrangements that are commonly practiced in silvopastoral
systems in the evaluated region.

Based on data on gross productivity in some areas, Table 2 calculates the
average annual volumetric increase in forest biomass.

Thus, according to Eq. (4), it is possible to estimate the average annual hourly
flow of forest biomass, considering the annual time of operation of the energy
conversion process, for each case study evaluated in Tables 1–3.

2.2 Energy balance

The energy balance applies to the energy conversion process. From the input
data, Eqs. (5)–(8) calculate the input exergy on a dry and wet basis for each species
of forest biomass and the average exergy.

Eqs. (4) and (5) are used to estimate the exergy provided by each forest species,
as shown in Table 5, each with its exergy rate value, superior calorific value and
humidity factor.

Although the forest species in Table 5 are presented in a generic way, the
magnitudes attributed are compatible with those of common species in the region.

In order to simulate the average exergy of entry into the cogeneration system,
Table 6 considers the same hypothetical data as the previous flow of forest biomass.

The mathematical resource for calculating species diversity is the use of matrix
variables of the order 1 x n, where n is the number of forest species present in the
process.

As long as the energy efficiency of the cogeneration process and the conversion
to kinetic energy are known, Eqs. (9)–(11) make it possible to calculate the output
powers available in the forms of electrical (or mechanical) and thermal energy,
according to the data exemplified previously, shown in Table 7.

The exergetic temperature factor, according to [23], can be calculated as a
function of the temperature variation. So, considering that the use of available

Forest
species1

Exergy
rate

Superior calorific
power (MJ/kg)

Humidity
factor

Dry exergy IN
(MJ/kg)

Wet exergy IN
(MJ/kg)

sp1 0.925 19.46 0.70 18.00 12.60

sp2 0.900 19.67 0.75 18.19 13.64

sp3 0.850 19.46 0.80 16.54 13.23
1Assigned quantities are compatible with those of common species in the region.

Table 5.
Data and results estimated by Eqs.(5) and (6).

Forest
species

Flow of forest
biomass (kg/hour)

Wet exergy
IN (MJ/kg)

Specific wet
exergy IN (MJ/kg)

Average
exergy IN

Input
power
(MW)

sp1 136.87 12.26 1677.98 5.71

sp2 109.46 13.65 1494.16 5.67

sp3 73.02 13.23 966.03 3.55

summation: 319.35 4138.16 12.96 14.90

Table 6.
Data and results estimated by Eqs. (7), (8).
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2Note 1: The objective of the three first line, is to assess the effect of the influence of the silvopastoral factor.
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Data and results estimated by Eq. (3).
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Average flow of forest
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sp1 150.0 1,198.9 136.9

sp2 120.0 959 109.5

sp3 80.0 639.6 73.0

summation: 2,797.5 319.4
1The same genetic species as before (and the same basic density and average productivity); number of trees per hectare
in the silvopastoral system: 476.2 (trees/hectare) with spatial arrangement: 18 m x 2 m x 3 m and silvopastoral factor:
1.2.
2Annual operating time considered: 8760 hour/year.
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Data and results estimated by Eqs. (1)–(4).
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Table 1 shows and calculate the tree densities, according to Eq. (1), of some of
the possible spatial arrangements that are commonly practiced in silvopastoral
systems in the evaluated region.

Based on data on gross productivity in some areas, Table 2 calculates the
average annual volumetric increase in forest biomass.

Thus, according to Eq. (4), it is possible to estimate the average annual hourly
flow of forest biomass, considering the annual time of operation of the energy
conversion process, for each case study evaluated in Tables 1–3.

2.2 Energy balance

The energy balance applies to the energy conversion process. From the input
data, Eqs. (5)–(8) calculate the input exergy on a dry and wet basis for each species
of forest biomass and the average exergy.

Eqs. (4) and (5) are used to estimate the exergy provided by each forest species,
as shown in Table 5, each with its exergy rate value, superior calorific value and
humidity factor.

Although the forest species in Table 5 are presented in a generic way, the
magnitudes attributed are compatible with those of common species in the region.

In order to simulate the average exergy of entry into the cogeneration system,
Table 6 considers the same hypothetical data as the previous flow of forest biomass.

The mathematical resource for calculating species diversity is the use of matrix
variables of the order 1 x n, where n is the number of forest species present in the
process.

As long as the energy efficiency of the cogeneration process and the conversion
to kinetic energy are known, Eqs. (9)–(11) make it possible to calculate the output
powers available in the forms of electrical (or mechanical) and thermal energy,
according to the data exemplified previously, shown in Table 7.

The exergetic temperature factor, according to [23], can be calculated as a
function of the temperature variation. So, considering that the use of available

Forest
species1

Exergy
rate

Superior calorific
power (MJ/kg)

Humidity
factor

Dry exergy IN
(MJ/kg)

Wet exergy IN
(MJ/kg)

sp1 0.925 19.46 0.70 18.00 12.60

sp2 0.900 19.67 0.75 18.19 13.64

sp3 0.850 19.46 0.80 16.54 13.23
1Assigned quantities are compatible with those of common species in the region.

Table 5.
Data and results estimated by Eqs.(5) and (6).

Forest
species

Flow of forest
biomass (kg/hour)

Wet exergy
IN (MJ/kg)

Specific wet
exergy IN (MJ/kg)

Average
exergy IN

Input
power
(MW)

sp1 136.87 12.26 1677.98 5.71

sp2 109.46 13.65 1494.16 5.67

sp3 73.02 13.23 966.03 3.55

summation: 319.35 4138.16 12.96 14.90
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Data and results estimated by Eqs. (7), (8).
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thermal energy aims to heat water from initial to final temperature, Table 8
estimates the values for some case studies from the data previously exemplified,
according to Eqs. (12)–(15).

To finalize the analysis of the energy balance, Table 9 according to Eqs. (16) and
(17) presents useful data for the estimation of the average annual flow of useful
energy and for the dimensioning of the nominal generator power for the generation
of electricity.

It was seen that the economic costs of the process are grouped into two catego-
ries: fixed costs and variable costs. Table 10, according to Eqs. (18)–(22) estimates
the fixed cost of the process.

It can be seen that from Tables 10–16, in the columns on the left are the values
considered for the variables and on the right the results obtained.

To assess the average annual variable cost for the production of electrical and
thermal energy, it is necessary to define and consider a set of service cost conditions

Input
power

Cogeneration
system

efficiency

Output
power

Kinetic energy
conversion
efficiency

Active power of the
electricity generation

Available
thermal
power

(MW) (%) (MW) (%) (MW) (MW)

14,90 65 9,68 30 4,47 5,21

Table 7.
Data and results estimated by Eqs. (9)–(11).

Case
Study

Start/end
temperature

Temperature factor
exergetic

Useful thermal
power

Useful output
power

Exergetic
efficiency

(K) (%) (MW) (MW) (%)

(1) 300/373 19,6% 1,02 5,49 36,8%

(2) 300/500 40,0% 2,09 6,55 44,0%

(3) 300/1000 70,0% 3,65 8,12 54,5%

(4) 300/1200 75,0% 3,91 8,38 56,3%

(1): Energy use with the variation of the ambient temperature up to 100°C.
(2): Energy use with the variation of the ambient temperature up to 227°C.
(3): Energy use with the variation of the ambient temperature up to 727°C.
(4): Energy use with the variation of the ambient temperature up to 927°C.

Table 8.
Data and results estimated by Eqs. (12)–(15).

Load factor1 Nominal power of the generator2 Useful annual exergy3

Thermal Electric Total

(MW) (GWh/year)

0,55 8,13 34,25 73,40 107,65
1Load factor for thermoelectricity, according to [25].
2Nominal power of the generator considering active power of 4.47 MW electricity generation, according to Eq. (16).
3annual useful exergy considering full-time operating (8760 hours/year); thermal energy required for heating water
from 300 K to 1200 K (3.91 MW) and active electric output power of 8,38 MW.

Table 9.
Data and results estimated by Eqs. (16) and (17).
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associated with the production process in the silvopastoral system, which are
described at the bottom of Tables 11–16.

Table 11 estimates the variable cost of forest biomass, according to Eqs. (28)–(30).

Variables Values considered Units Variables Values obtained Units

CfgEE 25,00 ($/(kW.year)) CiEE2 447,15 (1000 $/kW)

CfgH 25,00 ($/(kW.year)) CiH3 48,88 (1000 $/kW)

CigEE 1,10 (1000 $/kW) CfEE4 650,40 (1000 $/kW)

CigH 0,25 (1000 $/kW) CfH5 146,63 (1000 $/kW)

Pn 8,13 (MW) Cf6 797,03 (1000 $/kW)

utp1 3,91 (MW)

Tdi 20 (years)
1utp: useful thermal power.
2CiEE: average annual cost of investment in generation of electrical energy, according to Eq. (21).
3CiH: average annual cost of investment in generation of thermal energy, according to Eq. (22).
4CfEE: fixed costs for production of electric energy, according to Eq. (19).
5CfH: fixed costs for production of useful thermal energy, according to Eq. (20).
6Cf: fixed costs, according to Eq. (18).

Table 10.
Data and results estimated by Eqs. (18)–(22).

Variables Values considered Units Variables Values obtained Units

Dmed1 40 (km) Pvf5 5.709,18 (m3/year)

Pmf2 2.797,5 (tonnes/year) Ct6 57.091,84 ($/year)

Ctm3 0,25 ($/m3. km)

Dbm4 0,490 (g/cm3)
1Dmed: average distance from the field to the thermoelectric plant.
2Pmf refers to the average annual productivity of forest biomass, estimated for a silvopastoral system in 350 hectares
with an arboreal spatial arrangement of 18 m x 3 m x 2 m.
3Ctm: average cost for transporting biomass according to volume and distance.
4Dbm: average basic density of forest biomass.
5Pvf: global average annual volumetric productivity of biomass, according Eq. (26).
6Ct: average annual cost of transporting forest biomass, according Eq. (27).

Table 12.
Data and results estimated by Eqs. (26) and (27).

Variables Values considered Units Variables Values obtained Units

Rem1 500,00 ($/(ha.year)) Crem3,5 50.003,00 ($/year)

Cpf2 250,00 ($/(ha.year)) Cpfs4,5 25.001,50 ($/year)

Cbf6 75.004,50 ($/year)
1Rem: average annual cost for remuneration by land use for silvicultural activity.
2Cpf: average annual cost for the production of forest biomass by cultivation area in a monocultural silviculture system
with a spatial arrangement of 3 m x 2 m.
3Crem: remuneration land cost, according to Eq. (30).
4Cpfs: cost of biomass production in the silvopastoral system, according Eq. (29).
5Note: Cpf and Cpfs apply to a silvopastoral system on 350 hectares with an arboreal spatial arrangement of 18 m x
3 m x 2 m and a monocultural reference arrangement of 3 m x 2 m.
6Cbf: cost of forest biomass, according Eq. (28).

Table 11.
Data and results estimated by Eqs. (28)–(30).
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thermal energy aims to heat water from initial to final temperature, Table 8
estimates the values for some case studies from the data previously exemplified,
according to Eqs. (12)–(15).
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associated with the production process in the silvopastoral system, which are
described at the bottom of Tables 11–16.

Table 11 estimates the variable cost of forest biomass, according to Eqs. (28)–(30).
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CfgH 25,00 ($/(kW.year)) CiH3 48,88 (1000 $/kW)
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CigH 0,25 (1000 $/kW) CfH5 146,63 (1000 $/kW)

Pn 8,13 (MW) Cf6 797,03 (1000 $/kW)

utp1 3,91 (MW)

Tdi 20 (years)
1utp: useful thermal power.
2CiEE: average annual cost of investment in generation of electrical energy, according to Eq. (21).
3CiH: average annual cost of investment in generation of thermal energy, according to Eq. (22).
4CfEE: fixed costs for production of electric energy, according to Eq. (19).
5CfH: fixed costs for production of useful thermal energy, according to Eq. (20).
6Cf: fixed costs, according to Eq. (18).

Table 10.
Data and results estimated by Eqs. (18)–(22).

Variables Values considered Units Variables Values obtained Units

Dmed1 40 (km) Pvf5 5.709,18 (m3/year)

Pmf2 2.797,5 (tonnes/year) Ct6 57.091,84 ($/year)

Ctm3 0,25 ($/m3. km)

Dbm4 0,490 (g/cm3)
1Dmed: average distance from the field to the thermoelectric plant.
2Pmf refers to the average annual productivity of forest biomass, estimated for a silvopastoral system in 350 hectares
with an arboreal spatial arrangement of 18 m x 3 m x 2 m.
3Ctm: average cost for transporting biomass according to volume and distance.
4Dbm: average basic density of forest biomass.
5Pvf: global average annual volumetric productivity of biomass, according Eq. (26).
6Ct: average annual cost of transporting forest biomass, according Eq. (27).

Table 12.
Data and results estimated by Eqs. (26) and (27).
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Rem1 500,00 ($/(ha.year)) Crem3,5 50.003,00 ($/year)

Cpf2 250,00 ($/(ha.year)) Cpfs4,5 25.001,50 ($/year)

Cbf6 75.004,50 ($/year)
1Rem: average annual cost for remuneration by land use for silvicultural activity.
2Cpf: average annual cost for the production of forest biomass by cultivation area in a monocultural silviculture system
with a spatial arrangement of 3 m x 2 m.
3Crem: remuneration land cost, according to Eq. (30).
4Cpfs: cost of biomass production in the silvopastoral system, according Eq. (29).
5Note: Cpf and Cpfs apply to a silvopastoral system on 350 hectares with an arboreal spatial arrangement of 18 m x
3 m x 2 m and a monocultural reference arrangement of 3 m x 2 m.
6Cbf: cost of forest biomass, according Eq. (28).

Table 11.
Data and results estimated by Eqs. (28)–(30).
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Variables Values considered Units Variables Values obtained Units

CvgEE1 0,90 ($/MWh) CvpEE5 66.060,00 ($/year)

CvgH2 0,55 ($/MWh) CvpH6 18.837,50 ($/year)

TE3 34,25 (GWh/year)

EE4 73,40 (GWh/year)
1CvgEE: average annual variable cost depending on the generation of electric energy in cogeneration system.
2CvgH: average annual variable cost depending on the generation of thermal energy in cogeneration system.
3TE: Thermal useful annual exergy.
4EE: Annual electricity generated (useful annual electric exergy).
5CvpEE: average annual variable cost of electricity in the cogeneration system, according Eq. (24).
6CvpH: average annual variable cost of thermal energy in the cogeneration system, according Eq. (25).

Table 13.
Data and results estimated by Eqs. (24) and (25).

Variables Values considered Units Variables Values obtained Units

Cbf1 75.004,50 ($/year) Cv5 216.993,84 ($/year)

Ct2 57.091,84 ($/year)

CvpEE3 66.060,00 ($/year)

CvpH4 18.837,50 ($/year)
1Cbf: cost of forest biomass, according Eq. (28).
2Ct: average annual cost of transporting forest biomass, according Eq. (27).
3CvpEE: average annual variable cost for production of electricity, according Eq. (24).
4CvpH: average annual variable cost for production of thermal energy, according Eq. (25).
5Cv: average annual variable cost for production of electrical and thermal energy, according Eq. (23).

Table 14.
Data and results estimated by Eq. (23).

Variables Values considered Units Variables Values obtained Units

Fixed costs1 797,03 (1000 $/year) total cost3 1.014,02 (1000 $/year)

Variable cost2 216,99 (1000 $/year)
1According to Eq. (18).
2According to Eq. (23).
3According to Eq. (31).

Table 15.
Data and results estimated by Eq. (31).

Variables Values
considered

Units Variables Values
obtained

Units

Useful annual
exergy1

107,65 (GWh/year) exergoeconomic
cost3

106,16 (kWh/$)

Total cost2 1.014,02 (1000 $/year)
1According to Eq. (18).
2According to Eq. (31).
3According to Eq. (32).

Table 16.
Data and results estimated by Eq. (32).
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Table 12 estimates the variable cost of transporting forest biomass, according to
Eqs. (26) and (27).

Table 13 estimates the average annual variable cost of electricity and thermal
energy in the cogeneration system, according to Eqs. (24) and (25).

Table 14 estimates the average annual variable cost for production of electrical
and thermal energy, according Eq. (23).

Table 15 estimates the total cost of the integrated forest biomass production
system with the energy cogeneration system, which consists of the sum of fixed and
variable costs, according to Eq. (31).

So, the exergoeconomic cost, is determined by Eq. (32), as shown in Table 16,

3. Conclusions

The parameter used in this chapter to assess the feasibility of the proposed
agroenergetic alternative is the exergoeconomic cost.

The non-conventional alternative evaluated is the use of a silvopastoral system
aimed at the production of forest biomass and its energy utilization in a thermal and
electric energy cogeneration system.

The economic feasibility analysis is a cost/benefit analysis, which can be done
based on tariff parameters practiced in the energy market.

For that, comparative measures with the values practiced in the energy sector
can be used.

Just as an example, a comparison parameter is the value practiced from 2003
onwards for the average electricity supply tariff for the Brazilian electric system
for all consumption classes and geographic regions of the country [28], which is
(61.40 $/MWh), much higher than the value found in the present simulation
(9.42 $/MWh).

Therefore, this study presents indications of good viability for this energy alter-
native as a possibility, which can be inserted among the renewable energy options in
the energy matrix of the future.
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Table 12 estimates the variable cost of transporting forest biomass, according to
Eqs. (26) and (27).

Table 13 estimates the average annual variable cost of electricity and thermal
energy in the cogeneration system, according to Eqs. (24) and (25).
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Abstract

Glycerol from biodiesel is a potential raw material for synthesis of several 
products with high added value. The world demand and the market value of 
these products are important information for defining the best investment for the 
implantation of a biorefinery. The information is available on websites of social 
associations, production companies and market consulting companies and can be 
mined, free of charge. The International Trade Center (ITC), with information 
on world trade and websites linked to the foreign trade agencies of every country, 
such as Comex Stat, in Brazil, are relevant search sources. In this context, this 
work presents procedures and search techniques for prospecting such informa-
tion. Such a procedure is illustrated through a case study for which a search of 
market parameters for glycerol and its derivatives was carried out for use in the 
process design and economic evaluation of an industrial plant. It was found that 
crude glycerol had a market price close to US$ 170/ton, in 2019. Among its deriva-
tives, acrylic acid, acrylonitrile and 1,3-propanediol have great potential for the 
development of new processes, within the scope of a biorefinery. Industrially, 
acrylic acid (US$ 1100/ton) and acrylonitrile (US$ 1500/ton) are produced from 
propene (US$ 880/ ton) and 1,3-propanediol (US $ 2000/ton) comes from glu-
cose (US$ 460/t) or ethylene oxide (US$ 1200/t), which encourages the develop-
ment of new sustainable processes.

Keywords: biomass, glycerol, market, economic analysis, industrial processes

1. Introduction

Vegetable biomass contains organic matter from the photosynthesis process and 
conversion of biological origin compounds into chemicals [1] has attired attention 
of researchers worldwide. The United States Department of Energy presented 
a series of chemical products, called platform molecules, which may be synthe-
sized from biomass, generating more complex molecules of interest to society 
[2]. Biomass is also a raw material for the production of biofuels, representing a 
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renewable alternative, easily accessible and more environmentally sustainable com-
pared to fossil fuels. Among the biofuels, biodiesel has attracted attention since it is 
produced from simple and abundant raw materials, such as vegetable oils, animal 
fat and its residues [3].

Biodiesel is one of the most important energy commodities in the world. The 
USA (6.5 million m3), Indonesia (6.2 million m3) and Brazil (5.9 million m3) were the 
largest producers in 2019. Germany is the largest producer of biodiesel in the European 
community (3.2 million m3), followed by France and Spain. Other countries such as 
Argentina, Poland, Malaysia and Thailand are also important players in this market, 
producing more than 1 million m3 [4]. The production of biodiesel has grown signifi-
cantly worldwide, which results also in an increase in the amount of glycerol produced 
as a by-product [5]. Glycerol has great potential for application in the production of 
high added-value chemicals due to four main factors: its availability; its low commer-
cial value; for being a renewable raw material; and for providing more economically 
viable alternatives for the biodiesel industry [6]. This may lead to a decrease in bio-
diesel prices and could improve the glycerol market. Therefore, there is an opportunity 
to produce value-added molecules, such as acrylic acid, acrylonitrile and 1,3-propane-
diol, among others [7, 8].

The development of industrial processes that contemplate the conversion of raw 
materials from biomass into chemical products requires an economic analysis to 
define the molecules that are of greatest interest to the market. Data can be obtained 
free of charge from portals such as the International Trade Center (ITC), from the 
official portals of trade agencies in each country, such as Comex Stat in Brazil and, 
partially, from websites of market consulting companies. The ITC was developed to 
provide access to export statistical data and specifications from several countries. 
As market consulting companies publish detailed reports of the worldwide market 
assessment of various products, which take into account price, demand and market 
potential. However, these reports are expensive and difficult to be acquired by 
researchers at universities and many research institutions.

In this context, this work presents methods and tools, easily accessible and free 
of charge, to search for information and parameters, analysis of the current market 
and the economic potential of products. In particular, data on glycerol and three of 
its main derivatives are analyzed: acrylonitrile, acrylic acid and 1,3-propanediol. 
Also, a simplified process design is presented for each of the selected derivatives, 
using the ASPEN PLUS tool.

2. Methods

In order to carry out an economic analysis of a given product of interest, it is 
important to obtain market data for the base country, where the industrial plant can 
be implanted, as well as for other countries, for assessment of international trade, 
threats and opportunities.

The market parameters of glycerol and each of its derivatives to be evaluated 
were obtained from the International Trade Center (ITC) portal and the Comex Stat 
portal. The future scenarios were obtained on the websites of consulting companies. 
This information must be carefully analyzed due to the differences in the assess-
ment among different companies.

ITC is the joint agency of the World Trade Organization and the United Nations 
that aims to promote business between countries, mainly developing countries, 
simplify the economy [9], and provide several market analysis tools, covering 220 
countries and territories and 5300 products found in the Harmonized System (HS). 
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The Trade Map is one of the most important and provides, through tables, graphs 
and maps, performance indicators for imports and exports, international demand, 
alternative and competitive markets, in addition to a directory of importing and 
exporting companies [10]. Comex Stat is a portal to access statistical data of foreign 
trade in Brazil. Every country has a free access consultation tool that quantifies 
national imports and exports, e.g. Data Web (United States - https://dataweb.
usitc.gov/), Stat Can (Canada - https://www5.statcan.gc.ca/cimt-cicm/home-
accueil?lang=eng) and ETCN (China - http://www.e-to-china.com).

The chemical products are found on the Trade Map and Comex Stat by 
using the Harmonized Commodity Description and Coding System, or simply 
Harmonized System (HS), and the Mercosur Common Nomenclature (NCM), 
in the specific case of Brazil. The Harmonized System (SH) is a multipurpose 
international nomenclature for the classification of products, published by the 
World Customs Organization (WCO). The HS allows participating countries to 
classify traded goods on a common global basis for customs purposes. It comprises 
more than 5000 commodity groups; each identified by a six-digit code, from SH2 
to SH6, arranged in a legal and logical structure and is supported by well-defined 
rules to achieve uniform classification (WCO, 2020). The greater the number 
of digits, the more specific the HS classification becomes, so each country, or 
group of countries, has defined a common classification, which can have up to ten 
digits. These nomenclatures can represent a single substance or a group of them, 
having specific chemical characteristics in common. Usually the commodities 
and products of great commercialization are dealt with separately; however, the 
analysis of molecules grouped in the same SH is more difficult. The system is used 
by more than 200 countries and economies as a basis for their Customs tariffs and 
for the collection of international trade statistics. Over 98% of the merchandise 
in international trade is classified in terms of the HS. The HS contributes to the 
harmonization of customs and trade procedures, and the non-documentary trade 
data interchange in connection with such procedures, thus reducing the costs 
related to international trade.

MERCOSUR Common Nomenclature (NCM) is based on the Harmonized 
Commodity Description and Coding System. The NCM adopts WCO tariff sub-
headings (six digits) and adds two more digits to provide a greater level of detail, 
resulting in eight-digit codes. The MCN has been adopted by the countries that inte-
grate the Argentina, Brazil and Uruguay Block to foster international trade growth, 
make the creation and comparison of statistics easier, in addition to elaborating 
freight tariffs and providing other relevant information to international trade.

The ITC Trade Map uses a classification of up to 6 digits, while Comex Stat 
uses not only the SH, but also the NCM, with 8 digits, specifying more the product 
under analysis.

The availability of the market parameters in these databases allows the user 
correlating and interpreting the information in order to economically analyze the 
product under evaluation. Import and export values, volumes, growth rates, market 
shares, etc. are obtained from the Trade Map/ITC (worldwide) and the Comex Stat 
(for Brazil), while the growth forecasts are obtained from the websites of market 
consulting companies. This procedure was applied to gather information on the 
market for glycerol, acrylic acid, acrylonitrile and 1,3-propanediol.

The correlation of parameters displayed in graphs and tables is necessary for 
better evaluation and interpretation of the results. The data can be evaluated by 
regions or countries with greater market share for a specific product, allowing 
the visualization of the marketing behavior of these substances during the period 
under study.
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2.1 Search in the international trade Centre

The Trade Map from ITC is accessed by the link https://www.trademap.org/Index.
aspx. Figure 1 shows an example of the search page.

It is possible to perform the search in different ways depending on the purpose 
of the analysis. One may insert the product code (isolated or group) or the loca-
tion (country or region), choosing whether the study will be about import or 
export. The search can be carried out considering one of the five aspects: “Trade 
Indicators”, “Yearly”, “Quarterly”, “monthly time series” or “Companies”. In “Trade 
Indicators”, more specific market data are obtained. It is also possible to choose the 
way in which the values will be arranged, yearly, quarterly or monthly, and, finally, 
the main companies that commercialize the product. The monthly, quarterly and 
yearly trade flows are available from the most aggregated level to the tariff line 
level. An example is given in the Figure 2, considering the option “Yearly Time 
Series” for the glycerol.

As shown in Figure 2, the search can take into account all countries or a specific 
country. Other criteria can be redefined using the same filters shown in Figure 1, 
such as operations (import, export or exchange balance), time (trade indicators, 
year, quarter, or month), category (country, product or service). Also, it can be 
filtered by market parameters (volume, value and others) and unit (depending on 
the parameter defined by the researcher).

Data such as export values, among others, are generated for each country and 
period, being initially listed in decreasing order of the values from the last year. 
According to Figure 2, crude glycerol is included in SH6 1520.00, which covers 
also water and glycerol lyes. In the example, the output data were obtained for 
the world, specifying the values in dollars of the exporting countries annually. In 
“Map”, the world map shows the expressiveness of each country in different color 
scales, depending on the commercialized values of the product. In “Graph”, the 
output data can be generated in graphs. In “download”, the table of values can be 
exported to a spreadsheet or text files.

2.2 Search in the Comex Stat

The tool Comex Stat is accessed at “General Exports and Imports” through 
the link: http://comexstat.mdic.gov.br/pt/home. Results are shown in Figure 3, 
according to the type of operation (exports or imports), period of time and filters 
of interest. The information may be filtered according to the product code (SH 
or NCM), country or economic region, means of transport used and how the 
results should be displayed. If no input is given related to region, the search is 
carried out all over the world, The option “Net Weight” in Values filter shows the 
US$ FOB (freight on board) value, which is used to indicate when liability and 

Figure 1. 
Search of products in the trade map/ITC.
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ownership of goods is transferred from a seller to a buyer, and also the amount 
commercialized in kilogram.

As an example of using COMEX STAT, information for pure glycerol (NCM: 
29054500) is evaluated. The results, i.e. the data for the Brazilian annual exports are 
shown in Figure 4.

These data may be exported to a graph to evaluate the trends in imports or 
exports for the product over the years. Moreover, dividing the US$ FOB by Net 
Weight, the average annual value for the product is obtained (US$/weight), and it is 
possible to evaluate the trend of valorization or devaluation over the years. The data 
may also be exported to a spreadsheet.

2.3 Search in reports of market consulting companies

Websites of most consulting companies present market reports, from which it 
is possible to get an idea of the future trend analysis for the main producing com-
panies and product participation by region. Typically, these websites can be found 
using the keywords global market share and the name of the desired product.

The market growth forecast is defined based on the Compound Annual Rate of 
Growth (CAGR), which is the average annualized rate of revenue growth between 
two given years, assuming that growth takes place at an exponentially compound 
rate. As the world market is sensitive to constant changes, the forecast of the 
CAGR may vary yearly and according to the evaluation techniques used by a given 

Figure 2. 
Example of results for glycerol and yearly time series option.

Figure 3. 
Search by filters in the Comex Stat tool.
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The tool Comex Stat is accessed at “General Exports and Imports” through 
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Figure 1. 
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ownership of goods is transferred from a seller to a buyer, and also the amount 
commercialized in kilogram.

As an example of using COMEX STAT, information for pure glycerol (NCM: 
29054500) is evaluated. The results, i.e. the data for the Brazilian annual exports are 
shown in Figure 4.

These data may be exported to a graph to evaluate the trends in imports or 
exports for the product over the years. Moreover, dividing the US$ FOB by Net 
Weight, the average annual value for the product is obtained (US$/weight), and it is 
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Growth (CAGR), which is the average annualized rate of revenue growth between 
two given years, assuming that growth takes place at an exponentially compound 
rate. As the world market is sensitive to constant changes, the forecast of the 
CAGR may vary yearly and according to the evaluation techniques used by a given 
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Example of results for glycerol and yearly time series option.
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company. Particularly for 2020, the influence of COVID-19 on the growth of product 
markets has been reported. Due to decreasing in the world growth, the demand for 
fuels decreased momentarily in 2020 and may return more slowly in 2021.

3. Routes for glycerol conversion

The annual production of biodiesel worldwide has increased in the last two 
decades. As a result, a large amount of the surplus crude glycerol has been gener-
ated. Currently, 90% of glycerol is produced from biodiesel [8] through the reaction 
of transesterification, which produces biodiesel and glycerol at mass ratio of 10: 1, 
i.e., for every 10 kg of biodiesel, 1 kg of crude glycerol is produced [11].

The glycerol produced from transesterification contains several impurities, such 
as: water, soaps, fatty acids and their esters, methanol and catalyst, usually sodium 
or potassium hydroxide. The removal of these impurities is necessary for the appli-
cation of glycerol in different kind of industries, such as pharmaceutical, food and 
cosmetics [8]. Glycerol must reach a specific purity depending on its application, 
and also on the specification of the contaminants that must be removed through 
more sophisticated separations [12]. For pharmaceutical industries, glycerol must 
reach USP (United States Pharmacopeia) grade, which contains 99.5% by weight, 
while for applications in the food industry, the FCC (Food Chemical Codex) grade 
is required, with 99.7% by mass [13]. In addition, for application in the production 
of high added-value molecules, the impurities must be removed as they can signifi-
cantly inhibit bacterial growth and fermentation (biotechnological processes) or 
the activity of heterogeneous catalysts (chemical processes) [14].

Glycerol can be converted into chemicals by several different reactions, such as 
oxidation, dehydration, hydrogenation, acetylation, esterification, etherification, 
ammoxidation, among others, as shown in Table 1 [7, 14, 15].

As shown in Table 1, several studies have been carried out to convert glycerol 
into value-added chemicals through catalytic routes. For each reaction, specific 
homogeneous and heterogeneous catalysts were studied as an active phase, which 
is responsible for promoting the conversion of glycerol. Although glycerol is a 
promising alternative to reduce the dependence or even replace conventional 
production of petrochemical products [14], the good selectivity to desired products 
at high conversions is still a technological barrier. This is due to glycerol hydroxyls 
to have similar reactivity, unknown reaction conditions and the lack of efficient 
catalysts [7].

Figure 4. 
Brazilian annual exports for pure glycerol.
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The production of 1,3-propanediol, acrylic acid and acrylonitrile are promising 
products from glycerol. 1,3-propanediol has great economic potential and a recent 
market, which can be expanded using glycerol as raw material, while acrylic acid 
and acrylonitrile come from consolidated petrochemical processes, which can be 
replaced by sustainable glycerol processes. In this context, it is important to evaluate 
the market and economics of these derivatives, in order to define a proposal for a 
potential process of production of these molecules from glycerol.

4. Economic analysis

4.1 Glycerol

Glycerol is found in the ITC under the codes SH6 1520.00 and 2905.45. SH 
1520.00 refers to crude glycerol, water and glycerol lye. These nomenclatures present 
glycerol with different concentrations depending on the producing company or 
country and, therefore, the value of the final sale price is different.

The excess of crude glycerol has promoted a continuous decrease in its market 
value, reaching US $ 170 / t in 2019. This is one of the main factors to enable the 
implementation of a process for the production of high added value product. As 
previously mentioned, the production of 1,3-propanediol, acrylic acid and acrylo-
nitrile are promising products from glycerol. Currently, the industrial production 
of acrylonitrile and acrylic acid use propylene as raw material, which price was 

Conversion of 
glycerol

Chemical derivatives Catalysts and active phases

Oxidation Glycolic acid, hydroxypyruvic acid, tartaric 
acid, oxalic acid, mesoxalic acid, propionic 
acid, acrylic acid, citric acid, succinic acid, 
fumaric acid

Pt/C, Pd/C and Au, Pt-Bi 
catalysts

Dehydration Acrolein, acetaldehyde, hydroxypropanone, 
hydroxypropane, propanaldehyde, adducts, 
acetone, dihydroxyacetone and polyaromatic 
compounds,

SiO2/Al2O3, ZnSO4

H2SO4, H3PO4/ (TiO2 and 
SiO2)
Al, V, Sb and Nb oxides
Zeolites

Hydrogenation/ 
Reduction

1,2-Propanediol, 1,3-propanediol, propanol, 
ethylene glycol, lactic acid, acetol, 
dichloro-2-propanol

Pt, Pd, Rh and Ru
Ni and Cu

Acetylation Acetins (glycerol mono-, di- and triester) ZrO2/SiO2/ME, ZrO2/SiO2/SG, 
HClSO3/ZrO2

S-ZrO2 and H2SO4/ZrO2

Esterification Mono, di and tri glycerates, glycerol carbonate, 
polyesters and branched nylons

NaOH, KOH, NaOCH3, 
KOCH3

H3PW12O40/SiO2/C
Niobic acid /ZrO2

Etherification Glycerol tert-butyl ether, methyl butyl ether, 
1,3-di-tert-butyl glycerol, 1,2-di-tert-butyl 
glycerol and 1,2,3-tri-tert-butyl glycerol,

Ru/S, CuCr2O4 and Cu/Zn
CH-SO3H
La and Mg catalysts

Amoxidation Acrylonitrile Mo, Bi, Sb, V, Sn, W, Zr, Ti, Ni, 
Al, P, G and Nb

Sources: Adapted from [2, 7, 14].

Table 1. 
High added-value chemicals from glycerol.
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reach USP (United States Pharmacopeia) grade, which contains 99.5% by weight, 
while for applications in the food industry, the FCC (Food Chemical Codex) grade 
is required, with 99.7% by mass [13]. In addition, for application in the production 
of high added-value molecules, the impurities must be removed as they can signifi-
cantly inhibit bacterial growth and fermentation (biotechnological processes) or 
the activity of heterogeneous catalysts (chemical processes) [14].

Glycerol can be converted into chemicals by several different reactions, such as 
oxidation, dehydration, hydrogenation, acetylation, esterification, etherification, 
ammoxidation, among others, as shown in Table 1 [7, 14, 15].

As shown in Table 1, several studies have been carried out to convert glycerol 
into value-added chemicals through catalytic routes. For each reaction, specific 
homogeneous and heterogeneous catalysts were studied as an active phase, which 
is responsible for promoting the conversion of glycerol. Although glycerol is a 
promising alternative to reduce the dependence or even replace conventional 
production of petrochemical products [14], the good selectivity to desired products 
at high conversions is still a technological barrier. This is due to glycerol hydroxyls 
to have similar reactivity, unknown reaction conditions and the lack of efficient 
catalysts [7].
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market, which can be expanded using glycerol as raw material, while acrylic acid 
and acrylonitrile come from consolidated petrochemical processes, which can be 
replaced by sustainable glycerol processes. In this context, it is important to evaluate 
the market and economics of these derivatives, in order to define a proposal for a 
potential process of production of these molecules from glycerol.

4. Economic analysis
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Glycerol is found in the ITC under the codes SH6 1520.00 and 2905.45. SH 
1520.00 refers to crude glycerol, water and glycerol lye. These nomenclatures present 
glycerol with different concentrations depending on the producing company or 
country and, therefore, the value of the final sale price is different.

The excess of crude glycerol has promoted a continuous decrease in its market 
value, reaching US $ 170 / t in 2019. This is one of the main factors to enable the 
implementation of a process for the production of high added value product. As 
previously mentioned, the production of 1,3-propanediol, acrylic acid and acrylo-
nitrile are promising products from glycerol. Currently, the industrial production 
of acrylonitrile and acrylic acid use propylene as raw material, which price was 
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approximately US $ 880/t, in 2019 [10]. The price difference between crude glycerol 
and propylene opens up a great opportunity for the production of these derivatives 
from glycerol [16]. 1,3-propanediol is obtained mainly from glucose, by fermenta-
tive processes, and ethylene oxide, by catalytic routes [17], whose prices, on aver-
age, were US$ 460/ton and US$ 1200/ton, respectively, in 2019 [10]. Thus, there 
is a good opportunity for developing an economically competitive and sustainable 
industry, using glycerol as raw material in an integrated biorefinery.

Figure 5 shows the exported values and volumes of crude glycerol considering the 
five largest exporters: Indonesia, Brazil, Spain, Germany and France. The data were 
obtained using SH6 1520.00, which includes crude glycerol, water and glycerol lye.

The amount of crude glycerol (SH6 1520.00) exported worldwide reached 2.2 mil-
lion tons in 2019, representing only US$ 457 million. In Figure 5a, it can be seen that 
Indonesia has the largest export revenue for glycerol, followed by Brazil. Besides these 
countries, The United States are also a large producer. Germany, Spain and France are 
also major producers in Europe. Spain has increased its exports considerably, surpass-
ing France and Germany. Due to the great availability of glycerol, there was a consid-
erable drop in prices, represented by the exported values, as shown in Figure 5b.

These countries have programs for addition of biodiesel in the conventional 
diesel due to their strategies for environmental improvement, mainly Indonesia and 
Brazil. Indonesia represents 26.7% of the world exported value and has the world’s 
daring program for replacing fossil fuel, producing 30% biodiesel in 2020, and an 
increasing of 40% is expected in the coming years. Brazil will increase domestic 
consumption by 50% by increasing the percentage of biodiesel in the diesel from 
10–15% between 2019 and 2023 [18].

Another SH6 present in the ITC is related to purified glycerol (SH6 290,545), 
which covers all glycerol that is subjected to different degrees of purification, 
from the simplest to more complex purification treatment, such as double distilled 
glycerol. In 2019, purified glycerol was traded at an average of $ 895/ton.

The global market for purified glycerol was $ 2.6 billion in 2019. Asia-Pacific 
represented the largest market, with approximately 35% of the total, followed 
by Europe, with 29%, and North America, with about 21%. The growth in these 
regions can be attributed to the growing adoption of healthy eating styles and the 
expansion of end-use industries. Glycerol sales are forecast to reach US$ 3.5 billion 
by 2027, expanding at a 4.0% CAGR. However, due to COVID-19, a severe impact 
on the glycerol supply chain is expected since the production of biodiesel has been 
reduced, which may result in the closure of several manufacturing companies. 

Figure 5. 
Exported values and volumes of crude glycerol: (a) Exported values of crude glicerol (million US$/year);  
(b) Exported volumes of crude glycerol (thousand ton/year).
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Europe will be the most affected region, especially in countries such as Italy and 
United Kingdom, adversely affecting the market growth in the region [19].

Purified glycerol has been largely commercialized worldwide, reaching US $ 1.2 
billion in 2019. The main exporters of purified glycerol are shown in Figure 6.

Malaysia, since 2012, is the country with the highest exported value and volume 
(Figure 6a). Wilmar International, a large producer of biodiesel, has glycerin 
purification plants in Malaysia and Indonesia. However, Germany has been standing 
out in the export of purified glycerol, being the second largest exporter in values in 
2019, exporting US $ 236 million, surpassing Indonesia, with US $ 232 million.

Indonesia surpassed Germany in 2018, but in the following year, it saw a drastic 
reduction in its numbers, exporting smaller values, in US$/year. In 2018, there was 
the highest peak in the export of purified glycerol, reaching a total 1.8 million tons, 
with a market value of US $ 1.6 billion. However, it is possible to observe a fall in 
the values and volumes exported by all countries in 2019, demonstrating the same 
behavior of crude glycerol (Figure 6).

Brazil has reduced considerably the imports of purified glycerol, with a 61% 
drop in the imported volume from 2014 to 2019. This is due to the implementation 
of new crude glycerol refining plants from 2014, which generated higher quanti-
ties of purified glycerol for internal consumption. Besides being a producer, the 
country has become one of the major exporters of purified glycerol, tripling the 
exported volume from 2014 to 2019, reaching US$ 56 million and 126 thousand 
tons. Comparing the average import and export prices, the country imports a higher 
cost glycerol, US$ 1275/ton, while exporting about US$ 440/ton. This difference can 
be justified by the different levels of quality and purity of the product, in addition 
to the continuous increase of its offer in the world [20].

4.2 1,3-Propanediol

1,3-propanediol (1,3-PDO) is produced from two main routes: biotechnology, 
developed by DuPont Tate & Lyle, through genetically modified microorganisms that 
convert glucose into 1,3-PDO; and catalytic, through the hydroformylation of ethylene 
oxide over cobalt catalysts at high hydrogen pressures. Another way to obtain this 
compound is from glycerol, however, still without an industrial plant in operation [21].

1,3-PDO is used for the production of polyesters and polyurethanes, being 
polytrimethylene terephthalate (PTT) the most used, representing 30% of the 
market. These polymers are widely used in the industry for the production of 
textile fibers and foam for mattresses, car seats and thermal insulation [22]. 

Figure 6. 
Exported values and volumes of purified glycerol (SH6: 290545): (a) Exported values of purified glicerol 
(million US$/year); (b) Exported volumes of purified glycerol (thousand ton/year).
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daring program for replacing fossil fuel, producing 30% biodiesel in 2020, and an 
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consumption by 50% by increasing the percentage of biodiesel in the diesel from 
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by Europe, with 29%, and North America, with about 21%. The growth in these 
regions can be attributed to the growing adoption of healthy eating styles and the 
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by 2027, expanding at a 4.0% CAGR. However, due to COVID-19, a severe impact 
on the glycerol supply chain is expected since the production of biodiesel has been 
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(Figure 6a). Wilmar International, a large producer of biodiesel, has glycerin 
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out in the export of purified glycerol, being the second largest exporter in values in 
2019, exporting US $ 236 million, surpassing Indonesia, with US $ 232 million.

Indonesia surpassed Germany in 2018, but in the following year, it saw a drastic 
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the highest peak in the export of purified glycerol, reaching a total 1.8 million tons, 
with a market value of US $ 1.6 billion. However, it is possible to observe a fall in 
the values and volumes exported by all countries in 2019, demonstrating the same 
behavior of crude glycerol (Figure 6).

Brazil has reduced considerably the imports of purified glycerol, with a 61% 
drop in the imported volume from 2014 to 2019. This is due to the implementation 
of new crude glycerol refining plants from 2014, which generated higher quanti-
ties of purified glycerol for internal consumption. Besides being a producer, the 
country has become one of the major exporters of purified glycerol, tripling the 
exported volume from 2014 to 2019, reaching US$ 56 million and 126 thousand 
tons. Comparing the average import and export prices, the country imports a higher 
cost glycerol, US$ 1275/ton, while exporting about US$ 440/ton. This difference can 
be justified by the different levels of quality and purity of the product, in addition 
to the continuous increase of its offer in the world [20].

4.2 1,3-Propanediol

1,3-propanediol (1,3-PDO) is produced from two main routes: biotechnology, 
developed by DuPont Tate & Lyle, through genetically modified microorganisms that 
convert glucose into 1,3-PDO; and catalytic, through the hydroformylation of ethylene 
oxide over cobalt catalysts at high hydrogen pressures. Another way to obtain this 
compound is from glycerol, however, still without an industrial plant in operation [21].

1,3-PDO is used for the production of polyesters and polyurethanes, being 
polytrimethylene terephthalate (PTT) the most used, representing 30% of the 
market. These polymers are widely used in the industry for the production of 
textile fibers and foam for mattresses, car seats and thermal insulation [22]. 
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Exported values and volumes of purified glycerol (SH6: 290545): (a) Exported values of purified glicerol 
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Comparing to polyethylene terephthalate (PET) and butylene terephthalate 
(PBT), PTT has a high strength, softness and elasticity as differential, and can be 
used in several segments of clothing, carpets, thermoplastics and monofilaments. 
1,3-PDO also has applications in other sectors, such as production of solvents, 
adhesives, laminates, resins, cosmetics and personal hygiene and cleaning 
 products [17].

North America is the most prominent region concerning the global market of 
1,3-PDO, leading the market and having large growth perspective for the coming 
years. This is due to the high consumption of PTT and the high demand for polyure-
thane. The 1,3-PDO market in the year 2020 has been valued at US $ 401.7 million 
with an estimated growth of US$ 292.4 million from 2019 to 2024, presenting a 
CAGR of 11.4%, already considering the impact caused by the COVID-19. North 
America is responsible for 74% of this growth [23, 24].

1,3-PDO is not an isolated product in the ITC database, being grouped in 
SH6 2905.39, which contains the group of the heaviest diols, such as butanediols, 
hexanediols, but does not consider ethylene glycol and 1,2-propanediol, which are 
found in SH6 2905.31 and 2905.32, respectively. Thus, the analysis of the 1,3-PDO 
was performed considering also these compounds.

Since 2013, Germany leads exports of diols, exporting US$ 387 million, which 
represented 165 thousand tons in 2019, with Merck KGgA and BASF being the 
main producing companies in the country, mainly of heavier diols. The main world 
producer of 1,3-PDO is the United States, where DuPont Tate & Lyle is located, 
which represents the majority of exports of this product in the country. According 
to the Figure 7, the United States was the second most expressive country in 
the diol market, having exported US $ 355 million and 176 thousand tons in the 
same year.

China has been highlighted in the export of diols found in SH 2905.39 since 
2013, more than doubling its exports. Until 2019, it handled 96 thousand tons, 
representing US$ 161 million. However, the country also stands out as the largest 
importer since 2013, having imported US$ 339 million and 220 thousand tons in the 
last year, as shown in Figure 8.

The great representativeness of China in the global scenario is explained by the 
high demand for diols and their derivatives, including 1,3-PDO, for which it has 
factories in the country, with emphasis on Zhangjiagang Glory Biomaterial Co., Ltd. 
and Haihang Industry Company Ltd.

Brazil has no expressiveness in the 1,3-PDO market, which is an isolated product, 
with NCM 2905.39.20.

Figure 7. 
Main exporters of SH6 2905.39 related products.
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4.3 Acrylonitrile

Acrylonitrile is produced on a commercial scale through ammoxidation of 
propylene by catalytic routes, using bismuth-molybdenum oxides as catalysts [25]. 
Acrylonitrile is used in the manufacture of thermoplastics and textile fibers. Its 
main applications include ABS thermoplastic resin, acrylic fibers, carbon fibers, 
nitrile rubber, among others [26]. In 2019, acrylic fibers were responsible for most 
of the use of acrylonitrile, followed by ABS, a thermoplastic resin used in the 
construction, automotive and consumer goods industries.

Before COVID-19, growth forecasts for the acrylonitrile market were more 
promising, showing a 4.3% growth in CAGR for the coming years compared to the 
US$ 11.8 billion market in 2019 [27]. However, information released in [28] shows a 
lesser prospect of growth after the outbreak of the pandemic, forecasting a market 
of US$ 10.9 billion in 2020 and forecast to reach US$ 12.4 billion in 2024, with 2.2% 
CAGR. The growing demand for acrylic fibers and ABS and composites, such as 
carbon fiber, are the drivers of the growth of this market.

Figure 9 shows the largest exporters of acrylonitrile in the world. Acrylonitrile is 
isolated in SH6 2926.10. According to the data available at the ITC, 1.6 million tons 
of acrylonitrile was exported worldwide in 2019, with an average export value of US 
$ 1.486/ton, representing a trade of US $ 2.4 billion.

The United States is the largest exporter of acrylonitrile since 2013, with US$ 533 
million in 2019. In 2018, the country exported more than 504 thousand tons of the 
product, representing 31% of global exports.

In 2019, INEOS Nitriles, one of the main producing companies, announced the 
closure of the plant located in Teesside,  United Kingdom, with capacity of 300 
thousand tons [29]. With the decline in trade in 2020 due to the pandemic, the 
withdrawal from the market of this expressive quantity may contribute to a smaller 
drop in the value in US $ /weight of acrylonitrile in 2020 and 2021.

China, since 2013, is the largest importer of acrylonitrile, with US$ 484 million 
in 2019 (Figure 10). According to the ITC, the average import price for acrylonitrile 
this year was US$ 1622/ton. Between 2014 and 2018, there was a drastic decrease in 
Chinese imports, from 152 thousand to 59 thousand tons.

In Comex Stat, acrylonitrile is an isolated product with NCM 2926.10.00 [20]. 
Brazil is an exporter of acrylonitrile, ranking eighth worldwide in 2019 [10]. In 
2018, Brazil exported 83 thousand tons of acrylonitrile, representing about US$ 150 
million. Brazil’s representativeness in this market is due to the presence of Unigel, 

Figure 8. 
Main importers of diol alcohols, except ethylene glycol and 1,2-propanediol (SH6 2905.39).
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which allocates a large part of its production for export. Unigel is the only producer 
in the southern hemisphere of the product with a nominal capacity of 100 thousand 
tons/year [30].

4.4 Acrylic acid

Acrylic acid is produced by the oxidation of propene in gas phase, over bismuth 
and molybdenum catalysts [16]. However, there is a potential to obtain acrylic acid 
from glycerol, being a more sustainable alternative to the use of petrochemical 
compounds [31].

Acrylic acid is applied in the production of polymers, latex, paints, leather 
finishing and paper coatings, in the textile sectors, in the production of surfactants, 
among others [32]. Superabsorbent polymers are the most represented segment 
in the market, being used in diaper production, water treatment and crude oil 
extraction.

The acrylic acid market may reach US$ 21 billion in 2027 [33]. In 2019, the volume 
handled in the acrylic acid market was 6.3 million tons and is expected to reach 8.3 
million tons in 2025 [34]. The acrylic acid market mainly covers the Asia-Pacific 
region, with India and China accounting for 70% of product demand. The market 
has been driven by the growth of construction sectors, superabsorbent polymers and 
automobile industries, mainly in China, India and Brazil.

In the ITC portal, acrylic acid and its salts are included in SH6 2916.11. In 
2019, world trade reached 774 thousand tons at an average price of US$ 1100/ton. 

Figure 9. 
The largest exporters of acrylonitrile.

Figure 10. 
Main importers of acrylonitrile.
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Saudi Arabia has become a major producer and has become the largest exporter 
of the product since 2015, surpassing China and Germany, selling 195 thousand 
tons in 2019, which represented US$ 217 million (Figure 11). This is due to the 
implementation of the new petrochemical complex in the country, which pro-
duces large amounts of acrylic acid [35]. Petroleum & Chemical Corporation and 
BASF SE, located in China and Germany, respectively, are responsible for a large 
part of the production of acrylic acid in the world and are highly representative of 
the market.

Taiwan was the largest importer in 2019, a position occupied in previous years by 
the United States and Belgium. The country imported 77 thousand tons, moving a 
value of US$ 71 million (Figure 12). China is also a major importer of acrylic acid, 
occupying the fourth position in the world ranking in 2019, with a large domestic 
demand for its derivatives. Some of these countries may not be producers, only 
selling acrylic acid.

Belgium has been the lead in imports of acrylic acid since 2013, losing its posi-
tion to Taiwan, United States and China in 2019, since it has opened new plants 
producing acrylic acid and superabsorbent polymers [36].

In Brazil, acrylic acid is found in NCM 2916.11.10. Since 2014, there has been a 
significant decrease in external dependence on acrylic acid, with a reduction of 80% 
in the imported values, reaching 11 thousand tons and US$ 1293/ton in 2019.

Figure 11. 
Main exporters of acrylic acid and its salts.

Figure 12. 
Main importers of acrylic acid and its salts.
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The decrease in the imported volume was due to the entry of Brazil into the 
acrylic acid market since 2014. This scenario was influenced by the investments 
made by BASF and Braskem, which, in 2014, carried out a large acrylic acid pro-
duction project, adding domestic market and positively influencing Brazil’s trade 
balance. In this sense, there was a considerable increase in the exported value and 
volume of acrylic acid in the country. In 2014, there were no records of exports 
of this product in the country, starting in 2015, when it reached the quantity of 7 
thousand tons. In 2019, Brazil exported 18 thousands tons with an export value of 
US$ 26 million at an average price of US$ 1466/ton.

5. Conclusions

The growing worldwide use of biodiesel, an alternative renewable fuel, has 
generated large amounts of crude glycerol, a byproduct in its production, which 
presents large opportunities for application, after purification. Purified glycerol is a 
high-value and commercial chemical that may be used in a large number of applica-
tions, including its conversion into value-added products. Among them, 1,3-PDO, 
acrylonitrile and acrylic acid are promising products.

Commercial information about these products can be obtained from open web-
sites of social associations, producing companies and market consulting companies 
free of charge. The careful analysis of these information shows there is high added-
value when producing 1,3-PDO, acrylonitrile and acrylic acid from glycerol due to the 
difference between the prices of the products generated and the raw material.

This work shows that there is great potential for economic feasibility for the 
development of processes, in an integrated biorefinery, for the industrial produc-
tion of chemicals from glycerol.

In addition, the effective use of glycerol as raw material for the production of 
chemicals, conventionally obtained from fossil raw material, may contribute to the 
reduction of using non-renewable natural resources and to the development of a 
greener chemistry.
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Chapter 12

Collagen: From Waste to Gold
Safiya Noorzai and Casparus J.R. Verbeek

Abstract

Industrial processing of bovine hides into leather results in many unusable hide
off-cuttings, shavings and trimmings. This waste raw material is under-utilised and
presents a waste valorisation opportunity to derive a high-value product such as
collagen. Collagen is a highly sought-after protein which consists of three polypep-
tide chains, comprising 30% of the mammalian body’s protein, being the main
component of skin, connective tissue and cartilage. The demand for collagen is
rising at approximately 20% annually and global collagen-based biomaterials mar-
ket is predicted to reach US$5 billion by 2025. This chapter presents a waste
valorisation opportunity to extract collagen from waste bovine hide off-cuttings.
Further, it discusses collagen extraction method optimization and methods used to
investigate physicochemical properties of collagen are reviewed.

Keywords: collagen extraction, bovine collagen, bovine hide, acid-enzyme,
solubilisation, extraction, waste valorisation

1. Introduction

Increased environmental awareness has led researchers to find alternative
solutions to replace petroleum-based materials in a sustainable manner. With an
increase in world’s population, one of the most concerning problems the planet is
currently experiencing is the cumulative waste from various industries. The world’s
population produce an astounding 3.6 million tonnes of municipal solid waste each
day. It is projected to rise to 6.1 million tonnes per day by the year 2025. It is
adversely affecting health, contaminating our air, landscape, fresh water and ocean
life. Waste valorisation is one method of managing waste in a sustainable manner
and in return deriving a high-value product. The meat industry constitutes many
by-products, which are under-exploited, from which a large number of valuable
proteins, fats and chemicals can be derived from. Specifically related to the meat
industry are tanneries and rendering plants, which process bovine and cattle hides
for leather and fat production.

Hide off-cuttings, shavings and finished leather scrap are generated as waste in
tanneries. These are currently disposed of in landfill sites and they have high
landfilling costs per mass unit due to their low density and present low compaction
ability. At best, the hide off-cuttings and shavings are converted to animal feed
providing little or no economical or sustainable value, despite their content in
valuable biopolymers. Bovine hides are rich in the valuable protein collagen, espe-
cially in the corium layer of the skin.

Considering the high cost of collagen and the vast number of applications and
industries it can be of value, a more sustainable and a waste valorisation option
would be to recover as much collagen as possible from hide off-cuttings.
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Abstract

Industrial processing of bovine hides into leather results in many unusable hide
off-cuttings, shavings and trimmings. This waste raw material is under-utilised and
presents a waste valorisation opportunity to derive a high-value product such as
collagen. Collagen is a highly sought-after protein which consists of three polypep-
tide chains, comprising 30% of the mammalian body’s protein, being the main
component of skin, connective tissue and cartilage. The demand for collagen is
rising at approximately 20% annually and global collagen-based biomaterials mar-
ket is predicted to reach US$5 billion by 2025. This chapter presents a waste
valorisation opportunity to extract collagen from waste bovine hide off-cuttings.
Further, it discusses collagen extraction method optimization and methods used to
investigate physicochemical properties of collagen are reviewed.
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1. Introduction

Increased environmental awareness has led researchers to find alternative
solutions to replace petroleum-based materials in a sustainable manner. With an
increase in world’s population, one of the most concerning problems the planet is
currently experiencing is the cumulative waste from various industries. The world’s
population produce an astounding 3.6 million tonnes of municipal solid waste each
day. It is projected to rise to 6.1 million tonnes per day by the year 2025. It is
adversely affecting health, contaminating our air, landscape, fresh water and ocean
life. Waste valorisation is one method of managing waste in a sustainable manner
and in return deriving a high-value product. The meat industry constitutes many
by-products, which are under-exploited, from which a large number of valuable
proteins, fats and chemicals can be derived from. Specifically related to the meat
industry are tanneries and rendering plants, which process bovine and cattle hides
for leather and fat production.

Hide off-cuttings, shavings and finished leather scrap are generated as waste in
tanneries. These are currently disposed of in landfill sites and they have high
landfilling costs per mass unit due to their low density and present low compaction
ability. At best, the hide off-cuttings and shavings are converted to animal feed
providing little or no economical or sustainable value, despite their content in
valuable biopolymers. Bovine hides are rich in the valuable protein collagen, espe-
cially in the corium layer of the skin.

Considering the high cost of collagen and the vast number of applications and
industries it can be of value, a more sustainable and a waste valorisation option
would be to recover as much collagen as possible from hide off-cuttings.

203



Collagen is a structural protein, which provides strength, stability, and flexibility
and is a major constituent of the skin tissue. Hence, bovine hides contain an abun-
dance of collagen. The collagen molecule is a triple-helix comprised of three distinct
alpha chains of repeating units of (GLY-X-Y)N amino acids, where X is often
proline and Y is often hydroxyproline [1, 2].

Collagen is a highly sought-after protein, finding use in regenerative medicine, in
cosmetics, used as casings, in supplements, films, pharmaceuticals, as a precursor to
biodegradable materials, for use in tissue engineering and more recently in 3D print-
ing [3–8]. The demand for collagen is rising at approximately 20% annually and
global collagen-based biomaterials market is predicted to reach US$5 billion by 2025.
Specifically extracting bovine collagen has many advantages over other potential
sources, such as having a higher denaturation temperature in comparison to collagen
from marine sources, extracting fish and porcine collagen present limitations; appli-
cations of fish collagen are limited because of its lower hydroxyproline content [9]
and porcine products are prohibited by Muslim and Jewish communities [10].

This chapter aims to represent a background on waste generation in tanneries, to
use the tannery waste bovine hide off-cuttings for extraction of high value collagen.
Further, collagen extraction methodologies are discussed in detail and finally
methods used to investigate physicochemical properties of collagen are reviewed.

2. Tannery processing: waste production

In recent years waste valorisation has attracted a significant amount of attention
with the sole aim of managing waste in the most sustainable way. Waste from
various industries is one of the most concerning problems the planet is currently
experiencing and will increase with the increase in population and needs to be
addressed. The meat industry constitutes many by-products that are under-
exploited, from which a large number of valuable proteins, fats and chemicals can
be derived from.

Tanneries and rendering plants process bovine and cattle hide for leather and fat
production. Casualty and cattle used for meat consumption result in a large quantity of
waste and one of the most valuable by-products is the bovine and cattle skins or hides.

Industrial rendering separates animal by-products into value-added products
such as animal protein meal and rendered animal fat and tanneries aim to process
hides into leather, however, a substantial amount of waste is still produced from
these processes that can be used to derive high-value products. Collagen is such a
product that can be extracted from hide off-cuttings that is additional waste gener-
ated during leather preparation steps. Considering the high cost of collagen and its
vast number of applications, extraction of such high-value product from bovine
hide off-cutting is both sustainable and economical.

2.1 Impact of tannery waste on the environment

As much as this sector is considered to play a vital role because it recycles and
reuses the by-products of the meat industry, the processes carried out in the differ-
ent stages have a serious environmental impact. Environmental concerns that result
from tanneries are due to resource consumption such as water, chemicals, energy
and the generation of emissions such as volatile organic compounds, wastewater
and solid waste. Moreover, hide off-cuttings, trimmings, hair and fleshings are
removed from the hides during the tanning process. Only about 25% by weight of
raw salted hides results in the finished leather [11]. Furthermore, other solid wastes
are also produced from wastewater and sludge treatment.
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Figure 1 shows the stages carried out in a tannery and post tanning in order to
convert hides into leather. These steps result in the release of corrosive gasses into
the atmosphere and in large quantities contaminated wastewater. Though leather is
used for many applications, from furniture to bags and shoes and is economical in
many industries, some bovine hides such as bull-hides are often too thick to process
and requires additional processing steps for thinning of hides.

During the conversion of bovine hides into leather (Figure 2) a vast number of
chemicals are released into the environment and waste products are generated at
each stage. Table 1 is showing chemicals used and wasted generated at each stage of
leather production.

2.2 Use of bovine hides for collagen production

As bovine hides are being converted to leather, additional waste is generated
during the preparation steps. Collagen-rich hide off-cuttings, trimmings and
defected parts end up in landfill or at best as animal protein feed which is of low
value considering the processing costs.

Bovine hide off-cuttings, trimmings and potentially bull-hides that are too thick
to process for leather production and calf-hides that have defects can be used for
collagen extraction. Collagen is the most abundant protein found in the mammalian
body, making up approximately 30% of the total body protein. This structural
protein which provides strength, stability and flexibility is a major constituent of
skin tissue [14] and hence bovine hides are rich in collagen, especially in the corium
section of the hide [15].

Hide off-cuttings can come from various bovine sources, such as bull, cow, ox,
calf and even bovine face-piece hides. Additional to bovine hide off-cuttings, bull-
hides that are too thick to process and require additional thinning processes can also
be used for collagen extraction. This reduces extra processing costs and can directly
be used for collagen extraction.

Bovine hide off-cuttings can be processed for collagen extraction. This collagen
can be used by various industries for many applications from biodegradable films,
pharmaceuticals to cosmetics. Several methods and techniques can be applied to
extract collagen from bovine hide off-cuttings and the most efficient, economical
and environmentally favourable methods can be worked with in order to reduce
chemical and solid waste. Further, the market value of collagen is a lot more than
leather, ranging from $37 per gram to as high as $1000 per gram for native lab-
grade collagen [16].

3. Collagen

Collagen is the most abundant structural protein found in the vertebrate body.
Collagen is a rigid, inextensible, fibrous protein that is the principal component of
connective tissue in animals, including tendons, cartilage, bones, teeth, skin and
blood vessels. As a structural protein it is mainly used to give strength to structures
in the body, however, it has different functions depending on the location of the
body [17]. One-third of the total protein content in the mammalian body is collagen
and accounts for three-quarters of the dry weight of the skin.

3.1 Collagen structure

The triple-helix of collagen consists of three distinct alpha chains coiled around
each other and this is termed as tropocollagen. The tropocollagen units are arranged
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This chapter aims to represent a background on waste generation in tanneries, to
use the tannery waste bovine hide off-cuttings for extraction of high value collagen.
Further, collagen extraction methodologies are discussed in detail and finally
methods used to investigate physicochemical properties of collagen are reviewed.

2. Tannery processing: waste production

In recent years waste valorisation has attracted a significant amount of attention
with the sole aim of managing waste in the most sustainable way. Waste from
various industries is one of the most concerning problems the planet is currently
experiencing and will increase with the increase in population and needs to be
addressed. The meat industry constitutes many by-products that are under-
exploited, from which a large number of valuable proteins, fats and chemicals can
be derived from.

Tanneries and rendering plants process bovine and cattle hide for leather and fat
production. Casualty and cattle used for meat consumption result in a large quantity of
waste and one of the most valuable by-products is the bovine and cattle skins or hides.

Industrial rendering separates animal by-products into value-added products
such as animal protein meal and rendered animal fat and tanneries aim to process
hides into leather, however, a substantial amount of waste is still produced from
these processes that can be used to derive high-value products. Collagen is such a
product that can be extracted from hide off-cuttings that is additional waste gener-
ated during leather preparation steps. Considering the high cost of collagen and its
vast number of applications, extraction of such high-value product from bovine
hide off-cutting is both sustainable and economical.

2.1 Impact of tannery waste on the environment

As much as this sector is considered to play a vital role because it recycles and
reuses the by-products of the meat industry, the processes carried out in the differ-
ent stages have a serious environmental impact. Environmental concerns that result
from tanneries are due to resource consumption such as water, chemicals, energy
and the generation of emissions such as volatile organic compounds, wastewater
and solid waste. Moreover, hide off-cuttings, trimmings, hair and fleshings are
removed from the hides during the tanning process. Only about 25% by weight of
raw salted hides results in the finished leather [11]. Furthermore, other solid wastes
are also produced from wastewater and sludge treatment.
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Figure 1 shows the stages carried out in a tannery and post tanning in order to
convert hides into leather. These steps result in the release of corrosive gasses into
the atmosphere and in large quantities contaminated wastewater. Though leather is
used for many applications, from furniture to bags and shoes and is economical in
many industries, some bovine hides such as bull-hides are often too thick to process
and requires additional processing steps for thinning of hides.

During the conversion of bovine hides into leather (Figure 2) a vast number of
chemicals are released into the environment and waste products are generated at
each stage. Table 1 is showing chemicals used and wasted generated at each stage of
leather production.

2.2 Use of bovine hides for collagen production

As bovine hides are being converted to leather, additional waste is generated
during the preparation steps. Collagen-rich hide off-cuttings, trimmings and
defected parts end up in landfill or at best as animal protein feed which is of low
value considering the processing costs.

Bovine hide off-cuttings, trimmings and potentially bull-hides that are too thick
to process for leather production and calf-hides that have defects can be used for
collagen extraction. Collagen is the most abundant protein found in the mammalian
body, making up approximately 30% of the total body protein. This structural
protein which provides strength, stability and flexibility is a major constituent of
skin tissue [14] and hence bovine hides are rich in collagen, especially in the corium
section of the hide [15].

Hide off-cuttings can come from various bovine sources, such as bull, cow, ox,
calf and even bovine face-piece hides. Additional to bovine hide off-cuttings, bull-
hides that are too thick to process and require additional thinning processes can also
be used for collagen extraction. This reduces extra processing costs and can directly
be used for collagen extraction.

Bovine hide off-cuttings can be processed for collagen extraction. This collagen
can be used by various industries for many applications from biodegradable films,
pharmaceuticals to cosmetics. Several methods and techniques can be applied to
extract collagen from bovine hide off-cuttings and the most efficient, economical
and environmentally favourable methods can be worked with in order to reduce
chemical and solid waste. Further, the market value of collagen is a lot more than
leather, ranging from $37 per gram to as high as $1000 per gram for native lab-
grade collagen [16].

3. Collagen

Collagen is the most abundant structural protein found in the vertebrate body.
Collagen is a rigid, inextensible, fibrous protein that is the principal component of
connective tissue in animals, including tendons, cartilage, bones, teeth, skin and
blood vessels. As a structural protein it is mainly used to give strength to structures
in the body, however, it has different functions depending on the location of the
body [17]. One-third of the total protein content in the mammalian body is collagen
and accounts for three-quarters of the dry weight of the skin.

3.1 Collagen structure

The triple-helix of collagen consists of three distinct alpha chains coiled around
each other and this is termed as tropocollagen. The tropocollagen units are arranged
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as fibres or sheets. A tropocollagen unit is about 285 kDa, 3000 Å in length and 15 Å
in diameter. The triple helix is composed of repeating units of (Gly-X-Y)N amino
acids, where X and Y are any amino acids, however, often X is proline and Y is
hydroxyproline. The individual polypeptide chains of collagen each contain

Figure 1.
Process flow of waste valorisation from tanneries to collagen extraction and possible collagen-based applications.
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approximately 1000 amino acid residues. The accurate folding of these chains
requires a glycine residue to be present in every third position of the polypeptide
chain [1]. One-third of the amino acids in collagen in glycine and it always occupies
the first position of the triplet. This is due to glycine being a small and an uncharged
amino acid near the axis of the collagen triple helix. Glycine is a very crucial part of
collagen molecule inherent characteristic as substitution of a single glycine for
another amino acid disrupts the triple helix and results in skeletal deformities such
as ontogenesis imperfect.

Imine acids make up approximately 25% of the residues in the collagen triple-
helix. Imine acids – proline and hydroxyproline are typically found around the
outside of the trip helix and the pentagon structure of these two amino acids
includes the amine nitrogen and the α-carbon of the backbone chain. These limit the
possible rotation in the amino acid (Figure 1) and hence forcing each collagen chain
to form a left-handed helix. The high content of these imine acids makes the α-helix
and β-sheet arrangements (generally found in proteins) unstable. Collagen triple-
helix is held together by hydrogen bonding between chains. The NH group in

Figure 2.
Process flow of transformation of hides into leather [12].

Tanning step Chemicals Wastes generated

Preservation

Salt Contaminated salt, raw hide trimmings

Soaking

Water, surfactants, and enzymes Salted and contaminated wastewater

De-hairing

Water, sodium sulphide, and enzymes Hair, alkaline water

Fleshing

Water, mechanical processes Flashings, alkaline water

Splitting

Skin/hide Limed hide

De-liming

Water, ammonium sulphate and weak acids Acidic wastewater

Table 1.
Chemicals used at each stage of hide to leather conversion and wastes generated [13].

207

Collagen: From Waste to Gold
DOI: http://dx.doi.org/10.5772/intechopen.94266



as fibres or sheets. A tropocollagen unit is about 285 kDa, 3000 Å in length and 15 Å
in diameter. The triple helix is composed of repeating units of (Gly-X-Y)N amino
acids, where X and Y are any amino acids, however, often X is proline and Y is
hydroxyproline. The individual polypeptide chains of collagen each contain

Figure 1.
Process flow of waste valorisation from tanneries to collagen extraction and possible collagen-based applications.

206

Biotechnological Applications of Biomass

approximately 1000 amino acid residues. The accurate folding of these chains
requires a glycine residue to be present in every third position of the polypeptide
chain [1]. One-third of the amino acids in collagen in glycine and it always occupies
the first position of the triplet. This is due to glycine being a small and an uncharged
amino acid near the axis of the collagen triple helix. Glycine is a very crucial part of
collagen molecule inherent characteristic as substitution of a single glycine for
another amino acid disrupts the triple helix and results in skeletal deformities such
as ontogenesis imperfect.

Imine acids make up approximately 25% of the residues in the collagen triple-
helix. Imine acids – proline and hydroxyproline are typically found around the
outside of the trip helix and the pentagon structure of these two amino acids
includes the amine nitrogen and the α-carbon of the backbone chain. These limit the
possible rotation in the amino acid (Figure 1) and hence forcing each collagen chain
to form a left-handed helix. The high content of these imine acids makes the α-helix
and β-sheet arrangements (generally found in proteins) unstable. Collagen triple-
helix is held together by hydrogen bonding between chains. The NH group in

Figure 2.
Process flow of transformation of hides into leather [12].

Tanning step Chemicals Wastes generated

Preservation

Salt Contaminated salt, raw hide trimmings

Soaking

Water, surfactants, and enzymes Salted and contaminated wastewater

De-hairing

Water, sodium sulphide, and enzymes Hair, alkaline water

Fleshing

Water, mechanical processes Flashings, alkaline water

Splitting

Skin/hide Limed hide

De-liming

Water, ammonium sulphate and weak acids Acidic wastewater

Table 1.
Chemicals used at each stage of hide to leather conversion and wastes generated [13].

207

Collagen: From Waste to Gold
DOI: http://dx.doi.org/10.5772/intechopen.94266



glycine in polypeptide chains forms H-bonds with adjacent peptide CO groups of
the other chains.

After the formation of the collagen polypeptide chain, proline in the third
position of the triplet in the amino acid sequence is hydroxylated by the enzyme
propyl hydroxylase. The hydroxyl groups of the hydroxyproline and water mole-
cules form hydrogen bonds that stabilise the triple-helix. Inhibition of hydroxyl-
ation causes diseases such as scurvy (caused by a lack of vitamin C in the diet)
which is the inability of the triple-helix to form at body temperature (37°C) [18]. A
decrease in imine acids (proline and hydroxyproline) content lowers the thermal
stability of collagen as collagen loses its helical structure and shrinkage or denatur-
ation occurs [18]. Avian and mammalian collagen have very similar amounts of
hydroxyproline at 13.5% of the total amino acids. In comparison, aquatic animals
have a lower level of hydroxyproline at approximately 10.3% [19].

The alpha-triple helix of collagen is shaped into a right-handed helix. The alpha
chains each are shaped into a left-handed symmetry (the opposite direction), and
then three of these alpha coiled strands get together to form a right-handed triple
helix so when under strain, the chains twist into each other, giving strength and
preventing unravelling. Each alpha helix is approximately 1.4 nanometres in diam-
eter and 300 nanometres in length (approx. 1000 amino acids). The collagen mol-
ecule can be composed of either three identical alpha chains (homotrimers), or two
or three different alpha chains (heterotrimers), however, the chain configuration
depends on the collagen type being synthesised [2]. The hierarchical structure of
collagen is zoomed-in starting from the alpha chains coiling together to form the
triple helix is shown in Figure 3.

Cross-links that are covalent bonds occur between the ends tropocollagen before
the formation of the collagen fibre. The triple helix and the cross-linking give rise to
a collagen material that is very rigid, inextensible and stable. Since collagen on the
primary level is composed of repeating units of Gly-X-Y amino acids, it is therefore
rich in carboxylic acid groups, hydroxyl groups, amide and amine groups. The triple
helix structure is stabilised by inter-chain hydrogen bonding and triple helix (tro-
pocollagen) molecules parallel to each other are covalently cross-linked with each
other through their aldehyde and amino groups, forming collagen fibrils. There are

Figure 3.
Collagen structure being broken down to fibre, fibril, triple helix and an alpha chain respectively [20] (used
with permission).
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multiple types of hydrogen bonding patterns found in the triple-helix. These
include, i) direct hydrogen bonding among the peptides (i.e. the NH group in
glycine in each polypeptide chain forms H-bonds with adjacent peptide CO groups
of the other chains), ii) water-mediated hydrogen bonding linking carbonyl
groups, and iii) water-mediated hydrogen bonding, which links hydroxyproline
OH groups and carbonyl groups. Collagen self-organisation forms bundles or a
meshwork that determines the tensile strength and the elasticity and geometry of
the tissue.

The various collagen types are distinguished by the ability of their helical and
non-helical regions to associate into fibrils and to form sheets or to cross-link
different collagen types. For example, a two-dimensional network of type IV colla-
gen is unique to the basal lamina. Most collagen is fibrillar and is composed of type I
molecules (Figure 4) [2].

3.2 Collagen synthesis

Tropocollagen is produced by fibroblasts found in connective tissue in mammals
and birds. The collagens α-chains are translated on the rough endoplasmic reticu-
lum (RER). Inside the ER hydroxylation of the specific proline and lysine residues
occurs, however lack of vitamin C will hinder this step. Inside the Golgi apparatus
glycosylation of pro-α-chain lysine residues and formation of procollagen occurs.
Procollagen molecules are exocytosed into extracellular space. The rest of the syn-
thesis steps occur outside the fibroblasts. Procollagen peptidases cleave terminal
regions of procollagen, transforming procollagen into insoluble tropocollagen.
Many staggered tropocollagen molecules are reinforced by covalent lysine-
hydroxylysine cross-linkage (by Lysyl oxidase) to make collagen fibrils. Lysyl
oxidase requires copper (Cu++) for its activity [22].

Figure 4.
structure of collagen, with b) procollagen (loose ends), triple-helix wound together and c) collagen subunit
tropocollagen (loose terminal removed) for final self-assemble of the collagen fibril and fibre (d-f) [21] (used
with permission).
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OH groups and carbonyl groups. Collagen self-organisation forms bundles or a
meshwork that determines the tensile strength and the elasticity and geometry of
the tissue.

The various collagen types are distinguished by the ability of their helical and
non-helical regions to associate into fibrils and to form sheets or to cross-link
different collagen types. For example, a two-dimensional network of type IV colla-
gen is unique to the basal lamina. Most collagen is fibrillar and is composed of type I
molecules (Figure 4) [2].

3.2 Collagen synthesis

Tropocollagen is produced by fibroblasts found in connective tissue in mammals
and birds. The collagens α-chains are translated on the rough endoplasmic reticu-
lum (RER). Inside the ER hydroxylation of the specific proline and lysine residues
occurs, however lack of vitamin C will hinder this step. Inside the Golgi apparatus
glycosylation of pro-α-chain lysine residues and formation of procollagen occurs.
Procollagen molecules are exocytosed into extracellular space. The rest of the syn-
thesis steps occur outside the fibroblasts. Procollagen peptidases cleave terminal
regions of procollagen, transforming procollagen into insoluble tropocollagen.
Many staggered tropocollagen molecules are reinforced by covalent lysine-
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3.3 Collagen fibres

The assembly of collagen fibrils into parallel bundles forms collagen fibres that
have high strength and flexibility. When tropocollagen is assembled into collagen, it
forms fibrous or sheet-like staggered structures. These fibrous structures have
striations every 680 Å consisting of a dense-packed region where fibres overlap,
and a loose-packed region is formed (Figure 5). In one single row, tropocollagen
units are separated by 400 Å gaps, and these gaps are found in the loose-packed
region. If the tropocollagen rows are aligned next to each other, each adjacent row is
offset by 680 Å, forming a structure that repeats every five rows.

Hydrophobic and charged amino acid residues along the length of tropocollagen
cause the staggered arrangement of tropocollagen. Tropocollagen units are aligned
where the sum of the hydrophobic and charged region interaction between two
units is strongest, hence the 680 Å staggering between units.

3.4 Collagen maturation

Inter-and intra-molecular covalent cross-links are formed between and within
tropocollagen (collagen triple-helix) units giving strength to collagen fibres. Intra-
molecular cross-links form between adjacent lysine groups and within individual
triple-helix units and intermolecular cross-links occur between two triple-helix
units comprising of two hydroxylysine groups and a lysine group.

The enzyme Lysyl oxidase converts the NH3
+ group on the lysine and

hydroxylysine sidechains to an aldehyde that then undergoes a condensation reac-
tion forming an adol cross-link with other converted lysine sidechains. In each
tropocollagen unit, four groups can contribute in the intermolecular cross-linking;
lysines near the amino and carboxyl ends in the non-helical regions and
hydroxylysines in the helical region. A hydroxyl-pyridinium cross-link is formed
between one lysine and two hydroxylysine between residues near the amino-acid

Figure 5.
Collagen fibre showing the striations where tropocollagen is densely packed (light sections) [23] (used with
permission).
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end of one tropocollagen unit and the residues near the carboxyl-end of an adjacent
tropocollagen unit. The enzyme Lysyl oxidase is small enough to fit between the
400-Å gaps between the triple-helix molecules to initiate the intermolecular
cross-linking.

Collagen maturity or the amount of cross-linking increases drastically with age
of the tissue and depends on the type and function of the tissue where collagen is
found.

3.5 Collagen types

Collagen has a wide range of structural roles in mammalian and aquatic tissue. It
is the major constituent of skin, bone, tendon, cartilage, blood vessels and teeth.
Collagen is found in almost every organ of the body, starting from skin to the cornea
of the eye. To serve functions in such diverse tissues, there are different types of
collagen that differ in how they interact with each other and with other tissue.

There are more than 28 types of collagen identified. Collagen types I, II, III are
the most abundant and most investigated for various applications. However, over
90% of the collagen found in the body is type I. The variations are due to the
differences in the assembly of basic polypeptide chains, different lengths of the
helix, and differences in the terminations of the helical domains [24].

Each collagen molecule is composed of three different polypeptide chains (α1,
α2, and α3). Each chain is identified by its amino acid composition (Table 2).
Collagen type I, for example, is identified for its constitution of α1 (I) and/or α2 (I)
chains. The most commonly occurring variant of type I collagen consists of two α1
(I) and one α2 (I) chain. The alpha symbol is used to indicate a single chain
component seen after collagen denaturation and the letter β, γ, and δ have been
used to indicate covalently linked dimers, trimers or tetramers of the alpha chain.

The most common types of collagen are:

• Collagen type I: found in skin, tendon, organs and bone tissues.

• Collagen type II: main component of cartilage.

• Collagen type III: the main component of reticular fibres, alongside type I.

• Collagen type IV: Forms the bases of the cell basement membrane.

• Collagen type V: the main component of cell surfaces, hair and placenta.

Function Description

Structural
integrity

Collagens within the body serve largely for the maintenance and structural
integrity of tissues and organs.

Entrapment and
storage

The collagen within the body fulfils the role of entrapment, local storage, delivery
of growth factors and cytokines and hence it plays an important role during organ
development, wound healing and tissue repair.

Biodegradable Collagen possesses the feature of being biodegradable and low immunogenicity.

Variety of
applications

Collagen has been used in many industries, from the biomedical, cosmetic,
pharmaceutical, leather, film industry to tissue engineering.

Table 2.
Collagen and its features [25].
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3.6 Collagen sources

As collagen is one of the most abundant proteins on earth, it can be extracted
from various sources. Collagen can be extracted from almost every living animal,
including alligators and kangaroos. However, common sources of collagen for the
food industry and tissue engineering applications include bovine skin and tendons,
porcine skin and rat-tail. Collagen can also be extracted from marine life; it can be
extracted from sponges to fish and jellyfish. All collagen sources are worth investi-
gating as each source differs in the collagen type in terms of characteristics.

3.6.1 Bovine collagen

Collagen is extracted from many different sources; however, bovine collagen is
seen to be the most used collagen type in a variety of different applications, such as
the food industry, cosmetics, and medical applications. As the name implies, bovine
collagen is a by-product of cows, mainly from the hides. It is a naturally occurring
substance found in the skin, muscle, bones and tendons of cows. In the 1970s, the
research on bovine collagen gained momentum, as researchers developed a system
of extracting collagen and processing it in a liquid form [26].

The natural, unbleached skin and hair of cattle is the bovine hide (skin). Bovine
hides are a by-product of the food industry from cattle. Bovine hides without
complex processing can be manufactured into leather, which in turn can be used in
the shoes and clothing industry. However further complex processing of the hides
can be carried out to obtain the corium section of the hide for a variety of different
medical and scientific applications [27]. One of the main applications of the corium
is in the production of collagen.

Animal hide constitutes 60–65% water, 25–30% protein and 5–10% fats. The
protein is mainly collagen [28]. Raw hides have four main parts; epidermis (6–
10%), grain (less than 10%), corium (55–65%) and flesh and the thickness vary all
over the animal (Figure 6) [29].

The epidermis and flesh layers are removed during tanning leaving the grain and
corium layers. The grain is made up of collagen and elastin protein fibres. The
corium is packed with collagen protein fibres. The thickness of corium also
increases with age [30].

Figure 6.
The approximate composition of bovine hide [28] (used with permission).
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3.6.1.1 Properties of bovine hides

Each section of the animal hide for its properties is discussed further [29]
(Figure 7) [29]:

• Epidermis: There are two epidermis layers; one being the thin protective layer
of cells during the life of the animal and the other being the flesh remain which
is removed during tanning (leather production) by a process called liming.

• Grain: This layer is composed of elastin and collagen protein fibres. This layer
is mainly used in the cosmetic industry for moisturisers and facial creams.

• Corium: The corium layer is made of collagen fibres, arranged in bundles
and interwoven to give the structure strength, favourable elasticity and
durability. Calf hides corium layer is thinner and smoother than the hides
of mature animals; this is because the thickness of the corium increases
with age.

3.6.2 Collagen from fish

Collagen from aquatic animals have been used as a safe substitute for bovine
collagen, this is due to collagen from bovine sources have shown to be contaminated
with some diseases. Fish solid wastes constitute 50–70% of the original raw mate-
rial; however, this depends on the method of meat extraction [6].

Shark type I collagen forms fibrils under different conditions compared to
bovine and porcine collagen [32]. For example, shark type I collagen gels and
membranes have stronger rigidity and higher affinity to water vapour than those
of porcine collagen, thus indicating the potential for utilising shark collagen as a
new type I collagen material for various uses such as cell culture and medical
technology [33].

3.6.3 Porcine collagen

Pigskin is a by-product of the pork production industry. Collagen extracted from
pigskin or bone is not favourable to be a component of foods or pharmaceuticals

Figure 7.
Structure of bovine hide [31] (used with permission).
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3.6 Collagen sources
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increases with age [30].

Figure 6.
The approximate composition of bovine hide [28] (used with permission).
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3.6.1.1 Properties of bovine hides
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due to religious objections. Porcine collagen type I is extracted from pig hides, and
in the medical field. Porcine collagen sheet material has proven to be useful as an
implant for reconstructive surgery [34].

4. Collagen market and its applications

4.1 Collagen industries

There are many collagen-producing companies in around the world. However,
not all of them produce 100% pure collagen but rather gelatine (hydrolysed
collagen). These companies lack further innovation with the collagen, thus
distributing the collagen in powder or liquid form to pharmaceutical and research
industries. Therefore, extracting collagen from bovine hides and using this collagen
to investigate high value applications would possibly generate huge economic
potential for a product that is derived of waste materials.

Collagen plays an important role both in the mammalian and the non-
mammalian body and in its extracted form. Due to collagen’s high mechanical
strength, it finds applications in several different industries, ranging from
biomedical to the food industries.

4.1.1 Gelita

Gelita is the world’s leading supplier of hydrolysed collagen proteins for the food,
health and pharmaceutical industries. Gelita is based in numerous locations around the
world with its headquarters in Germany [35]. However, the collagen Gelita produces is
not 100% native collagen but hydrolysed collagen, in other terms it is gelatine.

4.1.2 Southern lights biomaterials

Based in Napier New Zealand, Southern Lights Biomaterials was founded in
2003. They provide high-quality processed and semi-processed biomaterials to
medical device manufacturers across the globe. One of their flagships processed
products is polymeric collagen, which is delivered to contracted customers [36].

The polymeric collagen produced by Southern Lights Biomaterials is type I
collagen derived from bovine tendon and is naturally cross-linked [36]. They do not
take advantage of using cattle hides or face-pieces. Their collagen is sold to
independent contractors without further processing.

4.1.3 Revolution fibres

Revolution Fibres produce and market nano-fibre and nano-fibre products.
Based in Auckland New Zealand, Revolution Fibres has developed its own technol-
ogy for the industrial production of nano-fibre. This technology is called
electrospinning [37]. Revolution Fibres manufacture biodegradable air filters from
nano-particle sized fibres that are ‘electro-spun’ from collagen extracted from Hoki
fish skins. They have launched a skincare range using collagen fibres to deliver plant
extracts into the skin [38].

4.1.4 Waitaki biosciences

Waitaki Biosciences based in Christchurch New Zealand manufactures speciality
nutritional supplement ingredients from natural, biological sources. Waitaki
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Biosciences aims to target joint and bone health, immune and digestive support,
along with skin and hair care. Marine collagen, natural collagen and chondroitin
complex are some of their products [39]. The marine collagen produced by Waitaki
Biosciences is in powder form, with a blend of ingredients selected from marine
species. This marine collagen is designed for use as an oral supplement to support
skin, nail and hair health [40].

Observing the collagen suppliers in NewZealand, there is a clear shortage in further
innovationwith the extracted collagen. Most of the above collagen suppliers distribute
the collagen in a powder form or a liquid solution and export to external markets or
distribute to local contractors. This collagen once supplied to contractors is usually
blended in cosmetic products or encapsulated as pills in the pharmaceutical industry.

4.2 Collagen applications

Collagen has been widely used in a range of applications in cosmetic, biomedical,
pharmaceutical, film industries, tissue engineering and recently in 3D/bio-printing.

4.2.1 Biomedical uses of collagen

i. Collagen sponges

The collagen sponges act as a biological absorbance material. They have
been useful in the treatment of severe burns and as a dressing for pressure
sores, leg ulcers and donor sites. Collagen sponges can absorb large
quantities of tissue exudate, smooth adherence to the wet wound bed with
preservation of low moist climate as well as shielding against mechanical
harm and bacterial infection [41].

Collagen sponges have also been found to be effective as drug delivery
systems. For example, the collagen sponges were found to be suitable for
short term delivery of antibiotics, such as gentamicin [42].

ii. Collagen shields

Originally, collagen shields were designed for bandage contact lenses.
However, it’s mostly used as a delivery device and has led to the
development of drug delivery systems for ophthalmic applications [43].
For example, the collagen corneal shield is produced from porcine sclera
tissue that closely resembles collagen molecules of the human eye. The
collagen corneal shield promotes epithelial healing after corneal
transplantation [44].

iii. Collagen mini pellets

A mini pellet made from collagen is usually a rod with a diameter and
length of 1 mm and 1 cm respectively. These are very useful as a drug
delivery device. This is because the mini pellet (rod) is small enough to be
injected into the subcutaneous space through a syringe needle and still
spacious enough to contain large molecular weight protein drugs, such as
interferon [42].

iv. Skin replacement

Collagen has been widely used as vehicles for transportation of cultured
skin cells or drug carrier for skin replacement and burn wounds [45]. Type
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sores, leg ulcers and donor sites. Collagen sponges can absorb large
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Collagen sponges have also been found to be effective as drug delivery
systems. For example, the collagen sponges were found to be suitable for
short term delivery of antibiotics, such as gentamicin [42].
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Originally, collagen shields were designed for bandage contact lenses.
However, it’s mostly used as a delivery device and has led to the
development of drug delivery systems for ophthalmic applications [43].
For example, the collagen corneal shield is produced from porcine sclera
tissue that closely resembles collagen molecules of the human eye. The
collagen corneal shield promotes epithelial healing after corneal
transplantation [44].
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A mini pellet made from collagen is usually a rod with a diameter and
length of 1 mm and 1 cm respectively. These are very useful as a drug
delivery device. This is because the mini pellet (rod) is small enough to be
injected into the subcutaneous space through a syringe needle and still
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skin cells or drug carrier for skin replacement and burn wounds [45]. Type

215

Collagen: From Waste to Gold
DOI: http://dx.doi.org/10.5772/intechopen.94266



I collagen is suitable for skin replacement and burn wounds due to their
mechanical strength and biocompatibility [7].

v. Bone substitutes

Collagen has been previously used as implantable carriers for bone
inducing proteins [41]. Due to osteo-inductive activity; collagen itself has
recently been used as bone substitutes [42]. Collagen combined with other
polymers has been used for orthopaedic defects. Demineralised bone
collagen in combination with hydroxyapatite was used as a bone graft
material to treat acquired and congenital orthopaedic defects in rats [46].

vi. 3D printing and collagen

3D printing is the process of converting digital designs to three-
dimensional solid objects. 3D printing works by initially designing a 3D
image of the desired object, with computer-aided design (CAD) [47]. The
object is divided into digital cross-sections by the program so that the
printer can build the object layer-by-layer. Once the specified design is sent
to the 3D printer, a specific material can be chosen. Depending on the
printer type, this material can be rubber, plastics, paper, metals and more
[48]. However, in the case of bio-printing; bio-ink (cells) and bio-paper
(collagen, nutrients) are required [49].

4.2.2 Collagen and rheumatoid arthritis and osteoarthritis

Collagen has shown to have positive effects on rheumatoid arthritis and osteo-
arthritis [50]. Published studies [51] have reported that ingestion of type II collagen
relieves joint discomfort associated with osteoarthritis and rheumatoid arthritis.
The authors also conducted a randomised trial involving 60 patients with severe
active rheumatoid arthritis; a decrease in the number of swollen joints and tender
joints occurred in subjects fed with type II collagen [51].

4.2.3 Cosmetic applications of collagen

Collagen has great tensile strength and being rich in proline and hydroxyproline,
it is the main component of fascia, cartilage, ligaments, tendons, bone and skin.
Having these properties, it is responsible for skin strength and elasticity. Its degra-
dation leads to wrinkles that accompany ageing. Collagen has become a valuable
ingredient of many cosmetic formulations. Cosmetic uses include skin and hair
products. Collagen type III is predominant in young skin; it is referred to as
“restructuring” collagen as it appears during the wound healing process [7]. With
ageing collagen type III decreases leading to wrinkles and lines, thus moisturising
creams and cosmetic injects containing collagen have become in high demand [52].

Bovine collagen has been the most widely used source for cosmetic applications.
Recently, collagen from other sources such as fish skin, pigskin, and range of cattle
skin has been used in the cosmetics industry. However, collagens from various sources
differ in their physiochemical properties. For example, they all have different thermal
stabilities, and this can affect the formulation or the shelf life of the products [3].

4.2.4 Collagen films

Thin films or biodegradable films are flexible, transparent and often strong
materials derived from natural polymers such as whey protein, collagen, starch,
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gelatine and many other natural renewable polymers [53, 54]. Due to rising envi-
ronmental concerns, biodegradable films have attracted considerable attention
especially from the food and drug packaging industries as they in constitution with
other natural polymers can potentially replace plastic films which are derived from
synthetic polymers [55].

Due to collagen being a biodegradable, biocompatible and a non-toxic polymer it
has been used in the meat industry to form edible films and coatings through
extrusion [56]. Collagen-based films in constitution with other biodegradable
materials have been prepared in several studies to be used as packaging materials.
Collagen’s high tensile strength and the added advantage of biodegradability makes
it an ideal agent for natural polymer films.

One of the main applications of collagen films in the biomedical industry is as a
barrier membrane. These collagen films have been used for slow-release drug
delivery and they have been used for the treatment of tissue infection, such as
infected corneal tissue or liver cancer [42].

Edible films and coatings are a category of packaging materials. They differ from
other bio-based packaging materials, and conventional packaging, by being formed
from edible ingredients. These films and coatings may be used to reduce the amount
of synthetic packaging used in a product or allow conversion from a multi-layer,
multi-component packaging material to a single component material. The purpose
of edible films and coatings may be to inhibit migration of moisture, oxygen, carbon
dioxide and or to improve the mechanical integrity or handling characteristics of
the food. Edible films may also be used to separate different components in multi-
component foods, thereby improving the quality of the product. Edible films may
also help to maintain food quality by preventing moisture and aroma uptake or loss
after opening of the synthetic packaging.

The use of natural polymers such as collagen for film preparation has many
advantages over synthetic and petroleum-based polymers. Biopolymer films for the
purpose of packaging materials have the advantages of biodegradability, renew-
ability, and environmental compatibility. Collagen also has good film-forming
properties, high tensile strength, good thermal stability, and the fact that the colla-
gen is derived from waste hide off-cuttings presents a sustainable solution. One
drawback of collagen-based films is the inflexibility of films. However, this can be
overcome by the addition of plasticizers to improve the flexibility and elongation
(%) properties of the films. The use of plasticizers has been shown to provide
improvement of films in terms of flexibility and elongation; however, this is gener-
ally at the expense of strength and stiffness. The effect of plasticiser concentration
should, therefore, be investigated to identify best concentration results in the opti-
mum mechanical, thermal and physical properties.

Biopolymer films made for the food industry as coatings or packaging needs to
be transparent, have desirable tensile strength and elongation, it should be edible
and possibly have a high resistance to transmission of liquids, gases and fats and
oils. However, the above criteria will vary depending on the food industry
application of the film.

Sionkowska et al. [57] prepared biopolymer films based on blends of collagen
and silk fibroin. Films were prepared by method solution casting and characterised
for their mechanical properties and structure. Film blends of collagen and silk
fibroin showed better mechanical properties than for pure silk fibroin films.
Sionkowska et al. [57] concluded that the better mechanical properties of the blend
films were due to molecular interactions between collagen and silk fibroin. No
plasticizing agent was added in the preparation of collagen and silk fibroin blend
films. This would result in a very brittle and stiff film due to interactions between
protein chains through hydrogen bonding, electrostatic forces and hydrophobic

217

Collagen: From Waste to Gold
DOI: http://dx.doi.org/10.5772/intechopen.94266



I collagen is suitable for skin replacement and burn wounds due to their
mechanical strength and biocompatibility [7].

v. Bone substitutes

Collagen has been previously used as implantable carriers for bone
inducing proteins [41]. Due to osteo-inductive activity; collagen itself has
recently been used as bone substitutes [42]. Collagen combined with other
polymers has been used for orthopaedic defects. Demineralised bone
collagen in combination with hydroxyapatite was used as a bone graft
material to treat acquired and congenital orthopaedic defects in rats [46].

vi. 3D printing and collagen

3D printing is the process of converting digital designs to three-
dimensional solid objects. 3D printing works by initially designing a 3D
image of the desired object, with computer-aided design (CAD) [47]. The
object is divided into digital cross-sections by the program so that the
printer can build the object layer-by-layer. Once the specified design is sent
to the 3D printer, a specific material can be chosen. Depending on the
printer type, this material can be rubber, plastics, paper, metals and more
[48]. However, in the case of bio-printing; bio-ink (cells) and bio-paper
(collagen, nutrients) are required [49].

4.2.2 Collagen and rheumatoid arthritis and osteoarthritis

Collagen has shown to have positive effects on rheumatoid arthritis and osteo-
arthritis [50]. Published studies [51] have reported that ingestion of type II collagen
relieves joint discomfort associated with osteoarthritis and rheumatoid arthritis.
The authors also conducted a randomised trial involving 60 patients with severe
active rheumatoid arthritis; a decrease in the number of swollen joints and tender
joints occurred in subjects fed with type II collagen [51].

4.2.3 Cosmetic applications of collagen

Collagen has great tensile strength and being rich in proline and hydroxyproline,
it is the main component of fascia, cartilage, ligaments, tendons, bone and skin.
Having these properties, it is responsible for skin strength and elasticity. Its degra-
dation leads to wrinkles that accompany ageing. Collagen has become a valuable
ingredient of many cosmetic formulations. Cosmetic uses include skin and hair
products. Collagen type III is predominant in young skin; it is referred to as
“restructuring” collagen as it appears during the wound healing process [7]. With
ageing collagen type III decreases leading to wrinkles and lines, thus moisturising
creams and cosmetic injects containing collagen have become in high demand [52].

Bovine collagen has been the most widely used source for cosmetic applications.
Recently, collagen from other sources such as fish skin, pigskin, and range of cattle
skin has been used in the cosmetics industry. However, collagens from various sources
differ in their physiochemical properties. For example, they all have different thermal
stabilities, and this can affect the formulation or the shelf life of the products [3].
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has been used in the meat industry to form edible films and coatings through
extrusion [56]. Collagen-based films in constitution with other biodegradable
materials have been prepared in several studies to be used as packaging materials.
Collagen’s high tensile strength and the added advantage of biodegradability makes
it an ideal agent for natural polymer films.

One of the main applications of collagen films in the biomedical industry is as a
barrier membrane. These collagen films have been used for slow-release drug
delivery and they have been used for the treatment of tissue infection, such as
infected corneal tissue or liver cancer [42].

Edible films and coatings are a category of packaging materials. They differ from
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from edible ingredients. These films and coatings may be used to reduce the amount
of synthetic packaging used in a product or allow conversion from a multi-layer,
multi-component packaging material to a single component material. The purpose
of edible films and coatings may be to inhibit migration of moisture, oxygen, carbon
dioxide and or to improve the mechanical integrity or handling characteristics of
the food. Edible films may also be used to separate different components in multi-
component foods, thereby improving the quality of the product. Edible films may
also help to maintain food quality by preventing moisture and aroma uptake or loss
after opening of the synthetic packaging.

The use of natural polymers such as collagen for film preparation has many
advantages over synthetic and petroleum-based polymers. Biopolymer films for the
purpose of packaging materials have the advantages of biodegradability, renew-
ability, and environmental compatibility. Collagen also has good film-forming
properties, high tensile strength, good thermal stability, and the fact that the colla-
gen is derived from waste hide off-cuttings presents a sustainable solution. One
drawback of collagen-based films is the inflexibility of films. However, this can be
overcome by the addition of plasticizers to improve the flexibility and elongation
(%) properties of the films. The use of plasticizers has been shown to provide
improvement of films in terms of flexibility and elongation; however, this is gener-
ally at the expense of strength and stiffness. The effect of plasticiser concentration
should, therefore, be investigated to identify best concentration results in the opti-
mum mechanical, thermal and physical properties.

Biopolymer films made for the food industry as coatings or packaging needs to
be transparent, have desirable tensile strength and elongation, it should be edible
and possibly have a high resistance to transmission of liquids, gases and fats and
oils. However, the above criteria will vary depending on the food industry
application of the film.

Sionkowska et al. [57] prepared biopolymer films based on blends of collagen
and silk fibroin. Films were prepared by method solution casting and characterised
for their mechanical properties and structure. Film blends of collagen and silk
fibroin showed better mechanical properties than for pure silk fibroin films.
Sionkowska et al. [57] concluded that the better mechanical properties of the blend
films were due to molecular interactions between collagen and silk fibroin. No
plasticizing agent was added in the preparation of collagen and silk fibroin blend
films. This would result in a very brittle and stiff film due to interactions between
protein chains through hydrogen bonding, electrostatic forces and hydrophobic
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interaction [58]. Hence the per cent elongation values of the film blends were very
low (0.30–5.10%) [57].

Not all collagen extraction methods result in a collagen product that will be
suitable for film preparation. Hence, to develop a collagen film with desired prop-
erties, it is necessary to investigate the various processes to prepare acid/alkaline/
enzyme/acid-enzyme collagen that could easily be used as a raw material for
extruded or casting of collagen-based films. O’Sullivan [6] reported that
hydrochloric acid solubilisation extraction method of collagen is not favourable for
the fabrication of edible films. However, acetic acid solubilisation with further
processing gave a suitable collagen product as a raw material for the fabrication of
edible film fabrication.

5. Methods used to extract collagen from bovine hides

5.1 General extraction procedure requirements

Every bovine collagen extraction procedure is restricted to the following four
variable conditions:

• De-hairing, cleaning and storage of the hide section off-cutting.

• Cutting the de-haired hide section into approximately 1 cm x 1 cm pieces.

• Extraction temperature: For bovine tissue, the extraction procedure can be
carried out at room temperature, as collagen denaturation temperature for
bovine is �39°C. However, it is preferable to extract collagen at a temperature
of �4°C to prevent contamination.

• Solubilisation: acid solubilisation, acid and enzyme solubilisation, or modified
methods combining acids and enzymes.

Prior to collagen extraction, the sample is chopped to increase the extraction
surface area and to speed up the extraction process. However, the temperature of
the sample needs to be monitored, as high temperatures will unravel the tropocol-
lagen making it soluble in solution, resulting in gelatine (denatured collagen). This
greatly reduces the value of the protein, thus if native collagen is desired, any
heating or denaturation of collagen should be avoided at every step of the process.
Bovine collagen extraction is mostly carried out at temperatures of approximately
4°C to prevent bacterial contamination [9].

Collagen from juvenile sources (e.g. new-born calves or chicken embryos) will
readily swell and dissolve in a low concentration of acetic acid solution and can be
recovered by precipitating out the collagen by adding 1 to 5 M NaCl. However
different types of collagen from different tissues will precipitate at different NaCl
concentrations [59].

The older the animal/tissue sample, the greater the amount of lysine-
hydroxylysine covalent cross-links that form between tropocollagen units. These
cross-links typically form between the unwound part of a tropocollagen strand and
another part of another tropocollagen unit, improving structural strength and chem-
ical resistance of collagen, making the sample largely insoluble in acetic acid. The
amount of cross-linking depends on the type of tissue (i.e. tendons are highly cross-
linked to give strength) and age of the tissue (i.e. mature sources, such as bull-hides
have high cross-linking in comparison to younger sources such as calf-hides) [60].
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In order to dissolve mature collagen, pepsin enzyme can be added to the acetic acid
solution, which attacks and cleaves the unwounded part of tropocollagen, allowing
the tropocollagen units to separate and dissolve [59].

The following sub-sections discuss the main extraction steps/parameters or var-
iables in more detail.

5.2 Temperature control

To prevent collagen denaturation and contamination, majority of the researchers
carry out the collagen extraction process at approximately 4°C. Contamination
occurs due to thermal denaturation or microbial degradation (Table 3).

5.3 Fat removal and demineralisation

Once the collagen source is de-haired, sized and cleaned it is then processed for
defatting. Majority of collagen extraction processes defat the tissue of interest with
an organic solvent or detergent prior to extraction (Tables 4 and 5).

5.4 Non-collagenous protein removal

Contaminating proteins need to be removed after defatting and demineraliza-
tion. Most collagen extraction methods utilise salt or alkali solutions to solubilise the
contaminants. Collagen is a lot more chemically resistant than most other proteins
therefore, it is much less likely to be degraded or solubilised by a weak salt
(Table 6).

Collagen source Temperature (°C) Reference

Bovine 4 °C [14, 61–65]

Fish 4–9°C [61, 62, 66–72]

Table 3.
Processing temperatures used to extract collagen.

Source Solvent Reference

Bovine Acetone [19, 65]

Fish 0.5% detergent
10% butyl alcohol
15% Butyl Alcohol

[69, 73]
[72, 74]
[75]

Table 4.
Solvents used for de-fatting of collagenous tissue in literature.

Collagen source Chemical Reference

Bovine 0.5% HCl
0.5 M EDTA

[64]
[76]

Fish 0.5 M EDTA [74]

Table 5.
Chemicals used for demineralisation in literature.
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linked to give strength) and age of the tissue (i.e. mature sources, such as bull-hides
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tion. Most collagen extraction methods utilise salt or alkali solutions to solubilise the
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therefore, it is much less likely to be degraded or solubilised by a weak salt
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6. Possible collagen extraction methods

There are various methods to extract collagen from different animal tissues. The
methods used to extract collagen from bovine or any other tissue such as fish skin;
pigskin, rat tail, tendons etc. vary slightly, differing in enzyme concentration, acid
concentration, salt concentration or pre-treatment period [6]. These variations can be
studied and the most optimal method for bovine hide extraction can be obtained.
However, acid extraction which results in acid-soluble collagen (ASC), pepsin
extraction that gives pepsin solubilised collagen (PSC) and salt extractions. Some of
the main extraction procedures found in literature are discussed in detail below [80].

6.1 The salting-out method

This method is seen as the least favourable method of collagen extraction. Col-
lagen proteins, like general proteins have the property of being salt soluble. Differ-
ent types of collagen proteins can be separated using the relationship between
different collagen sources and salt concentrations. Neutral salt solutions are usually
used, such as NaCl, Tris–HCl, phosphate, or citrate. In the salting-out method, the
concentration of salt is the key factor to control, if for example, the concentration of
NaCl is less than 1 mol/L in the neutral solution, its suitable for dissolution of type I
collagen, however, if the concentration is bigger than 1 mol/L, it will precipitate the
type I collagen. Since mature sources of collagen are less soluble because most
collagen protein molecules have cross-linked, the salting-out method is not an
efficient method alone to extract collagen [80].

6.2 The alkali method

The main chemicals used in the alkali method of collagen extraction are sodium
hydroxide and monomethylamine [81]. This extraction method is not favoured as
the main extraction method due to similar reasons as the salting-out method.

Hattori et al. [81] prepared collagen from bovine hides by alkaline solubilisation
with 3.0% NaOH and 1.9% monomethylamine. The study also extracted bovine
hide collagen by acid and enzymatic methods for comparison. These methods were
carried out on animals of different ages. The amount of collagen extracted through
this method was estimated by comparing the hydroxyproline content in the whole
hide with that in the extracted collagen.

6.3 The alkali-enzyme method

The alkali-enzyme method is not as effective as the acid-enzyme method. This is
because alkali is such as NaOH does not have the ability to fully solubilise collagen

Collagen source Chemical Reference

Bovine 0.5 M NaCl
1 M NaCl
K2HPO4

–

0.1 M NaOH

[77]
[78]
[79]
[65]

Fish 0.1 M NaOH [70–74]

Table 6.
Chemicals used for non-collagenous protein removal in literature.
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and disrupt the cross-linking in a collagen molecule. This method is more preferred
for gelatine production [80].

6.4 The acid-alkali oxidation method

A series of repetitive steps having acid then alkali soaking of samples for a long
period canbeused to extract collagen.However, thismethod requires a very longperiod
and the reaction time is very slow. It does not work formature tissues as it is near
impossible for acid and alkali alone to disrupt the cross-linking developed inmature
tissue, thus an enzyme is a must requirement. The collagen yield extracted decrease or
increase for the same tissue type depending on the literature. These differences are due
to denaturation of protein during the process of extraction, the difference in environ-
mental temperature and the solubilisationmethod used to extract the collagen.

The yield of collagen by the different acid (HCl, citric acid, acetic acid) is
dependent on the reaction time. The longer the period of solubilisation, the greater
the yield of collagen being extracted. For example, Skierka [82], concluded that
during a 24 hour of collagen extraction in acid, about 33% of collagen was
solubilised, and after 72 hours, about twice as much collagen was solubilised.

The solubility of collagen in acids depends up the enzyme concentration. A low
concentration of enzyme with an acid can completely solubilise collagen; however,
it will also depend on the type of acid. For example, enzyme concentration on the
solubility of collagen in citric acid and HCl gave a maximum yield of 75% for citric
acid and 85% for HCl [82].

6.5 The acid method

Acids such as acetic acid, citric acid and hydrochloric acid (HCl) of low concen-
tration can be added to collagen-containing samples. Acids at a pH of 2–3 and a
concentration of approximately 0.5 mol/L can be used to solubilise collagen. In acid
extraction of collagen, the acids swell collagen, disrupting the hydrophobic and
electrostatic interactions between the tropocollagen units, and release the acid-
soluble collagen (ASC). Yang et al. [80] concluded that citric acid has the best effect
to extract collagen, second being acetic acid and last being hydrochloric acid. How-
ever, according to Skierka [82] and Higham [83], the most effective acid for colla-
gen solubilisation was acetic acid and the least effective solvent was HCl. In order to
achieve a sound conclusion, experiments need to be carried out to investigate the
solubilisation efficiencies of each acid.

The acid molecules disrupt the collagen cross-linking in order to solubilise the
collagen by allowing ligand substitution for each peptide side chain, causing disas-
sociation of the cross-link. Thus, swelling the collagen and solubilising it out of the
tissue and into solution [73].

The acid method is seen to be corrosive to the experimental equipment in terms
of large-scale production. However, using a low concentration of acid in combina-
tion with an enzyme will avoid equipment corrosion and achieve a high yield
product (Table 7).

6.6 The enzyme method

The enzyme method is seen to be as the ideal method of collagen extraction. The
three commonly used enzymes for collagen extraction are pepsin, papain and
tryptase [80]. The enzyme acts on the non-helical peptide chains of the collagen
protein, having no effect on the helix peptide chains of the collagen protein. The
enzyme has better reaction selectivity and it is less destructive to the collagen
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and disrupt the cross-linking in a collagen molecule. This method is more preferred
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A series of repetitive steps having acid then alkali soaking of samples for a long
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and the reaction time is very slow. It does not work formature tissues as it is near
impossible for acid and alkali alone to disrupt the cross-linking developed inmature
tissue, thus an enzyme is a must requirement. The collagen yield extracted decrease or
increase for the same tissue type depending on the literature. These differences are due
to denaturation of protein during the process of extraction, the difference in environ-
mental temperature and the solubilisationmethod used to extract the collagen.

The yield of collagen by the different acid (HCl, citric acid, acetic acid) is
dependent on the reaction time. The longer the period of solubilisation, the greater
the yield of collagen being extracted. For example, Skierka [82], concluded that
during a 24 hour of collagen extraction in acid, about 33% of collagen was
solubilised, and after 72 hours, about twice as much collagen was solubilised.

The solubility of collagen in acids depends up the enzyme concentration. A low
concentration of enzyme with an acid can completely solubilise collagen; however,
it will also depend on the type of acid. For example, enzyme concentration on the
solubility of collagen in citric acid and HCl gave a maximum yield of 75% for citric
acid and 85% for HCl [82].

6.5 The acid method

Acids such as acetic acid, citric acid and hydrochloric acid (HCl) of low concen-
tration can be added to collagen-containing samples. Acids at a pH of 2–3 and a
concentration of approximately 0.5 mol/L can be used to solubilise collagen. In acid
extraction of collagen, the acids swell collagen, disrupting the hydrophobic and
electrostatic interactions between the tropocollagen units, and release the acid-
soluble collagen (ASC). Yang et al. [80] concluded that citric acid has the best effect
to extract collagen, second being acetic acid and last being hydrochloric acid. How-
ever, according to Skierka [82] and Higham [83], the most effective acid for colla-
gen solubilisation was acetic acid and the least effective solvent was HCl. In order to
achieve a sound conclusion, experiments need to be carried out to investigate the
solubilisation efficiencies of each acid.

The acid molecules disrupt the collagen cross-linking in order to solubilise the
collagen by allowing ligand substitution for each peptide side chain, causing disas-
sociation of the cross-link. Thus, swelling the collagen and solubilising it out of the
tissue and into solution [73].

The acid method is seen to be corrosive to the experimental equipment in terms
of large-scale production. However, using a low concentration of acid in combina-
tion with an enzyme will avoid equipment corrosion and achieve a high yield
product (Table 7).

6.6 The enzyme method

The enzyme method is seen to be as the ideal method of collagen extraction. The
three commonly used enzymes for collagen extraction are pepsin, papain and
tryptase [80]. The enzyme acts on the non-helical peptide chains of the collagen
protein, having no effect on the helix peptide chains of the collagen protein. The
enzyme has better reaction selectivity and it is less destructive to the collagen
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protein, resulting in a protein whose triple helix structure is better preserved. Thus,
the extracted collagen will have a better purity, and retain stable physical and
chemical properties. The enzyme method also provides mild reaction conditions
that avoid equipment corrosion and less energy consumption. However, reaction
time may be long, depending on the type of enzyme used [89].

The enzyme solubilisation method works by disrupting the cross-linking that
occurs in collagen. The chosen enzyme cleaves to the amino telopeptides from the
tropocollagen molecule thus disrupting the cross-linking and allowing solubilisation
of the collagen molecule. Enzyme solubilisation is mostly required when extracting
collagen from mature tissue, this is due to the cross-links forming keto-imines
which are increasingly difficult to disrupt as they contain strong intermolecular
bonds. However, the enzyme method has the disadvantage of not only breaking the
collagen molecule but also resulting in the scission of other proteins may occur too,
hence, causing protein contamination as a result [83]. Enzymes have been used in
collagen extraction, McClain et al. [78] used papain at 0.1% in buffers containing
0.02 M phosphate and 0.003 M EDTA as a solubilisation method for collagen.

The enzyme method is usually combined with the acid method to enhance the
extraction process (Table 8).

6.7 The acid-enzyme method

The enzyme-acid solubilisationmethod is seen to be themost effectiveway to extract
collagen. Both acids (citric acid, hydrochloric acid, acetic acid) and enzymes have the
capability to disrupt the cross-links in a collagenmolecule andmake collagen soluble in
solution. Addition of both an acid and an enzyme speed up the reaction time and results
in a collagen protein well-kept in its triple helix structure [80]. Concentration and acid/
enzyme type greatly depend on the collagen tissue andmethod optimization.

7. Collagen purification via dialysis and filtration

7.1 Collagen purification via dialysis

Dialysis is a preferred method of purification for collagen extraction, however,
scaling up this technique for commercialisation has proven to be difficult. Dialysis

Collagen source Acid type and concentration Reference

Bovine 0.5 M acetic acid
10% acetic acid with 0.2% chlorhydric acid

[14, 62, 81, 84–87]
[88]

Fish 0.5 M acetic acid
0.15 M HCl
Citric acid

[62, 66, 67, 69, 70]
[73, 82]
[73, 82]

Table 7.
Acids used for collagen extraction.

Collagen source Enzyme type and conc. Reference

Bovine 1% Trypsin
Pepsin

[90]
[62, 86–88]

Fish 1% (w/w) pepsin [62, 66, 69]

Table 8.
Enzyme extraction methods used for collagen extraction.
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tubes are utilised with different cut off molecular weights to separate pure collagen
from other solvents, salts and enzymes and other impurities.

7.2 Collagen purification via filtration

Ultrafiltration can be applied to remove the non-collagenous material prior to
lyophilisation of collagen. Ultrafiltration utilises positive pressure to force a liquid
through a semi-permeable membrane to separate species in an aqueous solution by
molecular size, shape or charge. Ultrafiltration has the advantages of having a high
throughput, cost-effective and large-scale purification is possible without being
limited to lab-scale purification by dialysis.

Ultrafiltration enables the removal of solvents and salts of lower molecular
weight from a solution (permeate). Thus, this results in the enrichment of the
retained molecule (pure collagen). Ultrafiltration membranes can retain molecules
in the range of 10 kDa to 1 MDa, thus concentration and purification of collagen
(300 kDa) can be successfully achieved through this process.

• Crossflow/tangential flow filtration: the incoming feed passes parallel across
the surface of a semi-permeable membrane. A permeate and a retentate stream
are generated, where the permeate is the portion of the fluid that passes
through the membrane and the remainder of the feed stream, which does not
pass through the cross-flow membrane, is known as the retentate stream.

• Dead-end filtration: The feed moves towards the filter membrane. The
particles that can be filtered are settled on the filter surface, however, this type
of filtration is not sustainable as the accumulated solids need to be removed
periodically or the filter needs to be replaced.

8. Collagen preservation

In order to preserve extracted collagen, it is usually freeze-dried and stored at
conditions not exceeding �4°C. However, some researchers use hydrogen peroxide
(0.3–3%) to disinfect collagen after extraction especially from fish sources.

9. Collagen extraction research and its applications

The popularity of collagen extraction continues to increase due to many reasons. It
is a high strength protein, bio-derived, has excellent biocompatibility, biodegradabil-
ity, and has weak antigenicity. Another main reason that relates to waste valorisation
and sustainability is the fact that collagen can be extracted from almost any mamma-
lian skin, bones, cartilage, fish skin and even chicken feet. Most often, the meat
industry results in these by-products that can end up in landfill. These advantageous
characteristics have made collagen one of the most useful biomaterials.

Research to this day is being carried out to improve extraction methods in terms of
efficiency and economics. In addition to improving extraction methodologies, research
is being carried out on collagen to enhance its use in several industries (Table 9).

Period Collagen extraction research

1960–
1969

• Bakerman [91] extracted human skin collagen with age via the acid-solubilisation
method. No defatting or demineralization steps were carried out, citric acid was used as
the solubilisation agent. There was no mention of methods of collagen content analysis,
only extracted yield was reported.
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solution. Addition of both an acid and an enzyme speed up the reaction time and results
in a collagen protein well-kept in its triple helix structure [80]. Concentration and acid/
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tubes are utilised with different cut off molecular weights to separate pure collagen
from other solvents, salts and enzymes and other impurities.

7.2 Collagen purification via filtration

Ultrafiltration can be applied to remove the non-collagenous material prior to
lyophilisation of collagen. Ultrafiltration utilises positive pressure to force a liquid
through a semi-permeable membrane to separate species in an aqueous solution by
molecular size, shape or charge. Ultrafiltration has the advantages of having a high
throughput, cost-effective and large-scale purification is possible without being
limited to lab-scale purification by dialysis.

Ultrafiltration enables the removal of solvents and salts of lower molecular
weight from a solution (permeate). Thus, this results in the enrichment of the
retained molecule (pure collagen). Ultrafiltration membranes can retain molecules
in the range of 10 kDa to 1 MDa, thus concentration and purification of collagen
(300 kDa) can be successfully achieved through this process.

• Crossflow/tangential flow filtration: the incoming feed passes parallel across
the surface of a semi-permeable membrane. A permeate and a retentate stream
are generated, where the permeate is the portion of the fluid that passes
through the membrane and the remainder of the feed stream, which does not
pass through the cross-flow membrane, is known as the retentate stream.

• Dead-end filtration: The feed moves towards the filter membrane. The
particles that can be filtered are settled on the filter surface, however, this type
of filtration is not sustainable as the accumulated solids need to be removed
periodically or the filter needs to be replaced.
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conditions not exceeding �4°C. However, some researchers use hydrogen peroxide
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is a high strength protein, bio-derived, has excellent biocompatibility, biodegradabil-
ity, and has weak antigenicity. Another main reason that relates to waste valorisation
and sustainability is the fact that collagen can be extracted from almost any mamma-
lian skin, bones, cartilage, fish skin and even chicken feet. Most often, the meat
industry results in these by-products that can end up in landfill. These advantageous
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Period Collagen extraction research

• In 1968 Rigby [92] analysed the amino acid composition and thermal stability of ice-fish
skin. The fish skin was swollen in 0.1 M HCl for extraction purposes. Td was found to be
in the range 5.5–6°C.

• Young et al. [93] extracted cod skin collagen with mild solvents in the pH range of 3.4–
8.7 at 3–90°C.

• Grant et al. [94] studied the carbohydrate content of bovine collagen. It was shown that
crude preparations of collagen were contaminated with mannose, fucose and
hexosamine.

• Bronstein et al. [95] studied human collagen and the relation between intra and
intermolecular cross-linking.

• Miller et al. [96] extracted and characterised chick bone collagen with acetic acid.
Specific methodology is not given, and the focus of this study was to understand collagen
compositional changes with ageing via chromatography.

During this period, research was mainly carried out to understand collagen as a protein.
There was no research on method optimization or investigation of different extraction
methodologies.

1970–
1979

• Anderson et al. [97] extracted bovine nasal collagen with 4 M guanidinium chloride or
1.9 M CaCl2 and examined the structure by studying their scanning electron microscopy
images.

• Pierson et al. [98] studied the effect of post-mortem ageing, time and temperature on
pH, tenderness and soluble collagen fractions in bovine Longissimus muscle. Salt and
acid-soluble collagen were not affected by temperature nor length of post-mortem
ageing.

• Maekawa et al. [99] extracted collagen from the skin of mice. Extraction was carried out
with 0.5 M acetic acid at 40°C for different times.

• Francis et al. [100] extracted collagen from biopsies of human skin. The study concluded
to show that polymeric collagen of normal and diseased human skin from biopsies was
feasible.

• Uitto et al. [101] analysed the solubility of skin collagen in normal human subjects and in
patients with generalised scleroderma. Extraction was carried out with 0.14 M NaCl and
number of extractions were varied.

• In 1976, Trelstad et al. [102] applied differential separation to separate native collagen
types I, II, and III. The main precipitants were ammonium sulfate, sodium chloride and
ethanol.

• Riemschneider et al. [103] extracted collagen from cow placenta via pepsin
solubilisation.

The focus of collagen extraction in this period remained to be for medical purposes. The
main sources of collagen were of human skin and rat skin.

1980–
1989

• Merkel et al. [104] studied the content of type I and III collagen of healing wounds in
fatal and adult rats. Collagen was extracted with 0.5 M acetic acid with pepsin. Collagen
content ratio was estimated from densitometer scans of electrophoretically separated α-
chains.

• Graham et al. [105] extracted and quantified types of collagen both in control intestine
and as well as in both in inflamed and structured intestine resected from patients with
Crohn’s disease. This study mainly focused on differences in collagen types between the
controlled and both inflamed and structured intestines.

• Murata et al. [106] studied the changes in collagen types in various layers of the human
aorta and their changes with the atherosclerotic process. Collagen from human aortas
was extracted by repeated pepsin digestion and the collagen types were identified by
SDS-PAGE analysis.

• Elstow et al. [107] extracted and characterised type V foetal calf skin collagen. Neutral
salt solutions (pH 9.2) with phosphate-buffered saline (PBS) were used to extract
collagen and SDS-PAGE analysis was used to characterise and identify type V collagen.

• Laurent et al. [108] showed a simplified method for quantification of the relative
amounts of type I and type III collagen in rabbit lung samples. This extracted involved
repetitive homogenisation of the collagenous tissue in 2% sodium dodecyl sulfate and
dried acetone powder.

• Van Amerongen et al. [109] analysed the concentration and extractability of collagen in
human dental pulp. Premolar and third molar dental pulps were studied for their
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collagen content and acetic acid or neutral salts were used to extract collagen. Using SDS-
PAGE analysis, 42.6% of extracted collagen to be type III.

• Kurita et al. [110] analysed the changes in collagen types during the healing of rabbit
tooth extraction wounds. Collagen type was identified by use of SDS-PAGE analysis and
hydroxyproline analysis was applied to observe collagen content.

Collagen quantification and understanding types of collagen present in diseased tissue vs.
normal human tissue was the focus of collagen research in this period.

1990–
1999

• Montero et al. [111] extracted collagen from Plaice skin and analysed its functional
properties. Acetic acid was the main solubilising agent in this study and homogenisation
was carried out with 0.4 M NaCl.

• Ambrose et al. [112] extracted and characterised collagen from bone and teeth for
isotopic analysis. Carbon to nitrogen ratios of bone and teeth collagen was analysed the
use of purification procedures that removed acid and alkaline-soluble contaminants were
recommended.

• Nomura et al. [113] extracted and analysed properties of type I collagen from fish scales.
Collagen was extracted with 0.5 M acetic acid and it was concluded that a large portion
(80% of collagen remained insoluble which was further denatured to gelatine to be used
for food purposes.

• Ciarlo et al. [114] extracted collagen from hake skin. Acetic acid was used for
solubilisation and collagen was characterised for its viscosity and collagen type (SDS-
PAGE).

• Bishop et al. [115] extracted and characterised collagen types II and IX from bovine
vitreous. Centrifugation and precipitation with 4.5 M NaCl were applied and the collagen
types were identified.

In this era, extraction of collagen from waste materials such as fish skin began, however,
the methodologies were mainly focused on salt extractions, which is not very efficient, and
the study of collagen in human tissue was still predominant.

2000–
2009

• In 2007, Nalinanon et al. [59] extracted collagen from the skin of bigeye snapper using
pepsin. Acid-extracted collagen resulted in lower collagen yields in comparison to
pepsin-solubilised collagen.

• Woo et al. [116] extracted collagen from yellowfin tuna skin. Methodology was
optimised by varying NaOH concentration, treatment time and pepsin concentration.
The objective of this study was to determine the optimum conditions for extracting
collagen from yellowfin tuna skin and characterisation was carried out by SDS-PAGE,
FTIR, and solubility analysis.

• In 2003, Sadowska et al. [73] isolated collagen from the skin of Baltic cod. The aim of this
investigation was also to determine optimum conditions for the extraction of collagen
from cod skin. Acetic acid and citric acid were used as the main collagen solvents and
within the two solvent extractions, time of treatment and digestion were varied.

• Jongjareonrak et al. [117] extracted and characterised collagen from bigeye snapper. Acid
and pepsin solubilised collagen were isolated and characterised for their properties. The
Td of the acid-solubilised and pepsin solubilised collagen varied slightly with, pepsin
solubilised collagen having a higher Td (30.87°C).

• Zhang et al. [69] extracted and characterised collagen from the skin of grass carp via the
method of pepsin-solubilisation. A collagen yield of 46.6% (dry-basis) was obtained and
SDS-PAGE showed that the extracted collagen was type I and collagen Td was found to
be 24.6°C.

• Nalinanon et al. [118] used pepsin from the stomach of tuna fish to use it for collagen
extraction of threadfin bream skin. Pepsin from different tuna species were obtained to
use for collagen extraction and to determine the differences in collagen extraction
efficiency.

• Cao et al. [119] extracted and characterised type II collagen from chick sternal cartilage.
Pepsin was the main solubilising agent in this study and NaCl was used for collagen
precipitation. SDS-PAGE confirmed the presence of collagen type II and the amino acid
composition of the type II collagen extracted was very close to the reference collagen
type II obtained from Sigma Aldrich.

In this period, a vast number of different fish species were analysed for their collagen
extractability. The main reason for this was due to adding value to waste fish skin and due
to a large acceptance of fish collagen by a diverse group of people (Jewish, Hindu and
Muslim religions not accepting certain meat products).
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10. Methods used to investigate the physiochemical properties of
collagen and collagen-based films

There are at least 27 collagen types with 42 distinct polypeptide chains identi-
fied. Types I to XXVII collagen are fibril-forming collagens, containing triple-helix
structures that can bundle into fibrils. Some collagen types are only present in
certain tissues, for example, collagen types II, IX and XI are mostly found in
cartilage tissues. Collagen types I to III are the ones mostly present in all collagen-
containing tissues, type I being mainly present in skin tissue. Collagen characteri-
sation is carried out to acquire information on structure, denaturation temperature,
quantity, quality, thermal stability and fibril arrangement. Understanding the
properties of each type of collagen will result in a better picture of what applications
it can further be applied in.

The properties of the extracted collagen can be characterised by Sodium dodecyl
sulphate polyacrylamide gel electrophoresis (SDS-PAGE), Fourier transform infra-
red spectroscopy (FTIR), thermal stability (thermogravimetric analysis (TGA),
differential scanning calorimetry (DSC)), morphology analysis, such as scanning

Period Collagen extraction research

Method optimization and comparison of different acids and enzymes for extraction
efficiency had started in this period, due to a high demand for collagen from various
markets.

2010–
2015

• In 2010, Uriarte-Montoya et al. [120] extracted and characterised collagen from Jumbo
squid and analysed its potential to be formed into a composite film with chitosan. Acid-
solubilised collagen was extracted, and film blends of chitosan-collagen were prepared
by casting. The films were characterised for their thermal and mechanical properties.
The purpose of these films was to be used as bio-friendly packaging materials.

• Muralidharan et al. [71] extracted collagen from skin, bone and muscle of both trash fish
and leather jacket fish. The collagen was characterised for their properties. Three
methods of extraction were applied, and each method resulted in different collagen
yields with the highest collagen yield being 71%. It was concluded that collagen from
both trash fish and leather jacket fish could be used to extract collagen use it for potential
pharmaceutical and biomedical applications.

• In 2012, Liu et al. [121] extracted collagen from fins, scales, skin, bones, and swim
bladders of bighead carp. The aim of this study was to characterise pepsin-solubilised
collagen from the five sources for simultaneous comparison purposes. It was concluded
that all five tissues could be used as a potential substitute for mammalian collagen.

• Matmaroh et al. [122] extracted collagen from the scale of spotted golden goatfish via
acid and pepsin solubilisation. SDS-PAGE showed both methods had revealed type I
collagen and FTIR confirmed the presence of collagen triple helical structure. The main
purpose of this study was to study collagen from the scale of spotted golden goatfish.

• Kittiphattanabawon et al. [123] extracted and characterised collagen from the skin of
brown-banded bamboo shark. Both acid soluble and pepsin soluble collagen were
extracted and the collagen yield with pepsin solubilisation was slightly lower than with
acid solubilisation. It was concluded that collagen from skin of brownbanded bamboo
shark could serve as an alternative source of collagen.

• Singh et al. [124] isolated collagen from skin of striped catfish. Once again, both methods
of acid and pepsin solubilisation were applied to extract collagen. Collagen yield with
pepsin-solubilisation was slightly higher (7.7%) in comparison to acid solubilised
collagen (5.1%).

In this period and currently, most research being carried out on collagen extraction is based
on method improvement and investigating novel tissues for possibility of collagen
extraction. Sources that were not investigated and sources that potentially be
environmentally friendly are being analysed for collagen extraction in order to find cheaper
and efficient means of extraction.

Table 9.
Timeline of advancements in collagen extraction (1960s – 2015).
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electron microscopy (SEM) and transmission electron microscopy (TEM); collagen
moisture content, and hydroxyproline analysis.

The results from these analyses can be compared to standard collagen found in
the market to compare yields and quality. The investigation of physiochemical
properties of collagen through these characterisation methods is a way of optimising
future collagen extraction methods.

10.1 Collagen molecular stability

10.1.1 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE analysis can be used to differentiate between the different collagen
types and their individual chains. SDS-PAGE patterns of the extracted collagen can
be obtained through any electrophoresis device such as the Mini-Protean or a
PhastGel system. The collagen sample is boiled in SDS, resulting in collagen to break
down into its polypeptide chains so that the α and β components of the collagen
molecule can be analysed.

Though SDS electrophoresis has been utilised for preparative separation of col-
lagen [125], it has been mainly used to compare collagen from different tissue types
and to identify collagen types and polypeptide chains. Wu et al. [126] extracted
bovine collagen and applied SDS-PAGE to identify the different collagen types
present.

10.1.2 Fourier transform infrared spectroscopy (FTIR)

In order to assess the collagen for abnormal formation and organisation and
changes in its secondary structure, Fourier Transform Infrared Spectroscopy
(FTIR) can be applied to reveal the collagen bio-distribution. FTIR has been used to
study collagen denaturation [127], collagen cross-linking [128], and thermal self-
assembly [129].

The vibrational bands characteristic of peptide groups and side chains provide
information on protein structures. Spectral changes in amide A, amide I (1636–
1661 cm�1), amide II (1549–1558 cm�1), and amide III (1200–1300 cm�1) regions
are indicative of changes in collagen secondary structure [127]. An increase in the
intensity of amide III and broadening of amide I are related with increased
intermolecular interactions via hydrogen bonding in collagen. Among these, the
amide I band (peptide bond C=O stretch) is especially sensitive to secondary struc-
tures. A reduction in the intensity of amide A, I, II and III peaks and narrowing of
amide I band are associated with collagen denaturation (Td) [127].

An FT-IR spectrophotometer can be used to obtain a spectrum for collagen.
Approximately 2–4 mg of collagen in 100 mg potassium bromide (kBr) can be used
to obtain spectra from 4000 to 1000 cm�1.

10.2 Collagen content: hydroxyproline analysis

Hydroxyproline is an amino acid found in collagen, comprising about 13% of the
collagen molecule, this amino acid is not found in any other proteins apart from
elastin. Thus, determining the hydroxyproline content in a specified tissue enables
the calculation of the total amount of collagen present. Experimentally, the amount
of hydroxyproline content in a sample for mammals [130] is multiplied by 7.46 to
give the amount of collagen in the sample.

Many studies on collagen extraction have applied hydroxyproline analysis to
calculate collagen content [81, 87, 131, 132]. Researchers have developed methods to
effectively measure hydroxyproline concentration of collagen using calorimetric
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assays [19, 133], high-performance liquid chromatography, and enzymatic methods
[133]. Calorimetric methods usually require complete hydrolysis of collagen to its
individual amino acids, oxidising hydroxyproline present to a pyrrole, and then
reacting the pyrrole with a colour forming agent. This colour change is measured
using a UV/Vis spectrophotometer and compared against calibration data to deter-
mine hydroxyproline concentration [19]. To obtain the amount of collagen in a
sample for mammals, the amount of hydroxyproline in the sample (mg) is multi-
plied by a factor of 7.46 [67].

10.3 Collagen denaturation temperature (td) and thermal stability

10.3.1 Differential scanning calorimetry (DSC) and thermal denaturation
temperature (Td)

Any DSC calorimeter brand can be used, such as a Perkin Elmer DSC7. The
thermal behaviour; stability of the native molecular structure and denaturation of
collagen can be determined by carrying out differential scanning calorimetry
(DSC). Denaturation temperature is obtained from the transition in the baseline in
the 30–80°C region by taking the inflexion point reading. Total denaturation
enthalpy (ΔH) can be estimated by measuring the area in the DSC thermogram.

Collagen denaturation temperature (Td) depends on collagen water content,
collagen extraction method, collagen source, degree of collagen cross-linking and
hydroxyproline content. Thermal stability of the collagen triple helix depends on
hydrogen bonds (inter- and intra-hydrogen bonding) which further influences the
folding and unfolding process when hydrogen bonds are broken and connected
[134, 135]. Hence, the thermal stability of collagen depends on the cross-linking of
collagen molecules (inter and intra).

Due to the polymeric nature of collagen, the thermal-induced denaturation of
collagen is usually complicated. Heating collagen in wet or dry state reveals a series
of thermal transitions. Thermal denaturation of collagen occurs due to hydrogen
bonds breaking and hence the unfolding of the triple helices forming random
polypeptide coils [136]. Cross-linking among the collagen molecules increase and
mature with age and provides further stability. The age-related accumulation of
cross-links increases the thermodynamic stability of collagen by increasing the
activation energy required for collagen denaturation. However, the maturity of
collagen cross-linking is limited to the functionality of the tissue. Post-mortem
cross-linking of collagen can increase to the point where the tissue may become
brittle [137].

Within the collagen fibril, there are complex interactions within and between
the packed molecules. In addition to inter, intramolecular cross-links, and different
forms of cross-linkages, there are several additional hydrophobic and ionic interac-
tions that must be accounted for regarding collagen denaturation. The presence of
non-collagenous components in the extracted collagen sample can cause variations
in thermal denaturation [138].

Due to the domain structure of the triple helix, not all parts of the collagen
molecule may denature at the same rate and it is almost impossible to define a
definite equilibrium Td. Studies have also shown an increase in Td with an increase
in hydroxyproline content [61, 139].

10.3.2 Thermogravimetric analysis (TGA)

Thermal stability of extracted collagen is investigated using a gravimetric
analyser. Approximately 5–10 mg of the sample can be used. The mass loss is
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recorded while the sample is heated from room temperature up to 800°C at a rate of
10°C per minute. The first derivative of percentage mass change versus temperature
can also be calculated to investigate temperature regions where mass loss was
occurring.

Ramanathan et al. [140] used TGA to assess the thermal stability of fish skin
collagen which was extracted via acid-solubilisation. They report using samples of
approximately 5 mg and heating samples at 10°C/min in the temperature range of
0–800°C. The acid-solubilised collagen showed two weight loss steps on the TGA
thermogram, relating the first stage to the loss of structural and bound water and
stage two to thermal degradation of the polypeptide chain. The study concluded to
show that the two peaks observed on the TGA differential curve were of collagen
denaturation and collagen degradation respectively.

10.4 Collagen morphology

10.4.1 Scanning electron microscopy (SEM)

The protein morphology of the extracted collagen can be studied using SEM. The
morphology of the extracted collagen can be compared to the standard bovine

Figure 8.
SEM images of extracted collagen, with 1) acid-soluble collagen of Catla fish (a), pepsin-soluble collagen of
Catla fish (B), acid-soluble collagen of Rohu fish (C) and pepsin-soluble collagen of Rohu fish (D) [139], (2)
being from buffalo skin [14] and 3) being SEM image of porcine skin collagen [142] (used with permission).
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assays [19, 133], high-performance liquid chromatography, and enzymatic methods
[133]. Calorimetric methods usually require complete hydrolysis of collagen to its
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reacting the pyrrole with a colour forming agent. This colour change is measured
using a UV/Vis spectrophotometer and compared against calibration data to deter-
mine hydroxyproline concentration [19]. To obtain the amount of collagen in a
sample for mammals, the amount of hydroxyproline in the sample (mg) is multi-
plied by a factor of 7.46 [67].
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temperature (Td)
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thermal behaviour; stability of the native molecular structure and denaturation of
collagen can be determined by carrying out differential scanning calorimetry
(DSC). Denaturation temperature is obtained from the transition in the baseline in
the 30–80°C region by taking the inflexion point reading. Total denaturation
enthalpy (ΔH) can be estimated by measuring the area in the DSC thermogram.

Collagen denaturation temperature (Td) depends on collagen water content,
collagen extraction method, collagen source, degree of collagen cross-linking and
hydroxyproline content. Thermal stability of the collagen triple helix depends on
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bonds breaking and hence the unfolding of the triple helices forming random
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brittle [137].

Within the collagen fibril, there are complex interactions within and between
the packed molecules. In addition to inter, intramolecular cross-links, and different
forms of cross-linkages, there are several additional hydrophobic and ionic interac-
tions that must be accounted for regarding collagen denaturation. The presence of
non-collagenous components in the extracted collagen sample can cause variations
in thermal denaturation [138].

Due to the domain structure of the triple helix, not all parts of the collagen
molecule may denature at the same rate and it is almost impossible to define a
definite equilibrium Td. Studies have also shown an increase in Td with an increase
in hydroxyproline content [61, 139].

10.3.2 Thermogravimetric analysis (TGA)

Thermal stability of extracted collagen is investigated using a gravimetric
analyser. Approximately 5–10 mg of the sample can be used. The mass loss is
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recorded while the sample is heated from room temperature up to 800°C at a rate of
10°C per minute. The first derivative of percentage mass change versus temperature
can also be calculated to investigate temperature regions where mass loss was
occurring.

Ramanathan et al. [140] used TGA to assess the thermal stability of fish skin
collagen which was extracted via acid-solubilisation. They report using samples of
approximately 5 mg and heating samples at 10°C/min in the temperature range of
0–800°C. The acid-solubilised collagen showed two weight loss steps on the TGA
thermogram, relating the first stage to the loss of structural and bound water and
stage two to thermal degradation of the polypeptide chain. The study concluded to
show that the two peaks observed on the TGA differential curve were of collagen
denaturation and collagen degradation respectively.

10.4 Collagen morphology

10.4.1 Scanning electron microscopy (SEM)

The protein morphology of the extracted collagen can be studied using SEM. The
morphology of the extracted collagen can be compared to the standard bovine

Figure 8.
SEM images of extracted collagen, with 1) acid-soluble collagen of Catla fish (a), pepsin-soluble collagen of
Catla fish (B), acid-soluble collagen of Rohu fish (C) and pepsin-soluble collagen of Rohu fish (D) [139], (2)
being from buffalo skin [14] and 3) being SEM image of porcine skin collagen [142] (used with permission).
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collagen available in the market. The expected microstructure of collagen from SEM
images would be to observe collagen sheets which would be a combination of
collagen fibrils and fibres that are bundled together to form a fibril network and
dense sheet-like structure.

Ramanathan et al. [140] used SEM to observe the surface morphologies of
freeze-dried acid-solubilised fish skin collagen. The images showed a smooth sur-
face texture, in two of the images, a layer-by-layer structure was observed (no
definite fibres), and this was related to the intertwining of collagen fibres. Similarly,
Rizk et al. [14], Tziveleka et al. [141], Rodrigues et al. [142], Pal et al. [139] all
carried out SEM to assess the surface morphology of extracted collagen and all
showed SEM images to have smooth or slightly wrinkled surfaces or sheet-like
structures (Figure 8).

10.4.2 Transmission electron microscopy (TEM)

Transmission electron microscopy is usually carried out to observe collagen fibril
structure and it is uniformity in a much deeper level. SEM only provides limited
information on collagen morphology. Figure 8 is showing an electron transmission
image of mammalian lung tissue collagen at a magnification of 50 nm, while is
showing a TEM image of collagen fibrils and fibres.

The preparative steps of collagen TEM are very specific and usually requires a
technician to carry out each step carefully in order to observe the fibrillar structure
of collagen. The Karnovsky fixative is mostly used as a preparative method prior to
taking TEM images.

11. Conclusion

Collagen has risen its rank to be an integral material and an element of impor-
tance both in biomedical and non-biomedical sectors. In conclusion, research has
shown that collagen can be effectively extracted from bovine and cattle hides. Using
waste valorization concepts, collagen containing waste materials can be utilized to
derive high-value products.
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dense sheet-like structure.

Ramanathan et al. [140] used SEM to observe the surface morphologies of
freeze-dried acid-solubilised fish skin collagen. The images showed a smooth sur-
face texture, in two of the images, a layer-by-layer structure was observed (no
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taking TEM images.
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Collagen has risen its rank to be an integral material and an element of impor-
tance both in biomedical and non-biomedical sectors. In conclusion, research has
shown that collagen can be effectively extracted from bovine and cattle hides. Using
waste valorization concepts, collagen containing waste materials can be utilized to
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Abstract

Pig farming currently occupies a prominent place in the southern states of the 
Brazil, owning approximately 50% of the national squad, estimated at 42 million 
pig heads. However, the swine activity contributes significantly to the generation of 
environmental impacts on the environment. Recently, the greatest need for animal 
protein has exerted pressures on the current animal production system and one of 
the alternatives has been to the use of veterinary medicines, which have several uses 
ranging from therapeutic use, preventive in the treatment of various diseases and as 
growth promoters. Its indiscriminate and uncontrolled use is currently endangering 
the environmental balance of producing sites through effluent contamination. Many 
producers have been using contaminated slurry as a biofertilizer. In this sense, fur-
ther studies on techniques and processes of treatment of organic effluents contami-
nated by veterinary drugs are necessary. Alternative low-cost and environmentally 
viable treatment systems are needs to minimize the entry into the environment of 
these contaminants. Therefore, the composting process that can defined as a process 
of aerobic microbial decomposition of organic matter and nutrient recycling can be 
an alternative for the treatment of effluents contaminated by veterinary drugs.

Keywords: antibiotics, contamination, impacts, human health, resistance, resistance

1. Introduction (Composting)

The composting technique emerged around the year 1920, when a researcher 
named Albert Howard developed the process in India [1]. This process happens natu-
rally next to the environment, where the biological degradation of the compounds 
occurs [2], this technique can still be characterized as a process of treatment of 
different types of residues and origins, among them (urban, industrial, forestry and 
agricultural), where a diverse population of microorganisms (bacteria, fungi) act [3].
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1. Introduction (Composting)

The composting technique emerged around the year 1920, when a researcher 
named Albert Howard developed the process in India [1]. This process happens natu-
rally next to the environment, where the biological degradation of the compounds 
occurs [2], this technique can still be characterized as a process of treatment of 
different types of residues and origins, among them (urban, industrial, forestry and 
agricultural), where a diverse population of microorganisms (bacteria, fungi) act [3].
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During the composting process, four fundamental stages for the biodegradation 
of the compounds occur: initial mesophilic phase, thermophilic, mesophilic cooling 
and maturation. In the initial phase, mesophilic, the decomposition process acceler-
ated by the gradual increase of existing microorganisms, as well as the increase in 
temperature. In the thermophilic phase, the temperature of the composting system 
can reach more than 60°C, resulting from the action and thermophilic microorgan-
isms, generating heat and water vapor. In the mesophilic phase of cooling, the most 
resistant compounds degraded by mesophilic microorganisms, which after this 
degradation eventually decrease their activity. Finally, the maturation phase, where 
the decomposition is low or zero and where the humid are released, generating by 
end, a stabilized compound [1]. The temperature profile during the composting 
phases are showing in Figure 1.

During the composting phases, CO2 detachment and heat release occur in the 
composted material (mesophilic phase), reaching the temperature peaks, where the 
vapor (thermophilic phase) is generated, which also contributes to inertization in 
the system, all based on the metabolism of microorganisms [2].

Composting has several benefits for the management of waste produced by pig 
producers, as it can eliminate up to 90% of the effluent volume [4]. The process also 
has numerous advantages: minimizes the generation of greenhouse gases, reduces 
the proliferation of vectors, reduces odors, has environmental technical feasibility, 
elimination of costs for disposal and transport of waste, technical feasibility to 
expand the current pig production systems [2–5].

2. Physical-chemical composting parameters

For the composting process to succeed, some aspects such as heat transfer, air-
flow, steam and finally moisture balance must observed [6]. The main parameters 
to be evaluated during the composting process are: oxygen/aesthesia; pH; Moisture 
content; Temperature; C/N ratio, in addition to the presence of microorganisms [6].

Oxygen is directly interconnected with microbial activity, due to the composting 
process, being aerobic. The obtaining of oxygen from the composting system can be 
obtained by mechanical, physical or even forced aeration [7]. Its consumption and 
supply is tied, the humidity of the composting system, having optimum humid-
ity in the range of 55%. The higher the microbial activity, the higher the demand 
for oxygen and the lower the humidity in the composting system [7]. Also for the 
author, systems with humidity below 40%, can inhibit the activity of bacteria, 
predominantly the higher activity of fungi.

Figure 1. 
Composting phases according to the temperature in the system. Source: Adapted from [3].
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The aeration has equal importance in the process, because with greater revolving 
and aeration of the system, the rate of decomposition of organic matter is increased. 
In his experiment of mechanized composting [5], he made the aeration during the 
injection of effluents in the trees and after 2 days, where he made only the revolving 
of organic matter.

Moisture in the composting system is of fundamental importance, being 
correlated with the rate of decomposition of organic matter by aerobic microorgan-
isms. As already mentioned above, the ideal rate varies between 50% [3], and 55% 
[7]. Its control can was established by revolving, because at high humidity, anaero-
biosis may occur in the system [3]. This, can also was controlled by the relationship 
between effluent injection and the amount of dry mass (DM). The author [5] used 
an initial rate of 1.47 liters of scum per kg (DM) in the first days up to a rate of 
0.21 liters of scum per kg (DM) at the end of the experiment. Other aspects need 
observed, which are the phases of the composting process, mesophilic and thermo-
philic phase, both related to the elevation and decrease of temperature and water 
evaporation.

The state of organic matter decomposition can be measured from the hydrogenic 
potential (pH) found in the composting system, because for each phase of the pro-
cess, the pH variation will occur. The initial pH values can be in the order of 4–5 [7], 
this due to the release of minerals acids and carbonic gas, where at this time the bac-
teria acidophilus and fungi act in the decomposition of cellulose [3]. Subsequently, 
the pH can reach values between 7 and 12, due to the formation of organic acids by 
alkalophiles bacteria [7], when there is stabilization of the compound [3].

With the ease of measuring throughout the process, the temperature profile 
plays a crucial role in composting. The temperature can range from 10–70°C, meso-
philic phase and thermophilic respectively [3]. Its elevation and decrease linked 
with humidity and microbial activity, as demonstrated in the temperature profile in 
Figure 1.

Another important role of this parameter is the inertization and maturation of 
the compound over time. Pathogen microorganisms have their inactivation from 
three days at temperatures higher than 55°C [8], but in composting cells where 
revolving often occurs; the minimum is 15 days with temperatures above 55°C 
[4]. Aspects such as raw material, composting system configuration, presence of 
microorganisms, moisture, oxygen, directly affect temperature. Still the tempera-
ture can define the amount of revolving of the composting system. In his work [1], 
he observed the temperature variation in a process of composting of cattle slaughter 
residues, and in another study, [4], in a process of composting of pig effluents; 
both studies presented maximum temperatures did not exceed 55°C. In relation to 
Figure 3(a), it is also noted that when revolving the composting system, the inter-
nal temperature increases significantly. Temperature profiles vary from research to 
research, [5] observed 72°C in the composting system at 22 days of experiment, [2], 
observed values not exceeding 52°C, already [9], obtained the maximum tempera-
ture of 61°C.

To prepare the composting system it is necessary to note the Carbon/Nitrogen 
ratio. Both compounds are important in the process, where carbon acts as an energy 
source and nitrogen as a respirometric source of microorganisms [3], also acting, 
in cell growth, formation of proteins, amino acids and nucleic acids [2]. The C/N 
ratio has been observed by several authors [1–4, 6, 9–11], who evaluated that this 
ratio should not exceed 30/1 in the initial phase, because in high relationships, the 
degradation of the compounds is delayed, already at the end, when the compound 
is matured, the ratio may reach 10/1. In this process, much of the carbon is released 
into the atmosphere in the form of CO2 [6], and nitrogen can be released, when the 
ratio is low, in the form of ammonia, characterizing bad odor [2].
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3. Use of veterinary drugs

The indiscriminate use of veterinary medicinal products in animal husbandry, 
especially in pig farming, has become the gateway of these pollutants to the envi-
ronment [12]. Antibiotics used since prevention, therapeutic use, helping in the 
treatment of diseases such as infections, diarrhea, still being able to act as growth 
promoters [13–16]. Currently, there is a great concern in the academic community, 
with residues derived from veterinary drugs, due to their potential contaminant, 
but also, by the non-absorption completely, by the animal organism. Several 
authors, such as [15–19] point out that on average 60% of the veterinary medicinal 
product dosed to animals are excreted through urine and feces [20], and the group 
of drugs most commonly used today are antibiotics [15, 21], and among them, 
tetracyclines, sulfonamides, lincosamides, β-lactamines and macrolides [22].

After their non-absorption by the body, veterinary drugs can reach soil and water 
resources [13, 16, 22] as unaltered substances or metabolites. The use of pig effluents 
as fertilizer may be emphasizing the spread and increase of antibiotic residues in the 
environment [12, 20]. Several studies have proven environmental contamination 
around the world through antibiotics, such as tetracycline in Brazil, Canada and China, 
[20, 23, 24], by sulfonamines in Bolivia, Czech Republic and USA, [25–27], macrolides 
in South Korea, United Kingdom and Hong Kong [28–30], fluroquinolonas in Poland, 
Austria and Thailand [31–33], and kilane in China and Malaysia [25, 34].

In addition, to soil contamination by heavy metals [35], contamination of water 
resources [36], the application of biofertilizers, directly or indirectly in the soil 
[34], has caused change in the soil biotic community [37]. Another point that draws 
attention, and more significant is the resistance of microorganisms to antibiotics, 
several authors have found evidence of the resistance of microorganisms [38–42] 
thus enhancing the risk to human health [34, 38, 43].

The availability and use of pig effluent are justified by the size of the production 
chain. Brazil is among the four largest producers of pigs in the world, behind China, 
the United States and the European Union, with an estimated herd of 42 million 
heads, representing US$ 1 billion annually in meat sales [44, 45]. The Southern 
Region of the country, where the states of Paraná, Santa Catarina and Rio Grande do 
Sul are located, account for 49.3% of the national production [46]. With a well-estab-
lished production chain, a large amount of waste generated. Point out that a pig in the 
finishing phase can produce up to 7.6 liters of manure/day [47], often causing failures 
and overload in effluent treatment systems, which mostly treated by biological ponds.

Many of these existing environmental problems and pressures are due to 
traditional organic effluent treatment systems, widespread in pig-producing units, 
which are not efficient in the treatment of these pollutants [48]. Compliance with 
environmental laws, as well as the feasibility of managing waste produced in farms, 
generated the need for alternatives for the treatment of effluents.

With this, composting emerged as a treatment proposal, which is a natural 
process of nutrient recycling, through aerobic microbial decomposition of organic 
matter [4], under favorable conditions of temperature, pH, oxygen, humidity, pres-
ence of chemical substances, raw material and C/N ratio [3, 47], resulting in a mate-
rial with relative stability and quality [49]. The advantages range from minimizing 
the volume of effluents of about 90% [4], reducing the emission of greenhouse gases 
and the proliferation of vectors. Another important factor is the technical feasibility, 
to expand the current pig production systems [2–5], showing be a practical proposal, 
low cost [23, 25, 50], still classified as a clean and viable method [28], for the correct 
management of waste. Another advantage is the inactivation and immobilization of 
pathogens, nutrients and veterinary drugs [13, 48, 51, 52], thus becoming a potential 
proposal for the treatment of veterinary antibiotics [23, 25, 48, 53].
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Studies indicate that composting has potential in the treatment and decay of 
drug concentrations [3, 13, 48, 49, 51, 54–56]. Antibiotic residues such as florfeni-
col, sulfadimetoxin, sulfametazin and tylosin reached 95–99% decline in 21 days 
of composting [51]. Tetracycline, sulfonamides and macrolides had 99%, 96% and 
95% decaine, respectively, through composting [53] in 35 days of testing. [48], they 
did not detect the presence of a group of sulfonamides (Sulfametazin (SMZ) and 
Sulfamethoxazole (SMX)) in the final compound.

4. Composting as a proposal for treatment of swine effluents

Technologies that seek to reduce residues of veterinary medicinal products 
(RMV), mainly veterinary antibiotics (AVs) found in organic and industrial efflu-
ents disposed as fertilizer in the soil is a necessity to minimize the environmental 
impacts generated by these compounds [25]. Traditional organic effluent treatment 
systems, widespread in pig-producing units, are not efficient in the treatment of 
these pollutants [48].

Among the various technologies and treatment systems for different origins and 
compositions of organic effluents, including pigs, composting has been shown to 
be a practical proposal, low cost [23, 25, 50], classified as a clean and viable method 
[28] for the correct management of waste. This technique can be developed as an 
alternative for the treatment of effluents in small properties, located in regions with 
high concentration of pigs and with little agricultural area available for final dis-
posal [4], as well as proposal for treatment of veterinary antibiotics [23, 25, 48, 53].

Composting can be defined as a process of aerobic microbial decomposition of 
organic matter, being a natural process of nutrient recycling, used since ancient 
civilizations [4], under favorable conditions of temperature, pH, oxygen, humidity 
[47], presence of chemicals, raw material and C/N ratio [3], resulting in a material 
with relative stability and quality [49]. Treatment by composting reduces the vol-
ume of effluents, inactivates and immobilizes pathogens, nutrients and veterinary 
drugs [13, 48, 51, 52], and finally produces a by-product (substrate), with economic 
and agronomic value [49, 50]. Figure 2, shows the cycle of inputs and outputs 
 during the composting process.

This treatment proposal has been shown to be effective in the management of 
organic waste from production processes confined to pigs, poultry and cattle, and 
has the potential to treat emerging organic pollutants (POEs) [57]. The decay of 
the concentration of veterinary medicinal products through composting has been 
researched by several authors [13, 48, 49, 51, 54–56], for different types of effluents 
and organic residues.

The decline of 27% OF CTC was observed in swine effluents [57] and 92% in 
poultry manure in a composting system for 42 days. When analyzing the decline of 

Figure 2. 
Flow of entry and exits in the composting process. Source: Author (2017).
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4 antibiotics (florfenicol, sulfadimetoxin, sulfametazin and tylosin) [51] during the 
composting process of domestic effluents, approximately 95–99% of antibiotics were 
degraded after 21 days of testing. Antibiotic decline [53] was evaluated (tetracycline 
96%, 99% sulfonamides and macrolides 95%) during the composting process, [48], 
after 35 days of bench-scale composting, they did not detect the presence of antibiot-
ics from the Sulfonamide Group (Sulfametazin (SMZ) and Sulfametoxazole (SMX)).

Figure 3 shows one of the processes of composting of existing pig effluents, the 
mechanized one, which consists of mixing the waste produced by pigs in the rearing 
systems, with shavings, sawdust or straw in beds/beds [50].

However, this process as a proposal for the treatment of veterinary medicines 
of different classes, has yet been developed in the country, justifying the proposal, 
having presented good results in research already developed, its application becomes 
important in the search for new alternatives to minimize the potential environmen-
tal risks caused by these contaminants, since in contact with environmental matrices 
can be accumulated in the soil, as well as being leached for water resources [56].

5. Use of composting in the treatment of veterinary drugs

One of the determining points for the development of research and its scientific 
relevance is the potential for contamination by veterinary antibiotics. Currently the 
pig production chain in the south of the country is estimated at 20.5 million heads. 
Considering only the state of Rio Grande do Sul (7 million heads), and assuming 
that the main group of antibiotics, tetracycline [15, 21], which is given in the order 
of 400 mg/animal/80 kg. The medicated with the main antibiotic group, and 70% 
of the dose is excreted by urine and feces [18]. If this residue is deposed in current 
treatment systems, which can reduce its concentration by 50%, this would result 
in 0.140 g/tetracycline/animal, representing 0.98 tons of antibiotics that would be 
dumped into the soil annually along the effluent in the form of biofertilizer [59].

The search for technical alternatives for the treatment of pig manure contami-
nated with residues of veterinary drugs was decisive for the accomplishment of the 

Figure 3. 
Mechanized composting system of swine effluents (a) [58], shaving bed after effluent injection and revolving 
(b) municipality of Concordia, SC.
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work, considering the size of the production chain in the country, due to the lack of 
research at the national level, but mainly in minimizing the potential damage, they 
can cause to the environment. The results observed in the research point a potential 
for chronic contamination and disturbances at the environmental level, but also at the 
social level, very expressive, but also point to the need for research aimed at the search 
for technological alternatives for the treatment of these residues, often left aside.

Based on the results obtained [58], it was observed that composting proved to 
be effective in the degradation of 19 veterinary drugs, divided into 8 groups. The 
decay/degradation rate ranged from 33.7–100% in 150 days. The antibiotics sulfatia-
zole, tetracycline and chlortetracycline showed 100% decay. The mean degradation 
of antibiotics was 97.2%, proving composting as a technique for the treatment of 
swine effluents contaminated by antibiotics, however, at the end of composting, 
some antibiotics presented residues in the order of milligrams per kg in the final 
compound. Therefore, further research on the behavior of these compounds during 
composting would elucidate whether these compounds are actually degraded or if 
they generate some kind of metabolites or other substance.

Regarding the community of microorganisms for Bacteria and Fungi [58], 
a great diversity in the level of phylum and genera observed in both kingdoms 
throughout the composting. Regarding phyla and genera of bacteria, 7 phylum and 
more than 70 genera of bacteria were observed over time (0, 15, 30, 45, 60, 75, 90, 
120 2150 days). Fungal diversity at phylum and gender level was 2 phylum and 16 
genera. This abundance and diversity may be related to the proposed identification 
methodology, new generation sequencing, which proved to be able to identify a 
wide range of the micro biota found during composting. In this context, a correla-
tion between environmental variables and antibiotics with microorganisms was, 
also observed, proving through redundancy analysis that the main factors to have 
significance in the bacterial community were humidity, but not influencing the 
fungal community. Veterinary antibiotics (Tilcomisin and Ciprofloxacin) showed a 
positive correlation in the vast majority of bacteria genera, an effect not observed in 
fungi. In the fungal genera, the antibiotic Tilmicosin has a positive correlation with 
the genera (Apiotrichum and Penicillium) and Ciprofloxacin has a positive relation-
ship with the genera (Tricosporium, Parascedosporium, Petriella and Cryptococcus).

6. Microbial communities of the composting process

The application of animal waste contaminated with residues of veterinary 
medicinal products has become the gateway to the expansion of several types of 
antibiotic resistance genes, caused by the indiscriminate use of antibiotics in the 
production of animal protein [60, 61]. In the composting process, there are dif-
ferent types of microorganisms, among them the predominance of bacteria, fungi 
and actinomycetes, divided into aerobic, thermotolerant and mesophilic [48], 
which are responsible for about 95% of microbial activity [3]. One of the most 
important parameters for the proliferation of these microorganisms is temperature, 
which should not exceed 65°C, for fungi and actinomycetes, and for bacteria, 
 temperatures should be higher than 40°C [48].

Another important aspect is the presence of microorganisms, which are capable 
of contaminating the environment [9] including E. coli and other pathogens. Also 
according to the authors, during the experiment, carried out with composting of 
swine effluents, the average presence of 2 to 5 (log10 NMP g−1) of total coliforms 
was found.

It found 39 species of fungi in the composting process [50], many of which were 
identified only at the beginning or at the end of the experiment (Table 1).
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Fungi identified at the beginning of the process Fungi identified at the end of the process

Absidia Hesseltinii Alternaria alternata*

Alternaria alternata Arthrobotrys sp.

Candid’s aspergillus Fumigatus aspergillus

Flavus aspergillus Niger Aspergillus

Fumigatus aspergillus Aspergillus sp.

Niger Aspergillus Aureobasidium floccosum*

Aspergillus Botryosphaeria sp.

Parasiticus aspergillus Cephalosporium sp.*

Versicolor aspergillus Cladosporium sp.

Aureobasidium sp. Colletotrichum sp.

Bipolaris Maydis Curvularia bezel

Botryodiplodia theobromae Dreschlera sp.

Acremonium Fusarium oxysporum*

Cephalosporium spp. Gibberella sp.

Chaetomium globosum Helminthosporium spp*

Cladosporium cladosporioides Hysterium sp.

Clavata curvularia Mycosphaerella sp.

Drechslera carbonum Nigrospora sp.

Oxysporum fusarium Septoria sp.

Solan’s Fusarium Stenocarpella Maydis

Graminearum fusarium Tetraploa sp.

Moniliform fusarium Viride Trichoderma

Helminthosporium spp.

Phaseoline macrophomine

Monilinia sp.

Mucor sp.

Oryzae nigrospora

P. funiculosum

Penicillium citrinum

Penicillium sp.

Penicillium spp.

Phoma herbarum

Oryzae

R. stolonifer

Solani rhizoctonia

Oligosporum rhizopus

Syncephalastrum racemosum

Harzianum Trichoderma

Source: [50]* genres that occurred throughout the process.

Table 1. 
Fungi identified during the process of composting of swine effluents with residues of treated seeds.
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It is observed that of the total fungi, five species were found since the beginning 
of the process (Alternaria alternata* Aureobasidium floccosum* Fusarium oxysporum* 
Helminthosporium spp*). In a system of composting of poultry, waste found 3 phylos 
(kingdoms) in greater quantity: Betaproteobacteria; Firmicutes and Bacteria [49].

Evaluating the resistance of microorganism genes to the antibiotic 
Oxytetracycline (OTC) [13], observed the predominance in 95.3% of the bacteria 
found, with the following phylos (kingdoms) Actinobacteria, Bacteroidetes, 
Chloroflexi, Firmicutes and Proteobacteria, and that of these kingdoms, 50 generos 
(Clostridium sensu stricto, Aquamicro Aquabium; Paenibacillus; Azoarcus; Jonesia; 
Gracilibacillis; Devosia; Celivibrio; Marinobacter; Tepidimicrobium; Ornithinibacillus; 
Paracoccus; Pelagibacterium; Turicibacter; Streptomyces; Leucobacter; Vulgatibacter; 
Steroidobacter; Bordetella; Chelatococcus; Trupera; Nonomuraea; Thermovum; 
Brumimicrobium; Caldalkalibacillus; Ornithinimicrobium; Jeotgalicoccus; 
Ureibbacillus; Sphaerobacter; Saccharibacteria_genera_incertae_sedis; Pseudomonas; 
Corynebacterium; Dietzia; Clostridium XI; Sphingobacterium; Pusillimonas; 
Luteimonas; Flovobacterium; Actinomadura; Rhodopirellula; Verrucosispora; 
Nocardioids; Bacillus; Ammoniibacillus; Planifilum; Georgenia; Idiomamarina; 
Saccharomonospora and Thermobifida) during aerobic composting of bovine 
 effluent, as well as the increase in OTC resistance in some genders [13].

Also in relation to the resistance of microorganisms with antibiotics, [57] they 
state that CTC inhibited the growth of 12 soil bacteria at different concentrations. 
In addition to the increased intake of antibiotics in the environment, this can 
pose risks to human health, such as increased allergy to antibiotics and increased 
resistance to antibiotics, as many foods develop in places with inadequate effluent 
disposal and transfer a contaminated load.

Microorganisms such as E. coli have shown antibiotic resistance in several studies 
[58, 62–64]. E. coli resistance was tested from wastewater and wastewater treatment 
system in 24 antibiotics [64], distributed in 6 classes (Penicillins, Cephalosporins, 
Chynomas, AminoGlycosides, Sulfonamides and Tetracycline). The results 
showed that the groups of antibiotics with the highest resistance were, Penicillin; 
Cephalosporin; Kilonomonas; Sulfonamides and Tetracycline.

In another study [14] they found 14 tetracycline-resistant genes and three 
antibiotic resistance genes Sulfonamines, which modified ribosomal protection 
proteins, enzymatic inactivation proteins. These results can also be confronted by 
the high persistence and accumulation capacity that antibiotics have when they 
are in environmental matrices, especially in soils. Evaluated the persistence of 
5 antibiotics in the soil (Tetracycline, Sulfametazin, Norfloxacin, Erythromycin and 
Chloramphenicol), where the highest rate of antibiotic adsorption in the soil was: 
Tetracycline > Norfloxacin > Erythromycin> Chloramphenicol> Sulfametazin, thus 
increasing the risk to the environment [61].

7. Conclusions

In the end, we can admit that the composting process presented itself as an 
alternative to the current treatment systems, since it combines, at the same time, 
the treatment of swine effluent, but it has the capacity to degrade antibiotic residues 
found in swine effluents, minimizing their effects. Impacts on the environmental 
matrices (soil and water), and still at the end, generate a product (compost) with 
agricultural potential superior to the use of effluents directly in the soil.
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Chapter 14

A Comparative Study of MSW to 
Emery in Oman
Tariq Umar

Abstract

The adverse impact of the energy production from fossil fuels is now well 
recognized globally; therefore, the move toward renewable and sustainable energy 
has become an integral part to achieve the United Nations Sustainable Development 
Goals (SDGs). This chapter presents a comparative study considering a waste- 
to-energy plant to produce electricity in Oman. A research strategy that includes 
both qualitative and quantitate research methods were adopted to evaluate the 
MSW generation and emissions, electricity consumption and emissions, public 
participation in waste segregation, and to estimate the reduction in emission by 
considering a 5000 tons/day waste-to-energy plant in Oman. The results show 
that the current emission from fossil fuels to meet the electricity requirement of 
70,633.37 Million kWh/year is 161.781 Million tonnes (CO2/year). Similarly, the 
emissions from MSW which currently stood at 2.159 million tons/year are 3,424,247 
tons CO2/year. A 5000 ton per day waste-to-energy plant will not only produce 
29.30 million kWh daily but will also enable an annual reduction of 24,527 million 
kg CO2. Such an initiative will help Oman to improve its sustainability performance 
in energy, climate change, waste reduction, and economic growth and will pave the 
road to achieve the relevant SDGs by 2030.

Keywords: energy, sustainability, waste management and disposal

1. Introduction

Energy is an integral part of today’s modern life, but the way most the energy 
is produced around the world creates several environmental and sustainability 
issues. Environmental sustainability is the core issue that needs to be addressed for 
development to focus on human well-being and yet stay within the limitations of 
the planet’s capacity. Environmentally sound waste management is one of the key 
elements for sustainable development. The idea of sustainability developed in the 
early 1980s as reported in the International Geosphere-Biosphere Program can be 
defined as “meeting fundamental human needs while preserving the earth natural 
environment” [1]. Since the earth’s population is increasing, it is putting pressure on 
the earth’s resources. According to the World Economic Forum, it is estimated that 
food production will need to double by 2050 to feed 10 billion people on the earth [2]. 
Today, sustainability has three essential pillars, including environmental protection, 
social development, and economic growth; sustainable development can be been 
defined as a development that meets the needs of the present without compromising 
the ability of future generations to meet their own needs [3]. The need for sustainable 
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development is truly recognized by all countries, and thus in 2015, the United 
Nations (UN) was able to introduce 17 Sustainable Development Goals (SDGs) to 
be achieved by 2030 [4]. The UN under Goal 12 (Responsible Consumption and 
Production) of its SDGs aims to substantially reduce waste generation through pre-
vention, reduction, recycling, and reuse. Data from 214 cities or municipalities in 103 
countries show that about three quarters of MSW generated is collected (Figure 1). 
In sub-Saharan Africa, less than half of all MSW generated is collected, with adverse 
effects on the health of residents. Moreover, even when waste is collected, it is often 
not treated and disposed of in a sustainable and environmentally sound manner. 
Managing such wastes continues to be a major challenge facing urban areas in several 
regions. Appropriate waste management is important for conserving local and global 
environments. Improvement of waste management in developing countries is directly 
related to preventing environmental pollution and expanding public health services. 
Appropriate waste management contributes to reducing not only the emission of 
water/atmospheric pollutants and odors but also the emission of greenhouse gases. 
In this regard, some studies reported that Green House Gases (GHG) emissions from 
the waste sector contribute to 3–4% of total global GHG emissions [7]. The rapidly 
increasing amount of municipal waste in cities around the globe is connected with 
economic development, as an increase in the city population creates many major 
challenges associated with economic development [8].

Gulf Cooperation Council (GCC) member countries (Saudi Arabia, Oman, United 
Arab Emirates, Kuwait, and Qatar) are considered as major consumers of the natural 
resources, which results in a huge amount of emissions [9, 10]. Similarly, the annual 
solid waste generation in the GCC region has exceeded 150 million tons. GCC coun-
tries feature among the world’s top 10 per capita waste generators (Figure 2). Similarly, 
the annual solid waste generation in the GCC region has exceeded 150 million tons. 
Comparatively, this is lower than the waste generated in the UK, as GCC has a lower 
population (=54 million) than the UK (66 million); however, at the same time; the 
UK recycles more than 45% of its waste [12]. The recycling of waste in the GCC is 
almost zero. Lack of legal and institutional frameworks has been a major stumbling 
block in the progress of the waste management sector [11]. The per capita production 
of municipal waste in top GCC cities, such as Riyadh, Doha, Abu Dhabi, and Dubai, 
is more than 1.5 kg per day which is among the highest worldwide [13]. Some recent 
studies which considered situations of waste in the whole gulf region indicate that the 
recycling sector is underdeveloped and hardly 10–15% of the waste is recycled [14]. 
This chapter considers the MSW in Oman to produce electricity. Currently, the MSW 

Figure 1. 
Proportion of the municipal solid waste generated that is collected, 2001–2015 (data from 214 cities/
municipalities in 103 countries) [5, 6].
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in Oman is deposited in more than 300 landfills/dumpsites managed by municipalities. 
Overall, most of the solid waste is sent to authorized and unauthorized dumpsites for 
disposal, which is creating environmental and health issues. There are several dump-
sites which are located in the midst of residential areas or close to catchment areas of 
private and public drinking water bodies. Similarly, these landfill stations occupied a 
large area of land which can be utilized for some other purposes. For instance, as per 
the Ministry of Housing regulations, each Omani is eligible to get a plot of 500 sqm 
for the house after reaching a certain age [15]. Of course, this is a non-sustainable 
approach, but this is the current policy of the government, and thus the reduction in 
landfills will help Oman to fulfill such commitment in a more appropriate manner. 
Similarly, a survey conducted by the Be’ah, a company established under the Royal 
Decree 46/2009, shows that solid waste in Oman is characterized by a very high per-
centage of recyclables, primarily paper and cardboard (15%), plastics (20.9%), metals 
(1.8%), and glass (4%) [16]. Some of the newspaper reports show that currently 100% 
of the MSW in Oman goes to landfills [17].

To reduce GHG emissions from MSW and to reduce the burden of landfills on 
the earth, proper disposal and recycling of MSW are important. One of the modern 
methods that are recently adopted by many countries is to use MSW in a plant to 
produce energy. This type of plant is commonly known as waste-to-energy plants. 
The aim of this research is therefore to explore the opportunities to use MSW for 
electricity production in Oman. Such opportunities, however, cannot be under-
stood well without knowing the composition of the MSW, public participation, and 
cooperation in activities related to recycling. This research, therefore, incorporates 
both quantitative and qualitative approaches, commonly known as mixed method, 
were adopted to accomplish the aims and objectives set for the research. The next 
section provides a literature review, covering Oman energy situation, electricity 
consumption, and the types of waste-to-energy plants.

2. Literature review

Although energy has become an integral requirement of today’s modern life and 
it is considered as a fundamental element for social and economic growth, however, 

Figure 2. 
GCC population versus municipal waste generation [6, 11].



Biotechnological Applications of Biomass

256

development is truly recognized by all countries, and thus in 2015, the United 
Nations (UN) was able to introduce 17 Sustainable Development Goals (SDGs) to 
be achieved by 2030 [4]. The UN under Goal 12 (Responsible Consumption and 
Production) of its SDGs aims to substantially reduce waste generation through pre-
vention, reduction, recycling, and reuse. Data from 214 cities or municipalities in 103 
countries show that about three quarters of MSW generated is collected (Figure 1). 
In sub-Saharan Africa, less than half of all MSW generated is collected, with adverse 
effects on the health of residents. Moreover, even when waste is collected, it is often 
not treated and disposed of in a sustainable and environmentally sound manner. 
Managing such wastes continues to be a major challenge facing urban areas in several 
regions. Appropriate waste management is important for conserving local and global 
environments. Improvement of waste management in developing countries is directly 
related to preventing environmental pollution and expanding public health services. 
Appropriate waste management contributes to reducing not only the emission of 
water/atmospheric pollutants and odors but also the emission of greenhouse gases. 
In this regard, some studies reported that Green House Gases (GHG) emissions from 
the waste sector contribute to 3–4% of total global GHG emissions [7]. The rapidly 
increasing amount of municipal waste in cities around the globe is connected with 
economic development, as an increase in the city population creates many major 
challenges associated with economic development [8].

Gulf Cooperation Council (GCC) member countries (Saudi Arabia, Oman, United 
Arab Emirates, Kuwait, and Qatar) are considered as major consumers of the natural 
resources, which results in a huge amount of emissions [9, 10]. Similarly, the annual 
solid waste generation in the GCC region has exceeded 150 million tons. GCC coun-
tries feature among the world’s top 10 per capita waste generators (Figure 2). Similarly, 
the annual solid waste generation in the GCC region has exceeded 150 million tons. 
Comparatively, this is lower than the waste generated in the UK, as GCC has a lower 
population (=54 million) than the UK (66 million); however, at the same time; the 
UK recycles more than 45% of its waste [12]. The recycling of waste in the GCC is 
almost zero. Lack of legal and institutional frameworks has been a major stumbling 
block in the progress of the waste management sector [11]. The per capita production 
of municipal waste in top GCC cities, such as Riyadh, Doha, Abu Dhabi, and Dubai, 
is more than 1.5 kg per day which is among the highest worldwide [13]. Some recent 
studies which considered situations of waste in the whole gulf region indicate that the 
recycling sector is underdeveloped and hardly 10–15% of the waste is recycled [14]. 
This chapter considers the MSW in Oman to produce electricity. Currently, the MSW 

Figure 1. 
Proportion of the municipal solid waste generated that is collected, 2001–2015 (data from 214 cities/
municipalities in 103 countries) [5, 6].

257

A Comparative Study of MSW to Emery in Oman
DOI: http://dx.doi.org/10.5772/intechopen.93745

in Oman is deposited in more than 300 landfills/dumpsites managed by municipalities. 
Overall, most of the solid waste is sent to authorized and unauthorized dumpsites for 
disposal, which is creating environmental and health issues. There are several dump-
sites which are located in the midst of residential areas or close to catchment areas of 
private and public drinking water bodies. Similarly, these landfill stations occupied a 
large area of land which can be utilized for some other purposes. For instance, as per 
the Ministry of Housing regulations, each Omani is eligible to get a plot of 500 sqm 
for the house after reaching a certain age [15]. Of course, this is a non-sustainable 
approach, but this is the current policy of the government, and thus the reduction in 
landfills will help Oman to fulfill such commitment in a more appropriate manner. 
Similarly, a survey conducted by the Be’ah, a company established under the Royal 
Decree 46/2009, shows that solid waste in Oman is characterized by a very high per-
centage of recyclables, primarily paper and cardboard (15%), plastics (20.9%), metals 
(1.8%), and glass (4%) [16]. Some of the newspaper reports show that currently 100% 
of the MSW in Oman goes to landfills [17].

To reduce GHG emissions from MSW and to reduce the burden of landfills on 
the earth, proper disposal and recycling of MSW are important. One of the modern 
methods that are recently adopted by many countries is to use MSW in a plant to 
produce energy. This type of plant is commonly known as waste-to-energy plants. 
The aim of this research is therefore to explore the opportunities to use MSW for 
electricity production in Oman. Such opportunities, however, cannot be under-
stood well without knowing the composition of the MSW, public participation, and 
cooperation in activities related to recycling. This research, therefore, incorporates 
both quantitative and qualitative approaches, commonly known as mixed method, 
were adopted to accomplish the aims and objectives set for the research. The next 
section provides a literature review, covering Oman energy situation, electricity 
consumption, and the types of waste-to-energy plants.

2. Literature review

Although energy has become an integral requirement of today’s modern life and 
it is considered as a fundamental element for social and economic growth, however, 

Figure 2. 
GCC population versus municipal waste generation [6, 11].



Biotechnological Applications of Biomass

258

the United Nations report indicated that 13% of the earth’s populations still have 
no access to modern electricity. Similarly, more than 3 billion people are still using 
wood, coal, charcoal, or animal waste for cooking their food and heating purposes. 
Energy is considered as the dominant contributor to climate change, which is 
estimated to be around 60% of total global greenhouse gas emissions. Similarly, it 
is estimated that in 2012, the indoor air pollution from using combustible fuels for 
household energy caused 4.3 million deaths around the world [18]. Overall, most of 
the current energy production is based on conventional resources such as oil, gas, 
and coal which, on the one hand, are non-sustainable but also, on the other hand, 
these resources produce greenhouse gases. These gases are considered a threat to the 
earth due to its contribution to global warming and climate change. The main gas 
which highly contributes to global warming and climate change is CO2. The emis-
sion of the CO2 to the earth’s atmosphere has been significantly increased since 1950 
which has reached a level of 400 parts per million (ppm). The CO2 emission during 
the past 800,000 years until 1950 was below the level of 300 ppm [19].

Majority of the greenhouse gases are regarded as manmade gases in which the 
major role has been played by the recent industrialization. Although, the issue of 
global warming and climate change is well regarded as a threat to human life on the 
earth and there have been several efforts to control the emissions which cause global 
warming and climate change, the data from different sources reflect that these 
emissions are still increasing. For instance, the global CO2 emission from fossil fuels 
in 2010 was 33.1 gigatons which have increased to 37.1 gigatons in 2018, representing 
a total increase of 12.08%. This emission quite alarming and if not tackled properly, 
and if it is increased at the same level, it would reach 41.58 gigatons by 2028 [20].

Goal 7 of the UN SDGs is “Affordable and Sustainable Energy” under which 
the member countries agreed to ensure access to affordable, reliable, sustainable, 
and modern energy. This goal is further supported by five global targets as men-
tioned below:

Target 1: By 2030, ensure universal access to affordable, reliable, and modern 
energy services.

Target 2: By 2030, increase substantially the share of renewable energy in the 
global energy mix.

Target 3: By 2030, double the global rate of improvement in energy efficiency.
Target 4: By 2030, enhance international cooperation to facilitate access to clean 

energy research and technology, including renewable energy, energy efficiency, 
and advanced and cleaner fossil-fuel technology, and promote investment in energy 
infrastructure and clean energy technology.

Target 5: By 2030, expand infrastructure and upgrade technology for supplying 
modern and sustainable energy services for all in developing countries, in particular, 
least developed countries, Small Island, developing States, and land-locked developing 
countries, in accordance with their respective programs of support.

To effectively understand the energy requirement of GCC countries, the 
electricity consumption and CO2 emission in these countries are considered in 
the first instance. As the gulf region is rich in oil and gas reserves, therefore this 
region is considered as the main producer and supplier of the energy. The oil and 
gas revenue constitutes a major portion of the gross domestic product (GDP) 
in most of the GCC countries and remained support for the government and 
industrial sectors [21]. At the same time, the region is also a main consumer of 
energy as compared with other countries around the world. Similarly, due to the 
high rate of electricity consumption in these countries, the CO2 emission is also 
high as presented in Figure 3. High electricity consumption and CO2 emission 
could be justified due to the climatic condition of the region where the tempera-
ture in summer reaches 50°C as reported by Umar and Egbu [24], however, such 
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consumption and emissions are more than the double when compared with other 
countries. For instance, the average electricity consumption in GCC countries 
[=12,896.058 kilowatt-hours (kWh)] as of 2014, is more than three times greater 
than the electricity consumption in China (=3927 kWh) [22]. Similarly, the GCC 
electricity consumption per capita is more than double the consumption in the 
United Kingdom (=5130 kWh). It is very difficult to justify so high consumption 
of electricity in the GCC region based on the argument that it has a hot climatic 
condition. if this argument is considered to be true, then a high consumption is 
to be expected from the United Kingdom as well, as it has a cold climatic condi-
tion, however, the consumption in the united kingdom is far low than the average 
consumption of the GCC. Similarly, the average CO2 emission is GCC countries 
(=25.36 tons) is more than three times greater than the CO2 emission per capita in 
China (=7.5 tons) and almost four times greater than the CO2 emission per capita in 
the United Kingdom (=6.5 tons) [23]. The main reason for this high CO2 emission 
in GCC countries is that most of the electricity in these countries is produced by 
oil and gas. For instance, in Saudi Arabia, a total of 330.5 billion kWh of electricity 
was generated in 2016. 40.30% of this electricity was produced from oil, 59.6% 
was produced by gas, and only 1% was produced from renewable resources [25]. 
Similarly, according to the British Petroleum report, 68% of the electricity in 
Oman is produced by gas while the remaining 32% is produced by oil. Overall, the 
share of GCC countries in the renewable section is almost negligible. At the same, 
in other parts of the world, research is in progress to explore how to meet the full 
energy requirement of cities through renewable sources [26, 27]. Thus, it is obvi-
ously clear that a huge emission could be expected from these countries when all of 
its energy requirements will be met from fossil fuels.

Different estimates show that 0.0016 barrels of oil is required to produce 1 kWh 
of electricity and one barrel of oil produces 0.43 tons of CO2 [28, 29]. To clarify 
the situation more effectively, the total electricity consumption per capita in the 
GCC region is 77376.349 kWh and the total CO2 emission in this region is 152.2 ton 
(=152,200 kg). In other words, the CO2 production per capita per kWh in the GCC 
region stands at 1.97 kg (1.97 kg/kWh). This further reveals that the CO2 production 

Figure 3. 
Electricity consumption and CO2 emission per capita in GCC countries [22, 23].
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the United Nations report indicated that 13% of the earth’s populations still have 
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warming and climate change, the data from different sources reflect that these 
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and if it is increased at the same level, it would reach 41.58 gigatons by 2028 [20].
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energy services.
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infrastructure and clean energy technology.
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least developed countries, Small Island, developing States, and land-locked developing 
countries, in accordance with their respective programs of support.

To effectively understand the energy requirement of GCC countries, the 
electricity consumption and CO2 emission in these countries are considered in 
the first instance. As the gulf region is rich in oil and gas reserves, therefore this 
region is considered as the main producer and supplier of the energy. The oil and 
gas revenue constitutes a major portion of the gross domestic product (GDP) 
in most of the GCC countries and remained support for the government and 
industrial sectors [21]. At the same time, the region is also a main consumer of 
energy as compared with other countries around the world. Similarly, due to the 
high rate of electricity consumption in these countries, the CO2 emission is also 
high as presented in Figure 3. High electricity consumption and CO2 emission 
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for China (=1.90 kg/kWh) and United Kingdom (1.26 kg/kWh) is lower than the 
GCC region. As shown in Figure 4, the high consumption of natural resources has 
derailed the progress of both the relevant goals of UN SDGs, Goal 12 (Responsible 
Consumption and Production) and Goal 13 (Climate Action). On the other hand, 
Denmark which is ranked first in terms of progress toward UN SDGs has achieved a 
score of 90.20 (out of 100) in Goal 13 [30].

The move of the GCC region toward renewable energy may change these figures 
and could enable the region to reduce its emission per kWh. Oman has particularly 
low oil and gas reserves, therefore, it is important for the country to take advantages 
from other resources that are available and can be used for electricity production 
so that that the pressure on its oil and gas reserves can be reduced and as such can 
stay for long [31]. Despite the fact that Oman has comparatively low oil and gas 
reserves, its progress toward renewable recourses is low [32]. Similarly, both the 
Omani visions 2020 and 2040 stress to reduce the dependency on the oil and gas 
revenue and on the action plan mentions that improve MSW collection service. 
These visions also emphasize that improved MSW collection and disposal system 
are mandatory to reduce the impact on the natural environment [33, 34].

One of the resources that have been used by many countries to produce 
electricity is waste. For instance, Japan is using 72% of its waste to produce 
energy, while the United States is using approximately 13% of the waste for the 
same purpose. The top leading countries around the world which are using waste 
for energy production along with the percentage of the waste they are using for 
such purpose as shown in Figure 5. There is an opportunity for Oman to take 
advantage of the waste-to-energy technique and produce a share of its energy 
requirement from the MSW as other countries are doing. This will not only help 
to reduce the burden of the Oman oil and gas reserves but will also help to mini-
mize MSW impact on the natural environment.

There are three types of combustion technologies that can be used to produce 
energy from MSW [36]. The mass-burn facilities are the most common type of 
waste-to-energy plants installed in the United States [37]. In some types of plants, 
it is necessary to segregate the MSW before it is moved to the combustion chamber 
while in other it is not necessary. The segregation of waste before entering the burn 
unit allows extracting the recyclable materials from the waste [38]. In most cases, 
the mass-burn facilities are made to burn the waste in one burning chamber allowing 
excess air. In the combustion process, excess air must be allowed to promote tur-
bulence and mixing so that air can reach all waste. This process is important due to 
the inconsistent composition of MSW. In a common mass-burn plant, the MSW is 

Figure 4. 
Goals 12 and 13 score of different GCC countries.
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burned in a sloping and moving grate. The vibration allows the blending of MSW 
and helps it to mix with air. Similarly, the modular systems are made to combust 
the unprocessed and mixed waste. Such plants are quite smaller when compared 
with the mass-burn unit and therefore can be moved from one site to another site 
easily [39]. The third type of waste-to-energy plants are known as “Refuse Derived 
Fuel Systems.” Such plants apply mechanical systems to segregate the MSW and 
allow only combustible materials and mixtures to be used in the furnace or in a 
conventional boiler system [40, 41].

The research methodology used in this research is explained in the next section.

3. Research approach

Both the qualitative and quantitative research strategies were employed to obtain 
the aims and objectives set for this research. Since the quantity and the composition 
of the MSW are important to know energy content and emissions, therefore, the 
samples of MSW were collected from different households. To know the composi-
tion of the MSW in Oman, a total of 238 samples collected from 25 residential 
houses (175 samples), four restaurants (28 samples), three shopping markets 
(21 samples), and two hotels (14 samples) as shown in Table 1. The houses were 
selected in a way so that the reliability could be achieved. Thus, the houses with the 
family members of 2, 3, 4, 5, and 6 were considered for data collection. Samples of 
waste were collected from each house on a 24-hour basis. The same approach was 
adopted to collect the samples from restaurants (four numbers), shopping markets 
(three numbers), and hotels (two numbers). The samples were collected on each 
day of the week. The samples were deposed in the municipality collection point 
after recording the required data. Every morning the samples were collected, seg-
regated, and measured. The data collection was completed in 2 months, from June 
27, 2019 to August 26, 2019. The segregation method adopted was according to the 
criteria followed in the 3R projects implemented by Japan International Cooperation 
Agency (JICA) in Hanoi [42–44].

Additionally, the residents’ willingness and participation in recycling activities 
were captured through an interview conducted at the time of sample collection. A 
total of 34 interviews, 25 from residential houses, four from restaurants, three from 
shopping markets, and two from hotels were conducted. The sample used to know 

Figure 5. 
Percentage of waste that is used for energy production in different countries [35].
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for China (=1.90 kg/kWh) and United Kingdom (1.26 kg/kWh) is lower than the 
GCC region. As shown in Figure 4, the high consumption of natural resources has 
derailed the progress of both the relevant goals of UN SDGs, Goal 12 (Responsible 
Consumption and Production) and Goal 13 (Climate Action). On the other hand, 
Denmark which is ranked first in terms of progress toward UN SDGs has achieved a 
score of 90.20 (out of 100) in Goal 13 [30].

The move of the GCC region toward renewable energy may change these figures 
and could enable the region to reduce its emission per kWh. Oman has particularly 
low oil and gas reserves, therefore, it is important for the country to take advantages 
from other resources that are available and can be used for electricity production 
so that that the pressure on its oil and gas reserves can be reduced and as such can 
stay for long [31]. Despite the fact that Oman has comparatively low oil and gas 
reserves, its progress toward renewable recourses is low [32]. Similarly, both the 
Omani visions 2020 and 2040 stress to reduce the dependency on the oil and gas 
revenue and on the action plan mentions that improve MSW collection service. 
These visions also emphasize that improved MSW collection and disposal system 
are mandatory to reduce the impact on the natural environment [33, 34].

One of the resources that have been used by many countries to produce 
electricity is waste. For instance, Japan is using 72% of its waste to produce 
energy, while the United States is using approximately 13% of the waste for the 
same purpose. The top leading countries around the world which are using waste 
for energy production along with the percentage of the waste they are using for 
such purpose as shown in Figure 5. There is an opportunity for Oman to take 
advantage of the waste-to-energy technique and produce a share of its energy 
requirement from the MSW as other countries are doing. This will not only help 
to reduce the burden of the Oman oil and gas reserves but will also help to mini-
mize MSW impact on the natural environment.

There are three types of combustion technologies that can be used to produce 
energy from MSW [36]. The mass-burn facilities are the most common type of 
waste-to-energy plants installed in the United States [37]. In some types of plants, 
it is necessary to segregate the MSW before it is moved to the combustion chamber 
while in other it is not necessary. The segregation of waste before entering the burn 
unit allows extracting the recyclable materials from the waste [38]. In most cases, 
the mass-burn facilities are made to burn the waste in one burning chamber allowing 
excess air. In the combustion process, excess air must be allowed to promote tur-
bulence and mixing so that air can reach all waste. This process is important due to 
the inconsistent composition of MSW. In a common mass-burn plant, the MSW is 

Figure 4. 
Goals 12 and 13 score of different GCC countries.

261

A Comparative Study of MSW to Emery in Oman
DOI: http://dx.doi.org/10.5772/intechopen.93745

burned in a sloping and moving grate. The vibration allows the blending of MSW 
and helps it to mix with air. Similarly, the modular systems are made to combust 
the unprocessed and mixed waste. Such plants are quite smaller when compared 
with the mass-burn unit and therefore can be moved from one site to another site 
easily [39]. The third type of waste-to-energy plants are known as “Refuse Derived 
Fuel Systems.” Such plants apply mechanical systems to segregate the MSW and 
allow only combustible materials and mixtures to be used in the furnace or in a 
conventional boiler system [40, 41].

The research methodology used in this research is explained in the next section.

3. Research approach

Both the qualitative and quantitative research strategies were employed to obtain 
the aims and objectives set for this research. Since the quantity and the composition 
of the MSW are important to know energy content and emissions, therefore, the 
samples of MSW were collected from different households. To know the composi-
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Figure 5. 
Percentage of waste that is used for energy production in different countries [35].
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the residents’ willingness and participation was considered appropriate as there is 
evidence in the existing literature that similar studies were conducted with much 
smaller samples. For instance, Mason [45], in his research entitled “Sample Size and 
Saturation in Ph.D. Studies Using Qualitative Interviews,” reported the result of 560 
studies and noted that the most common size of the sample in these studies was 20. 
Similarly, Umar [46], while developing an integrated approach to promote sustain-
ability in university campuses, used a sample of 20 respondents. Although the 
questionnaire used for this purpose was prepared in English, due to the diversity of 
the respondents, the interview process was deemed fit to the respondents. Overall, 
45% of the residents in Oman are expatriates and the majority of them belong to 
some Asian countries [47]. The participants in the data collection were therefore 
interviewed in the local language so that there could be no communication barriers.

The environmental performance of the current approach of MSW management 
was measured through the emissions produced by landfills. The Intergovernmental 
Panel on Climate Change (IPCC) 2006 model is used to calculate GHG emissions 
from landfills [48]. IPCC model is an international model used by The United 
Nations Framework Convention on Climate Change (UNFCCC) member countries 
to report the national GHG inventory. Eq. (1) is used to calculate the CH4 emission 
from landfills. Similarly, for the environmental performance of waste-to-energy 
approach, different parameters such as emissions per tons, reduction in landfills, 
and energy production and social indicators such as employment were considered. 
For instance, Eq. (2) was used to determine the emissions from crude oil when used 
in electricity production. In the comparison of emissions from both scenarios, land-
filling and waste-to-energy approach, the emissions produced from the transporta-
tion of waste were ignored. Such emissions include the GHG emission from the 
transportation of waste from the collection point to the recycling facility for which 
trucks are commonly used [49].

 ( ) ( )( ) ( ) 
 4 fLand FillCH = MSW ×MCF×DOC×DOC ×F× 16 /12 - R × 1-OX  (1)

where CH4 = methane emission in Gg/year (1 Gg = 109 g; 1 Gg = 1000 ton), 
MSW(Land Fill) = total amount of MSW in the landfill in wet weight basis (Gg/year), 
MCF = CH4 correction factor—value used in the calculation = 0.6, DOC = the 

Type of 
entity

Number 
of samples 

per day 
(24 hours)

Number 
of days 

samples 
were 

collected

Number of entitles used for 
sample collection/interview

Total 
samples

Residential 
houses

1 7 25 (one sample from each houses 
with family members of 2, 3, 4, 

5, and 6)

175

Restaurants 1 7 4 28

Shopping 
markets

1 7 3 21

Hotels 1 7 2 14

Total: 34 238

Table 1. 
MSW samples collection approach.
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fraction of degradable organic carbon in MSW (Gg C/Gg MSW)—value used in the 
calculation = 0.2455, DOCf = the fraction of DOC that can decompose (fraction)—
value used in the calculation = 0.77, F = the fraction of CH4 in generated landfill 
gas—value used in the calculation = 0.5, R = the recovered CH4 (Gg/year), 16/12 is 
the molecular weight ratio CH4/C—value used in the calculation = 0, and OX = the 
oxidation factor—value used in the calculation = 0.

 =E A x B xC x D  (2)

where E = CO2 emission per barrel (tons), A = the average heat content of the 
crude oil (=5.80 mmbtu per barrel; mmbtu = one million British Thermal Units), 
B = the average carbon coefficient of crude oil (=20.31 kg carbon per mmbtu), 
C = the fraction oxidized (=100% [48]), and D = the ratio of the molecular weight 
of carbon dioxide to the carbon (=44 kg CO2/12 kg C) [9, 50].

Similarly, the electricity content and emissions from the MSW was established 
considering the existing literature. Different keywords such as “electricity content 
in MSW,” “energy production from MSW,” “waste-to-energy plant,” and “emis-
sions from energy to waste” were used in the main search engines. The Preferred 
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines 
were adhered to during the review process [51]. Different results associated with 
the electricity content and emissions from waste-to-energy plants were obtained 
from the systematic review. For instance, in the United States, there are 68 waste-
to-energy power plants that produce about 14 billion kilowatt-hours (kWh) of 
electricity using 26.76 tons of combustible MSW [52]. In other words, the energy 
or electricity content per tons of MSW in the United States is approximately 586 
kWh. The waste-to-energy plant installed in Qatar which has a capacity of 2300 
tons per day produces 50 Mega Volt Amp (MVA) which is equal to 40,000 kWh per 
day [53]. Similarly, the statistics issued by Waste Management World indicates that 
electricity production from MSW can be up to 875 kWh per ton of MSW processed 
in a waste-to-energy plant [54]. The calculation presented in this chapter, however, 
considers a value of 586 kWh per MSW used in a waste-to-energy plant, keeping in 
mind that this value is from the United States which uses the same types of waste to 
plant as proposed in this research.

The total waste which is burned for energy recovery in the United States currently 
stood at 12.70% of the total waste. Apart from producing energy, the burning of 
waste can reduce the volume of waste by 90%. Similarly, a recent waste-to-energy 
plant constructed in Ethiopia uses the same approach of burning waste to produce 
electricity. The collected waste is kept for 5 days to allow the moisture to seep out 
and then burning the waste at 1000°C to turn it to heat energy to run the steam 
turbine [55]. The latest and modern waste-to-energy plant can reduce the emissions 
(CO2) ranging from 100 to 350 kg CO2 equivalent per ton of the MSW used [56]. An 
average emission reduction value of 225 kg CO2 equivalent to per ton of MSW can be 
used to measure such reduction in emission; however, the Environmental Protection 
Agency (EPA) of the United States reveals that the burning of 1 ton MSW in a waste-
to-energy plant results in 1 ton of less CO2 when compared to the common practice of 
landfilling [57]. The potential reduction in emissions between landfilling and waste-
to-energy plants investigated by Wang et al. [58] in China noted that such reduction 
can be more than 1000 kg per ton. Similarly, the study conducted by Obermoser et 
al. [59] to establish a reliable CO2 value from waste-to-energy plant noted that CO2 
emission can be in the range of 30–67 kg CO2 per Giga Joule which can be translated 
into 0.175 kg CO2 per kWh.
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to-energy power plants that produce about 14 billion kilowatt-hours (kWh) of 
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stood at 12.70% of the total waste. Apart from producing energy, the burning of 
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The next section describes the results and analysis made from the data collected 
in Section 3.

4. Results and analysis

Considering the different aspects of the results and analysis, this section 
is divided into different subsections. The first subsection describes the results 
and analysis of the MSW composition and the public participation in the MSW 
segregation.

4.1 MSW composition and public willingness

As noted in Section 3, a total of 175 samples were collected from the residential 
houses. These samples were used to determine the MSW generation per capita. The 
results show that the mean weight of the MSW samples was 1.3 ± 0.28 kg/per capita. 
Currently, as of May 2020, the total Oman population stands at 4,613,726, which 
can be translated into a total of 5998 tons MSW generation per day in Oman [60]. 
Similarly, the whole samples collected from the residential houses, restaurants, 
shopping markets, and hotels were used to determine the MSW composition in 
Oman. This composition is reported in Figure 6. Overall, the composition of the 
MSW represents a good percentage of waste that can be combustible and suitable to 
be used in a waste-to-energy plant to produce electricity.

During the MSW sample collection process, the inhabitants were asked about 
their cooperation and participation in the waste segregation activities. The willing-
ness of the residents was considered important as this may be helpful to transfer 
only the MSW that is suitable to be used in the waste-to-energy plant. In other 
words, when the residents will segregate the waste at their own, the process at the 
waste-to-energy plant will become more straightforward as it will receive only the 
waste which could be used in the plant. A total of 34, consisting of 67.64% male 
and 32.35% female face-to-face interviews were conducted during this stage. All 
the participants appraised the idea of using MSW for electricity generation. A large 
number of the interviewees (70.58%) agreed that they are willing to participate in 
the segregation of the MSW at their doorsteps. The remaining participants did not 
answer as no but they were somehow not sure how they can do such segregation. 

Figure 6. 
Composition of MSW in Oman.
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Overall, the majority of the respondents (79.94%) noted that they required some 
sort of training and tools to do such tasks in their homes.

The next section outlines the emission from MSW considering the landfilling 
scenario.

4.2 Emissions from MSW

To calculate the emissions from MSW using Eq. (1), DOC for different waste 
materials was obtained from the IPCC and the Atmospheric Brown Clouds 
Emission Inventory Manual (ABC EIM). Based on these two documents, the DOC 
paper = 0.25, DOC food = 0.4, DOC textile = 0.25, and the DOC rubber = 0.39 were 
considered. The average DOC value was calculated based on the above values and 
waste fraction as shown in Figure 6. The final DOC value used in the calculation, 
therefore, stands at 0.2455. The total MSW waste considered in this calculation was 
equal to 2,159,219 tons per year or 2159 Gg per year. This MSW produces a total of 
163,060 Gg/year CH4 which is equal to 3,424,247 tons/year CO2 equivalent. This can 
be translated into the emissions produced 1 ton, which can be equal to 1.58 ton per 
year CO2 equivalent per ton of MSW.

The next section describes the electricity consumption, production, and  
emissions produced by such consumption and production.

4.3 Electricity production and emissions

In terms of electricity production, Oman is using both oil and gas to meet 
its electricity requirement. As noted in Figure 3, the current consumption of 
electricity per capita in Oman is 15,309.4 kWh per year that can be translated into 
total energy consumption by multiplying this figure with the total population of 
Oman (15,309.4 × 4,613,726), which gives a total consumption of 70,633.37 million 
kWh per year. To calculate the emissions from electricity production through 
oil and gas, 70% of the electricity production is considered to be from oil, and 
30% is considered to be from natural gas. These percentages were taken from the 
study conducted by the Authority of Electricity Regulation in Oman [61]. The 
EIA guidelines were used to establish the emissions both from oil and gas when 
used for electricity production. As per these guidelines, to produce 1 million 
British thermal units (btu) energy which is equal to 29.31 kWh from oil, a total of 
161.30 pounds (=73.16 kg) of CO2 is produced. Similarly, if the same amount of 
energy is produced from gas, then the total emissions will be equal to 117.0 pounds 
(53.07 kg). The emissions from electricity production in Oman considering both 
oil and gas are therefore calculated as follows:

Emissions from oil: Electricity produced from oil = total electricity consump-
tion × percentage produced from oil = 70,633.37 million kWh × 70% = 49,443.35 
million kWh per year.

Emissions for 29.31 kWh from oil = 73.16 kg CO2.

Emission for 49,443.35 million kWh = 
49,443.35 73.16

29.31
x

 = 1.234 × 1011 
kg = 123.414 million tons CO2 per year.

Emission from gas: Electricity produced from oil = total electricity consump-
tion × percentage produced from oil = 70,633.37 million kWh × 30% = 21,190.01 
million kWh per year.

Emissions for 29.31 kWh from gas = 53.07 kg CO2.

Emission for 21,190.01 million kWh = 
21,190.01 53.07

29.31
x

 = 3.836 × 1010 
kg = 38.367 million tons CO2 per year.
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EIA guidelines were used to establish the emissions both from oil and gas when 
used for electricity production. As per these guidelines, to produce 1 million 
British thermal units (btu) energy which is equal to 29.31 kWh from oil, a total of 
161.30 pounds (=73.16 kg) of CO2 is produced. Similarly, if the same amount of 
energy is produced from gas, then the total emissions will be equal to 117.0 pounds 
(53.07 kg). The emissions from electricity production in Oman considering both 
oil and gas are therefore calculated as follows:

Emissions from oil: Electricity produced from oil = total electricity consump-
tion × percentage produced from oil = 70,633.37 million kWh × 70% = 49,443.35 
million kWh per year.

Emissions for 29.31 kWh from oil = 73.16 kg CO2.

Emission for 49,443.35 million kWh = 
49,443.35 73.16

29.31
x

 = 1.234 × 1011 
kg = 123.414 million tons CO2 per year.

Emission from gas: Electricity produced from oil = total electricity consump-
tion × percentage produced from oil = 70,633.37 million kWh × 30% = 21,190.01 
million kWh per year.

Emissions for 29.31 kWh from gas = 53.07 kg CO2.

Emission for 21,190.01 million kWh = 
21,190.01 53.07

29.31
x

 = 3.836 × 1010 
kg = 38.367 million tons CO2 per year.



Biotechnological Applications of Biomass

266

Total Emission from Electricity Production in Oman = 123.414 + 38.367 = 
161.781 million tons CO2 per year.

Overall, the emission from MSW and electricity production in Oman is there-
fore equal to 165.205 million tons CO2 per year.

The next section presents different parameters of energy production from MSW 
in Oman.

4.4 Energy production from MSW

The composition of MSW presented in Figure 6 shows that more than 50% of 
the MSW can be classified as combustible materials suitable for use in waste-to-
energy plants. This indicates that a total of 1,079,610 tons per year (~3000 tons 
per day) of MSW can be used in waste-to-energy plants. The United States Energy 
Information Administration statistics indicate that 85% of the MSW can be burned 
in a waste-to-energy plant to produce electricity. Similarly, in some cases, the 
segregations of the waste are also not required as some of the latest plants known as 
the mass-burn waste-to-energy plant can process all the waste together. As shown 
in Figure 7, such plants have the capacity to segregates the waste such as metals, 
ash. The pant can also segregate the food waste and other organic waste that can be 
used in landfilling or for composting. Similarly, the separated ash can also be used 
as aggregates in construction works. These plants can also be classified based on 
their daily capacity. After reviewing the total waste-to-energy plants manufactured 
and installed by Deltaway Energy, these plants are found to have a capacity from 68 
tons per day to 4900 tons per day [62]. To ensure a realistic estimate for the waste-
to-energy plant, the MSW produced in different governorates were considered. As 
noted in Table 2, Muscat governorate, which is also the capital of Oman, is on the 
top of the waste production having a waste production capacity of 1905 tons per 
day. If Muscat, North AlBatinah, Al-Dakhiliya, South AlBatinah, South AlSharqiya, 
North AlShariqiya, and Al-Dhahirah governorates which are somehow close to each 
other (as shown in Figure 8) are considered, then the total production of waste will 
be equal to 5000 tons per day. Of course, these are 2017 data, and the population 

Figure 7. 
A typical waste-to-energy plant.
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of these governorates will increase, the MSW production in these governorates 
will also increase. For instance, based on World Bank statistics, Oman’s population 
increased at a rate of 3.4% per year [64]. Based on this indicator, the 2020 waste 
production in different governorates can be calculated using Eq. (3).

 ( ) ( ) ( )= + n
future Current x 1 iMSW MSW  (3)

where MSW(future) = the MSW generation in future (for instance in 2020) for 
Muscat governorate, MSW(Current) = the MSW generation in future (for instance 
in 2017) for Muscat governorate, i = annual growth rate (decimal)—in this case, it 
can be 0.034, and n = number of years projected into future—in this case, it will be 
3 years.

Based on the above parameters and using the equation, the Muscat governorate 
MSW production in 2020 will be 757,996 tons per year, which was 685,654 tons per 
year in 2017.

As noted in Section 3, 1 ton of MSW in the United States has the potential to 
produce 586 kWh, thus 5000 tons daily capacity waste-to-energy plant will be able 
to produce 29.30 million kWh daily. Similarly, this will help to reduce the volume 
of the waste that directly goes to landfills and produce emissions. Considering 
different parameters, the reduction of emissions through waste-to-energy plant is 
calculated below:

a. CO2 emissions from 29.30 million kWh per day when produced by oil consider-
ing emissions for 1 kWh from oil = 2.5 kg CO2 = 29.30 × 2.5 = 73.25 million kg 
CO2 = 26,370 million kg CO2 per year.

b. Emission from 29.30 million kWh per day when produced by waste-to-energy 
plant considering 0.175 kg CO2 per kWh [59] = 29.30 × 0.175 = 5.12 million kg 
CO2 per day = 1845.90 million kg CO2 per year.

c. Reduction of waste emissions from landfilling, considering a reduction of 1 ton 
per ton of MSW.

Governorates Waste production ton per year 
(2017)

Waste production ton per day (2017)

Muscat 685,654 1905

North AlBatinah 336,791 936

Al-Dakhiliya 330,185 917

Dhofar 330,884 919

South AlBatinah 150,038 417

South AlSharqiya 98,372 273

North AlShariqiya 98,372 273

Al-Dhahirah 106,055 295

Al-Buraiymi 154,374 429

Al-Wusta 9799 27

Table 2. 
Waste generation in different governorates of Oman [63].



Biotechnological Applications of Biomass

266

Total Emission from Electricity Production in Oman = 123.414 + 38.367 = 
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Figure 7. 
A typical waste-to-energy plant.
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Emissions per tons of MSW when disposed in landfilling = 1.58 ton per year CO2 
equivalent per ton of MSW.

Reduction in emissions per tons = 1.58 − 1.0 = 0.58 ton CO2 per year.
Emissions from 5000 tons per year = 5000 × 0.58 = 2900 tons CO2  

per year = 2.9 million kg CO2 per year.
Total reduction in emissions = A − B + C = 26,370 − 1845.90 + 2.90 =  

24,527 million kg CO2 per year.
Apart from the environmental performance of waste-to-energy plants,  initial 

cost, operational cost, and return on investment are the key factors that the 
government or the investors considered in their decision. The initial cost of a 
waste-to-energy plant can be established considering its daily waste capacity. The 
Waste-to-Energy Research and Technology Council (WTERTC) has established 

Figure 8. 
Oman map showing different governorates.

269

A Comparative Study of MSW to Emery in Oman
DOI: http://dx.doi.org/10.5772/intechopen.93745

the initial cost of a waste-to-energy plant at a rate of US$200,000 per daily ton of 
capacity. As the plant considered in the research has a capacity of 5000 tons per day, 
thus the initial cost of the plant can be estimated at US$1000 million [65]. Similarly, 
a 1000 ton daily capacity of the plant would require a total of 60 personnel, thus at 
this rate, a 5000 ton daily capacity plant would be able to generate employment for 
300 workers. The operating costs of waste-to-energy plants in China are calculated 
at approximately US$30 per tons [66]. Depending on the life span of the plant, 
the operation cost can be up to 85% of the plants’ total costs. If the plant has an 
estimated life of 40 years, then the cost of supply and construction can be 14% and 
the management and feasibility cost can be up to 1% of the total costs of the plant 
[67]. The research conducted by Carneiro and Gomes [68] established a levelized 
cost of electricity production from waste-to-energy plant at US$64–89 per MWh. 
Similarly, the profit margin of a waste-to-energy plant can be up to 25% while 
the return on investment can be up to 18%. The payback period of such a plant 
is normally 13 years with an internal rate of return up to 11% [66]. The research 
conducted by Kaplan et al. [69] in the United States estimated the average cost 
of electricity production from MSW at a rate of four cents per kWh with average 
revenue of US$25 per tons of MSW used in a waste-to-energy plant.

The next section provides a discussion and conclusion of the research.

5. Discussion and conclusion

It is been now well recognized that the earth resources need to be utilized in a 
sustainable manner as there is no other plant to live in. The UN SDGs and the Paris 
Agreements are some of the main indicators which reflect the commitment of world 
leaders toward sustainability. The main sustainability indicators such as energy and 
wastes are recognized so importantly that they have been placed among the 17 goals 
that the UN aims to achieve by 2030. The access to clean and modern energy does 
not mean that the people on the earth should be able to cook their food with gas or 
electric oven rather than burning the wood. This is one of the aspects, but the scope 
of clean energy is quite vast. It is not only to ensure access to clean and affordable 
energy but also to ensure the sustainability of such energy. For instance, making 
energy from fossil fuel is not sustainable because of two reasons. First, fossil fuels 
are not guaranteed to be available forever, and second, the emissions produced by 
such resources have other negative impacts that cause climate change and global 
warming. Even though, there is still doubt among the society that an increase of 1°C 
in the earth temperature is not a big issue. But in reality, such an increase creates a 
big difference by melting the glacier in the north and south poles. Such melting of 
glaciers not only expands the sea and but also disturbs the natural distribution of 
the dry and water portions on the earth’s surface. The change in the natural distri-
bution of wet and dry portions on the earth can cause the load variations on the 
earth plates which can increase the earthquakes. Apart from this phenomenon, the 
glacier on the earth’s surface helps to reduce the temperature of the lower plates of 
the earth and thus reduce the chances of volcanic actions. It is therefore important 
to move toward renewable and sustainable resources for energy. Globally, some 
countries have reflected good progress in adopting renewable and sustainable 
energy resources, but in other countries including the GCC region, such progress is 
quite low.

Similarly, the UN under its Goal 12, which is related to the consumption of earth 
resources and production, aims to minimize the effect of such consumption and 
production. The waste produced during consumption and production has some-
how similar effects as fossil fuels have. Such waste, if not properly disposed and 
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the initial cost of a waste-to-energy plant at a rate of US$200,000 per daily ton of 
capacity. As the plant considered in the research has a capacity of 5000 tons per day, 
thus the initial cost of the plant can be estimated at US$1000 million [65]. Similarly, 
a 1000 ton daily capacity of the plant would require a total of 60 personnel, thus at 
this rate, a 5000 ton daily capacity plant would be able to generate employment for 
300 workers. The operating costs of waste-to-energy plants in China are calculated 
at approximately US$30 per tons [66]. Depending on the life span of the plant, 
the operation cost can be up to 85% of the plants’ total costs. If the plant has an 
estimated life of 40 years, then the cost of supply and construction can be 14% and 
the management and feasibility cost can be up to 1% of the total costs of the plant 
[67]. The research conducted by Carneiro and Gomes [68] established a levelized 
cost of electricity production from waste-to-energy plant at US$64–89 per MWh. 
Similarly, the profit margin of a waste-to-energy plant can be up to 25% while 
the return on investment can be up to 18%. The payback period of such a plant 
is normally 13 years with an internal rate of return up to 11% [66]. The research 
conducted by Kaplan et al. [69] in the United States estimated the average cost 
of electricity production from MSW at a rate of four cents per kWh with average 
revenue of US$25 per tons of MSW used in a waste-to-energy plant.

The next section provides a discussion and conclusion of the research.

5. Discussion and conclusion

It is been now well recognized that the earth resources need to be utilized in a 
sustainable manner as there is no other plant to live in. The UN SDGs and the Paris 
Agreements are some of the main indicators which reflect the commitment of world 
leaders toward sustainability. The main sustainability indicators such as energy and 
wastes are recognized so importantly that they have been placed among the 17 goals 
that the UN aims to achieve by 2030. The access to clean and modern energy does 
not mean that the people on the earth should be able to cook their food with gas or 
electric oven rather than burning the wood. This is one of the aspects, but the scope 
of clean energy is quite vast. It is not only to ensure access to clean and affordable 
energy but also to ensure the sustainability of such energy. For instance, making 
energy from fossil fuel is not sustainable because of two reasons. First, fossil fuels 
are not guaranteed to be available forever, and second, the emissions produced by 
such resources have other negative impacts that cause climate change and global 
warming. Even though, there is still doubt among the society that an increase of 1°C 
in the earth temperature is not a big issue. But in reality, such an increase creates a 
big difference by melting the glacier in the north and south poles. Such melting of 
glaciers not only expands the sea and but also disturbs the natural distribution of 
the dry and water portions on the earth’s surface. The change in the natural distri-
bution of wet and dry portions on the earth can cause the load variations on the 
earth plates which can increase the earthquakes. Apart from this phenomenon, the 
glacier on the earth’s surface helps to reduce the temperature of the lower plates of 
the earth and thus reduce the chances of volcanic actions. It is therefore important 
to move toward renewable and sustainable resources for energy. Globally, some 
countries have reflected good progress in adopting renewable and sustainable 
energy resources, but in other countries including the GCC region, such progress is 
quite low.

Similarly, the UN under its Goal 12, which is related to the consumption of earth 
resources and production, aims to minimize the effect of such consumption and 
production. The waste produced during consumption and production has some-
how similar effects as fossil fuels have. Such waste, if not properly disposed and 
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recycled, will produce emissions and will utilize a large area on the earth’s surface 
that can be used for some other purposes. Currently, the waste produced per capita 
in different countries is not only non-sustainable, but in most countries, there is no 
proper arrangement of recycling of such waste. In this regard, the GCC countries 
not only produce the highest amount of waste per capita (~1.77 kg per capita per 
day), but in most of these countries, landfilling is the common practice to dispose 
such waste. In all GCC countries, there is only one waste-to-energy plant in Qatar 
which has a capacity of 2300 tons per day, while the productions of MSW in all 
GCC countries currently stand at 93,430 tons per day.

This chapter, therefore, attempted to present a comparative study by considering 
the electricity production from waste-to-energy plants, considering the current elec-
tricity production and MSW generation. Both qualitative and quantitative research 
methods were utilized to achieve the aims and objectives of this research. The samples 
of the MSW collected from different entities including residential houses, shopping 
markets, hotels, and restaurants indicate a good volume (~50%) of combustible 
waste that can be used in a waste-to-energy plant. More than 70% of the interviewees 
confirmed that they are willing to segregate their MSW. The results further show 
that the current MSW generation in Oman stands at 1.3 ± 0.28 kg/per capita. This 
value and the current population of Oman are used to determine the total daily MSW 
generation in Oman. Since landfilling is used to dispose the total waste in Oman, the 
IPCC and ABC EIM guidelines were used to estimate the emissions from the total 
MSW. These calculations indicate the emission of 3,424,247 tons CO2/year or 1.58 
tons CO2 per year per ton of MSW. Currently, Oman is producing 70% of electricity 
from oil and 30% from natural gas. The emissions from current electricity consump-
tion (~70,633.37 million kWh per year) is estimated at 161.781 million tons CO2 per 
year. If the emissions from the MSW are also added to this emission, then the total 
emission from electricity consumption and MSW generation in Oman will be equal 
to 165.205 million tons CO2 per year. Considering the current energy consumption, 
MSW generation, and emissions from these variables, a waste-to-energy plant that 
has a capacity of 5000 tons per day is proposed to use the waste from Muscat, North 
AlBatinah, Al-Dakhiliya, South AlBatinah, South AlSharqiya, North AlShariqiya, 
and Al-Dhahirah governorates. Apart from producing 29.30 million kWh daily, this 
plant will be able to significantly reduce the emissions from the MSW and electricity 
production in Oman. The reduction in emission from this waste-to-energy plant is 
estimated at 24,527 million kg CO2 per year. Similarly, this plant will be able to provide 
jobs for at least 300 personnel. The literature review suggests that the initial costs of 
such a plant with a capacity of 5000 tons per day can be equal to the US$1000 million. 
Similarly, the operating costs can be up to the US$30 per tons of waste used in the 
plant. Currently, the progress of Oman toward a number of UN SDGs is not satis-
factory. Such an initiative of waste-to-energy plants will help Oman to improve its 
performance in a number of areas, including energy, climate change, waste manage-
ment, and economic growth.

271

A Comparative Study of MSW to Emery in Oman
DOI: http://dx.doi.org/10.5772/intechopen.93745

Author details

Tariq Umar
Department of Civil Engineering, Surveying and Construction Management, 
School of Engineering and the Environment, Kingston University, London, 
United Kingdom

*Address all correspondence to: tariqumar1984@gmail.com

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



Biotechnological Applications of Biomass

270

recycled, will produce emissions and will utilize a large area on the earth’s surface 
that can be used for some other purposes. Currently, the waste produced per capita 
in different countries is not only non-sustainable, but in most countries, there is no 
proper arrangement of recycling of such waste. In this regard, the GCC countries 
not only produce the highest amount of waste per capita (~1.77 kg per capita per 
day), but in most of these countries, landfilling is the common practice to dispose 
such waste. In all GCC countries, there is only one waste-to-energy plant in Qatar 
which has a capacity of 2300 tons per day, while the productions of MSW in all 
GCC countries currently stand at 93,430 tons per day.

This chapter, therefore, attempted to present a comparative study by considering 
the electricity production from waste-to-energy plants, considering the current elec-
tricity production and MSW generation. Both qualitative and quantitative research 
methods were utilized to achieve the aims and objectives of this research. The samples 
of the MSW collected from different entities including residential houses, shopping 
markets, hotels, and restaurants indicate a good volume (~50%) of combustible 
waste that can be used in a waste-to-energy plant. More than 70% of the interviewees 
confirmed that they are willing to segregate their MSW. The results further show 
that the current MSW generation in Oman stands at 1.3 ± 0.28 kg/per capita. This 
value and the current population of Oman are used to determine the total daily MSW 
generation in Oman. Since landfilling is used to dispose the total waste in Oman, the 
IPCC and ABC EIM guidelines were used to estimate the emissions from the total 
MSW. These calculations indicate the emission of 3,424,247 tons CO2/year or 1.58 
tons CO2 per year per ton of MSW. Currently, Oman is producing 70% of electricity 
from oil and 30% from natural gas. The emissions from current electricity consump-
tion (~70,633.37 million kWh per year) is estimated at 161.781 million tons CO2 per 
year. If the emissions from the MSW are also added to this emission, then the total 
emission from electricity consumption and MSW generation in Oman will be equal 
to 165.205 million tons CO2 per year. Considering the current energy consumption, 
MSW generation, and emissions from these variables, a waste-to-energy plant that 
has a capacity of 5000 tons per day is proposed to use the waste from Muscat, North 
AlBatinah, Al-Dakhiliya, South AlBatinah, South AlSharqiya, North AlShariqiya, 
and Al-Dhahirah governorates. Apart from producing 29.30 million kWh daily, this 
plant will be able to significantly reduce the emissions from the MSW and electricity 
production in Oman. The reduction in emission from this waste-to-energy plant is 
estimated at 24,527 million kg CO2 per year. Similarly, this plant will be able to provide 
jobs for at least 300 personnel. The literature review suggests that the initial costs of 
such a plant with a capacity of 5000 tons per day can be equal to the US$1000 million. 
Similarly, the operating costs can be up to the US$30 per tons of waste used in the 
plant. Currently, the progress of Oman toward a number of UN SDGs is not satis-
factory. Such an initiative of waste-to-energy plants will help Oman to improve its 
performance in a number of areas, including energy, climate change, waste manage-
ment, and economic growth.

271

A Comparative Study of MSW to Emery in Oman
DOI: http://dx.doi.org/10.5772/intechopen.93745

Author details

Tariq Umar
Department of Civil Engineering, Surveying and Construction Management, 
School of Engineering and the Environment, Kingston University, London, 
United Kingdom

*Address all correspondence to: tariqumar1984@gmail.com

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



272

Biotechnological Applications of Biomass

[1] IGBP (International Geosphere-
Biosphere Programme). Global 
Analysis, Integration and Modelling. 
Durham, NH: IGBP, International 
Council of Scientific Unions, (ICSU); 
1999, 2000. Available from: http://gaim.
unh.edu/. Schellnhuber HJ. Nature 
402, C19. National Research Council, 
Committee on Global Change Research, 
Global Environmental Change: 
Research Pathways for the Next Decade. 
Washington, DC: National Academy 
Press; 1999. p. 531. Available from: 
http://www.nap.edu/catalog/5992.html 
[Accessed: 23 April 2020]

[2] WEF (World Economic Forum). This 
Is How to Sustainably Feed 10 Billion 
People by 2050. Cologny, Switzerland: 
World Economic Forum; 2018. Available 
from: https://www.weforum.org/
agenda/2018/12/how-to-sustainably-
feed-10-billion-people-by-2050-in-21-
charts/ [Accessed: 23 April 2020]

[3] Sachs JD. The Age of Sustainable 
Development. New York, United States: 
Columbia University Press; 2015

[4] UN-SDGs (United Nations 
Sustainable Development Goals). 
About the Sustainable Development 
Goals. New York, United States: United 
Nations; 2015. Available from: https://
www.un.org/sustainabledevelopment/
sustainable-development-goals/ 
[Accessed: 23 April 2020]

[5] TSDGR (The Sustainable 
Development Goals Report). The 
Sustainable Development Goals Report. 
New York, United States: United 
Nations; 2018. Available from: https://
unstats.un.org/sdgs/files/report/2018/
TheSustainableDevelopment 
GoalsReport2018-EN.pdf [Accessed:  
25 April 2020]

[6] Umar T, Egbu C, Ofori G, 
Honnurvali MS, Saidani M, Shibani A, 

et al. UAE’s commitment towards UN 
sustainable development goals. In: 
Proceedings of the Institution of Civil 
Engineers-Engineering Sustainability. 
Thomas Telford Ltd; 2020. pp. 1-18. 
DOI: 10.1680/jensu.19.00036

[7] IPCC (Intergovernmental Panel 
on Climate Change). Summary for 
policymakers. In: Metz B, Davidson OR, 
Bosch PR, Dave R, Meyer LA, editors. 
Climate Change 2007: Mitigation. 
Contribution of Working Group III to 
the Fourth Assessment Report of the 
Intergovernmental Panel on Climate 
Change. Cambridge, United Kingdom 
and New York, NY, USA: Cambridge 
University Press; 2007. Available from: 
https://www.ipcc.ch/report/ar4/wg3/ 
[Accessed: 04 April 2020]

[8] Chen X, Geng Y, Fujita T. An 
overview of municipal solid waste 
management in China. Waste 
Management. 2010;30(4):716-724. DOI: 
10.1016/j.wasman.2009.10.011

[9] Umar T, Egbu C. Global commitment 
towards sustainable energy. In: 
Proceedings of the Institution of Civil 
Engineers-Engineering Sustainability. 
Vol. 172. Thomas Telford Ltd; 2018. pp. 
315-323. DOI: 10.1680/jensu.17.00059

[10] Umar T, Wamuziri S. Briefing: 
Conventional, wind and solar energy 
resources in Oman. Proceedings of the 
Institution of Civil Engineers: Energy. 
2016;169(4):143-147. DOI: 10.1680/
jener.16.00011

[11] Zafar S. Waste management outlook 
for the Middle East. In: Palgrave 
Handbook of Sustainability. Cham, 
Basingstoke, United Kingdom: Palgrave 
Macmillan; 2018. pp. 159-181

[12] DEFRA (Department for 
Environment Food and Rural Affairs). 
UK Statistics on Waste. London, UK: 

References

273

A Comparative Study of MSW to Emery in Oman
DOI: http://dx.doi.org/10.5772/intechopen.93745

Department for Environment Food 
and Rural Affairs; 2019. Available 
from: https://assets.publishing.service.
gov.uk/government/uploads/system/
uploads/attachment_data/file/784263/
UK_Statistics_on_Waste_statistical_
notice_March_2019_rev_FINAL.pdf 
[Accessed: 27 March 2020]

[13] Zyoud SH, Al-Jabi SW, Sweileh WM, 
Al-Khalil S, Zyoud SH, Sawalha AF, 
et al. The Arab world’s contribution to 
solid waste literature: A Bibliometric 
analysis. Journal of Occupational 
Medicine and Toxicology. 2015;10(35): 
1-9. DOI: 10.1186/s12995-015-0078-1

[14] Zafar S. Solid Waste Management in 
Saudi Arabia. Doha, Qatar: EcoMENA; 
2015. Available from: http://www.
ecomena.org/solid-waste-management-
in-saudiarabia/ [Accessed: 16 April 
2020]

[15] MOH (Ministry of Housing). 
Frequently Asked Questions: Common 
Questions about Land Sector. Muscat, 
Oman: Ministry of Housing; 2019. 
Available from: https://eservices.
housing.gov.om/eng/Pages/FAQs.aspx 
[Accessed: 05 May 2019]

[16] Be’ah (Oman Environmental Service 
Holding Company S.A.O.C). Waste 
Characterization and Quantification 
Survey. Muscat, Oman: Be’ah; 2013

[17] Muscat Daily. Oman Completes 
Privatization of Municipal Waste 
Management. Muscat, Oman: Muscat 
Daily; 2017. Available from: https://
muscatdaily.com/Archive/Oman/Oman-
completes-privatisation-of-municipal-
waste-management-54ut [Accessed:  
04 April 2020]

[18] WHO (World Health 
Organization). Household Air Pollution 
and Health. Geneva, Switzerland: 
World Health Organization; 2018. 
Available from: https://www.who.
int/news-room/fact-sheets/detail/

household-air-pollution-and-health 
[Accessed: 07 August  2019]

[19] Lindsey R. Climate Change: 
Atmospheric Carbon Dioxide. 
Maryland, United States: National 
Oceanic and Atmospheric 
Administration; 2018. Available 
from: https://www.climate.gov/
news-features/understanding-climate/
climate-change-atmospheric-carbon-
dioxide [Accessed: 18 April 2020]

[20] WRI (World Resource Institute). 
New Global CO2 Emissions Numbers 
Are In. Washington, D.C., United 
States: World Resource Institute; 2018. 
Available from: https://www.wri.
org/blog/2018/12/new-global-co2-
emissions-numbers-are-they-re-not-
good [Accessed: 18 April 2020]

[21] Umar T. Briefing: Cost of accidents 
in the construction industry of Oman. 
In: Proceedings of the Institution of 
Civil Engineers-Municipal Engineer. 
Vol. 170. Thomas Telford Ltd; 2016. pp. 
68-73. DOI: 10.1680/jmuen.16.00032

[22] WB (World Bank). Electric Power 
Consumption (kWh Per Capita). 
Washington, D.C., United States: 
The World Bank; 2014a. Available 
from: https://data.worldbank.
org/indicator/EG.USE.ELEC.
KH.PC?end=2014&name_desc=false
&page=2&start=2014&view=map&y
ear=2014 [Accessed: 18 April 2020]

[23] WB (World Bank). CO2 Emissions 
(Metric Tons Per Capita). Washington, 
D.C., United States: The World Bank; 
2014b. Available from: https://data.
worldbank.org/indicator/en.atm.co2e.
pc?year_high_desc=true [Accessed:  
18 April 2020]

[24] Umar T, Egbu C. Heat stress, 
a hidden cause of accidents in 
construction. In: Proceedings of 
the Institution of Civil Engineers–
Municipal Engineer. Vol. 173. Thomas 



272

Biotechnological Applications of Biomass

[1] IGBP (International Geosphere-
Biosphere Programme). Global 
Analysis, Integration and Modelling. 
Durham, NH: IGBP, International 
Council of Scientific Unions, (ICSU); 
1999, 2000. Available from: http://gaim.
unh.edu/. Schellnhuber HJ. Nature 
402, C19. National Research Council, 
Committee on Global Change Research, 
Global Environmental Change: 
Research Pathways for the Next Decade. 
Washington, DC: National Academy 
Press; 1999. p. 531. Available from: 
http://www.nap.edu/catalog/5992.html 
[Accessed: 23 April 2020]

[2] WEF (World Economic Forum). This 
Is How to Sustainably Feed 10 Billion 
People by 2050. Cologny, Switzerland: 
World Economic Forum; 2018. Available 
from: https://www.weforum.org/
agenda/2018/12/how-to-sustainably-
feed-10-billion-people-by-2050-in-21-
charts/ [Accessed: 23 April 2020]

[3] Sachs JD. The Age of Sustainable 
Development. New York, United States: 
Columbia University Press; 2015

[4] UN-SDGs (United Nations 
Sustainable Development Goals). 
About the Sustainable Development 
Goals. New York, United States: United 
Nations; 2015. Available from: https://
www.un.org/sustainabledevelopment/
sustainable-development-goals/ 
[Accessed: 23 April 2020]

[5] TSDGR (The Sustainable 
Development Goals Report). The 
Sustainable Development Goals Report. 
New York, United States: United 
Nations; 2018. Available from: https://
unstats.un.org/sdgs/files/report/2018/
TheSustainableDevelopment 
GoalsReport2018-EN.pdf [Accessed:  
25 April 2020]

[6] Umar T, Egbu C, Ofori G, 
Honnurvali MS, Saidani M, Shibani A, 

et al. UAE’s commitment towards UN 
sustainable development goals. In: 
Proceedings of the Institution of Civil 
Engineers-Engineering Sustainability. 
Thomas Telford Ltd; 2020. pp. 1-18. 
DOI: 10.1680/jensu.19.00036

[7] IPCC (Intergovernmental Panel 
on Climate Change). Summary for 
policymakers. In: Metz B, Davidson OR, 
Bosch PR, Dave R, Meyer LA, editors. 
Climate Change 2007: Mitigation. 
Contribution of Working Group III to 
the Fourth Assessment Report of the 
Intergovernmental Panel on Climate 
Change. Cambridge, United Kingdom 
and New York, NY, USA: Cambridge 
University Press; 2007. Available from: 
https://www.ipcc.ch/report/ar4/wg3/ 
[Accessed: 04 April 2020]

[8] Chen X, Geng Y, Fujita T. An 
overview of municipal solid waste 
management in China. Waste 
Management. 2010;30(4):716-724. DOI: 
10.1016/j.wasman.2009.10.011

[9] Umar T, Egbu C. Global commitment 
towards sustainable energy. In: 
Proceedings of the Institution of Civil 
Engineers-Engineering Sustainability. 
Vol. 172. Thomas Telford Ltd; 2018. pp. 
315-323. DOI: 10.1680/jensu.17.00059

[10] Umar T, Wamuziri S. Briefing: 
Conventional, wind and solar energy 
resources in Oman. Proceedings of the 
Institution of Civil Engineers: Energy. 
2016;169(4):143-147. DOI: 10.1680/
jener.16.00011

[11] Zafar S. Waste management outlook 
for the Middle East. In: Palgrave 
Handbook of Sustainability. Cham, 
Basingstoke, United Kingdom: Palgrave 
Macmillan; 2018. pp. 159-181

[12] DEFRA (Department for 
Environment Food and Rural Affairs). 
UK Statistics on Waste. London, UK: 

References

273

A Comparative Study of MSW to Emery in Oman
DOI: http://dx.doi.org/10.5772/intechopen.93745

Department for Environment Food 
and Rural Affairs; 2019. Available 
from: https://assets.publishing.service.
gov.uk/government/uploads/system/
uploads/attachment_data/file/784263/
UK_Statistics_on_Waste_statistical_
notice_March_2019_rev_FINAL.pdf 
[Accessed: 27 March 2020]

[13] Zyoud SH, Al-Jabi SW, Sweileh WM, 
Al-Khalil S, Zyoud SH, Sawalha AF, 
et al. The Arab world’s contribution to 
solid waste literature: A Bibliometric 
analysis. Journal of Occupational 
Medicine and Toxicology. 2015;10(35): 
1-9. DOI: 10.1186/s12995-015-0078-1

[14] Zafar S. Solid Waste Management in 
Saudi Arabia. Doha, Qatar: EcoMENA; 
2015. Available from: http://www.
ecomena.org/solid-waste-management-
in-saudiarabia/ [Accessed: 16 April 
2020]

[15] MOH (Ministry of Housing). 
Frequently Asked Questions: Common 
Questions about Land Sector. Muscat, 
Oman: Ministry of Housing; 2019. 
Available from: https://eservices.
housing.gov.om/eng/Pages/FAQs.aspx 
[Accessed: 05 May 2019]

[16] Be’ah (Oman Environmental Service 
Holding Company S.A.O.C). Waste 
Characterization and Quantification 
Survey. Muscat, Oman: Be’ah; 2013

[17] Muscat Daily. Oman Completes 
Privatization of Municipal Waste 
Management. Muscat, Oman: Muscat 
Daily; 2017. Available from: https://
muscatdaily.com/Archive/Oman/Oman-
completes-privatisation-of-municipal-
waste-management-54ut [Accessed:  
04 April 2020]

[18] WHO (World Health 
Organization). Household Air Pollution 
and Health. Geneva, Switzerland: 
World Health Organization; 2018. 
Available from: https://www.who.
int/news-room/fact-sheets/detail/

household-air-pollution-and-health 
[Accessed: 07 August  2019]

[19] Lindsey R. Climate Change: 
Atmospheric Carbon Dioxide. 
Maryland, United States: National 
Oceanic and Atmospheric 
Administration; 2018. Available 
from: https://www.climate.gov/
news-features/understanding-climate/
climate-change-atmospheric-carbon-
dioxide [Accessed: 18 April 2020]

[20] WRI (World Resource Institute). 
New Global CO2 Emissions Numbers 
Are In. Washington, D.C., United 
States: World Resource Institute; 2018. 
Available from: https://www.wri.
org/blog/2018/12/new-global-co2-
emissions-numbers-are-they-re-not-
good [Accessed: 18 April 2020]

[21] Umar T. Briefing: Cost of accidents 
in the construction industry of Oman. 
In: Proceedings of the Institution of 
Civil Engineers-Municipal Engineer. 
Vol. 170. Thomas Telford Ltd; 2016. pp. 
68-73. DOI: 10.1680/jmuen.16.00032

[22] WB (World Bank). Electric Power 
Consumption (kWh Per Capita). 
Washington, D.C., United States: 
The World Bank; 2014a. Available 
from: https://data.worldbank.
org/indicator/EG.USE.ELEC.
KH.PC?end=2014&name_desc=false
&page=2&start=2014&view=map&y
ear=2014 [Accessed: 18 April 2020]

[23] WB (World Bank). CO2 Emissions 
(Metric Tons Per Capita). Washington, 
D.C., United States: The World Bank; 
2014b. Available from: https://data.
worldbank.org/indicator/en.atm.co2e.
pc?year_high_desc=true [Accessed:  
18 April 2020]

[24] Umar T, Egbu C. Heat stress, 
a hidden cause of accidents in 
construction. In: Proceedings of 
the Institution of Civil Engineers–
Municipal Engineer. Vol. 173. Thomas 



Biotechnological Applications of Biomass

274

Telford Ltd; 2020. pp. 49-60. DOI: 
10.1680/jmuen.18.00004

[25] King Abdullah Center for Atomic 
and Renewable Energy (K.A. CARE). 
Energy Sustainability for Future 
Generations. Riyadh, Saudi Arabia: 
King Abdullah Center for Atomic and 
Renewable Energy; 2016. Available 
from: https://www.kacare.gov.sa/
en/FutureEnergy/Pages/vision.aspx 
[Accessed: 18 April 2020]

[26] Calvillo CF, Sánchez-Miralles A, 
Villar J. Energy management and 
planning in smart cities. Renewable 
and Sustainable Energy Reviews. 
2016;55:273-287. DOI: 10.1016/j.
rser.2015.10.133

[27] Strielkowski W, Veinbender T, 
Tvaronavičienė M, Lace N. Economic 
efficiency and energy security of smart 
cities. Economic Research-Ekonomska 
Istraživanja. 2020;33(1):788-803. DOI: 
10.1080/1331677X.2020.1734854

[28] EIA (Energy Information 
Administration). How Much Coal, 
Natural Gas, or Petroleum Is Used 
to Generate a Kilowatt-Hour of 
Electricity. Washington, USA: US, 
Energy Information Administration; 
2017. Available from: https://www.eia.
gov/tools/faqs/faq.php?id=667&t=6 
[Accessed: 05 October 2019]

[29] EPA (Environmental Protection 
Agency). Greenhouse Gases 
Equivalencies Calculator - Calculations 
and References. Washington, USA: 
Environmental Protection Agency; 2018. 
Available from: https://www.epa.gov/
energy/greenhouse-gases-equivalencies-
calculator-calculations-and-references 
[Accessed: 04 October 2019]

[30] Sachs J, Schmidt-Traub G, Kroll C, 
Lafortune G, Fuller G. Sustainable 
Development Report 2019. New 
York: Bertelsmann Stiftung and 
Sustainable Development Solutions 
Network (SDSN); 2019. Available 

from: https://s3.amazonaws.
com/sustainabledevelopment.
report/2019/2019_sustainable_
development_report.pdf [Accessed:  
21 April 2020]

[31] EIA (Energy Information 
Administration). International 
Statistics. Washington, D.C., 
United States: Energy Information 
Administration; 2018. Available from: 
https://www.eia.gov/beta/international/ 
[Accessed: 18 April 2020]

[32] Oxford Business Group. 
Discovery of Oil Reserves and New 
Concessions in Oman Leverage 
Growth on Global Indices. London, 
United Kingdom: Oxford Business 
Group; 2020. Available from: https://
oxfordbusinessgroup.com/overview/
pumped-reserve-discoveries-new-
concessions-and-efficient-technology-
leverage-steady-growth-global [Accessed: 
04 April 2020]

[33] SCP (Supreme Council for 
Planning). Oman Vision, 2020. Muscat, 
Sultanate of Oman: Supreme Council for 
Planning; 1995. Available from: https://
www.scp.gov.om/en/Page.aspx?I=14 
[Accessed: 02 October 2019]

[34] SCP (Supreme Council for 
Planning). Oman Vision, 2040. Muscat, 
Sultanate of Oman: Supreme Council 
for Planning; 2019. Available from: 
https://www.scp.gov.om/en/Projects.
aspx?I=1&Search=2040 [Accessed: 02 
May 2020]

[35] EIA (Energy Information 
Administration). Waste-to-Energy 
Around the World. Washington, D.C., 
United States: Energy Information 
Administration; 2020. Available from: 
https://www.eia.gov/energyexplained/
biomass/waste-to-energy-in-depth.php 
[Accessed: 14 April 2020]

[36] EPA (Environmental Protection 
Agency). Wastes - Non-Hazardous 
Waste - Municipal Solid Waste: Basic 

275

A Comparative Study of MSW to Emery in Oman
DOI: http://dx.doi.org/10.5772/intechopen.93745

Information. Washington, D.C., United 
States: Environmental Protection 
Agency; 2016. Available from: https://
archive.epa.gov/epawaste/nonhaz/
municipal/web/html/basic.html 
[Accessed: 31 May 2020]

[37] Psomopoulos CS, Bourka A, 
Themelis NJ. Waste-to-energy: A review 
of the status and benefits in USA. Waste 
Management. 2009;29(5):1718-1724. 
DOI: 10.1016/j.wasman.2008.11.020

[38] Phongphiphat A, Ryu C, 
Finney KN, Sharifi VN, Swithenbank J. 
Ash deposit characterisation in a 
large-scale municipal waste-to-energy 
incineration plant. Journal of Hazardous 
Materials. 2011;186(1):218-226. DOI: 
10.1016/j.jhazmat.2010.10.095

[39] Kramer R, Pelter L, Kmiotek K,  
Branch R, Colta A, Popa B, et al. 
Modular waste/renewable energy 
system for production of electricity, 
heat, and potable water in remote 
locations. In: 2011 IEEE Global 
Humanitarian Technology Conference. 
IEEE; 2011. pp. 30-35. DOI: 10.1109/
GHTC.2011.13

[40] Hernandez-Atonal FD, Ryu C, 
Sharifi VN, Swithenbank J. Combustion 
of refuse-derived fuel in a fluidised 
bed. Chemical Engineering Science. 
2007;62(1-2):627-635. DOI: 10.1016/j.
ces.2006.09.025

[41] Násner AML, Lora EES, 
Palacio JCE, Rocha MH, Restrepo JC, 
Venturini OJ, et al. Refuse derived fuel 
(RDF) production and gasification in a 
pilot plant integrated with an Otto cycle 
ICE through Aspen plus™ modelling: 
Thermodynamic and economic viability. 
Waste Management. 2017;69:187-201. 
DOI: 10.1016/j.wasman.2017.08.006

[42] JICA (Japan International 
Cooperation Agency). Laos 
Pilot Program for Narrowing the 
Development Gap toward ASEAN 
Integration, Progress Report 1: 

Supplement 1 (Vientiane). Vientiane, 
Lao PDR: Japan International 
Cooperation Agency (JICA); 2012. 
Available from: http://open_jicareport.
jica.go.jp/pdf/12245338.pdf [Accessed: 
04 April 2020]

[43] Otoma S, Hoang H, Hong H,  
Miyazaki I, Diaz R. A survey on 
municipal solid waste and residents’ 
awareness in Da Nang city, Vietnam. 
Journal of Material Cycles and Waste 
Management. 2013;15(2):187-194. DOI: 
10.1007/s10163-012-0109-2

[44] Taniguchi Y, Yoshida M. Public 
involvement and mobilization for 
promoting 3R initiative in Hanoi City: 
Lessons from 3R initiative project in 
Hanoi City 2006-2009. In: Proceedings 
of the 8th Expert Meeting on Solid 
Waste Management in Asia and Pacific 
Islands (SWAPI). Vol. 21. 2011. p. 23

[45] Mason M. Sample size and 
saturation in PhD studies using 
qualitative interviews. Forum 
Qualitative Sozialforschung/
Forum: Qualitative Social Research. 
2010;11(3):1-19. DOI: 10.17169/
fqs-11.3.1428

[46] Umar T. An integrated sustainability 
management approach for universities. 
In: Proceedings of the Institution 
of Civil Engineers-Engineering 
Sustainability. Thomas Telford 
Ltd; 2020. pp. 1-12. DOI: 10.1680/
jensu.19.00014

[47] Umar T. Causes of delay in 
construction projects in Oman. 
Middle East Journal of Management. 
2018;5(2):121-136. DOI: 10.1504/
MEJM.2018.091132

[48] IPCC (Intergovernmental Panel 
on Climate Change). 2006 IPCC 
Guidelines for National Greenhouse 
Gas Inventories. Japan: IPCC; 2006. 
Available from: https://www.ipcc-nggip.
iges.or.jp/public/2006gl/ [Accessed: 04 
April 2020]



Biotechnological Applications of Biomass

274

Telford Ltd; 2020. pp. 49-60. DOI: 
10.1680/jmuen.18.00004

[25] King Abdullah Center for Atomic 
and Renewable Energy (K.A. CARE). 
Energy Sustainability for Future 
Generations. Riyadh, Saudi Arabia: 
King Abdullah Center for Atomic and 
Renewable Energy; 2016. Available 
from: https://www.kacare.gov.sa/
en/FutureEnergy/Pages/vision.aspx 
[Accessed: 18 April 2020]

[26] Calvillo CF, Sánchez-Miralles A, 
Villar J. Energy management and 
planning in smart cities. Renewable 
and Sustainable Energy Reviews. 
2016;55:273-287. DOI: 10.1016/j.
rser.2015.10.133

[27] Strielkowski W, Veinbender T, 
Tvaronavičienė M, Lace N. Economic 
efficiency and energy security of smart 
cities. Economic Research-Ekonomska 
Istraživanja. 2020;33(1):788-803. DOI: 
10.1080/1331677X.2020.1734854

[28] EIA (Energy Information 
Administration). How Much Coal, 
Natural Gas, or Petroleum Is Used 
to Generate a Kilowatt-Hour of 
Electricity. Washington, USA: US, 
Energy Information Administration; 
2017. Available from: https://www.eia.
gov/tools/faqs/faq.php?id=667&t=6 
[Accessed: 05 October 2019]

[29] EPA (Environmental Protection 
Agency). Greenhouse Gases 
Equivalencies Calculator - Calculations 
and References. Washington, USA: 
Environmental Protection Agency; 2018. 
Available from: https://www.epa.gov/
energy/greenhouse-gases-equivalencies-
calculator-calculations-and-references 
[Accessed: 04 October 2019]

[30] Sachs J, Schmidt-Traub G, Kroll C, 
Lafortune G, Fuller G. Sustainable 
Development Report 2019. New 
York: Bertelsmann Stiftung and 
Sustainable Development Solutions 
Network (SDSN); 2019. Available 

from: https://s3.amazonaws.
com/sustainabledevelopment.
report/2019/2019_sustainable_
development_report.pdf [Accessed:  
21 April 2020]

[31] EIA (Energy Information 
Administration). International 
Statistics. Washington, D.C., 
United States: Energy Information 
Administration; 2018. Available from: 
https://www.eia.gov/beta/international/ 
[Accessed: 18 April 2020]

[32] Oxford Business Group. 
Discovery of Oil Reserves and New 
Concessions in Oman Leverage 
Growth on Global Indices. London, 
United Kingdom: Oxford Business 
Group; 2020. Available from: https://
oxfordbusinessgroup.com/overview/
pumped-reserve-discoveries-new-
concessions-and-efficient-technology-
leverage-steady-growth-global [Accessed: 
04 April 2020]

[33] SCP (Supreme Council for 
Planning). Oman Vision, 2020. Muscat, 
Sultanate of Oman: Supreme Council for 
Planning; 1995. Available from: https://
www.scp.gov.om/en/Page.aspx?I=14 
[Accessed: 02 October 2019]

[34] SCP (Supreme Council for 
Planning). Oman Vision, 2040. Muscat, 
Sultanate of Oman: Supreme Council 
for Planning; 2019. Available from: 
https://www.scp.gov.om/en/Projects.
aspx?I=1&Search=2040 [Accessed: 02 
May 2020]

[35] EIA (Energy Information 
Administration). Waste-to-Energy 
Around the World. Washington, D.C., 
United States: Energy Information 
Administration; 2020. Available from: 
https://www.eia.gov/energyexplained/
biomass/waste-to-energy-in-depth.php 
[Accessed: 14 April 2020]

[36] EPA (Environmental Protection 
Agency). Wastes - Non-Hazardous 
Waste - Municipal Solid Waste: Basic 

275

A Comparative Study of MSW to Emery in Oman
DOI: http://dx.doi.org/10.5772/intechopen.93745

Information. Washington, D.C., United 
States: Environmental Protection 
Agency; 2016. Available from: https://
archive.epa.gov/epawaste/nonhaz/
municipal/web/html/basic.html 
[Accessed: 31 May 2020]

[37] Psomopoulos CS, Bourka A, 
Themelis NJ. Waste-to-energy: A review 
of the status and benefits in USA. Waste 
Management. 2009;29(5):1718-1724. 
DOI: 10.1016/j.wasman.2008.11.020

[38] Phongphiphat A, Ryu C, 
Finney KN, Sharifi VN, Swithenbank J. 
Ash deposit characterisation in a 
large-scale municipal waste-to-energy 
incineration plant. Journal of Hazardous 
Materials. 2011;186(1):218-226. DOI: 
10.1016/j.jhazmat.2010.10.095

[39] Kramer R, Pelter L, Kmiotek K,  
Branch R, Colta A, Popa B, et al. 
Modular waste/renewable energy 
system for production of electricity, 
heat, and potable water in remote 
locations. In: 2011 IEEE Global 
Humanitarian Technology Conference. 
IEEE; 2011. pp. 30-35. DOI: 10.1109/
GHTC.2011.13

[40] Hernandez-Atonal FD, Ryu C, 
Sharifi VN, Swithenbank J. Combustion 
of refuse-derived fuel in a fluidised 
bed. Chemical Engineering Science. 
2007;62(1-2):627-635. DOI: 10.1016/j.
ces.2006.09.025

[41] Násner AML, Lora EES, 
Palacio JCE, Rocha MH, Restrepo JC, 
Venturini OJ, et al. Refuse derived fuel 
(RDF) production and gasification in a 
pilot plant integrated with an Otto cycle 
ICE through Aspen plus™ modelling: 
Thermodynamic and economic viability. 
Waste Management. 2017;69:187-201. 
DOI: 10.1016/j.wasman.2017.08.006

[42] JICA (Japan International 
Cooperation Agency). Laos 
Pilot Program for Narrowing the 
Development Gap toward ASEAN 
Integration, Progress Report 1: 

Supplement 1 (Vientiane). Vientiane, 
Lao PDR: Japan International 
Cooperation Agency (JICA); 2012. 
Available from: http://open_jicareport.
jica.go.jp/pdf/12245338.pdf [Accessed: 
04 April 2020]

[43] Otoma S, Hoang H, Hong H,  
Miyazaki I, Diaz R. A survey on 
municipal solid waste and residents’ 
awareness in Da Nang city, Vietnam. 
Journal of Material Cycles and Waste 
Management. 2013;15(2):187-194. DOI: 
10.1007/s10163-012-0109-2

[44] Taniguchi Y, Yoshida M. Public 
involvement and mobilization for 
promoting 3R initiative in Hanoi City: 
Lessons from 3R initiative project in 
Hanoi City 2006-2009. In: Proceedings 
of the 8th Expert Meeting on Solid 
Waste Management in Asia and Pacific 
Islands (SWAPI). Vol. 21. 2011. p. 23

[45] Mason M. Sample size and 
saturation in PhD studies using 
qualitative interviews. Forum 
Qualitative Sozialforschung/
Forum: Qualitative Social Research. 
2010;11(3):1-19. DOI: 10.17169/
fqs-11.3.1428

[46] Umar T. An integrated sustainability 
management approach for universities. 
In: Proceedings of the Institution 
of Civil Engineers-Engineering 
Sustainability. Thomas Telford 
Ltd; 2020. pp. 1-12. DOI: 10.1680/
jensu.19.00014

[47] Umar T. Causes of delay in 
construction projects in Oman. 
Middle East Journal of Management. 
2018;5(2):121-136. DOI: 10.1504/
MEJM.2018.091132

[48] IPCC (Intergovernmental Panel 
on Climate Change). 2006 IPCC 
Guidelines for National Greenhouse 
Gas Inventories. Japan: IPCC; 2006. 
Available from: https://www.ipcc-nggip.
iges.or.jp/public/2006gl/ [Accessed: 04 
April 2020]



Biotechnological Applications of Biomass

276

[49] Braschel N, Posch A. A review of 
system boundaries of GHG emission 
inventories in waste management. 
Journal of Cleaner Production. 
2013a;44:30-38. DOI: 10.1016/j.
jclepro.2012.10.050

[50] EPA (Environmental Protection 
Agency). Greenhouse Gases 
Equivalencies Calculator - Calculations 
and References. Washington, USA: 
Environmental Protection Agency; 2017. 
Available from: https://www.epa.gov/
energy/greenhouse-gases-equivalencies-
calculator-calculations-and-references 
[Accessed: 04 April 2020]

[51] Moher D, Liberati A, Tetzlaff J, 
Altman DG, Prisma Group. Preferred 
reporting items for systematic 
reviews and meta-analyses: The 
PRISMA statement. PLoS Medicine. 
2009;6(7):e1000097. DOI: 10.1371/
journal.pmed.1000097

[52] EIA (Energy Information 
Administration). Biomass Explained 
Waste-to-Energy (Municipal Solid 
Waste). Washington, USA: US, Energy 
Information Administration; 2019. 
Available from: https://www.eia.gov/
energyexplained/biomass/waste-to-
energy.php [Accessed: 28 May 2020]

[53] Seghers K. Waste-to-Energy 
Plants. Doha, Qatar: Keppel Seghers 
Engineering; 2020. Available from: 
http://www.keppelseghers.com/en/
content.aspx?sid=3028#A4-DSWMC 
[Accessed: 30 May 2020]

[54] WMW (Waste Management 
World). Waste to Energy: The Carbon 
Perspective. Vienna, Austria: Waste 
Management World; 2015. Available 
from: https://waste-management-world.
com/a/waste-to-energy-the-carbon-
perspective [Accessed: 31 May 2020]

[55] Abebe MA. Challenges of waste 
to energy facility in Reppi (koshe), 
Addis Ababa City. Journal of Pharmacy 

and Medical Sciences (IRJPMS). 
2018;1(4):9-16

[56] Rogoff MJ, Screve F. Waste-to-
Energy: Technologies and Project 
Implementation. 3rd ed. Netherland: 
Elsevier; 2019

[57] EPA (Environmental Protection 
Agency). Energy Recovery from the 
Combustion of Municipal Solid Waste 
(MSW). Washington, D.C., United 
States: Environmental Protection 
Agency; 2019. Available from: https://
www.epa.gov/smm/energy-recovery-
combustion-municipal-solid-waste-
msw [Accessed: 31 May 2020]

[58] Wang Y, Yan Y, Chen G, Zuo J, 
Yan B, Yin P. Effectiveness of waste-
to-energy approaches in China: From 
the perspective of greenhouse gas 
emission reduction. Journal of Cleaner 
Production. 2017;163:99-105. DOI: 
10.1016/j.jclepro.2015.09.060

[59] Obermoser M, Fellner J, 
Rechberger H. Determination of reliable 
CO2 emission factors for waste-to-
energy plants. Waste Management and 
Research. 2009;27(9):907-913. DOI: 
10.1177%2F0734242X09349763

[60] NCSI (National Center of Statistics 
and Information). Population Clock. 
Muscat, Oman: National Center of 
Statistics and Information; 2020. 
Available from: https://www.ncsi.gov.
om/Pages/NCSI.aspx [Accessed: 28 May  
2020]

[61] AER (Authority of Electricity 
Regulation). Study on Renewable 
Energy Resources, Oman. Muscat, 
Oman: Authority of Electricity 
Regulation; 2008. Available from: 
https://www.aer.om/pdf/studyreport.
pdf [Accessed: 01 February 2020]

[62] Deltaway Energy. Projects WTE 
and Biomass Power Plant Experience. 
San Francisco, California, United States: 

277

A Comparative Study of MSW to Emery in Oman
DOI: http://dx.doi.org/10.5772/intechopen.93745

Deltaway Energy; 2020. Available from: 
https://deltawayenergy.com/projects-
list/ [Accessed: 30 May 2020]

[63] Be’ah (Oman Holding Company for 
Environment Services SAOC). MSW 
Generation in Different Governorates 
in Oman. Muscat, Oman: Be’ah (Oman 
Holding Company for Environment 
Services SAOC); 2017. Available from: 
https://www.beah.om/Knowledge-
Center/Data [Accessed: 30 May 2020]

[64] WDI (World Development 
Indicators). World Development 
Indicators (WDI) Is the World Bank’s 
Premier Compilation of Cross-Country 
Comparable Data on Development. 
Washington, D.C., United States: World 
Bank; 2020. Available from: http://
datatopics.worldbank.org/world-
development-indicators/ [Accessed: 21 
May 2020]

[65] WTERTC (Waste to Energy 
Research and Technology Council). The 
ABC of Sustainable Waste Management 
(SWM). New York, United States: Waste 
to Energy Research and Technology 
Council; 2020. Available from: http://
www.seas.columbia.edu/earth/wtert/
faq.html [Accessed: 31 May 2020]

[66] Xin-gang Z, Gui-wu J, Ang L, 
Yun L. Technology, cost, a performance 
of waste-to-energy incineration 
industry in China. Renewable 
and Sustainable Energy Reviews. 
2016;55:115-130. DOI: 10.1016/j.
rser.2015.10.137

[67] UNEP (United Nations 
Environment Programme). 
Waste to Energy Considerations 
for Informed Decision-Making. 
Nairobi, Kenya: United Nations 
Environment Programme; 2019. 
Available from: https://www.
developmentaid.org/api/frontend/cms/
uploadedImages/2019/08/WTEfull-
compressed.pdf [Accessed: 31 May 
2020]

[68] Carneiro MLN, Gomes MSP. 
Energy, exergy, environmental and 
economic analysis of hybrid waste-to-
energy plants. Energy Conversion and 
Management. 2019;179:397-417. DOI: 
10.1016/j.enconman.2018.10.007

[69] Kaplan PO, Decarolis J, 
Thorneloe S. Is it better to burn or bury 
waste for clean electricity generation? 
Environmental Science & Technology. 
2009;43(6):1711-1717. DOI: 10.1021/
es802395e



Biotechnological Applications of Biomass

276

[49] Braschel N, Posch A. A review of 
system boundaries of GHG emission 
inventories in waste management. 
Journal of Cleaner Production. 
2013a;44:30-38. DOI: 10.1016/j.
jclepro.2012.10.050

[50] EPA (Environmental Protection 
Agency). Greenhouse Gases 
Equivalencies Calculator - Calculations 
and References. Washington, USA: 
Environmental Protection Agency; 2017. 
Available from: https://www.epa.gov/
energy/greenhouse-gases-equivalencies-
calculator-calculations-and-references 
[Accessed: 04 April 2020]

[51] Moher D, Liberati A, Tetzlaff J, 
Altman DG, Prisma Group. Preferred 
reporting items for systematic 
reviews and meta-analyses: The 
PRISMA statement. PLoS Medicine. 
2009;6(7):e1000097. DOI: 10.1371/
journal.pmed.1000097

[52] EIA (Energy Information 
Administration). Biomass Explained 
Waste-to-Energy (Municipal Solid 
Waste). Washington, USA: US, Energy 
Information Administration; 2019. 
Available from: https://www.eia.gov/
energyexplained/biomass/waste-to-
energy.php [Accessed: 28 May 2020]

[53] Seghers K. Waste-to-Energy 
Plants. Doha, Qatar: Keppel Seghers 
Engineering; 2020. Available from: 
http://www.keppelseghers.com/en/
content.aspx?sid=3028#A4-DSWMC 
[Accessed: 30 May 2020]

[54] WMW (Waste Management 
World). Waste to Energy: The Carbon 
Perspective. Vienna, Austria: Waste 
Management World; 2015. Available 
from: https://waste-management-world.
com/a/waste-to-energy-the-carbon-
perspective [Accessed: 31 May 2020]

[55] Abebe MA. Challenges of waste 
to energy facility in Reppi (koshe), 
Addis Ababa City. Journal of Pharmacy 

and Medical Sciences (IRJPMS). 
2018;1(4):9-16

[56] Rogoff MJ, Screve F. Waste-to-
Energy: Technologies and Project 
Implementation. 3rd ed. Netherland: 
Elsevier; 2019

[57] EPA (Environmental Protection 
Agency). Energy Recovery from the 
Combustion of Municipal Solid Waste 
(MSW). Washington, D.C., United 
States: Environmental Protection 
Agency; 2019. Available from: https://
www.epa.gov/smm/energy-recovery-
combustion-municipal-solid-waste-
msw [Accessed: 31 May 2020]

[58] Wang Y, Yan Y, Chen G, Zuo J, 
Yan B, Yin P. Effectiveness of waste-
to-energy approaches in China: From 
the perspective of greenhouse gas 
emission reduction. Journal of Cleaner 
Production. 2017;163:99-105. DOI: 
10.1016/j.jclepro.2015.09.060

[59] Obermoser M, Fellner J, 
Rechberger H. Determination of reliable 
CO2 emission factors for waste-to-
energy plants. Waste Management and 
Research. 2009;27(9):907-913. DOI: 
10.1177%2F0734242X09349763

[60] NCSI (National Center of Statistics 
and Information). Population Clock. 
Muscat, Oman: National Center of 
Statistics and Information; 2020. 
Available from: https://www.ncsi.gov.
om/Pages/NCSI.aspx [Accessed: 28 May  
2020]

[61] AER (Authority of Electricity 
Regulation). Study on Renewable 
Energy Resources, Oman. Muscat, 
Oman: Authority of Electricity 
Regulation; 2008. Available from: 
https://www.aer.om/pdf/studyreport.
pdf [Accessed: 01 February 2020]

[62] Deltaway Energy. Projects WTE 
and Biomass Power Plant Experience. 
San Francisco, California, United States: 

277

A Comparative Study of MSW to Emery in Oman
DOI: http://dx.doi.org/10.5772/intechopen.93745

Deltaway Energy; 2020. Available from: 
https://deltawayenergy.com/projects-
list/ [Accessed: 30 May 2020]

[63] Be’ah (Oman Holding Company for 
Environment Services SAOC). MSW 
Generation in Different Governorates 
in Oman. Muscat, Oman: Be’ah (Oman 
Holding Company for Environment 
Services SAOC); 2017. Available from: 
https://www.beah.om/Knowledge-
Center/Data [Accessed: 30 May 2020]

[64] WDI (World Development 
Indicators). World Development 
Indicators (WDI) Is the World Bank’s 
Premier Compilation of Cross-Country 
Comparable Data on Development. 
Washington, D.C., United States: World 
Bank; 2020. Available from: http://
datatopics.worldbank.org/world-
development-indicators/ [Accessed: 21 
May 2020]

[65] WTERTC (Waste to Energy 
Research and Technology Council). The 
ABC of Sustainable Waste Management 
(SWM). New York, United States: Waste 
to Energy Research and Technology 
Council; 2020. Available from: http://
www.seas.columbia.edu/earth/wtert/
faq.html [Accessed: 31 May 2020]

[66] Xin-gang Z, Gui-wu J, Ang L, 
Yun L. Technology, cost, a performance 
of waste-to-energy incineration 
industry in China. Renewable 
and Sustainable Energy Reviews. 
2016;55:115-130. DOI: 10.1016/j.
rser.2015.10.137

[67] UNEP (United Nations 
Environment Programme). 
Waste to Energy Considerations 
for Informed Decision-Making. 
Nairobi, Kenya: United Nations 
Environment Programme; 2019. 
Available from: https://www.
developmentaid.org/api/frontend/cms/
uploadedImages/2019/08/WTEfull-
compressed.pdf [Accessed: 31 May 
2020]

[68] Carneiro MLN, Gomes MSP. 
Energy, exergy, environmental and 
economic analysis of hybrid waste-to-
energy plants. Energy Conversion and 
Management. 2019;179:397-417. DOI: 
10.1016/j.enconman.2018.10.007

[69] Kaplan PO, Decarolis J, 
Thorneloe S. Is it better to burn or bury 
waste for clean electricity generation? 
Environmental Science & Technology. 
2009;43(6):1711-1717. DOI: 10.1021/
es802395e



279

Section 4

Biochemical Products



279

Section 4

Biochemical Products



281

Chapter 15

Production Pathways of Acetic 
Acid and Its Versatile Applications 
in the Food Industry
Gunjan Deshmukh and Haresh Manyar

Abstract

Acetic acid is a commodity chemical with the global demand of approximately 
15 million tons per year with several applications in the chemical and food 
industry. The production of acetic acid can be widely categorized into chemical 
and fermentative routes, with the chemical route being the predominant one in 
the current industrial practice. In this chapter, we have reviewed the most recent 
developments in acetic acid production and applications over past two decades, 
including process intensification and catalysis by keeping the main emphasis 
on process sustainability. Acetic acid is used in several industrial sectors such 
as chemical, pharmaceutical, textile, polymer and paints, food and beverages. 
Furthermore, acetic acid has several applications in food industry and is tradi-
tionally known as vinegar. In addition, it is an acidulant, which is used to give a 
characteristic flavor profile to food. It can be used for microbial decontamination 
of meat and as a mild descaling agent in the food industry. More recently, acetic 
acid is reported to be used as an antimicrobial edible food coating agent. The 
diversified food culture has a significant demand in the development of such 
kind of innovation and acetic acid can be an efficient solution.

Keywords: acetic acid production, acetification, acidulant

1. Introduction

The bridge between chemistry and the day-to-day human life is always grow-
ing wider and stronger, and acetic acid is one of the perfect examples. Acetic acid 
is a clear liquid with a pungent odour, sharp taste, melting point of 16.73°C and 
boils at 117.9°C. Acetic acid, traditionally known as ‘vinegar’ is widely used as 
a food preservative, first discovered (c. 5000 BC) when unattended grape juice 
turned into wine. A famous physician Hippocrates II (c. 420 BC) used acetic 
acid to clean the wounds [1]. With direct and indirect applications of acetic acid, 
it has diversified into several chemical sectors such as food, pharma, chemical, 
textile, polymer, medicinal, cosmetics etc. Since then, acetic acid is proven to be 
a multi-application chemical building block resulting in ever-increasing demand. 
The production of acetic acid is expected to reach 18 million ton with an average 
growth of 5% per year [2, 3].

The overall routes for production and the applications of acetic acid are shown 
in Figure 1. Currently, the manufacturing demand is fulfilled via two main 
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production routes, which are chemical and fermentative. Among the chemical 
manufacturing processes, the key processes are Cavita process (carbonylation of 
methanol), oxidation of aldehyde and oxidation of ethylene. The major players are 
BP chemicals and BASF, which follow carbonylation route. The major consump-
tion of acetic acid mainly comes from the preparation of vinyl acetate monomer 
(VAM), acetic anhydride and C1-C4 acetates and it is used as a solvent in synthesis 
of terephthalic acid (PET). VAM is one of the main ingredients used in polymer 
industry with application as emulsifier, resins, as intermediate in surface coating 
agent, acrylic fiber and polymer wires. It is also used in textile industry to gener-
ate synthetic fibers as a result of condensation reaction. The other condensation 
reaction of acetic acid produces acetic anhydride used as typical acetylation agent, 
which is subsequently utilized to produce cellulose acetate, used in synthetic textiles 
and for silver-based photographic films. Most derived esters of acetic acid are ethyl 
acetate, n-butyl acetate, isobutyl acetate and propyl acetate, which are frequently 
used as solvents for inks, paints and coatings. Glacial acetic acid is an excellent 
polar protic solvent that is frequently used as a solvent for recrystallization to purify 
organic compounds. Several researchers are working on developing a sustainable 
process with the simple design to produce acetic acid that meets current demand. 

Figure 1. 
Commercial routes for synthesis of acetic acid and applications.
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Several homogeneous as well as heterogeneous catalytic systems are reported for 
the production of acetic acid with carbonylation process [4].

Acetic acid produced via fermentation route is mainly utilized in the food 
industry in the form of vinegar. Use of vinegar is more diversified these days, with 
more innovative ways to adjust and suit the current lifestyle and food culture. The 
different concentrations of acetic acid are used to sharpen the taste of food with a 
longer shelf life period and as a food preservative. Some new applications have also 
come such as edible and non-edible antimicrobial coating [5, 6].

This chapter reviews the current commercial processes for the synthesis of acetic 
acid to meet an ever-increasing global demand. The chapter also gives insight into 
the pros and cons associated with the process available and then how should we 
design a sustainable strategy to develop a simple commercial process. Further, the 
state of art to produce vinegar is discussed with exploitation as a multiapplication 
tool in the modern food industry.

2. Production of acetic acid

Acetic acid is mainly produced via chemical route that involves homogeneous 
as well as heterogeneous catalytic methods. The carbonylation of methanol via 
Monsanto process is the most adopted route, which further evolved as Cavita 
process with a choice of catalysts and process intensification. In the recent decade, 
the fermentative approach has also gained attention; however the commercial 
approach is not established yet. The current trends in sustainable manufacturing 
demand an urgent paradigm shift to develop and pursue more sustainable routes to 
reduce environmental burden. An approach is also made with the development of 
membrane-based technology, which offers a very simple design with eco-friendly 
production [7].

2.1 Conventional process

2.1.1 Methanol carbonylation process

Carbonylation process is a most employed commercial route for synthesis of 
acetic acid, also known as Monsanto process (Figure 2). Methanol and carbon 
monoxide are reacted in liquid phase in the presence of rhodium (Rh)-based 
catalyst at 150–200°C temperature and 30–50 bar pressure to produce acetic acid 
with 95% selectivity and 5% side products such as formic acid and formaldehyde 
[8]. Hydrogen iodide is used as an alkali promoter in this process. The reaction 
proceeds in liquid phase with methyl acetate as solvent using homogeneous catalyst. 
Controlled amount of water is required for the reaction, which is generated in situ 
by reaction of methanol with hydrogen iodide. The rate of reaction in the Monsanto 
process depends on the concentration of water. CO2, H2 and methanol are obtained 

Figure 2. 
Production of acetic acid by carbonylation method.
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as by-products in the reaction. The generated methanol in the reaction is recycled. 
The process has evolved with time and different strategies have been adopted to 
separate pure acetic acid from a mixture of water and by-products. This process 
was modified by BP chemicals replacing rhodium-based catalyst with iridium (Ir) 
catalyst known as Cavita process [4]. The choice of Ir as a coordination metal is 
relatively more economic process than rhodium. The use of an iridium catalyst 
improves the overall rate of reaction.

The safety and the environmental hazards arising from the current methods 
are a serious concern. Acetic acid is highly corrosive, and the production processes 
need to be more sustainable and environmentally benign by reducing the amount 
of energy required in production and subsequent separation technologies as well 
as using heterogeneous catalysts. The Japanese firm Chiyodo developed a hetero-
geneous Rh catalysed process, wherein Rh metal was immobilized on the vinyl-
pyridine resin. The use of heterogeneous catalyst prevails the loss of catalyst in the 
liquid phase and facilitates easy separation from the reaction mixture. The amount 
of water used in the reaction is very low and thus the separation of water from 
acetic acid is more energy-efficient compared to the other processes mentioned.

2.1.2 Acetaldehyde oxidation process

Acetaldehyde oxidation was the predominant process followed for the synthesis 
of acetic acid, wherein acetaldehyde is first prepared by oxidation of ethylene using 
palladium and copper chloride and it was further oxidized to form acetic acid 
(Figure 3). The same process is reported using cobalt and chromium-based catalyst 
at 55 bar pressure and 150°C temperature. The one-step process for conversion of 
ethylene to acetic acid is also practised using lead and lead-platinum based catalyst 
at high pressure compared to the acetaldehyde oxidation process with a low yield of 
acetic acid [9].

2.1.3 Hydrocarbon oxidation process

Hydrocarbons derived from petroleum stock such as butane and naphtha are 
utilized to generate acetic acid using cobalt acetate and chromium acetate catalyst 
(Figure 4). The reaction proceeds at a comparatively higher temperature range 
(150–230°C) and pressure (50–60 bar). The process involves petroleum feedstock, 
which contains hydrocarbon mixture, which leads to the formation of other by-
products such as acetone, formic acid, propionic acid along with acetic acid. Thus, 

Figure 3. 
Production of acetic acid by acetaldehyde oxidation.
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this process fails to give pure acetic acid. This process is more suitable for manufac-
turing a mixture of volatile fatty acids.

2.2 Fermentation route

Fermentative route is mostly adapted for the generation of food-grade acetic 
acid that is vinegar. This process mainly involves the use of renewable carbon 
resources such as apple, grape, pears, honey, cane, coconut, date, syrup cereals, 
hydrolysed starch, beer and wine [10]. The fermentation process is mainly divided 
into two steps: the treatment with yeast followed by acetic acid bacteria (AAB). 
Commercial production of vinegar is done via oxidative fermentation using AAB. 
Acetobacter and Gluconacetobacter are most used species among ten classified 
genera. Acetobacter pasteurianus is traditionally used for commercial production of 
vinegar with concentration not exceeding 6% (v/v), whereas, Gluconacetobacter 
europaeus is utilized to produce high-concentration vinegar (10% v/v). The price of 
the vinegar varies with the kind of source used and the region where it is generated.

2.2.1 Orleans method

This method is well established, traditional and preferred for low-volume pro-
duction of acetic acid. Derived from the French word Orléans, wooden barrels are 
used to ferment the feed in this process. This method is followed to prepare exotic 
brands of vinegar in different regions of the world with specific raw material avail-
able in the specific season. The traditional balsamic vinegar is produced in different 
parts of the world such as sherry from Spain, oxos from Greece, and Modena in Italy.

2.2.2 Trickling process

This process was developed to overcome the slow rate of acetification in Orleans 
process [11]. The process intensification was done to improve the acetic acid 
bacteria and substrate interaction. The alcoholic substrate was sprayed over the 
fermentation in continuous loop to achieve the desired concentration of acetic acid. 
The heat of the reaction was controlled by passing the air through the system. The 
process has the drawback of accumulating gelatinous material on the surface the 
membrane, which reduces the rate of reaction over the period.

2.2.3 The continuous submerged process

This modern fermentation method is followed to produce vinegar in masses.  
This is the most widely method and has a high yield along with a fast rate of oxida-
tion as compared to the previous method. This method is 30 times faster than the 
Orleans method with higher efficiency for production of acetic acid. This process 
requires comparatively small space with higher yields. The Fringe fermenter is used 

Figure 4. 
Production of acetic acid by hydrocarbon oxidation.
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Figure 3. 
Production of acetic acid by acetaldehyde oxidation.
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this process fails to give pure acetic acid. This process is more suitable for manufac-
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Figure 4. 
Production of acetic acid by hydrocarbon oxidation.
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for this process to increase the rate of the acetification. The yield of acetic acid is 
98%. The pure substrates are required to achieve the high quality of acetic acid. This 
fermentation process is much economical, of simple design with easy process control.

The Fermentation process for acetic acid is economically feasible with compara-
tively simple operations. The application of this process is very limited to the pres-
ent global demand. Whereas, the conventional process involves several steps such 
as fractional distillation, condensation and crystallization, which add to the high 
machinery cost. The operating conditions are harsh considering the process temper-
ature and pressure along with the corrosive nature of acetic acid [12]. The purifica-
tion of acetic acid from water is a multi-step process consuming a high amount of 
energy, which makes overall process complex and critical. In addition to this, the 
process requires huge manpower with stringent safety protocols and norms.

3. Need for development of novel sustainable technologies

Looking at the ever-increasing threats of global warming and ever-increasing 
global demand of acetic leads to an urgent need to develop a novel technological 
approach and sustainable feedstock for the generation of acetic acid. Even though 
many processes and technological developments are reported recently, they fail to 
sustain the production cost to profit margins. The separation of acetic acid remains 
the key issue to overcome the economical and energy consumption barriers. The 
different operations such as distillation, evaporation, absorption, filtration crystal-
lization and alkali neutralization are time and energy consuming. Even though 
these processes involve multiple steps, the ever-growing demand forces to follow 
this path. On the other hand, fermentation process is reliable but cannot match the 
scale of current demand. Thus, the development of a novel route for generation or 
process intensification in separation can drastically reduce the overall production 
cost of acetic acid. Utilization of CO and CO2 as feedstock generated from natural 
gas can offer long-term sustainability of acetic acid production. This technol-
ogy offers high purity of acetic acid with eco-friendly production. Furthermore, 
membrane-based separation processes can provide efficient way to produce acetic 
acid. The pathways are discussed briefly.

3.1 CO and CO2 as valuable feedstock

Utilization of CO2 and syngas can offer sustainable alternatives to produce acetic 
acid. BP has announced the breakthrough process, wherein, acetic acid will be 
manufactured from syngas as a feedstock derived from natural gas. This will give an 
alternative to SaaBre process that produces acetic acid in three integrated steps. The 
production of acetic acid from syngas will avoid the purification of CO and pur-
chase of methanol. Though the technology is not fully developed, it provides better 
alternatives in terms of sustainability. Similarly, acetic acid can be synthesized via 
reacting CO2 and H2 to give methanol followed by subsequent carbonylation step. 
This route gives liberty to utilize CO2 as value-added feedstock.

3.2 Membrane-based technologies

The membrane technology can offer the separation of liquid, vapour and gas 
selectively with controlled mass transfer rates. These processes are easy to operate and 
simple to design. The technology can offer development on energy intensification. 
Several types of processes are reported based on the pore size of the membrane for 
separation of different components. These are namely microfiltration, ultrafiltration 
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and nanofiltration membrane. The operating pressure (varying from 1 to 20 bar) of 
the system varies according the pore size of the membrane are used. Reverse osmosis 
is another membrane technology with non-porous membrane. This process operates 
at pressure more than 20 bar. The membrane technologies collectively can be applied 
in downstream processing for separation of acetic acid in chemical process as well as 
fermentation processes. The combination of fermenter with acetic acid permeable 
membrane can help in separation of acetic acid to avoid the self-inhibition.

4. Application of acetic acid in food industry

Direct applications of acetic acid are reported from ancient times. It was used as a 
medicine and food preservative. Over the period, applications of acetic have diversi-
fied as per the demands of modern life. Using different concentrations, it is utilized 
in food additives, food preservation, antimicrobial agent, acidulant, flavour and taste 
enhancer, edible packaging material, artificial food ripening agent, etc. Some of the 
applications such as acidulant and as acetification agents are described in detail here.

4.1 Acetification

Acetification is simply the bacterial oxidation of ethanol to produce acetic acid 
and water (Figure 5). The process is also termed as oxidative fermentation. The rate 
of the reaction in acetification mainly depends on the type of microorganism used 
to catalyse and the concentration of available oxygen in the media [13].

There are different types of microorganisms that occur naturally in food and 
are responsible for the different natural processes such as acetification, alcoholism, 
proteolysis and enzymatic reactions, which alter the natural condition of the food. 
This bioprocess technology is studied and systematically utilized to improve the 
quality of food s in terms of texture, taste, mouthfeel, colour and prolonged shelf 
life. The overall concept has grown into generating different types of food and 
beverages produced in a cheap and sustainable way.

Acetification of different food categories using acetic acid bacteria (AAB) has 
led to the production of several food products [14]. AAB are naturally found on 
fruits, flowers, and plants, which naturally react and convert carbohydrate sugars 
into organic acids in the presence of oxygen. The same concept is biotechnologically 
utilized to prepare a diverse variety of food and beverages.

4.2 Flavouring agent

Different parts of the world have utilized the acetification process to gener-
ate a variety of foods and beverages. The famous Lambic beer is produced from 
malted barley, aged dry hops and unmalted wheat. The different AAB and yeast 
are responsible for the generation of this beer, which is matured for over a period 
of 3 years. The typical acidic flavour of the beer is achieved with the help AAB 

Figure 5. 
Production of acetic acid by fermentative oxidation of alcohol.
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simple to design. The technology can offer development on energy intensification. 
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is another membrane technology with non-porous membrane. This process operates 
at pressure more than 20 bar. The membrane technologies collectively can be applied 
in downstream processing for separation of acetic acid in chemical process as well as 
fermentation processes. The combination of fermenter with acetic acid permeable 
membrane can help in separation of acetic acid to avoid the self-inhibition.
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fied as per the demands of modern life. Using different concentrations, it is utilized 
in food additives, food preservation, antimicrobial agent, acidulant, flavour and taste 
enhancer, edible packaging material, artificial food ripening agent, etc. Some of the 
applications such as acidulant and as acetification agents are described in detail here.

4.1 Acetification

Acetification is simply the bacterial oxidation of ethanol to produce acetic acid 
and water (Figure 5). The process is also termed as oxidative fermentation. The rate 
of the reaction in acetification mainly depends on the type of microorganism used 
to catalyse and the concentration of available oxygen in the media [13].

There are different types of microorganisms that occur naturally in food and 
are responsible for the different natural processes such as acetification, alcoholism, 
proteolysis and enzymatic reactions, which alter the natural condition of the food. 
This bioprocess technology is studied and systematically utilized to improve the 
quality of food s in terms of texture, taste, mouthfeel, colour and prolonged shelf 
life. The overall concept has grown into generating different types of food and 
beverages produced in a cheap and sustainable way.

Acetification of different food categories using acetic acid bacteria (AAB) has 
led to the production of several food products [14]. AAB are naturally found on 
fruits, flowers, and plants, which naturally react and convert carbohydrate sugars 
into organic acids in the presence of oxygen. The same concept is biotechnologically 
utilized to prepare a diverse variety of food and beverages.

4.2 Flavouring agent

Different parts of the world have utilized the acetification process to gener-
ate a variety of foods and beverages. The famous Lambic beer is produced from 
malted barley, aged dry hops and unmalted wheat. The different AAB and yeast 
are responsible for the generation of this beer, which is matured for over a period 
of 3 years. The typical acidic flavour of the beer is achieved with the help AAB 
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together with lactic acid. The sparkling water is another famous example, which 
gives typical acidic and fruity flavour via fermentation of water and natural 
sucrose. Water kefir is one of the examples of such type. Kombucha is another type 
of beverage produced by oxidative fermentation. It is prepared from Kombucha 
(tea fungus), water and sugar. Similarly, Cocoa is fermented from cocoa beans with 
the help of AAB and yeast, which is used as raw material for chocolate production.

4.3 Acidulant

Acidulants are essential ingredients or additives that are generally used to 
improve the taste of food and make it sharper. There are naturally occurring acidu-
lants such as acetic acid, citric acid, malic acid, fumaric acid, lactic acid, tartaric 
acid, succinic acid, phosphoric acid etc. having different taste profiles. Many fruits 
such as orange, lemon, apples, tomatoes and yogurt contain natural acids with the 
most common example being citric acid. Citric acid comes with lemon flavour, acetic 
acid with strong familiar vinegar flavour, tartaric acid gives sharp taste and lactic 
acid comes with a smooth taste [10]. Apart from taste enhancement, acidulants also 
act as a food preservative. The choice of the acidulant is usually made based on its 
characteristic flavour and the physical state and solubility. Some food formulations 
require solid acidulants. In general, inorganic acids such as sulphuric acid, phos-
phoric acid, monosodium orthophosphate and diphosphates are used as dry acidu-
lants in controlled concentrations. The composition of the acidulants is based on 
their selection and different concentrations calculated by total titratable acid. Acetic 
acid is mainly used in the form of vinegar with the pungent smell. As it appears in 
the liquid state, it is used as a preservative in pickles. It is also used in the manufac-
ture of cheese to improve the shelf life period, good mouthfeel and taste [15].

4.4 Edible packing

Acidulants are also used as food coating, which may be edible or non-edible to 
prevent food from contamination with the surrounding environment, to protect it 
from bacterial infection and to improve the shelf life of the food. These films are 
easily biodegradable. The water-soluble non-edible coating is used for the packing 
of food [16]. The edible coating is used for breath freshening agent, in drug delivery 
and as flavour. Acetic acid is used in edible films to enhance sour flavour. Various 
compositions of acetic acid are used to develop antimicrobial food coating to stop 
the outgrowth of bacterial and fungal cells. It is also used in meat coating and 
preservation of meat products. The chitosan-based edible food coatings along with 
aqueous acetic acid are used to enhance anti-listerial activity.

4.5 Antibacterial agent

Acetic acid is commonly used in medicine since ancient times. The low concen-
trations (3%) of acetic acid can be used as a local antiseptic against various micro-
organisms. Acetic acid is always considered as an alternative. It can be utilized as 
in vitro antimicrobial agent combined with other antiseptics. Acetic acid covers 
the wide range of spectrum with Gram-positive as well as Gram-negative bacteria.

5. Conclusion

Acetic acid has remained one of the key chemical molecules associated with 
human life. It is one of the main building blocks for developing several chemical 
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biogas. Though the process utilizes bio-derived feedstock, it utilizes high energy 
and manpower with multiple separation steps. The innovative and simple tech-
nologies for separation of acetic acid can improve the overall process. The other 
well-known process, that is, fermentative route, is slow and commercially unsuit-
able to meet the global demand. The fermentation process is globally followed to 
generate the food-grade acetic acid commonly known as vinegar. The demand for 
acetic acid will always keep growing, which necessitates the development of an 
eco-friendly process. Utilization of CO2 and syngas may offer excellent alternatives 
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processes. This offers development of 100% bio-derived feedstock process. Further, 
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Chapter 16

Xylanase and Its Industrial
Applications
Abdul Basit, Wei Jiang and Kashif Rahim

Abstract

Lignocellulosic biomass is a renewable raw material. Industrial interest with new
technology has grown to take advantage of this raw material. Different microbial
enzymes are treated with biomass to produce the desired products under ideal
industrial conditions. Xylanases are the key enzymes that degrade the xylosidic
linkages in the xylan backbone of the biomass, and commercial enzymes are cate-
gorized into different glycoside hydrolase families. Thermophilic microorganisms
are an excellent source of thermostable enzymes that can tolerate the extreme
conditions of industrial processing. Thermostability of xylanases from thermophilic
microorganisms has given the importance for a specific activity at elevated temper-
atures and distinction due to biochemical properties, structure, and mode of action.
Optimized xylanases can be produced through genetic engineering: a novel xylanase
is isolated from an extreme environment and then genetically modified to improve
suitability for industrial contexts. Recombinant protein techniques have made it
possible to engineer and express thermostable xylanases in bacteria, yeasts, and
filamentous fungi. We will discuss the biotechnological potential of xylanases from
thermophilic microorganism and the ways they are being optimized and expressed
for industrial applications.

Keywords: xylanases, thermophilic xylanases, genetic engineering, applications

1. Introduction

Increasing energy costs and environmental concerns have pushed the global
demand for sustainable renewable fuels. The impacts of plant biomass gain partic-
ular interest due to their availability as the most abundant raw material worldwide
and certainly play an important role because of its significant role as a renewable
source of energy [1]. Plant biomass refers to lignocellulosic biomass and its growing
demand for the more effective utilization appears to evolve as one of the most
important area with great industrial interest. Lignocellulose is composed of the
structural polymers of cellulose, hemicellulose, pectin, and lignin. Cellulose is the
most abundant polysaccharide in nature followed by hemicelluloses. Xylan is a
major structural component of hemicullose and makes up 20–40% of total plant
biomass [1].

Various hydrolyzing enzymes are required to degrade lignocellulosic biomass.
Carbohydrate-active enzymes, the second largest group of industrial enzymes are
sourced from animals, plants, and microorganisms. The hydrolytic enzymes make
up nearly 75% of the total extent of industrial enzymes worldwide [2]. Efficient
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degradation of plant biomass remains a major challenge that requires the availability
of enzymes for the hydrolysis of lignocellulosic biomass. Biomass can be efficiently
degraded by combining multiple enzymes that hydrolyze complex polysaccharides
into fermentable sugars under ideal industrial conditions. These enzymes must be
active during a wide range of conditions, such as high temperature and pH [3].
Xylanases are a crucial group of depolymerizing enzymes used for the hydrolysis of
the xylan that is a major component of hemicellulose. There is a critical need for
thermophilic xylanases operating more efficiently at higher temperatures than cur-
rent commercially available ones. Xylanase producing thermophilic microorganisms
are of prime importance and well-suited for industrial applications. Therefore, there
is growing interest in exploring thermophilic microorganisms from extreme envi-
ronment for biotechnological applications toward biomass degradation. Because of
their biotechnological characteristics, xylanases are most often produced from
microorganisms for commercial applications. Recently, there has been much
industrial interest in xylanases for biofuel production, chemical and pharmaceutical
industries, wood pulp bioleaching, papermaking, the manufacture of food and
beverages, and animal nutrition. Let us look briefly at the genesis and some
promising industrial uses of xylanases.

2. Structure of xylan and xylanases

Lignocellulosic biomass is a potential raw material and its growing demand for
the more effective utilization appears to evolve as one of the most important
technologies with great industrial interest. Hemicellulose is a complex of polymeric
carbohydrates including xylan, xyloglucan (heteropolymer of D-xylose and
D-glucose), glucomannan (heteropolymer of D-glucose and D-mannose), galacto-
glucomannan (heteropolymer of D-galactose, D-glucose and D-mannose) and
arabinogalactan (hetero-polymer of D-galactose and arabinose) [4]. Xylan is a major
structural polysaccharide found in the cell walls of plants, in which they may
constitute more than 30% of the dry weight [5].

The structure of xylan holds a backbone of β-1,4-linked xylopyranosyl residues
with an equatorial configuration and a diversity of substituted groups such as
arabinose, acetyl, glucuronic acids, ferulic acid, and p-coumaric acid [6]. However,
the structure of xylan is variable, ranging from linear 1,4-β-linked polyxylose sugars
other than D-xylose, but the main chain of xylan is analogous to that of cellulose,
composed of D-xylose instead of D-glucose. Moreover, xylan interacts with lignin
and polysaccharides through covalent and non-covalent linkages, respectively.
Different types of covalent linkages are responsible to interconnect xylan and lignin
in the secondary cell wall [7]. These covalent interactions include glycosidic link-
ages between xylopyranosyl and p-coumaric acid and ester linkages between
arabinofuranosyl residues and p-coumaric acid or ferulic acid. Feruloyl residues in
arabinoxylans are known to be bridging units between xylan and lignin. The distri-
bution pattern of the substituents on xylan affects a series of functional properties,
including their solubility, interactions with other polymeric cell wall substances,
degradability by enzymes, and solution behavior [8]. In addition, a relationship
between the chemical structure of xylan results in a certain degree of complexity of
xylan-containing materials, that may have several different xylan polymers of
related structures but differ by more or less important features [8].

Xylanases are a crucial group of depolymerizing enzymes used for the hydrolysis
of the xylan that is a major component of hemicellulose. Enzymatic depolymeriza-
tion of hemicellulose to monomer sugars needs the synergistic action of multiple
enzymes. These enzymes include endo-xylanase (endo-1,4-β-xylanase),
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β-xylosidase (xylan-1,4-β-xylosidase), α-glucuronidase (α-glucosiduronase),
α-arabinofuranosidase (α-L-arabinofuranosidase) and acetylxylan esterase. Among
them endo-xylanases and β-xylosidases are the two key enzymes responsible for the
hydrolysis of xylan. Endo-xylanases randomly cleaves the xylan backbone into
xylo-oligosaccharides, while β-xylosidases further hydrolyze the xylo-
oligosaccharides from non-reducing end into xylose monomers. The removal of side
groups is catalyzed by α-D-glucuronidases, α-L-arabinofuranosidases, ferulic acid
esterases, acetylxylan esterases and p-coumaric acid esterases [9, 10].

3. Classification of xylanases

Initially xylanases were classified into two groups, those with low molecular
weight (less than 30 kDa) and basic isoelectric points (pI), secondly those with high
molecular weight (greater than 30 kDa) and acidic pI. However, this classification
system was unable to classify most of the recently discovered xylanases [11]. After-
ward, another classification system was introduced that were based on the compar-
isons of primary structure of the catalytic domains and these enzymes were grouped
into families based on related sequences. This classification system now considered
the standard means for the classification of enzymes including xylanases. In addi-
tion, this classification system gave an extra edge that classifies the glycosidases in
general [11]. The most extensive group of enzymes is “Glycoside hydrolases” that
refers to catalyze the glycosidic bond cleavage between carbohydrates or between
carbohydrate and non-carbohydrate moiety. In glycoside hydrolases (GH) families,
some family protein folds are more conserved than their amino acid sequences, and
these families are further grouped into clans. Presently, 14 different clans have been
proposed (GH-A to GH-N), with most clans encompassing two or more than two
families [11].

According to the information provided in the Carbohydrate-Active Enzymes
Database (CAZy), xylanases have been classified into 13 families, however only the
GH10 (formerly F) and GH11 families (formerly G) with exclusive activities for
endo-β-xylanase in them. The difference between these two families based on
sequence, different catalytic properties, substrate specificity, three-dimensional
structure and mechanism of action [11, 12]. Besides the GH family 10 and 11,
xylanases activity are also found in families of GH5, GH7, GH8, GH16, GH26,
GH43, GH52 and GH62 [11, 13]. For the reason that some bifunctional enzymes are
containing two catalytic domains, for example xylanases having domain of family
GH10 or GH11 and it contains a domain of glycosidase as well. Among the other
families, GH8 xylanases act solely on xylan whereas GH5, GH7, and GH43 xylanases
also show activities as endo-glucanases, licheninases or arabino-furanosidases.
Therefore, the enzymes with xylanase activity are solely not only confined to
families GH10 and GH11 but also expanded to include other families like GH5, GH7,
GH8, GH16, GH43, GH52, GH62 [11].

Xylanases belongs to GH families 10 and 11, which hydrolyze glycosidic bonds
by acid base-assisted catalysis through a double displacement mechanism leading to
retention of anomeric configuration at the cleavage site [14]. The xylanases from
GH family 10 belongs to clan GH-A and the crystal structures display an (α/β)8
barrel fold or “salad bowl” shape with extended loops creating a catalytic cleft that
contains at least four to seven xylose-binding subsites [15]. The catalytic site
contains two glutamate residues, one acting as a nucleophile and the other as an
acid/base catalyst. Catalytic amino acids and enzymatic mechanism are conserved,
presenting a domain for catalysis of 250–450 amino acids. From the biochemical
point of view, most of them have high molecular weight though there are reports of
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low molecular weight enzymes [16]. The values of their pI are generally alkaline
(8.0–9.5), however, some also have acid values and all of them sustain the same
three-dimensional structure. Most of the substrate binding subsites are highly con-
served in xylanases, but the affinity differences between these subsites significantly
affect their mode of action, as well as substrate and product preferences [17]. As
heat stability has great concern in commercial usages of xylanases. For this purpose,
a number of studies analyzed the crystal structures of thermostable xylanases. Intra-
and intermolecular interactions in structural topography such as disulfide bond and
hydrogen bond, compact the overall fold and stabilized N and C terminal end,
fusion with CBM (carbohydrate-binding motif) and lower B-factor have been pro-
posed to bestow the enzyme for increased heat stability [18].

The xylanases from the GH11 family belongs to clan GHC. It displays exclusive
substrate specificity toward xylose containing substrates and a preference for insol-
uble polymeric substrates. The structure of GH11 is highly homologous and contains
a single major α-helix and two extended pleated β-sheets which form a jelly-roll fold
[19]. The structural features include a compact globular structure and a thumb-like
structure as an 11-residue long loop that connects β-strands β8 and β7, and a long
cleft that spans the entire molecule and contains the active site [20]. The catalytic
machinery is composed of two glutamate residues, acting as a nucleophile and an
acid/base catalyst, located in the middle of the long cleft [19]. Moreover, catalytic
amino acids and enzymatic mechanism of GH11 are conserved and presenting
domains for catalysis of 180–200 amino acids that fold into β-sheet conformation
curved on itself.

GH
family

Fold Clan Mechanism Nucleophile/
proton
donor

Xylanase Activity PDB
No.*

GH5 (β/α)8 CH-B Retaining Glu/Glu Endo-β-1,4-xylanase (EC 3.2.1.8),
Arabinoxylan-specific endo-β-1,4-
xylanase (EC 3.2.1.-)

2Y8K
5G56
4U3A

GH7 β-jelly
roll

CH-B Retaining Glu/Glu Endo-β-1,4-glucanase (EC 3.2.1.4),
Endo-β-1,3–1,4-glucanase (EC
3.2.1.73)

1EG1
3OVW

GH8 (α/α)8 CH-M Inverting Asp/Glu Endo-1,4-β-xylanase (EC 3.2.1.8) 1H13
1XW2

GH10 (β/α)8 CH-A Retaining Glu/Glu Endo-1,4-β-xylanase (EC 3.2.1.8),
Endo-1,3-β-xylanase (EC 3.2.1.32)

4QCE
1NQ6
1 W32

GH11 β-jelly
roll

CH-A Retaining Glu/Glu Endo-1,4-β-xylanase (EC 3.2.1.8),
Endo-1,3-β-xylanase (EC 3.2.1.32)

3WP3
1YNA
1XNK

GH30 (β /α) 8 GH-A Retaining Glu/Glu Endo-β-1,4-xylanase (EC 3.2.1.8),
Endo-β-1,4-xylanase (EC
3.2.1.136), β-xylosidase (EC
3.2.1.37)

4FMV
4FMV

GH43 5-fold β-
propeller

GH-F Inverting Asp/Glu Xylanase (EC 3.2.1.8), β-xylosidase
(EC 3.2.1.37)

5GLN
2EXJ

*PDB, Protein data base number.

Table 1.
Characteristics of different glycoside hydrolase family containing enzymes with a demonstrated xylanase
activity.
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GH 5 is the largest glycoside hydrolase family with varying activities including
endo-1,4-β-xylanase. It hydrolyzes the β-1,4 xylan chain at a specific site directed
by the position of an α-1,2-linked glucuronate moiety. The structural analysis XynA
(of the family 5 xylanase) showed that, the catalytic domain displayed a common
(β/α)8 barrel fold [21]; whereas, the β-barrels aligned well with those of another
family 5 enzyme. The α-helices and loops were different, showing variances in the
positioning, length and orientation. The xylanases belongs to family GH8 are clas-
sified in clan CH-M also contains endo-1,4-β-xylanase along with other glycoside
hydrolase enzymes. It has also the aptitude to hydrolyze the β-1,4 xylan chain and
exhibits the (α/α)6 barrel structure formed by six inner and six outer α helices [22].
Similarly, the GH26 are the member of the clan CH-A and exhibits the (β/α)8
structure. This family contains different glycoside hydrolase enzymes including
β-1,3-xylanase, capable of hydrolyzing β-1,3-xylan. Activity, mechanisms and the
structure of other member of glycoside hydrolase enzymes are listed in Table 1.

4. Sources/genesis of xylanases

Demystifying definitional issue for common understanding, the xylanases are
enzymes commonly found in microorganisms, marine algae, protozoans, snails,
crustaceans, insects, seeds, plants, and other natural sources [23]. Recently, there
has been much industrial interest in xylanases for wood pulp bioleaching, paper-
making, the manufacture of food and beverages, animal nutrition, and bioethanol
production. Because of their biotechnological characteristics, xylanases are most
often produced from microorganisms for commercial applications.

Nature is replete with myriad microorganisms producing enzymatic complexes
that degrade cellulose and hemicellulose releasing sugars, used for attainment of
products with high economical value [24]. Microbial xylanases are of prime impor-
tance in industrial application. Most of commercial enzymes are accrued from
mesophilic microorganisms. The thermostable enzymes from thermophilic
micro-organisms can better meet the need of high temperatures in the industrial
processes for preparing end products. Of course there is a growing interest for
multiple studies in exploring the importance of enzymes producing thermophilic
microorganisms in relationship with biotechnological application. The microorgan-
isms being extremophilic in nature can survive and thrive in extreme environments
on account of which thermo-stability is provided to industrial processes. Biological
sources including bacteria, fungi and yeasts have been reported as xylanase
producing organisms in a natural process.

4.1 Bacterial source

Xylanase producing thermophilic bacteria are found in variegated environments
and the recent one was isolated in Tunisian hot springs. Various thermophilic
Bacillus strains isolated and the identification of Bacillus strains was based on the
phenotypic characteristics of Bacillus genus and phylogenetic analysis of the 16S
rDNA sequence. Activity tests of these Bacillus strains confirmed the xylanase
producing strains [25]. A thermophilic anaerobic bacteria Caldicoprobacter
algeriensis TH7C1(T), isolated from the hydrothermal hot spring has been reported
as extracellular thermostable xylanase (XYN35) producing organism [26]. The iso-
lation of thermophilic gram positive strain Rxl, a member of genus Thermoanaer-
obacterium with xylan degrading ability was reported from hot springs in Baoshan
of Yunnan Province, China. The successful cultivation of the bacterium was made
through utilization of xylan, starch and wide range of monosaccharide and
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affect their mode of action, as well as substrate and product preferences [17]. As
heat stability has great concern in commercial usages of xylanases. For this purpose,
a number of studies analyzed the crystal structures of thermostable xylanases. Intra-
and intermolecular interactions in structural topography such as disulfide bond and
hydrogen bond, compact the overall fold and stabilized N and C terminal end,
fusion with CBM (carbohydrate-binding motif) and lower B-factor have been pro-
posed to bestow the enzyme for increased heat stability [18].

The xylanases from the GH11 family belongs to clan GHC. It displays exclusive
substrate specificity toward xylose containing substrates and a preference for insol-
uble polymeric substrates. The structure of GH11 is highly homologous and contains
a single major α-helix and two extended pleated β-sheets which form a jelly-roll fold
[19]. The structural features include a compact globular structure and a thumb-like
structure as an 11-residue long loop that connects β-strands β8 and β7, and a long
cleft that spans the entire molecule and contains the active site [20]. The catalytic
machinery is composed of two glutamate residues, acting as a nucleophile and an
acid/base catalyst, located in the middle of the long cleft [19]. Moreover, catalytic
amino acids and enzymatic mechanism of GH11 are conserved and presenting
domains for catalysis of 180–200 amino acids that fold into β-sheet conformation
curved on itself.

GH
family

Fold Clan Mechanism Nucleophile/
proton
donor

Xylanase Activity PDB
No.*

GH5 (β/α)8 CH-B Retaining Glu/Glu Endo-β-1,4-xylanase (EC 3.2.1.8),
Arabinoxylan-specific endo-β-1,4-
xylanase (EC 3.2.1.-)

2Y8K
5G56
4U3A

GH7 β-jelly
roll

CH-B Retaining Glu/Glu Endo-β-1,4-glucanase (EC 3.2.1.4),
Endo-β-1,3–1,4-glucanase (EC
3.2.1.73)

1EG1
3OVW

GH8 (α/α)8 CH-M Inverting Asp/Glu Endo-1,4-β-xylanase (EC 3.2.1.8) 1H13
1XW2

GH10 (β/α)8 CH-A Retaining Glu/Glu Endo-1,4-β-xylanase (EC 3.2.1.8),
Endo-1,3-β-xylanase (EC 3.2.1.32)

4QCE
1NQ6
1 W32

GH11 β-jelly
roll

CH-A Retaining Glu/Glu Endo-1,4-β-xylanase (EC 3.2.1.8),
Endo-1,3-β-xylanase (EC 3.2.1.32)

3WP3
1YNA
1XNK

GH30 (β /α) 8 GH-A Retaining Glu/Glu Endo-β-1,4-xylanase (EC 3.2.1.8),
Endo-β-1,4-xylanase (EC
3.2.1.136), β-xylosidase (EC
3.2.1.37)

4FMV
4FMV

GH43 5-fold β-
propeller

GH-F Inverting Asp/Glu Xylanase (EC 3.2.1.8), β-xylosidase
(EC 3.2.1.37)

5GLN
2EXJ

*PDB, Protein data base number.

Table 1.
Characteristics of different glycoside hydrolase family containing enzymes with a demonstrated xylanase
activity.
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GH 5 is the largest glycoside hydrolase family with varying activities including
endo-1,4-β-xylanase. It hydrolyzes the β-1,4 xylan chain at a specific site directed
by the position of an α-1,2-linked glucuronate moiety. The structural analysis XynA
(of the family 5 xylanase) showed that, the catalytic domain displayed a common
(β/α)8 barrel fold [21]; whereas, the β-barrels aligned well with those of another
family 5 enzyme. The α-helices and loops were different, showing variances in the
positioning, length and orientation. The xylanases belongs to family GH8 are clas-
sified in clan CH-M also contains endo-1,4-β-xylanase along with other glycoside
hydrolase enzymes. It has also the aptitude to hydrolyze the β-1,4 xylan chain and
exhibits the (α/α)6 barrel structure formed by six inner and six outer α helices [22].
Similarly, the GH26 are the member of the clan CH-A and exhibits the (β/α)8
structure. This family contains different glycoside hydrolase enzymes including
β-1,3-xylanase, capable of hydrolyzing β-1,3-xylan. Activity, mechanisms and the
structure of other member of glycoside hydrolase enzymes are listed in Table 1.

4. Sources/genesis of xylanases

Demystifying definitional issue for common understanding, the xylanases are
enzymes commonly found in microorganisms, marine algae, protozoans, snails,
crustaceans, insects, seeds, plants, and other natural sources [23]. Recently, there
has been much industrial interest in xylanases for wood pulp bioleaching, paper-
making, the manufacture of food and beverages, animal nutrition, and bioethanol
production. Because of their biotechnological characteristics, xylanases are most
often produced from microorganisms for commercial applications.

Nature is replete with myriad microorganisms producing enzymatic complexes
that degrade cellulose and hemicellulose releasing sugars, used for attainment of
products with high economical value [24]. Microbial xylanases are of prime impor-
tance in industrial application. Most of commercial enzymes are accrued from
mesophilic microorganisms. The thermostable enzymes from thermophilic
micro-organisms can better meet the need of high temperatures in the industrial
processes for preparing end products. Of course there is a growing interest for
multiple studies in exploring the importance of enzymes producing thermophilic
microorganisms in relationship with biotechnological application. The microorgan-
isms being extremophilic in nature can survive and thrive in extreme environments
on account of which thermo-stability is provided to industrial processes. Biological
sources including bacteria, fungi and yeasts have been reported as xylanase
producing organisms in a natural process.

4.1 Bacterial source

Xylanase producing thermophilic bacteria are found in variegated environments
and the recent one was isolated in Tunisian hot springs. Various thermophilic
Bacillus strains isolated and the identification of Bacillus strains was based on the
phenotypic characteristics of Bacillus genus and phylogenetic analysis of the 16S
rDNA sequence. Activity tests of these Bacillus strains confirmed the xylanase
producing strains [25]. A thermophilic anaerobic bacteria Caldicoprobacter
algeriensis TH7C1(T), isolated from the hydrothermal hot spring has been reported
as extracellular thermostable xylanase (XYN35) producing organism [26]. The iso-
lation of thermophilic gram positive strain Rxl, a member of genus Thermoanaer-
obacterium with xylan degrading ability was reported from hot springs in Baoshan
of Yunnan Province, China. The successful cultivation of the bacterium was made
through utilization of xylan, starch and wide range of monosaccharide and
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polysaccharides [27]. Others like xylanase genes, was cloned from bacterial strain
Planococcus sp., SL4, was isolated from the sediment of Soda Lake Dabusu of high
alkalinity nature [28].

4.2 Fungal source

In comparison with the bacteria, the filamentous fungi have been in use as most
potent industrial enzyme producers for the last five decades. Filamentous fungi are
exuberant producers of xylanolytic enzymes in medium being used for the purpose.
The genomes of lignocellulolytic fungi like for example Trichoderma reesei, Asper-
gillus niger, and Myceliophthora thermophila are producing diversity of enzymes that
breakdown the complex cell wall components [29–31]. M. thermophila known as a
powerful cellulolytic organism was used in new advanced technologies for indus-
trial enzyme production, like the biomass-derived fuels. Due to its peculiarities
M. thermophila distinguishes from rest of xylanase producers such A. niger and
T. reesei. It is best source of gene encoding extracellular thermophilic xylanases. It
has presence of a relatively high number of (glucurono) arabinoxylan degrading
enzymes. It has lignocellulolytic enzymes that synthesize a complete set of enzymes
necessary for the breakdown of cellulose. On the sequence analysis and the genome
of the M. thermophilia has revealed a large repertoire of genes responsible for the
production of thermostable lignocellulolytic enzymes such as carbohydrate-active
enzymes, proteases, oxidoreductases, lipases and xylanase [30, 32, 33]. M.
thermophila has 9110 genes, organized in 7 chromosomes, sequenced and annotated
and also consists of 250 genes encode carbohydrate-active enzymes of which 180
are potential glycoside hydrolases. Thirteen out of 180 genes has ability to encode
xylanases [34, 35].

Other thermophilic fungus like genus Humicola a nonpathogenic and nontoxic
fungus also produces a wide range of hemicellulases and cellulases. Thermophilic
Humicola insolens Y1 is an excellent producer of xylanolytic enzymes, including the
thermophilic xylanases from family GH10 and GH11 [36]. More to the list is the
Thermoascus aurantiacus another potential fungus with the ability to produce ther-
mostable cellulases and xylanase, reported from Aravali forest area of University of
New Delhi [37]. The fungus was able to produce antioxidant compounds as
byproduct of its inoculum preparation process, which could be used for exploiting
crop residues for biofuel production.

4.3 Xylanases from archaeal domain

In the field of biotechnology, the thermophilic micro-organisms from archeal
domain have been reported/isolated with ability to express enzymes that can toler-
ate high temperatures (80–115°C), extreme pH, and high salt concentration [38].
These thermophilic enzymes with attribute of hydrolyzing lignocellulosic biomass
were characterized, cloned and expressed in various hosts. Sulfolobus solfataricus is
thermoacidophile that can live in acidic volcanic hot springs and grows optimally up
to 87°C and pH 2–4. It produces enzymes with carbohydrate depolymerizing activ-
ities, such as endoglucanases and xylanases, as well as β-glucosidases/xylosidases
involved in the degradation of plant-derived complex polysaccharides [39]. The
genome of S. solfataricus has been sequenced, and three open reading frames
(sso1354, sso1949, and sso2534) coding for putative extracellular endo-glucanases
have been identified. These enzymes belong to a GH12 of glycoside hydrolases
family and member of clan C [40]. Sources of microbial xylanases with demon-
strated xylanase activity are listed in Table 2.
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5. Expression systems for xylanases

To acquire a pure form of a particular enzyme from a given source is challeng-
ing. Also it is inconvenient to have cultivation of bacteria or fungi for large scale
protein production that often leads to many interfering enzymes. It might need
multiple purification steps to get the intended enzymes purified from a pool of
proteins which in turn will increase the cost. Therefore, recombinant DNA tech-
nology is recommendable for application with success prospects for desired object
[50]. Recombinant DNA technology allows large scale expression of enzymes in
both homologous and heterologous protein expression. The genes of enzymes with
industrial importance were reportedly cloned and expressed in expression hosts in
order to enhance specific enzymes production plus improvement in substrate utili-
zation, and other commercially useful properties. Likewise, genes encoding ther-
mophilic xylanases from different sources have been cloned with the objectives of
overproduction of the xylanases and changing its properties to suit commercial
applications [9].

5.1 Bacterial expression system

Escherichia coli are the most promising host for cloning and expression of heter-
ologous recombinant proteins. Success of this platform as a recombinant expression
host mainly due to the ease of is attributed toward some factors such as wide choice
of cloning vectors, rapid growth, inexpensive media and simple techniques required
for transformation, secretion of heterologous proteins into the culture medium and
avoid the difficulties associated with purification of the recombinant protein [9].
E. coli expression systems been used for recombinant proteins production both
intracellularly and extracellularly. In spite of the many advantages of using E. coli as
expression host, there are certain limitations such as upon gene over expression,
recombinant protein aggregates to form inclusion bodies in the cytoplasm. In order

Sources Gene Substrate Xylanase activity References

Humicola insolens Xyn11B Beechwood Xylan 382.0 U/mg [36]

Streptomyces sp. XynA Beechwood Xylan 250.69 U/mg [41]

Streptomyces sp. — Birchwood Xylan 5098.28 U/mg [42]

Schizophyllum commune XynA Beechwood Xylan 5768 U/mg [43]

Streptomyces sp. XynBS27 Oat spelt Xylan 3272.0 U/mg [44]

Aspergillus niger XAn11 Birchwood Xylan 909.4 U/mg [45]

Aspergillus. niger XAn11 Birchwood Xylan 415.1 U/mg [45]

Planococcus sp. XynSL4 Birchwood Xylan 244.7 U/mg [28]

Acrophialophora nainiana Xyn6 Oat spelt xylan 172 mg/L [46]

Trichoderma reesei Xyn2 Birchwood Xylan 1600 U/mg [47]

Myceliophthora thermophila MYCTH_56237 RBB-Xylan* 1533.7 U/mg [48]

Myceliophthora thermophila MYCTH_49824 RBB-Xylan* 1412.5 U/mg [48]

Thermothelomyces thermophila MYCTH_39555 Birchwood Xylan 105.42 U/mg [49]
*RBB-Xylan, Remazol brilliant blue-Xylan.

Table 2.
Sources of microbial xylanases with demonstrated activity.
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polysaccharides [27]. Others like xylanase genes, was cloned from bacterial strain
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exuberant producers of xylanolytic enzymes in medium being used for the purpose.
The genomes of lignocellulolytic fungi like for example Trichoderma reesei, Asper-
gillus niger, and Myceliophthora thermophila are producing diversity of enzymes that
breakdown the complex cell wall components [29–31]. M. thermophila known as a
powerful cellulolytic organism was used in new advanced technologies for indus-
trial enzyme production, like the biomass-derived fuels. Due to its peculiarities
M. thermophila distinguishes from rest of xylanase producers such A. niger and
T. reesei. It is best source of gene encoding extracellular thermophilic xylanases. It
has presence of a relatively high number of (glucurono) arabinoxylan degrading
enzymes. It has lignocellulolytic enzymes that synthesize a complete set of enzymes
necessary for the breakdown of cellulose. On the sequence analysis and the genome
of the M. thermophilia has revealed a large repertoire of genes responsible for the
production of thermostable lignocellulolytic enzymes such as carbohydrate-active
enzymes, proteases, oxidoreductases, lipases and xylanase [30, 32, 33]. M.
thermophila has 9110 genes, organized in 7 chromosomes, sequenced and annotated
and also consists of 250 genes encode carbohydrate-active enzymes of which 180
are potential glycoside hydrolases. Thirteen out of 180 genes has ability to encode
xylanases [34, 35].

Other thermophilic fungus like genus Humicola a nonpathogenic and nontoxic
fungus also produces a wide range of hemicellulases and cellulases. Thermophilic
Humicola insolens Y1 is an excellent producer of xylanolytic enzymes, including the
thermophilic xylanases from family GH10 and GH11 [36]. More to the list is the
Thermoascus aurantiacus another potential fungus with the ability to produce ther-
mostable cellulases and xylanase, reported from Aravali forest area of University of
New Delhi [37]. The fungus was able to produce antioxidant compounds as
byproduct of its inoculum preparation process, which could be used for exploiting
crop residues for biofuel production.

4.3 Xylanases from archaeal domain

In the field of biotechnology, the thermophilic micro-organisms from archeal
domain have been reported/isolated with ability to express enzymes that can toler-
ate high temperatures (80–115°C), extreme pH, and high salt concentration [38].
These thermophilic enzymes with attribute of hydrolyzing lignocellulosic biomass
were characterized, cloned and expressed in various hosts. Sulfolobus solfataricus is
thermoacidophile that can live in acidic volcanic hot springs and grows optimally up
to 87°C and pH 2–4. It produces enzymes with carbohydrate depolymerizing activ-
ities, such as endoglucanases and xylanases, as well as β-glucosidases/xylosidases
involved in the degradation of plant-derived complex polysaccharides [39]. The
genome of S. solfataricus has been sequenced, and three open reading frames
(sso1354, sso1949, and sso2534) coding for putative extracellular endo-glucanases
have been identified. These enzymes belong to a GH12 of glycoside hydrolases
family and member of clan C [40]. Sources of microbial xylanases with demon-
strated xylanase activity are listed in Table 2.
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5. Expression systems for xylanases

To acquire a pure form of a particular enzyme from a given source is challeng-
ing. Also it is inconvenient to have cultivation of bacteria or fungi for large scale
protein production that often leads to many interfering enzymes. It might need
multiple purification steps to get the intended enzymes purified from a pool of
proteins which in turn will increase the cost. Therefore, recombinant DNA tech-
nology is recommendable for application with success prospects for desired object
[50]. Recombinant DNA technology allows large scale expression of enzymes in
both homologous and heterologous protein expression. The genes of enzymes with
industrial importance were reportedly cloned and expressed in expression hosts in
order to enhance specific enzymes production plus improvement in substrate utili-
zation, and other commercially useful properties. Likewise, genes encoding ther-
mophilic xylanases from different sources have been cloned with the objectives of
overproduction of the xylanases and changing its properties to suit commercial
applications [9].

5.1 Bacterial expression system

Escherichia coli are the most promising host for cloning and expression of heter-
ologous recombinant proteins. Success of this platform as a recombinant expression
host mainly due to the ease of is attributed toward some factors such as wide choice
of cloning vectors, rapid growth, inexpensive media and simple techniques required
for transformation, secretion of heterologous proteins into the culture medium and
avoid the difficulties associated with purification of the recombinant protein [9].
E. coli expression systems been used for recombinant proteins production both
intracellularly and extracellularly. In spite of the many advantages of using E. coli as
expression host, there are certain limitations such as upon gene over expression,
recombinant protein aggregates to form inclusion bodies in the cytoplasm. In order
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Streptomyces sp. XynA Beechwood Xylan 250.69 U/mg [41]
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Schizophyllum commune XynA Beechwood Xylan 5768 U/mg [43]
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to reduce the inclusion bodies, several strategies could be used such as regulation of
the protein synthesis rate, co-expression of chaperone genes and empowering the
secretion of proteins into the periplasm. However, the control rate of protein syn-
thesis can be achieved by altering the promoter to regulate the level of expression,
fusing the target gene to another gene, and adjusting the growth conditions, such as
pH and temperature of the medium [9].

Although previously it has been reported that the expression of the xylanase genes
usually cannot be functionally expressed in E. coli due to some factors including the
repetitive appearance of rare codons and the requirement for specific post transla-
tional modifications such as disulfide bond formation and glycosylation [51] and also
it require N-glycosylation whereas E. coli can only perform simple O-glycosylation
[52]. However, recently recombinant xylanase of family GH10 (XYN) from
Thermoanaerobacterium thermosaccharolyticum (DSM 571) was successfully over-
expressed in E. coli (strain BL21) [53]. Similarly, another xylanase gene (xyn10B)
encoding the endo-xylanase from Thermotoga thermarum, was successfully cloned
and expressed in E. coli (strain BL21) and exhibits the thermostability at high tem-
perature [54]. These finding indicated that E. colimight be an effective and suitable
host for the expression of xylanases. Furthermore, xylanase (gene xynA) from ther-
mophilic fungus Thermomyces lanuginosus exhibits the activity endo-xylanase of GF11
and the expression of optimized sequence of xynA in E. coli was found to be a high
level. However, the recombinant XynA was mainly found in inclusion bodies, and
only a small proportion was soluble and active [55]. For this purpose, a strategy was
exposed to overcome inclusion-body formation, an expression plasmid named pHsh
exhibit a synthetic heat-shock (Hsh) promoter, in which gene expression is regulated
by an alternative sigma factor (σ32). pHsh derivative was constructed by fusing a
signal peptide to xynA2 gene, eases to export the recombinant protein to periplasm
and xylanase was successfully produced in a soluble form [56].

5.2 Fungal expression system

Filamentous fungus is the promising organism for protein expression and its
production by fermentation has a long history in industrial area. Even developed
other expression systems for recombinant protein expression, fungal expression
system also considered an appropriate candidate for the expression [9]. Natural
capability of fungal expression system to secrete large amounts of proteins into the
medium gave an advantage to this expression system. Furthermore, it has feasibility
for functional expression of other xylanases from remote sources by using of native
xylanase expressing machinery [7, 9]. Most of the xylanase genes have been
expressed in fungi under homologous expression system and frequently used fun-
gus as expression hosts are T. reesei, A. niger and Aspergillus oryzae [57]. T. reesei
system relies on the integration of the transforming DNA into the fungal genome,
which results in excellent stability of transformants. The vectors construct provided
a variety of N and C-terminal modifications that facilitate gene product processing
and purification. In T. reesei, the most frequent choice of a promoter used for
recombinant gene expression is the cbh1 (cellobiohydrolase 1) gene encoding the
cellulose. For high level expression of recombinant proteins in T. reesei is to use a
variety of strong promoters that simultaneously transcribe the target gene, instead
of one promoter with multiple copies of genes, which might be leads to the deple-
tion of specific transcription factors for the promoter. Recently T. reesei strain
expressed the recombinant bacterial xylanase XynB under the promoters of egl2
(endoglucanase 2), xyn2 and cbh2. Promoter of the T. reesei xyn2 gene encodes the
endo-1,4-β-xylanase II (Xyn2). Gene expression cassettes with the xyn2 and cbh2
promoters were introduced simultaneously into a T. reesei strain (EC-21), which
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produced XynB under the egl2 promoter [58]. Expression of the xynB gene under all
three different promoters resulted in improvements of the enzyme [58]. Two novel
genes of family GH11 xylanases xyn5 and xyn6, isolated from the thermophilic
filamentous fungus Acrophialophora nainiana, were successfully expressed in an
industrially-exploited fungal host T. reesei [46]. Moreover, the beneficial aspect of
this fungus use for recombinant gene expression is the secretion of proteins into the
growth medium and consequent gene products achieved comparatively straight-
forward. However, degradation of recombinant gene products also occurs due to
the secreted acidic proteases into the cultivation medium [58].

5.3 Yeast expression system

Yeasts considered as excellent and attractive host for the expression of heterolo-
gous proteins and offer many advantages over the other established expression sys-
tems especially in protein maturation [59]. The methylotrophic yeast Pichia pastoris is
an established protein expression host for the production of industrial enzymes. It can
be grown to very high cell densities, produces high titer of recombinant proteins and
ability to secrete proteins into fermentation media thus it is a very useful expression
host, especially when scaling up to industrial process [60]. P. pastoris can be
expressed intercellularly and provides extra benefits over the other expression sys-
tems such as ability to perform eukaryotic post-translational modifications, glycosyl-
ation, proper folding of the proteins [61]. Moreover, the most significant feature the
of this expression host are due to the availability of strong and regulatory promoter of
alcohol oxidases AOX1, involved in the methanol utilization pathway which provided
exceptionally high levels of heterologous recombinant protein [62]. Because of all
such features, the expression of xylanase genes in P. pastoris preferred mostly and
provides high yield of recombinant xylanases expression under methanol induction.
The enzyme activity of xylanase was reported 3676 U mL�1 for the gene product of
xylB from A. niger, when expressed under AOX1 in P. pastoris. In fact, this is one of
the highest expressions of recombinant xylanase expressed from P. pastoris reported
[63]. Similarly, Cheng et al. [61] and Chantasingh et al. [64] also attained high
xylanase activity (342.2 U mL�1 and 238.5 mg mL�1, respectively) under this pro-
moter (67-fold and 4-fold) higher recombinant xylanase activity, compared to the
native fungal xylanases. The gene coding xylanase (xynS14) from a thermophilic
xylan degrading actinomycetes Actinomadura S14, were expressed in both E. coli and
P. pastoris [65]. The specific activity of purified recombinant xylanase from P. pastoris
transformants was approximately 2.4-fold higher than that of purified recombinant
xylanase from E. coli transformants, suggesting that P. pastoris is a better host for
expression of recombinant XynS14. Although both recombinant XynS14 showed
approximately the same basic properties, such as substrate specificity, optimal pH
and temperature, stability for pH and temperature, and effects of EDTA and metal
ions, whereas XynS14 (P. pastoris) showed higher specific activity and kinetic values
(Vmax and Kcat) than XynS14 (E. coli) [65]. These finding suggested the glycosyl
chains present in XynS14 (P. pastoris) stabilized the enzyme and the enzymes were
folded properly in P. pastoris. Cloning and expression of another xylanase gene
belongs to family GH11 from T. fusca NTU22, also reported higher yield and thermo-
stability than the original strain [61].

6. Xylanases: genetic engineering and optimization

In most of the cases xylanases need to undergo some genetic modifications in
order to enhance expression level, enzymes activity and that might have some
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exhibit a synthetic heat-shock (Hsh) promoter, in which gene expression is regulated
by an alternative sigma factor (σ32). pHsh derivative was constructed by fusing a
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Filamentous fungus is the promising organism for protein expression and its
production by fermentation has a long history in industrial area. Even developed
other expression systems for recombinant protein expression, fungal expression
system also considered an appropriate candidate for the expression [9]. Natural
capability of fungal expression system to secrete large amounts of proteins into the
medium gave an advantage to this expression system. Furthermore, it has feasibility
for functional expression of other xylanases from remote sources by using of native
xylanase expressing machinery [7, 9]. Most of the xylanase genes have been
expressed in fungi under homologous expression system and frequently used fun-
gus as expression hosts are T. reesei, A. niger and Aspergillus oryzae [57]. T. reesei
system relies on the integration of the transforming DNA into the fungal genome,
which results in excellent stability of transformants. The vectors construct provided
a variety of N and C-terminal modifications that facilitate gene product processing
and purification. In T. reesei, the most frequent choice of a promoter used for
recombinant gene expression is the cbh1 (cellobiohydrolase 1) gene encoding the
cellulose. For high level expression of recombinant proteins in T. reesei is to use a
variety of strong promoters that simultaneously transcribe the target gene, instead
of one promoter with multiple copies of genes, which might be leads to the deple-
tion of specific transcription factors for the promoter. Recently T. reesei strain
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produced XynB under the egl2 promoter [58]. Expression of the xynB gene under all
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industrially-exploited fungal host T. reesei [46]. Moreover, the beneficial aspect of
this fungus use for recombinant gene expression is the secretion of proteins into the
growth medium and consequent gene products achieved comparatively straight-
forward. However, degradation of recombinant gene products also occurs due to
the secreted acidic proteases into the cultivation medium [58].

5.3 Yeast expression system
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the highest expressions of recombinant xylanase expressed from P. pastoris reported
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expression of recombinant XynS14. Although both recombinant XynS14 showed
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and temperature, stability for pH and temperature, and effects of EDTA and metal
ions, whereas XynS14 (P. pastoris) showed higher specific activity and kinetic values
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6. Xylanases: genetic engineering and optimization

In most of the cases xylanases need to undergo some genetic modifications in
order to enhance expression level, enzymes activity and that might have some
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influence on substrate specificity and stability to high temperature and pH. The
gene encoding cellulolytic and xylanolytic enzymes are usually regulated by a
repressor/inducer system in fungi. Xylanolytic transcriptional regulators have been
reported in thermophilic fungi. The strong promoter MtPpdc (pyruvate decarbox-
ylase) recently used for the overexpression of xylanases from M. thermophila
ATCC42464 (MtXyr1). The extracellular xylanase activity of the recombinant was
reported higher as compared to the wild type indicating the MtXyr1 is a positive
regulatory factor for xylanase gene expression and its feasibility of improving
xylanase production by overexpressing Mtxyr1 in M. thermophila represented an
effective approach to increase total xylanase productivity [66]. Similarly, a new N-
glycosylated site was created in the coding sequence by amino acid replacements for
the expression of endoxylanase in T. reeseiM2C38. For this purpose, amino acid Asn
at position 131 associated with Thr/Ser at position 133 was inserted that resemble a
conserved feature for family GH11 xylanases. The new created N-glycosylation site
Asn-Xaa-Thr/Ser displayed 40% enhanced protein expression in comparison with
wild type [67]. The downregulation of Cre1 plays an important role in enhancing
enzyme production and also the silencing of CRE1 improves cellulase and xylanase
expression. In T. reesei and other fungi, the key regulator of CCR (Carbon catabolite
repression) is the Cys2His2-type transcription factor CRE1. The role of CRE1 in M.
thermophilia was verified through RNAi and suggested the feasibility of improving
cellulase production by modifying the expression of regulators in thermophilic
fungi [68].

In order to fulfill the demands of industrial requirements, gene mining and
protein engineering are applied to develop thermostable xylanases. Although some
of thermophilic xylanases were produced from thermophiles but their lower
expression levels and specific activities making them unable to be applied effi-
ciently. The higher specific activity with enhanced thermostability of xylanases is
therefore needed through genetic engineering. Recently the thermostability of
mesophilic xylanase (AuXyn10A from Aspergillus usamii E001), was improved
through elucidation of some local structures affecting the thermostability of
mesophilic xylanases in corresponding to thermophilic Thermoascus aurantiacus.
The temperature optimum of the mutant was 10°C higher than that of AuXyn10A
[69]. The thermostability and alkalophilicity of another endo-xylanase from T. reesei
was improved by replacement of amino acids at different positions and the replace-
ment of NH2 terminal amino acid sequence of Thermomonospora fusca along with
the addition of some extra amino acids selected from N-terminus of Clostridium
acetobutylicum xynB. All these strategies increased the thermophilicity and
alkalophicility of the enzyme from 55 to 75°C and pH 7.5 to 9.0 respectively [70].
Similarly, the thermostability of mutant xylanase (Xyn10A_ASPNG) was improved
by 17.4°C [71].

7. Factors affecting xylanase activity

7.1 Substrates

The enzymatic degradation reaction of insoluble polysaccharides had great
importance. However, glycoside hydrolase enzymes often inaccessible to the active
site of the appropriate enzymes, such polysaccharides relatively inefficiently. In
order to overcome these problems, many of the glycoside hydrolases that utilize
insoluble substrates are modular, comprising catalytic modules appended to one or
more non-catalytic carbohydrate-binding modules (CBMs) [72]. Two xylanase
genes belongs to family GH11 (xynC81 and xynC83) from a thermophilic strain
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Achaetomium sp. Xz-8, with substantial xylanase activity. Substrate specificity and
the hydrolysis analysis of purified recombinant revealed that XynC81 and XynC83
were moderate on beechwood xylan (67 and 69%, respectively) and birchwood
xylan (45 and 52%, respectively), and weak on barley β-glucan (18 and 14%,
respectively). Only XynC81 had detectable activity against insoluble wheat
arabinoxylan (22%). Although enzymatic properties of XynC81 and XynC83 were
similar but XynC81 with CBM 1 had activity against insoluble wheat arabinoxylan
(22%), whereas XynC83 had not. This result further implied the importance of
CBM in enzyme activity toward insoluble substrate. As all of the GH11 xylanases
characterized so far, about 25% of them carry at least one CBM [73]. Unlike the
serine/threonine/asparagine-rich linker sequence found in other fungal xylanases,
the XynC81 linker sequence is extremely glycine-rich. Therefore, it could be
predicted that CBMs take part in the action of cellulolytic enzymes toward insoluble
substrates [74].

Moreover, some xylanases bears CBMs specific for cellulose, which probably
assist indirectly localization of xylanase to the xylan substrate, since it is in close
association with cellulose. The number of characterized fungal xylanases harboring
CBM1 module is relatively reduced. It includes xylanases from Penicillium
funiculosum XynB [75, 76], Neocallimastix patriciarum XynS20 [77], Lentinula edodes
Xyn11A [78] and Phanerochaete chrysosporium XynB/XynB-1 [79]. Recently, a Xyl-11
from Podospora anserina harboring a C-terminal CBM1 efficiently supplemented the
industrial cocktail produced by T. reesei by improving significantly the release of
reducing sugars upon hydrolysis of wheat straw [80].

7.2 Metals and chemicals

The metal ion and chemical reagents had been proved to be one of the critical
factors which affected the enzyme activity of xylanases. The effect of metal ions
and chemical reagents on the xylanase activities has been determined on various
metal ions (Na+, K+, Ca2+, Li+, Co2+, Cr3+, Ni2+, Cu2+, Mg2+, Fe3+, Zn2+, Pb2+, and
Ag+) and chemical reagents (SDS, β-mercaptoethanol, ethanol, Triton X-100, and
EDTA) at the standard condition. Ca2+, Pb2+, K+, Mn2+, EDTA, β-ME, Cu2+ and
Triton X-100 were reported to enhance enzyme activity by 6.4–29.9% [81], while
Fe3+, Cd2+, Hg2+, and Ba2+ completely suppressed the xylanase activity. Besides this,
the enzyme had certain ability to resist the Fe2+, Mg2+, Ag2+, SDS, ethanol and SDS.
Xylanase activity was not inhibited by chelating reagents such as EDTA and EGTA.
Moreover, it is predicted that Ca2+ and Mg2+ ions enhance the enzyme activity by
stabilizing the enzyme–substrate complex. In contrast, EDTA is a chelating agent
and it removes ions from the enzymes, thus inhibits the enzyme activity [7]. More
detailed studies are needed in order to understand the mechanistic effect of metal
ions on enzyme activity. Similarly, a xylanase activity isolated from Planococcus sp.
SL4 was enhanced by Ca2+ and β-mercaptoethanol. K+, Cr3+, Li+, and Na+ showed
little or no effect on xylanase activity. Ag+, Cu2+, Hg2+, Pb2+, Zn2+, Fe3+, and Cr3+

resulted in an almost complete loss of activity [28].

7.3 Temperature and pH

As thermophilic enzymes are preferred over the mesophilic enzymes comple-
ments because of high temperatures, which had a great influence on many factors
such as decreases contamination risk and viscosity of substrate [82]. In a study
carried out with the effect of xylanase activity from A. niger DFR-5 on different
temperature (between 20 and 60°C). The xylanase activity was increased with
increase in temperature with maximum activity of at 40°C. On further increase in
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respectively). Only XynC81 had detectable activity against insoluble wheat
arabinoxylan (22%). Although enzymatic properties of XynC81 and XynC83 were
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(22%), whereas XynC83 had not. This result further implied the importance of
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characterized so far, about 25% of them carry at least one CBM [73]. Unlike the
serine/threonine/asparagine-rich linker sequence found in other fungal xylanases,
the XynC81 linker sequence is extremely glycine-rich. Therefore, it could be
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from Podospora anserina harboring a C-terminal CBM1 efficiently supplemented the
industrial cocktail produced by T. reesei by improving significantly the release of
reducing sugars upon hydrolysis of wheat straw [80].
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The metal ion and chemical reagents had been proved to be one of the critical
factors which affected the enzyme activity of xylanases. The effect of metal ions
and chemical reagents on the xylanase activities has been determined on various
metal ions (Na+, K+, Ca2+, Li+, Co2+, Cr3+, Ni2+, Cu2+, Mg2+, Fe3+, Zn2+, Pb2+, and
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Triton X-100 were reported to enhance enzyme activity by 6.4–29.9% [81], while
Fe3+, Cd2+, Hg2+, and Ba2+ completely suppressed the xylanase activity. Besides this,
the enzyme had certain ability to resist the Fe2+, Mg2+, Ag2+, SDS, ethanol and SDS.
Xylanase activity was not inhibited by chelating reagents such as EDTA and EGTA.
Moreover, it is predicted that Ca2+ and Mg2+ ions enhance the enzyme activity by
stabilizing the enzyme–substrate complex. In contrast, EDTA is a chelating agent
and it removes ions from the enzymes, thus inhibits the enzyme activity [7]. More
detailed studies are needed in order to understand the mechanistic effect of metal
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resulted in an almost complete loss of activity [28].
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As thermophilic enzymes are preferred over the mesophilic enzymes comple-
ments because of high temperatures, which had a great influence on many factors
such as decreases contamination risk and viscosity of substrate [82]. In a study
carried out with the effect of xylanase activity from A. niger DFR-5 on different
temperature (between 20 and 60°C). The xylanase activity was increased with
increase in temperature with maximum activity of at 40°C. On further increase in
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temperature, the enzyme activity declined gradually and at 60°C, enzyme exhibited
35.5% of the maximum activity [83]. Similarly, the temperature effect of purified
xylanase (xynZF-2) from A. niger, was evaluated [84]. The optimum temperature
recombinant enzyme was 40°C and the enzyme activity was observed relatively
stable on the temperature below 40°C, however enzyme activity decreased rapidly
with rise of temperature (above than 40°C). The activity became completely lost on
incubation at 50°C for 15 min [84].

Evaluation of the pH stability is a vital part of any enzyme characterization
before it can be exploited commercially. Similarly effect of pH had great influence
on the xylanase activity. The effect of pH on extracellular xylanase from A. niger
DFR-5 was evaluated [83]. That suggested the formation of an improper ionic form
of the xylanase and/or substrate between pH 4.0 and 5.0 and between pH 5.0 and
6.5. Because the activity of pre-incubated xylanase at pH >6.5 or pH <4.0, was full
not recovered at pH 5.0 again. The decline activity at pH above than 6.5 and pH
below than 4.0 resulted from irreversible enzyme inactivation [83]. Many
researchers have reported the pH stability of xylanase but without interpretation.
Xylanase isolated from Planococcus sp. SL4 was highly active and stable over the
neutral and alkaline pH range from 6 to 11, with maximum activity at pH 7 and
more than 60% activity at pH 11 [28]. Xylanase purified from Arthrobacter sp.
MTCC 5214 was found stable in a narrow pH range of 7.0–8.0 [85]. List of xylanase
producing microbial species/strains with demonstrated pH and temperature are
given in Table 3.

8. Application of xylanases

Because of their biotechnological characteristics, xylanases are most often pro-
duced from microorganisms for commercial applications. The environmental

Species Strain pH Temperature References

Caldicoprobacter algeriensis TH7C1(T) 11.0 70°C [26]

Microcella alkaliphila JAM-AC0309 8.0 65°C [86]

Planococcus sp. SL4 7.0 70°C [28]

Geobacillus sp. WBI 7.0 65°C [87]

Caldicellulosiruptor sp. F32 6.6 75°C [88]

Actinomadura sp. Cpt20 10.0 80 °C [89]

Thermofilum pendens Tpbgl 3.5 95°C [90]

Sulfolobus solfataricus MT4 7.0 90°C [91]

Thermococcus zilligii AN1 6.0 75°C [92]

Penicillium occitanis Pol6 3.0 65°C [93]

Saccharopolyspora pathumthaniensis S582 6.5 70°C [94]

Paecilomyces thermophila J18 7.0 75°C [95]

Bispora sp. MEY-1 4.5 85°C [96]

Malbranchea cinnamomea S168 6.5 80 °C [97]

Penicillium oxalicum B3–11(2) 5.0 50 °C [98]

Table 3.
List of xylanase producing microbial species/strains with demonstrated pH and temperature.
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hostility and lethality to most of living organisms due to extreme hot environments
is obvious but such factors are counter-productive in the presence of specialized
microorganisms. These microorganisms from harsh environments can tolerate high
or low temperatures, extremes pH and high concentrations of salts. Based on the
unique stability of their enzymes at high temperature, extremes of pH they are
expected to be a powerful tool in industrial biotransformation processes that run at
harsh conditions. Enzymes derived from extremophiles have great importance to
the local enzymes because they can perform industrial processes even under harsh
conditions, under which conventional proteins are completely denatured. The
extremophile research, the high demands of the biotech industries for tailor-made
novel biocatalysts, and the rapid development of new techniques such as genomics,
proteomics, metabolomics, directed evolution and gene shuffling will stimulate the
development of new industrial processes on the basis of biocatalysts from
extremophiles.

Enzymatic hydrolysis of xylan has become attractive due to its biotechnological
applications in the food, animal feed, waste treatment, ethanol production, textile,
and pulp and paper industries [11]. Xylanases gained its importance for the sac-
charification process in degradation of lignocellulosic biomass, because xylanases
assist the hydrolysis of xylan and ultimately leads to the hydrolysis of hemicellulose
and cellulose, to obtain industrially important products [99]. In addition, biofuel
production from lignocellulosic biomass has great concern in industrial sectors
worldwide. However, biofuel production is still a bottleneck, because the initial
conversion of biomass into sugars requires multiple enzymes (including xylanases)
with high activity and excellent enzyme properties. Therefore, recent development
in biotechnological applications xylanases toward the biomass conversion is on way
[100]. Moreover, highly stable enzymes, active under high temperature and wide
range of pH, displayed several advantages over the enzymes from mesophilic or
neutrophilic origin. For example, highly active xylanases under extreme conditions
reduce the contamination risk due to fast reaction rate. In second generation etha-
nol industries, mild pretreatment of biomass requires to reduce the total costs and
sustain the high contents of hemicellulose. However, high dosage of other enzymes
is still needed for the complete conversion of hemicellulose. Therefore, the biotech-
nological application of xylanases especially thermophilic xylanases and its interac-
tion with other enzymes such as cellulases, xylosidases, arabinofuranosidase seems
to be an effective in saccharification process.

The use of xylanases, as accessory enzymes, has shown to improve the hydroly-
sis of xylan and cellulose, and it has contributed to the reduction of enzyme dosage,
but it seems to be a substrate dependent reaction [101]. Recently, less severe pre-
treatments of lignocellulosic biomass are gaining popularity, thus, hemicellulase
characterization and studies regarding synergism of cellulases and xylanases, can
contribute to reducing pretreatment severities and enhancing glucose and xylose
release [102]. Xylanases are very important in bioconversion of xylan into value
added products, such as xylitol. Xylitol is used in soft drinks, candies, ice cream,
chewing gum and various pharmaceutical products. Xylitol have key role in sweeten
food products and used as a natural sweetener in toothpaste. Xylanases have great
importance in the bio-bleaching of wood pulp and in the bioprocessing of textiles.

Xylanases are very useful in manufacturing of animal feed. Xylanases reduce the
viscosity and enhance the absorption rate by degrading the starch polysaccharides
in rich fiber and barley based feeds. Pre-treatment of agricultural silage and grain
feed employed with xylanases increases the nutritional value and improves the feed
digestion in ruminants. Similarly, feed supplementation combined with xylanases
for broiler diets, not only increases growth performance like weight gain but also
helpful in the yield production of poultry products.
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tion with other enzymes such as cellulases, xylosidases, arabinofuranosidase seems
to be an effective in saccharification process.

The use of xylanases, as accessory enzymes, has shown to improve the hydroly-
sis of xylan and cellulose, and it has contributed to the reduction of enzyme dosage,
but it seems to be a substrate dependent reaction [101]. Recently, less severe pre-
treatments of lignocellulosic biomass are gaining popularity, thus, hemicellulase
characterization and studies regarding synergism of cellulases and xylanases, can
contribute to reducing pretreatment severities and enhancing glucose and xylose
release [102]. Xylanases are very important in bioconversion of xylan into value
added products, such as xylitol. Xylitol is used in soft drinks, candies, ice cream,
chewing gum and various pharmaceutical products. Xylitol have key role in sweeten
food products and used as a natural sweetener in toothpaste. Xylanases have great
importance in the bio-bleaching of wood pulp and in the bioprocessing of textiles.

Xylanases are very useful in manufacturing of animal feed. Xylanases reduce the
viscosity and enhance the absorption rate by degrading the starch polysaccharides
in rich fiber and barley based feeds. Pre-treatment of agricultural silage and grain
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for broiler diets, not only increases growth performance like weight gain but also
helpful in the yield production of poultry products.
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Conclusively, the xylanases have potential applications in a wide range of
industrial processes, covering all sectors of industrial enzymes markets. Arguably,
these are attractive for research studies and deeper investigation with aims to
explore dividends and utility of these useful products in industrial context in rela-
tion to industrial enzymes producing organisms.

9. Summary

Microbial xylanases are gaining importance in industrial applications. The ther-
mophilic microorganisms are of interest in the field of biotechnology because of
their ability to express enzymes that tolerate high temperature and pH. The ther-
mophilic bacteria, and an archaeal species, there are also filamentous fungi that
grow in diverse environments and produce xylanase. New recombinant DNA tech-
nology can be used to express xylanases in both homologous and heterologous host
organisms. Compared to E. coli, P. pastoris considered the most suitable and excel-
lent host for the heterologous proteins expression including xylanases. Xylanases
generally must be genetically modified in order to increase the expression level with
improved xylanase activity, but these alterations can change substrate specificity
and stability at high temperatures and pH. Many xylanases have xylan-binding
domains that can affect the thermostability of the enzymes and their ability to bind
insoluble substrates. In conclusion, the lignocellulosic biomass and enzyme-
producing microorganisms are compelling subjects for research studies aiming to
explore the growing importance of xylanases in various industrial products.
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Chapter 17

Chemical Modification of Xylan
Djamila Kerrouche, Nabila Rouba and Vincent Chaleix

Abstract

Our study is part of the general context of valuing by-products from the wood 
industry, which consists of the chemical modification of xylan by synthesis of 
branched copolymers such as xylan-g-PLLA. The used xylan is extracted from 
chestnut and 4-dimethylaminopyridine (DMAP) is the catalyst. In fact, the synthe-
sis of xylan-graft-poly (L-lactide) copolymer starting from natural and renewable 
resource products xylan and L-lactide is performed under different conditions. 
The results of the grafting reaction are unfavorable due to longer time because of 
depolymerization reactions. Another result is the solubility and insolubility of the 
copolymers synthesized in water. This first result indicates that there is a change in 
the properties of xylan. Moreover, the solubility of the xylan-g-PLLA copolymers is 
different from one study to another. Grafting of PLLA onto xylan was confirmed by 
Fourier transform infrared (FT-IR) and 1HNMR analyzes. The dynamic mechanical 
analysis showed that the xylan-g-PLLA plastic materials have interesting thermo-
mechanical properties.

Keywords: extraction, graft copolymer, poly (L-lactide), valorization, xylans

1. Introduction

Xylan is a natural biodegradable polymer, a major component of hemicellulose 
which is one of the most abundant polysaccharides in nature after cellulose and 
starch. Hemicellulose can be extracted by alkaline solution from plants, including  
agricultural and forestry products [1, 2]. Xylan is a major component of the 
hemicellulose of straw, grasses and agricultural residues. It has a skeleton consist-
ing of β (1 → 4) xylopyranose units, and generally has individual arabinose units 
attached to some of the C3 positions of the xylan skeleton as the main substituent, 
and small amounts of 4-O-methylglucuronic acid residues essentially linked to C2 
position [3]. The solubility of xylan is favored by the presence of charged substitu-
ents such as uronic acids, which increase the hydrophily of the polymer and the 
intermolecular electrostatic repulsions. Its original physico-chemical properties 
bring it closer to hydrocolloids. It is used in particular in the food, cosmetic and 
pharmaceutical sectors, as a thickener, emulsifier or gelling agent. In addition, its 
binding properties have been exploited as additives in the preparation of paper 
pulps. They provide better flexibility to fibers and improve the mechanical resis-
tance of paper. In recent years, increasing attention has been paid to poly (lactic 
acid) due to increasing environmental concerns and the decrease in fossil resources 
[4–7]. In addition, this polymer comes from renewable plant resources and has 
excellent properties such as biodegradability, mechanical strength, transparency 
and biocompatibility. It has considerable market potential in the fields of packag-
ing, agriculture and biomedical and it is considered as a substitute for polymers of 
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Chemical Modification of Xylan
Djamila Kerrouche, Nabila Rouba and Vincent Chaleix

Abstract

Our study is part of the general context of valuing by-products from the wood 
industry, which consists of the chemical modification of xylan by synthesis of 
branched copolymers such as xylan-g-PLLA. The used xylan is extracted from 
chestnut and 4-dimethylaminopyridine (DMAP) is the catalyst. In fact, the synthe-
sis of xylan-graft-poly (L-lactide) copolymer starting from natural and renewable 
resource products xylan and L-lactide is performed under different conditions. 
The results of the grafting reaction are unfavorable due to longer time because of 
depolymerization reactions. Another result is the solubility and insolubility of the 
copolymers synthesized in water. This first result indicates that there is a change in 
the properties of xylan. Moreover, the solubility of the xylan-g-PLLA copolymers is 
different from one study to another. Grafting of PLLA onto xylan was confirmed by 
Fourier transform infrared (FT-IR) and 1HNMR analyzes. The dynamic mechanical 
analysis showed that the xylan-g-PLLA plastic materials have interesting thermo-
mechanical properties.

Keywords: extraction, graft copolymer, poly (L-lactide), valorization, xylans
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which is one of the most abundant polysaccharides in nature after cellulose and 
starch. Hemicellulose can be extracted by alkaline solution from plants, including  
agricultural and forestry products [1, 2]. Xylan is a major component of the 
hemicellulose of straw, grasses and agricultural residues. It has a skeleton consist-
ing of β (1 → 4) xylopyranose units, and generally has individual arabinose units 
attached to some of the C3 positions of the xylan skeleton as the main substituent, 
and small amounts of 4-O-methylglucuronic acid residues essentially linked to C2 
position [3]. The solubility of xylan is favored by the presence of charged substitu-
ents such as uronic acids, which increase the hydrophily of the polymer and the 
intermolecular electrostatic repulsions. Its original physico-chemical properties 
bring it closer to hydrocolloids. It is used in particular in the food, cosmetic and 
pharmaceutical sectors, as a thickener, emulsifier or gelling agent. In addition, its 
binding properties have been exploited as additives in the preparation of paper 
pulps. They provide better flexibility to fibers and improve the mechanical resis-
tance of paper. In recent years, increasing attention has been paid to poly (lactic 
acid) due to increasing environmental concerns and the decrease in fossil resources 
[4–7]. In addition, this polymer comes from renewable plant resources and has 
excellent properties such as biodegradability, mechanical strength, transparency 
and biocompatibility. It has considerable market potential in the fields of packag-
ing, agriculture and biomedical and it is considered as a substitute for polymers of 
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non-degradable basic products [8, 9]. In order to improve the specific, thermal and 
mechanical properties of xylan, modification is one of the ways that best responds 
to this limitation of properties and that can enhance it. For example, acetylation of 
xylan increases its hydrophobicity and thermal stability [10, 11]. Indeed, the graft-
ing of poly (L-lactide) is one of the modifications which gives a product derived 
entirely from nature. The concept of grafting PLLA on polysaccharides is already 
studied. Recently, a study has shown that PLLA-g-hemicellulose is a good account-
ing for a mixture between wood hydrolysates and PLA [12]. The blocks or grafted 
copolymers such as cellulose-graft-PLA, xylans-grafts-PLA, PLA-grafted starch 
copolymers, having hydrophobic and hydrophilic segments, have been reported to 
form different types of microstructures and have been applied as biomaterials [13]. 
Several researchers have studied cellulose graft copolymers such as poly (lactide) 
grafted cellulose or poly (ε-caprolactone) grafted cellulose, as biodegradable 
plastics, and have indicated that chains of poly (lactide) or poly (ε-caprolactone) 
acted as internal plasticizers for the polysaccharide and it was found that the 
properties of the xylan-g-PLA copolymers strongly depend on the length of the 
PLA chains grafted on the xylan [14–17]. In fact, the grafting reaction depends 
on the method used according to the case of the modification of the xylan or of 
the PLLA [18] and also of several parameters such as: temperature, reaction time, 
type and quantity of catalysts, etc. Trimethylamine is the catalyst used for grafting 
PLLA on chitosan with a yield of less than 50%. Other catalysts are used for this 
type of reaction such as DMAP which can open the lactide cycle [12], carbine [19]. 
In a study [20], the catalyst used is triazobicyclodecene (TBD) at low temperatures 
and for short periods of time. This part is concerned with the structural analysis of 
xylans extracted from chestnut sawdust as well as their transformation into plastic 
films. After extraction and purification, the structure of these polysaccharides 
was characterized by IR and NMR. In a second part, the xylans were modified by 
the grafting of the PLLAs. Finally, a study of the physical and thermomechanical 
properties of the synthesized copolymers is carried out [21].

2. Industrial upgrading of xylans

Cellulose and starch are the main plant-based polysaccharides for industrial use. 
Hemicelluloses in general, xylans in particular, although they currently represent a 
modest volume of exploitation, are nevertheless receiving increasing attention [22]. 
Their original physico-chemical properties bring them closer to hydrocolloids. The 
latter denote polysaccharides of natural origin or their derivatives, which dissolve 
or disperse in water to form viscous solutions or suspensions. Hydrocolloids, which 
have a great affinity for water, affect the texture of the medium to which they 
are added and modify the consumer’s perception of a product, hence their use in 
particular in the food, cosmetic and pharmaceutical sectors, as a thickener, emulsi-
fier or gelling agent [23]. These polymers have in solution a low viscosity under 
stress and a high viscosity at rest at high concentration. These characteristics are 
those sought after for commercial naturally occurring thickeners such as xanthan 
gum and locust bean gum. In addition, their binding properties have been exploited 
as additives in the preparation of paper pulps. They provide better flexibility to the 
fibers and improve the mechanical strength of the paper [24]. Finally, their nutri-
tional properties are not negligible. Xylans are in fact used as dietary fibers. They 
are not degraded by human digestive enzymes and thus accelerate intestinal transit. 
In addition, their ingestion would significantly decrease the accumulation of lipids 
in the liver and the blood cholesterol level [25]. Xylans can therefore be used in the 
native state, on the basis of their physicochemical properties, but the main ways 
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of upgrading these polysaccharides are based either on their hydrolysis to form 
precursors used in the chemical industry, or on their functionalization which allows 
to consider new applications.

2.1 A new way of chemical upgrading of plastic xylans of plant origin

The petrochemical plants of the world consume 270 million tonnes of oil and gas 
every year in the production of plastics [26]. Fossil fuels provide the energy and raw 
material needed to transform crude oil into materials such as polystyrene, poly-
ethylene or polypropylene. The progressive scarcity of these organic materials will 
inevitably be accompanied by a significant increase in their cost. Biotechnologies 
and organic chemistry can nevertheless provide solutions and literature offers 
numerous references on this subject [27, 28]. Biotechnologies currently seem to 
favor three approaches to replace plastics with products derived from plants: 
the direct production of plastics by micro-organisms, by cultivated plants or the 
transformation of sugars. It was in 1977 that the American companies Cargill and 
Dow Chemical joined their efforts to produce, after fermentation sugars of plant 
origin into lactic acid and polymerization of the latter, a plastic called polylactic 
acid [26] or PLA. A few years later, Imperial Chemical Industries marketed another 
plastic obtained after fermentation of sugars of plant origin [29], Biopol, which is 
a copolymer of the family of poly-3-hydroxyalkanoates (PHA). This bioplastic is 
however significantly more expensive than its synthetic counterparts derived from 
fossil fuels. Its only advantage is its biodegradability. Faced with high production 
costs, scientists have directed their research towards the direct synthesis of plastics 
by plants. The objective here is to modify the genetic heritage of cultivated plants in 
order to make them synthesize plastic directly. However, these works face a series of 
problems linked to: the physiology of the plant: the chloroplasts of the leaves which 
are the seat of photosynthesis seem to be a privileged place for the production of 
plastics by the plant. Too much synthesis at this level lowers the yields of photosyn-
thesis and therefore the amount of produced plastic; to the methods of extraction 
and purification of plastics from the plant: These methods require the use of huge 
amounts of solvent; to public opinion: the dissemination of genetically modified 
organisms (GMOs) in our environment is currently causing sometimes violent 
controversies. The recent statement of the precautionary principle and the tighten-
ing of the regulations linked to this type of manipulation undoubtedly constitute a 
serious obstacle to the development of such technologies since they impose strictly 
controlled cultivation conditions incompatible with large-scale production. Organic 
synthesis provides different responses. One strategy is to chemically modify plant 
polymers. Remember that the first synthetic polymers were obtained by chemical 
modification of cellulose, such as nitrocellulose or cellulose acetate, used among 
others as thermoplastics. The esterification of the hydroxyl groups of the cellulosic 
fibers by aliphatic chains profoundly modifies their properties, and in particular 
the thermoplasticity and the hydrophobic character, but also the biodegradability, 
the solubility, the inflammability, etc. The properties of the material obtained then 
depend on the length of the grafted chain, as well as on the degree of substitution 
of the esterified polymer or DS;ie, the number of esterified hydroxyl functions per 
anhydroglucose unit in the case of cellulose. Cellulosic esters with a short carbon 
chain (less than six carbon atoms) currently represent an important industrial 
market, used and marketed in fields as varied as textile fibers, films, film substrates 
and membranes, coatings and varnishes, thermoplastic materials or composite 
materials. Cellulose esters, such as cellulose acetate (CA) or mixed esters such as 
cellulose acetate propionate (CAP) and acetate butyrate (CAB), all made from 
highly purified microcrystalline cellulose, compete with plastics derived from 
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non-degradable basic products [8, 9]. In order to improve the specific, thermal and 
mechanical properties of xylan, modification is one of the ways that best responds 
to this limitation of properties and that can enhance it. For example, acetylation of 
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ing for a mixture between wood hydrolysates and PLA [12]. The blocks or grafted 
copolymers such as cellulose-graft-PLA, xylans-grafts-PLA, PLA-grafted starch 
copolymers, having hydrophobic and hydrophilic segments, have been reported to 
form different types of microstructures and have been applied as biomaterials [13]. 
Several researchers have studied cellulose graft copolymers such as poly (lactide) 
grafted cellulose or poly (ε-caprolactone) grafted cellulose, as biodegradable 
plastics, and have indicated that chains of poly (lactide) or poly (ε-caprolactone) 
acted as internal plasticizers for the polysaccharide and it was found that the 
properties of the xylan-g-PLA copolymers strongly depend on the length of the 
PLA chains grafted on the xylan [14–17]. In fact, the grafting reaction depends 
on the method used according to the case of the modification of the xylan or of 
the PLLA [18] and also of several parameters such as: temperature, reaction time, 
type and quantity of catalysts, etc. Trimethylamine is the catalyst used for grafting 
PLLA on chitosan with a yield of less than 50%. Other catalysts are used for this 
type of reaction such as DMAP which can open the lactide cycle [12], carbine [19]. 
In a study [20], the catalyst used is triazobicyclodecene (TBD) at low temperatures 
and for short periods of time. This part is concerned with the structural analysis of 
xylans extracted from chestnut sawdust as well as their transformation into plastic 
films. After extraction and purification, the structure of these polysaccharides 
was characterized by IR and NMR. In a second part, the xylans were modified by 
the grafting of the PLLAs. Finally, a study of the physical and thermomechanical 
properties of the synthesized copolymers is carried out [21].

2. Industrial upgrading of xylans

Cellulose and starch are the main plant-based polysaccharides for industrial use. 
Hemicelluloses in general, xylans in particular, although they currently represent a 
modest volume of exploitation, are nevertheless receiving increasing attention [22]. 
Their original physico-chemical properties bring them closer to hydrocolloids. The 
latter denote polysaccharides of natural origin or their derivatives, which dissolve 
or disperse in water to form viscous solutions or suspensions. Hydrocolloids, which 
have a great affinity for water, affect the texture of the medium to which they 
are added and modify the consumer’s perception of a product, hence their use in 
particular in the food, cosmetic and pharmaceutical sectors, as a thickener, emulsi-
fier or gelling agent [23]. These polymers have in solution a low viscosity under 
stress and a high viscosity at rest at high concentration. These characteristics are 
those sought after for commercial naturally occurring thickeners such as xanthan 
gum and locust bean gum. In addition, their binding properties have been exploited 
as additives in the preparation of paper pulps. They provide better flexibility to the 
fibers and improve the mechanical strength of the paper [24]. Finally, their nutri-
tional properties are not negligible. Xylans are in fact used as dietary fibers. They 
are not degraded by human digestive enzymes and thus accelerate intestinal transit. 
In addition, their ingestion would significantly decrease the accumulation of lipids 
in the liver and the blood cholesterol level [25]. Xylans can therefore be used in the 
native state, on the basis of their physicochemical properties, but the main ways 
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of upgrading these polysaccharides are based either on their hydrolysis to form 
precursors used in the chemical industry, or on their functionalization which allows 
to consider new applications.

2.1 A new way of chemical upgrading of plastic xylans of plant origin

The petrochemical plants of the world consume 270 million tonnes of oil and gas 
every year in the production of plastics [26]. Fossil fuels provide the energy and raw 
material needed to transform crude oil into materials such as polystyrene, poly-
ethylene or polypropylene. The progressive scarcity of these organic materials will 
inevitably be accompanied by a significant increase in their cost. Biotechnologies 
and organic chemistry can nevertheless provide solutions and literature offers 
numerous references on this subject [27, 28]. Biotechnologies currently seem to 
favor three approaches to replace plastics with products derived from plants: 
the direct production of plastics by micro-organisms, by cultivated plants or the 
transformation of sugars. It was in 1977 that the American companies Cargill and 
Dow Chemical joined their efforts to produce, after fermentation sugars of plant 
origin into lactic acid and polymerization of the latter, a plastic called polylactic 
acid [26] or PLA. A few years later, Imperial Chemical Industries marketed another 
plastic obtained after fermentation of sugars of plant origin [29], Biopol, which is 
a copolymer of the family of poly-3-hydroxyalkanoates (PHA). This bioplastic is 
however significantly more expensive than its synthetic counterparts derived from 
fossil fuels. Its only advantage is its biodegradability. Faced with high production 
costs, scientists have directed their research towards the direct synthesis of plastics 
by plants. The objective here is to modify the genetic heritage of cultivated plants in 
order to make them synthesize plastic directly. However, these works face a series of 
problems linked to: the physiology of the plant: the chloroplasts of the leaves which 
are the seat of photosynthesis seem to be a privileged place for the production of 
plastics by the plant. Too much synthesis at this level lowers the yields of photosyn-
thesis and therefore the amount of produced plastic; to the methods of extraction 
and purification of plastics from the plant: These methods require the use of huge 
amounts of solvent; to public opinion: the dissemination of genetically modified 
organisms (GMOs) in our environment is currently causing sometimes violent 
controversies. The recent statement of the precautionary principle and the tighten-
ing of the regulations linked to this type of manipulation undoubtedly constitute a 
serious obstacle to the development of such technologies since they impose strictly 
controlled cultivation conditions incompatible with large-scale production. Organic 
synthesis provides different responses. One strategy is to chemically modify plant 
polymers. Remember that the first synthetic polymers were obtained by chemical 
modification of cellulose, such as nitrocellulose or cellulose acetate, used among 
others as thermoplastics. The esterification of the hydroxyl groups of the cellulosic 
fibers by aliphatic chains profoundly modifies their properties, and in particular 
the thermoplasticity and the hydrophobic character, but also the biodegradability, 
the solubility, the inflammability, etc. The properties of the material obtained then 
depend on the length of the grafted chain, as well as on the degree of substitution 
of the esterified polymer or DS;ie, the number of esterified hydroxyl functions per 
anhydroglucose unit in the case of cellulose. Cellulosic esters with a short carbon 
chain (less than six carbon atoms) currently represent an important industrial 
market, used and marketed in fields as varied as textile fibers, films, film substrates 
and membranes, coatings and varnishes, thermoplastic materials or composite 
materials. Cellulose esters, such as cellulose acetate (CA) or mixed esters such as 
cellulose acetate propionate (CAP) and acetate butyrate (CAB), all made from 
highly purified microcrystalline cellulose, compete with plastics derived from 
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the petrochemical industry such as polyethylene, polypropylene, polyethylene 
terephthalate, polycarbonates, nylons, etc., for which the basic products, ethylene, 
propylene, xylene or even ethylene glycol are still very economically attractive. In 
addition, obtaining cellulose esters requires the prior solubilization of the cellulose, 
which generates the implementation of a heavy and costly methodology, unlike 
the synthetic polymers derived from polycondensations. Their properties remain 
original, however, and they continue to satisfy certain markets. The thermome-
chanical qualities of cellulose esters remain their main handicap. Indeed, due to 
the fragility of the polysaccharide chains at high temperatures, the glass transition 
temperature (Tg) and the material decomposition temperature are often very close. 
The glass transition temperature corresponds to the transition from a glassy state, 
in which the polymer is hard and brittle, to a rubbery state for which the polymer 
is soft and flexible. From this temperature, the material is more flexible and easier 
to work. This is the reason why a plasticizer is often added in order to lower the 
glass transition temperature and therefore widen the field of application of ther-
moplastics. Several plasticizers are commonly used, including on an industrial 
scale. This is the case for triethylcitrate for cellulose acetate and dioctyladipate for 
CAP. However, the use of plasticizer can sometimes be inconvenient for certain 
applications. These small molecules tend to evaporate over time, which can change 
the performance of the material in the short or medium term. Another solution for 
lowering the Tg of a polymer is to graft long chain substituents, so as to increase the 
free volume and therefore reduce the interactions between the polymer chains. The 
presence of bulky and flexible side substituents such as fatty chains, by removing 
the polysaccharide chains, lowers their Tg and therefore influences the field of use 
of these thermoplastics. Studies have shown on a series of cellulose esters ranging 
from acetate to palmitate (C16), that Tg decreases significantly with the increase 
in the length of the grafted fatty chains [30]. Thus, without adding plasticizer, it is 
possible to obtain hydrophobic plastics that are more flexible, more deformable, less 
brittle, which suggests new areas of application, such as packaging or plasticulture 
and, in particular, agriculture mulch films [31, 32]. All of these works, initiated 
from a model substrate, cellulose, makes it possible to envisage new ways of 
upgrading for polysaccharides, and in particular for wood xylans. The objective of 
this study is the synthesis of new plastic materials by grafting poly (lactic acid) on 
xylan (4-O-methylglucuronoxylanes) extracted from chestnut sawdust.

2.2 Xylan extraction from wood

The main problem facing the experimenter is that of the chemical richness 
of the plant cell wall, which is reflected in the great structural diversity of the 
macromolecules, essentially polysaccharides, which are represented there. The 
protocols to be used must therefore be sufficiently selective to allow the extraction 
of a category of macromolecules; they must also be concerned with protecting 
the integrity of molecular structures by limiting the degradation of the latter. A 
detailed study of literature in the field of hemicellulose extraction reveals the 
existence of a large number of protocols. This observation can only be explained by 
the wide variety of hemicellulosic structures identified within the plant cell wall. 
The development of a specific extraction protocol for xylans with a view to their 
commercial exploitation is the subject of numerous studies. The question to be 
answered by the experimenter is what type of xylans to extract, from which plant 
material, for what properties, for what applications and using which protocols. 
The presence of a polyphenolic frame formed by lignin, as well as the existence of 
chemical bonds between the different hemicelluloses which constitute the wall, 
and between the hemicelluloses and lignin limits the extraction of xylans. It is 
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then impossible to extract a type of polysaccharide without breaking these bonds 
and therefore without modifying the polymer with respect to its state in situ. It is 
therefore necessary to apply sufficiently strong extraction conditions to allow the 
rupture of these bonds, without degrading the extracted molecules. In the case of 
extraction from wood, the xylans are conventionally collected, after delignifica-
tion in the presence of sodium chlorite, by an alkaline extraction. Beforehand, it is 
necessary to eliminate the extractables, so that they do not interfere in the analyses 
later. A schematic representation of the separation of the constituents of wood is 
illustrated in Figure 1.

3. Preparation of the copolymers

The DMAc/LiCl solution is prepared for 1 hour at a temperature of 80° C with 
mechanical stirring. In a flask equipped with a condenser, we mixed a quantity of 
the solution of DMAc/LiCl, L-lactide (2, 4 or 8 equiv./ OH) and DMAP catalyst 
(0.1, 0.5 or 1 equi/OH) then heated it to 80° C with magnetic stirring at different 
reaction times (8, 16, 24 h). At the end of the reaction, a quantity of ethanol is 
added in order to precipitate the xylan-g-PLLA. The product obtained is purified 
with the solvent dimethyl sulfoxide (DMSO) and precipitated in ethanol. The 
obtained copolymer is dried at room temperature and is characterized by different 
methods.

3.1 Xylan extraction

Chestnut wood glucuronoxylans were extracted by this procedure (Figure 2).
They were obtained from chlorite-delignified sawdust by aqueous KOH 

extraction. The MGX has been extracted with a yield of 19%. The obtained 
fraction is characteristic of a classical MGX with more than 99% of xylose 
and 4-O-methylglucuronic acid (typical markers of glucuronoxylans). 
4-O-methylglucuronic acid contents were 16.6% (molar ratio), which is in agree-
ment with the data obtained by the colorimetric assays (17.4, mass ratio) and the 

Figure 1. 
Separation of wood constituents.



Biotechnological Applications of Biomass

318

the petrochemical industry such as polyethylene, polypropylene, polyethylene 
terephthalate, polycarbonates, nylons, etc., for which the basic products, ethylene, 
propylene, xylene or even ethylene glycol are still very economically attractive. In 
addition, obtaining cellulose esters requires the prior solubilization of the cellulose, 
which generates the implementation of a heavy and costly methodology, unlike 
the synthetic polymers derived from polycondensations. Their properties remain 
original, however, and they continue to satisfy certain markets. The thermome-
chanical qualities of cellulose esters remain their main handicap. Indeed, due to 
the fragility of the polysaccharide chains at high temperatures, the glass transition 
temperature (Tg) and the material decomposition temperature are often very close. 
The glass transition temperature corresponds to the transition from a glassy state, 
in which the polymer is hard and brittle, to a rubbery state for which the polymer 
is soft and flexible. From this temperature, the material is more flexible and easier 
to work. This is the reason why a plasticizer is often added in order to lower the 
glass transition temperature and therefore widen the field of application of ther-
moplastics. Several plasticizers are commonly used, including on an industrial 
scale. This is the case for triethylcitrate for cellulose acetate and dioctyladipate for 
CAP. However, the use of plasticizer can sometimes be inconvenient for certain 
applications. These small molecules tend to evaporate over time, which can change 
the performance of the material in the short or medium term. Another solution for 
lowering the Tg of a polymer is to graft long chain substituents, so as to increase the 
free volume and therefore reduce the interactions between the polymer chains. The 
presence of bulky and flexible side substituents such as fatty chains, by removing 
the polysaccharide chains, lowers their Tg and therefore influences the field of use 
of these thermoplastics. Studies have shown on a series of cellulose esters ranging 
from acetate to palmitate (C16), that Tg decreases significantly with the increase 
in the length of the grafted fatty chains [30]. Thus, without adding plasticizer, it is 
possible to obtain hydrophobic plastics that are more flexible, more deformable, less 
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then impossible to extract a type of polysaccharide without breaking these bonds 
and therefore without modifying the polymer with respect to its state in situ. It is 
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rupture of these bonds, without degrading the extracted molecules. In the case of 
extraction from wood, the xylans are conventionally collected, after delignifica-
tion in the presence of sodium chlorite, by an alkaline extraction. Beforehand, it is 
necessary to eliminate the extractables, so that they do not interfere in the analyses 
later. A schematic representation of the separation of the constituents of wood is 
illustrated in Figure 1.
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mechanical stirring. In a flask equipped with a condenser, we mixed a quantity of 
the solution of DMAc/LiCl, L-lactide (2, 4 or 8 equiv./ OH) and DMAP catalyst 
(0.1, 0.5 or 1 equi/OH) then heated it to 80° C with magnetic stirring at different 
reaction times (8, 16, 24 h). At the end of the reaction, a quantity of ethanol is 
added in order to precipitate the xylan-g-PLLA. The product obtained is purified 
with the solvent dimethyl sulfoxide (DMSO) and precipitated in ethanol. The 
obtained copolymer is dried at room temperature and is characterized by different 
methods.

3.1 Xylan extraction

Chestnut wood glucuronoxylans were extracted by this procedure (Figure 2).
They were obtained from chlorite-delignified sawdust by aqueous KOH 

extraction. The MGX has been extracted with a yield of 19%. The obtained 
fraction is characteristic of a classical MGX with more than 99% of xylose 
and 4-O-methylglucuronic acid (typical markers of glucuronoxylans). 
4-O-methylglucuronic acid contents were 16.6% (molar ratio), which is in agree-
ment with the data obtained by the colorimetric assays (17.4, mass ratio) and the 

Figure 1. 
Separation of wood constituents.
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Xyl/4-O-MeGlcA ratio was found: 6.1. However, concerning the size of the extracted 
molecules, a DP of about 200 was found which is a typical result for this kind of 
products. This MGX is represented in Figure 3.

3.2 RMN

The result of 1H NMR spectra of xylan (D2O) is presented in Table 1 and Figure 4.

3.3 Infrared analysis

The IR spectra of xylans (Figure 5), and more particularly of 
4-Omethylglucuronoxylans, have been studied in detail by Marchessault and Liang 
(1962) (see [33]) and more recently by Kacurakovaetcoll. (2000) (see [34]). The 
absorption bands appearing in the figure and listed in the table are characteristic 
of xylans of type (1 → 4), with a maximum absorption band at 1044 cm−1, cor-
responding to the vibrations of elongation of the ring bonds and C-OH bonds. The 
weak, but very clear band at 896 cm−1 is characteristic of glycosidic type bonds [35].

Figure 2. 
Scheme of fractionalizationof 4-O-methylglucuronoxylans (MGX) from chestnut wood.

Figure 3. 
Structure of 4-O-methylglucuronoxylan extracted from Castanea sativa.

Glycoside 
residues

Chemical shifts in ppm (J en Hz)

1 2 3 4 5

(1 → 4)- D-Xylp 1H 4,48 
(7,5)

3,29 
(8,2)

3,55 
(9,0)

3,79 4,10 (4,5; 11,5);  
3,38 (11,0)

Table 1. 
Chemical shifts of glycosidic residues of xylan (D2O).
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4. The results

The synthesis of the biodegradable xylan-g-PLLA copolymers is carried out at 
atmospheric pressure by opening the L-lactide ring and the DMAc/LiClxylan solu-
tion (0.2 g/l) in the presence of DMAP as catalyst. The degree of substitution and 
the degree of polymerization express the efficiency of the grafting reaction. They 
are calculated from 1H NMR spectra. The medium DS is defined as the medium 
number of grafted PLLA chains per repeat unit which is calculated by comparing 
the integration of the 3 protons of the terminal CH3 with the equatorial proton H5 
of xylose. The medium DP, meanwhile, is calculated by comparing the integration 
of internal CH3s with terminal CH3s. The yield is defined as the ratio between the 
weight of plastic film and the initial weight of polysaccharide.

It should be noted that the DS and the DP show that the latter both increase 
with the amount of L-lactide and the DMAP and decrease beyond the 16 h time. 

Figure 4. 
1H NMR spectra of xylan (D2O).

Figure 5. 
FT-IR spectra of xylan.
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In addition, it has been proven that DMAP is used as a hyper nucleophilia catalyst 
which is 104 times more active than pyridine [10], this is more favorable when the 
reaction time is longer, favoring depolymerization reactions. The maximum condi-
tions for having a larger DS and DP are: 16 h, 8 eq/OH, 1 eq/OH.

4.1 Characterization of copolymers

One of the properties verified after the grafting reaction is the solubility of the 
copolymers and some have been found to be soluble in water and others not; which 
confirms the modification of the properties of xylan. A copolymer is dissolved in 
water in a petri dish after evaporation of the solvent at 40° C in an oven, a casting 
plastic film was obtained (Figure 6).

The IR analysis of xylan, PLLA and xylan-g-PLLA is presented in the Figure 7.  
All the xylan absorption bands of type (1 → 4) are presented in the Table 2. An 
absorption band of the groups of hydroxyl is observed at 3544 cm−1, another 
absorption band at 897 cm−1 of glycosidic C-H (β). [36] Other bands at 1096 cm−1 
and 1044 cm−1 of the C-O, C-C and C-OH groups of the ring. A strong absorption 
band at 1784 cm−1 is observed on the chemically modified xylan characteristic of 
ester functions (C = O) [36, 37]. Other bands that characterize CH and CH3 are seen 
at 2984 and 2934 cm−1. All of these absorption bands confirm the modification of 
the xylan structure.

The 1H NMR spectrum (Figure 8) shows intense signals corresponding to 
the protons of the xylose units of the unsubstituted main chain, as well as less 
intense signals attributed to the uronic acid units and to the xylose units which 
carry them in position 2. The intensity of these signals depends on the degree of 
substitution by uronic acid. The doublets attributed to the anomeric protons of 
the xylose units, substituted (4.5 ppm) or not (4.6 ppm), are associated with a 
coupling constant of about 7 Hz, characteristic of an osidic bond. The coupling 
constant of the doublet corresponding to the anomeric protons of uronic acid, 
at 5.3 ppm, is in the order of 2 Hz, which characterizes an osidic bond. It is also 
possible to observe on the different 1H spectra of xylans, a fine singlet around 
3.4 ppm, which is to be associated with the existence of methyl groups carried, 
given the integration, by the uronic acid. This last remark confirms the presence 
of 4-O-methylglucuronic acid. This is fixed in position 2 of the xylose, which 

Figure 6. 
Photograph of a xylan-g-PLLA film. Note: Xylan-g-PLLA, xylan-graft-poly(L-lactide).
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results in a greater deshielding of the H2 compared to the unsubstituted xylose 
units. We can distinguish on the 1H NMR spectrum of the modified xylan, sig-
nals between 1 and 2.5 ppm of the protons of the aliphatic chains shows a signal 
at 5.20 ppm which corresponds to the CH group, another signal at 1.47 ppm 
of the proton of the internal methyl group CH3 and at 1.27 ppm for the proton 
of CH3 at the end of the chains of PLLA (Guang-Xin, 2006). These intense 
signals corresponding to the protons of the xylose units of the main chain and 
to the protons of the PLLA groups confirm the chemical modification of xylan. 

Figure 7. 
Fourier transform infrared spectra of xylan, PLLA, xylan-graft- poly (L-lactide) copolymer.

Absorptions (cm−1) Relative Intensity Type of vibration

3404 w ν(O-H)

2919 m ν(C-H)

1721 m ν(C=O) uronic acid

1609 e ν(C=O)acid salt, anti-symmetric vibration

1465 f δ(CH2) symmetric

1413 f ν(C=O) acid salt, symmetric vibration

1257 f δ(CH2)

1165–1149 m ν(C-O-C), ν(C-C)

1131–1121 e ν(C-O-C), ν(C-C)

1096 s ν(C-O), cycle, ν(C-C)

1044 s ν(C-O), ν(C-C)

984 m ν(C-O), δ(OH), cycle vibrations

896 m δ(CH) glycosidic (β), cycle vibrations

w: wide, m: medium, f: weak, s: strong, e: shoulder; ν: valence vibrations; δ: deformation vibrations.

Table 2. 
Absorption bands characteristic of glucuronoxylans.
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For medium DP of fixed PLLA, it did not vary a lot (about 2 or 3). It confirms 
that the chains are very short but long enough to enhance the  filmogenic 
 character of materials [21].

4.2 Mechanical properties

The mechanical properties of PLA have been studied by various researchers 
[38, 39]. PLA has mechanical properties similar to those of polystyrene [40]. 
Dynamic mechanical analysis (Figure 9) showed that the glass transition tem-
perature of the xylan-g-PLLA film is 147°C. For the new PLLA-g-xylan material, 
the results of mechanical tests (Figure 10) show that the film has a nominal 
strain ε rupture = 8 ± 2.5%, its Young’s modulus E = 1.2 ± 0.1 GPa (1200Mpa) and a 
nominal stress of about 60 MPa. These mechanical properties are close to those of 
 polypropylene [41].

Figure 8. 
1H RMN spectra of xylan-graft-poly (L-lactide) copolymer (DMSO).

Figure 9. 
Evaluation of the tangent of the loss angle and the loss modulus E” of xylan-g-PLLA as a function of 
temperature.
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5. Conclusion

The modification of xylan by grafting the PLLA on the xylan extracted from the 
sawdust of chestnut was carried out in this work. The synthesis of branched xylan-
g-PLA co-polymers is carried out from L-lactide and xylan using DMA as solvent 
for the xylan and 4-dimethylaminopyridine (DMAP) as catalyst at a temperature 
of 80° C. These copolymers are characterized and infrared analysis has shown the 
appearance of the characteristic band of the esters at 1784 cm−1 and of other bands 
of the group CH3 on the xylan-g-PLLA spectrum. Following the 1H NMR analysis, 
the appearance of the PLLA aliphatic protons was observed on the spectrum of the 
grafted xylan. The xylan copolymers are insoluble in water. The higher the DS, the 
more difficult the solubility is in water. Dynamic mechanical analysis has shown 
that Tg of the xylan-g-PLLA film is 147°C.

Figure 10. 
Elongation at breakaccording to thenominalstrain (5%).
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Chapter 18

The Application of Solid State 
Fermentation for Obtaining 
Substances Useful in Healthcare
Łukasz Wajda and Magdalena Januszek

Abstract

In the current review we summarised the research involving solid state 
fermentation (SSF) for the production of compounds that could be used in 
healthcare (terpenoids, polyphenols, fibrinolytic enzymes, mycophenolic acid and 
others). We described several groups of obtained agents which hold various activity: 
antimicrobial, anti-inflammatory, immunosuppressive, anticoagulant and others 
(e.g. anticancer or anti-diabetic). It seems that especially terpenoids and polyphenols 
could be useful in that field, however, other substances such as enzymes and fatty 
acids play important role as well. We described main groups of microorganisms that 
are applied in SSF of those compounds, particularly Bacillus genus and fungi, and 
where possible provided information regarding genes involved in those processes. 
We also compared various approaches toward optimisation of SSF.

Keywords: solid state fermentation, healthcare, agricultural waste, Bacillus, fungi

1. Introduction

Solid state fermentation (SSF) is a process during which microorganisms (in the 
presence of small amounts of water) transform agro-industrial waste into valuable 
compounds [1]. Based on the literature research, wheat bran was commonly used 
for those processes (Table 1). It is composed of about 53% of dietary fibre (xylans, 
lignin, cellulose, and galactan, fructans) and contains variety of phenolic acids e.g. 
ferulic acid, vanillic acid, coumaric acid, caffeic acid, and chlorogenic acid [71]. 
Researchers also applied other materials rich in polysaccharides (e.g. rice, whole 
grain wheat, millet, barley) or simple sugars (e.g. fruit pomace) (Table 1). Other 
substrates which were utilised for SSF are not only sources of carbohydrates, but 
also protein e.g. soybeans, lentil flour, silkworm larvae, fish meal, cuttle fish waste 
and king oyster mushroom (Table 1). The selection of waste products used in 
SSF should ensure the proper balance of nutrients to allow microbial growth and 
production of terpenoids, polyphenols, enzymes, biosurfactants, short chain fatty 
acids or others. Therefore, industrial waste with a high content of carbohydrates, 
protein, pectin or lipids is a suitable substrate.

There were various review papers regarding SSF but in the current chapter we 
focused only on selected substances which could be used in healthcare and dem-
onstrate antimicrobial, anti-inflammatory properties or/and are immunosuppres-
sants, anticoagulants and anticancer agents, e.g. enzymes, surfactants, terpenoids, 
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Name of the substance Microorganism Agricultural waste Reference

Antimicrobial properties

Nonactin, monactin, dynactin, 
trinactin

Streptomyces cavourensis 
TN638

Immobilised bacterial 
spores (XAD-16) on 
potato dextrose agar

[2]

Surfactin homologues Bacillus natto NT-6 Potato dextrose 
medium

[3]

Biosurfactant Bacillus subtilis SPB1 Millet [4]

Surfactin Bacillus pumilus UFPEDA 
448

Okara and sugarcane 
bagasse

[5]

Biosurfactant Tremetes versicolor TV-6 Two-phase olive mill 
waste, wheat bran 
and olive stone

[6]

Biosurfactant Aspergillus niger Wheat bran and 
corncob

[7]

Not specified Pediococcus acidilactici 
KTU-05-7

Milk thistle seeds [8]

Not specified Bacillus licheniformis Wheat bran, soybean 
meal, yeast, fish meal

[9]

Sambacide Fusarium sambucinum B10.2 Potato [10]

γ-Decalactone Yarrowia lipolytica W29 
(ATCC 20460)

Luffa sponge, 
cellulose sponge, 
corncob, castor seed

[11]

Phenolic acids Pleurotus sapidus Sunflower seed hulls, 
golden rice straw and 
husks

[12]

Curcumin Trichoderma strains Turmeric [13]

Coumarins and oxylipins Aspergillus oryzae KCCM 
12698

Malt extract agar [14]

Phenolic compounds Lentinus edodes Cranberry pomace [15]

Phenolic compounds Trichoderma strains Commercial turmeric

Phenolic compounds Trichoderma strains Ginger powder [16]

Phenolic compounds Trichoderma reesei Garden cress seeds [17]

Phenolic compounds Aspergillus oryzae NCH 42 Chinese cucumber, 
Chinese sage, houpu 
magnolia, liquorice 
root

[18]

Phenolic compounds Bacillus clausii Spent coffee grounds 
(Arabica)

[19]

Anti-inflammatory agents

Phenolic compounds Trametes versicolor TV-6 Grape pomace [20]

Not specified Taiwanofungus camphoratus obtained by SSF [21]

Rutin Rhizopus oligosporus NRRL 
2710

Buckwheat groats [22]

Betulinic acid Inonotus obliquus The spent substrate 
of king oyster 
mushroom, grain 
including corn, rice 
grain, white birch and 
mulberry powder

[23]
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Name of the substance Microorganism Agricultural waste Reference

Phenolic compounds Xylaria nigripes Wheat bran [24]

limonene-1,2-diol, α-terpineol, 
(−)-carvone, α-tocopherol, 
dihydrocarveol and valencene

Diaporthe sp. (Phomopsis 
sp.)

Orange peel and 
bagasse

[25]

Phenolic compounds, lignans Pediococcus acidilactici 
LUHS29

Grounded barley 
by‐products

[26]

α-Pinene Saccharomyces cerevisiae 
AXAZ-1 and Kluyveromyces 
marxianus IMB3

Mixed solid and 
liquid food industry 
wastes

[27]

δ-Octalactone
γ-Undecalactone
γ-Dodecalactone
δ-Dodecalactone

Trichoderma viride 
EMCC-107

Dried and grounded 
sugarcane bagasse

[28]

cis-Linaloloxide,
Phenanthrene

Trichoderma viride Pers.
ex Fr.; Aspergillus niger van 
Tieghem

Pu-erh tea [29]

Various terpenes Antrodia camphorata Millet [30]

Neochlorogenic acid), 
chlorogenic acid, rutin, 
6″acetyl-glucoside

Aspergillus niger  
ATCC-6275
Rhizopus oligosporus 
ATCC-22959

Stones and pomace 
from fully ripened 
apricot

[31]

Quercetin and phenolic 
acids: gallic, vanillic, 
p-hydroxybenzoic, ferulic

Lactobacillus plantarum 
CECT 748 ATCC 14917

Cowpeas [32]

Phenolic compounds B. subtilis BCRC 14715 Black soybeans [33]

Daidzin, daidzein, genistin and 
genistein

Eurotium cristatum YL-1 Soybeans seeds [34]

Gallic acid Rhizopus oryzae (RO IIT 
RB-13, NRRL 21498)
Aspergillus foetidus 
(GMRB013 MTCC 3557)

Powdered fruits of 
Myrobalan and Teri 
pod

[35]

4-hydroxybenzoic acid, 
4-hydroxy-3-methoxybenzoic 
acid and unidentified 
compounds

Rhizopus oryzae RCK2012 Whole grain wheat [36]

3,4-di-hydroxybenzoic acid, 
ferulic acid, vanillic acid, 
quercetin

Aspergillus oryzae LBA01, 
A. niger LBA02

Lentil flour [37]

Immunosupresants

Mycophenolic acid Penicillium brevicompactum 
DSM 2215

Rice bran-potato peel 
mixture

[38]

Mycophenolic acid Penicillium brevicompactum 
ATCC 16024 (AFI 668)

Pearl barley [39]

Mycophenolic acid Penicillium brevicompactum 
ATCC 16024

Wheat bran [40]

Mycophenolic acid Penicillium brevicompactum 
MTCC 8010

Rice bran [41]

Mycophenolic acid Penicillium brevicompactum 
(various strains)

Various agricultural 
waste

[42]

Mycophenolic acid Penicillium roqueforti 
(AG101 and LG109)

Sugarcane bagasse [43]
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Diaporthe sp. (Phomopsis 
sp.)

Orange peel and 
bagasse

[25]

Phenolic compounds, lignans Pediococcus acidilactici 
LUHS29

Grounded barley 
by‐products

[26]

α-Pinene Saccharomyces cerevisiae 
AXAZ-1 and Kluyveromyces 
marxianus IMB3

Mixed solid and 
liquid food industry 
wastes

[27]

δ-Octalactone
γ-Undecalactone
γ-Dodecalactone
δ-Dodecalactone

Trichoderma viride 
EMCC-107

Dried and grounded 
sugarcane bagasse

[28]

cis-Linaloloxide,
Phenanthrene

Trichoderma viride Pers.
ex Fr.; Aspergillus niger van 
Tieghem

Pu-erh tea [29]

Various terpenes Antrodia camphorata Millet [30]

Neochlorogenic acid), 
chlorogenic acid, rutin, 
6″acetyl-glucoside

Aspergillus niger  
ATCC-6275
Rhizopus oligosporus 
ATCC-22959

Stones and pomace 
from fully ripened 
apricot

[31]

Quercetin and phenolic 
acids: gallic, vanillic, 
p-hydroxybenzoic, ferulic

Lactobacillus plantarum 
CECT 748 ATCC 14917

Cowpeas [32]

Phenolic compounds B. subtilis BCRC 14715 Black soybeans [33]

Daidzin, daidzein, genistin and 
genistein

Eurotium cristatum YL-1 Soybeans seeds [34]

Gallic acid Rhizopus oryzae (RO IIT 
RB-13, NRRL 21498)
Aspergillus foetidus 
(GMRB013 MTCC 3557)

Powdered fruits of 
Myrobalan and Teri 
pod

[35]

4-hydroxybenzoic acid, 
4-hydroxy-3-methoxybenzoic 
acid and unidentified 
compounds

Rhizopus oryzae RCK2012 Whole grain wheat [36]

3,4-di-hydroxybenzoic acid, 
ferulic acid, vanillic acid, 
quercetin

Aspergillus oryzae LBA01, 
A. niger LBA02

Lentil flour [37]

Immunosupresants

Mycophenolic acid Penicillium brevicompactum 
DSM 2215

Rice bran-potato peel 
mixture

[38]

Mycophenolic acid Penicillium brevicompactum 
ATCC 16024 (AFI 668)

Pearl barley [39]

Mycophenolic acid Penicillium brevicompactum 
ATCC 16024

Wheat bran [40]

Mycophenolic acid Penicillium brevicompactum 
MTCC 8010

Rice bran [41]

Mycophenolic acid Penicillium brevicompactum 
(various strains)

Various agricultural 
waste

[42]

Mycophenolic acid Penicillium roqueforti 
(AG101 and LG109)

Sugarcane bagasse [43]
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Name of the substance Microorganism Agricultural waste Reference

Cyclosporin A Tolypocladium inflatum 
MTCC 557

Hydrolysed wheat 
bran flour and 
coconut oil cake

[44]

Cyclosporin A Tolypocladium inflatum 
MTCC 557

Wheat bran flour and 
coconut oil cake

[45]

Cyclosporin A Tolypocladium inflatum 
ATCC 34921

Wheat bran [46]

Cyclosporin A Tolypocladium inflatum 
DRCC 106 (mutated srain)

Wheat bran [47]

Cyclosporin A Tolypocladium sp. Wheat bran [48]

Tacrolimus Streptomyces hygroscopicus Various agricultural 
waste

[49]

Anticoagulant agents

Halotolerant chitinase Citrobacter freundii str. nov. 
haritD11

Wheat bran with fish 
scale

[50]

Halotolerant Chitinase Citrobacter freundii str. nov. 
haritD11

Wheat bran with 
shrimp shellfish

[51]

Fibrynolytic enzyme Bacillus amyloliquefaciens 
LSSE-62

Chickpeas [52]

Fibrinolytic enzyme Bacillus sp. IND6 Wheat bran [53]

Fibrinolytic enzyme Bacillus sp. IND12 Cow dung [54]

Nattokinase Bacillus subtilis natto Soybean [55]

Fibrinolytic enzyme Bacillus subtilis XZI125 Soybean meal [56]

Fibrinolytic enzyme Bacillus subtilis WR350 Corn steep [57]

Fibrinolytic enzyme Bacillus halodurans IND18 Wheat bran [58]

Fibrinolytic enzyme Bacillus cereus GD55 Apple pomace [59]

Fibrinolytic enzyme Bacillus cereus IND5 Cuttle fish waste and 
cow dung

[60]

Fibrinolytic enzyme Paenibacillus sp. IND8 Wheat bran [61]

Fibrinolytic enzyme Pseudoalteromonas sp. 
IND11

Sun-dried cow dung [62]

Fibrinolytic enzyme Xanthomonas oryzae IND3 Cow dung [63]

Fibrinolytic enzyme Bacillus firmus NA-1 Soybean grits [64]

Fibrinolytic enzyme Mucor subtillissimus UCP 
1262

Wheat bran [65]

Fibrinolytic enzyme Fusarium oxysporum Rice chaff [66]

Fibrinolytic enzyme Fusarium oxysporum Rice chaff [67]

Anticancer agents

Short chain fatty acids Aspergillus kawachii KCCM 
32819

Silkworm larvae 
powder

[68]

Putative phytoestrogen Aspergillus fumigatus F-993 
or A. awamori FB-133

Defatted soybean [69]

Andrastin A and C Penicillium expansum 
KACC 40815

Malt extract agar [70]

Table 1. 
Examples of substances produced by solid state fermentation that could be used in healthcare.
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polyphenols and short chain fatty acids. We also described main groups of micro-
organisms that were involved in cited studies and compared various approaches for 
optimising SSF.

2. Main properties of substances obtained from SSF

2.1 Antimicrobial properties

In the majority of cited studies (Table 1) authors did not verify which par-
ticular compound contributed to antimicrobial properties. In most of cases they 
concluded that polyphenols contributed to that phenomenon [13, 15–19] because in 
comparison to control groups, extracts obtained after SSF demonstrated stronger 
antimicrobial effects containing more phenolic compounds (PC) at the same time. 
In the paper written by Mohamed et al. [13, 72] authors did not carry out detailed 
qualitative and quantitative analysis of fungal metabolites – they assumed that only 
curcumin would be the substance demonstrating antibacterial properties.

Some studies involved detailed analysis of polyphenol profiles and authors 
assigned antibacterial and antifungal properties to phenolic acids which concentra-
tion was increased by Pleurotus sapidus [12]. Others indicated that antimicrobial 
activity was achieved due to the occurrence of coumarins and oxylipins detected 
in post-fermentation extracts when Aspergillus oryzae KCCM 12698 was used for 
SSF [14]. Kaaniche et al. [2] additionally analysed structures of obtained bioactive 
compounds and they proved that four most potent antimicrobials produced by 
Streptomyces cavourensis TN638 were macrotetrolides. Similar approach was applied 
to identify antimicrobial compounds produced by Fusarium sambucinum B10.2 and 
proved it was sambacide [10]. When surfactants produced by various Bacillus strains 
were tested for antimicrobial properties, researchers additionally tested their prop-
erties like emulsification activities [4] or tensioactive activity [5]. Except for latest 
reports regarding surfactin, we did not include antibiotics in our chapter because 
currently there are various resistant strains so some alternatives are required.

The majority of identified antimicrobial compounds demonstrated activity 
equal to [2, 13, 17] or greater [10, 13, 15, 16] than well-known antibiotics. In some 
cases authors did not provide results for control samples so it was not possible to 
assess how those substances were effective, however, inhibition zones in diffusion 
disk method were very prominent [4, 9, 14, 15]. In other studies MIC (Minimum 
Inhibitory Concentration) of extracted substances were not higher than for antibi-
otics, however, since those substances were obtained from agricultural waste which 
is a cost effective substrate, they still could be considered as potential antimicrobi-
als [2, 12, 18, 19]. Only metabolites produced by Pediococcus acidilactici KT-05-7 
demonstrated very weak antimicrobial properties [8].

2.2 Anti-inflammatory agents

Anti-inflammatory properties of terpenoids were already described in vari-
ous reviews [73, 74] but they were not investigated in cited papers so we did not 
discuss obtained results. It is worth mentioning that each extract obtained after SSF 
contained at least one compound that could demonstrate such activity: lactones 
which were produced by Trichoderma viride EMCC-107 [28]; limonene-1,2-diol, 
α-terpineol, (−)-carvone, α-tocopherol produced by Diaporthe sp. KY113119 [25]; 
1-terpineol, L-linalool produced by Antrodia camphorata [30]; betulinic acid – 
Inonotus obliquus and [23]; α-pinene produced by Saccharomyces cerevisiae AXAZ-1 
and Kluyveromyces marxianus IMB3 [27].
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Name of the substance Microorganism Agricultural waste Reference
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Wheat bran [47]

Cyclosporin A Tolypocladium sp. Wheat bran [48]

Tacrolimus Streptomyces hygroscopicus Various agricultural 
waste

[49]

Anticoagulant agents

Halotolerant chitinase Citrobacter freundii str. nov. 
haritD11

Wheat bran with fish 
scale

[50]

Halotolerant Chitinase Citrobacter freundii str. nov. 
haritD11

Wheat bran with 
shrimp shellfish

[51]

Fibrynolytic enzyme Bacillus amyloliquefaciens 
LSSE-62

Chickpeas [52]

Fibrinolytic enzyme Bacillus sp. IND6 Wheat bran [53]

Fibrinolytic enzyme Bacillus sp. IND12 Cow dung [54]
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[60]
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Fibrinolytic enzyme Pseudoalteromonas sp. 
IND11

Sun-dried cow dung [62]

Fibrinolytic enzyme Xanthomonas oryzae IND3 Cow dung [63]

Fibrinolytic enzyme Bacillus firmus NA-1 Soybean grits [64]

Fibrinolytic enzyme Mucor subtillissimus UCP 
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Short chain fatty acids Aspergillus kawachii KCCM 
32819

Silkworm larvae 
powder

[68]
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Defatted soybean [69]
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polyphenols and short chain fatty acids. We also described main groups of micro-
organisms that were involved in cited studies and compared various approaches for 
optimising SSF.

2. Main properties of substances obtained from SSF

2.1 Antimicrobial properties

In the majority of cited studies (Table 1) authors did not verify which par-
ticular compound contributed to antimicrobial properties. In most of cases they 
concluded that polyphenols contributed to that phenomenon [13, 15–19] because in 
comparison to control groups, extracts obtained after SSF demonstrated stronger 
antimicrobial effects containing more phenolic compounds (PC) at the same time. 
In the paper written by Mohamed et al. [13, 72] authors did not carry out detailed 
qualitative and quantitative analysis of fungal metabolites – they assumed that only 
curcumin would be the substance demonstrating antibacterial properties.

Some studies involved detailed analysis of polyphenol profiles and authors 
assigned antibacterial and antifungal properties to phenolic acids which concentra-
tion was increased by Pleurotus sapidus [12]. Others indicated that antimicrobial 
activity was achieved due to the occurrence of coumarins and oxylipins detected 
in post-fermentation extracts when Aspergillus oryzae KCCM 12698 was used for 
SSF [14]. Kaaniche et al. [2] additionally analysed structures of obtained bioactive 
compounds and they proved that four most potent antimicrobials produced by 
Streptomyces cavourensis TN638 were macrotetrolides. Similar approach was applied 
to identify antimicrobial compounds produced by Fusarium sambucinum B10.2 and 
proved it was sambacide [10]. When surfactants produced by various Bacillus strains 
were tested for antimicrobial properties, researchers additionally tested their prop-
erties like emulsification activities [4] or tensioactive activity [5]. Except for latest 
reports regarding surfactin, we did not include antibiotics in our chapter because 
currently there are various resistant strains so some alternatives are required.

The majority of identified antimicrobial compounds demonstrated activity 
equal to [2, 13, 17] or greater [10, 13, 15, 16] than well-known antibiotics. In some 
cases authors did not provide results for control samples so it was not possible to 
assess how those substances were effective, however, inhibition zones in diffusion 
disk method were very prominent [4, 9, 14, 15]. In other studies MIC (Minimum 
Inhibitory Concentration) of extracted substances were not higher than for antibi-
otics, however, since those substances were obtained from agricultural waste which 
is a cost effective substrate, they still could be considered as potential antimicrobi-
als [2, 12, 18, 19]. Only metabolites produced by Pediococcus acidilactici KT-05-7 
demonstrated very weak antimicrobial properties [8].

2.2 Anti-inflammatory agents

Anti-inflammatory properties of terpenoids were already described in vari-
ous reviews [73, 74] but they were not investigated in cited papers so we did not 
discuss obtained results. It is worth mentioning that each extract obtained after SSF 
contained at least one compound that could demonstrate such activity: lactones 
which were produced by Trichoderma viride EMCC-107 [28]; limonene-1,2-diol, 
α-terpineol, (−)-carvone, α-tocopherol produced by Diaporthe sp. KY113119 [25]; 
1-terpineol, L-linalool produced by Antrodia camphorata [30]; betulinic acid – 
Inonotus obliquus and [23]; α-pinene produced by Saccharomyces cerevisiae AXAZ-1 
and Kluyveromyces marxianus IMB3 [27].
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In the case of polyphenols we took the same approach – we only summarised the 
research that investigated anti-inflammatory properties of extracts obtained after 
SSF. When grape pomace was treated with Trametes versicolor TV-6 the concentra-
tion of phenolic acids, flavan-3-ols and rutin increased while the concentration of 
anthocyanins decreased. Those changes resulted in enhanced anti-inflammatory 
activity of obtained extracts which was measured by the inhibition of 5-lipoxy-
genase and hyaluronidase [20]. Also polyphenols produced by Xylaria nigripes 
demonstrated enhanced anti-inflammatory properties which were verified by the 
inhibition of cyclooxygenase-2 [24]. Additionally, in both cases, obtained extracts 
demonstrated neuroprotective properties. Studies carried out by Yin et al. [75] dem-
onstrated that A. niger was able to release ferulic acid bound to various polysaccha-
rides in the wheat bran. Obtained substances exhibited stronger anti-inflammatory 
activity than that of free ferulic acid which probably took place due to the presence 
of accompanying compounds in obtained extracts. Moreover, those released 
compounds could significantly inhibit intracellular malondialdehyde formation and 
the LPS-induced inflammation. It is difficult to assess which extracts demonstrated 
greater activity because authors of all abovementioned studies used different way to 
express results – the provided IC50 values or % of inhibition.

In the majority of cited papers anti-inflammatory properties of extracts contain-
ing polyphenols were not verified despite the fact that there were some compounds 
among them which demonstrate such activity [76, 77]. Research mainly focused 
on antioxidant properties [20, 22, 23, 31]. This applies to various studies involving 
organisms providing increase of particular phenolic compounds: Rhizopus oli-
gosporus NRRL 2710 – rutin [22], Prunus armeniaca L – cinnamic acids and selected 
flavonols [31]; Lactobacillus plantarum CECT 748 – hydroxybenzoic acids and 
flavonols [78]; Eurotium cristatum YL-1 – isoflavones (daidzin, daidzein, genistin 
and genistein) [34]; Rhizopus oryzae and Aspergillus foetidus – tannins [35]; Rhizopus 
oryzae RCK2012 – phenolic acids [36]; Aspergillus oryzae LBA01 – 3,4-di- hydroxy- 
benzoic acid, ferulic acid, vanillic acid and quercetin [37].

2.3 Immunosuppressants

Immunosuppressants could be obtained by SSF as well. It seems that one of 
the most common substance which was detected in studies involving SSF is myco-
phenolic acid (MA, Table 1). It works as a blocker in producing precursors for the 
synthesis of RNA and DNA, so as the result it blocks proliferative response of T 
and B lymphocytes [79]. In the research that involved SSF, authors did not verify 
properties of the obtained MA.

Another substance belonging to that group, classified as calcineurin inhibitor 
[80], is cyclosporin A (CA). This substance is used not only in transplant patients 
but also in treatment of glomerular disease. CA prevents calcineurin-dependent 
transcription in activated T cells. Based on studies that were aiming to produce 
CA we concluded that authors did not verify properties or safety of obtained 
substances but they focused on various methods for its extraction and purification. 
They mostly used butyl acetate [44, 48] or ethyl acetate [47]. Tacrolimus could be 
also produced by SSF by Streptococcus hygroscopicus. The whole process of bacterial 
cultivation and the extraction of that compounds was covered by the patent [49].

2.4 Anticoagulants

Another group of substances that could be produced by SSF is anticoagulants. 
Blood coagulation is a physiological process, which consists of a series of coagula-
tion factors and proteolytic activation steps, which lead to the production of 
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thrombin – the main coagulation enzyme. The majority of research was focused on 
fibrinolytic enzymes (FE, Table 1) – subtilisin, however, in one case it was nattoki-
nase [55]. In the majority of cited papers authors verified anticoagulant properties 
of obtained enzymes and they used different methods – some of them applied spec-
trophotometric method which measured the increase of turbidity at 275 nm caused 
by added enzyme [53, 54, 58, 60, 62, 65] and others measured zones of clearance in 
solid media containing fibrinogen [64, 66, 67].

Another compound which could be considered as a putative anticoagulant is 
halotolerant chitinase. Its properties were confirmed [50, 51] by testing how this 
enzyme could dissolve fibrin in time. Moreover, Meruvu et al. [51] showed that it 
held antifungal activity.

2.5 Anticancer agents

Terpenoids are well-known for their cytotoxic activity and there were various 
studies investigating such activity against cancer cells. Anticancer mechanism of 
terpene or essential oils that contain them was described in various review papers 
[81–83]. Several compounds belonging to that class could be obtained by SSF 
(Table 1): limonene from orange waste [25]; linalool, geraniol and β-caryophyllene 
from millet [28, 30]; andrastin A and C on malt extract agar [70]. Properties of 
extracts that contained those and other terpenoids were not investigated in cited 
papers so we decided not to discuss that aspect in the current chapter.

Another group of bioactive compounds which was shown to hold anticancer 
activity is polyphenols [84, 85]. The following substances occurred in cited reviews 
and studies that we summarised in Table 1: cinnamic acids [22], daidzein and 
genistein [86], quercetin [35, 87], and tannins [34]. Since authors of cited research 
papers (Table 1) did not test obtained extracts against those properties, we did not 
discuss that phenomenon.

In the study of Cho et al. (2019) authors demonstrated that fatty acids detected 
in extracts obtained from silkworm larvae powder fermented by Aspergillus kawachii 
demonstrated such activity against human hepatocellular carcinoma [68]. It was 
shown that fermentation increased concentration of those compounds, especially 
oleic and linoleic acids. This phenomenon took place due to the enhancement of cell 
apoptosis and suppression of protein responsible for preventing the apoptosis. The 
value of that research is particularly significant because so far, polyunsaturated fatty 
acids (PUFAs) attracted most attention in the context of colorectal cancer [87].

3.  Groups of microorganisms demonstrating greatest potential for the 
production of health-promoting properties in SSF

3.1 Bacillus genus

It was demonstrated that the representatives of the Bacillus genus were able to 
produce fibrinolytic enzymes by SSF [52–58, 60]. That ability is mostly assigned 
to the expression of fibE gene which encodes enzyme called subtilisin [88] which 
solubilises blood clots. Gene expression was not investigated in cited papers so the 
ability to produce those enzymes by tested strains could be the result of other genes 
expression.

Bacillus genus is successfully used in solid-state fermentation to improve antimi-
crobial activity of fermented food. Rochín-Medina et al. [19] who tried to determine 
optimal bioprocessing conditions for SSF of spent coffee grounds by Bacillus 
clausii achieved increase of flavonoid and total phenolic contents by 13 and 36%, 
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In the case of polyphenols we took the same approach – we only summarised the 
research that investigated anti-inflammatory properties of extracts obtained after 
SSF. When grape pomace was treated with Trametes versicolor TV-6 the concentra-
tion of phenolic acids, flavan-3-ols and rutin increased while the concentration of 
anthocyanins decreased. Those changes resulted in enhanced anti-inflammatory 
activity of obtained extracts which was measured by the inhibition of 5-lipoxy-
genase and hyaluronidase [20]. Also polyphenols produced by Xylaria nigripes 
demonstrated enhanced anti-inflammatory properties which were verified by the 
inhibition of cyclooxygenase-2 [24]. Additionally, in both cases, obtained extracts 
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onstrated that A. niger was able to release ferulic acid bound to various polysaccha-
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of accompanying compounds in obtained extracts. Moreover, those released 
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properties of the obtained MA.

Another substance belonging to that group, classified as calcineurin inhibitor 
[80], is cyclosporin A (CA). This substance is used not only in transplant patients 
but also in treatment of glomerular disease. CA prevents calcineurin-dependent 
transcription in activated T cells. Based on studies that were aiming to produce 
CA we concluded that authors did not verify properties or safety of obtained 
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They mostly used butyl acetate [44, 48] or ethyl acetate [47]. Tacrolimus could be 
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thrombin – the main coagulation enzyme. The majority of research was focused on 
fibrinolytic enzymes (FE, Table 1) – subtilisin, however, in one case it was nattoki-
nase [55]. In the majority of cited papers authors verified anticoagulant properties 
of obtained enzymes and they used different methods – some of them applied spec-
trophotometric method which measured the increase of turbidity at 275 nm caused 
by added enzyme [53, 54, 58, 60, 62, 65] and others measured zones of clearance in 
solid media containing fibrinogen [64, 66, 67].

Another compound which could be considered as a putative anticoagulant is 
halotolerant chitinase. Its properties were confirmed [50, 51] by testing how this 
enzyme could dissolve fibrin in time. Moreover, Meruvu et al. [51] showed that it 
held antifungal activity.

2.5 Anticancer agents

Terpenoids are well-known for their cytotoxic activity and there were various 
studies investigating such activity against cancer cells. Anticancer mechanism of 
terpene or essential oils that contain them was described in various review papers 
[81–83]. Several compounds belonging to that class could be obtained by SSF 
(Table 1): limonene from orange waste [25]; linalool, geraniol and β-caryophyllene 
from millet [28, 30]; andrastin A and C on malt extract agar [70]. Properties of 
extracts that contained those and other terpenoids were not investigated in cited 
papers so we decided not to discuss that aspect in the current chapter.

Another group of bioactive compounds which was shown to hold anticancer 
activity is polyphenols [84, 85]. The following substances occurred in cited reviews 
and studies that we summarised in Table 1: cinnamic acids [22], daidzein and 
genistein [86], quercetin [35, 87], and tannins [34]. Since authors of cited research 
papers (Table 1) did not test obtained extracts against those properties, we did not 
discuss that phenomenon.

In the study of Cho et al. (2019) authors demonstrated that fatty acids detected 
in extracts obtained from silkworm larvae powder fermented by Aspergillus kawachii 
demonstrated such activity against human hepatocellular carcinoma [68]. It was 
shown that fermentation increased concentration of those compounds, especially 
oleic and linoleic acids. This phenomenon took place due to the enhancement of cell 
apoptosis and suppression of protein responsible for preventing the apoptosis. The 
value of that research is particularly significant because so far, polyunsaturated fatty 
acids (PUFAs) attracted most attention in the context of colorectal cancer [87].

3.  Groups of microorganisms demonstrating greatest potential for the 
production of health-promoting properties in SSF

3.1 Bacillus genus

It was demonstrated that the representatives of the Bacillus genus were able to 
produce fibrinolytic enzymes by SSF [52–58, 60]. That ability is mostly assigned 
to the expression of fibE gene which encodes enzyme called subtilisin [88] which 
solubilises blood clots. Gene expression was not investigated in cited papers so the 
ability to produce those enzymes by tested strains could be the result of other genes 
expression.

Bacillus genus is successfully used in solid-state fermentation to improve antimi-
crobial activity of fermented food. Rochín-Medina et al. [19] who tried to determine 
optimal bioprocessing conditions for SSF of spent coffee grounds by Bacillus 
clausii achieved increase of flavonoid and total phenolic contents by 13 and 36%, 
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respectively. SSF also enhanced antibacterial activity of obtained extracts. That 
phenomenon could be explained by the fact that Bacillus sp. strains could metabo-
lise fibre which releases phenolic compounds as a result of lignocellulolytic activity, 
and demonstrate strong correlation between the increase of phenolic compounds 
and the synthesis of cellulases and pectinases [19]. Those enzymes can break down 
plant cell wall components which leads to the hydrolysis of ester bonds that bind 
phenolic compounds [19].

The representatives of the Bacillus genus are able to produce surfactants as well 
(Table 1). There are various enzymes involved in the production of surfactin which 
form multienzyme peptide synthetase complex. One of those proteins is Srf (which 
consists of three units A, B and C). There are also two other genes involved in that 
process – sfp and comX. However, the role and interactions of protein and genes was 
described in more details in other review papers [89], therefore, we did not discuss 
that phenomenon in details.

3.2 Other bacteria

There are also other bacteria that were tested against the production of sub-
stances holding the potential for application in healthcare. For instance, there are 
several species that are able to produce fibrinolytic enzymes which could serve 
as potential anticoagulants: Paenibacillus sp. IND8 [61], Pseudoalteromonas sp. 
IND11 [62], Xanthomonas oryzae IND3 [63] or Citrobacter freundii nov. haritD11 
[50, 51]. In the case of Paenibacillus its ability for producing such enzymes could 
be assigned to the expression of PPFE-I gene [90]. It seems that the synthesis of 
protein encoded by that gene could be stimulated by Zn2+, Mg2+ and Fe+ so the 
concentration of these ions could be considered in future studies focusing on 
optimisation of enzyme production. In the case of Citrobacter freundii, molecular 
mechanism seems much simpler because so far, only chiX gene was assigned to its 
ability for chitinase production [91]. It is still unclear which genes are involved 
in the production of anticoagulant agent by Pseudoalteromonas or Xanthomonas 
oryzae so it is an aspect that could be investigated in the future, since the quantity 
of the enzyme was very prominent – up to 1,388 U/ml.

It was also demonstrated that Streptococcus hygroscopicus is able to produce 
immunosuppressant in SSF based on agricultural waste with added supplements 
[49] and it seems that aroA, fkbN, and luxR genes are mostly responsible for that 
phenomenon [92]. On the other hand, molecular mechanisms standing behind the 
ability of Yarrowia lipolytica W29 (ATCC 20460) to produce γ-decalactone [11] which 
analogues demonstrate antiviral and antifungal properties [93] is simpler because it 
involves only POX2 overexpression [94]. Similarly, in the case of Lactobacillus planta-
rum CECT 748 [95] which increased the concentration of particular phenolic com-
pounds, probably only est_1092 gene was involved – it encodes phenolic esterase [96].

None of the cited paper evaluated molecular mechanisms involved in processes 
carried out by tested strains.

3.3 Fungi

The majority of research involving SSF is carried out with various fungi 
(Table 1). Many of analysed examples focused on the increase of phenolic com-
pounds. One of the genera which were involved in that process was Trichoderma 
[13, 16, 17]. Those fungi are known to produce cellulolytic, ligninolytic and xyl-
anolytic enzymes [97] and it has been demonstrated in other studies that cellulase 
could significantly increase concentrations of various polyphenols e.g. caffeic 
acid, vanillin, p-coumaric acid, and ferulic acid [98]. In fact, similar strategies 
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might apply to Aspergillus spp. [22, 37, 99] because representatives of that genus 
could produce enzymes demonstrating such activities [98] as well. Rhizopus 
oryzae [36, 100] synthesises cellulase, xylanase and pectinase [101]. Other fungi 
applied in other cited studies could produce the following enzymes that partici-
pate in polyphenol increase: Lentinus edodes [15] – xylanase and cellulase [102], 
Pleurotus sapidus – ligninolytic enzymes [12], Trametes versicolor  
TV-6 – β-glucosidase [20].

Genetic background of the synthesis of abovementioned enzymes by 
Trichoderma spp. and Aspergillus spp. was revised by Amore et al. [103] while 
in the case of R. oryzae and P. chrysopsorium it was described by Battaglia et al. 
[104] so we did not provide details of those processes, especially that many 
genes are involved.

There are also some fungi which could be natural sources of polyphenols: 
Taiwanofungus camphoratus [21], Inonotus obliquus [23], and Xylaria nigripes [24]. In 
all cases SSF increased their anti-inflammatory properties by increasing concentra-
tion of particular phenolic compounds which could also originate from substrates 
that were used for their cultivation and those were: spent substrate of Pleurotus 
eryngii, sunflower seed hulls, corn and rice grain, white birch and mulberry in the 
case of I. obliqus; wheat bran in the case of X. nigripes.

Another significant group of bioactive compounds which concentration was 
increased by SSF was terpenes (Table 1) and those processes were carried out by 
various fungi: Fusarium sambucinum B10 [10], Penicillium expansum KACC 40815 
[70], Diaporthe sp. KY113119 [25], Antrodia camphorata [30], Saccharomyces 
cerevisiae AXAZ-1 and Kluveromyces marxianus IMB3 [27], Trichoderma viride 
EMCC-107 [28], and Aspergillus niger van Tieghem [29]. A. camphorate is the 
natural source of terpenes and their concentration was increased by selecting 
millet as the main substrate for SSF. K. marxianus and S. cerevisiae could prob-
ably increase the concentration of tested compounds by releasing terpenes from 
their glycosidic forms by β-glucosidases. In the case of Fusarium spp., Aspergillus 
spp. and Penicillium spp. it was demonstrated that those genera could produce 
several sesquiterpene synthases [105]. As in the case of polyphenols, molecular 
background of terpene transformations are very complex so we decided not to 
describe it in the current chapter, but refer to the review of Quin et al. [105] 
instead. It must be highlighted that except for the study regarding P. expansum 
KACC 40815 demonstrating that terpenoid cyclase was mostly involved in 
described processes [70], none of the authors investigated enzymatic activity 
during terpene transformation nor determined gene expression.

Based on cited papers it might be stated that Penicillium brevicopactum is most 
common in the research regarding production of mycophenolic acid in SSF [38–43]. 
Those fungi produce polyketide synthase encoded by mpaC gene along with other 
enzymes such us: protein transacylase, β- ketoacylsynthase, acyltransferase, acyl 
carrier protein, and methyltransferase (MT) domains [106]. There is another taxon 
which is able to produce immunosuppressants, namely cyclosporin A, and it is 
Tolypocladium inflatum [44–48] which has got nonribosomal peptide synthetase 
that encodes for cyclosporin synthetase (simA gene) [107].

Mucor subtilissimus UCP 1262 [65] and Fusarium oxysporum [66, 67] were shown 
to produce fibrinolytic enzymes. It has been already demonstrated that FP gene is 
responsible for encoding fibrinolytic protease in Fusarium sp. [108] but in the case 
of Mucor sp. it remains unknown. Molecular background of A. kawachii KCCM 
32819 production of short chain fatty acids could be the same as for A. nidulans and 
other filamentous ascomycetes – farB gene is mostly responsible for that ability, 
however, farA participates as well [109]. Genetic background of biosurfactant 
production in moulds is still unknown.
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3.4 Modified strains

It has been demonstrated that in some cases the yield of microbial metabolites 
significantly increased when the strain was subjected to gamma ray – it increased 
the quantity of obtained mycophenolic acid produced by two strains of Penicillium 
requeforti [43] in comparison of other cited studies which involved unmodified 
Penicillium brevicompactum [39, 41]. On the other hand, UV radiation was used for 
the modification of Tolypocladium inflatum which was used for the production of 
Cyclosporin A [47], however, in the case of that substance there were other studies 
which resulted in much higher yields [44, 45].

4. Optimisation of SSF conditions

One of the approaches that were applied for the optimisation of the concentra-
tion of bioactive substances by SSF is to provide pre-treatment to the main sub-
strate. Heat-treatment was one of the main methods e.g. autoclaving, moistening 
in boiling water, cooking with deionised water, drying, freezing, freeze-drying, 
vacuum-drying and roasting. It inactivates native microorganisms and enzymes.

Once the main substrate is prepared, there are other experimental conditions 
that need to be optimised. In cited papers the major factor contributing to obtained 
results was moisture which was at least 50% [69, 110]. The next crucial factor 
was medium composition. In few cases authors used solid media commonly used 
for the cultivation of microorganisms [2, 70]. However, in the majority of cases 
authors added some nutrients to agricultural waste to provide better results of 
releasing bioactive compounds. In the case of mycophenolic acid produced P. brevi-
compactum MTCC 8010 from rice bran those supplements were: peptone, KH2PO4, 
glycine and methionine [41]. On the other hand, in the case of P. brevicompactum 
ATCC 16024, the addition of mannitol or (NH4)2HPO4 to pearl barley did not 
enhance the MA synthesis [39]. Surprisingly, the quantity of MA was higher in the 
latter case – 5.47 g/kg of the substrate in comparison to 4.5 g/kg under optimised 
conditions. It seems that pearl barley has got chemical composition which is more 
preferable for obtaining MA.

On the other hand, Plackett-Burman design was applied for the optimisation of 
cyclosporin A production by Tolypocladium inflatum MTCC 557 which resulted in 
8,166 mg/kg [45] which is 1.26-fold higher than in studies carried out by Survase 
et al. [44, 45] who applied the same fungal strain or even 45.62-fold higher than 
reported by Nisha and Ramasamy [46] who used T. inflatum ATTC 34921 strain. 
In the last study authors firstly used Plackett-Burman design for the selection of 
nutrients and later on, they used half-factorial central composite rotatable design 
(CCRD) of response surface methodology (RSM) to select optimum concentra-
tions of those substances which resulted in more than 10-fold increase of tested 
compound [47].

When the production of fibrinolytic enzyme was optimised with RSM, its 
activity increased 3 times in the case of Pseudoalteromonas sp. IND11 [62]; 4 times in 
the case of Xanthomonas oryzae sp. IND3 [63]; while when central composite design 
(CCD) was used, 4.5-fold increase was noted when Paenibacillus sp. IND8 was used 
[61]. In the case of Xanthomonas oryzae sp. IND3, CCD was additionally used for 
estimating optimal values of the following variables: sucrose, yeast extract, and pH 
of the medium [63]. Among all mentioned microorganisms Paenibacillus sp. IND8 
produced greatest quantities of the enzyme – 4,418 U/ml.

Various Bacillus strains were used for the production of fibrinolytic 
enzyme (Table 1) and those proved to be more efficient enzyme producer 
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that abovementioned bacteria. When authors used two-level factorial design 
in the case of Bacillus sp. IND12 examining the impact of moisture, sucrose, 
and MgSO4 levels added to the cow dung, maximum enzyme activity reached 
4,143 U/g [54]. Further, orthogonal design (corn steep powder, sucrose and 
MgSO4 · 7H2O) provided even greater enzyme activity (5,865 U/ml) in 100 l 
fermenter when applying Bacillus subtilis WR350 [57]. However, the greatest 
activity was achieved when Bacillus halodurans IND18 was used. It produced 
6,851 U/g when two-level full factorial design was applied and the optimum 
conditions were as follows: 1% peptone, 80% moisture and pH 8.32, using wheat 
bran as the main substrate [58].

Ghribi et al. [4] took a different approach for the optimisation of surfactin 
production – firstly, authors applied Plackett-Burman design to assess which of the 
five variables were the most important and then they optimised the process with 
CCD involving three selected variables. They found parameters (temperature – 
37°C, inoculum age – 14 h, and moisture – 88%) that were the most favourable for 
the production of surfactin and increased its yield by 2-fold (up to 2 g/l). Sun et al. 
[3, 111] carried out step-by-step optimisation and found out that the addition of 
attapulgite by 1.96-fold (4.3782 g/kg). This would suggest that B. natto NT-6 was the 
most suitable for that application among all tested strains.

Optimization of halotolerant chitinase was carried out using RSM –Box Behnken 
method which involved Citrobacter freundii and that process slightly improved 
enzyme production in comparison to initial optimisation experiments from 
112.43 U/g dry substance to 124.73 U/g dry substance [51]. That optimisation was 
mainly focused on the ratio of main substrates (wheat bran and shrimp shellfish), 
temperature and moisture content. Similarly, minor changes were observed when 
wheat bran and powdered fish scales were used for the statistical optimisation of 
chitinase production [50].

5. Conclusions

Solid-state fermentation could provide various substances useful in health-
care: antimicrobials, immunosuppressants, anticoagulants, substances holding 
anti-inflammatory properties and anticancer agents. It seems that polyphenols 
and terpenes are especially versatile in their applications. The majority of studies 
involved various fungi mainly due to their enzymatic activity which supports the 
release of bioactive compounds from agricultural waste. Molecular mechanisms 
of those processes are usually very complex; however, they remain unknown for 
some fungi. Further studies are necessary to assess which genes could be expressed 
during those processes because those could be used for modification of microorgan-
isms to increase their yield. It is also important to bear in mind that SSF requires the 
presence of various supplements and fermentation could be optimised by statistical 
tools, especially Response Surface Methodology and Central Composite Design. In 
some cases step-by-step optimisation could be sufficient.
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Chapter 19

Microalgae: The Multifaceted 
Biomass of the 21st Century
Donald Tyoker Kukwa and Maggie Chetty

Abstract

Microalgae are unicellular, eukaryotic organisms which possess unique  qualities 
of replication, producing biomass as a precursor for biofuels, nutraceuticals, 
biofertilizer, and fine chemicals including hydrocarbons. Microalgae access nitrates 
and phosphates in wastewater from municipalities, industries, and agricultural pro-
cesses to grow. Wastewater is, therefore, culture media for microalgae, and provides 
the needed nutrients, micronutrients, inorganic and organic pollutants to produce 
microalgae biomass. Suitable strains of microalgae cultivated under mesophilic 
conditions in wastewater with optimized hydrodynamics, hydraulic retention time 
(HRT), luminous intensity, and other co-factors produce biomass of high specific 
growth rate, high productivity, and with high density. The hydrodynamics are 
determined using a range of bioreactors from raceway ponds, photobioreactors to 
hybrid reactors. Carbon dioxide is used in the photosynthetic process, which offers 
different growth stimuli in the daytime and the night-time as the microalgae culti-
vation technique is navigated between autotrophy, heterotrophy, and mixotrophy 
resulting in microalgal lipids of different compositions.

Keywords: biomass production, autotrophy, heterotrophy, mixotrophy, wastewater 
treatment, pollutant sequestration, microalgal lipid production, biofuels, 
nutraceuticals, biofertilizer, photobioreactors, hybrid reactors

1. Introduction

Algae represent a highly diverse consortium of polyphyletic, thallophytic, 
photosynthetic, and cryptogamic organisms. They are morphologically simple, 
chlorophyll-containing, non-flowering, and typically aquatic plants of a large family 
with members including seaweeds and a range of microscopic and unicellular to very 
large multicellular organisms [1]. Algae are either prokaryotes or eukaryotes and lack 
vascular tissue, leaves, true stems, and roots. The prokaryotic algae are the blue-green 
algae, which are also referred to as Cyanobacteria or Cyanoprokaryota and belong 
to the kingdom Eubacteria. The eukaryotic algae belong to the kingdom Protoctista. 
Cyanobacteria also derive their energy through photosynthesis but do not have a 
nucleus and membrane-bound organelles, like chloroplasts (see Figures 1 and 2) and 
their prokaryotic nature describes the single-stranded deoxyribonucleic acid (DNA) 
in their formation, which confers the bacterial identity. On the other hand, eukaryotic 
algae have double-stranded DNA in their makeup and are equipped with a nucleus 
and chloroplast. The term “algae” is therefore exclusively reserved for the eukaryotic 
organisms; and this chapter considers and treats the prokaryotic cyanobacteria as 
bacteria [1, 2].
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Algae have six types of life cycles viz. haplontic, diplontic, isomorphic, het-
eromorphic, haplobiontic, and diplobiontic cycles; the exposition of these algal 
life cycles is discussed elsewhere [5]. The microscopic algae are the microphytes or 
microalgae and are typically found in freshwater and marine ecosystems at the ben-
thic depths and in the water column. They are reported to be the chief converters of 
water and carbon dioxide to biomass and oxygen (see Eq. (1)) as they receive radia-
tion from sunlight, and are therefore referred to as primary producers. Microalgae 

Figure 1. 
The microalga Chlamydomonas reinhardtii’s cell structure [3].

Figure 2. 
Schematic of a prokaryotic cell with an indication of some of the methods used to probe cellular activity or 
growth [4].
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exist either individually, or in chains or groups; and depending on the species, their 
sizes are typically 3–30 μm, while the cyanobacteria are as small as 0.2–2 μm [2].

 H O CO CH O O
hv

+ → +2 2 2 2  (1)

Aside from producing oxygen and availing themselves as food for a large number 
of aquatic animals, algae are a good resource base for fine chemicals, crude oil, food 
supplement for humans, and some pharmaceutical products and finished goods [5].

2. Photosynthetic pigments

Pigments are chemical compounds that reflect and transmit only certain 
wavelengths of visible light. This makes them appear as the colors perceived. More 
important than their reflection of light is the ability of pigments to absorb light of 
certain wavelengths. A photosynthetic pigment (accessory pigment; chloroplast 
pigment; antenna pigment) is a pigment that is present in chloroplasts of algae 
and other photosynthetic organisms and captures the light energy necessary for 
photosynthesis. The reaction of each pigment is associated with only a narrow 
range of the spectrum, and it is necessary to produce several kinds of pigments with 
different colors to capture more of the sun’s energy. Five important pigments found 
in algae are (i) chlorophyll (ii) xanthophyll (iii) fucoxanthin (iv) phycocyanin and 
(v) phycoerythrin [6].

2.1 Chlorophyll

Algae and plants have chloroplasts in which the light-capturing chlorophyll is 
located, while in cyanobacteria the main light-capturing complex protein molecular 
assemblies are the phycobilisomes, which are located on the surface of thylakoid 
membranes [7]. Both chlorophyll and phycobilisomes absorb light most strongly 
between the high-frequency, high-energy wavelengths of 450 and 495 nm, which 
happen to be the blue region of the electromagnetic spectrum. Also, the photo-
synthetic pigments absorb the low-frequency, low-energy wavelengths between 
620 and 750 nm, which is the red region of the electromagnetic spectrum. The 
chlorophyll pigment comes in different forms, and the structure of each type of 
Chlorophyll pigment is anchored on a chlorin ring with a magnesium ion at the 
centre. The side chain of each chlorophyll pigment type is different and they are so 
identified (see Figure 3 and Tables 1 and 2) [7, 8].

Chlorophyll a with the molecular formula C55H72O5N4Mg is the most common 
type of Chlorophyll. It is a green pigment with a chlorin ring having magnesium 
at the centre (see Figure 3). Chlorin is a tetrapyrrole pigment, which is partially 
hydrogenated porphyrin. The ring-shaped molecule is stable with electrons freely 
migrating around it to establish resonance structures [9]. It also has side chains 
and a hydrocarbon trail and contains only –CH3 groups as side chains. The long 
hydrophobic tail anchors the molecule to other hydrophobic proteins on the surface 
of the thylakoid membrane. The chemical structural layout of chlorophyll shows 
a porphyrin ring attached to a protein backbone (see Figure 3). By substituting 
functional groups at positions C2, C3, C7, C8, and the C17-C18 bond, one can 
identify the structure of the desired chlorophyll (see Tables 1 and 2). Chlorophyll 
captures and absorbs blue, violet, and red light from the spectrum to transmit or 
reflect green, which is the color that the green algae exhibit [9, 10]. Oxygenic pho-
tosynthesis uses chlorophyll a to furnish electrons in the electron-transport chain. 
Photosystems I and II harbor many pigments that help to capture light energy.  
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thic depths and in the water column. They are reported to be the chief converters of 
water and carbon dioxide to biomass and oxygen (see Eq. (1)) as they receive radia-
tion from sunlight, and are therefore referred to as primary producers. Microalgae 

Figure 1. 
The microalga Chlamydomonas reinhardtii’s cell structure [3].

Figure 2. 
Schematic of a prokaryotic cell with an indication of some of the methods used to probe cellular activity or 
growth [4].

357

Microalgae: The Multifaceted Biomass of the 21st Century
DOI: http://dx.doi.org/10.5772/intechopen.94090

exist either individually, or in chains or groups; and depending on the species, their 
sizes are typically 3–30 μm, while the cyanobacteria are as small as 0.2–2 μm [2].

 H O CO CH O O
hv

+ → +2 2 2 2  (1)

Aside from producing oxygen and availing themselves as food for a large number 
of aquatic animals, algae are a good resource base for fine chemicals, crude oil, food 
supplement for humans, and some pharmaceutical products and finished goods [5].

2. Photosynthetic pigments

Pigments are chemical compounds that reflect and transmit only certain 
wavelengths of visible light. This makes them appear as the colors perceived. More 
important than their reflection of light is the ability of pigments to absorb light of 
certain wavelengths. A photosynthetic pigment (accessory pigment; chloroplast 
pigment; antenna pigment) is a pigment that is present in chloroplasts of algae 
and other photosynthetic organisms and captures the light energy necessary for 
photosynthesis. The reaction of each pigment is associated with only a narrow 
range of the spectrum, and it is necessary to produce several kinds of pigments with 
different colors to capture more of the sun’s energy. Five important pigments found 
in algae are (i) chlorophyll (ii) xanthophyll (iii) fucoxanthin (iv) phycocyanin and 
(v) phycoerythrin [6].
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functional groups at positions C2, C3, C7, C8, and the C17-C18 bond, one can 
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captures and absorbs blue, violet, and red light from the spectrum to transmit or 
reflect green, which is the color that the green algae exhibit [9, 10]. Oxygenic pho-
tosynthesis uses chlorophyll a to furnish electrons in the electron-transport chain. 
Photosystems I and II harbor many pigments that help to capture light energy.  
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A unique pair of pigment molecules are located at the reaction site of each photo-
system. For photosystem I the unique pair is referred to as P700, while for pho-
tosystem II it is identified as P680. These reaction sites receive resonance energy 
released from chlorophyll a to sustain the redox reactions [10].

Chlorophyll

a b c1 c2

Molecular 
Formula

C55H72O5N4Mg C55H70O6N4Mg C35H30O5N4Mg C35H28O5N4Mg

C2 group -CH3 -CH3 -CH3 -CH3

C3 group -CH=CH2 -CH=CH2 -CH=CH2 -CH=CH3

C7 group -CH3 -CHO -CH3 -CH3

C8 group -CH2CH3 -CH2CH3 -CH2CH3 -CH2CH3

C17 group -CH2CH2COO-
Phytyl

-CH2CH2COO-
Phytyl

-CH=CHCOOH -CH=CHCOOH

C17-C18 
bond

Single (chlorin) Single (chlorin) Double 
(porphyrin)

Double 
(porphyrin)

Occurrence Universal Plants Algae Algae

Table 1. 
Chemical structure of chlorophyll.

Figure 3. 
Chlorophyll - a porphyrin ring structure attached to a protein backbone. The porphyrin is built up of pyrrole 
molecules – 5 membered aromatic rings which are made of four carbons and one nitrogen atom. This ring 
system acts as a polydentate ligand and has a magnesium cation at its Centre [8].

Chlorophyll

d f

Molecular formula C54H70O6N4Mg C55H70O6N4Mg

C2 group -CH3 -CHO

C3 group -CHO -CH=CH2

C7 group -CH3 -CH3

C8 group -CH2CH3 -CH2CH3

C17 group −CH2CH2COO − Phytyl −CH2CH2COO − Phytyl

C17-C18 bond Single (Chlorin) Single (chlorin)

Occurrence Cyanobacteria Cyanobacteria

Table 2. 
Chlorophyll structural formulae.
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Chlorophyll b is found only in the green algae and in plants, and it absorbs most 
effectively at 470 nm (blue) but also at 430 nm and 640 nm. Molecular formula 
- C55H70O6N4Mg. It is an accessory photosynthetic pigment. The molecular struc-
ture consists of a chlorin ring with Mg centre. It also has side chains and a phytol 
tail. Pyrrole ring II contains an aldehyde group (− CHO). Chlorophyll b absorbs 
energy that chlorophyll a does not absorb. It has a light-harvesting antenna in 
Photosystem I [11].

2.2 Xanthophyll

Xanthophyll is one of the two major groups of the carotenoids group. 
Generally, it is a C40 terpenoid compound formed by condensation of isoprene 
units. Xanthophyll, with the formula C40H56O2, contains oxygen atoms in the 
form of hydroxyl groups or as epoxides. Xanthophyll acts as an accessory light-
harvesting pigment. They have a critical structural and functional role in the 
photosynthesis of algae and plants. They also serve to absorb and dissipate excess 
light energy or work as antioxidants. Xanthophyll may be involved in inhibiting 
lipid peroxidation [12].

2.3 Fucoxanthin

Fucoxanthin, with the formula C42H58O6, is a xanthophyll carotenoid, being 
an accessory pigment that drives limited photosynthetic reactions in brown algae 
(phaeophytes) and other stramenopiles. It renders the brown or olive-green color 
to these seaweeds. Fucoxanthin captures the red light of the spectrum for photo-
synthetic activities. Some edible brown algae produce this pigment in abundance, 
and typical candidates in this category include Sargassum incisifolium, Sargassum 
fulvellum, Undaria pinnatifida, Laminalia japonica, and others. The alga Sargassum 
incisifolium has been used as a source of Fucoxanthin as a nutraceutical for its 
antiobesity effects and as much as 0.45 mg/g has been reported [12, 13]. Another 
rich source of Fucoxanthin is the South African brown alga Zonaria subarticulata 
and extracts as high as 0.50 mg/g have been reported, leading to preparations such 
as FucoThin™ [13]. The concentration of Fucoxanthin in any algal species may 
depend on geographical location, seasonal variations, life-cycle, and other factors.

2.4 Phycocyanin (PC)

Phycocyanin is a protein-pigment complex found in cyanobacteria as an acces-
sory pigment to phycobilisomes. As a phycobiliprotein, phycocyanin is identified 
by the color it bears as blue phycocyanin. Depending on the cyanobacterial species, 
this can be phycocyanin, showing maximum absorbance at 620 nm and identified 
as C-PC, and allophycocyanin with maximum absorbance at 650 nm and identi-
fied as A-PC. From the red microalgae, phycocyanin is identified as R-PC [13]. The 
molecular structure of phycocyanin changes with the pH of the medium, exhibiting 
the (αβ)3 trimeric structure at pH 7. However, at the pH range of 5–6, the much 
more available phycocyanin, C-PC, assumes the hexameric structural conformation 
(αβ)6. Phycocyanin boosts the human and animal immune systems and protects 
against certain diseases. It exhibits hepatoprotection, cytoprotection, and neuro-
protection. Persons undergoing chemotherapy and radiation for cancer are placed 
on Phycocyanin from spirulina as a dietary supplement to ease negative symptoms 
during treatment as well as rejuvenate post-treatment. Phycocyanin is used in the 
food industry as a food additive [12, 14].
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Chlorophyll b is found only in the green algae and in plants, and it absorbs most 
effectively at 470 nm (blue) but also at 430 nm and 640 nm. Molecular formula 
- C55H70O6N4Mg. It is an accessory photosynthetic pigment. The molecular struc-
ture consists of a chlorin ring with Mg centre. It also has side chains and a phytol 
tail. Pyrrole ring II contains an aldehyde group (− CHO). Chlorophyll b absorbs 
energy that chlorophyll a does not absorb. It has a light-harvesting antenna in 
Photosystem I [11].

2.2 Xanthophyll

Xanthophyll is one of the two major groups of the carotenoids group. 
Generally, it is a C40 terpenoid compound formed by condensation of isoprene 
units. Xanthophyll, with the formula C40H56O2, contains oxygen atoms in the 
form of hydroxyl groups or as epoxides. Xanthophyll acts as an accessory light-
harvesting pigment. They have a critical structural and functional role in the 
photosynthesis of algae and plants. They also serve to absorb and dissipate excess 
light energy or work as antioxidants. Xanthophyll may be involved in inhibiting 
lipid peroxidation [12].

2.3 Fucoxanthin

Fucoxanthin, with the formula C42H58O6, is a xanthophyll carotenoid, being 
an accessory pigment that drives limited photosynthetic reactions in brown algae 
(phaeophytes) and other stramenopiles. It renders the brown or olive-green color 
to these seaweeds. Fucoxanthin captures the red light of the spectrum for photo-
synthetic activities. Some edible brown algae produce this pigment in abundance, 
and typical candidates in this category include Sargassum incisifolium, Sargassum 
fulvellum, Undaria pinnatifida, Laminalia japonica, and others. The alga Sargassum 
incisifolium has been used as a source of Fucoxanthin as a nutraceutical for its 
antiobesity effects and as much as 0.45 mg/g has been reported [12, 13]. Another 
rich source of Fucoxanthin is the South African brown alga Zonaria subarticulata 
and extracts as high as 0.50 mg/g have been reported, leading to preparations such 
as FucoThin™ [13]. The concentration of Fucoxanthin in any algal species may 
depend on geographical location, seasonal variations, life-cycle, and other factors.

2.4 Phycocyanin (PC)

Phycocyanin is a protein-pigment complex found in cyanobacteria as an acces-
sory pigment to phycobilisomes. As a phycobiliprotein, phycocyanin is identified 
by the color it bears as blue phycocyanin. Depending on the cyanobacterial species, 
this can be phycocyanin, showing maximum absorbance at 620 nm and identified 
as C-PC, and allophycocyanin with maximum absorbance at 650 nm and identi-
fied as A-PC. From the red microalgae, phycocyanin is identified as R-PC [13]. The 
molecular structure of phycocyanin changes with the pH of the medium, exhibiting 
the (αβ)3 trimeric structure at pH 7. However, at the pH range of 5–6, the much 
more available phycocyanin, C-PC, assumes the hexameric structural conformation 
(αβ)6. Phycocyanin boosts the human and animal immune systems and protects 
against certain diseases. It exhibits hepatoprotection, cytoprotection, and neuro-
protection. Persons undergoing chemotherapy and radiation for cancer are placed 
on Phycocyanin from spirulina as a dietary supplement to ease negative symptoms 
during treatment as well as rejuvenate post-treatment. Phycocyanin is used in the 
food industry as a food additive [12, 14].
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2.5 Phycoerythrin (PE)

Phycoerythrin is an accessory pigment to the main chlorophyll pigment 
complex found in red algae and cryptophytes; it is part of a covalently bonded 
phycobilin chromophore in the family of phycobilins, typical of which is phy-
coerythrobilin, the phycoerythrin acceptor chromophore. Phycoerythrin is 
made up of (αβ) monomers aggregates. Except for phycoerythrin 545 (PE545), 
these monomer aggregates are assembled into (αβ)3 trimers or (αβ)6 hexamers 
with 3 or 32 symmetry and enclosing central channel [13, 14]. In red algae, they 
are attached to the stroma of thylakoid membranes of chloroplasts, whereas 
in cryptophytes, phycobilisomes are reduced and housed inside the lumen of 
thylakoids. Phycoerythrin captures light energy from the electromagnetic radia-
tion and directs it to the reaction site through the phycobiliproteins, phycocyanin, 
and through A-PC. Each trimer and hexamer in the phycobilisome (PBS) has 
a minimum of one linker protein at the central channel. The α and β chains in 
B-phycoerythrin (B-PE) and R-phycoerythrin (R-PE) from the red algae also 
have γ sub-units conferring both link and light-capturing capabilities due to the 
presence of chromophores [14] (Figure 4).

The chloroplast of algal cell contains the water-soluble phycobilin pigments and 
while the same phycobilin pigments are found in the phycocyanin and phycoery-
thrin of Cyanobacteria and the red algae, the Rhodophyta. The algal chlorophyll has 
a structural difference from Bacteriochlorophylls (Bchl) of cyanobacteria, the latter 
having one of the porphyrin rings saturated, and absorbing longer wavelengths of 
light as opposed to chlorophylls. Rhodopseudomonas viridis has its bacteriochloro-
phyll b absorb 960 nm wavelength of light [15].

2.6 The Chromophore

The colors of pigments are the reflections of the electromagnetic spectrum 
from the pigments. A portion of the pigment molecule causes the formation of the 
color perceived, and this moiety is referred to as chromophore. A chromophore 
has two energy levels referred to as orbitals, and the difference in their energies 
lie within the visible spectrum of electromagnetic radiation. Thus, a photon of 
incident light can excite an electron from its ground-state orbital to the excited 
state. Chromophores are generally either conjugated pi-systems or transition 
metal complexes [16]. For conjugated pi-systems, electrons are excited between 
pi-orbitals distributed over alternating single and double bonds. Where conjugated 
systems are less than eight conjugated double bonds, absorbance occurs only in the 
ultraviolet region and is visible to the human eye. But blue or green compounds 
essentially do not rely on conjugated pi-bonds alone. Typical chromophores in this 
category are the azo compounds, lycopene, β-carotene, anthocyanin, and reti-
nenes. Metal complex chromophores have transition metals whose d-orbitals are 
incomplete but are shared with the ligands. Chromophores in this category are the 
chlorophylls, hemoglobin, and hemocyanin [17].

In general, chromophores comprise four pyrrole rings; identified as (i) 
open-chain pyrroles with no transition metal involved – typically, carotenoids, 
phycobilins, and phytochromes, (ii) pyrroles arranged as a porphyrin ring with a 
central transition metal atom – typically, chlorophylls and bacteriochlorophylls 
(C55H74MgN4O6). Chlorophyll absorbs all other visible components of light except 
green, which is the color the human eye sees of plants in their leaves. Various 
chlorophylls and accessory pigments (as discussed in sections 2.1–2.5) have 
characteristic absorption spectra; and the action spectrum that drives photosynthetic 
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reactions relates proportionately to the different wavelengths of light (see Figure 5).  
On absorbing light energy, one or more of the following effects happen in a 
pigment: (i) light energy is transformed to heat energy, or (ii) there is fluores-
cence, signifying that light energy is re-emitted at longer wavelengths, or (iii) the 
quantum of energy is passed from an excited molecule of chlorophyll to another 
molecule in a process called exciton transfer, or (iv) the reaction centre (RC) 
chlorophyll absorbs the energy and gives up an excited electron to an electron 
acceptor and (v) the RC chlorophyll is unstable and wants to replace its missing 
electron, which creates concentration gradients, leading to the production of ATP 
and NADPH, which are fed into the Calvin cycle (see Figure 6) to produce carbo-
hydrates [18].

Figure 4. 
The structure of the pigments: (a) xanthophyll (b) Fucoxanthin (c) Phycocyanin and (d) Phycoerythrin 
[12–14].
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2.7 The Calvin cycle

The dark reactions of photosynthesis occur in the stroma of the chloroplast 
and are referred to as the Calvin cycle. Although the Calvin cycle does not utilize 
light and can happen during the daytime or at night, they employ products of the 

Figure 6. 
The Calvin cycle [20].

Figure 5. 
Relative absorbance of photosynthetic pigments as a function of the wavelength of light [19].
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light-dependent reactions to propagate. Products of the light-dependent reaction 
are ATP and reduced NADP; the energized electrons from the light-dependent reac-
tions provide the energy to produce carbohydrates from carbon dioxide molecules.

Stage 1: Carbon fixation - Carbon-Fixing Reactions are also known as the 
Dark Reactions during which CO2 gas diffuses through and dissolves in the water 
around the walls of mesophyll cells, diffuses through the cytoplasm and chloroplast 
membrane into the stomata. In the stroma, CO2 undergoes a ribulose bisphosphate 
carboxylase (Rubisco) enzymatic catalyzed reaction with ribulose bisphosphate 
(RuBP) [19] (Figure 7).

The Calvin Cycle first produces phosphoglyceric acid (PGA), which is phosphor-
ylated, using the energy carriers ATP and NADPH generated by the photosystems I 
and II, to produce 12 molecules of phosphoglyceraldehyde (PGAL). Two molecules 
of PGAL are ejected from the cycle in the form of a glucose molecule. The other ten 
molecules of PGAL are converted to 6 RuBP molecules, using the inherent energy in 
ATP and the cycle continues [19, 20].

Stage 2: Reduction and sugar production – The cell utilizes the high energy 
molecules ATP and NADPH and reduces 3-PGA to form triose phosphate, G3P.2G3P, 
which leaves the cycle to produce glucose, starch, cellulose, lipids, amino acids, and 
nucleotides [20].

Stage 3 Regeneration – The remaining then G3P (3-GPA) in the cycle are 
regenerated to RuBP, which is a 6-carbon molecule with 2 phosphates, and it 
requires energy to generate. This process utilizes the high energy ATP made during 
the light-dependent reactions. The RuBP molecule formed then interacts with more 
CO2 from the atmosphere and generates more PGA to keep the cycle going [20].

The summary of the reactions in the Calvin cycle (see Eq. (2))

 ( )i i

CO NADPH H ATP PGAL
NADP ADP H O P P inorganic phosphate

+

+
+ + + → −

+ + + + =
2

2

3 6 6 9 3
6 9 3 8  (2)

2.8 The inherent energy of a photon

Light has properties of both waves and particles, from the quantum mechanics 
point of view [20]. The particulate behavior of light presents light as a stream of 
particles of energy, known as photons, which interact with electrons to cause the 
energy contained in the light to disappear and then reappear as the kinetic energy 
of the ejected electrons plus a work function.

 photon electronE hv KE ϕ= = +  (3)

Figure 7. 
The first reaction in the Calvin cycle: Carbon fixation.
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(RuBP) [19] (Figure 7).
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2.8 The inherent energy of a photon

Light has properties of both waves and particles, from the quantum mechanics 
point of view [20]. The particulate behavior of light presents light as a stream of 
particles of energy, known as photons, which interact with electrons to cause the 
energy contained in the light to disappear and then reappear as the kinetic energy 
of the ejected electrons plus a work function.

 photon electronE hv KE ϕ= = +  (3)

Figure 7. 
The first reaction in the Calvin cycle: Carbon fixation.
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where photonE  is the energy of a photon, h is Planck’s constant (6.626 × 10−34 J·s), 

and v is the frequency of the light wave, electronKE  is the kinetic energy of electron 
andϕ is the work function, which defines the minimum amount of energy that is 
necessary to induce photoemission of electrons from the surface of a metal, and the 
value ofϕ depends on the metal. We are dealing with biotic materials in the context 
of this chapter, so we may assume that 0ϕ = .

By definition, cv
λ

= , where c is the velocity of light (3 × 108 m/s in a vacuum), 

and λ is the wavelength of light. It is important to note that the energy content of 
light of shorter wavelength is higher than that of longer wavelengths; and for one 
mole of photons, the energy is the total of the energies of all the particles in one 
mole, which is given in Eq. (4).

 electronE NE=  (4)

where N is the Avogadro’s number (6.02 × 1023 molecules or photons/mol). Thus
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Thus for sunlight with a wavelength of 650 nm (650 × 10−9 m), the energy is 
computed in Eq. (6).
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If all this were to be used for synthesizing ATP from ADP and Pi it would be 
enough to synthesize several moles [20].

Chlorophylls b, c, d, and e are accessory pigments with xanthophylls, and 
carotenoids in algae and protistans, Pigments that are not accessory to chloro-
phyll absorb light energy at wavelengths that do not stimulate chlorophyll. Light 
energy absorbed by accessory pigments is channeled to the reaction site and is 
converted into chemical energy. The ability to absorb some energy from the longer, 
more penetrating wavelengths probably conferred an advantage to the benthic 
photosynthetic algae. Depending upon turbidity of the water, the shorter, high 
energy wavelengths penetrate very little in the euphotic zone (below 5 meters) in 
seawater [7, 8]. Chlorophyll molecules being the main producers of pigments are 
bound to proteins of the photosynthetic membranes and capture the sunlight in 
oxygenic plants, and convert light energy into chemical energy. This is facilitated 
by pigment-protein complexes known as Photosystem I (PSI) and Photosystem II 
(PSII) reaction sites [9]. In PS II water is split and the electrons are used to replenish 
excited electrons that are lost from the photosystem. The loss of electrons during 
the oxidation of water results in the formation of O2 gas. In PS I the electron accep-
tor is first in an electron transport system in the thylakoid membrane. Electrons 
pass through the chain via a series of redox reactions until it hit the final electron 
acceptor. The final electron acceptor is NADP+ which is reduced to NADPH. ATP 
is produced throughout the whole process via chemical osmosis, meaning using an 
H+ gradient during electron transport (photophosphorylation). It has been shown 
that [6] the protein is composed of seven transmembrane helices with a retinal 
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chromophore covalently bonded in the central region via a protonated Schiff base 
to a lysine residue (see Figure 8).

The most common chlorophylls are chlorophyll a, chlorophyll b, and chlorophyll 
c1, and chlorophyll c2. Each pigment registers a maximum signal at a particular 
wavelength of maximum absorption ( maxλ ), this coupled with the selective scatter-
ing of light, microalgae are seen in their defined color. Consequently, in the blue 
region of the spectrum, max 440 nmλ =  and in the red region of the spectrum, 

max 675nmλ =  (see Figure 5) [22]. As the microalgae cells are irradiated with light 
from a source, the photosynthetic process is initiated and propagated. The photo-
synthetic rate increases as the intensity of the irradiance are increased; and the level 
of irradiance is reached where the rate of photosynthesis attains a maximum and 
begins to retard (see Figure 9). At this stage, the cells are said to be in photoinhibi-
tion. Photoinhibition is thus a phenomenon that describes the inability of the 
photosynthetic organism to support photosynthesis in the presence of excess 
illumination from a light source [19].

The saturation irradiance (
B
m

k B

PI
α

= ) and photo-inhibition (β) parameters 

indicate the half-saturation constant when the photosynthetic rate is half the 

maximum value of the photosynthetic rate of the system 
2

B
mPP

 
= 

 
. αB is the 

measure of photosynthetic efficiency of solar energy conversion into chemical 
energy, and it takes into account that the light absorbed by the algal cell is 

Figure 8. 
Photo-isomerization of all-trans to 13-cis retinal in bR [21].
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proportional to the functional absorption cross-section of the effective area that PS 
II presents to an incoming photon. B

mP  is the assimilation number which is the 
maximum photosynthetic rate [22].

3. The microalgae biomass

Microalgae is a promising renewable resource for biofuels, and optimization 
and control of the biomass growth production have gained economic and com-
mercial interests. Algae do not compete with traditional food crops for space and 
resources [5]. Microalgae are highly diverse and differences within and between 
both species and populations lead to significant differences in biogeography and 
the environment. The macromolecular composition of the microalgae is of inter-
est for understanding nutrient competition within microalgal communities, food 
web interactions, and developing algal systems for the development of biofuels, 
nutraceuticals, and mariculture [3]. Production of microalgae-derived metabolites 
requires processes for culturing the algae, recovery of the biomass, and further 
downstream processing to purify the metabolite. The cost of producing microalgal 
bioactive agents has to be weighed as the downstream recovery of the microalgal 
products can be substantially more expensive than the culturing of the microalgae 
[5]. Depending on their origin, algae are referred to as terrestrial algae, snow algae, 
seaweeds, and phytoplankton. Ubiquitous in marine, freshwater, and terrestrial 
habitats and possessing broad biochemical diversity, which is the basis for many 
biotechnological and industrial applications [3].

3.1 Algaculture (culture of microalgae in hatcheries)

Hatcheries are used to produce a range of microalgae biomass, which are used 
in a variety of ways for commercial purposes. Studies have adduced the success of a 
microalgae hatchery system to the following factors: (i) the dimensions of the con-
tainer/bioreactor where microalgae are cultured, (ii) exposure to illumination, and 
(iii) concentration of microalgal cells within the reactor [23, 24]. Photosynthesis is 
one of the basic biochemical transformations of photosynthetic micro-organisms that 
convert solar energy into chemical energy. Many microalgae are autotrophs, which use 
photosynthesis to produce food. Some heterotrophic microalgae can grow in the dark 
by utilizing organic carbon. Some microalgae grow by combining both autotrophy 
and heterotrophy into a hybrid cultivation mode called mixotrophy [4, 6]. Diatoms 
and dinoflagellates are the two types of microalgae. Diatoms can be spheres, triangles, 

Figure 9. 
Photosynthesis – Irradiance curve.
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elliptical or stars. Many dinoflagellates have two flagella for their movement through the 
water. Both diatoms and dinoflagellates contain oils in their cells, helping them to swim. 
Both diatoms and dinoflagellates can grow very quickly and cause algal blooms [3].

3.1.1 Biomass by open pond cultivation

There are two main advantages of culturing microalgae using the open pond 
system. Firstly, an open pond system is easier to build and operate. Secondly, open 
ponds are cheaper than closed bioreactors because closed bioreactors require parts 
that are expensive to acquire. However, where the temperature is the growth or lipid 
accumulation limiting factor, using open pond systems may decrease the productiv-
ity of certain commercially important strains such as Arthrospira sp. Waste heat 
and CO2 from industrial sources can be used to compensate for this [24]. Some 
organizations use the open raceway pond approach, employing foam fractionation 
to concentrate microalgal cells before they are lysed by the cavitation bubble 
collapse. Some commercial outdoor raceway ponds are located near power plants 
where 4–15% CO2 from the flue gas is fed to the raceway ponds. 1.8 units of CO2 are 
required to produce one unit of algal biomass, and the practical operation of open 
ponds has shown that dissolved CO2 in water is not enough; therefore, the bubbling 
of air into water improves CO2 dissolution [25]. Maintaining algae monocultures in 
open ponds poses serious challenges due to contamination with local algae species 
and invasion of algae predators. Some strategic operation models adopting higher 
salinity, pH, or temperature operating conditions have been proposed to provide 
a selective microenvironment to cultivate some commercial strains. In this regard, 
therefore, successes have been recorded in open ponds Spiriluna monoculture 
commercial cultivation at high pH values ranging from 9.0 to 11.0. In another 
operation, β-carotene is produced from Dulaliella sp. in open ponds wi high salinity 
values [25, 26] (Figure 10).

3.1.2 Biomass by vertical reactor systems

Many photobioreactors have been suggested for commercial production of algal 
biomass. However, only a few of them are suitable for practical application because 
of poor gas mass transfer. The vertical tubular photobioreactor provides a greater 

Figure 10. 
Algae raceway pond: The microalgae culture broth is constantly kept in motion with a powered paddle  
wheel [23].
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surface area for the interaction of light and the algal cells, increasing the time of gas 
mass transfer in the culture broth, and the efficient uptake of nutrients. Most times, 
commercial cultivation of microalgae in vertical reactor systems and reactors of 
other configurations is not economically viable in batch mode, due to the time taken 
to load, unload, and clean the reactor systems. The vertical tubular reactor can be 
made of alveolar panels, polyethylene sleeves, or glass tubes and supported on steel 
frames (see Figure 11). The low productivity characterizing this reactor system 
is overcome when the surface area to volume ratio is increased. The O2 gas mass 
transfer is aided by bubbling air through the culture broth [23].

3.1.3 Biomass by horizontal photobioreactors

This is an outdoor microalgal cultivation system, which has tubes laid on the 
ground to form a network of loops (see Figure 12 (b)). A pump is used to mix the 
microalgal suspended culture, which raises the culture vertically periodically into a 
photobioreactor. Pulsed mixing at intervals produces better results than continuous 
mixing. Arthrospira sp. used as a dietary supplement was reported to have higher 
productivity because of a better-suited temperature range and an extended cultiva-
tion period during warm weather periods [23]. The horizontal tubular photobio-
reactor was assembled with three loops of 80 m each (see Figure 12) connected 
via a manifold to a bubble column used for oxygen removal, temperature control, 
nutrient, and antifoam addition. The horizontal photobioreactor was operated at a 

Figure 12. 
Horizontal tubular photobioreactor of different orientations [27]: (A) standing tubular bioreactor. The 
cultivation area occupied is less compared to the floor-type. (B) floor tubular reactor. This occupies a large 
cultivation area.

Figure 11. 
Vertical tubular photobioreactors for culturing microalgae [23].
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liquid velocity of 0.45 m s−1. To prevent high concentrations of dissolved oxygen, a 
superficial gas velocity (vgs) of 0.04 m s−1 was used in the bubble column [23]. The 
productivity of Nannochloropsis sp. suffered a setback in 250% air-saturated dis-
solved oxygen solution; and as the dissolved oxygen concentration was raised above 
300%, the growth of Nannochloropsis sp. was stalled, and that of Neochloris oleo-
abundans was inhibited. However, increasing the airflow rate in the reactor removed 
the growth inhibitory effect of dissolved oxygen [24].

3.1.4 Biomass by the air-lift method

This is an outdoor microalgal cultivation technique for the production of biomass 
and metabolites under a highly controlled environment. By this technique, the air is 
moved within the system to circulate the medium in which microalgae is growing. 
The culture is grown in transparent tubes that lie horizontally on the ground and are 
connected by a network of pipes (see Figure 13). Air is passed through the tube such 
that air escapes from the end that rests inside the reactor that contains the culture 
and creates an effect like stirring [28]. Other configurations of the airlift reactor are 
an improvement over this design. The external-loop ALR is a promising configura-
tion for breakthrough scale-up Scenedesmus sp. biomass production [26].

4. Metabolic platforms for microalgal growth

Different microalgae strains acclimate in different environments, evolv-
ing their metabolic pathways to stimulate and propagate growth. However, the 
extent of growth depends on the composition of the culture media which can 
be enhanced by either inorganic or organic carbon metabolism or both. Other 
co-factors such as nutrient availability, pH, chemical oxygen demand (COD), 
and temperature also influence growth, and the accumulation of metabolites in 
microalgae (see Table 3) [29].

4.1 Autotrophic metabolism

The photosynthetic CO2-fixation in microalgae suffices to possess a greater abil-
ity to fix CO2. Photo trophy refers to an autotrophic mode of metabolism in which 

Figure 13. 
Different types of airlift photobioreactor [26].
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organisms can harness light energy with the help of photosynthetic pigments and 
convert it to chemical bond energy in the form of ATP (photophosphorylation).

Autotrophy is the ability of PMOs to use inorganic carbon in the form of CO2 as 
the sole source of carbon to synthesize organic compounds necessary to build cell 
components. This is also referred to as carbon-autotrophy to distinguish the ability 
of some organisms to use molecular nitrogen as the sole source of nitrogen. Such 
organisms are referred to as nitrogen autotrophs. However, autotrophy as used in 
this chapter is carbon autotrophy. This is a property that is present primarily, in 
plants, algae, and phototrophic bacteria including cyanobacteria [30].

Aside from these organisms, all of which are photosynthetic, several groups of 
non-photosynthetic bacteria can grow using CO2 as the sole source of carbon by 
their ability to oxidize inorganic compounds. Such organisms are chemoautotrophic 
or chemolithotrophic [31].

CO2 is the end-product of aerobic respiration, a process that releases the energy 
of respiratory substrates. Carbon dioxide is, therefore, poor in energy content. 
In autotrophic metabolism, this energy-poor compound is used to build organic 
molecules which are much richer in energy content. Therefore, It is noted that 
the conversion of CO2 to organic compounds requires the input of energy from 
an external source. The ultimate source in the case of photosynthesis is radiant 
energy and in the case of chemolithotrophy is the oxidation energy of inorganic 
chemical compounds. In either case, the immediate source of energy for driving 
the endergonic reaction involved in the conversion of CO2 to organic compounds is 
ATP [32].

In photosynthesis, ATP is generated with the help of photosynthetic pigments 
through a process known as photophosphorylation. In chemoautotrophy, the energy 
of oxidation of inorganic compounds is channelized into the respiratory chain for 
ATP synthesis by oxidative phosphorylation.

Thus, autotrophic metabolism consists of two sets of reactions viz. (1) the ATP 
and the reducing force are generated and, (2) they are used for the reduction of CO2 
to organic compounds.

The reactions in (1) are different in phototrophic and non-phototrophic auto-
trophs. But the reactions in (2) are common between the two groups. In the major-
ity of autotrophs, the reactions involved in the reduction of CO2 proceed via a cyclic 
pathway, known as the reductive pentose phosphate pathway or, more commonly, 
as the Calvin-Benson cycle, or simply the Calvin cycle, although other pathways are 
also known to operate in some organisms, both in the phototrophic green plants and 
bacteria. The reduction of CO2 to yield organic compounds is commonly known as 
CO2-fixation [32, 33].

Metabolic mode Energy 
source

Carbon source Light 
availability

Metabolism 
availability

Photo-autotrophic Light Inorganic Obligatory Fixed

Heterotrophic Organic Organic Not required Switch between 
sources

Photoheterotrophic Light Organic Obligatory Switch between 
sources

Mixotrophic Light & 
organic

Inorganic & 
organic

Not 
obligatory

Simultaneous 
utilization
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4.2 Heterotrophic metabolism

The supply of sufficient light for massive growth is the main goal and a limiting 
factor for microalgal cultivation. To ignore the requirement for illumination and 
present the possibility of high cell concentration, points at heterotrophic cultivation 
as a promising, efficient, and sustainable strategy for certain microalgae to produce 
metabolites of value by using carbon substances as the sole carbon and energy 
source. The optimized preliminary cell culturing of microalgae species is an impor-
tant stage in culturing microalgae biomass at the commercial scale. The growth 
environment during the culturing process can be [32] either autotrophic (inorganic 
carbon) or heterotrophic (organic carbon) depending upon the nature of cells 
and their growth tendencies. Heterotrophic and mixotrophic microalgae are more 
capable of growing much faster with higher cellular oil accumulation as compared to 
autotrophic microalgae species. However, heterotrophic microalgae require organic 
carbon sources like glycerol, glucose, or acetate as a sole source of carbon for growth, 
which is responsible for about 80% of the costs of culture media [33]. The metabo-
lism of respiration is applied to produce energy. The respiration rates, intimately 
geared to the growth and division, are determined by the oxidization of organic 
substrates of the given microalgae [32]. Glucose provides the organic carbon needed 
and it is preferred because of its high energy density compared to other sources. 
The oxidative assimilation of glucose employs either the Embden–Meyerhof–Parnas 
(EMP) pathway or the pentose phosphate (PP) pathway depending on the cycle 
position. During the dark cycle, PMOs assimilate and metabolize glucose via the 
PP pathway. However, during the daytime cycle, glycolysis in the cytosol is via 
the EMP pathway [34]. The growth rate, lipid content, and the ATP of microalgae 
under the heterotrophic metabolic strategy are higher compared to those under the 
photoautotrophic metabolic strategy but depend mainly on the PMO’s species and 
strain used. The PMO’s growth is steady and rapid in a nutrient-rich culture media 
using a high level of system control, to achieve biomass production of 50–100 g L−1 
in  heterotrophy which is higher than that achieved in photoautotrophy [35].

Heterotrophic metabolism eliminates the two main problems associated with 
autotrophic metabolism viz. (i) it allows the use of practically any vessel as a 
bioreactor, and (ii) low energy and high yield, as major outcomes, giving a signifi-
cant reduction in costs for the process. Cost-effectiveness and relative simplicity 
of operations and daily maintenance are the main attractions of the heterotrophic 
growth approach. A significant benefit is that it is possible to obtain, heterotrophi-
cally, high densities of microalgae cells that provides an economically feasible 
method for large scale, mass production cultivation [34].

Heterotrophy has its drawbacks viz. (1) The microalgae species and strains that 
can grow by the heterotrophic strategy are limited; (2) Increasing energy expenses 
and costs by adding organic carbon substrate; (3) Contamination and competition 
with local microorganisms; (4) Inhibition of growth by excess organic substrate; 
and (5) Inability to produce light-induced metabolites [35]. Nonetheless, hetero-
trophic cultures are gaining increasing application for producing a wide variety of 
microalgal metabolites from bench experiments to commercial scale.

4.3 Mixotrophic metabolism

Mixotrophic cultivation of microalgae strategies provides both carbon dioxide and 
organic carbon simultaneously and both chemoheterotrophic and photoautotrophic 
metabolisms operate concurrently. Microalgae biomass produced by this approach 
has high density and contains high-value lipids, proteins, carbohydrates, and 
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organisms can harness light energy with the help of photosynthetic pigments and 
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their ability to oxidize inorganic compounds. Such organisms are chemoautotrophic 
or chemolithotrophic [31].

CO2 is the end-product of aerobic respiration, a process that releases the energy 
of respiratory substrates. Carbon dioxide is, therefore, poor in energy content. 
In autotrophic metabolism, this energy-poor compound is used to build organic 
molecules which are much richer in energy content. Therefore, It is noted that 
the conversion of CO2 to organic compounds requires the input of energy from 
an external source. The ultimate source in the case of photosynthesis is radiant 
energy and in the case of chemolithotrophy is the oxidation energy of inorganic 
chemical compounds. In either case, the immediate source of energy for driving 
the endergonic reaction involved in the conversion of CO2 to organic compounds is 
ATP [32].

In photosynthesis, ATP is generated with the help of photosynthetic pigments 
through a process known as photophosphorylation. In chemoautotrophy, the energy 
of oxidation of inorganic compounds is channelized into the respiratory chain for 
ATP synthesis by oxidative phosphorylation.

Thus, autotrophic metabolism consists of two sets of reactions viz. (1) the ATP 
and the reducing force are generated and, (2) they are used for the reduction of CO2 
to organic compounds.

The reactions in (1) are different in phototrophic and non-phototrophic auto-
trophs. But the reactions in (2) are common between the two groups. In the major-
ity of autotrophs, the reactions involved in the reduction of CO2 proceed via a cyclic 
pathway, known as the reductive pentose phosphate pathway or, more commonly, 
as the Calvin-Benson cycle, or simply the Calvin cycle, although other pathways are 
also known to operate in some organisms, both in the phototrophic green plants and 
bacteria. The reduction of CO2 to yield organic compounds is commonly known as 
CO2-fixation [32, 33].
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present the possibility of high cell concentration, points at heterotrophic cultivation 
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metabolites of value by using carbon substances as the sole carbon and energy 
source. The optimized preliminary cell culturing of microalgae species is an impor-
tant stage in culturing microalgae biomass at the commercial scale. The growth 
environment during the culturing process can be [32] either autotrophic (inorganic 
carbon) or heterotrophic (organic carbon) depending upon the nature of cells 
and their growth tendencies. Heterotrophic and mixotrophic microalgae are more 
capable of growing much faster with higher cellular oil accumulation as compared to 
autotrophic microalgae species. However, heterotrophic microalgae require organic 
carbon sources like glycerol, glucose, or acetate as a sole source of carbon for growth, 
which is responsible for about 80% of the costs of culture media [33]. The metabo-
lism of respiration is applied to produce energy. The respiration rates, intimately 
geared to the growth and division, are determined by the oxidization of organic 
substrates of the given microalgae [32]. Glucose provides the organic carbon needed 
and it is preferred because of its high energy density compared to other sources. 
The oxidative assimilation of glucose employs either the Embden–Meyerhof–Parnas 
(EMP) pathway or the pentose phosphate (PP) pathway depending on the cycle 
position. During the dark cycle, PMOs assimilate and metabolize glucose via the 
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under the heterotrophic metabolic strategy are higher compared to those under the 
photoautotrophic metabolic strategy but depend mainly on the PMO’s species and 
strain used. The PMO’s growth is steady and rapid in a nutrient-rich culture media 
using a high level of system control, to achieve biomass production of 50–100 g L−1 
in  heterotrophy which is higher than that achieved in photoautotrophy [35].

Heterotrophic metabolism eliminates the two main problems associated with 
autotrophic metabolism viz. (i) it allows the use of practically any vessel as a 
bioreactor, and (ii) low energy and high yield, as major outcomes, giving a signifi-
cant reduction in costs for the process. Cost-effectiveness and relative simplicity 
of operations and daily maintenance are the main attractions of the heterotrophic 
growth approach. A significant benefit is that it is possible to obtain, heterotrophi-
cally, high densities of microalgae cells that provides an economically feasible 
method for large scale, mass production cultivation [34].

Heterotrophy has its drawbacks viz. (1) The microalgae species and strains that 
can grow by the heterotrophic strategy are limited; (2) Increasing energy expenses 
and costs by adding organic carbon substrate; (3) Contamination and competition 
with local microorganisms; (4) Inhibition of growth by excess organic substrate; 
and (5) Inability to produce light-induced metabolites [35]. Nonetheless, hetero-
trophic cultures are gaining increasing application for producing a wide variety of 
microalgal metabolites from bench experiments to commercial scale.

4.3 Mixotrophic metabolism

Mixotrophic cultivation of microalgae strategies provides both carbon dioxide and 
organic carbon simultaneously and both chemoheterotrophic and photoautotrophic 
metabolisms operate concurrently. Microalgae biomass produced by this approach 
has high density and contains high-value lipids, proteins, carbohydrates, and 
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pigments; and the product range is very versatile [7–10]. These products range from 
high-value nutraceuticals, food supplements, and cosmetics to the lower value com-
modities biofuels, food, fertilizer, and application in wastewater treatment [10–12].

4.4 Microalgal metabolites

Microalgal biomass contains considerable amounts of bioactive molecules such 
as carotenoids (astaxanthins, β-carotenes, and xanthophylls), omega-3 fatty acids, 
polysaccharides, and proteins, which can be used in several applications as colo-
rants, pharmaceuticals, food, food additives, and feed and as bioplastics.

4.4.1 Carotenoids

Microalgae produce carotenoids and all known xanthophylls found in terrestrial 
plants (e.g., zeaxanthin, lutein, antheraxanthin). Astaxanthin is a carotenoid 
pigment that occurs in microalgae, trout, yeast, and shrimp, among other sea 
creatures. It is found in abundance in Pacific salmon and the fish appears pinkish 
due to the presence of astaxanthin. Astaxanthin is an antioxidant; it is said to have 
many health benefits. Carotenoids as accessory pigments, capture light energy 
during photosynthesis and promote photoprotection. Stains of Nannochloropsis sp., 
Rhodotorula glutinis, and Neochloris oleoabundans have high contents of carotenoids. 
The red ketocarotenoid, astaxanthin (3, 30-dihydroxy-b,β-carotene 4,40-dione) is 
an antioxidant and the green microalga Haematococcus pluvialis is said to be a good 
natural source of astaxanthin [36–40].

4.4.2 Lutein

Lutein, a xanthophyll, is one of the many known naturally occurring carot-
enoids. Lutein is synthesized only by plants and is found in large quantities in green 
leafy vegetables like kale, spinach, yellow carrots, and in dietary supplements. 
The lutein-rich microalgae Scenedesmus almeriensis and Desmodesmus sp. could be 
considered as promising sources of lutein for their tolerance to harsh environmental 
growth conditions. It is a food colorant with the potential for preventing cancer. It 
is used for maintaining eye health and to reduce the risk of retinal macular degen-
eration. The performance of three Chlorella species on the production of biomass, 
lipid, and lutein showed high productivities, presenting the microalgae as a promis-
ing resource for these products [41].

4.4.3 Poly-unsaturated fatty acids

Microalgae are the dominant sources of polyunsaturated fatty acids in the marine 
food chain. Schizochytrium sp. is a type of marine microalgae with the natural capac-
ity to produce oil extremely rich in docosahexaenoic acid (DHA) omega-3 fatty acids 
[42]. DHA-rich extracts from Schizochytrium sp. are presented as a feed supplement 
to swine for their muscle tissue development and as a raw material for the production 
of aquafeed. N. oculata and P. tricornotum have a favorable omega-3: omega-6 ratio 
that is adequate to enrich food [43]. The growth conditions are deliberately manipu-
lated to achieve the desired fatty acid composition of the biomass. At low nutrient 
concentrations, the microalgal lipids accumulated are rich in triglycerides and are 
more suitable for biodiesel production; and high nutrients supply to the growth 
medium leads to the accumulation of long-chain unsaturated fatty acids [44]. DHA 
applications include healthcare, pharmaceutical, and food & beverage sectors. 
Within this segment, the pharmaceutical application holds a larger share of it [45].
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The acetyl-CoA condensation to fatty acyls is one of the methods by which bio-
hydrocarbons are produced in-situ biotic organisms. The second biohydrocarbon 
production pathway is the isopentenyl pyrophosphate (IPP) condensation to higher iso-
prenoids, which is responsible for the diverse isoprene derivatives, many of which are 
suitable for fuels or fuel additives due to their desirable cetane and pour point and other 
fuel properties [5]. The low-to-zero-oxygen content of isoprenoids results in energy 
densities similar to the alkanes in current diesel fuels and diversity of ring structures 
affords lower cloud points [46, 47]. Additionally, it has been found that slight modifica-
tions to enzymes involved in the final steps of higher isoprenoid synthesis can result in 
subtle product variants with distinct thermochemical and thermophysical properties 
[47]. The precursors for the majority of these compounds are metabolic intermediates 
in photosynthetic microorganisms (PMOs). Genetic engineering of microalgae and 
cyanobacteria would be required to enhance the productivity of PMOs [5].

4.4.4 Microalgal triglycerides

Triglycerides are lipids or waxes, formed by biochemically combining glycerol 
and fatty acids in the ratio of 1: 3 respectively. This combination may be a simple 
type or a mixed type. Triglycerides in which the glycerol backbone is attached 
to three molecules of the same fatty acid are referred to as simple triglycerides. 
Typical in this category is tripalmitin, C3H5(OCOC15H31)3. Only a few of the glyc-
erides occurring in nature are of the simple type; most are mixed triglycerides (see 
Figure 14) [48]. Based on saturation and unsaturation of the attached fatty acids, 
triglycerides can be classified as saturated, monounsaturated, and polyunsaturated. 
In saturated triglycerides, all the fatty acids are saturated. Saturated fats abound in 

Figure 14. 
The structure of triglyceride showing the simple and mixed types.
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The red ketocarotenoid, astaxanthin (3, 30-dihydroxy-b,β-carotene 4,40-dione) is 
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eration. The performance of three Chlorella species on the production of biomass, 
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many animal products such as butter, cheese, cream, and fatty meats, ice cream, 
and whole milk. In monounsaturated triglycerides most of the fatty acids are 
monounsaturated. Vegetable oils such as canola oil, olive oil, peanut oil, and sesame 
oil have high levels of monounsaturated fats and polyunsaturated triglycerides. 
Omega-3 and omega-6 fatty acids are polyunsaturated.

Microalgae are a promising renewable resource for green production of triacylg-
lycerols (TAGs), which can be used as a biofuel feedstock. Nitrogen starvation is the 
most effective strategy to induce TAG biosynthesis in microalgae [48]. One of the 
best microalgae for lipid production is Botryococcus braunii Kutzing, above 70% of 
lipid in its cell content. Whereas other microalgae like Scenedesmus sp., Chlorella sp., 
and Nanochloropsis sp. also produce lipid up to 40% [49–51].

4.4.5 Microalgal phospholipids

Phospholipids are made up of four components viz. fatty acids, a platform to 
which the fatty acids are attached, phosphate, and an alcohol attached to the phos-
phate. Phospholipids may be built on either glycerol or sphingosine framework. 
Phospholipids built on glycerol framework are called phosphoglycerides (or glyc-
erophospholipids). A phosphoglyceride consists of a glycerol molecule, two fatty 
acids, a phosphate, and choline, which is an alcohol. Phosphoglycerides are the most 
abundant phospholipid molecules found in cell membranes. The phospholipids built 
on sphingosine framework are referred to as sphingolipids or glycolipids, depend-
ing on the number of glucose or galactose molecules they contain; and lipoproteins, 
which are complexes of cholesterol, triglycerides, and proteins that transport lipids 
in the aqueous environment of the bloodstream. These are complex lipids. The algae 
contain three major phospholipids, phosphatidylglycerol (PG), phosphatidyletha-
nolamine (PE), and phosphatidylcholine (PC). Phospholipids are synthesized by 
both prokaryotic and eukaryotic organisms. They are the major component of most 
eukaryotic cell membranes, which play a fundamental role in compartmentalizing 
the biochemistry of life [52]. The hydroxyl groups at positions C-1 and C-2 in phos-
phoglycerides are esterified to the carboxyl groups of the two fatty acid chains. The 
hydroxyl group at position C-3 hydroxyl group of the glycerol backbone is esterified 
to phosphoric acid. At this extent of conversion, the product is phosphatidic acid, 
which is the simplest phosphoglyceride. Phosphatidic acid now serves as the back-
bone on which most phosphoglycerides are derived having moieties such as serine, 
ethanolamine, choline, glycerol, and the inositol. Consequently, we have phospha-
tidylserine, phosphatidylethanolamine, phosphatidylcholine, phosphatidylglycerol, 
and phosphatidylinositol respectively (see Figure 15) [52].

4.4.6 Vitamins and fine chemicals from microalgal biomass

Metabolites from both microalgae and cyanobacteria have attended to both 
human and animal health and food needs and these microorganisms have become 
attractive resources for bioactive natural products that have wide applications in 
pharmaceutical, food, and chemical industries. Algae-derived bioactive substrates 
are employed for drug screening, given their tremendous structural diversity and 
biological availability. Microalgae biomass has a wide range of physiological and bio-
chemical characteristics and contains 50–70% protein compared to 50% in meat, and 
15–17% in wheat, with 30% lipids, more than 40% glycerol, 8–14% carotene, and a 
reasonably high levels of vitamins B1, B2, B3, B6, B12, E, K, D, and others [54–56].

Microalgae that have been cultivated on commercial scales and are avail-
able include Chlorella, Dunaliella, Nannochloris, Nitzschia, Crypthecodinium, 
Schizochytrium, Tetraselmis, Skeletonema, etc. and the cyanobacterium, Spirulina, and 
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a host of others. Most of the commercially produced microalgal biomass is presented 
to the market as a food supplement, and they are presented as tablets and capsules. 
Breakfast cereals, noodles, beverages, wines, and cosmetics now contain micro-
algae and their extracts. More than 75% of pharmaceutical product development 
is carried out by the microalgal food supplement production outfits. In the recent 
several years, microalgal and cyanobacterial research has explored diverse cultiva-
tion protocols aimed at improving growth rates, biomass yields, and accumulating 
metabolites for high nutritional value, and high-value chemicals (pigments and 
vitamins) [55]. Many more bioactive metabolites have been reported in microalgae. 
Dried microalgae biomass could be used as high-protein feeds for animals such as 
shrimp and fish, and microalgal biomass is a significant resource for cytotoxic agents 
with applications in cancer chemotherapy. The blooms of Phaeocystis sp., a marine 
microalga have antibiotic substances listed therein. Phaeocystis pouchetii produces 
acrylic acid, which makes up to 7.0% of its dry weight. The antibiotic metabolites so 
produced migrate in the food chain through the digestive system of some Antarctic 
marine animal species. Also, the alga Dunaliella sp. produces β-carotene and certain 
vitamins, which have boosted the Mariculture activities. Some cyanobacteria and 
microalgae such as Ochromonas sp. and Prymnesium parvum produce toxins, which 
may have the potential for pharmaceutical applications. These marine cyanobacteria 
produce bioactive metabolites such as acetogenins, bromophenols, fatty acids, 
terpenes, sterols, alkaloids, etc. with antibiotics, and antifungal activities. Diverse 
strains of cyanobacteria produce intracellular and extracellular metabolites with 
bioactive functions such as antitumor, anti-inflammatory, antialgal, antibacterial, 
antifungal, and antiviral activity [55, 56].

4.5 Microalgal biomass production limiting factors

Abiotic, Biotic, and process-related factors influence the growth of algae. Some 
of the abiotic factors are illumination and luminous intensity, daytime to night-time 
ratio, the temperature of the culture medium, nutrient availability, O2, and CO2 
mass transfer, pH value, the hydraulic retention time (HRT), salinity, and presence 

Figure 15. 
Sphingolipids and phospholipids: The classification of sphingolipids is based on the group attached to 
the sphingosine (LCB) backbone (a). Sphingomyelin (b) and ceramides (c-e) differ in fatty acid length, 
unsaturation, and in the type of attached head group and hydroxylation. Phospholipids with glycerol 
framework: (f) phosphatidylethanolamine, (g) phosphatidylcholine [53].
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Omega-3 and omega-6 fatty acids are polyunsaturated.
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lipid in its cell content. Whereas other microalgae like Scenedesmus sp., Chlorella sp., 
and Nanochloropsis sp. also produce lipid up to 40% [49–51].
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Phospholipids are made up of four components viz. fatty acids, a platform to 
which the fatty acids are attached, phosphate, and an alcohol attached to the phos-
phate. Phospholipids may be built on either glycerol or sphingosine framework. 
Phospholipids built on glycerol framework are called phosphoglycerides (or glyc-
erophospholipids). A phosphoglyceride consists of a glycerol molecule, two fatty 
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abundant phospholipid molecules found in cell membranes. The phospholipids built 
on sphingosine framework are referred to as sphingolipids or glycolipids, depend-
ing on the number of glucose or galactose molecules they contain; and lipoproteins, 
which are complexes of cholesterol, triglycerides, and proteins that transport lipids 
in the aqueous environment of the bloodstream. These are complex lipids. The algae 
contain three major phospholipids, phosphatidylglycerol (PG), phosphatidyletha-
nolamine (PE), and phosphatidylcholine (PC). Phospholipids are synthesized by 
both prokaryotic and eukaryotic organisms. They are the major component of most 
eukaryotic cell membranes, which play a fundamental role in compartmentalizing 
the biochemistry of life [52]. The hydroxyl groups at positions C-1 and C-2 in phos-
phoglycerides are esterified to the carboxyl groups of the two fatty acid chains. The 
hydroxyl group at position C-3 hydroxyl group of the glycerol backbone is esterified 
to phosphoric acid. At this extent of conversion, the product is phosphatidic acid, 
which is the simplest phosphoglyceride. Phosphatidic acid now serves as the back-
bone on which most phosphoglycerides are derived having moieties such as serine, 
ethanolamine, choline, glycerol, and the inositol. Consequently, we have phospha-
tidylserine, phosphatidylethanolamine, phosphatidylcholine, phosphatidylglycerol, 
and phosphatidylinositol respectively (see Figure 15) [52].

4.4.6 Vitamins and fine chemicals from microalgal biomass

Metabolites from both microalgae and cyanobacteria have attended to both 
human and animal health and food needs and these microorganisms have become 
attractive resources for bioactive natural products that have wide applications in 
pharmaceutical, food, and chemical industries. Algae-derived bioactive substrates 
are employed for drug screening, given their tremendous structural diversity and 
biological availability. Microalgae biomass has a wide range of physiological and bio-
chemical characteristics and contains 50–70% protein compared to 50% in meat, and 
15–17% in wheat, with 30% lipids, more than 40% glycerol, 8–14% carotene, and a 
reasonably high levels of vitamins B1, B2, B3, B6, B12, E, K, D, and others [54–56].

Microalgae that have been cultivated on commercial scales and are avail-
able include Chlorella, Dunaliella, Nannochloris, Nitzschia, Crypthecodinium, 
Schizochytrium, Tetraselmis, Skeletonema, etc. and the cyanobacterium, Spirulina, and 
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a host of others. Most of the commercially produced microalgal biomass is presented 
to the market as a food supplement, and they are presented as tablets and capsules. 
Breakfast cereals, noodles, beverages, wines, and cosmetics now contain micro-
algae and their extracts. More than 75% of pharmaceutical product development 
is carried out by the microalgal food supplement production outfits. In the recent 
several years, microalgal and cyanobacterial research has explored diverse cultiva-
tion protocols aimed at improving growth rates, biomass yields, and accumulating 
metabolites for high nutritional value, and high-value chemicals (pigments and 
vitamins) [55]. Many more bioactive metabolites have been reported in microalgae. 
Dried microalgae biomass could be used as high-protein feeds for animals such as 
shrimp and fish, and microalgal biomass is a significant resource for cytotoxic agents 
with applications in cancer chemotherapy. The blooms of Phaeocystis sp., a marine 
microalga have antibiotic substances listed therein. Phaeocystis pouchetii produces 
acrylic acid, which makes up to 7.0% of its dry weight. The antibiotic metabolites so 
produced migrate in the food chain through the digestive system of some Antarctic 
marine animal species. Also, the alga Dunaliella sp. produces β-carotene and certain 
vitamins, which have boosted the Mariculture activities. Some cyanobacteria and 
microalgae such as Ochromonas sp. and Prymnesium parvum produce toxins, which 
may have the potential for pharmaceutical applications. These marine cyanobacteria 
produce bioactive metabolites such as acetogenins, bromophenols, fatty acids, 
terpenes, sterols, alkaloids, etc. with antibiotics, and antifungal activities. Diverse 
strains of cyanobacteria produce intracellular and extracellular metabolites with 
bioactive functions such as antitumor, anti-inflammatory, antialgal, antibacterial, 
antifungal, and antiviral activity [55, 56].

4.5 Microalgal biomass production limiting factors

Abiotic, Biotic, and process-related factors influence the growth of algae. Some 
of the abiotic factors are illumination and luminous intensity, daytime to night-time 
ratio, the temperature of the culture medium, nutrient availability, O2, and CO2 
mass transfer, pH value, the hydraulic retention time (HRT), salinity, and presence 

Figure 15. 
Sphingolipids and phospholipids: The classification of sphingolipids is based on the group attached to 
the sphingosine (LCB) backbone (a). Sphingomyelin (b) and ceramides (c-e) differ in fatty acid length, 
unsaturation, and in the type of attached head group and hydroxylation. Phospholipids with glycerol 
framework: (f) phosphatidylethanolamine, (g) phosphatidylcholine [53].
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of growth-inhibiting chemical agents [30]. Some of the biotic factors are the 
presence of pathogens (bacteria, fungi, viruses) and the presence of more than one 
algae strains. Each algae strain has a different capacity to assimilate nutrients, and in 
mixed cultures, there is competition for the available nutrients in the media, which 
may afferent the growth of some strains [36]. Process related factors that may 
influence algal growth are hydrodynamics of the culture broth, which is influenced 
by the choice of the bioreactor, the initial algal cell concentration in the reactor, and 
the related frequency of harvesting algal biomass [57, 58].

5. Conclusions

There is a major difference between microalgae and cyanobacteria in terms 
of their cell structure and this work has presented unmistakable evidence that 
microalgae have a nucleus and chloroplast, and their makeup includes their full 
identity in a two-stranded DNA. On the other hand, cyanobacteria are identified by 
one-stranded DNA and do not have a nucleus and neither a chloroplast. However, 
Microalgae and cyanobacteria do photosynthesize to produce their food.

It is seen from research as discussed in this chapter that value products aimed to 
meet pharmaceutical and food needs are obtainable by continuous availability of 
nutrients to the microalgae in the culture media. It is also seen that to accumulate 
lipid in the order of triglycerides for biodiesel production, microalgae must experi-
ence nutrients deficiency in the culture media at the stationary stage of growth.

The hydrodynamics of the microalgal culture broth depends on the choice of bio-
reactor for a particular cultivation activity and contributes to the algal growth factor.

The versatility of the microalgal biomass is expressed in the diversity of metabo-
lites produced by manipulation of the growth factors in favor of the desired prod-
uct. Also, the choice of the strain will drive towards the targeted product.
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Abstract

The search for a renewable source as an alternative to fossil fuels has driven the 
research on new sources of biomass for biofuels. An alternative source of biomass 
that has come to prominence is microalgae, photosynthetic micro-organisms 
capable of capturing atmospheric CO2 and accumulating high levels of lipids in 
their biomass, making them attractive as a raw material for biodiesel synthesis. 
Thus, various studies have been conducted in developing different types of pho-
tobioreactors for the cultivation of microalgae. Photobioreactors can be divided 
into two groups: open and closed. Open photobioreactors are more susceptible to 
contamination and bad weather, reducing biomass productivity. Closed photobio-
reactors allow greater control against contamination and bad weather and lead to 
higher rates of biomass production; they are widely used in research to improve new 
species and processes. Therefore, many configurations of closed photobioreactors 
have been developed over the years to increase productivity of microalgae biomass.

Keywords: raw material for biodiesel production, biomass, microalgae, 
photobioreactors, biodiesel synthesis

1. Introduction

The continuous rise in global temperature caused by the emission of greenhouse 
effect gases, mainly carbon dioxide (CO2) mostly due to anthropogenic activities 
such as the burning of fossil fuels, has led the search for alternative and renewable 
fuels, such as biofuels. Biofuels present a balance between the CO2 emitted dur-
ing burning and the subsequent absorption during the formation of biomass, a 
 sustainable cycle.

Biofuels such as bioethanol and biodiesel are alternative substitutes to gasoline 
and diesel, respectively and have several conventional renewable sources of raw 
materials. The raw materials for the production of biodiesel are based on oils and 
fats, which may be of vegetable origin (soybean, peanut, cotton and sunflower 
oils), animal origin (fish oil, beef tallow, lard and fat from chicken) or residual 
frying oils and fats, all sources committed to the food chain.
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fuels, such as biofuels. Biofuels present a balance between the CO2 emitted dur-
ing burning and the subsequent absorption during the formation of biomass, a 
 sustainable cycle.

Biofuels such as bioethanol and biodiesel are alternative substitutes to gasoline 
and diesel, respectively and have several conventional renewable sources of raw 
materials. The raw materials for the production of biodiesel are based on oils and 
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oils), animal origin (fish oil, beef tallow, lard and fat from chicken) or residual 
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However, another raw material, not competitive with the food chain, has 
received special attention for presenting many advantages when compared to con-
ventional sources. These are microalgae which are photosynthetic microorganisms 
capable of accumulating high levels of oil in their cytoplasm which, in turn, can be 
extracted from biomass and converted into biodiesel.

Microalgae grow at a high speed (less than a week), requiring small territorial 
areas to develop, presenting high photosynthetic efficiency and, consequently, good 
absorption of atmospheric CO2. They may use domestic and industrial effluents to 
develop (not requiring clean water), thus standing out as a promising raw material 
for the production of biodiesel.

Microalgae cultivations generate high concentration of biomass and, therefore, 
can be used in the production of biodiesel. The cultivation is generally conducted 
in illuminated bioreactors, called photobioreactors, which can have different 
shapes and configurations. Some configurations include columns of bubbles, 
tubulars, flat plates and open tanks in the shape of “raceways”, the most well-
known and widely spread configuration worldwide. However, the design and 
development of photobioreactors with new configurations and different lighting 
modes still play a crucial role in optimizing cell growth and increasing biomass 
formation.

In this context, this chapter will present the reasons for the use of microalgae as 
sources of biodiesel, the main photobioreactors used for the production of microal-
gae biomass and a brief description of the reaction synthesis of biodiesel.

2. Biodiesel sources

The average temperature of the planet has been increasing year by year and 
causing serious climatic imbalances, such as changes in the rain pattern and melting 
of the glaciers, resulting in losses in local agriculture and rising sea levels. Much 
of this rise in global temperature is due to the anthropogenic emission of carbon 
dioxide (CO2) into the atmosphere, mainly from the burning of fossil fuels [1].

According to IPEA [2], the anthropogenic contribution to the emission of CO2 
in the atmosphere is mainly related to energy purposes, in which transportation 
is responsible for 67% of the emissions as a result of carbon oxidation during the 
combustion of the most varied fuels.

For energy purposes, the contribution of fossil fuels is higher than 80% of the 
anthropogenic emission of CO2 into the Earth’s atmosphere, corresponding to 
approximately 35 giga tons of CO2 emitted in 2015 [2, 3].

Although technically there is a diversified energy matrix, including hydroelec-
tric, thermoelectric, wind, solar and nuclear energy sources, the planet is highly 
dependent on thermoelectric plants, which burn coal (mainly) and natural gas, fos-
sil fuels that are of finite origin and unsustainable, basically transferring terrestrial 
carbon to the atmosphere in its majority in the form of CO2 [3].

In addition to the massive presence of fossil fuels in the generation of electric 
energy, they also dominate the transportation sector, overloaded with vehicles 
powered by combustion, with exponents busses and trucks fueled by diesel, a fossil 
fuel that highly contributes to emissions of CO2 [4].

Biodiesel is the biofuel that can replace diesel and can be produced from 
 vegetable oils (soy, palm, sunflower, cotton, peanuts and others), oils from 
microorganisms (cyanobacteria and microalgae), animal fat and the frying oil 
reuse [5, 6]. The current biofuel projections are based on sources that are also 
food commodities and resources suitable for conventional agriculture. Thus, the 
biodiesel production involves the use of lands already used to food production [7].
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In addition, the use of microalgae biomass for the production of biodiesel has 
been gaining prominence, as this type of microorganism has high growth rates even 
on smaller areas of cultivation, microalgae biomass can generate high amounts of 
biomass and oils extracted from its dry biomass compared to vegetable oilseeds as 
seen in Figure 1. The cultivation of microalgae promotes the biofixation of CO2, 
allows the use of wastewater to treat industrial and domestic effluents and does not 
compete with agricultural food production [8, 9].

3. Microalgae

Microalgae are single-celled or multicellular organisms with microscopic dimen-
sions, capable of photosynthesis due to the presence of chlorophyll [10]. Microalgae 
mainly inhabit aquatic environments such as: lakes, rivers and oceans, although 
they can live in solid humid environments such as wet soil and rocks. They have 
about 50% carbon in their composition, based on their dry biomass, as a result of 
photosynthesis [11, 12].

In the sea, microalgae constitute phytoplankton and are responsible for approxi-
mately 90% of photosynthetic activity in the oceans which can lead to an annual 
fixation of 45–50 Gton of carbon in the oceans [13]. It is estimated that 1.8 kg of 
absorbed CO2, during photosynthesis, generates 1 kg of microalgal biomass [14, 15]. 
The photosynthesis reaction that represents this conversion of CO2 into biomass can 
be represented in a simplified way by Eq. (1).

 2 2 6 12 6 26 6 6CO H O C H O O+ → +  (1)

The biological composition of microalgae varies widely between species and is 
strongly influenced by environmental factors such as temperature, lighting, photo-
period, pH of the culture medium, mineral nutrients, CO2 supplement, etc. [15]. It 
is known that the concentration of nitrate in the microalgae culture medium signifi-
cantly influences the production of lipids by the cell, especially when  available in 
low concentrations inducing its accumulation inside the cell [16].

Figure 1. 
Different sources of biodiesel and their respective production efficiencies and territorial demand.
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Microalgae synthesize lipids from the carbon source, whether inorganic such 
as CO2 or organic (glucose, acetate, etc.). The components and levels of lipids in 
microalgal cells vary from species to species, being basically divided into neutral 
lipids (triglycerides and cholesterol) and polar lipids, such as phospholipids. 
Neutral lipids, such as triglycerides, are considered as the main material to produce 
biodiesel [17].

The oil content commonly found in microalgae is in the range of 15 to 50%, but 
these levels can be increased according to the manipulation of the crops aiming at 
the accumulation of lipids. In addition, microalgae of the Chlorella genus require 
less cultivation time and because of its high cell productivity and potential lipid 
extraction, microalgae can be widely used as a raw material in the production of 
biodiesel. The conversion to biodiesel occurs by the transesterification reaction 
using alcohol in the presence of acid or base as catalysts [12, 18].

Another group of substances abundant in the composition of most microalgae 
species are proteins. The high amount of proteins present in the cell composition 
in the most varied species of microalgae gives these microorganisms their recogni-
tion as an unconventional source of proteins. Proteins extracted from microalgal 
biomass for human nutrition are currently commercialized in various forms, such 
as tablets, capsules and liquids, which can be incorporated into pasta, cakes, sweets 
and drinks [19].

Along with proteins, the considerable composition of numerous essential 
vitamins in microalgae stands out: vitamin A, B1, B2, B6, B12, C, E, biotin, folic 
acid, among others, in levels that vary between species and according to cultivation 
techniques, as well as nucleic acids, which comprise from 1 to 6% of the cellular 

Species Proteins Carbohydrates Lipids Nucleic acids

Scenedesmus obliquus 50–56 10–17 12–14 3–6

Scenedesmus quadricauda 47 — 1.9 —

Scenedesmus dimorphus 8–18 21–52 16–40 —

Chlamydomonas rheinhardii 48 17 21 —

Chlorella vulgaris 51–58 12–17 14–22 4–5

Chlorella pyrenoidosa 57 26 2 —

Chlorella minutissima 35.5 — 31 —

Spirogyra sp. 6–20 33–64 11–21 —

Dunaliella bioculata 49 4 8 —

Dunaliella salina 57 32 6 —

Euglena gracilis 39–61 14–18 14–20 —

Prymnesium parvum 28–45 25–33 22–38 1–2

Tetraselmis maculata 52 15 3 —

Porphyridium cruentum 28–39 40–57 9–14 —

Spirulina platensis 46–63 8–14 4–9 2–5

Spirulina máxima 60–71 13–16 6–7 3–4.5

Synechoccus sp. 63 15 11 5

Anabaena cylindrica 43–56 25–30 4–7 —

Fonte: [10].

Table 1. 
Composition of microalgae.

387

Microalgae Cultivation in Photobioreactors Aiming at Biodiesel Production
DOI: http://dx.doi.org/10.5772/intechopen.93547

composition of microalgae and play a vital role in cell growth and repair. Due to the 
presence of phosphorus and nitrogen in large amounts in nucleic acids, microalgal 
biomass can also be used as a fertilizer [10].

Carbohydrates, on the other hand, comprise the final product of photosynthesis 
in microalgae and can vary from 4 to 64% of their cell composition (Table 1) [10]. 
These are synthesized by fixing CO2 in the form of glucose, disaccharides and starch 
as the primary source of energy for the cell [20].

In terms of microalgal biomass, carbohydrates can be extracted and converted 
into ethanol by the anaerobic fermentation process using yeasts (Saccharomyces 
cerevisiae, for example), or undergo degradation of organic matter in anaerobic 
conditions leading to the formation of methane and carbon dioxide [10].

All microalgae have one or more types of chlorophyll, among the four existing 
types, chlorophyll a, b, c and d, with chlorophyll being the most important pigment 
for photosynthesis playing a major role in the arrangement of photosystems to 
capture light energy. The other chlorophylls play secondary roles, contributing to 
increasing the total light absorbed by the microalgae. Commercially, chlorophylls 
are used mainly in the dye industry [20].

4. Photobioreactors

Photobioreactors are equipment designed to allow the use of light energy, 
whether natural or artificial, by the cells of the micro-organism present in it, with 
the purpose of providing the desired bioproduct. In the case of microalgae, it is 
desired that the photobioreactor helps promoting cell growth, and for this purpose 
several types of photobioreactors have been designed, such as open tanks, bubble 
columns, flat and tubular plates (conical or helical), among others [21].

According to Huang et al. [22], photobioreactors can be confined and the protec-
tive covered structures if built with transparent materials allow natural li lighting if 
the artificial lighting is not an option. They may also be available outdoors, subjected 
to weather conditions which randomly interfere in the development of the crop.

To minimize the interference associated with external factors, such as variations 
in the climate, impaired light by cloudy days or long rainy periods and possible 
contamination by insects, the photobioreactors that allow this direct contact of the 
culture medium with the external environment (called “open” photobioreactors), 
can be replaced by “closed” photobioreactors, in which the culture medium has no 
contact with the external environment, and if provided by artificial lighting they do 
not suffer from changes in radiance, ensuring greater control and  predictability [23].

Among the open photobioreactors, we highlight the open ponds or ponds, 
known by the English term “Open ponds”, which are cultivation containers made 
of plastic materials (PVC, for example), fiberglass or cement, and should contain 
smooth internal surfaces in order to reduce likely damages from friction and 
guarantee ease cleaning. In the construction of the tanks, the depth can vary from 
10 to 50 cm approximately, so that it allows the diffusion of carbon dioxide from the 
atmosphere and the penetration of sunlight as well as allowing aeration by bubbling 
air in the culture medium [12, 20].

The circular ponds, or circular tanks, reach an average of 1000 m2, 30cm deep, 
provided by large rotational arms that can extend up to 45 m in diameter, reaching 
yields that can vary from 1.5 to 16.5 g m−2 d−1 of dry biomass, while the “raceway 
pond” type gets its name from the format that resembles a racing circuit. It is 
the most used system at both pilot and commercial scale due to its ease of opera-
tion [24]. Productivities can vary from 0.19 to 23.5 g m−2 d−1 of dry biomass [10]. 
Figure 2 shows open ponds photobioreactors.
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composition of microalgae and play a vital role in cell growth and repair. Due to the 
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biomass can also be used as a fertilizer [10].

Carbohydrates, on the other hand, comprise the final product of photosynthesis 
in microalgae and can vary from 4 to 64% of their cell composition (Table 1) [10]. 
These are synthesized by fixing CO2 in the form of glucose, disaccharides and starch 
as the primary source of energy for the cell [20].

In terms of microalgal biomass, carbohydrates can be extracted and converted 
into ethanol by the anaerobic fermentation process using yeasts (Saccharomyces 
cerevisiae, for example), or undergo degradation of organic matter in anaerobic 
conditions leading to the formation of methane and carbon dioxide [10].

All microalgae have one or more types of chlorophyll, among the four existing 
types, chlorophyll a, b, c and d, with chlorophyll being the most important pigment 
for photosynthesis playing a major role in the arrangement of photosystems to 
capture light energy. The other chlorophylls play secondary roles, contributing to 
increasing the total light absorbed by the microalgae. Commercially, chlorophylls 
are used mainly in the dye industry [20].

4. Photobioreactors

Photobioreactors are equipment designed to allow the use of light energy, 
whether natural or artificial, by the cells of the micro-organism present in it, with 
the purpose of providing the desired bioproduct. In the case of microalgae, it is 
desired that the photobioreactor helps promoting cell growth, and for this purpose 
several types of photobioreactors have been designed, such as open tanks, bubble 
columns, flat and tubular plates (conical or helical), among others [21].

According to Huang et al. [22], photobioreactors can be confined and the protec-
tive covered structures if built with transparent materials allow natural li lighting if 
the artificial lighting is not an option. They may also be available outdoors, subjected 
to weather conditions which randomly interfere in the development of the crop.

To minimize the interference associated with external factors, such as variations 
in the climate, impaired light by cloudy days or long rainy periods and possible 
contamination by insects, the photobioreactors that allow this direct contact of the 
culture medium with the external environment (called “open” photobioreactors), 
can be replaced by “closed” photobioreactors, in which the culture medium has no 
contact with the external environment, and if provided by artificial lighting they do 
not suffer from changes in radiance, ensuring greater control and  predictability [23].

Among the open photobioreactors, we highlight the open ponds or ponds, 
known by the English term “Open ponds”, which are cultivation containers made 
of plastic materials (PVC, for example), fiberglass or cement, and should contain 
smooth internal surfaces in order to reduce likely damages from friction and 
guarantee ease cleaning. In the construction of the tanks, the depth can vary from 
10 to 50 cm approximately, so that it allows the diffusion of carbon dioxide from the 
atmosphere and the penetration of sunlight as well as allowing aeration by bubbling 
air in the culture medium [12, 20].

The circular ponds, or circular tanks, reach an average of 1000 m2, 30cm deep, 
provided by large rotational arms that can extend up to 45 m in diameter, reaching 
yields that can vary from 1.5 to 16.5 g m−2 d−1 of dry biomass, while the “raceway 
pond” type gets its name from the format that resembles a racing circuit. It is 
the most used system at both pilot and commercial scale due to its ease of opera-
tion [24]. Productivities can vary from 0.19 to 23.5 g m−2 d−1 of dry biomass [10]. 
Figure 2 shows open ponds photobioreactors.
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According to Huang [22], in the class of “closed” photobioreactors, the bubble 
column type is widely used by both researchers on a laboratory scale and commer-
cial purposes due to its versatility of operation, handling and construction, as they 
are basically cylinders with a high height/diameter ratio and made of transparent 
materials such as glass and mainly polymers (acrylics and polyvinyl chlorides for 
example).

According to Carvalho [21], the bubble column photobioreactor has a unique 
configuration with an air dispersion system in its internal structure, which allows 
controlling the size and release of air bubbles promoting a random pneumatic 
 agitation of the medium of cultivation.

In order to promote an oriented movement of the liquid inside the cylinder, 
photobioreactors of “air-lift” models can be used, which are equipped with devices 
called “draft tube”. These devices that allow the distinction of two regions: one that 
it presents an upward flow of medium where air bubbles are released (Riser), and 
another of downward liquid flow (Downcomer) [25].

Flat plate photobioreactors are characterized by cobblestones of glass, plastic 
or other material that allows the passage of solar radiation. The air, enriched with 
carbon dioxide necessary for the growth of biomass is injected by the base, and 
promotes turbulence so that all cells are affected by solar radiation [26].

The arrangement of flat plate photobioreactors can vary vertically, horizontally 
or at an angle. They have the advantage of having a large surface area, which 
allows better use of the received radiation favoring the photosynthetic activity 
of microalgae [10]. Figure 3 shows bubbles column, air-lift and flat plate 
photobioreactors.

Tubular photobioreactors are the most popular; they have a high ratio of 
exposed surface to volume, high efficiency of CO2 usage and sunlight. They consist 
of sets of transparent tubes, usually glass or plastic, whose diameters are less than 
0.1 m, since light is required in the photosynthesis process. Such photobioreactors 
can be designed in several formats (Figure 3): serpentine, inclined, spiral, coils and 
in parallel [10, 21, 24, 27].

The photobioreactors of the agitated tank type, on the other hand, have a 
structure composed of cylindrical tubes of glass or material that allows the pas-
sage of natural or artificial light and occupy small areas. The reactor may have 
mechanical or pneumatic agitation systems (air distributors), or even both. They 
are known as mixing bioreactors, responsible for more than 90% of applications in 
the fermentation industry [10, 21]. Figure 4 shows tubular and agitated tank type 
photobioreactors.

Figure 2. 
Open pounds photobioreactors. Raceway pond (A); circular pond (B). Source: authors.
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In the municipality of Almeria, Spain, the microalgae Scenedesmus almeriensis 
is grown commercially in a 3000 L vertical tubular photobioreactor, owned by 
the CAJAMAR Foundation. The tubes are made of transparent polymeric material 
90 mm in diameter and 400 m long, connected to a 3.5 m high bubble column [28].

Figure 3. 
Bubbles column (A), air-lift (B and C) and flat plate (D) photobioreactors. Source: authors.

Figure 4. 
Tubular photobioreactors: serpentine (A), inclined (B) and coil (D). Agitated tank photobioreactor (C). 
Source: authors.
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is grown commercially in a 3000 L vertical tubular photobioreactor, owned by 
the CAJAMAR Foundation. The tubes are made of transparent polymeric material 
90 mm in diameter and 400 m long, connected to a 3.5 m high bubble column [28].
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Many researchers have been designing and developing new configurations or 
strategies for the arrangement of photobioreactors to stimulate cell growth and the 
accumulation of metabolites in microalgae. As an example, the photobioreactor 
developed by Liao et al. [29] (Figure 5A), who horizontally disposed a serpentine 
tubular reactor, with regions of the tube that do not allow the passage of light, 
creating light and dark regions in photobioreactor to induce the accumulation of 
lipids during cell growth. A similar strategy was devised and developed by Ilus and 
Abu-Goshi [30] (Figure 5B), with a similar photobioreactor, plus a mirror at its 
base to increase the efficiency of light capture by reflecting the incident light.

An unconventional photobioreactor was developed by Huang et al. [31], named 
as a rotating float consisting of bottles in hexagonal arrangement and used as 
paddles of a raceway pond for the cultivation of microalgae Dunaliella tertiolecta. 
Another interesting photobioreactor has been proposed by Pruvost et al. [32], in 
which a flat plate photobioreactor is integrated into a building, with the purpose of 
producing microalgae biomass. This photobioreactor takes advantage of the exhaust 
gases from the chimney of a commercial building, thereby increasing the produc-
tion of biomass during cultivation. In addition, it provides thermal comfort to the 
building in which it is integrated, as it reduces the internal temperature of the place 
due to the absorption of sunlight by microalgae while growing in the photobioreac-
tor, which is located next to the building. Figure 6 shows flat plate photobioreactor 
integrated into a building and rotating float photobioreactor.

It seems that microalgal cultures can be conducted under the most diverse configu-
rations of photobioreactors from open to closed tanks, bubble columns, airlift, tubular 

Figure 6. 
Flat plate photobioreactor integrated into a building (A) and rotating float photobioreactor (B). Source: 
authors.

Figure 5. 
Tubular arrangements of photobioreactors: (A)  serpentine tubular reactor; (B) serpentine tubular reactor 
with mirror at its base to increase the efficiency of light capture by reflecting the incident light. Source: authors.
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(vertical, horizontal, inclined or spiral), combinations of more than one photobioreac-
tor or even allied to architectural projects like the plate-type photobioreactor built next 
to an industrial building that rejects CO2 in its chimney. Table 2 summarizes some 
works carried out with several microalgae in the most common photobioreactors.

5. Harvesting biomass

After the microalgae cultivation period in the photobioreactors, the microalgal 
biomass must be harvested. This step is considered by many to be the key stage for 
the industrial production of biofuels from microalgae oils because they grow in 
very diluted cultures. The energy consumption is high due to the processing of large 
quantities of liquid which are needed to guarantee a feasible harvesting [37].

The main methods of harvesting microalgae are: flocculation, electroflocculation, 
biofloculation, gravimetric sedimentation, flotation, filtration and centrifugation [38].

The flocculation process involves the addition of chemicals capable of inducing 
the aggregation of microalgae cells either by neutralization, inversion of the electri-
cal charges on the cell walls, or by the formation of bonds between the microalgae. 
It allows biomass recovery with lower economic costs when compared to the 
centrifugation process [37].

The main flocculating agents used for harvesting microalgae are salts such as 
FeCl3, Al2(SO4)3 and Fe2(SO4)3, polymers (chitosan) and bases such as NaOH or 
KOH, due to the change in pH [38].

The electrofloculation process, not widely disseminated, is based on the charac-
teristic of microalgae to be electronegatively charged. Thus, by adapting a culture 
medium with the insertion of electrodes and allowing the passage of electrical 
current, it is possible to separate the microalgae cells of culture medium [38].

According to Barros et al. [38], in the biofloculation process, the flocculating 
agent is a microorganism, such as bacteria of the genus Flavobacterium, Terrimonas 
and Sphingobacterium, or fungi (Rhizopus oryzae, Penicillium expansum, Aspergilus 
and Mucor circinelloides), forming aggregates with the microalgal cells and favoring 
the microalgal cells gravimetric settling.

Biofloculation can eliminate the need for chemical flocculating agents, although for 
some cases it is necessary to add CaCl2 to guarantee the efficiency of the process [38].

The flotation process can be defined as the “reverse” of sedimentation, where 
air bubbles promote the ascension of the cells of the culture by separating it from 
the liquid medium. However, cultures of marine microalgae are unlikely to undergo 
flotation, due to the high salinity of the medium [38].

Configuration Summary Reference

Bubble column The marine microalgae Chlorella minutissima was grown in a 20 L 
photobioreactor for the study of several controlled factors, such as 
temperature, CO2 and nutrients

Loures 
et al. [33]

Raceway The cultivation of Nannochloropsis microalgae under nutritional stress 
conditions in an open tank in order to accumulate lipids to produce 
biodiesel.

Perrier 
et al. [34]

Tubular The microalgae Chlorella vulgaris was cultivated in two stages as a 
strategy to accumulate lipids for the biodiesel production

Chen et al. 
[35]

Placas planas The cultivation of the microalgae Chlorella pyrenoidosa was evaluated 
under different lighting gradients throughout the photobioreactor.

Huang 
et al. [36]

Table 2. 
Use of traditional photobioreactors in research on microalgae cultivations.
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Figure 6. 
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(vertical, horizontal, inclined or spiral), combinations of more than one photobioreac-
tor or even allied to architectural projects like the plate-type photobioreactor built next 
to an industrial building that rejects CO2 in its chimney. Table 2 summarizes some 
works carried out with several microalgae in the most common photobioreactors.
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After the microalgae cultivation period in the photobioreactors, the microalgal 
biomass must be harvested. This step is considered by many to be the key stage for 
the industrial production of biofuels from microalgae oils because they grow in 
very diluted cultures. The energy consumption is high due to the processing of large 
quantities of liquid which are needed to guarantee a feasible harvesting [37].

The main methods of harvesting microalgae are: flocculation, electroflocculation, 
biofloculation, gravimetric sedimentation, flotation, filtration and centrifugation [38].

The flocculation process involves the addition of chemicals capable of inducing 
the aggregation of microalgae cells either by neutralization, inversion of the electri-
cal charges on the cell walls, or by the formation of bonds between the microalgae. 
It allows biomass recovery with lower economic costs when compared to the 
centrifugation process [37].

The main flocculating agents used for harvesting microalgae are salts such as 
FeCl3, Al2(SO4)3 and Fe2(SO4)3, polymers (chitosan) and bases such as NaOH or 
KOH, due to the change in pH [38].

The electrofloculation process, not widely disseminated, is based on the charac-
teristic of microalgae to be electronegatively charged. Thus, by adapting a culture 
medium with the insertion of electrodes and allowing the passage of electrical 
current, it is possible to separate the microalgae cells of culture medium [38].

According to Barros et al. [38], in the biofloculation process, the flocculating 
agent is a microorganism, such as bacteria of the genus Flavobacterium, Terrimonas 
and Sphingobacterium, or fungi (Rhizopus oryzae, Penicillium expansum, Aspergilus 
and Mucor circinelloides), forming aggregates with the microalgal cells and favoring 
the microalgal cells gravimetric settling.

Biofloculation can eliminate the need for chemical flocculating agents, although for 
some cases it is necessary to add CaCl2 to guarantee the efficiency of the process [38].

The flotation process can be defined as the “reverse” of sedimentation, where 
air bubbles promote the ascension of the cells of the culture by separating it from 
the liquid medium. However, cultures of marine microalgae are unlikely to undergo 
flotation, due to the high salinity of the medium [38].

Configuration Summary Reference

Bubble column The marine microalgae Chlorella minutissima was grown in a 20 L 
photobioreactor for the study of several controlled factors, such as 
temperature, CO2 and nutrients

Loures 
et al. [33]

Raceway The cultivation of Nannochloropsis microalgae under nutritional stress 
conditions in an open tank in order to accumulate lipids to produce 
biodiesel.

Perrier 
et al. [34]

Tubular The microalgae Chlorella vulgaris was cultivated in two stages as a 
strategy to accumulate lipids for the biodiesel production

Chen et al. 
[35]

Placas planas The cultivation of the microalgae Chlorella pyrenoidosa was evaluated 
under different lighting gradients throughout the photobioreactor.

Huang 
et al. [36]

Table 2. 
Use of traditional photobioreactors in research on microalgae cultivations.
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The filtration method consists of passing the culture medium through a small 
pore membrane that retains the microalgal cells and allows only the passage of the 
liquid medium [37].

According to Lourenço [20], in the filtration of small volumes, a filtration 
apparatus such as a Kitasato flask or similar is applicable, however, on a large-scale 
cultivation, the separation of huge volumes of microalgae and biomass processing is 
only feasible if the species have large or filamentous cells, which are easily retained 
in the filter; a short process time.

Regarding the harvest time, gravimetric sedimentation is a slow and simple 
process which involves the separation of microalgae cells from the culture medium 
by the action of gravitational force. The downside of this process is the low effi-
ciency [20].

On the other hand, centrifugation, cell sedimentation equipment that acts by the 
action of centrifugal force, is a fast process of biomass recovery, however, it requires 
high energy consumption. By this technique, biomass is concentrated without the 
addition of chemicals, preserving its original characteristics [20].

6. Extraction of lipids

Microalgae oils can be extracted similarly to other oilseed biomasses, which usu-
ally use physical extraction by adding a chemical solvent to improve the extraction 
process; solvents such as hexane and methanol are widely used [24].

The extraction of oil with solvent is a process of transferring soluble constitu-
ents (oil) from an inert material (biomass) to a solvent, in a purely physical process, 
without any chemical reaction. Solvent extraction is currently the most economical 
method and the use of hexane and chloroform has made it the fastest and most 
efficient method for lipid extraction from the most diverse biomasses. However, the 
presence of these chemical solvents can affect the lipid composition of the extracted 
oil [39].

Mechanical presses such as screw and piston, among others, can rupture the 
cells and release the oil, but these operation lead to low efficiency. On the other 
hand, when combined with the use of organic solvents, oil extraction efficiency can 
be reached in the order of 95% [10].

High concentrations of salts can cause a sudden change in the osmotic pressure, 
which can lead to the rupture of cells and the release of oil from inside; a method 
known as “osmotic shock” [39].

A method that has received notable attention is supercritical extraction, 
which uses fluids above the critical point of temperature and pressure, providing 
properties such as low viscosity and high diffusivity, allowing to achieve greater 
efficiency in the lipid extraction step. In this context, the use of CO2 as a super-
critical fluid is highly attractive due to its high selectivity, non-toxicity and short 
processing period. The only drawback is the high cost associated with installing 
adequate equipment to operate under safe conditions at high temperature and 
pressure [10].

In the search for environmentally friendly processes, enzymatic extraction is 
highly recommended, since it uses enzymes such as pectinase and cellulase, to 
degrade the cell wall, providing highly efficient extractions without affecting the 
microalgal lipid composition, unlike the method that uses organic chemical solvents 
[39]. On the other hand, these methods are still used only on a laboratory scale, due 
to the high costs involved with the acquisition of enzymes [24].
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7. Synthesis of biodiesel

Biodiesel is the natural and renewable substitute fuel for petroleum diesel. It 
is produced from vegetable oils such as soy, palm, sunflower and jatropha and/or 
animal fat, such as beef tallow and chicken fat. In other words, any sources that 
have lipids can, in theory, be useful in the production of biodiesel [6].

First generation raw materials such as soy, palm and sunflower are not considered 
socially sustainable because they compete with the demand for food. In contrast, 
second generation raw materials such as beef tallow, residual frying oils and chicken 
fat, stand out as alternatives to produce biodiesel. Physic nut, which grows in semi-
arid regions, where other sources of oilseeds are not able to grow and, therefore, do 
not compete with the food chain can also be used to produce biodiesel [6].

Microalgae, as well as cyanobacteria, belong to the group of third generation raw 
materials. These are a promising alternative, as they are able to accumulate high lev-
els of lipids combined with high growth rates and biomass productivity compared 
to conventional oilseeds, and they do not compete with the food chain [40].

Biodiesel can be defined as a mixture of alkyl esters of fatty acids obtained by 
transesterification of triacylglycerides from vegetable oils or animal fat, or by the 
esterification reaction of free fatty acids resulting in alkyl esters of fatty acids and 
water. Both reactions occur in the presence of alcohols and catalyst [41].

Alcohols are considered to be transesterification agents, and may be methyl 
alcohol (methanol), ethyl alcohol (ethanol), propyl, butyl or amyl. Methanol is the 
most widely used alcohol due to its low cost and its physical–chemical properties 
(polarity and lower carbon chain), while ethanol has stood out for its potential for 
low toxicity and easy availability [37].

Transesterification is a multi-stage reaction, including three reversible stages 
in series, so that triglycerides are converted to diglycerides, then diglycerides are 
converted to monoglycerides and finally monoglycerides are converted to esters 
(biodiesel) and glycerol (co-product). Stoichiometrically the transesterification 
reaction requires 3 moles of alcohol for every mole of triacylglyceride, with an 
excess of alcohol being used to shift the balance towards the formation of the 
products, as it is a reversible reaction. The esterification reaction requires 1 mole of 
alcohol to 1 mole of fatty acid and requires excess alcohol to favor the direction of 
product formation [42].

The biodiesel synthesis reactions can be catalyzed homogeneously or heteroge-
neously. Homogeneous catalysts can be acidic (sulfuric, sulfonic and hydrochloric 
acid) or alkaline (sodium or potassium hydroxides), while heterogeneous catalysts 
can be enzymes or metallic compounds. In the catalyst determination, the acidity 
index is the main characteristic of the oil to be observed since high amounts of fatty 
acids do not allow alkaline catalysis (soap formation in the reaction medium). In 
this case, the use of acid catalysts is suggested [18].

On enzymatic catalysis, enzymes such as lipases, present in several organisms 
including animals, plants, fungi and bacteria have the biological function of accel-
erating the hydrolysis of fats and vegetable oils, releasing fatty acids, monoglycer-
ides, diglycerides and glycerol [43].

Enzymes have some advantages when compared to the chemical catalytic 
process, such as high selectivity, reaction temperature in the range of 30–40°C and 
pH between 4 and 9. On the other hand, it requires long reaction periods to achieve 
high conversions and, therefore, costly [43].

Leung, Wu and Leung [44] explained that in general there will be advantages 
and disadvantages associated with the choice of the type of catalyst. The main 
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advantages of alkaline catalysts are high catalytic activity, low cost and  moderate 
operating conditions. However, it requires a low acidity index to prevent soap 
formation. Acid catalysts have the advantage of preventing soap formation. 
However, these catalysts corrode the equipment and require long reaction times. 
Heterogeneous catalysts (enzymes and metallic compounds) are highly selective 
and allow recycling, but at high costs.

The oil extracted from marine microalgae has a high acidity index, indicating 
acid catalysis as the most suitable for biodiesel production, as can be seen in Table 3 
which highlights the research done in the process of biodiesel synthesis via acid 
catalysis [45].

The synthesis of biodiesel from microalgal oils is carried out in a reactor. The 
mixture of alcohol and catalyst reacts with the triglyceride and/or fatty acids pres-
ent in the microalgal oil. After the reaction, the mixture is transferred to a separa-
tion tank to guarantee the formation of the upper layer consisting of methyl ester, 
excess of alcohol and catalyst (acid or base) and the lower layer, predominantly 
glycerol [24].

8. Reaction of biodiesel in situ

The biodiesel production process usually involves the extraction of oils or lipids 
from biomass, which will later be processed to produce biodiesel; thus called a two-
stage process. Currently, industries still require new technologies in the oil extrac-
tion and purification of the biodiesel, which are estimated to impact 70 to 80% on 
production costs [48].

Direct or “in situ” transesterification, an expression of the Latin that means 
“on the spot”, is the most prominent to perform lipid extraction and the trans-
esterification reaction concurrently, in a single step of the process. Currently, 
the process has been called a Reactive Extraction Process. Therefore, the direct 
processing of biomasses seems to be an economically viable alternative as it results 
in a more economical use of resources in the production process. This direct use 
of biomass in the reactor is called Direct Transesterification or “In Situ”. The “In 
situ” Transesterification process emerges as a viable alternative to this problem as 
it makes direct use of the raw material without the need to prioritize oil extraction 
(Figure 7) [49].

The TEIS of microalgae biomass is shown as a potential alternative in reducing 
the costs of microalgal biodiesel production by eliminating the pre-treatment of 
biomass, enabling lipid extraction and purification, which has been the main factor 
in preventing the advancement of this industry; it minimizes the high consump-
tion of solvents and uptime [49]. The elimination of the lipid extraction step not 
only reduces production steps but also results in a lower initial investment cost, 
 equipment installation and maintenance, and energy [50].

Microalgae Catalyst Condition Reference

Chlorella minutissima H2SO4 molar ratio (alcohol:lipid) 9:1, 90°C e 8 h Loures et al. [45]

Chlorella protothecoides H2SO4 Molar ratio (methanol:lipid) 56:1, 30 °C and 
4 h

Miao, Wu [46]

Chlorella sp. H2SO4 Molar ratio (alcohol:lipid) 30:1, 60°C and 4 h Amaral et al. [47]

Source: authors.

Table 3. 
Catalysts used in biodiesel reactions for Chlorella microalgae.
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As reported by Skorupskaite et al. [50], in situ technology can be applied to 
almost any raw material of plant origin or waste. However, attention should be 
focused on the biomass characteristics such as humidity, particle size, oil composi-
tion, acid content and reaction conditions (characteristics of reagents and catalyst, 
reaction time, temperature, etc.).

The reaction system for the TEIS process is suitable if the agitation of the reac-
tion medium is effective enough to keep the biomass suspended [42]. This implies 
that there is a homogeneous dispersion of the liquid solvent and the solid biomass 
in the TEIS process [50]. that is, a perfectly agitated reactor. However, several 
authors have proposed different reaction systems to produce biodiesel in situ from 
microalgae.

9. Conclusion

The high rate of cell growth, the high content of lipids in the biomass and the 
non-competition in the food chain place microalgae as sources of raw material suit-
able in the production of biodiesel. To maximize biomass productivity, photobiore-
actors are key equipment in the success of a microalgal biodiesel production chain, 
as the photobioreactors allow an accelerated growth of microalgae, making more 
lipids available to be converted in biodiesel. In this sense, different configurations 
of photobioreactors can be used to produce microalgae biomass, with raceways and 
tubular photobioreactors being the most used configurations.
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Figure 7. 
The “In situ” Transesterification process use of the raw material without the need to prioritize oil extraction.
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The biodiesel production process usually involves the extraction of oils or lipids 
from biomass, which will later be processed to produce biodiesel; thus called a two-
stage process. Currently, industries still require new technologies in the oil extrac-
tion and purification of the biodiesel, which are estimated to impact 70 to 80% on 
production costs [48].

Direct or “in situ” transesterification, an expression of the Latin that means 
“on the spot”, is the most prominent to perform lipid extraction and the trans-
esterification reaction concurrently, in a single step of the process. Currently, 
the process has been called a Reactive Extraction Process. Therefore, the direct 
processing of biomasses seems to be an economically viable alternative as it results 
in a more economical use of resources in the production process. This direct use 
of biomass in the reactor is called Direct Transesterification or “In Situ”. The “In 
situ” Transesterification process emerges as a viable alternative to this problem as 
it makes direct use of the raw material without the need to prioritize oil extraction 
(Figure 7) [49].

The TEIS of microalgae biomass is shown as a potential alternative in reducing 
the costs of microalgal biodiesel production by eliminating the pre-treatment of 
biomass, enabling lipid extraction and purification, which has been the main factor 
in preventing the advancement of this industry; it minimizes the high consump-
tion of solvents and uptime [49]. The elimination of the lipid extraction step not 
only reduces production steps but also results in a lower initial investment cost, 
 equipment installation and maintenance, and energy [50].

Microalgae Catalyst Condition Reference

Chlorella minutissima H2SO4 molar ratio (alcohol:lipid) 9:1, 90°C e 8 h Loures et al. [45]

Chlorella protothecoides H2SO4 Molar ratio (methanol:lipid) 56:1, 30 °C and 
4 h

Miao, Wu [46]

Chlorella sp. H2SO4 Molar ratio (alcohol:lipid) 30:1, 60°C and 4 h Amaral et al. [47]

Source: authors.

Table 3. 
Catalysts used in biodiesel reactions for Chlorella microalgae.
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As reported by Skorupskaite et al. [50], in situ technology can be applied to 
almost any raw material of plant origin or waste. However, attention should be 
focused on the biomass characteristics such as humidity, particle size, oil composi-
tion, acid content and reaction conditions (characteristics of reagents and catalyst, 
reaction time, temperature, etc.).

The reaction system for the TEIS process is suitable if the agitation of the reac-
tion medium is effective enough to keep the biomass suspended [42]. This implies 
that there is a homogeneous dispersion of the liquid solvent and the solid biomass 
in the TEIS process [50]. that is, a perfectly agitated reactor. However, several 
authors have proposed different reaction systems to produce biodiesel in situ from 
microalgae.

9. Conclusion

The high rate of cell growth, the high content of lipids in the biomass and the 
non-competition in the food chain place microalgae as sources of raw material suit-
able in the production of biodiesel. To maximize biomass productivity, photobiore-
actors are key equipment in the success of a microalgal biodiesel production chain, 
as the photobioreactors allow an accelerated growth of microalgae, making more 
lipids available to be converted in biodiesel. In this sense, different configurations 
of photobioreactors can be used to produce microalgae biomass, with raceways and 
tubular photobioreactors being the most used configurations.

Acknowledgements

We thank Coordenação de Aperfeiçoamento de Pessoal de Ensino Superior 
(CAPES) for financial support to conduct this work.

Figure 7. 
The “In situ” Transesterification process use of the raw material without the need to prioritize oil extraction.
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Abstract

Microalgae has a great potential to produce biofuels and bioproduct but the cost 
is still too high mainly due to the biomass production. Mixotrophic cultivation has 
been pointed as microalgae cultivation mode for biomass/bioenergy production 
with lower cost and able to make remediation of organic waste. The proposals of this 
work was to make a review of microalgae growth under mixotrophic condition using 
agro-industrial waste. Agro-industrial by-products and wastes are of great interest 
as cultivation medium for microorganisms because of their low cost, renewable 
nature, and abundance. However biotechnological technologies are necessary to 
develop the production of microalgae on a large scale.

Keywords: microalgae, mixotrophic growth, biomass, agro-industrial waste, 
biorefinary

1. Introduction

Microalgae are a variety of autotrophic, prokaryotic or eukaryotic organisms, 
where their single-cell structure allows solar energy to be easily converted into 
chemical energy. This biochemical conversion is being used commercially to obtain 
the biomass, consequently, in the insertion in products with commercial applica-
tion. The most used microalgae cultivation techniques are opens aerated lagoons 
and closed photobioreactors [1–4].

Due to the advantages that microalgae offer over many other species, researchers 
and entrepreneurs have shown great interest in the development of production 
processes for biofuels, functional foods and bio-products from different species. 
Compared to terrestrial crops, these microorganisms have photosynthetic efficiency, 
growth rate and higher biomass production, consequently mass cultivation for 
commercial microalgae production can be carried out efficiently [5]. In addition, the 
cultivation of microalgae does not require arable soil, and can be grown in saline, 
brackish and wastewater and in harsh conditions, not competing with the produc-
tion of food that is currently a major challenge for the production of first and second 
biofuels generation [6]. Therefore, competition for arable land with other crops, 
especially for human consumption, is greatly reduced.
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Although most microalgae grow exclusively through photosynthesis, some 
species are mixotrophic and use extracellular organic carbon when a light source 
is not available [7]. Microalgae can be a source of several important compounds, 
including hydrogen and hydrocarbons, pigments and dyes, food and feed, bio-
polymers, biofertilizers, insecticides, neutraceuticals (foods capable of providing 
health benefits) and pharmacological compounds, in addition to being a potential 
biomass for production of biofuels [8].

Although the production of microalgae does not directly compete with food 
production and can be grown in harsh conditions, economic viability does not yet 
exist in many of the processes of industrial interest. However, the improvement 
and mastery of technologies capable of making inserted industrial processes viable 
become essential. Despite of the microalgae have a wide potential for produc-
tion and applications, there are many obstacles to the biodiversity of these algae, 
such as mastery of technologies for production, genetic improvement research of 
strains more resistant to pathogens and economic viability in large-scale produc-
tion [9–10]. According to Georgianna and Mayfield [11], although promising, the 
success of inserting microalgae in the production of various products depends 
mainly on two important factors: high productivity and quality of biomass, as well 
as cost-effective production.

One of the viable solutions to reduce the costs of microalgae biomass production 
is to explore different forms of energy metabolism, highlighting the photoautotro-
phic, heterotrophic and mixotrophic for commercial production. Understanding 
these forms of metabolism allows the application of efficient crop strategies aimed 
at increasing the production of biomass and bioproducts on a large scale with cost 
optimization to couple the agroindustry waste treatment [7]. Microalgae are able 
to eliminate a variety of pollutants in wastewater mainly nitrogenated, phosphates 
and organic carbons [12].

Mixotrophic cultivation is a preferable microalgae growth mode for biomass 
production [13]. Compared to photoautotrophic and heterotrophic metabolism, 
mixotrophic cultures have been demonstrated many advantages, such as less risk 
of contamination, reduced cost and high biomass productivity. Even susceptible 
to contaminations, the use of photobioreactors minimizes this risk, but increases 
the cost of the process, which can be offset by the high biomass yield that can reach 
5–15 g/L, being 3–30 times higher than those produced under autotrophic growth 
conditions [14, 15].

The use of waste for microalgae mixotrophic growth has been researched, 
mainly with the objective of expanding and diversifying in an alternative way 
the control and combating the inappropriate disposal of these in the respective 
industries, combined with the perspective of minimizing the operational costs 
of producing microalgae in large scale that are still considered high. The waste 
generated by the agribusiness has a high load of organic matter with high con-
centrations of Biochemical Oxygen Demand (BOD), Chemical Oxygen Demand 
(COD), ammonia, phosphates, suspended solids harmful to the environment, 
in addition to dissolved components such as sugars, fat and proteins originating 
from food, contributing to environmental pollution [16].

According to Patel et al. [7], research involving the mixotrophic cultivation of 
microalgae using organic matter as a source of carbon points to the production of 
high yields of biomass and biocomposites of industrial interest when compared to 
systems involving photoautotrophic and heterotrophic metabolisms. In this sense, 
recent studies have been carried out using agroindustrial waste to grow microalgae 
in a mixotrophic regime in order to minimize the cost of the biomass production 
process and treat the effluent adding value to the process, suggesting a microalgae 
biorefinery system [17].
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Patel et al. [18] cultivated C. protothecoides UTEX-256 under mixotrophic condi-
tions using dairy waste as source of carbon. The high CO2-emitting dairy industry 
obligated to treat waste and improve its carbon-footprints. In general, biochemical 
treatment was effective to remove respectively 99.7 and 91–100% of organic and 
inorganic pollutants and produce biomass and lipids fractions.

Xio-Bo Tan et al. [19] demonstrated that Chlorella pyrenoidosa (FACHB-9) 
cultivated under mixotrophic conditions using anaerobic digestate of sludge with 
an optimal addition of acidified starch wastewater improved biomass and lipids 
production by 0.5-fold (to 2.59 g·L−1) and 3.2-fold (87.3 mg·L−1 ·d−1), respectively. In 
addition, 62% of total organic carbon, 99% of ammonium and 95% of orthophos-
phate in mixed wastewater were effectively removed by microalgae.

Wang et al. [20] utilized glucose recovered from enzymatic hydrolysis of food 
waste as culture medium in mixotrophic cultivation of Chlorella sp. to obtain 
high levels of lipid and lutein. The algal biomass was 6.9 g L−1 with 1.8 g L−1 lipid 
and 63.0 mg L−1 lutein using hydrolysate with an initial glucose concentration of 
20 g L − 1. Furthermore, lipid derived from microalgae biomass using food hydro-
lysate was at high quality in terms of biodiesel properties.

Due to the success of mixotrophic microalgae growth, the use of agro-industrial 
by-products stands out, adding value to production processes and reducing costs. 
The nutritional characteristics, availability and low cost of obtaining evidence the 
possibility of using the by-products in the cultivation of microalgae. This work 
reviews the mixotrophic cultivation system of microalgae using waste from agri-
business as a source of organic carbon, pointing out the benefits of this strategy 
as a solution to the environmental problems caused by these effluents, adding 
value to an industrial process for the production of biomass and biocompounds as 
biorefinery.

2. Microalgae

Microalgae is a generic term used to refer a widely diverse group of photosyn-
thetic microorganisms [21]. There are several species of microalgae, which are 
found in aquatic environments of fresh water, brackish and saline [22]. Microalgae 
in general, have varying microscopic sizes, perform photosynthesis, use carbon 
dioxide as a nutrient source for growth, in addition to playing a fundamental role 
in ecosystems [23–25]. It is estimated that there are about 800 thousand species of 
microalgae, of which about 40 to 50 thousand are of scientific knowledge, which 
makes it an almost unexplored resource, demonstrating the great biodiversity of 
these algae [26–27]. In addition, most species are not yet known and very few are 
used for any purpose.

The basic composition of microalgae is based on carbohydrates, lipids, proteins, 
ash and nucleic acids, in addition to chlorophyll and other protective pigments and 
light capture that provide high photosynthetic capacity, allowing conversion of up to 
10% of energy in biomass [28]. In conventional plants, this percentage is higher when 
compared to other conventional plants, whose conversion is limited to a maximum of 
5% [29]. The predominant elements in the biomass of microalgae are carbon, nitrogen 
and phosphorus and some metals such as iron, cobalt, zinc is also found [28].

3. Application of microalgae

In recent years, several researches have been carried out seeking to develop tech-
nologies for the elaboration and diversification of products based on microalgae. 
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The growing expansion of these products is part of a wide range of utilities inserted 
in the most different commercial niches, expanding the possibilities of use and 
adding value to the market. According to Hu et al. [30], the global algae market is 
expected to be worth of about $ 1.1 billion by 2024.

Microalgae are inserted in a wide variety of species, distinguishing one from 
the other due to their biological structure. In this sense, these microorganisms 
offer potential possibilities for CO2 biofixation, remediation, effluent treatment, 
production of biofuels, high-value products including pharmaceuticals, food and 
neutraceutics [31].

According to Rizwan et al. [32], microalgae can be a source of antioxidant 
compounds, carotenoids, enzyme polymer, lipid, natural dye, polyunsaturated 
fatty acid, peptide, toxin and sterols, which are widely used in industry. In addition, 
they are used for the synthesis of antiviral, antimicrobial, antiviral, antibacterial 
and anticancer drugs [33].

Commercial microalgae cultivation systems are operated to produce mainly 
pigments and metabolites for nutritional supplements [34]. The algae that have 
technical and economic viability of production are Spirulina (Arthrospira) for 
supplements with a high protein content, Haematococcus as a source of astax-
anthin and Dunaliella salina for the production of pro-vitamin A [31]. Spirulina 
represents 60% of all biomass produced on a large scale [35]. This species can be 
easily grown in tropical regions and is well adapted to extreme environments, 
being relatively less susceptible to contamination than other microalgae, making it 
the most favorable choice for large-scale production [36].

Spirulina consists mainly of proteins (50–70%), being widely used in human 
nutrition to combat malnutrition [37]. This species is rich in essential amino acids, 
beta-carotene, minerals, essential fatty acids, vitamins, polysaccharides, among 
others. Chlorella accumulate high concentrations of carotenoids (astaxanthin, 
lutein, β-carotene, violaxanthin and zeaxanthin), antioxidants, vitamins, polysac-
charides, proteins, peptides and fatty acids [5, 38]. In addition to all the benefits 
mentioned, the bioactive compounds of microalgae can have a biological, immune, 
antiviral and anti-cancer properties, being highly active [39].

Global warming has been worrying environmentalists across the planet. 
Although there are different ways of capturing CO2, the biological method stands 
out as a potentially attractive alternative. The requirements for producing and 
obtaining biomass from microalgae are basically CO2 and a source of light, be it 
natural or artificial [2]. Carbon dioxide can be converted into organic matter by 
performing photosynthesis using sunlight as an energy source [40–42]. Microalgae 
are more efficient for fixing CO2 and have a higher productivity rate (ton/ha/year) 
when compared to terrestrial plants. In addition, CO2 biofixation can be combined 
with other processes, such as the treatment of organic waste, being advantageous in 
terms of economic viability and environmental sustainability. Microalgae can also 
be grown in nutrient-rich organic effluents, salt and brackish water, reducing the 
use of fertile land and fresh drinking water [43].

Studies involving the mixotrophic cultivation of microalgae using industrial 
residues from agro-industry as a source of organic carbon have been carried out 
to minimize the cost of biomass production, treat the effluent and promote CO2 
biofixation [7]. In this sense, expanding the ways in which these residues are used, 
avoiding their incorrect disposal, minimizes the effects of environmental pollution 
and adds value to industrial processes, encouraging a cleaner and more sustainable 
bioeconomy.

Currently, fossil fuels represent the main source of energy in the world, but 
unsustainable and directly related to the pollution of air, land, water and climate 
change. The burning of fossil fuels consolidated to increase the atmospheric 
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concentration of CO2 being directly associated with global warming. Allied to this, 
the future oil scarcity is a major challenge for scientists, motivating a constant 
search for technologies capable of producing clean and sustainable fuels [44]. 
Among many biomasses, microalgae represent a promising source for the produc-
tion of clean renewable energy, as they are capable of fixing CO2 by performing 
photosynthesis with efficiency and productivity superior to that of conventional 
oilseeds and terrestrial plants used in the production of biodiesel and bioethanol. 
Among the available biomass sources, microalgae have been evaluated and inves-
tigated as generation third biomass, being researched to produce different types 
of biofuels, among which are biodiesel, bioethanol, bio-oil, char, hydrogen and 
synthesis gas [45]. Recent research involving the production of biofuels has been 
focused on third generation biomass, since the first and second raw materials are 
based on terrestrial cultures that compete with food production and can lead to 
food crises [46]. Algae biofuels are not yet obtained on a large scale due to the high 
cost of the process justifying the development of new technologies that can bring 
economic viability [47].

Bioremediation and biofuel production from waste resources by microalgae 
platform is mainly important to utilize abundantly available solar energy biofixing 
CO2 and treat effluents through the mixotrophic growth of microalgae [7]. Algal 
bioremediation is a good strategy to produce biomass for biofuels production while 
remediating wastes, also improving carbon-footprint through carbon capturing and 
utilization technology.

A microalgae biorefinery enables to integrate fractionation and conversion 
processes to transform biomass into bioproducts such as food, feed, chemicals, and 
bio-energy as optimization of the use of the microalgae for reducing waste produc-
tion, and maximizes process profit. After lipid transesterification for biodiesel, the 
residual biomass can be used to produce other biofuels such as methane, bio-oil and 
ethanol or biocompounds for food and pharmaceutical industry [48].

4. Cultivation systems of microalgae

There are currently four cultivation technologies in use for the production of 
commercial microalgae including open ponds and raceway ponds (open systems), 
photobioreactors and fermenters [49]. In open systems, microalgae are grown in 
open areas, including tanks, lakes, and ponds, deep channels, among others. In 
closed systems, crops are grown in transparent bioreactors, exposed to sunlight or 
artificial radiation for photosynthesis and fermenters.

4.1 Opens systems

Natural and artificial lakes and ponds, where most of the systems commonly 
used are large, shallow ponds and tanks, represent open pond systems. The main 
advantages of these systems are the ease of construction and operation when com-
pared to photobioreactors and the possibility of operating hybrid processes involving 
the cultivation of algae associated with the treatment of wastewater. However, the 
disadvantages are inefficient light distribution, losses through evaporation, diffusion 
of CO2 into the atmosphere, contamination and the requirement for large areas of 
land [50]. Open ponds are currently in use for wastewater treatment and production 
of Dunaliella salina, characterized as a hybrid process. These systems are used by 
Ognis Australia Pty Ltd. to produce β-carotene from Dunaliella salina in Hutt Lagoon 
and Whyalla. In terms of surface area used, these are among the largest algae produc-
tion systems in the world.



Biotechnological Applications of Biomass

404

The growing expansion of these products is part of a wide range of utilities inserted 
in the most different commercial niches, expanding the possibilities of use and 
adding value to the market. According to Hu et al. [30], the global algae market is 
expected to be worth of about $ 1.1 billion by 2024.

Microalgae are inserted in a wide variety of species, distinguishing one from 
the other due to their biological structure. In this sense, these microorganisms 
offer potential possibilities for CO2 biofixation, remediation, effluent treatment, 
production of biofuels, high-value products including pharmaceuticals, food and 
neutraceutics [31].

According to Rizwan et al. [32], microalgae can be a source of antioxidant 
compounds, carotenoids, enzyme polymer, lipid, natural dye, polyunsaturated 
fatty acid, peptide, toxin and sterols, which are widely used in industry. In addition, 
they are used for the synthesis of antiviral, antimicrobial, antiviral, antibacterial 
and anticancer drugs [33].

Commercial microalgae cultivation systems are operated to produce mainly 
pigments and metabolites for nutritional supplements [34]. The algae that have 
technical and economic viability of production are Spirulina (Arthrospira) for 
supplements with a high protein content, Haematococcus as a source of astax-
anthin and Dunaliella salina for the production of pro-vitamin A [31]. Spirulina 
represents 60% of all biomass produced on a large scale [35]. This species can be 
easily grown in tropical regions and is well adapted to extreme environments, 
being relatively less susceptible to contamination than other microalgae, making it 
the most favorable choice for large-scale production [36].

Spirulina consists mainly of proteins (50–70%), being widely used in human 
nutrition to combat malnutrition [37]. This species is rich in essential amino acids, 
beta-carotene, minerals, essential fatty acids, vitamins, polysaccharides, among 
others. Chlorella accumulate high concentrations of carotenoids (astaxanthin, 
lutein, β-carotene, violaxanthin and zeaxanthin), antioxidants, vitamins, polysac-
charides, proteins, peptides and fatty acids [5, 38]. In addition to all the benefits 
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concentration of CO2 being directly associated with global warming. Allied to this, 
the future oil scarcity is a major challenge for scientists, motivating a constant 
search for technologies capable of producing clean and sustainable fuels [44]. 
Among many biomasses, microalgae represent a promising source for the produc-
tion of clean renewable energy, as they are capable of fixing CO2 by performing 
photosynthesis with efficiency and productivity superior to that of conventional 
oilseeds and terrestrial plants used in the production of biodiesel and bioethanol. 
Among the available biomass sources, microalgae have been evaluated and inves-
tigated as generation third biomass, being researched to produce different types 
of biofuels, among which are biodiesel, bioethanol, bio-oil, char, hydrogen and 
synthesis gas [45]. Recent research involving the production of biofuels has been 
focused on third generation biomass, since the first and second raw materials are 
based on terrestrial cultures that compete with food production and can lead to 
food crises [46]. Algae biofuels are not yet obtained on a large scale due to the high 
cost of the process justifying the development of new technologies that can bring 
economic viability [47].

Bioremediation and biofuel production from waste resources by microalgae 
platform is mainly important to utilize abundantly available solar energy biofixing 
CO2 and treat effluents through the mixotrophic growth of microalgae [7]. Algal 
bioremediation is a good strategy to produce biomass for biofuels production while 
remediating wastes, also improving carbon-footprint through carbon capturing and 
utilization technology.

A microalgae biorefinery enables to integrate fractionation and conversion 
processes to transform biomass into bioproducts such as food, feed, chemicals, and 
bio-energy as optimization of the use of the microalgae for reducing waste produc-
tion, and maximizes process profit. After lipid transesterification for biodiesel, the 
residual biomass can be used to produce other biofuels such as methane, bio-oil and 
ethanol or biocompounds for food and pharmaceutical industry [48].

4. Cultivation systems of microalgae

There are currently four cultivation technologies in use for the production of 
commercial microalgae including open ponds and raceway ponds (open systems), 
photobioreactors and fermenters [49]. In open systems, microalgae are grown in 
open areas, including tanks, lakes, and ponds, deep channels, among others. In 
closed systems, crops are grown in transparent bioreactors, exposed to sunlight or 
artificial radiation for photosynthesis and fermenters.

4.1 Opens systems

Natural and artificial lakes and ponds, where most of the systems commonly 
used are large, shallow ponds and tanks, represent open pond systems. The main 
advantages of these systems are the ease of construction and operation when com-
pared to photobioreactors and the possibility of operating hybrid processes involving 
the cultivation of algae associated with the treatment of wastewater. However, the 
disadvantages are inefficient light distribution, losses through evaporation, diffusion 
of CO2 into the atmosphere, contamination and the requirement for large areas of 
land [50]. Open ponds are currently in use for wastewater treatment and production 
of Dunaliella salina, characterized as a hybrid process. These systems are used by 
Ognis Australia Pty Ltd. to produce β-carotene from Dunaliella salina in Hutt Lagoon 
and Whyalla. In terms of surface area used, these are among the largest algae produc-
tion systems in the world.
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Closed or artificial ponds (circular ponds and raceway ponds) are more efficient 
than open systems for producing microalgae, since control over the production envi-
ronment is much better than open ponds or extensive ponds. The cost of raceway 
ponds is higher than that of open lagoon systems, but lower than that of photobiore-
actors. These systems are the most used due to their potential to produce large quan-
tities of biomass for commercial application. Raceway pond ponds are commonly 
used to grow Chlorella sp., Spirulina platensis, Haematococcus sp. and Dunaliella 
salina, with a biomass production rate of 60–100 mg of dry biomass/L/day [50]. 
Raceway ponds are used to produce Spirulina at Earthrise Nutraceuticals in the 
USA and Cyanotech Corp. in Hawaii [49].

4.2 Closed systems

Photobioreactors were designed to overcome the problems associated with open 
growth systems. It has been shown that cultivation of microalgae in these systems 
are capable of producing large amounts of biomass as they allow an effective 
control of process parameters, such as pH, temperature, CO2 concentration, level 
of contamination, among others. However, photobioreactors are much more expen-
sive than open ponds and raceway ponds. Commercial photobioreactor produc-
tions include the production of H. pluvialis in Israel and Hawaii and C. vulgaris 
in Germany. Production costs are very high, reaching $ 100/kg [49]. As a result, 
biofuel production based entirely on photobioreactors is generally considered 
unlikely to be commercially viable [6, 49, 50].

Closed fermenters are used for the production of heterotrophic algae, where 
sugars or other simple carbon sources are used for growth instead of CO2 and light. 
Open fermenters similar to the fermenters used in the production of ethanol in 
industries are not suitable for the growth of algae, since these microorganisms have 
slow growth when compared to yeasts and bacteria. In the USA, India and China 
ω-3 fatty acids are produced from Thraustochytrids by heterotrophic fermentation 
through sugars and O2. As it is a high value-added product, it is sold for 100 $ /kg, 
which justifies the high cost of the process [49].

5. Growth metabolism

Microalgae have different growth metabolisms, which characterizes their 
versatility. Cultivation conditions define the metabolic route for the production 
of biocompounds, including proteins, carbohydrates, pigments and fatty acids. 
Although the production of microalgae has traditionally been photoautotrophic, 
these microorganisms have different forms of energy metabolism including hetero-
trophic and mixotrophic, which use an organic carbon source for the growth and 
production of biomass. The understanding of these metabolisms allows the diversi-
fication of current growth systems aiming at increasing the production of biomass 
and certain specific metabolites.

5.1 Photoautotrophic

Photoautotrophic growth is the most common way to cultivate microalgae 
through photosynthesis. In these systems, high concentrations of CO2 are seques-
tered, but productivity is low when compared to heterotrophic and mixotrophic 
systems that provide high yields of biomass and secondary metabolites [51, 52]. 
Through photobioreactors is possible to obtain the maximum cell density of 40 g/L, 
while in outdoor open-pond or raceway-pond cultures, the cell concentration is 
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usually lower than 10 g/L. This significantly increases the energy consumption of 
cell harvesting and the cost of biomass production [53]. Usually scale-up of micro-
algae cultivation in wastewater is fulfilled phototrophically, which may be hindered 
by inefficient illumination and the low biomass density, leading to poor removal of 
nutrients [54].

For photosynthesis, light is used as an energy source and CO2 is used as a carbon 
source [55]. The carbon source is essential for growth and the higher its concentration, 
the higher the productivity. Nitrogen sources in the culture medium are also essential 
for the synthesis of proteins, nucleic acids and other biocomposites necessary for cell 
growth and survival [56] and the concentration must be compatible with the amount 
of carbon in the medium [6]. The type of cultivation, the nutrients, the carbon 
source, the salinity of the medium, the irradiance and the temperature vary according 
to the chosen species and also considerably influence the success of the microalgae 
production.

5.2 Heterotrophic

Microalgae can grow in the absence of light in culture media assimilating 
organic carbon. Studies show that some species, including Chlorella, C. protothe-
coides, C. vulgaris, C. zofingensis, C. minutissima, Tetraselmis and Neochloris [57] are 
able to grow in both autotrophic and heterotrophic conditions [56]. According to 
Hosoglu et al. [58], microalgae of the Chlorella Beyerinck genus are those that have 
the greatest potential for large-scale heterotrophic production, with emphasis on 
the species C. protothecoides that has been widely studied.

In heterotrophic crops, microalgae acquire carbon and energy from organic 
sources via oxidative phosphorylation, consuming O2 and releasing CO2. According 
to Behrens [59], the cost of producing the kg of dry biomass produced in photo-
autotrophic conditions can be 5.5 times higher than in heterotrophic conditions. 
In heterotrophic systems there are no light limitation problems, since microalgae 
grow in the absence of light using organic carbon as a carbon and energy source 
reaching high concentrations of biomass reaching up to 100 g/L, which considerably 
facilitates the harvesting process [60]. In heterotrophic processes, 18% of the energy 
obtained can be converted into adenosine triphosphate (ATP) whereas in photoauto-
trophic cultures this percentage is only 10% [61]. However, despite the advantages, 
the cultivation of microalgae under heterotrophic conditions, due to the use of 
organic carbon, requires reactors and techniques of greater complexity and high cost 
to avoid contamination caused by other microorganisms.

5.3 Mixotrophic

Under mixotrophic conditions, microalgae grow both photoautotrophically and 
heterotrophically, being able to assimilate organic compounds as a carbon source 
and use inorganic carbon as an electron donor [62]. In this metabolism, the energy 
is captured through the catalysis of external organic compounds through respira-
tion and the light energy is converted into chemical compounds via photosynthesis, 
being a promising solution in the processes of environmental remediation, being 
able to treat the effluents of the agribusiness and produce biomass rich in metabo-
lites of industrial interest.

In photoautotrophic crops, self-shade caused by the high density of cells makes 
light penetration difficult, causing photoinhibition and may be the limiting factor to 
its propagation leading to low biomass yields. Under heterotrophic conditions, not 
all microalgae species are able to grow and the strict use of only organic substrates 
as a source of carbon and energy makes the process more prone to contamination. 
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usually lower than 10 g/L. This significantly increases the energy consumption of 
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Thus, an alternative to maximize production can be through mixotrophic cultivation. 
Therefore, the cells would multiply with autotrophic metabolism until reaching the 
maximum cell density, at which point a source of organic carbon is added to stimu-
late, also, heterotrophic growth. Thus, due to the high cell density in the medium, 
problems with contamination of microorganisms would be less likely to happen. For 
the success of this technique, the cultivated species must be able to grow in hetero-
trophic conditions without microbial contamination and the organic compound to 
be added, as well as its ideal concentration must be known.

Reducing use of light in mixotrophic processes decreases the demand for 
energy, which minimizes the operational cost in processes with artificial light. 
According to Perez-Garcia and Bashan [63] in these systems there is a better 
control capable of regulating the growth rate of the species, which minimizes the 
risk of contamination by photosynthetic microorganisms. Due to the significant 
heterotrophic contribution of the organic fraction, the reactor design does not 
require a maximized area to expose the microalgae to light to perform photosyn-
thesis, decreasing the process cost.

According to Patel et al. [7], mixotrophic cultivation has advantages over 
photoautotrophic and heterotrophic metabolism. In this process, in addition to the 
higher growth rates reducing the microalgae growth cycle, there is also growth in 
the dark phase mediated by respiration, potentiating the production of biomass. 
There is also a comparatively prolonged exponential growth phase, great flex-
ibility to change the metabolism from heterotrophic to photo-autotrophic and vice 
versa, prevention of photo-oxidative damage caused by O2 accumulated in closed 
photobioreactors and reduction in substrate uptake photoinhibition. It has been 
shown that microalgae cultivated under mixotrophic conditions can present, under 
controlled conditions, higher biomass productivity when compared to photoauto-
trophic and heterotrophic cultures [64].

6. Growth microalgae using waste from agro-industry

The advancement of agro-industry has generated a large amount and variety 
of waste causing serious environmental problems and is one of the sectors that 
generate more waste rich in organic matter. According to Dahiya et al. [65], 
approximately 1.3 billion tons of foods are wasted each year during its production, 
handling, storage, processing, distribution or consumption. The composition of 
food processing residues is extremely varied and depends on both the nature of the 
raw material and the production technique employed.

Due to the scarcity of available areas close to large urban centers for the disposal 
of industrial and urban waste, the vast majority of companies do not carry out 
treatment and/or correct disposal of this material, which contributes to the increase 
in environmental pollution. Pollution is due to high concentrations of organic 
matter and heavy metals causing contamination, eutrophication of water bodies, 
death of aquatic organisms and local vegetation, ecological imbalance and health 
problems for the population. In this sense, the use of agro-industrial waste as a 
source of organic carbon for the cultivation of microalgae is presented as an option 
for the bioremediation of these effluents added to the production of biomass rich in 
biocompounds with different applications.

A lot of studies have evaluated the mixotrophic growth of microalgae using 
glucose, glycerol and acetate as a source of organic carbon and observed that the 
biomass yields were higher, which could decrease the cost of the process. Liang et al. 
[66] investigated C. vulgaris strain under autotrophic, mixotrophic and heterotrophic 
growth conditions. Mixotrophic growing on glucose with light produced the highest 
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lipid productivity compared with other growth modes. Garcia et al. [67] studied the 
mixotrophic growth of tricornutum UTEX-640 using acetate, lactic acid, glycine, 
glucose and glycerol. The best results were obtained using with urea, which resulted 
in maximum biomass and eicosapentaenoic acid productivities significantly higher 
than those obtained for the photoautotrophic control, which suggest the possibility 
of using mixotrophy for the mass production of microalgae. Cheirsilp & Torpee [68] 
cultivated Chlorella sp., Chlorella sp., Nannochloropsis sp. and Cheatoceros sp. under 
mixotrophic condition using glucose as source of organic carbon. They observed that 
the biomass and lipid production of all tested strains in mixotrophic culture were 
notably enhanced in comparison with photoautotrophic and heterotrophic cultures.

Due to the success of the microalgae mixotrophic cultivation method, recent 
studies have been evaluating the possibility of using residues from the agro-industry 
as source of organic matter as a strategy to treat the effluent, produce biomass and 
reduce the cost of the process.

Hu et al. [69] evaluated the mixotrophic cultivation of Chlorella sp. UMN271 
utilizing swine manure as nutrient supplement for evaluate the nutrient removal 
efficiencies by alga. The results showed that addition of 0.1% (v/v) acetic, propionic 
and butyric acids, respectively, could promote algal growth, enhance nutrient 
removal efficiencies and improve total lipids productivities. They concluded that 
Chlorella sp. grown on acidogenically-digested manure could be used as a feedstock 
for high-quality biodiesel production.

Li et al. [70] investigated the effects of autotrophic and mixotrophic growth on 
cell growth and lipid productivity of green microalgae Chodatella sp and Piggery 
wastewater served as nutrient sources for mixotrophic growth. The specific growth 
rate, biomass production, and lipid productivity obtained with mixotrophic 
growth were until 5.6 times higher than those obtained with autotrophic growth. 
The mixotrophic cultivation simultaneously assimilated 99.7% ammonia nitrogen 
and 75.9% total phosphorus from piggery wastewater, which reduced the required 
nutrient for the culture of microalgae, thereby reducing the cost of biomass for 
diverse application.

León-Vaz et al. [71] cultivated C. sorokiniana microalgae under mixotrophic 
conditions utilized Oxidized wine waste lees among other agro-industrial wastes as 
carbon source. The fed-batch strategy and the medium optimization, with nutrient 
supplementation, have been found to be very effective in enhancing biomass and 
neutral lipid productivity, suggesting that this is a promising strategy for produc-
tion of microalgal biomass. The algal biomass concentration was 11 g L-1 with a lipid 
content of 38% (w/w).

Bhatnagar et al. [72] evaluated mixotrophic growth of Chlamydomonas globosa, 
Chlorella minutissima and Scenedesmus bijuga under medium supplemented with 
different organic carbon substrates and wastewaters. The mixotrophic growth 
of these microalgae resulted in 3–10 times more biomass production relative 
to phototrophy. Poultry litter extract as growth medium recorded up to 180% 
more biomass growth compared to standard growth medium, while treated and 
untreated carpet industry wastewaters also supported higher biomass, with no 
significant effect of additional nitrogen supplementation.

Andrade & Coosta [73] determined the effects of molasses concentration and 
light levels on mixotrophic biomass production by Spirulina platensis. Molasses 
concentration was the main factor influencing maximum biomass concentration 
(Xmax) reached 2.94 g L− 1 and μmax 0.147 d − 1. Molasses, suggesting that this 
industrial by-product could be used as a low-cost supplement for the growth of 
Spirulina platensis, stimulated the production of biomass.

Melo et al. [74] evaluated the growth, nutrients and toxicity removal of Chlorella 
vulgaris cultivated under autotrophic and mixotrophic conditions using corn steep 
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Thus, an alternative to maximize production can be through mixotrophic cultivation. 
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There is also a comparatively prolonged exponential growth phase, great flex-
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raw material and the production technique employed.
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glucose, glycerol and acetate as a source of organic carbon and observed that the 
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growth conditions. Mixotrophic growing on glucose with light produced the highest 
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lipid productivity compared with other growth modes. Garcia et al. [67] studied the 
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glucose and glycerol. The best results were obtained using with urea, which resulted 
in maximum biomass and eicosapentaenoic acid productivities significantly higher 
than those obtained for the photoautotrophic control, which suggest the possibility 
of using mixotrophy for the mass production of microalgae. Cheirsilp & Torpee [68] 
cultivated Chlorella sp., Chlorella sp., Nannochloropsis sp. and Cheatoceros sp. under 
mixotrophic condition using glucose as source of organic carbon. They observed that 
the biomass and lipid production of all tested strains in mixotrophic culture were 
notably enhanced in comparison with photoautotrophic and heterotrophic cultures.

Due to the success of the microalgae mixotrophic cultivation method, recent 
studies have been evaluating the possibility of using residues from the agro-industry 
as source of organic matter as a strategy to treat the effluent, produce biomass and 
reduce the cost of the process.

Hu et al. [69] evaluated the mixotrophic cultivation of Chlorella sp. UMN271 
utilizing swine manure as nutrient supplement for evaluate the nutrient removal 
efficiencies by alga. The results showed that addition of 0.1% (v/v) acetic, propionic 
and butyric acids, respectively, could promote algal growth, enhance nutrient 
removal efficiencies and improve total lipids productivities. They concluded that 
Chlorella sp. grown on acidogenically-digested manure could be used as a feedstock 
for high-quality biodiesel production.

Li et al. [70] investigated the effects of autotrophic and mixotrophic growth on 
cell growth and lipid productivity of green microalgae Chodatella sp and Piggery 
wastewater served as nutrient sources for mixotrophic growth. The specific growth 
rate, biomass production, and lipid productivity obtained with mixotrophic 
growth were until 5.6 times higher than those obtained with autotrophic growth. 
The mixotrophic cultivation simultaneously assimilated 99.7% ammonia nitrogen 
and 75.9% total phosphorus from piggery wastewater, which reduced the required 
nutrient for the culture of microalgae, thereby reducing the cost of biomass for 
diverse application.

León-Vaz et al. [71] cultivated C. sorokiniana microalgae under mixotrophic 
conditions utilized Oxidized wine waste lees among other agro-industrial wastes as 
carbon source. The fed-batch strategy and the medium optimization, with nutrient 
supplementation, have been found to be very effective in enhancing biomass and 
neutral lipid productivity, suggesting that this is a promising strategy for produc-
tion of microalgal biomass. The algal biomass concentration was 11 g L-1 with a lipid 
content of 38% (w/w).

Bhatnagar et al. [72] evaluated mixotrophic growth of Chlamydomonas globosa, 
Chlorella minutissima and Scenedesmus bijuga under medium supplemented with 
different organic carbon substrates and wastewaters. The mixotrophic growth 
of these microalgae resulted in 3–10 times more biomass production relative 
to phototrophy. Poultry litter extract as growth medium recorded up to 180% 
more biomass growth compared to standard growth medium, while treated and 
untreated carpet industry wastewaters also supported higher biomass, with no 
significant effect of additional nitrogen supplementation.

Andrade & Coosta [73] determined the effects of molasses concentration and 
light levels on mixotrophic biomass production by Spirulina platensis. Molasses 
concentration was the main factor influencing maximum biomass concentration 
(Xmax) reached 2.94 g L− 1 and μmax 0.147 d − 1. Molasses, suggesting that this 
industrial by-product could be used as a low-cost supplement for the growth of 
Spirulina platensis, stimulated the production of biomass.

Melo et al. [74] evaluated the growth, nutrients and toxicity removal of Chlorella 
vulgaris cultivated under autotrophic and mixotrophic conditions using corn steep 
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liquor, cheese whey and vinasse as source of organic matter. The results demon-
strated that corn steep liquor toxicity was totally eliminated and cheese whey and 
vinasse toxicity were minimized by C. vulgaris. They demonstrated that the mixo-
trophic cultivation of C. vulgaris is able to increase cellular productivity and could 
be an alternative to remove the toxicity from agroindustrial by-products.

Hugo et al. [75] studied the growth of forty microalgae strains under mixotrophic 
conditions using sugarcane vinasse as source of organic matter. Micractinium sp. 
Embrapa|LBA32 and C. biconvexa Embrapa|LBA40 presented expressive growth in 
a light-dependent manner even in undiluted vinasse under non-axenic conditions. 
Microalgae strains presented higher biomass productivity in vinasse-based medium 
compared to autotrophic medium. This research showed the potential of using 
residues derived from ethanol plants to cultivate microalgae for the production of 
energy and bioproducts.

Mitra et al. [76] cultivated Chlorella vulgaris under mixotrophic/heterotrophic 
conditions using dry-grind ethanol thin stillage and soy whey as nutrient feedstock. 
The results showed the biomass yields from thin stillage, soy whey and modified 
basal medium after 4 days of incubation at mixotrophic conditions in the bioreactor 
were 9.8, 6.3 and 8.0 g.L− 1 with oil content at 43, 11, and 27% (w/w) respectively. 
This research highlights the potential of these agro-industrial co-products as 
microalgal growth media with consequent production of high-value microalgal oil 
and biomass.

Salati et al. [77] cultivated Chlorella vulgaris using cheese whey, white wine lees 
and glycerol as carbon sources under mixotrophic conditions. The mixotrophic 
biomass production was1.5–2 times higher than autotrophic growth. Furthermore, 
it gave much higher energy recovery efficiency, i.e. organic carbon energy efficiency 
of 32% and total energy efficiency of 8%, suggesting the potential for the culture of 
algae as a sustainable practice to recover efficiently waste-C and produce biomass.

Piasecka et al. [78] studied the growth of Tetradesmus obliquus by supplementa-
tion with beet molasses in photoheterotrophic and mixotrophic culture conditions. 
The highest protein content was obtained in the mixotrophic growth suggesting this 
metabolism promising for protein production.

Tsolcha et al. [79] evaluated a mixed cyanobacterial-mixotrophic algal popula-
tion, dominated by the filamentous cyanobacterium Leptolyngbya sp. and the 
microalga Ochromonas under non-aseptic conditions for its efficiency to remove 
organic and inorganic compounds from second cheese whey, poplar sawdust, 
and grass hydrolysates. Nutrient removal rates, biomass productivity, and the 
maximum oil production rates were determined. The highest lipid production 
was achieved using the biologically treated dairy effluent (up to 14.8% oil in dry 
biomass corresponding to 124 mg L − 1), which also led to high nutrient removal 
rates (up to 94%). Lipids synthesized by the microbial consortium contained high 
percentages of saturated and mono-unsaturated fatty acids (up to 75% in total 
lipids) for all the substrates tested, which implies that the produced biomass may 
be harnessed as a source of biodiesel.

Grupta et al. [80] cultivated the Chlorella microalgae under mixotrophic condi-
tions using a raw food-processing industrial wastewater. About 90% reduction in 
TOC and COD were obtained for all dilutions of wastewater. Over 60% of nitrate 
and 40% of phosphate were consumed by microalgae from concentrated raw 
wastewater. The degradation kinetics also suggested that the microalgae cultivation 
on a high COD wastewater is feasible and scalable.

Yeesang et al. [81] evaluated B. braunii, a microalgae rich in oil under mixotro-
phic cultivation using molasses, a cheap by-product from the sugar cane plant as a 
carbon source and under photoautotrophic cultivation using nitrate-rich wastewater 
supplemented with CO2. The mixotrophic cultivation produced a high amount of 
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biomass of 3.05 g L − 1 with a high lipid content of 36.9%. The photoautotrophic cul-
tivation in nitrate-rich wastewater supplemented with 2.0% CO2 produced a biomass 
of 2.26 g L − 1 and a lipid content of 30.3%. They showed that these strategies could 
be promising ways for producing cheap lipid-rich microalgal biomass as biofuel 
feedstock and animal feeds.

Gélinas et al. [82] studied the mixotrophic growth and lipid production of 
Chlorella consortium using residual corn hydrolysate and corn silage juice as source 
of organic and compared to heterotrophic conditions. Maximum microalgal 
biomass of 0.8 g/L was obtained with 1 g/L of residual corn hydrolysate whatever 
the trophic strategy. Under mixotrophic conditions, the use of residual corn 
hydrolysate led to an increase of 21% and 22% in comparison with the biomass 
produced with glucose or silage juice, respectively. This increase varied between 
11% and 28% under heterotrophic condition. They observed that at the end of the 
experiment, algae exposed to silage juice decreased significantly. Residual corn 
hydrolysate represented an interesting and efficient alternative as an organic carbon 
source. However, silage juice needs additional treatments to be implemented as a 
culture medium.

Nur et al. [83] studied palm oil mill effluent (POME), one of the wastewaters 
generated from palm oil mills, as source of organic carbon for mixotrophic microal-
gae growth. The aim of this research was to identify the growth of Chlorella vulgaris 
cultured in POME medium under mixotrophic conditions in relation to a variety of 
organic carbon sources added to the POME mixture. The research was conducted 
with 3 different carbon sources (D-glucose, crude glycerol and NaHCO3) in 40% 
POME. They showed that C. vulgaris using D-glucose as carbon source gained a 
lipid productivity of 195 mg/l/d.

Manzoor et al. 2020 presented the growth of Scenedesmus dimorphus NT8c cul-
tivated mixotrophically on sugarcane bagasse hydrolysate, a low-value agricultural 
by-product. Under mixotrophic conditions the S. dimorphus NT8c showed higher 
growth rates compared to photoautotrophic cultivation and the biomass produc-
tivity was 119.5 mg L d − 1, protein contents was 34.82% and fatty acid contents 
was 15.41%. They concluded that mixotrophically-cultivated microalgae are able 
to increase the biomass and lipid productivity. However, the concentrations of 
supplementation need to be studied because higher level of organic carbon can 
result in unfavorable levels of turbidity and bacterial growth, reducing microalgal 
biomass productivity.

7. Conclusions

Microalgal biomass represents a sustainable alternative to fossil consumption 
and bioproducts for food and pharmaceutical industry. Microalgae can growth 
under photoautotrophic, heterotrophic or mixotrophic modes where the latter two 
trophic modes require organic carbon to grow efficiently. Actually, researchers 
have highlighted the role of low cost-efficient agro-industrial by-products used as 
supplements in algal culture media. However, supplementation of organic carbon 
contributes significantly to a higher cost of microalgae production and this can 
compete with human and animal alimentation. Agro-industrial by-products and 
wastes are of great interest as cultivation medium for microorganisms because of 
their low cost, renewable nature, and abundance.

Faced with this scenario, biotechnological technologies are necessary to develop 
the production of microalgae on a large scale and expand the range of utilities that, 
in the short or long term, contribute to the improvement of industrial processes. In 
addition, mixotrophic microalgae growth is a great strategy to reduce environmental 
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liquor, cheese whey and vinasse as source of organic matter. The results demon-
strated that corn steep liquor toxicity was totally eliminated and cheese whey and 
vinasse toxicity were minimized by C. vulgaris. They demonstrated that the mixo-
trophic cultivation of C. vulgaris is able to increase cellular productivity and could 
be an alternative to remove the toxicity from agroindustrial by-products.
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compared to autotrophic medium. This research showed the potential of using 
residues derived from ethanol plants to cultivate microalgae for the production of 
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conditions using dry-grind ethanol thin stillage and soy whey as nutrient feedstock. 
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basal medium after 4 days of incubation at mixotrophic conditions in the bioreactor 
were 9.8, 6.3 and 8.0 g.L− 1 with oil content at 43, 11, and 27% (w/w) respectively. 
This research highlights the potential of these agro-industrial co-products as 
microalgal growth media with consequent production of high-value microalgal oil 
and biomass.
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and glycerol as carbon sources under mixotrophic conditions. The mixotrophic 
biomass production was1.5–2 times higher than autotrophic growth. Furthermore, 
it gave much higher energy recovery efficiency, i.e. organic carbon energy efficiency 
of 32% and total energy efficiency of 8%, suggesting the potential for the culture of 
algae as a sustainable practice to recover efficiently waste-C and produce biomass.

Piasecka et al. [78] studied the growth of Tetradesmus obliquus by supplementa-
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The highest protein content was obtained in the mixotrophic growth suggesting this 
metabolism promising for protein production.

Tsolcha et al. [79] evaluated a mixed cyanobacterial-mixotrophic algal popula-
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microalga Ochromonas under non-aseptic conditions for its efficiency to remove 
organic and inorganic compounds from second cheese whey, poplar sawdust, 
and grass hydrolysates. Nutrient removal rates, biomass productivity, and the 
maximum oil production rates were determined. The highest lipid production 
was achieved using the biologically treated dairy effluent (up to 14.8% oil in dry 
biomass corresponding to 124 mg L − 1), which also led to high nutrient removal 
rates (up to 94%). Lipids synthesized by the microbial consortium contained high 
percentages of saturated and mono-unsaturated fatty acids (up to 75% in total 
lipids) for all the substrates tested, which implies that the produced biomass may 
be harnessed as a source of biodiesel.

Grupta et al. [80] cultivated the Chlorella microalgae under mixotrophic condi-
tions using a raw food-processing industrial wastewater. About 90% reduction in 
TOC and COD were obtained for all dilutions of wastewater. Over 60% of nitrate 
and 40% of phosphate were consumed by microalgae from concentrated raw 
wastewater. The degradation kinetics also suggested that the microalgae cultivation 
on a high COD wastewater is feasible and scalable.

Yeesang et al. [81] evaluated B. braunii, a microalgae rich in oil under mixotro-
phic cultivation using molasses, a cheap by-product from the sugar cane plant as a 
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biomass of 3.05 g L − 1 with a high lipid content of 36.9%. The photoautotrophic cul-
tivation in nitrate-rich wastewater supplemented with 2.0% CO2 produced a biomass 
of 2.26 g L − 1 and a lipid content of 30.3%. They showed that these strategies could 
be promising ways for producing cheap lipid-rich microalgal biomass as biofuel 
feedstock and animal feeds.

Gélinas et al. [82] studied the mixotrophic growth and lipid production of 
Chlorella consortium using residual corn hydrolysate and corn silage juice as source 
of organic and compared to heterotrophic conditions. Maximum microalgal 
biomass of 0.8 g/L was obtained with 1 g/L of residual corn hydrolysate whatever 
the trophic strategy. Under mixotrophic conditions, the use of residual corn 
hydrolysate led to an increase of 21% and 22% in comparison with the biomass 
produced with glucose or silage juice, respectively. This increase varied between 
11% and 28% under heterotrophic condition. They observed that at the end of the 
experiment, algae exposed to silage juice decreased significantly. Residual corn 
hydrolysate represented an interesting and efficient alternative as an organic carbon 
source. However, silage juice needs additional treatments to be implemented as a 
culture medium.

Nur et al. [83] studied palm oil mill effluent (POME), one of the wastewaters 
generated from palm oil mills, as source of organic carbon for mixotrophic microal-
gae growth. The aim of this research was to identify the growth of Chlorella vulgaris 
cultured in POME medium under mixotrophic conditions in relation to a variety of 
organic carbon sources added to the POME mixture. The research was conducted 
with 3 different carbon sources (D-glucose, crude glycerol and NaHCO3) in 40% 
POME. They showed that C. vulgaris using D-glucose as carbon source gained a 
lipid productivity of 195 mg/l/d.

Manzoor et al. 2020 presented the growth of Scenedesmus dimorphus NT8c cul-
tivated mixotrophically on sugarcane bagasse hydrolysate, a low-value agricultural 
by-product. Under mixotrophic conditions the S. dimorphus NT8c showed higher 
growth rates compared to photoautotrophic cultivation and the biomass produc-
tivity was 119.5 mg L d − 1, protein contents was 34.82% and fatty acid contents 
was 15.41%. They concluded that mixotrophically-cultivated microalgae are able 
to increase the biomass and lipid productivity. However, the concentrations of 
supplementation need to be studied because higher level of organic carbon can 
result in unfavorable levels of turbidity and bacterial growth, reducing microalgal 
biomass productivity.
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Microalgal biomass represents a sustainable alternative to fossil consumption 
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under photoautotrophic, heterotrophic or mixotrophic modes where the latter two 
trophic modes require organic carbon to grow efficiently. Actually, researchers 
have highlighted the role of low cost-efficient agro-industrial by-products used as 
supplements in algal culture media. However, supplementation of organic carbon 
contributes significantly to a higher cost of microalgae production and this can 
compete with human and animal alimentation. Agro-industrial by-products and 
wastes are of great interest as cultivation medium for microorganisms because of 
their low cost, renewable nature, and abundance.

Faced with this scenario, biotechnological technologies are necessary to develop 
the production of microalgae on a large scale and expand the range of utilities that, 
in the short or long term, contribute to the improvement of industrial processes. In 
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pollution generated by residues rich in organic matter and can reduce the cost of the 
industrial process. However, more investments, development and greater knowledge 
of the metabolism of these microalgae and their effectiveness in the generation of 
new bioproducts are increasingly necessary.
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Abstract

Use of fuels from non-renewable sources has currently been considered 
 unsustainable due to the exhaustion of supplies and environmental impacts caused 
by them. Climate change has concerned and triggered environmental policies 
that favor research on clean and renewable energy sources. Thus, production 
of third generation biofuels is a promising path in the biofuel industry. To yield 
this type of biofuels, microalgae should be highlighted because this raw material 
contains important biomolecules, such as carbohydrates and lipids. Technological 
approaches have been developed to improve microalgal cultivation under ecological 
conditions, such as light intensity, temperature, pH and concentrations of micro 
and macronutrients. Thus, magnetic field application to microalgal cultivation 
has become a viable alternative to obtain high yields of biomass concentration and 
accumulation of carbohydrates and lipids.

Keywords: magnetic effect, bioenergy, third generation biofuel, Chlorella, Spirulina, 
carbohydrates, lipids

1. Introduction

Due to exponential growth of the population and consequent increase in the 
demand for energy, the energy crisis has worsened globally. Various current energy 
sources are non-renewable fossil fuels, such as diesel, gasoline, coal, natural gas and 
oil [1]. Those that have been used in electricity, transportation and heating indus-
tries have the disadvantages of releasing toxic and harmful gases into the atmo-
sphere and of polluting the environment [2]. Greenhouse Gas (GHG) levels in the 
environment have increased by a staggering 25% in the post-industrialization [1]. 
As a result, changes in climatic conditions have occurred and replacing fossil fuels 
by other sources that can benefit the environment has become an alternative [3].

Thus, biofuels derived from plant material have emerged as a promising solution 
to reduce supply of fossil fuels in recent decades [4]. Biofuels have advantages, such 
as the ability to reduce GHG emissions, continuous supply of raw material and ease 
of cultivation, harvesting, and transportation [5]. According to the Global Trends 
Report (GTR), 133.7 billion liters of ethanol and 47.4 billion liters of biodiesel were 
produced in 2019 worldwide; the three largest producers were the United States, 
Brazil and Indonesia. The increase was 7.8 billion liters, by comparison with 2018 [6].
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Abstract

Use of fuels from non-renewable sources has currently been considered 
 unsustainable due to the exhaustion of supplies and environmental impacts caused 
by them. Climate change has concerned and triggered environmental policies 
that favor research on clean and renewable energy sources. Thus, production 
of third generation biofuels is a promising path in the biofuel industry. To yield 
this type of biofuels, microalgae should be highlighted because this raw material 
contains important biomolecules, such as carbohydrates and lipids. Technological 
approaches have been developed to improve microalgal cultivation under ecological 
conditions, such as light intensity, temperature, pH and concentrations of micro 
and macronutrients. Thus, magnetic field application to microalgal cultivation 
has become a viable alternative to obtain high yields of biomass concentration and 
accumulation of carbohydrates and lipids.
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1. Introduction

Due to exponential growth of the population and consequent increase in the 
demand for energy, the energy crisis has worsened globally. Various current energy 
sources are non-renewable fossil fuels, such as diesel, gasoline, coal, natural gas and 
oil [1]. Those that have been used in electricity, transportation and heating indus-
tries have the disadvantages of releasing toxic and harmful gases into the atmo-
sphere and of polluting the environment [2]. Greenhouse Gas (GHG) levels in the 
environment have increased by a staggering 25% in the post-industrialization [1]. 
As a result, changes in climatic conditions have occurred and replacing fossil fuels 
by other sources that can benefit the environment has become an alternative [3].

Thus, biofuels derived from plant material have emerged as a promising solution 
to reduce supply of fossil fuels in recent decades [4]. Biofuels have advantages, such 
as the ability to reduce GHG emissions, continuous supply of raw material and ease 
of cultivation, harvesting, and transportation [5]. According to the Global Trends 
Report (GTR), 133.7 billion liters of ethanol and 47.4 billion liters of biodiesel were 
produced in 2019 worldwide; the three largest producers were the United States, 
Brazil and Indonesia. The increase was 7.8 billion liters, by comparison with 2018 [6].
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Biofuels are classified into three generations, depending on their sources. The 
first generation is derived from plant sources; the second ones comes from agro-
industrial waste and wood waste, while the third one comes from microalgae. The 
fact that first- and second-generation raw material are limited by competition with 
food production and arable land emphasizes the importance of using alternatives, 
such as microalgae, which are attractive options [7].

Microalgae, which are photosynthetic microorganisms with simple growth 
needs, adapt to a wide range of variations in the culture medium. Depending on the 
conditions, they can produce large amounts of compounds, such as carbohydrates 
and lipids that can be processed into bioethanol and biodiesel, respectively [8].

Magnetic Fields (MF) are capable of causing effects on biological systems and, 
therefore, application of this technique has attracted attention in biotechnology and 
bioenergy to increase production of biomolecules of interest [9]. MF correspond 
to the region in which magnetic forces act [10]. MF can be generated either by 
magnets composed of conductive material with characteristic magnetic intensity, 
such as ferrite and neodymium or by an electric current that results from straight 
conductors, circular loop, flat circular coil, electromagnets and solenoids [11]. Since 
magnetic forces can act differently on microorganisms due to distinct biochemical 
and physiological constitutions, their biological effects can be inhibitory, null or 
stimulating [9, 12].

Studies have reported that some changes that can affect production of 
 compounds are electro activation of some enzymatic systems and metabolic routes 
[13], oxidative stress, changes in enzyme and protein activity, gene expression, 
electron and ion movements [14, 15], cell growth [16–19] and high activity of pho-
tosystem II [20]. However, different strains of microalgae, application time and MF 
intensity can give different responses. Therefore, previous studies of MF, applied at 
different exposure times and intensities during cultivation, should be investigated 
to evaluate their effects [21].

2. Biofuels

The world population has currently faced a major challenge, i. e., to associate 
economic development with sustainable practices [22]. The amount of fossil fuel 
consumed by the population and, consequently the number of environmental 
problems, such as excess of CO2 in the atmosphere and global warming, increased 
significantly [1].

Biofuels are promising for the replacement of fossil fuels since they can reduce 
environmental impacts and meet the global demand for energy consumption [23]. 
The first generation biofuels, such as biodiesel is produced from oleaginous crops. It 
has currently been questioned due to the large amount of water it consumes, the use 
of agricultural land and its competition with food production [24].

Third generation bioethanol and biodiesel are biofuels that use microalgal 
biomass as raw material which has become an alternative for this generation of 
sustainable and renewable biofuels. Adequate cultivation conditions are necessary 
to obtain high biomass yields, desirable carbohydrate accumulation for bioethanol 
production [25, 26] and essential lipid levels for biodiesel production [27, 28].

Global interest in renewable energy sources, such as biofuel production has been 
continuously growing. Thus, microalgal biomass is an excellent alternative for bioeth-
anol production, not only because it decreases the use of traditional energy sources, 
but also because of the large carbohydrate accumulation in biomass. Regarding the 
third-generation bioethanol production, three countries, i. e., the USA, Brazil and 
China, produced 14,806, 7093 and 813 million gallons, respectively, in 2015 [26, 29].
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According to Costa and Morais [30] biomass production is significantly  positive 
for biodiesel production. Estimated average annual productivity of microalgal 
biomass in a tropical country, such as Brazil is 1.53 kg m3 day−1 with an average 
of 30% of extracted lipid and the biodiesel yield from microalga of 98.4 m3 ha−1. 
Microalgae have the ability to use nitrogen and phosphorus from culture medium 
in their photosynthetic process and synthesize lipids [31]. Thus, microalgae can 
produce 58.700 L ha−1 of algal oil and 121.104 L ha−1 of biodiesels. The Renewable 
Fuels Standard (RFS) estimated that microalga-based fuel production will obtain 
36 billion gallons by 2022 [26].

3. Microalgae

Microalgae are photoautotrophic microorganisms that grow fast under relatively 
simple nutritional conditions. Therefore, they are considered promising  organisms 
for biomass production due to their high-value biomolecules for commercial 
application [32, 33]. Due to the diversity of biomolecules, several studies have 
investigated the use of microalgae for biofuel production. Both genera Chlorella and 
Spirulina have great potential for this purpose, since they have high concentrations 
of composts of interest, such as carbohydrates and lipids [33, 34].

Microalgae can be cultivated in three forms: photoautotrophic, heterotrophic 
and mixotrophic cultivation. The mixotrophic one is a variant of the heterotrophic 
culture, where CO2 and organic carbon are assimilated by the respiratory and 
photosynthetic metabolism with high growth rate and biomass productivity [35]. 
In this type of cultivation, an organic source of carbon, such as molasses, glycerol 
and glucose is added [36, 37]. The capacity for assimilating high concentrations of 
available carbon by microalgae tends to accumulate more carbohydrates and lipids 
[36], macromolecules of interest in biofuel production.

Production of metabolites by microalgae is determined by several factors, such 
as species, agitation, pH, nutrient composition, CO2 concentration, light intensity 
and temperature [38, 39]. According to Khan et al. [26], light intensity and tem-
perature are the main limiting factors in microalgal cultivation, since these physical 
stress factors directly influence biochemical processes, such as photosynthesis and 
biomass production yield.

4. MF application to increase biomass and carbohydrate production

New strategies of culture technologies with high yield of biomass concentration 
are necessary to enable biofuel production by microalgae [40]. Thus, MF applica-
tion has been considered a new low-cost technological approach to stimulate cell 
growth and increased carbohydrate content in microalgal biomass. These outcomes 
may be achieved by the complex biochemical system in microalga cells, which may 
cause changes in their defense mechanism and activate proteins, some enzymatic 
systems and free radicals [21, 41].

Small et al. [42] evaluated the cultivation of Chlorella kessleri in a raceway 
 bioreactor with Blue-Green Medium (BG-11) with static MF from 5 to 15 mT, 
generated by a water-cooled solenoid for 13 d. Cultivation with 10 mT had signifi-
cant increase of 50% in biomass production while the carbohydrate content reached 
42.2% at the end of cultivation. Bauer et al. [16] investigated the influence of 30 mT 
on Chlorella kessleri cultivation in BG-11 medium for 10 d. In relation to the control 
assay (without MF application), biomass concentration increased 23.5%; its carbo-
hydrate content reached 21.4% with MF applied throughout cultivation (Table 1).
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significantly [1].

Biofuels are promising for the replacement of fossil fuels since they can reduce 
environmental impacts and meet the global demand for energy consumption [23]. 
The first generation biofuels, such as biodiesel is produced from oleaginous crops. It 
has currently been questioned due to the large amount of water it consumes, the use 
of agricultural land and its competition with food production [24].

Third generation bioethanol and biodiesel are biofuels that use microalgal 
biomass as raw material which has become an alternative for this generation of 
sustainable and renewable biofuels. Adequate cultivation conditions are necessary 
to obtain high biomass yields, desirable carbohydrate accumulation for bioethanol 
production [25, 26] and essential lipid levels for biodiesel production [27, 28].

Global interest in renewable energy sources, such as biofuel production has been 
continuously growing. Thus, microalgal biomass is an excellent alternative for bioeth-
anol production, not only because it decreases the use of traditional energy sources, 
but also because of the large carbohydrate accumulation in biomass. Regarding the 
third-generation bioethanol production, three countries, i. e., the USA, Brazil and 
China, produced 14,806, 7093 and 813 million gallons, respectively, in 2015 [26, 29].
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According to Costa and Morais [30] biomass production is significantly  positive 
for biodiesel production. Estimated average annual productivity of microalgal 
biomass in a tropical country, such as Brazil is 1.53 kg m3 day−1 with an average 
of 30% of extracted lipid and the biodiesel yield from microalga of 98.4 m3 ha−1. 
Microalgae have the ability to use nitrogen and phosphorus from culture medium 
in their photosynthetic process and synthesize lipids [31]. Thus, microalgae can 
produce 58.700 L ha−1 of algal oil and 121.104 L ha−1 of biodiesels. The Renewable 
Fuels Standard (RFS) estimated that microalga-based fuel production will obtain 
36 billion gallons by 2022 [26].

3. Microalgae

Microalgae are photoautotrophic microorganisms that grow fast under relatively 
simple nutritional conditions. Therefore, they are considered promising  organisms 
for biomass production due to their high-value biomolecules for commercial 
application [32, 33]. Due to the diversity of biomolecules, several studies have 
investigated the use of microalgae for biofuel production. Both genera Chlorella and 
Spirulina have great potential for this purpose, since they have high concentrations 
of composts of interest, such as carbohydrates and lipids [33, 34].

Microalgae can be cultivated in three forms: photoautotrophic, heterotrophic 
and mixotrophic cultivation. The mixotrophic one is a variant of the heterotrophic 
culture, where CO2 and organic carbon are assimilated by the respiratory and 
photosynthetic metabolism with high growth rate and biomass productivity [35]. 
In this type of cultivation, an organic source of carbon, such as molasses, glycerol 
and glucose is added [36, 37]. The capacity for assimilating high concentrations of 
available carbon by microalgae tends to accumulate more carbohydrates and lipids 
[36], macromolecules of interest in biofuel production.

Production of metabolites by microalgae is determined by several factors, such 
as species, agitation, pH, nutrient composition, CO2 concentration, light intensity 
and temperature [38, 39]. According to Khan et al. [26], light intensity and tem-
perature are the main limiting factors in microalgal cultivation, since these physical 
stress factors directly influence biochemical processes, such as photosynthesis and 
biomass production yield.

4. MF application to increase biomass and carbohydrate production

New strategies of culture technologies with high yield of biomass concentration 
are necessary to enable biofuel production by microalgae [40]. Thus, MF applica-
tion has been considered a new low-cost technological approach to stimulate cell 
growth and increased carbohydrate content in microalgal biomass. These outcomes 
may be achieved by the complex biochemical system in microalga cells, which may 
cause changes in their defense mechanism and activate proteins, some enzymatic 
systems and free radicals [21, 41].

Small et al. [42] evaluated the cultivation of Chlorella kessleri in a raceway 
 bioreactor with Blue-Green Medium (BG-11) with static MF from 5 to 15 mT, 
generated by a water-cooled solenoid for 13 d. Cultivation with 10 mT had signifi-
cant increase of 50% in biomass production while the carbohydrate content reached 
42.2% at the end of cultivation. Bauer et al. [16] investigated the influence of 30 mT 
on Chlorella kessleri cultivation in BG-11 medium for 10 d. In relation to the control 
assay (without MF application), biomass concentration increased 23.5%; its carbo-
hydrate content reached 21.4% with MF applied throughout cultivation (Table 1).
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Deamici et al. [43] investigated physiological changes in Spirulina sp.  cultivated 
in Zarrouk medium under the influence of 30 mT in different periods of MF 
application (24 h d−1 and 1 h d−1) for 15 d. When the microalga was exposed to 
the permanent condition, biomass concentration increased 40% and reached the 
highest carbohydrate content of 30.3%, it was 133.2% higher than the one of the 
control. Shao et al. [44] evaluated enhancement of Spirulina platensis biomass 
with the application of 30 mT for 22 d. Different exposures times (3, 6 and 12 h 
d−1) were evaluated and the highest biomass concentration was reached when MF 
were applied for 6 h d−1, increasing 30.4% in relation to the control assay, with 
 carbohydrate content of 12.8%.

5. MF application to increase biomass and lipid production

Cultivation strategies have been studied to increase biomass production and 
lipid synthesis by microalgae [23]. MF application affected the composition and 
production of biomass, fundamental parameters in biofuel production [21].

According to Albuquerque et al. [45], MF are capable of regulating metabolic 
pathways of microorganisms, gene expression and chemical reactions. The authors 
also commented that the influence of MF on cell metabolism and on the growth 
of biomass depends on the interaction between the intracellular and extracellular 
environment, such as the type of cell, characteristics of the culture medium and the 
existence of biomolecules which are susceptible to MF.

MF can affect the growth and metabolism of microorganisms positively and 
negatively, depending on its intensity, frequency, pulse shape, type of modulation 
and exposure time [9]. MF have been shown to be efficient to increase biomass 
and lipids, since their action can cause oxidative stress in cells of microorganisms, 
change energy levels and orientation of free radicals and affect enzymatic activity 
of cells [46–48].

Changes promoted by the MF are responses of the interaction between them and 
microorganisms, i. e., alteration in permeability of membranes and, consequently, in 
their cellular metabolism [49]. MF application is considered a low cost and promis-
ing tool to overcome some limitations of microalgae, such as lipid productivity [50]. 
Table 2 shows the effects of MF on biomass concentration and lipid content.

Microalga species Intensity 
(mT)

Time of 
exposure 

(h d−1)

Increased 
biomass 

content (%)

Carbohydrate 
content (%)

References

Chlorella kessleri 
UTEX 398

10 0.3 50 42.2 [42]

Chlorella fusca
LEB 111

60 24 21.4 31.4 [17]

Spirulina sp. LEB 18 30 24 40 30.3 [43]

Chlorella kessleri
LEB 113

30 24 23.5 21.4 [16]

Spirulina  
platensis sp

30 6 30.4 12.8 [44]

Chlorella 
minutissima sp

30 24 30 60.5 [19]

Table 1. 
Magnetic effect on biomass and carbohydrate contents of different species of microalga.
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Studies have shown that lipid content and productivity can be increased when 
there is an association between nitrogen reduction and MF application. Bauer et al. 
[16] identified that, when Chlorella kessleri was cultured in BG 11 medium and 
exposed to 60 mT for 1 h d−1, there was an increase in biomass concentration of 
15% and 13.7% in lipid synthesis by comparison with the control. Chu et al. [28] 
evaluated the influence of MF application on Nannochloropsis oculate culture with 
modified Walne’s medium. The highest lipid productivity (30.9 mg L−1 d−1) and 
lipid content (42.4%) were obtained when 20 mT was applied during 7 days of 
cultivation.

Nannochloropsis oculate was exposed to different intensities of MF (5, 10 and 
15 mT) to evaluate the influence its biochemical composition and cell growth. 
Cultivation under influence of 10 mT increased biomass productivity (45%) and 
lipid productivity (57%) by comparison with the control [53]. Costa et al. [18] 
reported that the Chlorella homosphaera cultivated in the Bristol’s Modified Medium 
(BMM) with 50% reduction in the nitrogen source associated with exposure to 30 
mT and 60 mT for 1 h d−1, increased lipid productivity in 108.4% (35 mg L−1 d−1) 
and 135.1% (39.5 mg L−1 d−1), respectively.

6. Conclusion

This chapter reported the potential of microalgal cultivation with MF 
application for biofuel production. The use of microalgae as raw material is an 
attractive alternative that can reduce the use of fossil sources and CO2 emissions, 
and consequent pollution in the environment. Studies have suggested that MF 
application may be the most commercial production due to increased production 
of carbohydrates and lipids. For best results, in the case of every microalga spe-
cies, parameters, such as MF intensity, exposure time, application period during 
cultivation and devices used to apply MF, should be evaluated. However, large-
scale production of biofuels derived from microalgae has yet to be achieved if it is 
to be cost-effective.

Microalga species Intensity and 
exposure time MF

Lipid content 
(%w w−1)

Biomass 
concentration 

(g L−1)

References

Chlorella pyrenoidosa
FACHB-9

50 mT for 3 h d−1 — Increased
12.8%

[51]

Chlorella kessleri
UTEX 398

10 mT for 0.3 h d−1 Increased
47%

Increased
43%

[42]

Chlorella fusca
LEB 111

60 mT for 24 h d−1 Inhibition
23.2%

Increased
20.5%

[17]

Spirulina sp.
LEB 18

60 mT for 1 h d−1 Null effect Increased
95.1%

[43]

Chlorella  
minutissima sp

30 mT for 24 h d−1 — Increased
30%

[19]

Chlorella pyrenoidosa
FACHB-9

50 mT for 1 h d−1 Increased
12.9%

Increased
8.2%

[52]

Chlorella  
homosphaera sp

15 mT for 1 h d−1 Increased
22.4%

Inhibition
33%

[18]

Table 2. 
Influence of the MF on the synthesis of biomass and lipids in different species of microalga.
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d−1) were evaluated and the highest biomass concentration was reached when MF 
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production of biomass, fundamental parameters in biofuel production [21].
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and lipids, since their action can cause oxidative stress in cells of microorganisms, 
change energy levels and orientation of free radicals and affect enzymatic activity 
of cells [46–48].

Changes promoted by the MF are responses of the interaction between them and 
microorganisms, i. e., alteration in permeability of membranes and, consequently, in 
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ing tool to overcome some limitations of microalgae, such as lipid productivity [50]. 
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Studies have shown that lipid content and productivity can be increased when 
there is an association between nitrogen reduction and MF application. Bauer et al. 
[16] identified that, when Chlorella kessleri was cultured in BG 11 medium and 
exposed to 60 mT for 1 h d−1, there was an increase in biomass concentration of 
15% and 13.7% in lipid synthesis by comparison with the control. Chu et al. [28] 
evaluated the influence of MF application on Nannochloropsis oculate culture with 
modified Walne’s medium. The highest lipid productivity (30.9 mg L−1 d−1) and 
lipid content (42.4%) were obtained when 20 mT was applied during 7 days of 
cultivation.

Nannochloropsis oculate was exposed to different intensities of MF (5, 10 and 
15 mT) to evaluate the influence its biochemical composition and cell growth. 
Cultivation under influence of 10 mT increased biomass productivity (45%) and 
lipid productivity (57%) by comparison with the control [53]. Costa et al. [18] 
reported that the Chlorella homosphaera cultivated in the Bristol’s Modified Medium 
(BMM) with 50% reduction in the nitrogen source associated with exposure to 30 
mT and 60 mT for 1 h d−1, increased lipid productivity in 108.4% (35 mg L−1 d−1) 
and 135.1% (39.5 mg L−1 d−1), respectively.

6. Conclusion

This chapter reported the potential of microalgal cultivation with MF 
application for biofuel production. The use of microalgae as raw material is an 
attractive alternative that can reduce the use of fossil sources and CO2 emissions, 
and consequent pollution in the environment. Studies have suggested that MF 
application may be the most commercial production due to increased production 
of carbohydrates and lipids. For best results, in the case of every microalga spe-
cies, parameters, such as MF intensity, exposure time, application period during 
cultivation and devices used to apply MF, should be evaluated. However, large-
scale production of biofuels derived from microalgae has yet to be achieved if it is 
to be cost-effective.
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and Microalgae Biomass
Edward Kwaku Armah, Maggie Chetty, 
Jeremiah Adebisi Adedeji and Donald Tyoker Kukwa

Abstract

Lignocellulosic biomass has gained increasing recognition in the past decades 
for the production of value-added products (VAPs). Biomass feedstocks obtained 
from various sources, their composition, and pretreatment techniques employed 
for delignification into bioenergy production are discussed. The conversion pro-
cesses of biomass into VAPs involve various methods. Notable among them are 
biochemical conversions; namely, anaerobic digestion and ethanol fermentation, 
and thermo-chemical conversions; namely, pyrolysis and gasification which are 
considered in this chapter. Microalgae can adapt to changes in the environment, 
producing biomass that serves as a precursor for a variety of biomolecules, such 
as proteins, which find their application in pharmaceutical, cosmetic, and biofuel 
industries. Suitable strains of freshwater microalgae biomass contain high levels of 
lipid which can be harnessed for bioenergy production. Hence, the advancement in 
the conversion of biomass into VAPs could help scientists and environmentalists for 
sustainable use of biomass in future developments.

Keywords: biomass, freshwater microalgae, lignocellulose, microalgae,  
value-added products

1. Introduction

Biomass resources are readily available globally as residual wastes derived from 
agricultural and industrial sources. Crop residues such as corn straw, wheat straw, 
and rice straw are classified as important and relatively abundant renewable bio-
mass resources [1, 2]. With regards to the abundance of biomass resources, China 
still leads as one of the largest agricultural-based economies in the world, produc-
ing approximately about 216 million metric tons of corn straw per annum. For the 
aforementioned, more than half of that reported from China remain unutilized 
[3]. Lignocellulose arises from corn straw containing non-edible plant material, 
composed largely of cellulose, hemicellulose, and lignin. These three components 
comprise covalent cross-linkages between the polysaccharides (cellulose and hemi-
cellulose) and lignin, making biomass a composite material [4]. The sources and 
compositions of lignocellulose play a very important role in predicting its potential 
as value added-products. The hemicellulose is present as the matrix that surrounds 
the cellulose skeleton, while lignin is present as an encrusting material and serves 
as a protective layer. However, biomass pretreatment is an essential tool for cel-
lulose conversion processes as it changes the structure of cellulosic biomass to make 
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cellulose more available to the enzymes that convert the carbohydrate polymers into 
fermentable sugars [5]. Other studies have reported that pretreatment of lignocel-
lulosic biomass (LB) aids to overcome recalcitrance through the combination of 
chemical and structural changes to the lignin and carbohydrates. Some of the dif-
ferent methods of pretreatment include physical; namely, mechanical pretreatment, 
physicochemical; namely, steam explosion, chemical; namely, alkali and acidic 
pretreatment, and biological; namely, manure addition or mixed microorganisms 
[6, 7]. Nonetheless, these traditional methods of pretreatment are cost-intensive, 
as additional chemicals or energy are required [8]. Also, useful information for 
policymakers and researchers on lignin biorefinery is presented in this chapter.

2. Lignocellulose biomass (LB)

LB is a composite, based on intertwined biopolymers on a dry basis, consisting 
of 35–45% cellulose, 25–30% hemicellulose, and 25–30% lignin [9]. These are clas-
sified into four major proportions based on their source, namely, woody biomass, 
agricultural residues (for example, rice/wheat/barley straws, corn stover, sugarcane 
bagasse), energy crops (switchgrass, Miscanthus and short-rotation hardwood is 
specifically grown for biofuel production) and a group of cellulosic wastes (for 
example, municipal solid waste, pulp mill and lumber mill wastes) [10]. Cellulose 
and hemicellulose are broken down by enzymatic saccharification into simple sugars 
which are further digested by microorganisms through the anaerobic digestion pro-
cess to produce bioenergy such as biogas [11]. Nonetheless, the application of LB for 
the net reduction of CO2 emissions from the transport sector is considered environ-
mentally benign [12]. As a result, pretreatment becomes very important to improve 
the digestibility of the LB [5, 13]. Table 1 shows the various chemical compositions 
of sugarcane bagasse, a lignin-rich residue obtained from the sugar industry.

2.1 Cellulose

Cellulose is a linear polymer of β-D-glucopyranose units linked to each other by 
1,4-glycosidic bonds. The linear cellulose chain has a very strong tendency to form 
intra and inter-molecular hydrogen bonds, which promotes the collection of parallel 
chains into basic microfibrils. Most wood species contain 40–45% cellulose based 
on oven-dry (OD) wood. Compression wood of softwoods contains less crystalline 
cellulose than non-compression wood [13]. The chemical structure of cellulose is 
shown in Figure 1.

Components (%) References

Cellulose Hemicellulose Lignin

47.0 27.0 23.0 [14]

38.8 26.0 32.4 [15]

45.5 27.0 21.1 [16]

38.4 23.2 25.0 [17]

45.0 25.8 19.1 [18]

39.5 25.6 30.4 [19]

43.6 17.2 22.0 [20]

Table 1. 
Chemical composition of raw sugarcane bagasse (%w/w, dry basis).

431

Valorization of Lignocellulosic and Microalgae Biomass
DOI: http://dx.doi.org/10.5772/intechopen.93654

2.2 Hemicellulose

This is the second most abundant structural component of a typical plant cell 
wall after cellulose [21]. Cellulose microfibrils are thus linked together in a hydro-
gen bond with hemicellulose forming cellulose microfibrils (fibers). Hemicellulose 
has a random, amorphous structure and can be easily hydrolyzed by dilute acid or 
alkaline of various 5 and 6 carbon sugars, including arabion-xylans glucomannans, 
and galactans. Xylan is a family of polysaccharides most common to hemicellulose 
[22]. The schematic diagram is shown in Figure 2.

2.3 Lignin

Lignin is the third most abundant structural component in nature of a typical 
plant cell wall after cellulose and hemicellulose [14]. This amorphous heteropoly-
mer consists of three different phenylpropane units, namely, p-coumaryl, coniferyl 
and sinapyl alcohol joined by different linkages (presented in Figure 3). Lignin 
was first discovered in 1813 by a Swiss botanist, A. P de Candolle who described 
it as fibrous, tasteless and insoluble in water and alcohol, but soluble in a weakly 
basic solution, thus, making it difficult for biodegradation [15]. It is a class of 
complex organic polymer forming structural materials for supporting tissues of 
vascular plants and offers impermeability and resistance to microbial attacks [16]. 
It strengthens stems and vascular tissue, allowing upward growth and permits 

Figure 1. 
Chemical structure of cellulose [21].

Figure 2. 
Chemical structure of hemicellulose [14].
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water and minerals to be conducted through the xylem under negative pressure 
without collapse of the tissue. In addition to mechanical support, lignin contributes 
to protective functions in plants by, for example, increasing resistance to biodegra-
dation and environmental stresses, such as changes in humidity and water balance.

3. Lignocellulose pretreatment technologies

Application of biorefining to bagasse requires lignocellulose fractionation into 
cellulose, hemicelluloses and lignin [17]. This step involves pretreatment where 
a considerable part of hemicelluloses is solubilized. In this regard, the cellulose 
portion is activated initially towards enzymatic hydrolysis and subsequently, for 
ethanol/biogas production. The use of pretreatment in the conversion of LB for 
bioenergy production is to enhance the release of cellulose and disrupt lignin and 
hemicellulose [13]. The sole aim is to remove lignin and hemicellulose, thereby 
enhancing the cellulose crystallinity and porosity for easier accessibility of microbes 
to breakdown lignocellulosic feedstock [18]. Various feedstocks that have been 
employed in literature as pretreatments methods are presented in Table 2. Lignin 
is an amorphous and water-insoluble heteropolymer, and as stated earlier, it is 
composed of phenylpropane units (coniferyl, p-coumaryl and sinapyl alcohol) held 
together by different linkages as discussed earlier [19]. A simplified diagram of 
biomass pretreatment techniques showing the major components of lignocellulose 
is presented in this chapter (Figure 4). The fermentation of LB is difficult due to 

Pre-treatment methods Feedstocks References

Hydrothermal Sugarcane bagasse [23]

Ultrasonic Sugarcane bagasse [24]

Ionic liquids Water hyacinth [25, 26]

Hydrothermal Sugarcane bagasse [14]

Alkali Cattle dung [27]

Thermochemical Water hyacinth [28]

Table 2. 
Feedstocks and pretreatment methods.

Figure 3. 
Chemical structure of the main monolignols of lignin.
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the high recalcitrant lignin and inadequate accessibility to sites for enzyme activity. 
Studies have shown that irrespective of its solubilization, the lignin content change 
is related to the solidification and re-deposition which is due to cooling after severe 
pre-treatment. Therefore, only re-allocation of lignin takes place, instead of lignin 
removal during pre-treatment at high temperatures and pressures [21]. Lignin 
inhibits hydrolysis by forming physical barriers and non-productive adsorption of 
cellulase enzymes. Thus, lignin restricts the enzymes from reaching the cellulose, 
thereby reducing the active enzyme sites for cellulose hydrolysis. Brandt et al. [20] 
observed that 80–90% of lignin was recovered from a solid fraction of hardwood 
through hydrothermal pre-treatment at 180–220°C. Therefore, as the severity of 
hydrothermal pre-treatment increases, the lignin content in the pre-treated solids 
also increases due to the simultaneous de- and re-polymerization reactions of lignin. 
Some pretreatment methods are summarized in the following sections.

3.1 Hydrothermolysis

During hydrothermolysis, the lignocellulosic changes that occur for bioenergy 
production were found to be an efficient method to disrupt lignin and hemicellulose 
and expose cellulose [20]. The authors [20] concluded that it is impossible for this 
pretreatment method to completely remove all the lignin present in a lignocellulosic 
feedstock. In the hydrothermolysis of sunflower oil cake for 1, 2, 4 and 6 h intervals 
at 25–200°C, it was observed that the cellulose solubilization rate was low (5%) 
while the hemicellulose content decreased from 13 to 6% at 200°C [29]. In the case 
of wheat straw at 200°C, cellulose crystallinity reduced as the cellulose hydrolysis 
rate was increased [30]. Lignin repolymerization occurred at 140°C -180°C for 
wood in 12–192 minutes with a removal of 75% of lignin [31]. Biogas production 
from sugarcane bagasse by hydrothermolysis was studied [25]. The authors [25] 
finding was that pretreatment by hydrothermolysis increased the biogas yield by 
approximately 15%.

3.2 Ionic liquid pretreatment

The search for a green solvent such as ionic liquids (IL) in the pretreatment 
of LB for biofuel production has gained increasing recognition for decades. ILs 
do solubilize complex biomass, thus providing industrial scale-up potential [23]. 
The unique abilities of ILs to selectively dissolve components of biomass or whole 
native biomass have been demonstrated [24]. Most ILs have been reported to be 

Figure 4. 
Simplified diagram of biomass pretreatment technique showing the major components of lignocellulose 
(Accessed at: https://doi.org/10.1016/B978-0-12-802323-5.00001-3).
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viscous in nature, requiring the use of co-solvents to enhance its fluidity and the 
recovery by a commonly employed aqueous biphasic system, or the use of acetone, 
sodium hydroxide or water [25]. Commonly used co-solvents are dimethyl sulf-
oxide (DMSO) and dimethylacetamide (DMAC). The application of ILs to LB in 
areas such as fractionation, cellulose composites preparation and its derivative and 
removal of pollutants is a new avenue for the efficient utilization of these solvents 
[26]. ILs have been found to be the most expensive research-grade solvents under 
investigation for the dissolution of biomass and provides further challenges with 
solvent recovery [20].

3.3 Acidic and alkaline pretreatment

Lignocellulosic pretreatment with acids at ambient temperatures are carried out 
to enhance hemicellulose solubilization, thereby, making cellulose accessible for 
enzyme degradation with a dilute or a strong acid [14]. In this process, solubilized 
hemicelluloses are exposed by hydrolytic reactions to produce monomers, furfural, 
and other volatile products under acidic conditions [27]. In this regard, solubilized 
lignin quickly condenses and precipitates into acidic conditions. Hemicellulose 
solubilization and lignin precipitation are therefore noticeable during strong acid 
pretreatment. A disadvantage of this method is the risk of the formation of inhib-
iting compounds [14]. However, the use of dilute acid pretreatment has gained 
numerous research interests over the use of concentrated acids [28]. This is due to 
the fact that concentrated acids are toxic, corrosive, hazardous, and require reactors 
that need expensive construction materials which are resistant to corrosion.

3.4 Biological pretreatment

The delignification of LB could also involve application of biological methods 
using enzymes or microorganisms. Wood degrading microbes including white, brown, 
soft rot fungi, and bacteria are used in biological applications [28]. Biodegradation 
releases the chemical components and opens up the structure of the LB which pro-
motes enzyme action leading to further breakdown. The brown and soft rots have 
been reported to attack cellulose leading to lignin modifications, whilst the lignin 
components are degraded by the white rot fungi [28]. The biological pretreatment of 
wood chips with four different white-rot fungi for a period of 30 days was studied [3]. 
The glucose yield of the pretreated wood by Trametes versicolor MrP 1 reached 45% by 
enzymatic hydrolysis while 35% solid was converted to glucose during fungi incuba-
tion. Some microbes that have been employed in the past decades include Ceriporia 
lacerate, Sterum hirsutum, Polyporus brumalis and Phanerochaete chrysosporium.

4.  Microalgae-based systems for CO2 sequestering and industrial 
biorefineries

Microalgae have the capacity to adapt to changes in the environment, producing 
biomass that serves as a precursor for a variety of biomolecules; such as proteins, 
pigments, vitamins, lipids, and carbohydrates, in addition to finding applications 
in pharmaceutical, cosmetic, food and biofuel industries [32]. In Figure 5, a process 
flow diagram for micro-algal system in a combined biofuel production system is 
presented. Microalgae have a promising physiological plasticity in that they have 
a wide range of pH which allows for a range of species that can convert biomass 
to high value applications [33]. Pollutants in wastewaters present themselves as 
nutrients to microalgae, thus providing application of microalgae technology in the 
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wastewater treatment sector. These photosynthetic organisms grow under diverse 
luminous intensities and electromagnetic radiations to produce biomass of desired 
compositions. In addition, they sequester CO2 from the environment and contrib-
ute to the global CO2 balance, thus addressing the global warming phenomenon 
induced by emissions from fossil fuel combustion processes. Microalgae cultivation 
combined with metabolic techniques range from autotrophy and heterotrophy to 
mixotrophy, allowing the biomass a wide latitude for varied specific growth rate, 
productivity, and composition, which in turn can be enhanced by the hydrodynam-
ics that are governed by the reactor configurations. Lipid recovery continues to 
be a significant bottleneck in biodiesel production due to high costs of harvesting 
the biomass in the first instance and the available lipid extraction techniques [34]. 
Microalgae growth is induced and sustained by factors such as (i) thermal energy, 
(ii) inorganic carbon supply, (iii) nutrient availability, (iv) luminous exposure, (v) 
organic carbon and (vi) water. Under photosynthesis protocol, these factors usually 
work in combination through different metabolic scenarios, which include autotro-
phy, heterotrophy and mixotrophy. The response to these factors and the nutritional 
programs depends on the microalgae species and strains. However, the quality of 
biomass produced from these photosynthetic metabolic scenarios depends on the 
hydrodynamic stress of the cultivation system [35].

4.1 Thermal energy

Most microalgae species are mesophilic in nature as they produce biomass in the 
temperature range of 15–35°C. However, some species are extremophiles, i.e. some 
strains are psychrophilic (Chlamydomonas nivalis, Raphidonema sp., Mesotaenium 
berggrenii, and Chloromonas sp. [CCCryo 020–99]) as they produce biomass under 
snowy conditions, while few other strains are thermophilic (Phormidium sp. and 
Thermosynechococcus elongatus BP-1 which are cyanobacteria; and Desmodesmus sp. 
F51, Chlorella sorokiniana UTEX 2805, Desmodesmus sp. F2 and F18 are green algae 
and; Galdieria sulphuraria 074G and Galdieria sulphuraria CCMEE 5587.1 are the 
red algae); they produce biomass at temperatures as high as 55–74°C. Depending on 
the species, microalgae at an optimum temperature with suitable nutrients media 
(nitrogen, phosphorus, and sulfur) and luminous exposure, produce biomass 
of varying properties and composition [36]. Temperature is a key variable that 

Figure 5. 
Process flow for a micro-algal system for combined biofuels production, CO2 biomitigation, and N/P removal 
from wastewater [54].
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influences the composition of microalgae biomass. For instance, Varshney and co-
workers [37] reported that an increase in temperature from 20 to 25°C doubled the 
lipid content of Nannochloropsis oculata (from 7.90 to 14.92%), whilst an increase 
from 25 to 30°C brought about a decrease of the lipid content of Chlorella vulgaris 
from 14.71 to 5.90%.

4.1.1 Inorganic carbon

Inorganic carbon that is accessible to microalgae is mostly CO2 gas. This gas is 
available in dilute concentrations in the atmosphere at 0.035 mole percent (dry 
basis) [38]. Microalgae absorb CO2 from the atmosphere to produce sugars by the 
physiochemical process of photosynthesis. The biological conversion of CO2 results 
in products of the photosynthetic metabolism such as cells, oxygen biopolymers 
which are soluble in the culture medium and volatile organic compounds (VOC’s). 
Zhao and Su [39] described photosynthesis as a two-stage process. The first stage 
is the light-dependent reaction which captures the energy of light for oxidative 
phosphorylation in the metabolic cycle that produces the energy-storage molecules, 
adenosine triphosphate (ATP) and nicotinamide adenine dinucleotide phosphate 
(NADPH) as shown in Eq. (1).

 2 i 22H O 2NADP 3ADP 3P 2NADPH 2H 3ATP O
hv

+ ++ + + → + + +  (1)

Eq. (2) shows the second-stage reaction, which is carbon dioxide fixation; and 
it is not directly light-dependent. This photosynthetic dark-reaction captures and 
reduces carbon dioxide to carbohydrates and releases molecular oxygen [40].

 [ ]2 2 2 2CO 2H O CH O O+ → +
photons

 (2)

With a solubility of 0.1449 g CO2/100 mL H2O at 25°C and 101.325 kPa vapor 
pressure, carbon dioxide gas dissolves in surface water and slowly reacts with water 
to alter its chemistry as shown in Eqs. (3) and (4).

 2 2 2 3CO H O H CO+   (3)

 2 3 3H CO H HCO+ −+  (4)

The release of H+ ion in Eq. (4) causes the reduction in pH of the culture 
medium. However, the ability to thrive in a wide pH range has given microalgae 
the privilege to access nutrients from municipal and industrial wastewaters. In the 
presence of hydroxide ions, carbonate ions are also released as in Eq. (5).

 2
3 2 3OH HCO H O CO− − −+ +  (5)

When the dynamic ionization equilibrium is attained, dissolved inorganic carbon 
(DIC) is available in the form of CO2, HCO3

−, CO3
2−, and H2CO3. However, only CO2 

and HCO3
− are accessible to microalgae and both species are utilized simultaneously 
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to produce biomass [41]. The CO2 conversion into biomass is increased only under 
conditions where the CO2 mass loading rate is low. At a high CO2 mass loading rate, 
the formation of VOCs is the main CO2 biotransformation strategy [33].

4.1.2 Nutrients availability

Standard microalgae culture media have been developed and produced out of 
the need to produce desired products and are available in the market for fresh-
water microalgae growth management. Some of the media are the (i) Blue-Green 
medium, BG-11 (ii) Bold’s Basal medium, BBM (iii) Bold’s Basal medium modi-
fied, BBM-3 N (iv) CHU 13 and (v) Jaworski’s Medium, JM. Both municipal and 
industrial wastewater have the basic nutrients common to all the artificial media 
designed for microalgae cultivation; and microalgae access these nutrients as 
nitrates and reactive phosphates from wastewaters to produce biomass and bio-
products [42, 43].

4.2 Metabolic flexibility of microalgae

Microalgae have three different metabolic pathways, namely, autotrophy, 
heterotrophy and mixotrophy. While all algae species are autotrophic, some stains 
have the ability to exhibit heterotrophy and mixotrophy; and any of the chosen 
photosynthetic metabolic depends on the microalgae species, and the quality of 
the biomass desired. Autotrophic metabolism utilizes inorganic carbon in the 
form of CO2, gas and light energy. This mode of fixing CO2 produces low density 
microalgal biomass. Heterotrophic metabolism takes advantage of the presence 
of organic carbon and utilizes it both as a source of carbon and energy. This is the 
dominant pathway during the night or dark phases. Some microalgae do metabolize 
mixotrophically. Under mixotophic mode, light energy is not the absolute growth 
limiting factor as organic carbon sources are also accessed and utilized for micro-
algal biomass production. Photoinhibition, a phenomenon that describes excessive 
light intensity thereby arresting photosynthetic metabolism, is overcome under the 
mixotrophic metabolic mode. Consequently, the growth rate is not interrupted and 
high density biomass is produced with recorded higher productivities when com-
pared to autotrophic and heterotrophic metabolic scenarios [6].

4.2.1 Organic carbon

Organic carbon present in municipal and industrial wastewater are carbohy-
drates, fats, volatile fatty acids (VFAs), soaps, synthetic detergents, lignin, proteins 
and their decomposition products; as well as various natural and synthetic organic 
chemicals. Wastewater treatment and concomitant algal biofuel production has 
received increasing attention in recent years owing to its diverse environmental 
and economic benefits [44]. Organic carbon is accessible through monosodium 
glutamate wastewater, cheese whey permeates, sodium acetate, fruit peel, glucose, 
fructose, glycerol, etc. via mixotrophic microalgal growth mode. Tan and co-
workers [45] reported that productivities of C. vulgaris cultured in wastewaters 
containing glucose and sodium acetate were 63.5 and 55.2 mg L−1 day−1, respectively. 
This accounted for the leap of 2.61 and 2.27 times the productivities, respectively, 
achieved under autotrophic metabolic modes. Also, Chlorella vulgaris cultivated 
in sodium acetate and glucose wastewaters recorded productivities of lipid at 
17.35 mg L−1 day−1 and carbohydrate at 18.75 mg L−1 day−1, respectively, indicating 
that sodium acetate and glucose wastewaters have the potential to boost microalgal 
lipid production, which in turn may serve as feedstock for the biorefinery [46].
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influences the composition of microalgae biomass. For instance, Varshney and co-
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(NADPH) as shown in Eq. (1).
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to produce biomass [41]. The CO2 conversion into biomass is increased only under 
conditions where the CO2 mass loading rate is low. At a high CO2 mass loading rate, 
the formation of VOCs is the main CO2 biotransformation strategy [33].

4.1.2 Nutrients availability

Standard microalgae culture media have been developed and produced out of 
the need to produce desired products and are available in the market for fresh-
water microalgae growth management. Some of the media are the (i) Blue-Green 
medium, BG-11 (ii) Bold’s Basal medium, BBM (iii) Bold’s Basal medium modi-
fied, BBM-3 N (iv) CHU 13 and (v) Jaworski’s Medium, JM. Both municipal and 
industrial wastewater have the basic nutrients common to all the artificial media 
designed for microalgae cultivation; and microalgae access these nutrients as 
nitrates and reactive phosphates from wastewaters to produce biomass and bio-
products [42, 43].

4.2 Metabolic flexibility of microalgae

Microalgae have three different metabolic pathways, namely, autotrophy, 
heterotrophy and mixotrophy. While all algae species are autotrophic, some stains 
have the ability to exhibit heterotrophy and mixotrophy; and any of the chosen 
photosynthetic metabolic depends on the microalgae species, and the quality of 
the biomass desired. Autotrophic metabolism utilizes inorganic carbon in the 
form of CO2, gas and light energy. This mode of fixing CO2 produces low density 
microalgal biomass. Heterotrophic metabolism takes advantage of the presence 
of organic carbon and utilizes it both as a source of carbon and energy. This is the 
dominant pathway during the night or dark phases. Some microalgae do metabolize 
mixotrophically. Under mixotophic mode, light energy is not the absolute growth 
limiting factor as organic carbon sources are also accessed and utilized for micro-
algal biomass production. Photoinhibition, a phenomenon that describes excessive 
light intensity thereby arresting photosynthetic metabolism, is overcome under the 
mixotrophic metabolic mode. Consequently, the growth rate is not interrupted and 
high density biomass is produced with recorded higher productivities when com-
pared to autotrophic and heterotrophic metabolic scenarios [6].

4.2.1 Organic carbon

Organic carbon present in municipal and industrial wastewater are carbohy-
drates, fats, volatile fatty acids (VFAs), soaps, synthetic detergents, lignin, proteins 
and their decomposition products; as well as various natural and synthetic organic 
chemicals. Wastewater treatment and concomitant algal biofuel production has 
received increasing attention in recent years owing to its diverse environmental 
and economic benefits [44]. Organic carbon is accessible through monosodium 
glutamate wastewater, cheese whey permeates, sodium acetate, fruit peel, glucose, 
fructose, glycerol, etc. via mixotrophic microalgal growth mode. Tan and co-
workers [45] reported that productivities of C. vulgaris cultured in wastewaters 
containing glucose and sodium acetate were 63.5 and 55.2 mg L−1 day−1, respectively. 
This accounted for the leap of 2.61 and 2.27 times the productivities, respectively, 
achieved under autotrophic metabolic modes. Also, Chlorella vulgaris cultivated 
in sodium acetate and glucose wastewaters recorded productivities of lipid at 
17.35 mg L−1 day−1 and carbohydrate at 18.75 mg L−1 day−1, respectively, indicating 
that sodium acetate and glucose wastewaters have the potential to boost microalgal 
lipid production, which in turn may serve as feedstock for the biorefinery [46].
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4.2.2 Hydrodynamic stress

Biotransformation kinetics in microalgae are driven by two cultivation systems: 
(i) open cultivation systems, (OCS) and (ii) closed cultivation systems, (CCS). 
Open cultivation systems employ open ponds, tanks and raceway ponds while the 
closed cultivations system utilizes closed photobioreactors (PBR), such as bubble 
column reactors (BCR), airlift reactors (ALR), tubular reactors (TR), plastic bag 
(single-use) reactors (SUR), stirred tank reactors (STR), and plate reactors (PR). 
The OCS attracts minimal capital, operating cost, and lesser energy for culture mix-
ing. However, OCS require large land-mass for scale-up operations as they are prone 
to contamination and adverse weather conditions wherein they suffer evaporation 
and temperature fluctuations [47]. The CCS on the other hand, are operated at 
highly controlled conditions and are more efficient in terms of quality. PBRs can be 
designed and optimized to cultivate a chosen microalgal strain; since they occupy 
minimal landmass with enhanced luminous exposure to the microalgae cells and 
encounter little or no contamination. However, PBRs do have bio-fouling issues, 
cleaning difficulties, benthic microalgal growth, and high build-up of dissolved 
oxygen (DO) leading to growth obstructions, and high capital cost [48, 49].

The microalgae culture mixing regimes may vary from one PBR to another, and 
since the purpose of mixing is to ensure adequate exposure of all the microalgae 
cells to the growth index, variables such as thermal energy, nutrients adequate 
illumination, gas exchange, and the quality of microalgal biomass churned from 
each PBR varies in terms of cell density and biomass composition [50].

PBRs using microalgae to treat wastewater and to produce biomolecules are 
based on five basic criteria: (i) full control of the reaction conditions, (ii) increased 
efficient use of light energy, (iii) an adequate mixing system, (iv) reduced hydrody-
namic stress on the cells and (v) flexible scale-up operations [51].

4.2.3 Luminous exposure

Biomass productivity depends largely on the quantity and quality of light avail-
able to microalgae cells during exponential growth, especially in the autotrophic 
metabolic mode. Lighting has a great influence on the synthesis of co-products in 
microalgal biomass as the cells increase pigmentation. Large quantities of solar 
radiation storage are enhanced as biomass, which can be transformed into solid, 
liquid, or gaseous fuels [52]. On the other hand, the exposition of microalgae 
cells to excessive illumination can cause photoinhibition, a phenomenon which 
describes termination of photocatalytic activity in the presence of illumination. 
Both photoperiod and light intensity influence microalgal growth, pigment produc-
tion, biomass, and lipid productivities. High biomass and lipid productivities have 
been reported for stepwise strategic light-intensity increases during mixotrophic 
cultivation of microalgae. Cheirsilp and Torpee [53] reported the influence of 
light intensity on the growth and lipid accumulation of marine Chlorella sp. and 
Nannochloropsis sp.; and observed that the growth of marine Chlorella sp. increased 
when the light intensity was increased from 2000 to 8000 lux. Increasing the light 
intensity to 10,000 lux registered a slight decrease in the lux indices, which could be 
due to photoinhibition.

5. Conversion of biomass to bioenergy production

Generation of bioenergy from biomass is achieved in various ways and may be 
classified into three main categories, namely, physio-chemical, bio-chemical, and 
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thermo-chemical processes [54]. The following are common techniques utilized in 
the conversion of biomass into biofuels, i.e. mechanical extraction, transesterifica-
tion, pyrolysis, anaerobic digestion, fermentation, gasification, liquefaction, and 
fuel cell systems as shown in Figure 6. This subsection gives an overview of the con-
version process, the factors affecting each process and the main products derived.

5.1 Pre-treatment methods

Prior to the application of a specific technique of biofuel generation from 
biomass, various pre-treatment or pre-processing steps may be carried out to aid 
effective conversion. Two main pre-treatment methods broadly classified under 
physio-thermal and chemical methods are usually applied based on the lignocel-
lulosic substrates as discussed in the latter sections on lignocellulosic and the related 
conversion techniques. Processes such as drying, sizing, crushing, powdering, 
pelletizing, torrefaction and heating are common physio-thermal methods for pre-
treatment of lignocellulosic and algae biomass.

5.2 Physico-chemical means

This involves the mechanical extraction of oil from lignocellulosic and algae bio-
mass, where the oil produced is further esterified to produce biodiesel. Biodiesel is 

Figure 6. 
Biomass conversion techniques.
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efficient use of light energy, (iii) an adequate mixing system, (iv) reduced hydrody-
namic stress on the cells and (v) flexible scale-up operations [51].
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Biomass productivity depends largely on the quantity and quality of light avail-
able to microalgae cells during exponential growth, especially in the autotrophic 
metabolic mode. Lighting has a great influence on the synthesis of co-products in 
microalgal biomass as the cells increase pigmentation. Large quantities of solar 
radiation storage are enhanced as biomass, which can be transformed into solid, 
liquid, or gaseous fuels [52]. On the other hand, the exposition of microalgae 
cells to excessive illumination can cause photoinhibition, a phenomenon which 
describes termination of photocatalytic activity in the presence of illumination. 
Both photoperiod and light intensity influence microalgal growth, pigment produc-
tion, biomass, and lipid productivities. High biomass and lipid productivities have 
been reported for stepwise strategic light-intensity increases during mixotrophic 
cultivation of microalgae. Cheirsilp and Torpee [53] reported the influence of 
light intensity on the growth and lipid accumulation of marine Chlorella sp. and 
Nannochloropsis sp.; and observed that the growth of marine Chlorella sp. increased 
when the light intensity was increased from 2000 to 8000 lux. Increasing the light 
intensity to 10,000 lux registered a slight decrease in the lux indices, which could be 
due to photoinhibition.

5. Conversion of biomass to bioenergy production

Generation of bioenergy from biomass is achieved in various ways and may be 
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thermo-chemical processes [54]. The following are common techniques utilized in 
the conversion of biomass into biofuels, i.e. mechanical extraction, transesterifica-
tion, pyrolysis, anaerobic digestion, fermentation, gasification, liquefaction, and 
fuel cell systems as shown in Figure 6. This subsection gives an overview of the con-
version process, the factors affecting each process and the main products derived.

5.1 Pre-treatment methods

Prior to the application of a specific technique of biofuel generation from 
biomass, various pre-treatment or pre-processing steps may be carried out to aid 
effective conversion. Two main pre-treatment methods broadly classified under 
physio-thermal and chemical methods are usually applied based on the lignocel-
lulosic substrates as discussed in the latter sections on lignocellulosic and the related 
conversion techniques. Processes such as drying, sizing, crushing, powdering, 
pelletizing, torrefaction and heating are common physio-thermal methods for pre-
treatment of lignocellulosic and algae biomass.

5.2 Physico-chemical means

This involves the mechanical extraction of oil from lignocellulosic and algae bio-
mass, where the oil produced is further esterified to produce biodiesel. Biodiesel is 
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Biomass conversion techniques.
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usually blended with conventional diesel to be used as fuel for motor vehicles. The oil 
extracted from the biomass is highly viscous with polyunsaturated characteristics; 
therefore, transesterification processes which utilize either acids, bases, or enzymes 
as catalysts, convert the oil into fatty acid methyl esters (FAME) or fatty acid alkyl 
esters with glycerol as by-product. The esters produced from the transesterification 
process have lower viscosities and are comparable to conventional fuels [51].

5.3 Bio-chemical means

The biochemical conversion process utilizes the metabolic activity of microor-
ganism for conversion of biomass into biofuel and by-products. Biomass conversion 
is environmentally friendly when compared to thermochemical methods where the 
residence time for the conversion process to be achieved is longer when compared to 
thermochemical conversion means. The main biochemical conversion methods are 
discussed below.

5.3.1 Anaerobic digestion

Anaerobic digestion (AD) is the microbial degradation of organic matter in the 
absence of oxygen to produce mainly biogas (biomethane and carbon dioxide). The 
conversion of organic matter into biogas is presented in Figure 7. It is a series of bio-
chemical reactions where microorganisms anaerobically convert organic  materials 
into products to be finally converted into biogas [2].

Microorganisms break down high molecular mass compounds such as polysac-
charides, proteins, fats, cellulose, and hemicellulose into smaller molecular mass 

Figure 7. 
Anaerobic digestion degradation process.
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compounds which are later converted into biogas. The efficiency of AD processes is 
dependent on the components of the substrate and the activity of microorganisms. 
AD is a biochemical conversion process that is robust with proven reliable applica-
tions. AD has been widely applied in the treatment of organic waste streams, and 
its development for production of biogas goes far back as the 16th century [55]. The 
general equation to produce methane from organic matter is given as in Eq. (6).

 2 2 44 2 2 8 4 2 8 4n a b
a b n a b n a bC H O n H O CO CH     + − − → − + + + −     

     
 (6)

5.3.1.1 Stages of AD process

The four main stages involved in the AD of lignocellulosic biomass are hydro-
lysis, acetogenesis, acidogenesis and methanogenesis. Theses stages occur succes-
sively as the product from a preceding stage is utilized in the next stage. Hydrolysis 
is the first stage in the AD process, and it involves the breakdown of high molecular 
mass compounds into smaller ones. This stage is followed by acidogenesis, which is 
the conversion of the smaller molecular compounds into identifiable lower molecu-
lar compounds. The acetogenesis stage converts the volatile fatty acids (VFAs) from 
acidogenesis into acetate, CO2 and H2, where after these intermediate compounds 
are converted into methane and CO2 with other by-products in trace amounts in 
methanogenesis stage, with the aid of methanogens. The stages of the AD process 
are affected by various parameters and the biomass chosen.

5.3.2 Fermentation

The conversion of biomass to simple sugars with subsequent transformation 
into alcohol and CO2 with the aid of microorganisms, mainly, yeasts is known as 
fermentation. This process has been applied for centuries to produce ethanol from 
sugar crops. It has been used for conversion of lignocellulosic material and algae to 
ethanol. The by-product from this process after the distillation process are the non-
fermentable products which are further directed for use as animal-feed, or as raw 
feed for the thermochemical conversion. Ethanol produced from the process can be 
used as fuel for motor vehicles, or as compliment for existing conventional fuels. 
It has been used as an additive for petrol to improve the octane rating and vehicle 
emissions reduction in countries such as Australia, Brazil, Sweden, and United 
States [20]. Anaerobic or dark fermentation of pre-treated lignocellulosic biomass 
is used in the production of biohydrogen, where the process is like the acidogenic 
stage in AD. The microorganisms used in this process are mainly hydrogen produc-
ing microbes such as Thermoanaero bacterales, Clostridiaceae and Enterobacteriaceae. 
This process is gaining interest as the combustion of hydrogen is free of any harmful 
emissions [56]. The challenge encountered is the low yield of H2 generated, though 
there has been research carried out into the upgrading of CH4 into H2.

5.3.3 Microbial fuel cell (MFC)

MFCs employ the activity of micro-organisms to convert pre-treated biomass 
into bioelectricity that can be fed into an existing electricity grid. The process 
involves the oxidation of the substrates (cellulosic biomass) at the anode cham-
ber of the cell by microorganisms, (electrode-reducing organisms) to electrons 
which are transferred to the cathode chamber through a conductive material. In 
the cathode region, the electrode-oxidizing organisms utilize the electrons for 
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compounds which are later converted into biogas. The efficiency of AD processes is 
dependent on the components of the substrate and the activity of microorganisms. 
AD is a biochemical conversion process that is robust with proven reliable applica-
tions. AD has been widely applied in the treatment of organic waste streams, and 
its development for production of biogas goes far back as the 16th century [55]. The 
general equation to produce methane from organic matter is given as in Eq. (6).
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5.3.1.1 Stages of AD process

The four main stages involved in the AD of lignocellulosic biomass are hydro-
lysis, acetogenesis, acidogenesis and methanogenesis. Theses stages occur succes-
sively as the product from a preceding stage is utilized in the next stage. Hydrolysis 
is the first stage in the AD process, and it involves the breakdown of high molecular 
mass compounds into smaller ones. This stage is followed by acidogenesis, which is 
the conversion of the smaller molecular compounds into identifiable lower molecu-
lar compounds. The acetogenesis stage converts the volatile fatty acids (VFAs) from 
acidogenesis into acetate, CO2 and H2, where after these intermediate compounds 
are converted into methane and CO2 with other by-products in trace amounts in 
methanogenesis stage, with the aid of methanogens. The stages of the AD process 
are affected by various parameters and the biomass chosen.

5.3.2 Fermentation

The conversion of biomass to simple sugars with subsequent transformation 
into alcohol and CO2 with the aid of microorganisms, mainly, yeasts is known as 
fermentation. This process has been applied for centuries to produce ethanol from 
sugar crops. It has been used for conversion of lignocellulosic material and algae to 
ethanol. The by-product from this process after the distillation process are the non-
fermentable products which are further directed for use as animal-feed, or as raw 
feed for the thermochemical conversion. Ethanol produced from the process can be 
used as fuel for motor vehicles, or as compliment for existing conventional fuels. 
It has been used as an additive for petrol to improve the octane rating and vehicle 
emissions reduction in countries such as Australia, Brazil, Sweden, and United 
States [20]. Anaerobic or dark fermentation of pre-treated lignocellulosic biomass 
is used in the production of biohydrogen, where the process is like the acidogenic 
stage in AD. The microorganisms used in this process are mainly hydrogen produc-
ing microbes such as Thermoanaero bacterales, Clostridiaceae and Enterobacteriaceae. 
This process is gaining interest as the combustion of hydrogen is free of any harmful 
emissions [56]. The challenge encountered is the low yield of H2 generated, though 
there has been research carried out into the upgrading of CH4 into H2.

5.3.3 Microbial fuel cell (MFC)

MFCs employ the activity of micro-organisms to convert pre-treated biomass 
into bioelectricity that can be fed into an existing electricity grid. The process 
involves the oxidation of the substrates (cellulosic biomass) at the anode cham-
ber of the cell by microorganisms, (electrode-reducing organisms) to electrons 
which are transferred to the cathode chamber through a conductive material. In 
the cathode region, the electrode-oxidizing organisms utilize the electrons for 
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reduction of various compounds to other forms (such as CO2 to acetate, nitrate to 
N2 and O2 to H2O). It is an electrochemical reaction that utilizes microorganisms for 
catalysis; therefore, it is referred to as a bioelectrochemical process. The anode in an 
MFC is usually carbon based such as carbon cloth, felt, fiber, rod, and paper, while 
the cathode is either of the latter coated with platinum [57, 58]. Figure 8 shows a 
schematic of the working principles of a microbial fuel cell. The catalyst used may 
differ based on the application of the fuel cell.

5.4 Thermo-chemical processes

Thermochemical conversion techniques involve the use of heat or chemicals 
for the conversion of biomass into fuel and heat (as in the case of combustion and 
gasification). The thermochemical means is sometimes preferred since it requires 
limited time, little or no pre-treatment, and generation of variable end-products 
as compared to biochemical means. The overview of the main thermochemical 
conversion techniques is summarized in the following section.

5.4.1 Pyrolysis

An irreversible chemical reaction impacted by heat in the absence of oxygen 
is known as pyrolysis. This method generally converts lignocellulosic biomass 
into solid, liquid, and gaseous fractions which are further processed into another 
product spectrum [59]. Pyrolysis is commonly adopted, since its end-product 
ranges from gaseous to solid fuels in varying percentages, when compared to other 
thermochemical biomass conversion methods. Pyrolysis can be a precursor to some 
other conversion processes such as gasification and combustion, as well as a suc-
ceeding step to some pre-treatment methods, such as torrefaction and degradative 
solvent extraction (DSE) [60]. Pyrolysis is a temperature, heating rate and time 
dependent process, and varying these conditions with addition of selected catalysts 
give a specified, desired end-product. Based on the specific conditions, pyrolysis is 
classified into slow, intermediate, and fast mode; and from which different percent-
ages of solid, liquid, and gaseous product are derived. The classification of pyrolysis 
base on temperature and residence time is shown in Table 3, and it ranges from the 
low temperatures (~ 300°C) to high temperatures (approximately 900°C).

Figure 8. 
Schematic of a microbial fuel cell.
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Slow pyrolysis involves lower heating rates between 0.1 and 2°C, and the 
products are mainly solids. Carbonization is a form of slow pyrolysis which is 
the old technique used in the production of charcoal (biochar) and the vapor 
produced during the process is usually not condensed, but rather used for heating. 
Torrefaction mainly aims at improving the energy density and biomass fuel proper-
ties, such as reduced weight and volume, which renders the fuel easy to transport 
and be crushed when needed. The intermediate pyrolysis process produces less 
solid and liquid with low viscosities. Fast pyrolysis is one of the biomass conversion 
technologies currently gaining prominence because of its ability to generate more 
liquid fuel (bio-oil) which could be easily upgraded to diverse valuable products, 
and transported [19, 61].

5.4.2 Gasification

Gasification is the conversion of biomass or carbonaceous feedstock into gaseous 
components at temperatures higher than 650°C. The gaseous component of the 
gasification process may vary depending on the operating temperature. At a lower 
temperatures below 1200°C, gas constituents may vary from CO, CO2, CH4 and H2, 
which are collectively known as producer gas while at a higher temperatures, the 
constituents are CO and H2, which are collectively known as synthesis gas or syngas 
[62]. Coal gasification is a well-known process in the generation of electricity which 
can also be used for biomass conversion into gas. The four steps involved in the 
gasification process are drying or heating, pyrolysis, gas–solid reaction, and gas 
phase reaction. These steps occur successively and may take a fraction of a minute 
depending on the reactor (gasifier) design [52]. Drying/heating is mainly adopted 
to remove the moisture content of biomass, thereby converting the biomass into 
dry mass. This is done to attain the required temperature for gasification and the 
desired products. This process is followed by pyrolysis. The gas–solid reaction step 
involves the reaction of the gas and solid (char) produced from the pyrolysis phase. 
The char which is carbon reacts with carbon dioxide, hydrogen, oxygen, and water 
(vapor) to form gaseous compounds as shown in the conversion Eqs. (7)–(10).

 2Boudouard reaction : C CO 2CO+ =  (7)

 2 4Carbon hydrogen reaction : C H CH− + =  (8)

Mode of pyrolysis Heating 
rate

Temperature Residence 
time

Product percent by weight  
(% wt)

Solid Liquid Gas

Slow 250–400°C Long hours 
to days

Carbonization Low ~400°C* 35 30 35

Torrefaction 
Intermediate

~280°C 10–60 mins 80 3 20

Medium 300–500°C 5–30 s 25 50 25

Fast High ~500°C < 2 s 12 75 13
*Approximate values.

Table 3. 
Mode of pyrolysis and product distribution [61, 62].
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 2 2Carbon – oxygen reaction : C O CO+ =  (9)

 2 2Carbon water reaction : C H O CO H− + = +  (10)

Thus, the gas phase reaction is shown in Eqs. (11)–(12).

 2 2 2CO H O CO H+ = +  (11)

 4 2 2CH H O CO 3H+ = +  (12)

5.4.3 Solvent liquefaction

This is the conversion of biomass into liquid or solubilized products at moder-
ate temperatures (105–400°C) and pressure (2–20 MPa) with the aid of solvents. 
Solvents such as water, ethanol, phenol, tetralin, sulfuric acid, phosphoric acid, 
nitric acid, and other ionic solvents have been utilized. When water is used as the 
solvent in the liquefaction process, it is known as hydrothermal liquefaction [63]. 
For optimal efficiency of the process, the main parameter is the choice of solvent 
as the process requires the solvent to be in the liquid phase during the reaction. 
Solvents such as creosote have been utilized to achieve a bio-oil yield of 74 wt% as 
compared to water of 35 wt% yield or acetone of 10 to 60 wt% yield, for lignocel-
lulosic biomass. This process has been mainly used for the processing of lignocel-
lulosic biomass, algae, and other biomass feedstocks. Unlike other thermochemical 
conversion processes, this process does not need much residence time for interme-
diate drying/heating of the biomass as it could be used to process biomass with 15 to 
80% moisture content.

5.4.4 Combustion

Combustion is the complete oxidation of carbon containing materials to CO2 and 
H2O in the presence of air (oxygen). For a complete combustion process, the four 
stages involved are heating or drying, pyrolysis, volatiles combustion (known as 
flaming) and char combustion (smoldering). These stages are similar to the stages 
in gasification and the only difference is that combustion requires excess air [64]. 
Combustion depends on the operating temperature, feedstock type, the particle 
size of the feedstock, the design of the reactor and atmospheric conditions. Other 
by-products of this process are nitrogen oxides, sulfur, ash, and particulate matter 
which are environmentally unfriendly [63].

6. Conclusion

The conversion of LB into value-added products is vital to meet the global 
demand for lignocellulosic products. The concept of biorefining arose since the 
potential of lignocellulosic and microalgae-based products were substituted for 
fossil fuel derived products, which accounted for increased usage of non-renewable 
fuels. The reduction in the demand on fossils, creation of opportunities in the job 
market and the provision of sustainable forms of energy has highlighted the role of 

445

Valorization of Lignocellulosic and Microalgae Biomass
DOI: http://dx.doi.org/10.5772/intechopen.93654

Author details

Edward Kwaku Armah*, Maggie Chetty, Jeremiah Adebisi Adedeji  
and Donald Tyoker Kukwa
Department of Chemical Engineering, Durban University of Technology, Durban, 
South Africa

*Address all correspondence to: edwardkarmah@gmail.com

biorefineries in tackling climate change. This chapter presented the insights into the 
various components of lignocellulose and microalgae, the pretreatment techniques 
adopted in the past decades for delignification and conversion into useful products, 
and the applications coupled with future prospects for valorization of biomass.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



Biotechnological Applications of Biomass

444

 2 2Carbon – oxygen reaction : C O CO+ =  (9)

 2 2Carbon water reaction : C H O CO H− + = +  (10)

Thus, the gas phase reaction is shown in Eqs. (11)–(12).

 2 2 2CO H O CO H+ = +  (11)

 4 2 2CH H O CO 3H+ = +  (12)

5.4.3 Solvent liquefaction

This is the conversion of biomass into liquid or solubilized products at moder-
ate temperatures (105–400°C) and pressure (2–20 MPa) with the aid of solvents. 
Solvents such as water, ethanol, phenol, tetralin, sulfuric acid, phosphoric acid, 
nitric acid, and other ionic solvents have been utilized. When water is used as the 
solvent in the liquefaction process, it is known as hydrothermal liquefaction [63]. 
For optimal efficiency of the process, the main parameter is the choice of solvent 
as the process requires the solvent to be in the liquid phase during the reaction. 
Solvents such as creosote have been utilized to achieve a bio-oil yield of 74 wt% as 
compared to water of 35 wt% yield or acetone of 10 to 60 wt% yield, for lignocel-
lulosic biomass. This process has been mainly used for the processing of lignocel-
lulosic biomass, algae, and other biomass feedstocks. Unlike other thermochemical 
conversion processes, this process does not need much residence time for interme-
diate drying/heating of the biomass as it could be used to process biomass with 15 to 
80% moisture content.

5.4.4 Combustion

Combustion is the complete oxidation of carbon containing materials to CO2 and 
H2O in the presence of air (oxygen). For a complete combustion process, the four 
stages involved are heating or drying, pyrolysis, volatiles combustion (known as 
flaming) and char combustion (smoldering). These stages are similar to the stages 
in gasification and the only difference is that combustion requires excess air [64]. 
Combustion depends on the operating temperature, feedstock type, the particle 
size of the feedstock, the design of the reactor and atmospheric conditions. Other 
by-products of this process are nitrogen oxides, sulfur, ash, and particulate matter 
which are environmentally unfriendly [63].

6. Conclusion

The conversion of LB into value-added products is vital to meet the global 
demand for lignocellulosic products. The concept of biorefining arose since the 
potential of lignocellulosic and microalgae-based products were substituted for 
fossil fuel derived products, which accounted for increased usage of non-renewable 
fuels. The reduction in the demand on fossils, creation of opportunities in the job 
market and the provision of sustainable forms of energy has highlighted the role of 

445

Valorization of Lignocellulosic and Microalgae Biomass
DOI: http://dx.doi.org/10.5772/intechopen.93654

Author details

Edward Kwaku Armah*, Maggie Chetty, Jeremiah Adebisi Adedeji  
and Donald Tyoker Kukwa
Department of Chemical Engineering, Durban University of Technology, Durban, 
South Africa

*Address all correspondence to: edwardkarmah@gmail.com

biorefineries in tackling climate change. This chapter presented the insights into the 
various components of lignocellulose and microalgae, the pretreatment techniques 
adopted in the past decades for delignification and conversion into useful products, 
and the applications coupled with future prospects for valorization of biomass.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



446

Biotechnological Applications of Biomass

[1] Amin FR, Khalid H, Zhang H, 
Rahman SU, Zhang R, Liu G, et al. 
Pretreatment methods of lignocellulosic 
biomass for anaerobic digestion. AMB 
Express. 2017;7:72

[2] Armah EK, Chetty M, Deenadayalu N.  
Biomethane potential of agricultural 
biomass with industrial wastewater 
for biogas production. Chemical 
Engineering Transactions. 2019;76: 
1411-1416

[3] Chandel AK, Garlapati VK, 
Singh AK, Antunes FAF, da Silva SS. 
The path forward for lignocellulose 
biorefineries: Bottlenecks, solutions, 
and perspective on commercialization. 
Bioresource Technology. 
2018;264:370-381

[4] Hassan SS, Williams GA, Jaiswal AK. 
Moving towards the second generation 
of lignocellulosic biorefineries in the EU: 
Drivers, challenges, and opportunities. 
Renewable and Sustainable Energy 
Reviews. 2019;101:590-599

[5] Bhatia SK, Joo H-S, Yang Y-H. 
Biowaste-to-bioenergy using 
biological methods–a mini-review. 
Energy Conversion and Management. 
2018;177:640-660

[6] Wagner AO, Lackner N, 
Mutschlechner M, Prem EM, Markt R, 
Illmer P. Biological pretreatment 
strategies for second-generation 
lignocellulosic resources to enhance 
biogas production. Energies. 
2018;11:1797

[7] Hernández-Beltrán JU, Lira H-D, 
Omar I, Cruz-Santos MM, Saucedo-
Luevanos A, Hernández-Terán F, et 
al. Insight into pretreatment methods 
of lignocellulosic biomass to increase 
biogas yield: Current state, challenges, 
and opportunities. Applied Sciences. 
2019;9:3721

[8] Meléndez-Hernández PA, 
Hernández-Beltrán JU, Hernández-
Guzmán A, Morales-Rodríguez R, 
Torres-Guzmán JC, Hernández-
Escoto H. Comparative of alkaline 
hydrogen peroxide pretreatment 
using NaOH and Ca (OH) 2 and their 
effects on enzymatic hydrolysis and 
fermentation steps. Biomass Conversion 
and Biorefinery. 2019:1-11

[9] Paul S, Dutta A. “challenges and 
opportunities of lignocellulosic 
biomass for anaerobic digestion,” 
resources. Conservation and Recycling. 
2018;130:164-174

[10] Kim JS, Lee Y, Kim TH. A review 
on alkaline pretreatment technology 
for bioconversion of lignocellulosic 
biomass. Bioresource Technology. 
2016;199:42-48

[11] Sindhu R, Binod P, Pandey A, 
Madhavan A, Alphonsa JA, Vivek N, 
et al. Water hyacinth a potential 
source for value addition: An 
overview. Bioresource Technology. 
2017;230:152-162

[12] Konda NM, Shi J, Singh S, 
Blanch HW, Simmons BA, Klein-
Marcuschamer D. Understanding cost 
drivers and economic potential of two 
variants of ionic liquid pretreatment 
for cellulosic biofuel production. 
Biotechnology for Biofuels. 2014;7:86

[13] Gupta PK, Raghunath SS, 
Prasanna DV, Venkat P, Shree V, 
Chithananthan C, et al. An update on 
overview of cellulose, its structure 
and applications. In: Cellulose. Rijeka: 
IntechOpen; 2019

[14] Hendriks A, Zeeman G. 
Pretreatments to enhance the digestibility 
of lignocellulosic biomass. Bioresource 
Technology. Netherlands: Elsevier BV; 
2009;100:10-18

References

447

Valorization of Lignocellulosic and Microalgae Biomass
DOI: http://dx.doi.org/10.5772/intechopen.93654

[15] Fengel D, Wegener G. Wood: 
Chemistry, Ultrastructure, Reactions. 
Berlin: DeGruyter; 1984

[16] Martone P, Estevez J, Lu F, 
Ruel K, Denny M, Sommerville C, 
et al. Discovery of lignin in seaweed 
reveals convergent evolution of cell-
wall architecture. Current Biology. 
2009;19:169-175

[17] Rocha DGJ, Carlos M, Barbosa IS, 
Souto MAM, Macedo HB, Moraes ACD. 
Dilute mixed-acid pretreatment 
of sugarcane bagasse for ethanol 
production. Biomass and Bioenergy. 
2011;35:663-670

[18] Fan S, Zhang P, Li F, Jin S, Wang S, 
Zhou S. A review of lignocellulose 
change during hydrothermal 
pretreatment for bioenergy production. 
Current Organic Chemistry. 
2016;20:1-11

[19] De Wild PJ, Huijgen WJ, 
Gosselink RJ. “lignin pyrolysis for 
profitable lignocellulosic biorefineries,” 
biofuels. Bioproducts and Biorefining. 
2014;8:645-657

[20] Brandt A, Gräsvik J, Hallett JP, 
Welton T. Deconstruction of 
lignocellulosic biomass with 
ionic liquids. Green Chemistry. 
2013;15:550-583

[21] Takara D, Khanal SK. Biomass 
pretreatment for biofuel production. In: 
Sustainable Bioenergy and Bioproducts. 
Springer; 2012. pp. 59-70

[22] Armah EK, Tetteh EK, Boamah BB. 
Overview of biogas production from 
different feedstocks. International 
Journal of Scientific and Research 
Publications. 2017;7:158-164

[23] Badgujar KC, Bhanage MB. 
Factors governing dissolution process 
of lignocellulosic biomass in ionic 
liquid: Current status, overview and 

challenges. Bioresource Technology. 
2015;178:2-18

[24] Reddy P. A critical review of 
ionic liquids for the pretreatment of 
lignocellulosic biomass. South African 
Journal of Science. 2015;111:1-9

[25] Gao J, Chen L, Yan Z, Wang L. 
Effect of ionic liquid pretreatment 
on the composition, structure and 
biogas production of water hyacinth 
(Eichhornia crassipes). Bioresource 
Technology. 2013;132:361-364

[26] Zhu S. Perspective use of ionic 
liquids for the efficient utilization 
of lignocellulosic materials. Journal 
of Chemical Technology and 
Biotechnology. 2008;83:777-779

[27] Ramos LP. The chemistry 
involved in the steam treatment of 
lignocellulosic materials. Química Nova. 
2003;26:863-871

[28] Zheng Y, Pan Z, Zhang R. Overview 
of biomass pretreatment for cellulosic 
ethanol production. International 
Journal of Agricultural and Biological 
Engineering. 2009;2:51-68

[29] Fernández-Cegrí V, De la Rubia 
MÁ, Raposo F, Borja R. Effect of 
hydrothermal pretreatment of sunflower 
oil cake on biomethane potential focusing 
on fibre composition. Bioresource 
Technology. 2012;123:424-429

[30] Ibbett R, Gaddipati S, Hill S, 
Tucker G. Structural reorganisation 
of cellulose fibrils in hydrothermally 
deconstructed lignocellulosic biomass 
and relationships with enzyme 
digestibility. Biotechnology for Biofuels. 
2013;6:33

[31] Trajano HL, Engle NL, Foston M, 
Ragauskas AJ, Tschaplinski TJ, 
Wyman CE. The fate of lignin 
during hydrothermal pretreatment. 
Biotechnology for Biofuels. 2013;6:110



446

Biotechnological Applications of Biomass

[1] Amin FR, Khalid H, Zhang H, 
Rahman SU, Zhang R, Liu G, et al. 
Pretreatment methods of lignocellulosic 
biomass for anaerobic digestion. AMB 
Express. 2017;7:72

[2] Armah EK, Chetty M, Deenadayalu N.  
Biomethane potential of agricultural 
biomass with industrial wastewater 
for biogas production. Chemical 
Engineering Transactions. 2019;76: 
1411-1416

[3] Chandel AK, Garlapati VK, 
Singh AK, Antunes FAF, da Silva SS. 
The path forward for lignocellulose 
biorefineries: Bottlenecks, solutions, 
and perspective on commercialization. 
Bioresource Technology. 
2018;264:370-381

[4] Hassan SS, Williams GA, Jaiswal AK. 
Moving towards the second generation 
of lignocellulosic biorefineries in the EU: 
Drivers, challenges, and opportunities. 
Renewable and Sustainable Energy 
Reviews. 2019;101:590-599

[5] Bhatia SK, Joo H-S, Yang Y-H. 
Biowaste-to-bioenergy using 
biological methods–a mini-review. 
Energy Conversion and Management. 
2018;177:640-660

[6] Wagner AO, Lackner N, 
Mutschlechner M, Prem EM, Markt R, 
Illmer P. Biological pretreatment 
strategies for second-generation 
lignocellulosic resources to enhance 
biogas production. Energies. 
2018;11:1797

[7] Hernández-Beltrán JU, Lira H-D, 
Omar I, Cruz-Santos MM, Saucedo-
Luevanos A, Hernández-Terán F, et 
al. Insight into pretreatment methods 
of lignocellulosic biomass to increase 
biogas yield: Current state, challenges, 
and opportunities. Applied Sciences. 
2019;9:3721

[8] Meléndez-Hernández PA, 
Hernández-Beltrán JU, Hernández-
Guzmán A, Morales-Rodríguez R, 
Torres-Guzmán JC, Hernández-
Escoto H. Comparative of alkaline 
hydrogen peroxide pretreatment 
using NaOH and Ca (OH) 2 and their 
effects on enzymatic hydrolysis and 
fermentation steps. Biomass Conversion 
and Biorefinery. 2019:1-11

[9] Paul S, Dutta A. “challenges and 
opportunities of lignocellulosic 
biomass for anaerobic digestion,” 
resources. Conservation and Recycling. 
2018;130:164-174

[10] Kim JS, Lee Y, Kim TH. A review 
on alkaline pretreatment technology 
for bioconversion of lignocellulosic 
biomass. Bioresource Technology. 
2016;199:42-48

[11] Sindhu R, Binod P, Pandey A, 
Madhavan A, Alphonsa JA, Vivek N, 
et al. Water hyacinth a potential 
source for value addition: An 
overview. Bioresource Technology. 
2017;230:152-162

[12] Konda NM, Shi J, Singh S, 
Blanch HW, Simmons BA, Klein-
Marcuschamer D. Understanding cost 
drivers and economic potential of two 
variants of ionic liquid pretreatment 
for cellulosic biofuel production. 
Biotechnology for Biofuels. 2014;7:86

[13] Gupta PK, Raghunath SS, 
Prasanna DV, Venkat P, Shree V, 
Chithananthan C, et al. An update on 
overview of cellulose, its structure 
and applications. In: Cellulose. Rijeka: 
IntechOpen; 2019

[14] Hendriks A, Zeeman G. 
Pretreatments to enhance the digestibility 
of lignocellulosic biomass. Bioresource 
Technology. Netherlands: Elsevier BV; 
2009;100:10-18

References

447

Valorization of Lignocellulosic and Microalgae Biomass
DOI: http://dx.doi.org/10.5772/intechopen.93654

[15] Fengel D, Wegener G. Wood: 
Chemistry, Ultrastructure, Reactions. 
Berlin: DeGruyter; 1984

[16] Martone P, Estevez J, Lu F, 
Ruel K, Denny M, Sommerville C, 
et al. Discovery of lignin in seaweed 
reveals convergent evolution of cell-
wall architecture. Current Biology. 
2009;19:169-175

[17] Rocha DGJ, Carlos M, Barbosa IS, 
Souto MAM, Macedo HB, Moraes ACD. 
Dilute mixed-acid pretreatment 
of sugarcane bagasse for ethanol 
production. Biomass and Bioenergy. 
2011;35:663-670

[18] Fan S, Zhang P, Li F, Jin S, Wang S, 
Zhou S. A review of lignocellulose 
change during hydrothermal 
pretreatment for bioenergy production. 
Current Organic Chemistry. 
2016;20:1-11

[19] De Wild PJ, Huijgen WJ, 
Gosselink RJ. “lignin pyrolysis for 
profitable lignocellulosic biorefineries,” 
biofuels. Bioproducts and Biorefining. 
2014;8:645-657

[20] Brandt A, Gräsvik J, Hallett JP, 
Welton T. Deconstruction of 
lignocellulosic biomass with 
ionic liquids. Green Chemistry. 
2013;15:550-583

[21] Takara D, Khanal SK. Biomass 
pretreatment for biofuel production. In: 
Sustainable Bioenergy and Bioproducts. 
Springer; 2012. pp. 59-70

[22] Armah EK, Tetteh EK, Boamah BB. 
Overview of biogas production from 
different feedstocks. International 
Journal of Scientific and Research 
Publications. 2017;7:158-164

[23] Badgujar KC, Bhanage MB. 
Factors governing dissolution process 
of lignocellulosic biomass in ionic 
liquid: Current status, overview and 

challenges. Bioresource Technology. 
2015;178:2-18

[24] Reddy P. A critical review of 
ionic liquids for the pretreatment of 
lignocellulosic biomass. South African 
Journal of Science. 2015;111:1-9

[25] Gao J, Chen L, Yan Z, Wang L. 
Effect of ionic liquid pretreatment 
on the composition, structure and 
biogas production of water hyacinth 
(Eichhornia crassipes). Bioresource 
Technology. 2013;132:361-364

[26] Zhu S. Perspective use of ionic 
liquids for the efficient utilization 
of lignocellulosic materials. Journal 
of Chemical Technology and 
Biotechnology. 2008;83:777-779

[27] Ramos LP. The chemistry 
involved in the steam treatment of 
lignocellulosic materials. Química Nova. 
2003;26:863-871

[28] Zheng Y, Pan Z, Zhang R. Overview 
of biomass pretreatment for cellulosic 
ethanol production. International 
Journal of Agricultural and Biological 
Engineering. 2009;2:51-68

[29] Fernández-Cegrí V, De la Rubia 
MÁ, Raposo F, Borja R. Effect of 
hydrothermal pretreatment of sunflower 
oil cake on biomethane potential focusing 
on fibre composition. Bioresource 
Technology. 2012;123:424-429

[30] Ibbett R, Gaddipati S, Hill S, 
Tucker G. Structural reorganisation 
of cellulose fibrils in hydrothermally 
deconstructed lignocellulosic biomass 
and relationships with enzyme 
digestibility. Biotechnology for Biofuels. 
2013;6:33

[31] Trajano HL, Engle NL, Foston M, 
Ragauskas AJ, Tschaplinski TJ, 
Wyman CE. The fate of lignin 
during hydrothermal pretreatment. 
Biotechnology for Biofuels. 2013;6:110



Biotechnological Applications of Biomass

448

[32] He B, Hu Z, Ma L, Li H, Ai M, 
Han J, et al. Transcriptome analysis of 
different growth stages of Aspergillus 
oryzae reveals dynamic changes of 
distinct classes of genes during growth. 
BMC Microbiology. 2018;18:12

[33] Kumar KS, Dahms H-U, Won 
E-J, Lee J-S, Shin K-H. Microalgae–a 
promising tool for heavy metal 
remediation. Ecotoxicology and 
Environmental Safety. 2015;113:329-352

[34] Anastopoulos I, Kyzas GZ. Progress 
in batch biosorption of heavy metals 
onto algae. Journal of Molecular Liquids. 
2015;209:77-86

[35] Zhou Q , Liao B, Lin L, Qiu W, 
Song Z. Adsorption of Cu (II) and 
Cd (II) from aqueous solutions by 
ferromanganese binary oxide–biochar 
composites. Science of the Total 
Environment. 2018;615:115-122

[36] Varshney P, Mikulic P, 
Vonshak A, Beardall J, Wangikar PP. 
Extremophilic micro-algae and their 
potential contribution in biotech-
nology. Bioresource Technology. 
2015;184:363-372

[37] Rodrigues DB, Flores ÉM, Barin JS, 
Mercadante AZ, Jacob-Lopes E, 
Zepka LQ . Production of carotenoids 
from microalgae cultivated using 
agroindustrial wastes. Food Research 
International. 2014;65:144-148

[38] Veillette M, Chamoumi M, Nikiema J, 
Faucheux N, Heitz M. Production of 
biodiesel from microalgae. Advances in 
Chemical Engineering. 2012;10:245-260

[39] Zhao B, Su Y. Process effect of 
microalgal-carbon dioxide fixation 
and biomass production: A review. 
Renewable and Sustainable Energy 
Reviews. 2014;31:121-132

[40] WRAIGHT CA. Current 
attitudes in photosynthesis research. 

Photosynthesis: Energy Conversion by 
Plants and Bacteria. 2012;1:17-61

[41] Show K-Y, Lee D-J, Tay J-H, Lee T-M, 
Chang J-S. Microalgal drying and cell 
disruption–recent advances. Bioresource 
Technology. 2015;184:258-266

[42] Al-Hothaly KA, Mouradov A, 
Mansur AA, May BH, Ball AS, 
Adetutu EM. The effect of media 
on biomass and oil production in 
Botryococcus braunii strains Kossou-4 
and Overjuyo-3. International Journal of 
Clean Coal and Energy. 2015;4:11

[43] Al-Hothaly KA, Adetutu EM, 
Taha M, Fabbri D, Lorenzetti C, 
Conti R, et al. Bio-harvesting and 
pyrolysis of the microalgae Botryococcus 
braunii. Bioresource Technology. 
2015;191:117-123

[44] Banerjee S, Singh H, Das D, 
Atta A. Process optimization for 
enhanced biodiesel production by 
Neochloris oleoabundans UTEX 1185 
with concomitant CO2 sequestration. 
Industrial & Engineering Chemistry 
Research. 2019;58:15760-15771

[45] Tan X-B, Meng J, Tang Z, Yang 
L-B, Zhang W-W. Optimization 
of algae mixotrophic culture for 
nutrients recycling and biomass/
lipids production in anaerobically 
digested waste sludge by various 
organic acids addition. Chemosphere. 
2020;244:125509

[46] Reijnders L. Lipid-based liquid 
biofuels from autotrophic microalgae: 
Energetic and environmental 
performance. Wiley Interdisciplinary 
Reviews: Energy and Environment. 
2013;2:73-85

[47] Rohwer CM, Maciołek A, 
Dietrich S, Krüger M. Correlations and 
forces in sheared fluids with or without 
quenching. New Journal of Physics. 
2019;21:073029

449

Valorization of Lignocellulosic and Microalgae Biomass
DOI: http://dx.doi.org/10.5772/intechopen.93654

[48] Gross M, Rohwer CM, Dietrich S. 
Dynamics of the critical Casimir force 
for a conserved order parameter after 
a critical quench. Physical Review E. 
2019;100:012114

[49] Junne S, Solymosi T, Oosterhuis N, 
Neubauer P. Cultivation of cells and 
microorganisms in wave-mixed 
disposable bag bioreactors at different 
scales. Chemie Ingenieur Technik. 
2013;85:57-66

[50] Rinanti A. Biotechnology carbon 
capture and storage by microalgae to 
enhance CO2 removal efficiency in 
closed-system photobioreactor. Algae-
Organisms for imminent biotechnology. 
2016:133-156

[51] Deprá MC, Jacob-Lopes E, 
Zepka LQ . Life cycle assessment of 
biofuels from microalgae. In: Energy 
from Microalgae. Switzerland: Springer 
Nature; 2018. pp. 141-155

[52] Brown RC. Thermochemical 
Processing of Biomass: Conversion into 
Fuels, Chemicals and Power. Hoboken, 
New Jersey: John Wiley & Sons; 2019

[53] Cheirsilp B, Torpee S. Enhanced 
growth and lipid production of 
microalgae under mixotrophic culture 
condition: Effect of light intensity, 
glucose concentration and fed-batch 
cultivation. Bioresource Technology. 
2012;110:510-516

[54] Mata-Alvarez J, Dosta J, Romero-
Güiza M, Fonoll X, Peces M, Astals S. A 
critical review on anaerobic co-digestion 
achievements between 2010 and 2013. 
Renewable and Sustainable Energy 
Reviews. 2014;36:412-427

[55] Grando RL, de Souza Antune AM, 
Da Fonseca FV, Sánchez A, Barrena R, 
Font X. Technology overview of biogas 
production in anaerobic digestion 
plants: A European evaluation of 
research and development. Renewable 

and Sustainable Energy Reviews. 
2017;80:44-53

[56] Bolatkhan K, Kossalbayev BD, 
Zayadan BK, Tomo T, Veziroglu TN, 
Allakhverdiev SI. Hydrogen production 
from phototrophic microorganisms: 
Reality and perspectives. International 
Journal of Hydrogen Energy. 2019;44: 
5799-5811

[57] Kim HJ, Park HS, Hyun MS, 
Chang IS, Kim M, Kim BH. A mediator-
less microbial fuel cell using a metal 
reducing bacterium, Shewanella 
putrefaciens. Enzyme and Microbial 
Technology. 2002;30:145-152

[58] Liu H, Ramnarayanan R, 
Logan BE. Production of electricity 
during wastewater treatment using 
a single chamber microbial fuel cell. 
Environmental Science & Technology. 
2004;38:2281-2285

[59] Cai J, Xu D, Dong Z, Yu X, 
Yang Y, Banks SW, et al. Processing 
thermogravimetric analysis data for 
isoconversional kinetic analysis of 
lignocellulosic biomass pyrolysis: 
Case study of corn stalk. Renewable 
and Sustainable Energy Reviews. 
2018;82:2705-2715

[60] Dhyani V, Bhaskar T. A 
comprehensive review on the pyrolysis 
of lignocellulosic biomass. Renewable 
Energy. 2018;129:695-716

[61] Fazlollahi S, Maréchal F. Multi-
objective, multi-period optimization 
of biomass conversion technologies 
using evolutionary algorithms and 
mixed integer linear programming 
(MILP). Applied Thermal Engineering. 
2013;50:1504-1513

[62] Brown RC. Introduction to 
thermochemical processing of biomass 
into fuels, chemicals, and power. 
Thermochemical Processing of Biomass: 
Conversion into Fuels, Chemicals and 
Power. 2011:1-12



Biotechnological Applications of Biomass

448

[32] He B, Hu Z, Ma L, Li H, Ai M, 
Han J, et al. Transcriptome analysis of 
different growth stages of Aspergillus 
oryzae reveals dynamic changes of 
distinct classes of genes during growth. 
BMC Microbiology. 2018;18:12

[33] Kumar KS, Dahms H-U, Won 
E-J, Lee J-S, Shin K-H. Microalgae–a 
promising tool for heavy metal 
remediation. Ecotoxicology and 
Environmental Safety. 2015;113:329-352

[34] Anastopoulos I, Kyzas GZ. Progress 
in batch biosorption of heavy metals 
onto algae. Journal of Molecular Liquids. 
2015;209:77-86

[35] Zhou Q , Liao B, Lin L, Qiu W, 
Song Z. Adsorption of Cu (II) and 
Cd (II) from aqueous solutions by 
ferromanganese binary oxide–biochar 
composites. Science of the Total 
Environment. 2018;615:115-122

[36] Varshney P, Mikulic P, 
Vonshak A, Beardall J, Wangikar PP. 
Extremophilic micro-algae and their 
potential contribution in biotech-
nology. Bioresource Technology. 
2015;184:363-372

[37] Rodrigues DB, Flores ÉM, Barin JS, 
Mercadante AZ, Jacob-Lopes E, 
Zepka LQ . Production of carotenoids 
from microalgae cultivated using 
agroindustrial wastes. Food Research 
International. 2014;65:144-148

[38] Veillette M, Chamoumi M, Nikiema J, 
Faucheux N, Heitz M. Production of 
biodiesel from microalgae. Advances in 
Chemical Engineering. 2012;10:245-260

[39] Zhao B, Su Y. Process effect of 
microalgal-carbon dioxide fixation 
and biomass production: A review. 
Renewable and Sustainable Energy 
Reviews. 2014;31:121-132

[40] WRAIGHT CA. Current 
attitudes in photosynthesis research. 

Photosynthesis: Energy Conversion by 
Plants and Bacteria. 2012;1:17-61

[41] Show K-Y, Lee D-J, Tay J-H, Lee T-M, 
Chang J-S. Microalgal drying and cell 
disruption–recent advances. Bioresource 
Technology. 2015;184:258-266

[42] Al-Hothaly KA, Mouradov A, 
Mansur AA, May BH, Ball AS, 
Adetutu EM. The effect of media 
on biomass and oil production in 
Botryococcus braunii strains Kossou-4 
and Overjuyo-3. International Journal of 
Clean Coal and Energy. 2015;4:11

[43] Al-Hothaly KA, Adetutu EM, 
Taha M, Fabbri D, Lorenzetti C, 
Conti R, et al. Bio-harvesting and 
pyrolysis of the microalgae Botryococcus 
braunii. Bioresource Technology. 
2015;191:117-123

[44] Banerjee S, Singh H, Das D, 
Atta A. Process optimization for 
enhanced biodiesel production by 
Neochloris oleoabundans UTEX 1185 
with concomitant CO2 sequestration. 
Industrial & Engineering Chemistry 
Research. 2019;58:15760-15771

[45] Tan X-B, Meng J, Tang Z, Yang 
L-B, Zhang W-W. Optimization 
of algae mixotrophic culture for 
nutrients recycling and biomass/
lipids production in anaerobically 
digested waste sludge by various 
organic acids addition. Chemosphere. 
2020;244:125509

[46] Reijnders L. Lipid-based liquid 
biofuels from autotrophic microalgae: 
Energetic and environmental 
performance. Wiley Interdisciplinary 
Reviews: Energy and Environment. 
2013;2:73-85

[47] Rohwer CM, Maciołek A, 
Dietrich S, Krüger M. Correlations and 
forces in sheared fluids with or without 
quenching. New Journal of Physics. 
2019;21:073029

449

Valorization of Lignocellulosic and Microalgae Biomass
DOI: http://dx.doi.org/10.5772/intechopen.93654

[48] Gross M, Rohwer CM, Dietrich S. 
Dynamics of the critical Casimir force 
for a conserved order parameter after 
a critical quench. Physical Review E. 
2019;100:012114

[49] Junne S, Solymosi T, Oosterhuis N, 
Neubauer P. Cultivation of cells and 
microorganisms in wave-mixed 
disposable bag bioreactors at different 
scales. Chemie Ingenieur Technik. 
2013;85:57-66

[50] Rinanti A. Biotechnology carbon 
capture and storage by microalgae to 
enhance CO2 removal efficiency in 
closed-system photobioreactor. Algae-
Organisms for imminent biotechnology. 
2016:133-156

[51] Deprá MC, Jacob-Lopes E, 
Zepka LQ . Life cycle assessment of 
biofuels from microalgae. In: Energy 
from Microalgae. Switzerland: Springer 
Nature; 2018. pp. 141-155

[52] Brown RC. Thermochemical 
Processing of Biomass: Conversion into 
Fuels, Chemicals and Power. Hoboken, 
New Jersey: John Wiley & Sons; 2019

[53] Cheirsilp B, Torpee S. Enhanced 
growth and lipid production of 
microalgae under mixotrophic culture 
condition: Effect of light intensity, 
glucose concentration and fed-batch 
cultivation. Bioresource Technology. 
2012;110:510-516

[54] Mata-Alvarez J, Dosta J, Romero-
Güiza M, Fonoll X, Peces M, Astals S. A 
critical review on anaerobic co-digestion 
achievements between 2010 and 2013. 
Renewable and Sustainable Energy 
Reviews. 2014;36:412-427

[55] Grando RL, de Souza Antune AM, 
Da Fonseca FV, Sánchez A, Barrena R, 
Font X. Technology overview of biogas 
production in anaerobic digestion 
plants: A European evaluation of 
research and development. Renewable 

and Sustainable Energy Reviews. 
2017;80:44-53

[56] Bolatkhan K, Kossalbayev BD, 
Zayadan BK, Tomo T, Veziroglu TN, 
Allakhverdiev SI. Hydrogen production 
from phototrophic microorganisms: 
Reality and perspectives. International 
Journal of Hydrogen Energy. 2019;44: 
5799-5811

[57] Kim HJ, Park HS, Hyun MS, 
Chang IS, Kim M, Kim BH. A mediator-
less microbial fuel cell using a metal 
reducing bacterium, Shewanella 
putrefaciens. Enzyme and Microbial 
Technology. 2002;30:145-152

[58] Liu H, Ramnarayanan R, 
Logan BE. Production of electricity 
during wastewater treatment using 
a single chamber microbial fuel cell. 
Environmental Science & Technology. 
2004;38:2281-2285

[59] Cai J, Xu D, Dong Z, Yu X, 
Yang Y, Banks SW, et al. Processing 
thermogravimetric analysis data for 
isoconversional kinetic analysis of 
lignocellulosic biomass pyrolysis: 
Case study of corn stalk. Renewable 
and Sustainable Energy Reviews. 
2018;82:2705-2715

[60] Dhyani V, Bhaskar T. A 
comprehensive review on the pyrolysis 
of lignocellulosic biomass. Renewable 
Energy. 2018;129:695-716

[61] Fazlollahi S, Maréchal F. Multi-
objective, multi-period optimization 
of biomass conversion technologies 
using evolutionary algorithms and 
mixed integer linear programming 
(MILP). Applied Thermal Engineering. 
2013;50:1504-1513

[62] Brown RC. Introduction to 
thermochemical processing of biomass 
into fuels, chemicals, and power. 
Thermochemical Processing of Biomass: 
Conversion into Fuels, Chemicals and 
Power. 2011:1-12



Biotechnological Applications of Biomass

450

[63] Haverly MR, Schulz TC, 
Whitmer LE, Friend AJ, 
Funkhouser JM, Smith RG, et al. 
Continuous solvent liquefaction of 
biomass in a hydrocarbon solvent. Fuel. 
2018;211:291-300

[64] Capareda SC. Biomass energy 
conversion. In: Nayeripour M, 
Kheshti M, editors. Sustainable Growth 
and Applications in Renewable Energy 
Sources. London, UK: IntechOpen; 
2011. pp. 209-226

451

Chapter 24

Recent Advances in Algal Biomass 
Production
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Abstract

The promise of algae to address the renewable energy and green-product 
production demands of the globe has yet to be realized. Over the past ten years, 
however, there has been a substantial investment and interest in realizing the 
potential of algae to meet these needs. Tremendous progress has been achieved. Ten 
years ago, the price of gasoline produced from algal biomass was 20-fold greater 
than it is today. Technoeconomic models indicate that algal biocrude produced in 
an optimized cultivation, harvesting, and biomass conversion facility can achieve 
economic parity with petroleum while reducing carbon-energy indices substantially 
relative to petroleum-based fuels. There is also an emerging recognition that algal 
carbon capture and sequestration as lipids may offer a viable alternative to direct 
atmospheric CO2 capture and sequestration. We review recent advances in basic and 
applied algal biomass production from the perspectives of algal biology, cultivation, 
harvesting, energy conversion, and sustainability. The prognosis is encouraging 
but will require substantial integration and field testing of a variety of technology 
platforms to down select the most economical and sustainable systems to address 
the needs of the circular economy and atmospheric carbon mitigation.

Keywords: algae, biofuel, biomass, carbon sequestration, carbon index

1. Introduction

Over the last ten years (since 2010) there has been accelerated investment in 
research for the development of commercially viable algal biomass and coproduct 
production systems [1–5]. The challenge for algae biomass production systems 
has been that unlike crop biomass production systems having thousands of years 
of development history, algae until very recently were not the target of integrated 
research and development (R&D) strategies focused on efficient production of 
food, fuel, and coproducts [6]. Recent estimates indicate that there are globally 
more than 150,000 species of single cell and multicellular algae having polyphyletic 
origins, complex and diverse metabolic machinery, occupying vast environmental 
niches with immense ranges of biotic and abiotic stress tolerance, and having 
growth or biomass production rates that range over two magnitudes in yield com-
pared to traditional agricultural production [7]. The challenge for the industry has 
been to identify the best algal production systems that are suitable for commercially 
viable industrial applications. Beginning with algal biology much effort has focused 
on identifying the best performing algal strains. The criteria for down-selecting the 
best performing strains have included, identifying algae with the greatest biomass 
production rates, optimizing algal growth media, CO2 exchange and culture 
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conditions, identifying algal strains that are the most resistant to pathogens and 
herbivory (minimizing pond crashes), and developing strains having enhanced 
performance characteristics through application of genetic engineering, breeding 
and genome editing tools [6]. Research and development for improved biomass 
production has also focused on developing enhanced cultivation, harvesting and 
biomass conversion technologies with the objective to achieve the lowest carbon 
emissions, recycle inorganic nutrients as efficiently as possible, minimize energy 
inputs at each stage in production, and integrate the algal biomass production 
systems into the existing energy infrastructure as seamlessly as possible.

In 2010, the US Department of Energy launched the largest government-funded 
integrated algal biomass, biofuels and bioproducts program carried out to date. The 
National Alliance for Advanced Biofuels and Bioproducts (NAABB) achieved notable 
advances in reducing the cost of producing biomass and making biofuels from micro-
algae. In three years NAABB developed and modeled a pathway to move the price 
point for producing a gallon gasoline equivalent (GGE) of fuel from microalgae from 
$150 to $8 a GGE [1–3]. More recently, the price point for a GGE produced from algal 
biomass has been reduced to < $5. Based on Reliance’s demonstration scale studies, 
the technoeconomic modeling (TEM) for a 10 k barrels/ day (bpd) scale production 
of crude oil from microalgae was estimated to be at 100$/ barrel without any subsidy. 
The major factors contributing to the substantial cost reductions in producing fuel 
from algal biomass included, the discovery and development of more robust, high 
biomass producing algal strains for year-round consistent performance, identification 
of the best geographies to produce algal biomass, advance pond designs and improved 
culture mixing for effective light utilization, effective crop control methods that 
prevent pond crash and biomass loss, innovative harvesting techniques and effective 
water and nutrient recycling to maximize resource utilization. Also, advancements in 
biomass to biocrude conversion technologies including continuous flow hydrothermal 
liquefaction (HTL), the demonstration that algal biocrude coming from HTL could 
be used as a direct feedstock in existing oil refineries to produce fuels with perfor-
mance characteristics similar to petroleum-based fuels, and the  production of high 
value coproducts to offset the cost of producing fuels.

Stepping back, however, there remain many critical considerations that must be 
addressed if microalgal biomass is to be a commercial success in competition with 
other biomass sources in the world where the carbon energy index (g CO2 emitted/ 
kJ energy produced) and the environmental impacts of any biomass production 
system must also be considered along with economics [6]. Beginning with first 
principles it is critical to identify what the thermodynamically most efficient bio-
logical mechanisms are for producing algal biomass that also have the highest carbon 
capture efficiency. Recent thermodynamic models suggest that the greatest energy 
efficiency for carbon capture and biomass production is achieved in algae that utilize 
light most efficiently and accumulate chemical energy in the form of carbohydrate 
polymers, e.g., starch rather than those that store oils [8, 9]. Additionally, algae with 
rapid division rates and/ or the ability to grow substantially in volume are likely to be 
greater biomass producers [10]. While most algal biofuel programs have focused on 
producing biomass from high lipid accumulating strains due to ease of conversion 
of lipids into biocrude it is becoming apparent that algae accumulating starch as a 
metabolic storage end product have the highest biomass production rates and ther-
modynamic efficiency [8–10]. While lipids have greater energy density and are more 
readily converted into fuels, starches have a greater chemical energy density per 
carbon per photon captured during photosynthesis [8]. One of the microalgal strains 
achieving the highest known biomass yields in cultivation is Pseudoneochloris which 
stores starch as an energy reserve, achieves high cell numbers at stationary phase of 
growth, and can increase its cellular volume as it grows by greater than 100-fold [8].
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Cultivation systems are also a major cost factor in producing algal biomass. It is 
generally recognized that to produce low value algal biomass open pond production 
systems have the lowest capital and operating expenses and require less mainte-
nance (to prevent fouling) than closed bioreactor cultivation systems. However, 
open pond systems require greater amounts of water to operate due to evaporation, 
have higher energy costs associated with concentrating more dilute cultures, and 
are more susceptible to contamination although biological contaminants in closed 
bioreactors may be more difficult to eradicate.

Regardless of the constraints and challenges mentioned above and the neces-
sity to input higher capital investment in cultivation and downstream processing, 
production of microalgae biomass still stands out advantageous on many fronts in 
comparison to agriculture crops for food and fuel. Microalgae have high photosyn-
thetic efficiency and short division time, making them highly suitable candidates 
for generating more biomass in less time. Growth rates of several microalgae have 
been reported to be 5–10 times higher than agriculture crops [9]. Moreover, micro-
algae can grow on low economic and ecological value lands and can utilize marine, 
brackish or fresh water for cultivation, depending on the species being used. CO2 
from industrial exhaust can be used for cultivation and nutrients from waste 
streams can be utilized for growth. Excess nutrients lost during harvesting process 
can be recycled back in the cultivation system, ensuring minimal wastage and 
maximum utilization [10, 11]. In contrast, agriculture depends on limited natural 
resources, like arable land and fresh water, with fresh water consumption being 
highest globally in agriculture. Over 80% of all water consumed globally is used for 
agricultural production. Agriculture also needs extensive application of fertilizers 
and pesticides to improve biomass productivity and prevent crop losses. However, 
nitrogen utilization is inefficient in crop plants, resulting in ~50% of nitrogen loss 
through leaching, soil erosion and gaseous evaporation [12]. Considering these 
facts, use of agricultural crops to meet growing biomass demands for food and 
energy will lead to land use change, environment pollution, loss of forest cover and 
biodiversity. Thus, from environment standpoint algal cultivation is much favored 
over traditional agriculture for feedstock production [12, 13].

Many microalgal species are good source of proteins, carbohydrates, lipids and 
other high value bioactive molecules, such as enzymes, pigments and vitamins. By 
altering the cultivation conditions or through metabolic engineering approaches, 
composition of algae can be manipulated to accumulate the specific biomolecule(s) 
of interest. Considering the higher growth rate and ability to accumulate high 
lipid content (≥30%), it is reported that microalgae can yield 58,700 L of oil/ ha 
as opposed to 172 L/ha for corn, 446 L/ha for soybean, 1892 L/ha for Jatropha and 
5950 L/ha for oil palm [14]. Thus, the projected ability to produce oil from algae 
is ~10 times more compared to highest oil producing crop plant. Likewise, algae 
biomass can be a potential feedstock for bioethanol production because of its 
ability to accumulate starch even higher than 50% (w/w) of biomass under optimal 
conditions. Absence of lignin in algal cell wall makes its processing easier compared 
to lignocellulosic agricultural waste and woody biomass, where lignin removal is an 
additional step before processing for bioethanol production [13]. Moreover, lack of 
structural parts like leaves and roots in algae makes algal biomass more homogenous 
and might be less energy intensive to process compared to crop plants [13]. In an 
estimate, net energy from sugarcane ethanol and bagasse was 143 GJ/ha/year as 
opposed to 928 GJ/ha/year from microalgae, indicating microalgae to be signifi-
cantly more efficient feedstock [15]. Protein is another commercially important 
component of algae biomass. Algae protein is comparable to other high-quality plant 
and animal protein sources, however, protein yield from algae happen to be between 
4 and 15 tons/ha/year, which is significantly higher than 0.6–1.2 tons/ha/year, 
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conditions, identifying algal strains that are the most resistant to pathogens and 
herbivory (minimizing pond crashes), and developing strains having enhanced 
performance characteristics through application of genetic engineering, breeding 
and genome editing tools [6]. Research and development for improved biomass 
production has also focused on developing enhanced cultivation, harvesting and 
biomass conversion technologies with the objective to achieve the lowest carbon 
emissions, recycle inorganic nutrients as efficiently as possible, minimize energy 
inputs at each stage in production, and integrate the algal biomass production 
systems into the existing energy infrastructure as seamlessly as possible.

In 2010, the US Department of Energy launched the largest government-funded 
integrated algal biomass, biofuels and bioproducts program carried out to date. The 
National Alliance for Advanced Biofuels and Bioproducts (NAABB) achieved notable 
advances in reducing the cost of producing biomass and making biofuels from micro-
algae. In three years NAABB developed and modeled a pathway to move the price 
point for producing a gallon gasoline equivalent (GGE) of fuel from microalgae from 
$150 to $8 a GGE [1–3]. More recently, the price point for a GGE produced from algal 
biomass has been reduced to < $5. Based on Reliance’s demonstration scale studies, 
the technoeconomic modeling (TEM) for a 10 k barrels/ day (bpd) scale production 
of crude oil from microalgae was estimated to be at 100$/ barrel without any subsidy. 
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biomass to biocrude conversion technologies including continuous flow hydrothermal 
liquefaction (HTL), the demonstration that algal biocrude coming from HTL could 
be used as a direct feedstock in existing oil refineries to produce fuels with perfor-
mance characteristics similar to petroleum-based fuels, and the  production of high 
value coproducts to offset the cost of producing fuels.

Stepping back, however, there remain many critical considerations that must be 
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other biomass sources in the world where the carbon energy index (g CO2 emitted/ 
kJ energy produced) and the environmental impacts of any biomass production 
system must also be considered along with economics [6]. Beginning with first 
principles it is critical to identify what the thermodynamically most efficient bio-
logical mechanisms are for producing algal biomass that also have the highest carbon 
capture efficiency. Recent thermodynamic models suggest that the greatest energy 
efficiency for carbon capture and biomass production is achieved in algae that utilize 
light most efficiently and accumulate chemical energy in the form of carbohydrate 
polymers, e.g., starch rather than those that store oils [8, 9]. Additionally, algae with 
rapid division rates and/ or the ability to grow substantially in volume are likely to be 
greater biomass producers [10]. While most algal biofuel programs have focused on 
producing biomass from high lipid accumulating strains due to ease of conversion 
of lipids into biocrude it is becoming apparent that algae accumulating starch as a 
metabolic storage end product have the highest biomass production rates and ther-
modynamic efficiency [8–10]. While lipids have greater energy density and are more 
readily converted into fuels, starches have a greater chemical energy density per 
carbon per photon captured during photosynthesis [8]. One of the microalgal strains 
achieving the highest known biomass yields in cultivation is Pseudoneochloris which 
stores starch as an energy reserve, achieves high cell numbers at stationary phase of 
growth, and can increase its cellular volume as it grows by greater than 100-fold [8].
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bioreactors may be more difficult to eradicate.
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thetic efficiency and short division time, making them highly suitable candidates 
for generating more biomass in less time. Growth rates of several microalgae have 
been reported to be 5–10 times higher than agriculture crops [9]. Moreover, micro-
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altering the cultivation conditions or through metabolic engineering approaches, 
composition of algae can be manipulated to accumulate the specific biomolecule(s) 
of interest. Considering the higher growth rate and ability to accumulate high 
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is ~10 times more compared to highest oil producing crop plant. Likewise, algae 
biomass can be a potential feedstock for bioethanol production because of its 
ability to accumulate starch even higher than 50% (w/w) of biomass under optimal 
conditions. Absence of lignin in algal cell wall makes its processing easier compared 
to lignocellulosic agricultural waste and woody biomass, where lignin removal is an 
additional step before processing for bioethanol production [13]. Moreover, lack of 
structural parts like leaves and roots in algae makes algal biomass more homogenous 
and might be less energy intensive to process compared to crop plants [13]. In an 
estimate, net energy from sugarcane ethanol and bagasse was 143 GJ/ha/year as 
opposed to 928 GJ/ha/year from microalgae, indicating microalgae to be signifi-
cantly more efficient feedstock [15]. Protein is another commercially important 
component of algae biomass. Algae protein is comparable to other high-quality plant 
and animal protein sources, however, protein yield from algae happen to be between 
4 and 15 tons/ha/year, which is significantly higher than 0.6–1.2 tons/ha/year, 
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reported for soybean [16]. Clearly, microalgae supersede traditional agriculture on 
multiple aspects, however, biomass harvesting is an area which is well established in 
case of crop plants but highly energy intensive in case of algae due to its small size 
and low biomass density [10].

Regarding algal biomass harvesting systems the general objective has been to 
develop algae harvesting and concentrating systems that have parasitic energy 
consumption values of less than 10% of the total algal biomass energy content [6]. 
To reduce the costs of fuel production, recent efforts have focused on the direct 
conversion of harvested algal biomass into separate fuel and coproduct fractions in 
a continuous flow system while efficiently recycling water and nutrients. One of the 
more promising technology developments in this sector has been the development 
of two-stage HTL which allows for the separate recovery of coproducts and bio-
crude feedstock while recycling water and nutrients back to the pond thus avoid-
ing the energy intensive step of drying the algal biomass before biomass to fuel 
conversion. The appropriate selection of what high value coproduct(s) to produce 
from algal biomass is critical for economic viability when coproduct production 
is coupled with fuel production. From this perspective the coproduct should have 
sufficient value based on biomass yields to be economically sustainable without 
saturating markets to the point of driving coproduct prices so low as to be economi-
cally untenable. As modeled by the US-DOE PACE algal biofuels consortium a fully 
integrated algal cultivation, harvesting, co-product and fuel production system 
with integrated water and nutrient recycling has the potential to recover over 60% 
of the energy content of the algae as biocrude while producing valuable coproducts 
that have a large global market demand (Figure 1).

Optimizing algal biomass production and carbon sequestration also has the 
potential to address the existential threat of global climate change associated with 
greenhouse gas emissions. Currently, biological carbon capture and sequestration 
(BCCS) is one of the more feasible means to remediate the earth’s atmosphere. 
As a BCCS system, algae are particularly attractive not only for their high areal 

Figure 1. 
PACE consortium working model for the integrated co-production of biofuels and co-products (green chemicals, 
polysaccharides (guar), and methane) from algae. Inorganic nutrients and wastewater are recycled. Algae are 
preloaded with nutrients (nutrient pulse) and grown in minimal media to reduce weedy species competition 
and continuously harvested at mid-log phase growth. HTL, hydrothermal liquefaction; CHG, catalytic 
gasification.
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rates of carbon capture but also for their potential storage of carbon as lipids while 
recycling inorganic nutrients and water [17]. While not generally considered as a 
carbon sequestration material, lipids have several advantages over solid CO2 as a 
carbon sequestration material [17]. Triacylglycerol (C55H98O6) is 77% carbon by 
mass and has a density of 0.91 g/cm3. In contrast, CO2 is 27% carbon by mass and 
as a solid has a density of 1.96 g/ cm3. Thus, lipids have a volumetric carbon density 
that is 32% greater than solid CO2. Furthermore, being a liquid and not readily con-
vertible to a gas, the ability of lipids to escape from deep geological sequestration is 
substantially less than CO2 reducing potential long-term risk to aerobic organisms 
[17]. Overall, algae have great potential to address simultaneously fuel, food, green 
chemical, and environmental challenges.

In the following sections we will review recent advances in the sustainable 
production of algal biomass and coproducts for fuels and economic competitiveness 
with petroleum and non-algal coproduct production systems. Substantial achieve-
ments have been realized from an industry that has a truly short history compared 
to other biomass production systems.

2. Algal strains

Substantial efforts have focused on the identification of algal strains having 
maximum biomass yields under cultivation. Ideal biomass production strains must 
not only have fast growth rates but also must be robust and tolerate well abiotic 
(temperature, salinity, light) and biotic (pathogen, herbivore and weedy algae) 
stress conditions to minimize pond crashes and downtime in algal cultivation. There 
have been several large-scale algal surveys of wild algal species to identify those 
strains that perform well in cultivation [18]. In addition, screening systems for iden-
tifying strains with elevated performance characteristics in high light environments 
among others have led to some success in the identification of high performing algal 
strains [19]. Given that there as many as 150,000 species of algae have been identi-
fied and that limited resources have been available to screen algae for high biomass 
production, there remains a significant number of algae that remain to be assessed 
for biomass productivity in select environments [7]. In addition, substantial poten-
tial to improve algal productivity may also be achieved in traditional and molecular 
assisted breeding practices. Algae breeding efforts, except for laboratory strains 
such as Chlamydomonas, have been limited, however. This is because the means 
to induce gametogenesis to identify sexual mating types in most algae is not well 
understood. If the increased yield achieved through plant breeding are to serve as 
a prognosticator of the potential to enhance algal productivity it can be anticipated 
that algal breeding programs may enhance yields in the field by as much as ten-fold.

2.1 Modulating cultivation conditions to impact oil and carbohydrate yields

Given the fast rates of cell division and the absence of dedicated higher-order 
cellular structures including tissue and organs it is not unexpected that microalgae 
have an enhanced capability to metabolically remodel cellular functions under 
different growth conditions. Algae frequently live boom and busts cycles in the 
nutrient deserts of lakes and the open oceans. Thus, it is imperative that algae 
have flexible metabolic systems to survive in unpredictable and ever-changing 
environments and be unencumbered by programmed cell fates associated with the 
 differentiation and organization of cells into higher order tissues and organs.

One of the manifestations of this metabolic flexibility is the ability to shift 
the biochemistry of the major cellular energy storage products from low energy 
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reported for soybean [16]. Clearly, microalgae supersede traditional agriculture on 
multiple aspects, however, biomass harvesting is an area which is well established in 
case of crop plants but highly energy intensive in case of algae due to its small size 
and low biomass density [10].

Regarding algal biomass harvesting systems the general objective has been to 
develop algae harvesting and concentrating systems that have parasitic energy 
consumption values of less than 10% of the total algal biomass energy content [6]. 
To reduce the costs of fuel production, recent efforts have focused on the direct 
conversion of harvested algal biomass into separate fuel and coproduct fractions in 
a continuous flow system while efficiently recycling water and nutrients. One of the 
more promising technology developments in this sector has been the development 
of two-stage HTL which allows for the separate recovery of coproducts and bio-
crude feedstock while recycling water and nutrients back to the pond thus avoid-
ing the energy intensive step of drying the algal biomass before biomass to fuel 
conversion. The appropriate selection of what high value coproduct(s) to produce 
from algal biomass is critical for economic viability when coproduct production 
is coupled with fuel production. From this perspective the coproduct should have 
sufficient value based on biomass yields to be economically sustainable without 
saturating markets to the point of driving coproduct prices so low as to be economi-
cally untenable. As modeled by the US-DOE PACE algal biofuels consortium a fully 
integrated algal cultivation, harvesting, co-product and fuel production system 
with integrated water and nutrient recycling has the potential to recover over 60% 
of the energy content of the algae as biocrude while producing valuable coproducts 
that have a large global market demand (Figure 1).

Optimizing algal biomass production and carbon sequestration also has the 
potential to address the existential threat of global climate change associated with 
greenhouse gas emissions. Currently, biological carbon capture and sequestration 
(BCCS) is one of the more feasible means to remediate the earth’s atmosphere. 
As a BCCS system, algae are particularly attractive not only for their high areal 

Figure 1. 
PACE consortium working model for the integrated co-production of biofuels and co-products (green chemicals, 
polysaccharides (guar), and methane) from algae. Inorganic nutrients and wastewater are recycled. Algae are 
preloaded with nutrients (nutrient pulse) and grown in minimal media to reduce weedy species competition 
and continuously harvested at mid-log phase growth. HTL, hydrothermal liquefaction; CHG, catalytic 
gasification.
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rates of carbon capture but also for their potential storage of carbon as lipids while 
recycling inorganic nutrients and water [17]. While not generally considered as a 
carbon sequestration material, lipids have several advantages over solid CO2 as a 
carbon sequestration material [17]. Triacylglycerol (C55H98O6) is 77% carbon by 
mass and has a density of 0.91 g/cm3. In contrast, CO2 is 27% carbon by mass and 
as a solid has a density of 1.96 g/ cm3. Thus, lipids have a volumetric carbon density 
that is 32% greater than solid CO2. Furthermore, being a liquid and not readily con-
vertible to a gas, the ability of lipids to escape from deep geological sequestration is 
substantially less than CO2 reducing potential long-term risk to aerobic organisms 
[17]. Overall, algae have great potential to address simultaneously fuel, food, green 
chemical, and environmental challenges.

In the following sections we will review recent advances in the sustainable 
production of algal biomass and coproducts for fuels and economic competitiveness 
with petroleum and non-algal coproduct production systems. Substantial achieve-
ments have been realized from an industry that has a truly short history compared 
to other biomass production systems.

2. Algal strains

Substantial efforts have focused on the identification of algal strains having 
maximum biomass yields under cultivation. Ideal biomass production strains must 
not only have fast growth rates but also must be robust and tolerate well abiotic 
(temperature, salinity, light) and biotic (pathogen, herbivore and weedy algae) 
stress conditions to minimize pond crashes and downtime in algal cultivation. There 
have been several large-scale algal surveys of wild algal species to identify those 
strains that perform well in cultivation [18]. In addition, screening systems for iden-
tifying strains with elevated performance characteristics in high light environments 
among others have led to some success in the identification of high performing algal 
strains [19]. Given that there as many as 150,000 species of algae have been identi-
fied and that limited resources have been available to screen algae for high biomass 
production, there remains a significant number of algae that remain to be assessed 
for biomass productivity in select environments [7]. In addition, substantial poten-
tial to improve algal productivity may also be achieved in traditional and molecular 
assisted breeding practices. Algae breeding efforts, except for laboratory strains 
such as Chlamydomonas, have been limited, however. This is because the means 
to induce gametogenesis to identify sexual mating types in most algae is not well 
understood. If the increased yield achieved through plant breeding are to serve as 
a prognosticator of the potential to enhance algal productivity it can be anticipated 
that algal breeding programs may enhance yields in the field by as much as ten-fold.

2.1 Modulating cultivation conditions to impact oil and carbohydrate yields

Given the fast rates of cell division and the absence of dedicated higher-order 
cellular structures including tissue and organs it is not unexpected that microalgae 
have an enhanced capability to metabolically remodel cellular functions under 
different growth conditions. Algae frequently live boom and busts cycles in the 
nutrient deserts of lakes and the open oceans. Thus, it is imperative that algae 
have flexible metabolic systems to survive in unpredictable and ever-changing 
environments and be unencumbered by programmed cell fates associated with the 
 differentiation and organization of cells into higher order tissues and organs.

One of the manifestations of this metabolic flexibility is the ability to shift 
the biochemistry of the major cellular energy storage products from low energy 
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density carbohydrates to high energy density hydrocarbons including triacylglyc-
erol (TAG) and/ or polyterpenoids [20]. The metabolic shift from carbohydrate 
to hydrocarbon accumulation is typically induced by nutrient depravation. Upon 
shifting from a nitrogen-, sulfur- and/ or micronutrient-rich condition to a nutrient 
poor condition many algae will facultatively shift the metabolism of energy stor-
age product accumulation from carbohydrates (starch) to hydrocarbons [21–25]. 
Hydrocarbons have more than 60% the energy density per fixed carbon of carbo-
hydrates. Importantly, the facultative shift to hydrocarbon production allows algae 
to continue to generate and utilize reducing energy generated by the photosynthetic 
apparatus. Significantly, the accumulation of triacylglcerols may not only involve 
de novo synthesis but the remodeling of existing chloroplast membrane lipids 
into more fully reduced TAGs [26–29]. Given the desirability of hydrocarbons as a 
feedstock for biocrude production the ability to shift metabolism from carbohydrate 
to hydrocarbon production has been exploited to produce hydrocarbon rich biofuel 
feedstocks. The challenges with this strategy (nutrient deprivation) for facultative 
hydrocarbon production is that it can also lead to reduced rates of cell division and 
overall biomass accumulation. In a comprehensive empirical analysis of the impact 
of nitrogen deprivation on cell division rates, TAG accumulation, lipid remodeling, 
biomass accumulation and total caloric or biochemical energy accumulation in the 
green alga, Chlorella sorokiniana, it was demonstrated that upon shifting algae to a 
nitrogen-free growth medium there was a substantial increase in TAG accumulation 
and a redistribution of total cellular fatty acid profile to more energy dense satu-
rated fatty acids [30]. Under the two-week nitrogen deprivation period employed in 
this study there was no statistically significant reduction in the rates of cell division 
or biomass (dry weight) accumulation. However, during the nutrient deprivation 
period the total chemical energy accumulated in biomass increased by greater than 
60% associated with a 20-fold increase in TAG content. It is perhaps surprising that 
the two-week nitrogen deprivation period did not impair cell division and biomass 
accumulation suggesting that the alga had the capability to sequester nutrients and/
or catabolize and remodel existing nitrogen rich (proteins) molecules [30]. Not all 
algal species, however, exhibit similar responses to nutrient deprivation. For many 
algal species growth rates and biomass accumulation are substantially impaired 
during nutrient deprived growth conditions [31–33].

An additional practical application of nutrient deprivation for oil production is 
that growth in nutrient depleted media may reduce competition from weedy algal 
species [34]. This observation has led to the application of nutrient pulse technol-
ogy to simultaneously induce oil accumulation during nutrient stress and inhibit the 
growth of weedy algal species. Under ideal growth conditions the limiting nutrients 
are withheld until there is an impairment in growth. At this transition point a pulse 
of the limiting nutrient is added to the growth media to support continued high 
growth rates [34]. Overall, the ability to induce oil production if managed well 
can lead to sustained high growth rates while enhancing the energy density of the 
biomass and the increased accumulation of biofuel feedstocks such as TAGs.

3. Genetic enhancement

Given the aforementioned challenges to breed wild algal strains for improved 
yield performance traits and the fact that substantial progress has been made in 
algal genomics and the development of robust genetic transformation systems 
substantial research efforts have focused on engineering microalgae with improved 
biomass performance traits. Most algal genetic engineering efforts have focused 
on the manipulation of metabolic pathways for increased biomass and coproduct 
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production. The production and accumulation of biomass can be broadly divided 
into four phases known as source (push), sink (pull), storage (accumulate) and 
turnover (metabolism). Providing an over-riding template on this simplistic model 
of biomass accumulation is the genetic and developmental control of cell size and 
cell division or replication rates. Source strength is effectively the primary photo-
synthetic processes associated with light conversion into chemical energy and the 
fixation of carbon dioxide into storage products. Sink strength refers to the impact 
of downstream metabolic processes on biomass accumulation including metabolic 
feedback control of carbon flux from photosynthesis to production of carbon 
storage products. The carbon storage products must also be compartmentalized 
in the cell to support night-time respiration and biomass accumulation. In algae, 
starch is first primary carbon storage product and is stored in plastids. Algae may 
also accumulate high energy density hydrocarbons including triacylglycerols or oils. 
Oil is stored in specialized droplets packaged by outer membranes having surface 
displayed amphipathic proteins or oil droplet proteins. The extent of accumulation 
of these storage compartments can be regulated at the level of gene expression 
and thus is the subject of genetic manipulation impacting overall product yields. 
However, algal cell division rates and control of cell volume are among the more 
important determinants of algal biomass production. While many single celled 
algae have fixed cell volumes that determine the timing of cytokinesis some single 
celled algae are capable of over 100-fold increases in cell volume as they grow while 
having variable rates of cell division [35, 36].

In the following paragraphs we focus on progress that has been made at the 
molecular level to engineer or breed algae with enhanced source and sink strength, 
increased storage product accumulation, and accelerated cell division rates leading 
to enhanced yields. As is evident from the success achieved to date two- to five-fold 
increases in the rate of biomass production and yields are feasible.

3.1 Alterations in source strength

The efficiency of solar energy conversion into chemical energy stored in biomass 
by plants and algae ranges from 3 to 5% of available solar energy. Theoretically, 
efficiencies as high as 11% for conversion of solar energy into the chemical energy 
in biomass can be achieved utilizing just the photosynthetically active radiation 
(400–700 nm) in the solar spectrum. Maximum efficiencies of energy conversion as 
high as 30% can be achieved using just red light (~650–700 nm) which is most effi-
ciently harvested by the photosynthetic pigments [8, 37, 38]. Thus, it is conceivable 
that 2- to 4- fold increases in biomass yields are feasible through improvements in 
photosynthetic efficiency. It has long been recognized that the greatest potential for 
increasing photosynthetic efficiency is through enhanced light use efficiency by the 
photosynthetic apparatus (Figure 2) [39–41]. During photosynthesis, light satu-
rates in all plants and algae at approximately one quarter of full sunlight intensity 
[38, 41]. Thus 75% of the energy captured by the photosynthetic pigments does no 
productive work leading to biomass production. Since the excess energy captured 
by the photosynthetic pigments does not drive electron transfer and carbon fixation 
processes it must dissipate through non-productive energy emission and/ or energy 
conversion pathways (heat, fluorescence, production of reactive oxygen species 
(ROS)) some of which (ROS) can lead to substantial damage to the photosynthetic 
apparatus further reducing biomass yields [42].

One approach to deal with the challenge of excess light absorption by the 
photosynthetic apparatus has been to reduce the optical cross section of the 
light- harvesting antenna complex to better couple the rate of light capture with 
rate-limiting electron transfer processes, i.e., plastohydroquinone oxidation by the 
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density carbohydrates to high energy density hydrocarbons including triacylglyc-
erol (TAG) and/ or polyterpenoids [20]. The metabolic shift from carbohydrate 
to hydrocarbon accumulation is typically induced by nutrient depravation. Upon 
shifting from a nitrogen-, sulfur- and/ or micronutrient-rich condition to a nutrient 
poor condition many algae will facultatively shift the metabolism of energy stor-
age product accumulation from carbohydrates (starch) to hydrocarbons [21–25]. 
Hydrocarbons have more than 60% the energy density per fixed carbon of carbo-
hydrates. Importantly, the facultative shift to hydrocarbon production allows algae 
to continue to generate and utilize reducing energy generated by the photosynthetic 
apparatus. Significantly, the accumulation of triacylglcerols may not only involve 
de novo synthesis but the remodeling of existing chloroplast membrane lipids 
into more fully reduced TAGs [26–29]. Given the desirability of hydrocarbons as a 
feedstock for biocrude production the ability to shift metabolism from carbohydrate 
to hydrocarbon production has been exploited to produce hydrocarbon rich biofuel 
feedstocks. The challenges with this strategy (nutrient deprivation) for facultative 
hydrocarbon production is that it can also lead to reduced rates of cell division and 
overall biomass accumulation. In a comprehensive empirical analysis of the impact 
of nitrogen deprivation on cell division rates, TAG accumulation, lipid remodeling, 
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biomass performance traits. Most algal genetic engineering efforts have focused 
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production. The production and accumulation of biomass can be broadly divided 
into four phases known as source (push), sink (pull), storage (accumulate) and 
turnover (metabolism). Providing an over-riding template on this simplistic model 
of biomass accumulation is the genetic and developmental control of cell size and 
cell division or replication rates. Source strength is effectively the primary photo-
synthetic processes associated with light conversion into chemical energy and the 
fixation of carbon dioxide into storage products. Sink strength refers to the impact 
of downstream metabolic processes on biomass accumulation including metabolic 
feedback control of carbon flux from photosynthesis to production of carbon 
storage products. The carbon storage products must also be compartmentalized 
in the cell to support night-time respiration and biomass accumulation. In algae, 
starch is first primary carbon storage product and is stored in plastids. Algae may 
also accumulate high energy density hydrocarbons including triacylglycerols or oils. 
Oil is stored in specialized droplets packaged by outer membranes having surface 
displayed amphipathic proteins or oil droplet proteins. The extent of accumulation 
of these storage compartments can be regulated at the level of gene expression 
and thus is the subject of genetic manipulation impacting overall product yields. 
However, algal cell division rates and control of cell volume are among the more 
important determinants of algal biomass production. While many single celled 
algae have fixed cell volumes that determine the timing of cytokinesis some single 
celled algae are capable of over 100-fold increases in cell volume as they grow while 
having variable rates of cell division [35, 36].

In the following paragraphs we focus on progress that has been made at the 
molecular level to engineer or breed algae with enhanced source and sink strength, 
increased storage product accumulation, and accelerated cell division rates leading 
to enhanced yields. As is evident from the success achieved to date two- to five-fold 
increases in the rate of biomass production and yields are feasible.

3.1 Alterations in source strength

The efficiency of solar energy conversion into chemical energy stored in biomass 
by plants and algae ranges from 3 to 5% of available solar energy. Theoretically, 
efficiencies as high as 11% for conversion of solar energy into the chemical energy 
in biomass can be achieved utilizing just the photosynthetically active radiation 
(400–700 nm) in the solar spectrum. Maximum efficiencies of energy conversion as 
high as 30% can be achieved using just red light (~650–700 nm) which is most effi-
ciently harvested by the photosynthetic pigments [8, 37, 38]. Thus, it is conceivable 
that 2- to 4- fold increases in biomass yields are feasible through improvements in 
photosynthetic efficiency. It has long been recognized that the greatest potential for 
increasing photosynthetic efficiency is through enhanced light use efficiency by the 
photosynthetic apparatus (Figure 2) [39–41]. During photosynthesis, light satu-
rates in all plants and algae at approximately one quarter of full sunlight intensity 
[38, 41]. Thus 75% of the energy captured by the photosynthetic pigments does no 
productive work leading to biomass production. Since the excess energy captured 
by the photosynthetic pigments does not drive electron transfer and carbon fixation 
processes it must dissipate through non-productive energy emission and/ or energy 
conversion pathways (heat, fluorescence, production of reactive oxygen species 
(ROS)) some of which (ROS) can lead to substantial damage to the photosynthetic 
apparatus further reducing biomass yields [42].

One approach to deal with the challenge of excess light absorption by the 
photosynthetic apparatus has been to reduce the optical cross section of the 
light- harvesting antenna complex to better couple the rate of light capture with 
rate-limiting electron transfer processes, i.e., plastohydroquinone oxidation by the 
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cytochrome b6f complex and the development of an electron transport limiting 
trans-thylakoidal pH gradient [43, 44]. Various strategies have been developed to 
reduce the size of the light harvesting complex ranging from reducing the expres-
sion of the light harvesting complex proteins to targeted reductions in specific light 
harvesting pigment content often resulting in pleiotropic effects that indirectly 
affect photosynthetic efficiencies both negatively and positively [41, 45, 46]. 
Through the analysis of algae having a range in reduction in the light harvesting 
antenna size it has been empirically determined that the loss of approximately 
one third of the light harvesting apparatus (LHC2) results in maximum increases 
in photosynthetic efficiency of 20–30% and increases in biomass yield (40% 
greater) in both plants and green algae grown under outdoor cultivation conditions 
(Figure 2) [41, 45, 46]. A range in reductions of light harvesting antenna size were 
achieved by differential expression of the chlorophyllide a oxygenase gene (CAO) 
which produces chlorophyll b (Chl b). Chl b is present only in the light harvesting 
antenna complex proteins and not the photosynthetic reaction center. Since Chl b 
stabilizes the Chl a/b binding proteins, its reduction results in a corresponding loss 
in light harvesting antenna pigment-protein complexes. Significantly, a Chl a/ b 
ratio of 5 has been demonstrated both in plants and green algae to be optimal for 
achieving the greatest photosynthetic efficiency for plants and algae having altered 
light harvesting antenna sizes when grown at full sunlight intensity. Lesser or 
greater reductions in pigment (Chl b) content result in less than optimal photosyn-
thetic performance due to indirect effects of Chl b reductions on the abundance of 
select light harvesting pigment-protein complexes, alterations in membrane archi-
tecture, reductions in energy transfer processes between the two photosystems, and 
increased susceptibility to photoinhibition [47, 48].

In nature, however, light intensities vary substantially over the course of the 
day, with depth in the canopy architecture or algal pond, and seasonally [48]. 
Theoretically, a light-harvesting apparatus that could be continuously adjusted in 
size to respond positively to differing light regimes would facilitate greater light 
use efficiency in dynamic light environments [47]. Recently, Negi et al. (2020) 
described a strategy for the continuous (daily) adjustment of the light-harvesting 

Figure 2. 
Organization of the peripheral light harvesting antenna complexes adjacent to the dimeric photosystem II 
reaction center in plants and green algae. Chlamydomonas transgenics having chlorophyll a/b ratios of 5 have 
lost the equivalent of one peripheral light-harvesting complex II trimer (LHC trimer). Figure modified from 
Dr. Jun Minagawa.
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antenna size in response to light intensity shifts in the green alga Chlamydomonas 
reinhardtii [47]. This dynamic antenna size regulation system is based on light 
regulated post transcriptional control of CAO activity. Protochlorophyllide a oxy-
genase (CAO) catalyzes the synthesis of Chl b which is found only in the peripheral, 
nuclear-encoded light-harvesting pigment-protein complexes. Light intensity-
dependent regulation of the light-harvesting complex size was achieved using as 
a host a CAO minus mutant which had been engineered to express a gene fusion 
product between the 5′ light regulated element (LRE) and the CAO gene [46]. A 
light regulated translational repressor, NAB1, binds to the LRE element and at high 
light represses translation of the modified CAO transcript reducing Chl b synthesis 
and decreasing the light harvesting antenna size. In low light such as occurs in dense 
cultures CAO translational repression by the NAB1 protein is reduced resulting in 
increased Chl b levels and increased light harvesting antenna size. Significantly, 
when the LRE-CAO transgenics were grown as monocultures under conditions 
mimicking those of a commercial production pond the transgenics had biomass 
yields that were more than two-fold higher than their wild-type parental strains. 
These are the greatest increases in biomass yield observed to date for algae engi-
neered for improved photosynthetic efficiency.

Significantly, additional enhancements in photosynthetic rate are feasible in 
algae with optimized light harvesting antenna sizes. When the LRE-CAO transgen-
ics were exposed to elevated bicarbonate concentrations there was an additional 
20% increase in photosynthetic rates indicating that improvements in downstream 
carbon fixation processes could further enhance photosynthetic efficiency and 
biomass yield [46]. Obviously, elevated chloroplast CO2 concentrations could 
potentially suppress RubisCO oxygenase activity and photorespiration [49].

In addition to targeting single gene traits to enhance biomass productivity, 
engineering strategies based on altering the expression of master growth regulatory 
genes in algae has proven fruitful for increasing biomass yields. In Chlamydomonas 
reinhardtii, the blue light photoreceptor phototropin (Phot) plays a vital role in 
progression of the sexual life cycle [50, 51], the control of the eye spot size and light 
sensitivity and in the control of blue-light mediated changes in the expression of 
genes involved in the synthesis of chlorophylls, carotenoids, chlorophyll binding 
proteins [52]. Thus, it was anticipated that Phot expression could potentially play a 
role in regulating photosynthesis and biomass productivity. Negi et al., tested this 
hypothesis as well as identified downstream genes in the Phot regulatory pathway 
that were known to be master regulators of carbohydrate metabolism in plants 
including analogues of the Arabidopsis KIN10 and KIN11 genes [53].

Based on a comparison of the photosynthetic attributes of two independent Phot 
mutants to their independent parental strains Negi et al., [50] demonstrated that 
the Chl a/b ratios were significantly greater in Phot mutants (2.9) than in wild type 
(2.0) grown at low light indicative of a smaller light harvesting antenna size in Phot 
mutants. When grown at high light intensities there was a further reduction in Chl 
a/b ratio (3.4) in Phot mutants indicating an ability to reduce the size of the light 
harvesting antenna grown resulting in increased light use efficiency [50]. The net 
result was that for Phot mutants photosynthetic rates were light-saturated at inten-
sities 3-fold greater than for wild-type cells resulting in substantially accelerated 
cell division rates and biomass accumulation. RNAseq experiments indicated that 
these increases in productivity in Phot mutants were associated alterations in the 
patterns of expression for genes encoding enzymes involved photosynthesis, carbon 
metabolism, and those controlling cell division rates. Phot mutants had a 2- to 
5-fold increase in the expression levels of multiple rate-limiting enzymes including; 
the Rieske Fe-S protein, ribulose-1,5-bisphosphate carboxylase/oxygenase, sedo-
heptulose 1,7 bisphosphatase glyceraldehyde-3- phosphate dehydrogenase, carbonic 
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cytochrome b6f complex and the development of an electron transport limiting 
trans-thylakoidal pH gradient [43, 44]. Various strategies have been developed to 
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harvesting pigment content often resulting in pleiotropic effects that indirectly 
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antenna size it has been empirically determined that the loss of approximately 
one third of the light harvesting apparatus (LHC2) results in maximum increases 
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greater) in both plants and green algae grown under outdoor cultivation conditions 
(Figure 2) [41, 45, 46]. A range in reductions of light harvesting antenna size were 
achieved by differential expression of the chlorophyllide a oxygenase gene (CAO) 
which produces chlorophyll b (Chl b). Chl b is present only in the light harvesting 
antenna complex proteins and not the photosynthetic reaction center. Since Chl b 
stabilizes the Chl a/b binding proteins, its reduction results in a corresponding loss 
in light harvesting antenna pigment-protein complexes. Significantly, a Chl a/ b 
ratio of 5 has been demonstrated both in plants and green algae to be optimal for 
achieving the greatest photosynthetic efficiency for plants and algae having altered 
light harvesting antenna sizes when grown at full sunlight intensity. Lesser or 
greater reductions in pigment (Chl b) content result in less than optimal photosyn-
thetic performance due to indirect effects of Chl b reductions on the abundance of 
select light harvesting pigment-protein complexes, alterations in membrane archi-
tecture, reductions in energy transfer processes between the two photosystems, and 
increased susceptibility to photoinhibition [47, 48].

In nature, however, light intensities vary substantially over the course of the 
day, with depth in the canopy architecture or algal pond, and seasonally [48]. 
Theoretically, a light-harvesting apparatus that could be continuously adjusted in 
size to respond positively to differing light regimes would facilitate greater light 
use efficiency in dynamic light environments [47]. Recently, Negi et al. (2020) 
described a strategy for the continuous (daily) adjustment of the light-harvesting 
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antenna size in response to light intensity shifts in the green alga Chlamydomonas 
reinhardtii [47]. This dynamic antenna size regulation system is based on light 
regulated post transcriptional control of CAO activity. Protochlorophyllide a oxy-
genase (CAO) catalyzes the synthesis of Chl b which is found only in the peripheral, 
nuclear-encoded light-harvesting pigment-protein complexes. Light intensity-
dependent regulation of the light-harvesting complex size was achieved using as 
a host a CAO minus mutant which had been engineered to express a gene fusion 
product between the 5′ light regulated element (LRE) and the CAO gene [46]. A 
light regulated translational repressor, NAB1, binds to the LRE element and at high 
light represses translation of the modified CAO transcript reducing Chl b synthesis 
and decreasing the light harvesting antenna size. In low light such as occurs in dense 
cultures CAO translational repression by the NAB1 protein is reduced resulting in 
increased Chl b levels and increased light harvesting antenna size. Significantly, 
when the LRE-CAO transgenics were grown as monocultures under conditions 
mimicking those of a commercial production pond the transgenics had biomass 
yields that were more than two-fold higher than their wild-type parental strains. 
These are the greatest increases in biomass yield observed to date for algae engi-
neered for improved photosynthetic efficiency.

Significantly, additional enhancements in photosynthetic rate are feasible in 
algae with optimized light harvesting antenna sizes. When the LRE-CAO transgen-
ics were exposed to elevated bicarbonate concentrations there was an additional 
20% increase in photosynthetic rates indicating that improvements in downstream 
carbon fixation processes could further enhance photosynthetic efficiency and 
biomass yield [46]. Obviously, elevated chloroplast CO2 concentrations could 
potentially suppress RubisCO oxygenase activity and photorespiration [49].

In addition to targeting single gene traits to enhance biomass productivity, 
engineering strategies based on altering the expression of master growth regulatory 
genes in algae has proven fruitful for increasing biomass yields. In Chlamydomonas 
reinhardtii, the blue light photoreceptor phototropin (Phot) plays a vital role in 
progression of the sexual life cycle [50, 51], the control of the eye spot size and light 
sensitivity and in the control of blue-light mediated changes in the expression of 
genes involved in the synthesis of chlorophylls, carotenoids, chlorophyll binding 
proteins [52]. Thus, it was anticipated that Phot expression could potentially play a 
role in regulating photosynthesis and biomass productivity. Negi et al., tested this 
hypothesis as well as identified downstream genes in the Phot regulatory pathway 
that were known to be master regulators of carbohydrate metabolism in plants 
including analogues of the Arabidopsis KIN10 and KIN11 genes [53].

Based on a comparison of the photosynthetic attributes of two independent Phot 
mutants to their independent parental strains Negi et al., [50] demonstrated that 
the Chl a/b ratios were significantly greater in Phot mutants (2.9) than in wild type 
(2.0) grown at low light indicative of a smaller light harvesting antenna size in Phot 
mutants. When grown at high light intensities there was a further reduction in Chl 
a/b ratio (3.4) in Phot mutants indicating an ability to reduce the size of the light 
harvesting antenna grown resulting in increased light use efficiency [50]. The net 
result was that for Phot mutants photosynthetic rates were light-saturated at inten-
sities 3-fold greater than for wild-type cells resulting in substantially accelerated 
cell division rates and biomass accumulation. RNAseq experiments indicated that 
these increases in productivity in Phot mutants were associated alterations in the 
patterns of expression for genes encoding enzymes involved photosynthesis, carbon 
metabolism, and those controlling cell division rates. Phot mutants had a 2- to 
5-fold increase in the expression levels of multiple rate-limiting enzymes including; 
the Rieske Fe-S protein, ribulose-1,5-bisphosphate carboxylase/oxygenase, sedo-
heptulose 1,7 bisphosphatase glyceraldehyde-3- phosphate dehydrogenase, carbonic 
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anhydrase, ADP glucose pyrophosphorylase, starch synthase, and genes involved 
in respiration and fatty acid biosynthesis. Additionally, genes involved in cell cycle 
control including; NIMA (never in mitosis), NEK2, NEK6 (NIMA related kinases), 
RCC1 (regulator of chromosome condensation, cyclin and cyclin-dependent kinases 
(CDK): Cyclin-dependent kinases, and MAT3 a homolog of retinoblastoma protein 
(MAT3/RB) were upregulated 2–15-fold in Phot mutants relative to their parental 
wild-type strains. The net result of this global alteration in gene expression was a 
two-fold increase in biomass productivity in Phot mutants relative to wild type [50].

Additional improvements in photosynthetic efficiencies have also been achieved 
by reducing apparent rate limitations in the Calvin–Benson–Bassham cycle 
(CBBC). Previous studies have demonstrated that the CBBC enzymes, fructose 
1,6-bisphosphate aldolase (aldolase), sedoheptulose1,7-bisphosphatase (SBPase), 
and transketolase (TK), have the highest metabolic flux control coefficient values 
(maximum 0.55, 0.75, and 1.0, respectively) of any CBBC enzymes and thus have 
been targets for metabolic engineering to enhance carbon flux and accumulation 
in engineered plants and algae [54, 55]. Overexpression of the cyanobacterial dual 
functional fructose 1,6−/sedoheptulose 1,7-bisphosphatase (FBP/SBPase) and/ or 
plant SBPase was shown to significantly increase photosynthetic rates and growth 
in transgenic plants or algae [55, 56]. Similar to plants, mutagenesis studies in algae 
have demonstrated that hexokinase globally regulates genes involved in photosyn-
thesis and hydrocarbon production and similar to Phot mutants can be manipulated 
to control biomass accumulation [57]. Thus, substantial gains in biomass productiv-
ity are feasible through targeted manipulations in both the light reactions and dark 
(CBBC) reactions of photosynthesis.

3.2 Alterations in carbon sink strength

Given the primary role of starch metabolism as carbon reserve and an interme-
diate in the production of hydrocarbons it is not unanticipated that alterations in 
starch metabolism may impact hydrocarbon and biomass yields [58]. For example, 
Chlamydomonas sta6 [ADP-glucose pyrophosphorylase] and sta7–10 [isoamylase] 
mutants having reduced capacity to synthesize starch had substantial increases in 
lipid accumulation during nitrogen deprivation relative to the wild-type controls 
but suppressed total biomass accumulation [58]. In addition, suppression of starch 
metabolism has been shown to impair upstream CBBC activity resulting in the dis-
sipation of excess photosynthetically produced electrons through non-productive 
reduction of oxygen [54]. These results point to the central role of starch metabo-
lism and accumulation in overall cellular homeostasis and biomass accumulation 
in algae and its impact on the thermodynamic efficiency of light energy conversion 
into chemical energy (biomass) [8, 58]. It has been estimated that carbohydrate 
metabolism can accounts for as great as 20% reductions in thermodynamic 
efficiency of photosynthesis [39]. These efficiencies can be further reduced by 
partitioning carbon into hydrocarbon storage products instead of starch. This is due 
to the central role of pyruvate (3C) metabolism in hydrocarbon (lipids, terpenes, 
and waxes) production. The production of acetyl CoA (2C) via the decarboxylation 
of pyruvate for hydrocarbon production results in the loss of 1/3 of the previously 
fixed carbon. In contrast, starch production from photosynthetically derived sugars 
has no associated decarboxylation steps. Hydrocarbons, however, have nearly twice 
the energy density of carbohydrates due to their more reduced state. Modeling stud-
ies indicate that the production of carbohydrates using solar photons is potentially 
10–20% more efficient for solar energy conversion than hydrocarbon production 
[8]. Furthermore, the kinetics of lipid production are substantially slower than 
starch synthesis. Thus, algae that primarily store starch may accumulate biomass 
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faster than algae that store hydrocarbons as energy reserves. The ecological down-
side of starch storage, however, is that starch has high volumetric density (1.56 g/
cm3) while lipids have a density of 0.91 g/cm3 or less than that of water. Thus, 
algae that store starch must invest energy in motility devices and associated energy 
expenditures to avoid sinking to depths where light availability may be limiting for 
photosynthetic growth. It might then be predicted that algae that store starch, e.g., 
Chlamydomonas, predominantly inhabit soil environments that provide physical 
support whereas lipid accumulating algae, e.g., Nanochloropsis, tend to occupy 
aquatic environments where they are less dense or near the density of water and can 
remain at levels in the water column where light is not limiting for photosynthesis. 
To date, the relative energetic costs needed to support motility in starch accumula-
tors versus lipid accumulators remains to be assessed.

3.3 Product storage and metabolism

Following the metabolic engineering paradigm for increasing product yield, i.e., 
push, pull, sequester and block storage product turnover, less attention has been 
directed towards the metabolic engineering of storage and product turnover in 
microalgae. As stated previously, energy reserves in algae fall into two classes, car-
bohydrates, and lipids. The genetic manipulation of starch accumulation in algae has 
received much attention. The chloroplast is the site of starch synthesis and storage in 
plants and algae. In contrast to plant cells, however, microalgae typically have only a 
single chloroplast per cell since chloroplast division must be synchronized with cell 
division to ensure that each progeny has a chloroplast [59]. Thus, there is no differenti-
ation of plastids in single-celled microalgae into specialized starch storing amyloplasts 
as occurs in plants. As a result, increasing starch storage sites is not a viable strategy 
for increasing starch accumulation. Starch accumulation in a plastid can be genetically 
manipulated, however. Structurally, starch is composed of two types of glucose poly-
mers, amylose and amylopectin, that differ in their degree of branching. The glucose 
density of starch granules and their size is controlled by the levels of starch branching 
and debranching enzyme activities. Genetic manipulations of enzymes controlling 
starch branching has been shown to substantially impact biomass production [58].

Enhanced lipid storage in microalgae has been achieved by over-expression of 
enzymes implicated in fatty acid and TAG biosynthesis [60–63], or by repression 
of lipid catabolism [62, 63]. Additionally, genetic manipulations to decrease starch 
accumulation also leads to substantial increases in storage lipid accumulation per 
cell. A C. reinhardtii mutant blocked in starch accumulation nearly doubled the 
amount of lipids accumulated under nitrogen deprivation relative to the control 
strain, indicating that TAG can act as an alternate sink for excess carbon and photo-
synthetic reducing equivalents [62]. High energy dense hydrocarbons are primarily 
stored as TAGs in microalgae and contained in membrane bound lipid droplets. 
Lipid droplet size and numbers are regulated in part by the production of lipid 
droplet proteins which are present in the membranes surrounding lipid droplets. 
Reductions in the expression of major lipid droplet proteins using RNA silencing 
techniques has been shown to significantly decrease the size of lipid droplets [63]. 
However, genetic manipulations to increase TAG accumulation by enhancing lipid 
droplet protein production to our knowledge has not been reported to date. Overall, 
genetic manipulation of genes controlling select aspects of source, sink, storage, 
metabolism, and cell growth rates have all proven to enhance biomass yields. 
Integration of multiple aspects of carbon metabolism, storage and growth leading 
to enhanced biomass yields have been achieved by alterations in mastery regulatory 
genes. But much remains to be characterized to achieve maximum thermodynamic 
efficiency for conversion of photons to the chemical energy of biomass.
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faster than algae that store hydrocarbons as energy reserves. The ecological down-
side of starch storage, however, is that starch has high volumetric density (1.56 g/
cm3) while lipids have a density of 0.91 g/cm3 or less than that of water. Thus, 
algae that store starch must invest energy in motility devices and associated energy 
expenditures to avoid sinking to depths where light availability may be limiting for 
photosynthetic growth. It might then be predicted that algae that store starch, e.g., 
Chlamydomonas, predominantly inhabit soil environments that provide physical 
support whereas lipid accumulating algae, e.g., Nanochloropsis, tend to occupy 
aquatic environments where they are less dense or near the density of water and can 
remain at levels in the water column where light is not limiting for photosynthesis. 
To date, the relative energetic costs needed to support motility in starch accumula-
tors versus lipid accumulators remains to be assessed.

3.3 Product storage and metabolism

Following the metabolic engineering paradigm for increasing product yield, i.e., 
push, pull, sequester and block storage product turnover, less attention has been 
directed towards the metabolic engineering of storage and product turnover in 
microalgae. As stated previously, energy reserves in algae fall into two classes, car-
bohydrates, and lipids. The genetic manipulation of starch accumulation in algae has 
received much attention. The chloroplast is the site of starch synthesis and storage in 
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4. Cultivation

Cultivation is a vital starting point in algae biomass production and hence 
choice of production site, strain and cultivation system are very crucial in attaining 
high biomass productivity. In addition, seasonal influence, crop losses, harvesting 
processes and nutrient and water recycling are some of the primary governing fac-
tors influencing biomass yield and production economics (Figure 3). The following 
section will cover the recent advances in some of the key areas mentioned above.

4.1 Criteria for siting production facilities

First and critical aspect in establishing successful algae cultivation facility 
is selection of suitable cultivation site. Site selection is quite a complex task and 
involves considerable attention on terrain, land costs, sunlight availability, seasonal 
temperatures, proximity to CO2 and water sources, well-connected transport 
system, power supply etc. Economical, non-arable flat land with constructible 
soil is needed for raceway pond installation. Availability of adequate acreage is 
also an important criterion, as algal cultivation facility should be of scale where 
production of algae meets economics [64]. Another very important aspect in algal 
cultivation is availability of enough sunlight. Therefore, it is important to select a 
geographic location, which is less prone to seasonal variations, receives less rainfall 
and is climatically suitable to the strain being cultivated. For example, low altitude 
regions having warm climate and average solar radiation availability for 250 h/
month are considered as good sites climatically [65]. CO2 is regarded as free of cost, 
but its transportation can add substantial cost to the algae production if the CO2 
generation facility is far from the cultivation site [66]. Water availability is another 
important criterion. Proximity to sea in case of marine microalgae cultivation and 
assessment of water scarcity footprint in the region in case of fresh water algae 
cultivation is essential while selecting a site [67]. Various site selection models that 
consider parameters, such as soil properties, water availability, growth rate, infra-
structure proximity etc. have been reported for identification of a suitable site for 
algae cultivation [68, 69]. These models can serve as useful tools for algae produc-
tion site selection.

4.2 Seasonal challenges for biomass yield

Microalgal outdoor cultivation is subjected to diurnal and seasonal variations in 
temperature, solar irradiance, photoperiod and humidity, which in turn affect phys-
iological responses and biomass yield. For instance, light is essential for photosyn-
thesis, but excess light leads to photoinhibition, oxidative stress, damage of proteins 

Figure 3. 
Factors affecting algae biomass production.
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involved in electron transfer and in turn affects CO2 fixation in photosynthesis and 
biomass yield. Similarly, low light also reduces photosynthetic efficiency and thus 
biomass yield [70]. O2 buildup in culture, which increases from morning till noon 
also can inhibit growth if O2 concentration is more than 20 mg/L [71]. Temperature 
is another important factor, which is affected by light intensity, photoperiod and 
season. Optimal growth temperature for majority of algal strains lies between 20 
and 25°C. However, temperatures above 35°C increases photorespiration, affects 
nutrient availability, increases the concentration of NH3 in the medium, decreases 
CO2 solubility and increases evaporation losses leading to salinity variations 
[71, 72]. The impact of these environmental variations is significant on biomass 
productivity but there are very few reports on quantification of effects of seasonal 
variations on algae biomass productivities in large scale production systems. For 
instance, growth performance of Scenedesmus obtusiusculus was studied in airlift 
extended loop photobioreactor operated in outdoor conditions. Yearlong study 
revealed that biomass productivity was maximum during spring (0.29 g/L/d) where 
irradiance (2035 μmol/m2/s) and temperature (11–47°C) were highest, followed 
by autumn (0.22 g/L/d), summer (0.21 g/L/d) and winter (0.19 g/L/d). However, 
biomass productivity was much higher (0.97 g/L/d)under optimum laboratory 
conditions [73]. In another study, Scenedesmus sp. cultivated in outdoor pilot scale 
raceway ponds for waste water treatment resulted in biomass productivities, which 
ranged from 4 ± 0 g/m2/d in December when average temperature was 13°C and 
irradiance was 300 ± 157 w/m2 and 17 ± 1 g/m2/d in July when average temperature 
was 23°C and irradiance was 468 ± 292 w/m2 [74]. In another study, five microalgal 
sp. namely, Chlorella vulgaris, Botryococcus braunii, Chlamydomonas reinhardtii, 
Euglena gracilis and Nannochloropsis oculata were evaluated in open bioreactors with 
30 L capacity in green house conditions. Experiments were conducted from March 
to April, June to July and Oct to Nov to evaluate growth response of these micro-
algae with seasonal variations. C. vulgaris, B. braunii resulted in highest growth 
during month of March and April when average temperature was 28.5°C and 
irradiance was 15.9 MJ/m2/d. Whereas, C. reinhardtii and N. oculata grew best in 
the month of June when average temperature was 36.1°C and irradiance was 6.6 MJ/
m2/d. while, E. gracilis grew comparably during March and June months. In general 
growth response was low for all five microalgae tested during the month of Oct and 
Nov, when both temperature and irradiance were low [75].

It is clear from these studies that seasonal variations play significant role in 
microalgal biomass production and it is important to note that the effect of the 
environmental changes is strain specific. As complete control of abiotic factors is 
not possible at large scale outdoor cultivation complete, careful strains selection 
and adoption of right cultivation practices ensuring effective light and nutrient 
utilization can help in tackling the seasonal variability to some extent.

4.3 Recycling nutrients

Optimal microalgal growth relies on continuous and adequate supply of nutri-
ents (nitrogen, phosphorous, carbon, potassium, trace elements and water) and 
sunlight. Nutrient input can be in the form of fertilizer and waste-water streams. 
Nutrient supply in the form of fertilizers can incur significant cost to the cultivation 
and is also a competition to fertilizer for agriculture [65]. Therefore, it is important 
to minimize nutrient losses during cultivation. One way is through stoichiometri-
cally balanced nutrient management to minimize nutrient losses during cultivation 
[76] and other ways are by recycling of spent medium (water recycle) and nutrient 
recycling post biomass conversion process.
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involved in electron transfer and in turn affects CO2 fixation in photosynthesis and 
biomass yield. Similarly, low light also reduces photosynthetic efficiency and thus 
biomass yield [70]. O2 buildup in culture, which increases from morning till noon 
also can inhibit growth if O2 concentration is more than 20 mg/L [71]. Temperature 
is another important factor, which is affected by light intensity, photoperiod and 
season. Optimal growth temperature for majority of algal strains lies between 20 
and 25°C. However, temperatures above 35°C increases photorespiration, affects 
nutrient availability, increases the concentration of NH3 in the medium, decreases 
CO2 solubility and increases evaporation losses leading to salinity variations 
[71, 72]. The impact of these environmental variations is significant on biomass 
productivity but there are very few reports on quantification of effects of seasonal 
variations on algae biomass productivities in large scale production systems. For 
instance, growth performance of Scenedesmus obtusiusculus was studied in airlift 
extended loop photobioreactor operated in outdoor conditions. Yearlong study 
revealed that biomass productivity was maximum during spring (0.29 g/L/d) where 
irradiance (2035 μmol/m2/s) and temperature (11–47°C) were highest, followed 
by autumn (0.22 g/L/d), summer (0.21 g/L/d) and winter (0.19 g/L/d). However, 
biomass productivity was much higher (0.97 g/L/d)under optimum laboratory 
conditions [73]. In another study, Scenedesmus sp. cultivated in outdoor pilot scale 
raceway ponds for waste water treatment resulted in biomass productivities, which 
ranged from 4 ± 0 g/m2/d in December when average temperature was 13°C and 
irradiance was 300 ± 157 w/m2 and 17 ± 1 g/m2/d in July when average temperature 
was 23°C and irradiance was 468 ± 292 w/m2 [74]. In another study, five microalgal 
sp. namely, Chlorella vulgaris, Botryococcus braunii, Chlamydomonas reinhardtii, 
Euglena gracilis and Nannochloropsis oculata were evaluated in open bioreactors with 
30 L capacity in green house conditions. Experiments were conducted from March 
to April, June to July and Oct to Nov to evaluate growth response of these micro-
algae with seasonal variations. C. vulgaris, B. braunii resulted in highest growth 
during month of March and April when average temperature was 28.5°C and 
irradiance was 15.9 MJ/m2/d. Whereas, C. reinhardtii and N. oculata grew best in 
the month of June when average temperature was 36.1°C and irradiance was 6.6 MJ/
m2/d. while, E. gracilis grew comparably during March and June months. In general 
growth response was low for all five microalgae tested during the month of Oct and 
Nov, when both temperature and irradiance were low [75].

It is clear from these studies that seasonal variations play significant role in 
microalgal biomass production and it is important to note that the effect of the 
environmental changes is strain specific. As complete control of abiotic factors is 
not possible at large scale outdoor cultivation complete, careful strains selection 
and adoption of right cultivation practices ensuring effective light and nutrient 
utilization can help in tackling the seasonal variability to some extent.

4.3 Recycling nutrients

Optimal microalgal growth relies on continuous and adequate supply of nutri-
ents (nitrogen, phosphorous, carbon, potassium, trace elements and water) and 
sunlight. Nutrient input can be in the form of fertilizer and waste-water streams. 
Nutrient supply in the form of fertilizers can incur significant cost to the cultivation 
and is also a competition to fertilizer for agriculture [65]. Therefore, it is important 
to minimize nutrient losses during cultivation. One way is through stoichiometri-
cally balanced nutrient management to minimize nutrient losses during cultivation 
[76] and other ways are by recycling of spent medium (water recycle) and nutrient 
recycling post biomass conversion process.
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4.3.1 Water recycling

During growth not, all the nutrients are used completely, and these unused 
nutrients will be lost if the water is not recycled post harvesting. Water recycling is 
important not just for nutrient recycling but also from an economics perspective. 
Water reuse reduces the need to acquire new water for cultivation, thus reducing 
the water foot print for cultivation and lowering energy usage in pumping water 
from source to site [77]. There is a finite possibility that water recycling can affect 
subsequent growth performance of the algae if the recycled water quality does 
not meet required standards. Primary factors influencing recycled water quality 
can be increased salinity of the water, use of chemical based harvesting system, 
accumulation of extracellular metabolites (protein, carbohydrate, fatty acids, 
nitrogen rich small organic molecules, cell wall debris and other particulate matter) 
which may be directly inhibit algal growth or increase the dissolved organic car-
bon (DOC) leading to increased bacterial load and gradual accumulation of toxic 
metabolites [77–79]. However, multiple studies, both at small and large scale have 
successfully demonstrated recycling of water without negatively affecting algal 
growth. Recycled water obtained after electro-flocculant, bio-flocculant, nanno-
chitosan, filtration, and centrifugation based harvesting methods had shown no 
negative effect on the growth of tested algal species [80–84]. Flocculation-based 
methods have been predicted to be better for water recycling than other methods 
because they do not lyse the cells and help in reducing dissolved organic matter 
during harvesting [78]. Farooq et al. (2015) compared chemical flocculation (FeCl3 
or alum) of Chlorella vulgaris against centrifugation and showed that recycled 
media obtained after centrifugation or flocculation with FeCl3 had positive effect 
on growth and lipid productivity. However, recycled medium obtained through 
treatment with alum even in low dose (<5 ppm) inhibited the growth of C. vulgaris 
due to the toxic effect of residual Al in the recycled water [85]. Similar results were 
obtained in case of Scenedesmus sp., where growth was affected in recycled medium, 
when alum (1 mM) was used to harvest the cells [84]. Likewise, in another study 
strain dependent growth inhibition was observed due to accumulated DOC in 
recycled water. Growth of Navicula sp. and Chlorella sp. were comparable to fresh 
medium, while growth of Staurosira sp. was completely inhibited in reused medium 
[79]. It is important to note that stage at which the culture is harvested also affects 
DOC concentration. Water recycled from exponentially growing cells was found 
to be more supportive of growth than cells in late log phase or stationary phase, 
conditions that lead to the maximum accumulation of growth inhibitory substances 
secreted by algae. As DOC accumulation is more during late log and stationary 
phases due to the release of secondary metabolites into extracellular space, it is 
better to avoid recycling water from cultures harvested from these phases [78]. 
Pretreatment of water before recycling can be considered to improve water quality 
for long term cultivation with recycled medium. Filtration, high speed centrifu-
gation and sterilization methods have been studied for pretreatment, but their 
commercial scale application is questionable [77]. In one study, activated carbon 
was used to process recycled medium to remove humic and fulvic acid like growth 
inhibitors. This step moderately improved growth of Nannochloropsis oceanica in 
recycled water [86]. Recently, advanced oxidation process has been evaluated for 
pretreatment of recycled water. It was observed that UV/peroxydisulfate and UV/
H2O2 processes are quite effective in addressing organic matter load in the water. 
Oxidation method could degrade and converts inhibitory substances into nutrient 
source for algal growth. This method helps in utilization of DOC in recycled water 
rather than its removal [87].
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Thus, recycling of spent medium is commercially viable and practically feasible 
option, which not only helps in saving loss of unused nutrients but also reduces the 
overall nutrient input.

4.3.2 Nutrient recycling from HTL aqueous phase

Hydrothermal liquification (HTL) is a potential technology to convert wet algal 
biomass into bio-oil with biochar and aqueous phase (AP) as byproducts. AP is sub-
stantial portion because high moisture containing (~10–20% algal slurry) biomass 
is used as feedstock in HTL [88]. AP is nutritionally rich, containing organic carbon 
as short chain organic acids, like acetic and propionic acid, nitrogen as NH4

+, nitrate 
and other nitrogen containing compounds, phosphorous as orthrophosphates and 
other macro and micro nutrients [89]. This makes AP a potential nutrients source 
for microalgae when recycled back into cultivation, which are otherwise lost. It is 
also reported that even harmful algal blooms are also good feedstock for HTL and 
AP produced is promising nutrient source for microalgae cultivation [90]. AP also 
has growth inhibitory compounds like phenols, amides, pyrazines, indole, metal 
ions like Ni etc., which either must be removed or diluted to the extent that they 
are no more growth inhibitory [89, 91]. Composition of AP is quite variable and 
depends on algal feedstock used for HTL, processing parameters, biomass loading 
and use of AP separation method from bio-oil. For instance, high protein content in 
feedstock leads to higher organic carbon and nitrogen content in AP [92]. Likewise, 
increasing resident time in HTL process also has shown to result in increased total 
nitrogen in the AP. Since, the concentration of nutrients and toxic compounds is 
often high in AP, substantial dilution of AP is needed to bring concentration of 
nutrients in the usable range and dilute growth inhibitory toxic elements. There are 
multiple studies reported where AP is used as sole nutrient source for algal cultiva-
tion or a supplement with systematic heavy dilutions made either with water or 
combination of water and standard nutrient medium. Outcome of these studies is 
quite variable and was dependent on AP composition and strain being used for cul-
tivation. When AP was used as sole nutrient source, growth of the tested algae was 
relatively compromised. For instance, AP obtained from Spirulina HTL was used 
as sole nutrient source for cultivating Chlorella minutissima, where AP consisted 
~16,200 mg/L N and 795 mg/L P along with other nutrients. Biomass productivity 
obtained was 0.035 g/L/d at 0.2% AP (500X dilution), which was significantly less 
than BG11 control, having 0.07 g/L/d productivity [91]. Likewise, APs obtained 
from HTL of Chlorella vulgaris, Scenedesmus dimorphous or Spirulina platensis as 
feedstocks were also evaluated as sole nutrient source at various dilutions to grow 
these stains. Growth of Chlorella and Scenedesmus was less in comparison to stan-
dard medium even at 400X dilution, however, Spirulina showed comparable growth 
in AP and standard medium [93]. Alba et al. (2013), presented comparative account 
of AP diluted with water versus standard medium for cultivation of Desmodesmus 
sp. A substantial reduction in growth was observed when AP was diluted with 
water, however, when mixture of water and AP was enriched with standard 
medium, growth comparative to standard medium was observed. This study clearly 
indicates that it is not just N and P content that is important for growth but balanc-
ing AP in such a way that other macro and micro nutrients are also not limiting is 
essential for successful use of AP for cultivation [94]. Similar results were obtained 
in other studies, where AP diluent was enriched with desired nutrients [95–100]. 
Interestingly, Lopez Barreiro et al. (2015) observed that growth in AP diluted with 
standard medium was strain dependent. Nannochloropsis gaditana and Chlorella vul-
garis could grow well in AP diluted with standard medium, however, Phaeodactylum 
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tricornutum and Scenedesmus almeriensis showed poor performance [98]. Apart from 
deficiency of essential nutrients in AP, other factors which have been reported for 
inhibited growth are presence of phenolic compounds [91], high Ni concentration 
[93], NH3 toxicity [92, 101], limitation of carbon availability and generation of 
toxic metabolites [102]. HTL technology is evolving to address these issues. In direct 
HTL at temperature 300°C or above, protein converts into pyrazines, pyrroles and 
amines, whereas, polysaccharides convert into cyclic ketones and phenols [103]. 
These non-fuel components lower bio-oil quality, in the process polysaccharides 
are lost and toxic metabolites are generated and accumulated in AP. To improve 
quality of bio-oil and prevent loss of polysaccharides, sequential HTL (SEQHTL) 
is developed, where AP is recovered in first stage of HTL operated at lower tem-
perature (~160°C) [104]. Polysaccharides constitute major portion in the AP from 
SEQHTL in contrary to AP from direct HTL, where N and P dominate. In nutrient 
reuse experiments using AP from SEQHTL, it was shown that Chlorella sorokiniana 
and Chlorella vulgaris could utilize 77% and 64% of hydrolyzed polysaccharides, 
respectively, however, Galdieria sulphuraria could not use the polysaccharides 
from AP, suggesting again that the utilization of nutrients from AP of HTL is strain 
dependent [88]. Apart from altering HTL conditions and dilution of AP, other ways 
to reduce toxicity of AP is through removal of toxic substance by absorbents like 
activated charcoal, zeolite and ion exchange resins. In recent study it was shown 
that AP treated with ion-exchange resin, Dowex 50WX8 supported the growth 
of Chlorella vulgaris at 100X dilution similar to control medium and better than 
activated charcoal treated AP [105].

Thus, outcome of multiple studies suggests that for successful utilization of 
HTL-AP for algal cultivation, selection of right strain is crucial, which can grow 
mixotrophically and can utilize N as NH4

+. Appropriate dilution of AP or treatment 
with absorbents to reduce toxic metabolites load and supplementation with limiting 
nutrients are also essential for overcoming growth inhibition in AP.

4.4 Pond crashes and mitigation

Large scale algae cultivation ponds and photobioreactors are usually prone to 
contamination by unwanted foreign organisms due to nonsterile cultivation condi-
tions. Moreover, suboptimal cultivation conditions (light, temperature, nutrients), 
poor culture mixing, old and sick cells, allow predators and contaminants overtake 
and crash the culture [106]. Common contaminants in algae cultivation include, 
grazers (ciliates, rotifers, flagellates, crustaceans, amoeba), pathogens (bacteria 
and virus) and parasites (fungi, vampyrellids). Multiple studies have reported 
culture crash due to these organisms. For instance, chytrid contamination in 
Haematococcus pluvialis [107], Poterioochromonas sp. (flagellate) [108] and Euplotes 
sp. (ciliate) [109] contamination in Chlorella, pleomorphic bacterial (FD111) 
contamination in Nannochloropsis [110], Colpoda steinii (ciliate) contamination in 
Synechocystis sp. [111], Amoeboaphelidium protococcarum (amoeba) contamination 
in Scenedesmus sp. [112] etc. are some of the studies where contamination resulted 
in collapse of the culture at mass scales. Since culture crash results in substantial 
biomass loss, a scalable, environmentally friendly and economical crop control 
measures are crucial.

Various chemical and physical methods are available for crop protection; how-
ever, selection of a method at large scale depends on its activity against predators, 
non-toxicity towards algae of interest, scalability and cost effectiveness. In case of 
chemical methods, availability, stability of the chemical and its environmental tox-
icity should also be considered [109]. Various chemicals belonging to antimicrobi-
als, fungicides, herbicides, oxidants, pesticides, natural compounds, antiparasitic, 
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antifeeding categories have been evaluated to control predators in algae cultivation. 
Majority of chemicals tested at lab scale are not suitable for large scale opera-
tion because of environmental toxicity or they are very expensive for use in algae 
cultivation. However, copper has been successfully used to selectively control 
rotifer- Brachionus calyciflorus at 1.5 ppm concentration in open pond cultivation of 
Chlorella kessleri [113]. Similarly, sodium hypochlorite (NaOCl) at a dosage of 0.45 
to 0.6 mg Cl/L with dosing frequency of every two hours also inhibited predation 
by B. calyciflorus while no growth inhibition was observed in C. kessleri [114]. Use 
of NaOCl might be practically more feasible in open ponds as chlorine dissipates 
rapidly, leaving no long-lasting residual effects. Moreover, it is effective at lower 
dosage in comparison to commonly used insecticides Fenitrothion (6.7 mg/L) and 
Chlorpyrifos (12 mg/L) for controlling Brachionus calyciflorus [115, 116]. Recently, 
Karuppasamy et al. (2018), have screened around 100 chemicals and out of these 21 
were effective against Euplotes sp. and Oxyrrhis sp., and did not have noticeable det-
rimental effect on Chlorella vulgaris. Further, considering cost, availability, stability 
and effectiveness, benzalkonium chloride (a quaternary amine) at a concentration 
of 2 mg/L was evaluated and recommended for preventing pond crash [109]. Apart 
from chemical control, temporary alteration of cultivation conditions has also been 
reported to be effective in pond crash mitigation. For instance, limitation of P in the 
medium does not affect algae severely but affects growth of zooplanktons. Slowest 
zooplankton growth was observed under high light/P ratio [117]. Flynn et al. (2017) 
also reported through predictive modeling that low level of P stress can be stra-
tegically applied to create suboptimal conditions to zooplankton growth without 
causing detrimental conditions for algal growth [118]. Another potential strategy to 
control certain type of predators is use of high level of CO2 in the culture medium. 
Ma et al. (2017) demonstrated that CO2 purging temporarily lowered C. sorokiniana 
GT-1 culture pH to 6–6.5 and helped in controlling Poterioochromonas malhamensis 
by lowering its intracellular pH and resulting in cell death. This strategy can be 
implemented for controlling P. malhamensis and other protozoans in large scale 
cultivation [119]. In addition, CO2 asphyxiation was found to be effective in causing 
acute mortality of all zooplankton species in t < 10 min [120]. Poterioochromonas sp. 
contamination could also be controlled through cultivation at high pH (>pH 11) as 
reported in Synechocystis sp. PCC 6803 cultures [121].

Apart from chemical methods, there are multiple physical methods, which have 
been developed for grazer control in algae cultivation. Hydrodynamic cavitation 
(HC), ultrasonication, foam flotation, pulse electric field, filtration and electro-
magnetic stratagem are some of the technologies used for crop protection. HC is 
considered as simple and economical method to kill zooplanktons in waste-water 
treatment. Kim et al. (2017) have extended this technology in controlling rotifers in 
algal cultivation. This method could successfully control 99% rotifers in four passes 
with little effect on Nannochloropsis [122]. Likewise, flagellate Poterioochromonas sp., 
a deleterious contaminant in Chlorella mass cultivation was disrupted using ultra-
sonication. This method was tested at 60 L scale and has potential to be used at mass 
scale. Ultrasonication was also shown to be effective in controlling fungi, amoeba, 
and ciliates [108]. Electrocution is another technology, which was successfully 
tested outdoors in 1 and 20 m2 ponds. Here, 5–10 mA current was applied through 
graphite rods for 6 h or more to control ciliates and dinoflagellates, however, algae 
growth was not affected [123]. Pulse electrophoresis is another technology which 
has been used to effectively control rotifers in tubular PBR. Technology however, 
can be used for freshwater algal cultures [124]. Umar et al. (2018) evaluated foam 
flotation, a physiochemical method to remove ciliates Tetrahymena pyriformis from 
C. vulgaris culture grown in PBR. Addition of SDS at 40 mg/L concentration lysed 
ciliates without affecting algal cells [125].
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tested outdoors in 1 and 20 m2 ponds. Here, 5–10 mA current was applied through 
graphite rods for 6 h or more to control ciliates and dinoflagellates, however, algae 
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It is clear from the above description that there are multiple methods available to 
control the crop loss. However, not all methods are equally effective in controlling 
all types of predators. Therefore, careful selection of a chemical or physical method 
based on algae and its intended use is needed to prevent the pond crashes or to 
control the predators without affecting the algal growth.

4.5 Harvesting efficiencies and energy targets

Harvesting and dewatering of microalgae is a very challenging process due to 
their small cell size (<20 μm), low biomass concentration (0.2–1 g/L in ponds and 
2–9 g/L in PBRs) [126], density comparable to water (1.08–1.13 g/mL) and nega-
tive charge on algal cells, keeping cells in suspension due to repulsive forces [127]. 
Common harvesting technologies of microalgae include flocculation, centrifuga-
tion, sedimentation, filtration and flotation. These methods can be used individu-
ally or in combination to improve the effectiveness and economics of harvesting. 
For example, flocculation can be combined with sedimentation or dissolved air flo-
tation (DAF), DAF can be combined with filtration or centrifugation. First stage of 
algae harvesting is generally called primary harvesting process, which concentrates 
cells up to 2–7% and the second stage is called secondary harvesting or dewatering. 
It uses primary harvested biomass as feed and further concentrates it up to 15–25% 
[128]. Fasaei et al. (2018) have discussed 28 combinations of primary and secondary 
harvesting and recommended filtration followed by centrifugation or flocculation 
followed by membrane filtration and a finishing step with spiral plate technology or 
centrifugation as economically attractive solutions. Further, when initial biomass 
concentration and separation techniques are considered, the estimated operational 
costs and energy consumption for various harvesting methods were estimated 
to be in the range of 0.1–2 €/kg and 0.1–5 kWh/kg, respectively. Based on these 
estimates, harvesting cost was projected to be between 3 and 15% of the production 
cost, which is significantly lower than the earlier estimate of 20–30%, reported in 
other studies [129, 130].

Flocculation is most common primary harvesting technique, where cell aggrega-
tion is achieved through charge neutralization by cationic flocculants, polymers and 
metal salts like ferric chloride, alum, aluminum sulfate and ferric sulfate [128]. The 
flocks formed in association with chemicals are either allowed to settle under grav-
ity in a settling tank or floated by attaching micro-bubbles to their surface using a 
DAF. Energy consumption range for this process as reviewed by Mo et al. (2015) 
is 0.1–14.8 kWh/m3 [131]. Chemical flocculation has resulted in variable outcome 
as harvesting efficiency of flocculation is dependent on the flocculent dosage, pH 
of the culture medium, surface charge and salinity. Under optimal conditions, 
greater than 90% harvesting efficiency was achieved in many studies, for instance, 
flocculation of Chlorella sorokiniana, Chaetoceros muelleri, Chlorella vulgaris and 
Scenedesmus costatum with chitosan [132–134]. Likewise, Chlorococcum sp. and 
Dunaliella tertiolecta were harvested with more than 90% harvesting efficiency 
using Al2(SO4)3 or Fe2(SO4)3 as flocculants [135]. However, chemical flocculation in 
large scale algae production may not be economically viable because of high cost of 
chemical and high dosage requirement. Also, accumulation of residual flocculant in 
the harvested water and with microalgae might affect the downstream process and 
may pose environmental concerns [136].

Filtration is another promising harvesting method, which can give 100% 
biomass recovery and clean biomass, as the process is devoid of chemical input. 
However, low flux, frequent membrane fouling and high cost of filtration process 
are key bottlenecks in the large-scale operations. To improve filtration performance 
and reduce membrane fouling, filtration process has been clubbed with accessory 
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technologies, like aeration [137], vibration [138], use of electro membrane [139] 
and rotating disk [140]. Bilad et al. (2012) used submerged microfiltration 
equipped with vibrator for harvesting Chlorella vulgaris and Phaeodactylum tricor-
nutum and reported energy consumption of 0.27 kWh/m3 (0.64 kWh/kg) and 0.25 
kWh/m3 (0.98 kWh/kg), respectively [138]. Corresponding energy for electro-
coagulation flocculation process is reported to be 1.3–9.5 kWh/m3 for the same 
species, which was substantially high [141]. Recently, pilot scale ultra-filtration 
membrane trial clubbed with air assisted backwashing technology has been success-
fully used to harvest Scenedesmus acuminatus. The culture was concentrated from 
0.5 g/L to 136 g/L with 93% biomass recovery. The energy consumption reported 
was 0.59 kWh/kg dry biomass [142]. Though filtration is less energy intensive 
[130], further improvements in filtration technology is required and can also be 
achieved by using membranes with advanced hydrophilic material and introducing 
negative surface charges [126].

Centrifugation is another physical method of harvesting, but the harvesting 
efficiency is less than filtration and highly depends on the gravitational forced 
applied. Centrifugation is also energy intensive, difficult to scaleup, requires 
high maintenance and considered expensive for low value products like oil. Using 
centrifugation as sole harvesting method is not recommended as energy consump-
tion and cost of harvesting is significantly higher compared to a process, where 
centrifugation is used as secondary harvesting method. In a study where Evodos 
spiral plate centrifuge was solely used to harvest 10,000 L of Chlorella culture, 
energy consumption was 55 kWh/m3, as opposed to 5.5 kWh/m3, when centrifuga-
tion was used as secondary harvesting step [128]. Other common centrifuge types 
are disc stack and decanter. Disc stack is the most common industrial centrifuge 
with reported energy consumption ~1 kWh/m3. However, energy consumption 
was further reduced to 50% by design changes, like modifying flow paths of rotor, 
reduction of aerodynamic losses by air removal outside rotor and use of direct drive 
instead of belt or gear drive [143]. In case of decanter centrifuge, energy consump-
tion ranged between 1.3–8 kWh/m3. In another study by National Renewable 
Energy Laboratory (NREL), energy consumption in concentrating microalgae 
from 13–20% using centrifuge was estimated to be 1.3 kWh/m3, with a dewatering 
efficiency of 97% [144].

In conclusion, it is clear from above description that significant developments 
are made in harvesting technology but none of the techniques seems to be economi-
cal and efficient enough. Combination of two to three technologies have been 
proposed to give economically viable solution but still significant optimization and 
innovation is necessary in current technologies and there is substantial scope for 
development of new, cheaper and more efficient harvesting technologies.

5. Commercial scale up

High cost of biomass production and subsequent extraction processes have 
limited the progress of upscaling of microalgae for commercial fuel and other 
value-added products. The technoeconomic analyses reported thus far have a wide 
variation in the cost estimates, primarily due to non-existence of standardized 
cost assumptions across different geographic locations. For example, in a study 
conducted in the US, production of microalgal biomass is estimated at $4.92/
kg with current technology status [145]. In another study conducted in Europe, 
production cost was estimated to be €4.95, 4.16, and 5.96/kg of biomass from open 
ponds, horizontal tubular and flat panel photobioreactors, respectively [146]. Even 
the biomass production cost drops down to $0.5/ kg, still scaling-up of microalgae 
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for standalone production of biofuel is economically infeasible due to swift com-
petition with fossil fuel [145]. Hence, cost reduction and integration of additional 
revenue generation steps could help in successful scale-up.

While microalgae are primarily sought-after for biodiesel production through 
utilization of lipids, valorization of other components through a biorefinery 
approach, as proposed in many studies might enhance the chances of commer-
cialization. Microalgae are traditionally utilized for food and feed, cosmetics, 
nutraceutical and pharmaceutical applications because of the presence of high 
content of protein, carbohydrate, pigments, antioxidants, ω-3 fatty acids and other 
industrially important chemicals. Extraction of these compounds as co or byprod-
ucts can improve the overall process economics [147, 148]. In microalgal biorefinery, 
valorization of different components of microalgae biomass is achieved through a 
series of unit operations for extraction, purification and biomass conversion [149]. 
Based on the type of the primary product being extracted, biorefineries can be clas-
sified as energy driven or material driven biorefinery. In energy driven biorefinery, 
oil for biofuel is extracted first, and the de-oiled biomass is used for extraction of 
value-added products or in a bioconversion processes like fermentation, anaerobic 
digestion, pyrolysis, hydrothermal liquification (HTL) etc. The best possible 
sequence of extraction of compounds for valorization of biomass can be evaluated 
through cost effectiveness assessment (CEA), which is the ratio of total outcomes 
from a biorefinery to the total cost of producing products [150]. Also, for successful 
biorefinery scheme, the net energy ratio (NER) assessment is important. It is the 
ratio of energy output over energy input and should be greater than unity. Higher 
the values of CEA and NER are, higher would be the feasibility of that biorefinery 
scheme [148, 150].

Several microalgae biorefineries have been proposed and tested in the literature 
but their implementation at large scale is still far from reality. Table 1 summarizes 
some of the recent biorefinery approaches reported in the literature and Figure 4 
represents various possible biorefinery approaches. Razon and Tan (2011) evalu-
ated a biorefinery for production of biodiesel and biogas from Haematococcus 
pluvialis and Nannochloropsis [161]. The NER was less than one for both the cases 
indicating negative energy balance, even when best performance estimates were 
taken for unit operations. However, economics of the system can be improved if 
cultivation is integrated with waste-water plant, thus eliminating the need for 
chemical fertilizers. Also, wet extraction should be followed thus saving on drying 
cost [161]. Similarly, Andersson et al. (2014) evaluated the biodiesel and biogas 
production through integration of cultivation with waste-water treatment plant, 
flue gas as carbon source and excess heat from industrial cluster. Production of 
biodiesel and biogas in biorefinery scheme resulted in net positive outcome com-
pared to biogas alone [162]. In another biorefinery approach, Ansari et al. (2015) 
evaluated lipid extracted algae (LEA) for its use as protein or reducing sugar source 
and observed comparable yields of these products from whole algae and LEA as 
source material. Also, oven drying over sun drying and microwave assisted lipid 
extraction resulted in highest lipid yield compared to other methods tested [154]. In 
another study first protein was recovered from Botryococcus braunii under alkaline 
conditions, followed by lipid extraction for biodiesel and finally spent biomass was 
used for bio-oil production through pyrolysis. This biorefinery process resulted in 
10% protein recovery, 2% lipid recovery and 33% bio-oil recovery. Bio-oil being 
obtained in this scheme was at neutral pH and hence non-corrosive for combustion 
engines but bio-oil recovery from spent biomass was less than that of whole algae. 
Due to poor recovery of lipids, their extraction step can be omitted and scheme can 
be simplified [153]. Recently, in Chlorella vulgaris biorefinery, where protein extrac-
tion was integrated with pyrolysis, extraction under alkaline condition (12 pH) at 
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Microalgae Biorefinery 
products

Remarks Reference

Nannochloropsis sp. Biodiesel; 
Carotenoids; 
Bio hydrogen

CO2 super critical fluid extraction plus 
ethanol (20 wt.%) could extract 45% (dry 
weight basis) of lipids and recover 70% of 
the pigments
Dark fermentation of left-over biomass 
by E. aerogenes yielded maximum 60.6 mL 
H2/g Dry biomass of alga.

[151]

Dunaliella 
tertiolecta

Biodiesel; 
Bioethanol

Enzymatic saccharification of de-oiled 
biomass followed by fermentation 
resulted in the yield of 0.14 g ethanol/g 
residual biomass equivalent of 82% of the 
theoretical fermentation yield.

[152]

Botryococcus braunii Protein; lipid; 
bio-oil

Protein extraction followed by bio-oil 
recommended.
Neutral pH was found in bio-oil from 
microalgal biomass.

[153]

Scenedesmus 
obliquus

Lipid; Protein/
Reducing sugars

Microwave assisted extraction from oven 
dried samples provided highest lipid yield.
Protein and reducing sugar yield 
comparable in lipid extracted algae vs. 
whole algae.
Sun drying resulted in poor outcome.

[154]

Nannochloropsis sp. Lipid; fuel gases; 
Nitrogen as NH4

+
75% recovery of energy in SCWG process 
and 100% recovery of N from lipid 
extracted hydrochar.

[155]

Spirogyra sp. Carotenoids; 
Biohydrogen

Electrocoagulation and solar drying 
reduced the energy requirements by 90% 
for harvesting and dewatering.
0.12 g/100 g dry biomass of total 
pigments with 56% free astaxanthin, 
16% beta-carotene & 5% of lutein and 
canthaxanthin.
Fermentation of residual biomass 
produced hydrogen yield of 47 mL/g d.w.
Carotenoid extraction with acetone is 
expensive and hydrogen yields have to 
improve by increasing sugar content in 
the biomass through altered cultivation 
practices.

[156]

Scenedesmus acutus Bioethanol; 
biodiesel

Whole algal slurry after acid pretreatment 
is directly used for ethanol fermentation.
No losses of fermentable sugars in the 
solids, which are otherwise separated from 
the sugar rich supernatant.
$0.95/ GGE cost reduction in biofuel 
production.

[157]

Phaeodactylum 
tricornutum

Pigments; Fatty 
acids

Green processes: pressurized liquid 
extraction (PLE) and microwave-assisted 
solvent extraction (MAE) were evaluated 
for extraction of bioactive compounds.
Optimum extraction conditions were 
50°C, 100% EtOH, 20 min for PLE, while 
optimum conditions for MAE were 30°C, 
100% EtOH and 2 min.
Higher recovery of fucoxanthin enriched 
with EPA were obtained with PLE method.

[158]



Biotechnological Applications of Biomass

470

for standalone production of biofuel is economically infeasible due to swift com-
petition with fossil fuel [145]. Hence, cost reduction and integration of additional 
revenue generation steps could help in successful scale-up.

While microalgae are primarily sought-after for biodiesel production through 
utilization of lipids, valorization of other components through a biorefinery 
approach, as proposed in many studies might enhance the chances of commer-
cialization. Microalgae are traditionally utilized for food and feed, cosmetics, 
nutraceutical and pharmaceutical applications because of the presence of high 
content of protein, carbohydrate, pigments, antioxidants, ω-3 fatty acids and other 
industrially important chemicals. Extraction of these compounds as co or byprod-
ucts can improve the overall process economics [147, 148]. In microalgal biorefinery, 
valorization of different components of microalgae biomass is achieved through a 
series of unit operations for extraction, purification and biomass conversion [149]. 
Based on the type of the primary product being extracted, biorefineries can be clas-
sified as energy driven or material driven biorefinery. In energy driven biorefinery, 
oil for biofuel is extracted first, and the de-oiled biomass is used for extraction of 
value-added products or in a bioconversion processes like fermentation, anaerobic 
digestion, pyrolysis, hydrothermal liquification (HTL) etc. The best possible 
sequence of extraction of compounds for valorization of biomass can be evaluated 
through cost effectiveness assessment (CEA), which is the ratio of total outcomes 
from a biorefinery to the total cost of producing products [150]. Also, for successful 
biorefinery scheme, the net energy ratio (NER) assessment is important. It is the 
ratio of energy output over energy input and should be greater than unity. Higher 
the values of CEA and NER are, higher would be the feasibility of that biorefinery 
scheme [148, 150].

Several microalgae biorefineries have been proposed and tested in the literature 
but their implementation at large scale is still far from reality. Table 1 summarizes 
some of the recent biorefinery approaches reported in the literature and Figure 4 
represents various possible biorefinery approaches. Razon and Tan (2011) evalu-
ated a biorefinery for production of biodiesel and biogas from Haematococcus 
pluvialis and Nannochloropsis [161]. The NER was less than one for both the cases 
indicating negative energy balance, even when best performance estimates were 
taken for unit operations. However, economics of the system can be improved if 
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chemical fertilizers. Also, wet extraction should be followed thus saving on drying 
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used for bio-oil production through pyrolysis. This biorefinery process resulted in 
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obtained in this scheme was at neutral pH and hence non-corrosive for combustion 
engines but bio-oil recovery from spent biomass was less than that of whole algae. 
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50°C for 90 min followed by sonication resulted in 80% protein recovery. Bio-oil 
obtained from protein extracted biomass was better in quality and comparable in 
quantity with whole algal biomass extraction. Based on technoeconomic analysis, it 
was proposed that the extracted protein if used for food application then the profit 
can increase by 1.51 USD/ kg of microalgae biomass [159]. Lu and Savage (2015) 
processed Nannochloropsis slurry through hydrothermal carbonization (HTC) and 
resultant hydrochar was further used for lipid extraction. Lipid extracted residual 
char was converted into fuel gases through a process called super critical water 
gasification and almost complete recovery of N as NH4

+ was achieved, which can 
be used for nutrient recycling. This scheme is attractive as multiple products can 

Figure 4. 
Possible microalgal biorefinery approaches (dotted line: Alternate route, HTL: Hydrothermal liquification, 
HTC: Hydrothermal carbonization, SCWG: Super critical water gasification, BPFS: Bioplastic feed stock, 
stillage: Fermentation broth after removal of ethanol, extracted stillage: Broth after extraction of ethanol and 
lipids, spent biomass: Deproteinized and de-oiled biomass).

Microalgae Biorefinery 
products

Remarks Reference

Chlorella vulgaris Protein; bio-oil Hydrolysis with sonication under alkaline 
conditions yielded high protein recoveries.
Scheme is economically feasible if 
extracted protein is used for food 
application.
Profit is 1.51 $/Kg of microalgae biomass

[159]

Chlorella vulgaris Lutein; Protein Pulse electric field treatment enhanced 
the lutein (2.2 ± 0.1-fold) and chlorophyll 
yields (5.2 ± 3.4-fold) compared to non-
treated cells single-stage ethanol extraction 
process.
Protein extraction cost estimated to be 
US$4.16/kg of protein with 50% extraction 
yield and 57% purity.
Further improvement in yield and 
purity is needed to make this biorefinery 
economically viable.

[160]

All the studies mentioned are conducted at lab scale.

Table 1. 
Experimental demonstration of microalgal biorefinery approaches.
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be extracted efficiently and use of HTC process in the beginning eliminates the 
energy intensive step of drying for lipid extraction [155]. Dong et al. (2016) tested 
another biorefinery approach, where Scenedesmus acutus slurry was subjected to 
fermentation after acid pretreatment at 155°C for 15 min. Ethanol was recovered 
through distillation of fermentation broth and lipids were recovered from stillage by 
solvent extraction. Advantage of this approach was that monomeric sugar was fully 
utilized in the fermentation process as sugar-rich liquor was not separated from 
solid residues post pretreatment. Also, using whole cell algal slurry (post pretreat-
ment) for fermentation resulted in microalgal biofuel cost reduction by $0.95/GGE 
[157]. In another study, production of bioplastic feed stock (BPFS) and biofuel were 
integrated in algal biorefinery. Open raceway pond (ORP) cultivation followed 
by utilization of dried biomass as BPFS was found to be the most economical with 
minimum selling price (MSP) estimated to be $970/ ton. Other scenarios, were, 
lipid extraction or fractionation prior to use of biomass as BPFS. These biorefineries 
with an estimate of MSP of $1370 and $1460/ ton of lipid extracted or fraction-
ated biomass, respectively, were proposed to be competitive if cultivation cost is 
reduced [163].

Though biorefinery concept gives greater product and economic flexibility, the 
technologies needed for processing of residual streams of microalgae biomass are 
still in nascent stages of development and hence many biorefinery models are faced 
with technoeconomic hurdles. Cultivation, harvesting and drying are highly cost 
and energy intensive steps and needs substantial innovations and advancements 
to improve economics. Economics of downstream processing steps, which include 
cell disruption, extraction, purification and biomass conversion are not thoroughly 
assessed and reported, moreover, technology for multiproduct extraction is neither 
fully mature nor evaluated at large scale [164]. The economic analyses reported on 
biorefineries thus far are mostly based on small scale studies and limited knowledge 
on end-to-end biorefinery trials at large scale, affects the reliability of economic 
analysis [162]. Other significant challenges in successful implementation of micro-
algae biorefineries are; consistent availability of algal biomass, variation in micro-
algal composition based on cultivation conditions and strain specificity. Therefore, 
adequate control of cultivation parameters and selection of appropriate strain is 
important. When biorefinery products are intended for food industry, then the 
production process from cultivation to final product should adhere to regulations 
set by regulatory agencies in respective geographic locations [149]. Product stability 
is another key challenge and must be ensured throughout the storage period.

In conclusion, though microalgae are an excellent feedstock for implementation 
of biorefinery approaches, a concerted effort is still needed to make the production 
process economically viable and environmentally sustainable.

6. Conclusions

6.1 Will algal biomass production ever be economically viable?

Though microalgae technologies have evolved tremendously in the past decade 
and have shown greater promise as renewable feedstocks for food, fuel and other 
high value products, their commercial scale production is still in its infancy. 
Companies like Sapphire Energy, Aurora Biofuels, Solazyme, and Algenol started 
with the aim of producing biofuel from algae at a large scale but could not sustain 
their operations due to economic infeasibility. Some companies have stopped the 
operations, while others changed their focus to produce algae for food or other non-
fuel products. Considering the technoeconomic analysis of fuel production from 
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be extracted efficiently and use of HTC process in the beginning eliminates the 
energy intensive step of drying for lipid extraction [155]. Dong et al. (2016) tested 
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utilized in the fermentation process as sugar-rich liquor was not separated from 
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by utilization of dried biomass as BPFS was found to be the most economical with 
minimum selling price (MSP) estimated to be $970/ ton. Other scenarios, were, 
lipid extraction or fractionation prior to use of biomass as BPFS. These biorefineries 
with an estimate of MSP of $1370 and $1460/ ton of lipid extracted or fraction-
ated biomass, respectively, were proposed to be competitive if cultivation cost is 
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Though biorefinery concept gives greater product and economic flexibility, the 
technologies needed for processing of residual streams of microalgae biomass are 
still in nascent stages of development and hence many biorefinery models are faced 
with technoeconomic hurdles. Cultivation, harvesting and drying are highly cost 
and energy intensive steps and needs substantial innovations and advancements 
to improve economics. Economics of downstream processing steps, which include 
cell disruption, extraction, purification and biomass conversion are not thoroughly 
assessed and reported, moreover, technology for multiproduct extraction is neither 
fully mature nor evaluated at large scale [164]. The economic analyses reported on 
biorefineries thus far are mostly based on small scale studies and limited knowledge 
on end-to-end biorefinery trials at large scale, affects the reliability of economic 
analysis [162]. Other significant challenges in successful implementation of micro-
algae biorefineries are; consistent availability of algal biomass, variation in micro-
algal composition based on cultivation conditions and strain specificity. Therefore, 
adequate control of cultivation parameters and selection of appropriate strain is 
important. When biorefinery products are intended for food industry, then the 
production process from cultivation to final product should adhere to regulations 
set by regulatory agencies in respective geographic locations [149]. Product stability 
is another key challenge and must be ensured throughout the storage period.

In conclusion, though microalgae are an excellent feedstock for implementation 
of biorefinery approaches, a concerted effort is still needed to make the production 
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6.1 Will algal biomass production ever be economically viable?
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high value products, their commercial scale production is still in its infancy. 
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their operations due to economic infeasibility. Some companies have stopped the 
operations, while others changed their focus to produce algae for food or other non-
fuel products. Considering the technoeconomic analysis of fuel production from 
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microalgae, production of algae for food, nutraceutical, cosmetics etc. has higher 
chances of success, as these products provide lot of opportunities to innovate and 
higher value of these compounds in comparison to fuel can fetch higher returns on 
investments. However, it must be noted that the market for these products is either 
substantially small or still in early stages of evolution. Moreover, availability of 
several cheap alternatives and lack of awareness among people about algae products 
are also critical stumbling blocks in market acceptability of algal products.

To bring microalgae production into mainstream both cost and market aware-
ness must be improved. Integrated biorefinery approaches, discussed in detail 
in previous section, can be a viable option in this direction if technological and 
financial challenges are overcome. For that, focused research in both fundamental 
and applied areas to bridge the gap between lab to field translatability is impera-
tive. Understanding biology for high biomass production and tweaking production 
strains through mutation, genetic and metabolic engineering approaches to increase 
the efficiency of accumulating desirable products and building the capability to 
withstand biotic and abiotic stresses would be a step towards success of commer-
cial scale algal biomass production. In parallel, optimization of unit operations in 
cultivation, harvesting and downstream processing by improving their efficiency, 
lowering cost and finally integrating biological and engineering systems to ulti-
mately develop economically viable end-to-end process is crucial for success. Lastly, 
government support in terms of well-defined policy, setting clear renewable energy 
targets, funding and subsidies on environmentally sustainable technologies would 
be a strong push in making algal biomass production at commercial scale a reality.

6.2 Next generation systems

It is clear from the discussion above that substantial improvements are needed 
in multiple processes of algal biomass production. Next generation systems should 
focus on improving pond design and better hydrodynamics, which can enhance 
fluid mixing and minimize dead zones resulting in improved biomass productivity, 
reduction in contaminant growth and pond crashes. Pond design should also sup-
port improved light and dark cycle leading to better light utilization, thus enhanc-
ing biomass productivity. Cost reduction through innovative low-cost pond lining is 
another important focus area for next generation systems. Development of efficient 
and inexpensive CO2 delivery systems, where CO2 wastage can also be minimized 
is an area of active research and such novel delivery methods should be part of next 
generation systems. Harvesting incurs significant cost to the algal biomass produc-
tion, hence, combining two or more harvesting strategies and identifying coagula-
tion, flocculation and dewatering chemical recipes that also can work effectively 
under saline conditions for microscopic algae will add in improving economics 
of biomass production. Strain modification and developing robust strains should 
also be the focus area of next generation systems. One example is propiconazole 
resistant Chlorella strain developed through mutagenesis, also harbors trait of 
high temperature tolerance. These two traits make the strain apt for cultivation in 
outdoor conditions [165].

6.3 Biological carbon capture and sequestration

There is growing recognition that the greatest existential threat facing the planet 
is anthropomorphic climate change. There is growing evidence that reductions 
in carbon emissions may not be sufficient to push global temperatures beyond a 
tipping point that would lead to an inhabitable planet for much of life as we know 
it today. Perhaps the greatest irony is that the geological sequestration of microalgal 
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biocrudes may be one of the most efficient and sustainable means to sequester 
atmospheric carbon [35, 166, 167]. Instead of extracting non-renewable petroleum 
(ancient algal biomass) from the earth it may become necessary to sequester 
atmospheric carbon by returning algal biocrude to the earth perhaps through the 
same pumps and wells that were used to extract petroleum. Carbon capture by algae 
is sustainable given efficient recycling of water and nutrients. The major concern is 
public inertia to mitigate carbon and economics. The costs associated with algal bio-
crude or carbon sequestration may be attractive. The economics of algal biocrude 
sequestration can be offset in part by the co-production of high volume/ low value 
animal feeds (proteins and carbohydrates) and the production of high value com-
modities minimizing the need for governmental financial support of atmospheric 
carbon mitigation technologies. To date, an algal BCCS system linked with food and 
valuable coproduct production has not been modeled for carbon capture efficiency 
and costs. The challenge for the next generation of algal scientists and economists 
is to consider whether algal BCCS is a workable solution to mitigate atmospheric 
carbon and address the looming specter of climate change.
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and applied areas to bridge the gap between lab to field translatability is impera-
tive. Understanding biology for high biomass production and tweaking production 
strains through mutation, genetic and metabolic engineering approaches to increase 
the efficiency of accumulating desirable products and building the capability to 
withstand biotic and abiotic stresses would be a step towards success of commer-
cial scale algal biomass production. In parallel, optimization of unit operations in 
cultivation, harvesting and downstream processing by improving their efficiency, 
lowering cost and finally integrating biological and engineering systems to ulti-
mately develop economically viable end-to-end process is crucial for success. Lastly, 
government support in terms of well-defined policy, setting clear renewable energy 
targets, funding and subsidies on environmentally sustainable technologies would 
be a strong push in making algal biomass production at commercial scale a reality.

6.2 Next generation systems

It is clear from the discussion above that substantial improvements are needed 
in multiple processes of algal biomass production. Next generation systems should 
focus on improving pond design and better hydrodynamics, which can enhance 
fluid mixing and minimize dead zones resulting in improved biomass productivity, 
reduction in contaminant growth and pond crashes. Pond design should also sup-
port improved light and dark cycle leading to better light utilization, thus enhanc-
ing biomass productivity. Cost reduction through innovative low-cost pond lining is 
another important focus area for next generation systems. Development of efficient 
and inexpensive CO2 delivery systems, where CO2 wastage can also be minimized 
is an area of active research and such novel delivery methods should be part of next 
generation systems. Harvesting incurs significant cost to the algal biomass produc-
tion, hence, combining two or more harvesting strategies and identifying coagula-
tion, flocculation and dewatering chemical recipes that also can work effectively 
under saline conditions for microscopic algae will add in improving economics 
of biomass production. Strain modification and developing robust strains should 
also be the focus area of next generation systems. One example is propiconazole 
resistant Chlorella strain developed through mutagenesis, also harbors trait of 
high temperature tolerance. These two traits make the strain apt for cultivation in 
outdoor conditions [165].

6.3 Biological carbon capture and sequestration

There is growing recognition that the greatest existential threat facing the planet 
is anthropomorphic climate change. There is growing evidence that reductions 
in carbon emissions may not be sufficient to push global temperatures beyond a 
tipping point that would lead to an inhabitable planet for much of life as we know 
it today. Perhaps the greatest irony is that the geological sequestration of microalgal 
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biocrudes may be one of the most efficient and sustainable means to sequester 
atmospheric carbon [35, 166, 167]. Instead of extracting non-renewable petroleum 
(ancient algal biomass) from the earth it may become necessary to sequester 
atmospheric carbon by returning algal biocrude to the earth perhaps through the 
same pumps and wells that were used to extract petroleum. Carbon capture by algae 
is sustainable given efficient recycling of water and nutrients. The major concern is 
public inertia to mitigate carbon and economics. The costs associated with algal bio-
crude or carbon sequestration may be attractive. The economics of algal biocrude 
sequestration can be offset in part by the co-production of high volume/ low value 
animal feeds (proteins and carbohydrates) and the production of high value com-
modities minimizing the need for governmental financial support of atmospheric 
carbon mitigation technologies. To date, an algal BCCS system linked with food and 
valuable coproduct production has not been modeled for carbon capture efficiency 
and costs. The challenge for the next generation of algal scientists and economists 
is to consider whether algal BCCS is a workable solution to mitigate atmospheric 
carbon and address the looming specter of climate change.
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Abstract

The date palm is one of the most economically important perennial plants of the 
North Africa and in Morocco, where it is extensively cultivated for food and many 
other commercial purposes. Palm trees are threatened by many pests such as Potosia 
opaca newly identified in Morocco, especially in Marrakesh and Errachidia regions. 
In addition, olive mill wastewaters (OMW) are an environmental problem in olive oil 
producing countries such as Morocco. Generally, these effluents are drained into eco-
systems without any pre-treatment. To reduce their negative impact and to get benefits 
in particular from their high phenolic content, OMW were used as bio-insecticides in 
crude form. The results showed that crude OMW were effective to control this pest 
causing a weight loss similar to Cordus insecticide (17% vs. 15%) and mortality almost 
similar to Kemaban insecticide. OMW’s biocide potential was related principally to their 
high phenolic content. Based on HPLC analysis, ten phenolic molecules were identified, 
including two which were revealed as the major monomeric phenolic compounds in 
OMW, 0.248 g/L of hydroxytyrosol and 0.201 g/L of tyrosol. In this chapter, the poten-
tial use of OMW as bio-insecticides for the control of P. opaca in date palm is discussed. 

Keywords: olive mill wastewaters, Potosia opaca, date palm trees, insecticidal activity, 
biological control

1. Introduction

The date palm trees have many important socio-economic and ecological roles 
in oases ecosystems [1]. In North Africa and in Morocco, the oases are facing several 
constraints related to urbanization, drought, salinity, desertification, poor soils in 
organic matter and nutrients, genetic erosion, aging, diseases like Bayoud palm caused 
by Fusarium oxysporum fsp albidinis [2–4] and pests attacks [5, 6]. Palm trees are 
strongly threatened by the red weevil caused by Rhynchophorus ferrugineus, which causes 
huge economic losses [7]. The red weevil causes economy loss, resulting in millions 
of dollars each year, related to agricultural production or costs related to pest control 
[8]. In the Gulf countries and the Middle East, US$ 8 million is spent every year to cut 
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down contaminated trees [8, 9]. In Spain, red palm weevil has appeared since 1999 and 
damaged almost 20,000 palms of Phoenix dactylifera [10]. In the North of Morocco 
and more precisely in Tangier, the number of Phoenix canariensis prospected during 
2009–2016 is 244,393 [11]. The number of P. canariens is infested with R. ferrugineus was 
904, which 896 were incinerated [11], whereas no P. dactylifera has been infested with 
R. ferrugineus. In Morocco, Potosia opaca var. cardui Gyllenhal has been observed for 
the first time by Meddich and Boumezzough [12]. Indeed, in Marrakesh and Errachidia 
regions, it attacks P. dactylifera L. and P. canariensis by consuming their wood, which 
causes faster degradation. Thus, to remedy the damage caused by P. opaca, most farmers 
were forced to use synthetic pesticides. However, the intensive use of these pesticides 
are generally effective in protecting crops [13], but they are toxic to wildlife and to 
organisms from different levels of the ecosystems [14–17]. Over time, the permanent 
use of insecticides may be accompanied by the development of resistant strains in some 
treated species. Biocontrol strategies for pests need to be investigated and developed to 
provide an ecological substitute or alternative approach to the conventional methods. 
Some sub-products such as olive oil mill waste waters (OMW) are currently used to 
control pests, which is essential for crop protection [18, 19]. Most of the OMW phenolic 
compounds derived from olive polyphenols have many other biological properties [20, 
21], as well as biocide activities [22] and phytotoxic effects [23]. Due to their particular 
characteristics, these effluents are a serious problem for the Mediterranean region, 
which annually produce around 30 million m3 of OMW with a damaging effect on the 
environment [23] and accounts for approximately 95% of olive oil production in the 
world [19]. In addition, different physicochemical methods have been proposed to treat 
OMW, including natural and forced evaporation [24], electro-coagulation [25], oxida-
tion by ozone and Fenton reagent [26] as well as their agricultural spreading [21], which 
is an alternative among the suggested solutions. However, the agronomic application of 
OMW is limited by the doses to be applied and the risk of polyphenols accumulation in 
the soil after consecutive applications [21–27]. In parallel with researches made on the 
treatment of OMW, many studies have been carried out aiming the recovery of OMW 
phenolic compounds. Recent studies tried to take its advantage from the antimicrobial 
and phytotoxic properties by using it as biopesticide for crops protection [28–30] or as 
insecticides to control P. opaca larvae [31]. This contribution summarized the quality of 
palm health status, OMW characteristics and its application as insecticides to control  
P. opaca larvae in date palm, especially in P. dactylifera L.

2. Materials and methods

2.1 Study area and plant material

This study was conducted during the period of 2014–2016 in the oasis of 
Marrakesh located in the central region of Morocco and the oasis of Errachidia 
situated in the southeastern part of the country. The majority of their territory 
presents arid climate, hot summer and cold winter. Palms (Phoenix) constitute one 
of the important botanical families, and include some of the world’s most important 
economic plants. In North Africa regions, dates production provides jobs for esti-
mated around 50 million people [32]. It plays by now an undeniable role in main-
taining human populations in arid regions where natural resources are limited and 
living conditions are difficult [32, 33]. Like in Zagora, Errachidia, Ouarzazate which 
are located in the Draa-Tafilalet region. It is built on terraces, crowned by an old 
Glaoui kasbah of a hill and surrounded by a major oasis of palm grove. This includes 
in particular the biosphere reserve of the oases of south-eastern Morocco [34], 
which forms an agglomeration of ksours (small castles). This area is located in an 

491

Use of Olive Mill Wastewaters as Bio-Insecticides for the Control of Potosia Opaca in Date Palm…
DOI: http://dx.doi.org/10.5772/intechopen.93537

environment covered by vegetation and many dunes were transformed into regs (vast 
stone expanses) where the vestiges of khetaras (old local irrigation system) are still 
visible. As Marrakesh city, the area is under a semi-arid climate regime characterized 
by relatively cold and humid winters and hot and dry summers with a large diurnal 
temperature range [35]. This study was performed on P. dactylifera and P. canariensis. 
60-year-old trees with a diameter of 70–90 cm were selected for larvae sampling 
(Figure 1). Analyzed leaves were 4–5 m long with 80–100 segments on each side of 
the spine. No specific permissions were required for these locations and activities. The 
field studies did not involve endangered or protected species. The pathogen presence 
was visually confirmed. No plants were available at very early stage of infection.

2.2 Phytopathological analysis and fungi isolation

The present study used augers to perform localized sampling and perform 
microbiological isolates. To deepen the diagnosis of P. canariensis, we made sam-
plings of rachis, leaflets palms, dry and green leaf bases at the crown. We have 
carried out cultures and incubation of extracts of rachis (1 cm) and palm leaves 
puny on selective and non-selective media.

2.3 Sampling techniques and prospecting the crown of palm

During the exploration of the palm crown, using a scaffold (Figure 2A), a 
number of larvae (white grubs) sluggish and arched with strong mandibles were 
harvested at the base of green and/or dead rachis. Similarly, insect larvae were 
removed from the base of green and dried palms for laboratory breeding in incuba-
tors with controlled conditions of temperature, humidity and photoperiod. Dead 
rachis (Figure 2B and C) were brought back to the laboratory to explore them 
further and also put them in terrariums to ensure the follow-up and development of 
the larvae trapped inside the hope of having imagos (adult forms). Identification of 
larvae was performed according to the key proposed by Mico and Galante [36].

2.4 Breeding of larva and nymphs

The collected larvae were immediately placed into breeding boxes; transparent, 
with holes on the sides and on the top of the boxes to ensure oxygenation and avoid 
asphyxiation. The holes on the boxes are closed with a fabric scrim (muslin type). 
Rectangular boxes were used for rearing larvae harvested from P. canariensis and 

Figure 1. 
Pictures of P. dactylifera (A) and P. canariensis (B) in Marrakesh city.
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further and also put them in terrariums to ensure the follow-up and development of 
the larvae trapped inside the hope of having imagos (adult forms). Identification of 
larvae was performed according to the key proposed by Mico and Galante [36].

2.4 Breeding of larva and nymphs

The collected larvae were immediately placed into breeding boxes; transparent, 
with holes on the sides and on the top of the boxes to ensure oxygenation and avoid 
asphyxiation. The holes on the boxes are closed with a fabric scrim (muslin type). 
Rectangular boxes were used for rearing larvae harvested from P. canariensis and 

Figure 1. 
Pictures of P. dactylifera (A) and P. canariensis (B) in Marrakesh city.
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P. dactylifera. The breeding substrate was composed of a mixture of untreated natural 
soil and debris of dead wood, rotted wood and sawdust. Care was taken not to import 
diseases on bringing boxes of dry dung in breeding substrate in order to increase its 
acidity, which disadvantages the development of diseases. The breeding substrate 
was constantly renewed as soon as the feces of larvae appear in large quantities on 
the surface and more debris and wood in the rearing environment was observed. 
This breeding operation continued in incubators refrigerated and illuminated 
with controlled temperature and humidity. However, larvae are lucifugous (escape 
behavior of light); the optimum temperature is between 25 and 30°C. The nymphal 
hulls were placed in boxes with slightly damp peat. The duration of pupation varies 
according to the temperature supported by the larvae and also the male or female 
sex. The infected nymphal hulls were removed as soon as possible from the breeding 
environment to avoid pathological contamination of the rest of the cocoons.

2.5 Chemical properties of palm wastes

Date palm wastes were used as food for P. opaca larvae. The sampling of these 
wastes was carried out in April 2016 in Marrakesh area (Morocco). Table 1 summarizes 
the main chemical composition of date palm wastes.

2.6 Main chemical composition of OMW

Sampling of OMW was carried out in a semi-modern three-phase olive mill 
installed in Marrakesh (Morocco) and the samples were conserved at 4°C. The 
determination of the volatile matter (VM) was performed by differentiating 
between the dry matter (DM) obtained by evaporation at 105°C and the ash residue 
obtained from calcination at 550°C over a two-hour period.

2.7 Phenolic compounds analysis

2.7.1 Phenols extraction from OMW

OMW total phenolic compounds were obtained by liquid–liquid extraction accord-
ing to the method described by El Abbassi et al. [37]. HCl (2 M) was added to OMW 

Figure 2. 
Exploration of the P. canariensis palm crown using a scaffold (A); base of leaves (B and C).
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samples (5 mL) to adjust pH to2.0.OMW were defatting using n-hexane and two extrac-
tions were performed with ethyl acetate. The aqueous ethyl extracts were dried at 40°C 
under reduced pressure via a rotary evaporator and then recovered in methanol (5 ml).

2.7.2 Total phenolic content

Estimation of the total phenol content was determined by the Folin–Ciocalteu 
calorimetric method [38] where gallic acid was used as the standard. Therefore, it 
was measured as gallic acid equivalent (GAE) and expressed as g of GAE/L of OMW.

2.7.3 OMW phenolic compounds identification

HPLC analysis was conducted at the Center for Analysis and Characterization 
(Cadi Ayyad University, Marrakesh, Morocco) with C18 column (Eurospher II 100–5, 
250 x 4.6 mm) in gradient system (eluting solution A = acetonitrile; eluting solution 
B = o-phosphoric acid/water (pH = 2.6), 5/95 v/v). A volume of 10 μl was injected 
at a flow rate of 1 mL/min and pressure of 117 bar. The characterization of phenolic 
compounds was carried out using their UV–Vis diode-array detector at a spectrum 
of 280 nm and their identification was performed by comparing their retention time 
(RT) with standards. Then these compounds were quantified through the calibration 
curve of the corresponding standards. The results obtained were expressed in g/L.

2.8 Larvae cultures

Sampling of larvae of P. opaca var. cardui Gyllenhal (Figure 3) was conducted 
according to section sampling techniques. The larvae were reared in round boxes 
(8 cm x 5 cm: diameter x height) containing a mixture of palm waste (150 g). The 
larvae culture was maintained in darkness at an optimal temperature between 
25 and 30°C inside an incubator. The experiments were conducted in the same 
conditions as those for the cultures.

2.9 Spray toxicity bioassay

The insecticidal activity of crude OMW and the two commercial insecticides 
(used as positive controls, Cordus and Kemaban 48 EC) to control P. opaca larvae 
was assessed by a spray toxicity bioassay conducted using 5 g of palm compost in 

Parameters Mean ± SD

Ph 7.03 ± 0.17

TOC (%) 40.80 ± 2.47

NTK (%) 1.06 ± 0.08

C/N 38.60 ± 4.88

Ashes (%) 29.80 ± 1.58

NH4
+ (mg/g) 738.00 ± 30.1

NO3
− (mg/g) 0.70 ± 0.08

Available phosphorus (μg/g) 9.00 ± 0.80

NH4
+/NO3

− (×1000) 1.05 ± 0.75

TOC, total organic carbon; TKN, total Kjeldahl nitrogen.

Table 1. 
Chemical characteristics of date palm waste.
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Sampling of larvae of P. opaca var. cardui Gyllenhal (Figure 3) was conducted 
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(8 cm x 5 cm: diameter x height) containing a mixture of palm waste (150 g). The 
larvae culture was maintained in darkness at an optimal temperature between 
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Parameters Mean ± SD
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TOC (%) 40.80 ± 2.47

NTK (%) 1.06 ± 0.08

C/N 38.60 ± 4.88
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Chemical characteristics of date palm waste.
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Parameters Mean ± SD

pH 4.70 ± 0.11

EC (mS/cm) 23.50 ± 0.50

TOC (g/L) 26.23 ± 1.40

DM (g/L) 94.86 ± 1.66

TSS (g/L) 21.79 ± 0.50

Ash (g/L) 11.35 ± 0.67

TPC (g GAE/L) 8.38 ± 0.14

Residual Oil (g/L) 2.20 ± 0.30

EC, electrical conductivity; TOC, total organic carbon; DM, dry matter; TSS, total suspended solids; TPC, total 
phenolic content.

Table 2. 
Physicochemical characteristics of crude OMW.

plastic boxes. Cordus and Kemaban are composed of 50 and 48% chlorpyrifos-ethyl, 
respectively. Chlorpyrifos is an insecticide, acaricide and organophosphate miticide 
used mainly against insect pests. Concentrations of 0.5 and 1 μL/mL of Cordus 
and Kemaban were dissolved in distilled water. Many preliminary tests have been 
performed to select the doses to be used for positive controls. For each solution and 
crude OMW, a volume of 5 mL was sprayed on the surface of the palm compost 
every 24 hours for 6 days. Based on dry matter, the dose of OMW was calculated to 
be 94.86 g/L (≈95 mg/mL) (Table 2). The cumulative dosage of OMW polyphenols 
applied over a six days treatment was calculated. For each treatment, six larvae were 
placed in each box using ten replicates. Weight loss and mortality of positive controls 
and OMW were recorded 8 hours per day every 2 hours. Negative control was treated 
with distilled water. The larva was considered dead, when no movement was recorded 
when shaking. Observations were made on all treated larvae until their death.

2.10. Statistical analysis

All results were analyzed statistically with the CO-STAT software (Statistical 
Software, New Style Anova). The study includes an analysis of variance followed by 
the Newman and Keuls test at the 5% threshold.

Figure 3. 
Potosia opaca larvae isolated from P. canariensis and P. dactylifera palms.
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Probit analysis [39] was conducted to estimate lethal times (LT50 and LT90) with 
their 95% confidence interval by SPSS 20.0 Statistical software; LT values were 
considered significantly different when their respective 95% confidence interval 
did not overlap.

3. Results

3.1 Microbiological analysis of crown palm

In laboratory, the microbiological analysis showed fungal formations (black-
ish, whitish and greenish spots) observed on the Petri dishes that contain the 
extracts [12]. After observation on microscope, it has been found as saprophytic 
fungi in particular the Dimaties, with blackish spots; those take advantage of the 
damage already noted and the genus Fusarium with a non-virulent strain devel-
oped in whitish and pinkish spots with some conidia. The genus Trichoderma wide 
spread, in greenish spots and is often a key fungus in symbiosis and in biological 
control.

3.2 Sampling techniques and prospecting the crown of palm

During the exploration of the palm crown (P. canariensis and P. dactylifera), a 
number of soft arched larvae (grubs) with strong mandibles were harvested at the 
base of the green spine and / or dead. The first diagnosis of these larvae showed 
that they have a powerful mandibles, form “melolonthoides,” sub-cylindrical 
strongly arched, whitish, with head, stigma and brownish legs; the head was 
always perpendicular to the body axis, with blackish posterior end; related to the 
Scarabaeidae beetles larvae (3 pairs of legs, antennae with 3 segments). Maximum 
width of head capsule: 4.6–4.9 mm. These larvae were either rhizophagous 
(melolonthoids), saprophytophagous or saproxylophagous (Cetoniidae). Initial 
research has shown that in the forms of phytophagous and saproxylophagous 
larvae, egg-laying can include about 100 eggs placed directly in the soil or in the 
wood, sometimes with the aid of an auger [40]. According to field investigations, 
Meddich and Boumezzough [12] observed the theft of a number of scarabaeidae 
beetles from the Cetoniidae family, but linking the larvae harvested at the level of 
the palm crown and the adults captured on the flight seems to be an illusory thing 
especially since all the larvae of Coleoptera belonging to the family Scarabaeidae 
were similar and that the systematic identification at the generic and specific 
level requires a rearing of the larvae under appropriate conditions of temperature 
and humidity for obtaining the adult. The ultimate stage of development of this 
Scarabaeidae and whose characteristics were indispensable for the identification 
of specimens. The evolution of the larvae is carried out at the base of the palms 
and rachis weakened and attacked by saprophytic fungi, which can lead to the 
appearance of rot and the dieback of the weakened palm [12]. Their presence at 
the top of the palm can also be explained by the fact that this beetle found an ideal 
biotope for the proliferation of larvae. Probably the adult manages to lay his eggs 
at the base of the weakened rachis and continues its development process while 
damaging the foliar bases as well as the heart of the palm. The larvae of this insect 
developing in the crown of the stem can infect the whole leaf mass and cause 
the crown tilt, which can be fatal to the palm. It should be noted that important 
attacks are observed at the palms base, at the crown; Attacks marked by the 
formation of galleries with a rejection of sawdust and dejections of white grubs 
(Figure 4) [12].
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Probit analysis [39] was conducted to estimate lethal times (LT50 and LT90) with 
their 95% confidence interval by SPSS 20.0 Statistical software; LT values were 
considered significantly different when their respective 95% confidence interval 
did not overlap.
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3.1 Microbiological analysis of crown palm

In laboratory, the microbiological analysis showed fungal formations (black-
ish, whitish and greenish spots) observed on the Petri dishes that contain the 
extracts [12]. After observation on microscope, it has been found as saprophytic 
fungi in particular the Dimaties, with blackish spots; those take advantage of the 
damage already noted and the genus Fusarium with a non-virulent strain devel-
oped in whitish and pinkish spots with some conidia. The genus Trichoderma wide 
spread, in greenish spots and is often a key fungus in symbiosis and in biological 
control.

3.2 Sampling techniques and prospecting the crown of palm

During the exploration of the palm crown (P. canariensis and P. dactylifera), a 
number of soft arched larvae (grubs) with strong mandibles were harvested at the 
base of the green spine and / or dead. The first diagnosis of these larvae showed 
that they have a powerful mandibles, form “melolonthoides,” sub-cylindrical 
strongly arched, whitish, with head, stigma and brownish legs; the head was 
always perpendicular to the body axis, with blackish posterior end; related to the 
Scarabaeidae beetles larvae (3 pairs of legs, antennae with 3 segments). Maximum 
width of head capsule: 4.6–4.9 mm. These larvae were either rhizophagous 
(melolonthoids), saprophytophagous or saproxylophagous (Cetoniidae). Initial 
research has shown that in the forms of phytophagous and saproxylophagous 
larvae, egg-laying can include about 100 eggs placed directly in the soil or in the 
wood, sometimes with the aid of an auger [40]. According to field investigations, 
Meddich and Boumezzough [12] observed the theft of a number of scarabaeidae 
beetles from the Cetoniidae family, but linking the larvae harvested at the level of 
the palm crown and the adults captured on the flight seems to be an illusory thing 
especially since all the larvae of Coleoptera belonging to the family Scarabaeidae 
were similar and that the systematic identification at the generic and specific 
level requires a rearing of the larvae under appropriate conditions of temperature 
and humidity for obtaining the adult. The ultimate stage of development of this 
Scarabaeidae and whose characteristics were indispensable for the identification 
of specimens. The evolution of the larvae is carried out at the base of the palms 
and rachis weakened and attacked by saprophytic fungi, which can lead to the 
appearance of rot and the dieback of the weakened palm [12]. Their presence at 
the top of the palm can also be explained by the fact that this beetle found an ideal 
biotope for the proliferation of larvae. Probably the adult manages to lay his eggs 
at the base of the weakened rachis and continues its development process while 
damaging the foliar bases as well as the heart of the palm. The larvae of this insect 
developing in the crown of the stem can infect the whole leaf mass and cause 
the crown tilt, which can be fatal to the palm. It should be noted that important 
attacks are observed at the palms base, at the crown; Attacks marked by the 
formation of galleries with a rejection of sawdust and dejections of white grubs 
(Figure 4) [12].
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3.3 Breeding of larva and nymphs

After one month of larval rearing, the majority of stage III (L3) larvae are trans-
formed into nymphs (the last stage before adult release) [12]. At the end of the last 
stage of development, the larva becomes more yellowish (accumulation of adipose 
tissue to the detriment of the stercoral volume of the rectal sac). The premymphal 
phase lasts a few days during which the elderly larva (L3) no longer feeds and 
migrates to the bottom of the substratum to build a pupal cocoon, which it generally 
chooses to make against a support (Figure 5).

Pupation occurs in the dorsal position since the larvae move on the back, which 
distinguishes them from Oryctes larvae (Rhinoceros). In general, its cycle develop-
ment from the egg to the imago known to be set on one year [40]. However, its meta-
bolic activity is closely related to the ambient temperature, the low temperatures slow 
down this passage, which may last 2 years [40]. The oases, Moroccan as already said 
are relatively warm, which could privilege this passage. The nymph of brown-orange 
color has appendages entirely free and folded down on its ventral surface. During this 
critical phase of development, the insect does not feed, its mobility is very limited 
and it is very dependent on the conditions of the environment (temperature, humid-
ity and predation). During this passive stage of development, the nymph gradually 
acquires a darker color. This pigmentation is perfected in the days before the molt. On 
the occasion of this final metamorphosis, the insect takes a ventral position, in order 
to facilitate the deployment of wings and elytra. Its tissues harden progressively in the 
presence of oxygen from the air. After gaining greater rigidity, the adult perforates its 
cocoon and migrates to the surface of the substrate in order to begin its phase of aerial 
life. The adult that has just hatched is sometimes still a little soft and often presents 
colors less sustained and clearer than its older congeners (Figure 6) [12].

Examination of adults under binocular loupe and using a dichotomous key 
and reference collections from the laboratory led us to the species of Coleoptera 
Scarabaeidae: Potosia opaca var. Cardui Gyllenhal. This species varies greatly in size 
(from 14 to 24 mm), its morphology with the sides of the pronotum, which can 

Figure 5. 
Observed cocoons (A) and nymphs (B).

Figure 4. 
Larvae found in the palm crown (P. canariensis) (A) and (B) larvae, (C) leaf base.

497

Use of Olive Mill Wastewaters as Bio-Insecticides for the Control of Potosia Opaca in Date Palm…
DOI: http://dx.doi.org/10.5772/intechopen.93537

be weakly indented before the posterior angles, or not indented. The, the general 
coloring on the topis black, passes more rarely to the black green (typical form) and 
even to bronze and green with coppery metallic reflection. On the underside, the 
color is sometimes black, sometimes bluish, or sometimes greenish or white.

Systematic
Hexapoda (Insecta)
Coleoptera,
Scarabaeidae
Cetoniini
Potosia opaca Fabricius.

3.4 Olive mill wastewater characteristics

3.4.1 Physicochemical characteristics of crude OMW

Table 2 shows the physicochemical characteristics of the OMW according to 
Boutaj et al. [31]. In addition, these effluents have an acidic pH of 4.7, a high electrical 
conductivity of 23.5 mS/cm, a residual oil of 2.2 g/L, a high polyphenol content of 
8.38 g GAE/L of crude OMW, and an average dry matter content of 94.86 g/L.

3.4.2 Identification and quantification of OMW phenolic compounds

As described by Boutaj et al. [31], OMW present a high phenol content. Table 3 
summarizes the qualification and quantification of these principal phenolic com-
pounds identified by HPLC analysis. Based on comparisons of their retention times 
and their UV spectra with standards analyzed under the same conditions, 10 free 
compounds were provisionally identified and quantified in crude OMW (Table 3). 
HPLC analysis revealed that the two main monomeric phenolic compounds in OMW 
were hydroxytyrosol (0.248 g/L) and tyrosol (0.201 g/L).

3.5 Olive mill wastewater as bio-insecticides to control P. OPACA

3.5.1 Weight loss of treated larvae

The effect of OMW spray on the larvae was significantly important com-
pared to the control larvae sprayed with distilled water (Figure 7). Over time, 
larvae treated with OMW showed a significant weight loss from 2.38 to 2.02 g 
after 216 h. In contrast, the negative control was increased from 2.38 to 2.45 g 
after 168 h, and then decreased slightly from 2.41 to 2.39 g from 192 to 456 h. 
In comparison with the crude OMW and the negative control, the two positive 
controls (Cordus and Kemaban) showed a significant difference (Figure 7). 
Indeed, Cordus is a very effective insecticide resulting from the combination of 

Figure 6. 
Adult observed in its damaged cocoon (A), (B) and (C) free adults.
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Coleoptera,
Scarabaeidae
Cetoniini
Potosia opaca Fabricius.

3.4 Olive mill wastewater characteristics

3.4.1 Physicochemical characteristics of crude OMW

Table 2 shows the physicochemical characteristics of the OMW according to 
Boutaj et al. [31]. In addition, these effluents have an acidic pH of 4.7, a high electrical 
conductivity of 23.5 mS/cm, a residual oil of 2.2 g/L, a high polyphenol content of 
8.38 g GAE/L of crude OMW, and an average dry matter content of 94.86 g/L.

3.4.2 Identification and quantification of OMW phenolic compounds

As described by Boutaj et al. [31], OMW present a high phenol content. Table 3 
summarizes the qualification and quantification of these principal phenolic com-
pounds identified by HPLC analysis. Based on comparisons of their retention times 
and their UV spectra with standards analyzed under the same conditions, 10 free 
compounds were provisionally identified and quantified in crude OMW (Table 3). 
HPLC analysis revealed that the two main monomeric phenolic compounds in OMW 
were hydroxytyrosol (0.248 g/L) and tyrosol (0.201 g/L).

3.5 Olive mill wastewater as bio-insecticides to control P. OPACA

3.5.1 Weight loss of treated larvae

The effect of OMW spray on the larvae was significantly important com-
pared to the control larvae sprayed with distilled water (Figure 7). Over time, 
larvae treated with OMW showed a significant weight loss from 2.38 to 2.02 g 
after 216 h. In contrast, the negative control was increased from 2.38 to 2.45 g 
after 168 h, and then decreased slightly from 2.41 to 2.39 g from 192 to 456 h. 
In comparison with the crude OMW and the negative control, the two positive 
controls (Cordus and Kemaban) showed a significant difference (Figure 7). 
Indeed, Cordus is a very effective insecticide resulting from the combination of 

Figure 6. 
Adult observed in its damaged cocoon (A), (B) and (C) free adults.
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two active substances, whose weight loss was similar to that of OMW for the two 
doses applied. The greatest weight loss over the first three days compared to the 
other treatments was achieved at a dose of 1 μL/mL, which resulted from the slow 
decrease in weight. Then, a more or less similar weight loss was observed for both 
doses. Kemaban insecticide is formed by a single active substance and resulted in 
significant weight loss at both doses compared to control and other treatments 
(Cordus and OMW) (Figure 7). Significant weight loss was seen during the 
first 4 days at a dose of 1 μL/mL of Cordus compared to 0.5 μL/mL of Kemaban. 
Thereafter, weight loss was found to be almost similar until 174 h, and then 
became slight and stable at a dose of 1 μL/mL until 224 h. The stability was the 
result of larval death.

3.5.2 Mortality rate of treated larvae

Mortality due to crude OMW was 33, 67 and 100% at 216, 224 and 456 h, 
respectively (Table 4). In the same way, Kemaban exhibited 33% mortality at 192 
and 174 h with application of doses of 0.5 and 1 μL/mL, respectively. The mortality 

Figure 7. 
Weight loss of P. opaca larvae treated with crude OMW and different doses of commercial insecticides.

Peak Retention time 
(min)

Area 
(mAU)

Concentration 
(g/L)

Compounds

1 3.950 654.660 0.146 Gallic acid

2 9.967 3191.702 0.248 Hydroxytyrosol

3 13.317 2005.142 0.201 Tyrosol

4 14.450 53.766 0.122 Hydroxybenzoic acid

5 15.167 186.037 0.128 4-dihydroxybenzoic acid

6 16.117 102.685 0.124 Vanillic acid

7 17.317 42.461 0.122 Caffeic acid

8 22.250 53.637 0.122 Coumaric acid

9 30.933 39.469 0.122 Oleuropein

10 44.417 674.747 0.147 Quercetin

Table 3. 
OMW phenolic compounds determined by HPLC.
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two active substances, whose weight loss was similar to that of OMW for the two 
doses applied. The greatest weight loss over the first three days compared to the 
other treatments was achieved at a dose of 1 μL/mL, which resulted from the slow 
decrease in weight. Then, a more or less similar weight loss was observed for both 
doses. Kemaban insecticide is formed by a single active substance and resulted in 
significant weight loss at both doses compared to control and other treatments 
(Cordus and OMW) (Figure 7). Significant weight loss was seen during the 
first 4 days at a dose of 1 μL/mL of Cordus compared to 0.5 μL/mL of Kemaban. 
Thereafter, weight loss was found to be almost similar until 174 h, and then 
became slight and stable at a dose of 1 μL/mL until 224 h. The stability was the 
result of larval death.

3.5.2 Mortality rate of treated larvae

Mortality due to crude OMW was 33, 67 and 100% at 216, 224 and 456 h, 
respectively (Table 4). In the same way, Kemaban exhibited 33% mortality at 192 
and 174 h with application of doses of 0.5 and 1 μL/mL, respectively. The mortality 

Figure 7. 
Weight loss of P. opaca larvae treated with crude OMW and different doses of commercial insecticides.
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Area 
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Concentration 
(g/L)

Compounds

1 3.950 654.660 0.146 Gallic acid

2 9.967 3191.702 0.248 Hydroxytyrosol

3 13.317 2005.142 0.201 Tyrosol

4 14.450 53.766 0.122 Hydroxybenzoic acid

5 15.167 186.037 0.128 4-dihydroxybenzoic acid

6 16.117 102.685 0.124 Vanillic acid

7 17.317 42.461 0.122 Caffeic acid

8 22.250 53.637 0.122 Coumaric acid

9 30.933 39.469 0.122 Oleuropein

10 44.417 674.747 0.147 Quercetin

Table 3. 
OMW phenolic compounds determined by HPLC.

499

Use of Olive Mill Wastewaters as Bio-Insecticides for the Control of Potosia Opaca in Date Palm…
DOI: http://dx.doi.org/10.5772/intechopen.93537

T
im

e a
ft

er
 tr

ea
tm

en
t (

H
ou

r)

T
re

at
m

en
t

0
14

4
14

6
17

4
19

2
19

8
21

6
21

8
22

4
28

8
45

6

Co
nt

ro
l

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

Cr
ud

e O
M

W

95
 m

g/
m

L
0.

00
0.

00
0.

00
0.

00
0.

00
0.

00
33

.3
3

33
.3

3
66

.6
7

66
.6

7
10

0

Co
rd

us

0.
5 μ

L/
m

L
0.

00
0.

00
33

.3
3

66
.6

7
66

.6
7

66
.6

7
10

0
10

0
10

0
10

0
10

0

1 μ
L/

m
L

0.
00

33
.3

3
33

.3
3

66
.6

7
66

.6
7

10
0

10
0

10
0

10
0

10
0

10
0

Ke
m

ab
an

0.
5 μ

L/
m

L
0.

00
0.

00
0.

00
0.

00
33

.3
3

33
.3

3
33

.3
3

66
.6

7
10

0
10

0
10

0

1 μ
L/

m
L

0.
00

0.
00

0.
00

33
.3

3
33

.3
3

66
.6

7
66

.6
7

10
0

10
0

10
0

10
0

Ta
bl

e 
4.

 
Pe

rc
en

ta
ge

 o
f d

ea
d 

Po
to

sia
 o

pa
ca

 la
rv

ae
 fo

r e
ac

h 
tr

ea
tm

en
t.



Biotechnological Applications of Biomass

500

rate was 100% when larvae were treated with Kemaban at 218 and 216 h for 0.5 
and 1 μL/mL, respectively. Otherwise, mortality of larvae treated with Cordus was 
significantly higher compared to other treatments. After 144 and 146 h, the effect 
began with doses of 1 and 0.5 μL/mL, respectively. However, larvae treated with 
OMW, Kemaban and Cordus started to die for the first time from day 9, 8 and 6 
respectively. In contrast, the two commercial insecticides caused 100% mortality 
within 8 (Cordus) and 9 (Kemaban) days for all doses tested, compared to OMW 
which showed 33 and 100% mortality after 9 and 19 days, respectively.

3.5.3 Spray toxicity bioassay

Boutaj et al. [31] reported that OMW showed insecticidal activity to control P. 
opaca larvae with LT50 and LT90 values of 245 h and 324 h, respectively (Table 5). 
Furthermore, a positive correlation was found between treatments and the dura-
tion of exposure (Letal time to kill 50% and 90% of the population). The highest 
efficiency was recorded for Cordus insecticide with LT50 of 160 h and 173 h for 1 and 
0.5 μL/mL doses, respectively and LT90 of 199 h and 211 h for 1 and 0.5 μL/mL doses, 
respectively. Median lethal times (LT50 and LT90) generally decrease when insecticide 
concentrations increase. The least effectiveness was observed in P. opaca larvae for 
crude OMW. However, the results were close to Kemaban at a dose of 0.5 μL/mL.

4. Discussion

The palm represents the symbolism of life in the arid and semi-arid area and 
being one of the oldest domesticated trees with multifold social and economical 
status [41, 42]. The P. dactylifera is a former species, which constitutes the pivot of 
the oasis agriculture in the south of Morocco. Out of an overall area estimated at 
84500 ha in 1948, the Moroccan palm groves in 1994 covered an area of 44,450 ha 
occupied by a total of 4.42 million palm trees [9]. This population is currently 
estimated at 5.12 million palms on an area of 48,000 ha. The importance of the 
palm by province showed that the provinces of Ouarzazate (1,873,000 palm trees), 
Errachidia (1,250,000), Tata (Bani) (800,000), Marrakesh (799,000), Tiznit 
(139,140), Guelmime (138,000) and Figuig (125,500) were the most important 

Treatments LT50(h)
(95% CL)a

LT90 (h)
(95% CL)a

Slope ± SEb χ2 Dfc

Crude OMW

95 mg/mL 245.39 (224.25–326.42) 323.86 (281.69–568.58) 0.01 ± 0.01 2.17 4

Cordus

0.5 μL/mL 172.85 (128.56–201.58) 211.00 (188.72–383.17) 0.02 ± 0.01 1.98 4

1 μL/mL 160.02 (66.13–184.92) 199.23 (177.22–430.20) 0.02 ± 0.01 1.30 4

Kemaban

0.5 μL/mL 208.01 (173.03–249.35) 233.91 (217.58–623.46) 0.04 ± 0.24 2.52 4

1 μL/mL 197.53 (164.23–237.69) 228.65 (209.02–507.80) 0.02 ± 0.02 2.07 4
a95% lower and upper confidence limits are shown in parenthesis.
bSE, standard error.
cDf, degree of freedom.

Table 5. 
LT50 and LT90 values of OMW and two positive controls applied by using spray toxicity bioassay to control 
Potosia opaca larvae.
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and thus constitute the largest phoenicultural areas (quoted by Sedra (2003) and 
updated by Meddich [43]. Meddich and Boumezzough [12] note that the prospected 
and infected P. canariensis palms were cultivated and located in the North-East palm 
grove of Marrakesh. This will allow exchanges of attacks between the two palm 
species studied. For the oasis ecosystem, the problem will cause a lot of damage 
and a serious socio-economical problem. Moroccan palms suffer from invasions by 
larvae and adults of Rhinoceros Borer; this is the case in Tunisia, the Middle East and 
Iran [33]. In Morocco, no R. Borer larvae or adults were found; also, the colonization 
of the wounds by the saprophytic fungi can lead to the appearance of rot and the 
dieback of the weakened palm. According to INRA (Institut National de Recherche 
Agronomique) reports and their research axis developed on P. opaca in oases newly 
identified in Morocco by Meddich and Boumezzough [12]. Tauzin [40] indicated 
the presence of this species in Anti-Atlas (Ifni, Tiznit), middle and southern of 
Morocco. The presence of P. opaca in the crown of the P. canariensis and P. dactylifera 
palm which can be explained only by the fact that adults have found an ideal biotope 
for egg laying and larval development. Meddich and Boumezzough [12] showed 
that P. opaca occurred in decaying wood of and P. dactylifera, also, where they con-
sumed the wood and promote more rapid decay and laid their eggs in the hollows of 
branches. The finding of Meddich and Boumezzough [12] was supported by Mico 
and Galante [36]. Besides, adults of the Cetoniidae fly above the vault of the trees 
(including the palm tree) and feed on nectar plants and fruit trees and probably 
the inflorescences of the palm trees. In this way, it can be assumed that this species 
has undergone mutations by changing biotope and passing from saprophagous 
larvae (dead organic matter, compost) to saproxylophagous larvae (dead woods, 
rachis and dead and / or alive palms of the P. canariensis and P. dactylifera). As 
finding by Meddich and Boumezzough [12], P. opaca larvae was found of all studied 
sites. The phytophagous species (Scarabaeidae) were active at night. In the broad 
sense, saproxylophages cause damage by attacking either roots or leaves. Larvae 
(white worms) were generally the most harmful to palms. However, Meddich and 
Boumezzough [12] conclude that the degradation of the Moroccan palm grove may 
be linked to the attack of P. opaca larvae. They observed that the frequency of palms 
prospected and infected with P. opaca remains higher in the Marrakesh palm grove 
than in the south of Morocco. Date palm grove of Marrakesh is more confronted 
with anthropogenic constraints such as urban extension and air pollution by dust 
exceeding the tolerance threshold [43, 44]. Suspended particle concentrations in 
certain areas of Marrakesh are slightly above the limit value for health protection in 
Morocco [44]. This may induce the creation of biotopes necessary for the develop-
ment of P. opaca larvae in this city.

Many researches carried out in other countries have highlighted the danger of the 
red palm weevil for both species P. dactylifera and P. canariensis. In the Arab countries, 
the efforts deployed to control R. ferrugineus were based mainly on modified cultural 
practices, the application of traditional insecticides and traps that uses pheromones to 
lure R. ferrugineus [38]. Moreover, the control of P. opaca insect pests involves spread-
ing chemicals (in the form of toxic pellets) as uniformly as possible in areas where the 
larvae are causing damage. The elimination of diseased palms (attacked bylarvae) can 
reduce the spread of the pest and consequently limit the damage.

For preventive treatments of the aerial parts and the crown of the palm:

• Use Imidacloprid (200 g/L) by spraying at the crown (stipe, palm and heart) 2 
to 3 times every 3 months. It is a systemic insecticide for the selective control of 
scarabaeidae beetles.

• Spray acetamiprid 100 g/L at 2–3 times / year.
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rate was 100% when larvae were treated with Kemaban at 218 and 216 h for 0.5 
and 1 μL/mL, respectively. Otherwise, mortality of larvae treated with Cordus was 
significantly higher compared to other treatments. After 144 and 146 h, the effect 
began with doses of 1 and 0.5 μL/mL, respectively. However, larvae treated with 
OMW, Kemaban and Cordus started to die for the first time from day 9, 8 and 6 
respectively. In contrast, the two commercial insecticides caused 100% mortality 
within 8 (Cordus) and 9 (Kemaban) days for all doses tested, compared to OMW 
which showed 33 and 100% mortality after 9 and 19 days, respectively.

3.5.3 Spray toxicity bioassay

Boutaj et al. [31] reported that OMW showed insecticidal activity to control P. 
opaca larvae with LT50 and LT90 values of 245 h and 324 h, respectively (Table 5). 
Furthermore, a positive correlation was found between treatments and the dura-
tion of exposure (Letal time to kill 50% and 90% of the population). The highest 
efficiency was recorded for Cordus insecticide with LT50 of 160 h and 173 h for 1 and 
0.5 μL/mL doses, respectively and LT90 of 199 h and 211 h for 1 and 0.5 μL/mL doses, 
respectively. Median lethal times (LT50 and LT90) generally decrease when insecticide 
concentrations increase. The least effectiveness was observed in P. opaca larvae for 
crude OMW. However, the results were close to Kemaban at a dose of 0.5 μL/mL.

4. Discussion

The palm represents the symbolism of life in the arid and semi-arid area and 
being one of the oldest domesticated trees with multifold social and economical 
status [41, 42]. The P. dactylifera is a former species, which constitutes the pivot of 
the oasis agriculture in the south of Morocco. Out of an overall area estimated at 
84500 ha in 1948, the Moroccan palm groves in 1994 covered an area of 44,450 ha 
occupied by a total of 4.42 million palm trees [9]. This population is currently 
estimated at 5.12 million palms on an area of 48,000 ha. The importance of the 
palm by province showed that the provinces of Ouarzazate (1,873,000 palm trees), 
Errachidia (1,250,000), Tata (Bani) (800,000), Marrakesh (799,000), Tiznit 
(139,140), Guelmime (138,000) and Figuig (125,500) were the most important 

Treatments LT50(h)
(95% CL)a

LT90 (h)
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Slope ± SEb χ2 Dfc

Crude OMW

95 mg/mL 245.39 (224.25–326.42) 323.86 (281.69–568.58) 0.01 ± 0.01 2.17 4

Cordus

0.5 μL/mL 172.85 (128.56–201.58) 211.00 (188.72–383.17) 0.02 ± 0.01 1.98 4

1 μL/mL 160.02 (66.13–184.92) 199.23 (177.22–430.20) 0.02 ± 0.01 1.30 4

Kemaban

0.5 μL/mL 208.01 (173.03–249.35) 233.91 (217.58–623.46) 0.04 ± 0.24 2.52 4

1 μL/mL 197.53 (164.23–237.69) 228.65 (209.02–507.80) 0.02 ± 0.02 2.07 4
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and thus constitute the largest phoenicultural areas (quoted by Sedra (2003) and 
updated by Meddich [43]. Meddich and Boumezzough [12] note that the prospected 
and infected P. canariensis palms were cultivated and located in the North-East palm 
grove of Marrakesh. This will allow exchanges of attacks between the two palm 
species studied. For the oasis ecosystem, the problem will cause a lot of damage 
and a serious socio-economical problem. Moroccan palms suffer from invasions by 
larvae and adults of Rhinoceros Borer; this is the case in Tunisia, the Middle East and 
Iran [33]. In Morocco, no R. Borer larvae or adults were found; also, the colonization 
of the wounds by the saprophytic fungi can lead to the appearance of rot and the 
dieback of the weakened palm. According to INRA (Institut National de Recherche 
Agronomique) reports and their research axis developed on P. opaca in oases newly 
identified in Morocco by Meddich and Boumezzough [12]. Tauzin [40] indicated 
the presence of this species in Anti-Atlas (Ifni, Tiznit), middle and southern of 
Morocco. The presence of P. opaca in the crown of the P. canariensis and P. dactylifera 
palm which can be explained only by the fact that adults have found an ideal biotope 
for egg laying and larval development. Meddich and Boumezzough [12] showed 
that P. opaca occurred in decaying wood of and P. dactylifera, also, where they con-
sumed the wood and promote more rapid decay and laid their eggs in the hollows of 
branches. The finding of Meddich and Boumezzough [12] was supported by Mico 
and Galante [36]. Besides, adults of the Cetoniidae fly above the vault of the trees 
(including the palm tree) and feed on nectar plants and fruit trees and probably 
the inflorescences of the palm trees. In this way, it can be assumed that this species 
has undergone mutations by changing biotope and passing from saprophagous 
larvae (dead organic matter, compost) to saproxylophagous larvae (dead woods, 
rachis and dead and / or alive palms of the P. canariensis and P. dactylifera). As 
finding by Meddich and Boumezzough [12], P. opaca larvae was found of all studied 
sites. The phytophagous species (Scarabaeidae) were active at night. In the broad 
sense, saproxylophages cause damage by attacking either roots or leaves. Larvae 
(white worms) were generally the most harmful to palms. However, Meddich and 
Boumezzough [12] conclude that the degradation of the Moroccan palm grove may 
be linked to the attack of P. opaca larvae. They observed that the frequency of palms 
prospected and infected with P. opaca remains higher in the Marrakesh palm grove 
than in the south of Morocco. Date palm grove of Marrakesh is more confronted 
with anthropogenic constraints such as urban extension and air pollution by dust 
exceeding the tolerance threshold [43, 44]. Suspended particle concentrations in 
certain areas of Marrakesh are slightly above the limit value for health protection in 
Morocco [44]. This may induce the creation of biotopes necessary for the develop-
ment of P. opaca larvae in this city.

Many researches carried out in other countries have highlighted the danger of the 
red palm weevil for both species P. dactylifera and P. canariensis. In the Arab countries, 
the efforts deployed to control R. ferrugineus were based mainly on modified cultural 
practices, the application of traditional insecticides and traps that uses pheromones to 
lure R. ferrugineus [38]. Moreover, the control of P. opaca insect pests involves spread-
ing chemicals (in the form of toxic pellets) as uniformly as possible in areas where the 
larvae are causing damage. The elimination of diseased palms (attacked bylarvae) can 
reduce the spread of the pest and consequently limit the damage.

For preventive treatments of the aerial parts and the crown of the palm:

• Use Imidacloprid (200 g/L) by spraying at the crown (stipe, palm and heart) 2 
to 3 times every 3 months. It is a systemic insecticide for the selective control of 
scarabaeidae beetles.

• Spray acetamiprid 100 g/L at 2–3 times / year.
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• Also, use entomo-pathogenic nematodes with a dose of 180 million nematodes 
per 100 L of water, which act by reducing the size of the larvae and conse-
quently affect the number of female adults capable of laying the eggs.

• Trapping control using pheromones. The use of such specific substances for 
sexual confusion may be a means.

Efforts now focus on the development of integrated pest management methods 
based on biological control and pheromone traps rather than on conventional insec-
ticides [45]. Since it is an internal tissue borer, R. ferrugineus is difficult to control 
in the early stage of attack [38–46]. Initial efforts to control red palm weevil in the 
Kingdom of Saudi Arabia using chemical insecticides were failed [47]. An inte-
grated pest management strategy, developed in India, has successfully suppressed 
the pest in the date plantations in the Kingdom of Saudi Arabia [38]. The strategy is 
modeled on the lines of tackling the pest on coconut. The pheromone traps has been 
used successfully to monitor and mass attract the pest, and it could be considered as 
the core of in any integrated pest management [48–50].

There is a great danger from chemicals such as insecticides and fungicides in 
human’s food and animal use. Recognizing this real danger, farmers and consumers 
turned their efforts to environmental and eco-friendly practices by using as well as 
consuming biological and healthy products. The polyphenols are natural molecules 
present in OMW from the olive fruit which could be an alternative and an asset 
for pest control. However, the amount of OMW polyphenols may vary based on 
multitude factors, such as climatic conditions, olive variety and fruit ripening stage 
as well as the harvest period [51–53]. The OMW phenolic compounds content, can 
be considerably affected by the technological processes used for olive oil extraction 
[54]. In this context, the phenolic compounds content of OMW which, presented 
potential insecticidal activity has been assessed and investigated by Boutaj et al. 
[31] in view to develop new valorization strategies. Additionally, an application of 
a hydroxytyrosol-rich OMW extract by spraying it against olive psyllid (Euphyllura 
olivine), in a drip-irrigated olive orchard for evaluating the insecticidal activity of 
OMW, was carried out in 2008 and 2009 [29]. The extract from OMW had a strong 
insecticidal activity control this insect when the applied concentration was 2 g/L. 
In addition, the authors observed a significant biocide effect depending on OMW 
phenolic extracts concentration on E. olivina larvae as well as adults. Indeed, OMW 
showed similar toxicity to the Kemaban insecticide at 0.5 μL/mL dose. Nevertheless, 
it is clear that the obtained results were attributed to the chemical molecules that 
contain the two commercial insecticides. Cordus presents two active molecules 
namely chlorpyriphos ethyl and cypermethrin. As for Kemaban contains a single 
active molecule which, is chlorpyriphos ethyl. These molecules act on the spread of 
nerve impulses along the axon (cypermethrin action) and inhibit the acetylcholine 
esterase by blocking the transmission of the nerve flux (chlorpyriphos ethyl action) 
[55, 56]. The main mechanisms which explain the OMW’s biocide effect on invasive 
species in general including insects are not clarified. It has been suggested that the 
transmission of the nerve flux may be blocked by the high phenolic compounds 
content in OMW [57, 58]. A significant inhibition of acetylcholine esterase activ-
ity in a marine mollusk (Mytilusgallo provincialis) has been reported by Danellakis 
et al. [57] after exposition to OMW. While, Campani et al. [58] reported that the 
inhibition of acetylcholine esterase may be attributed to the potential presence 
in OMW of organophosphates and carbamates, two pesticides which, are strong 
inhibitors of acetylcholine esterase activity and commonly used to treat the olive 
fruit fly (Bactroceraoleae). However, the authors did not dismiss the inhibition 
of acetylcholine esterase possible which, could be explained, by the phenolic 
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compounds as well as metals and ammonia contained in OMW. Thus, the used 
OMW crude showed a toxic effect on P. opaca larvae. Danellakis et al. [57] noted that 
the toxicity is provided by the phenolic compounds and trace metals contained in 
OMW. Furthermore, Barbera et al. [59] showed that during their growth cycle, no 
phytotoxic effects were observed when OMW were applied on crops. This is related 
to plant phenological stage, the application modalities and the applied doses. The 
absence of harmful residues is the main advantage of OMW application to control 
plant pests as well as pathogens. Therefore, we can assume that there will be no need 
for a preharvest interval on crops, after the application of OMW.

5. Conclusions and future directives

In this chapter, we present a new eco-friendly approach to control the spreading 
of P. opaca which started in Morocco. Microbiological analysis show the presence 
of saprophytic fungi and genus Fusarium with a non-virulent strain. On the other 
hand, the two insecticides used separately and crude OMW are toxic on P. opaca var. 
Cardui Gyllenhal larvae. These results are promising and suggest the possibility of 
using OMW due to their high content of phenolic compounds as a means of biologi-
cal control to overcome environmental problems caused by synthetic pesticides. 
The OMW and their phenolic extract compounds could be used in agricultural 
systems. Moreover, focused field researches (each plant-pathogen system) could 
be carried out to understand and evaluate the effects of OMW on specific in situ 
pest problems. Based on the main findings, it is clear that OMW may contribute 
to improve the date palm protection to control P. opaca and could be used as bio-
insecticides. Nevertheless, OMW could be used safely as a challenge to control 
plant pest without affecting negatively the soil and plants. Besides, the use of OMW 
combined with other pest bio-control practical methods which could be a sustain-
able approach to minimize the potential risks. In this context and to understand 
the beneficial effects of OMW, more investigations could be required to assess the 
feasibility of OMW application in bio-controlled systems at large-scale, and deter-
mining the limitations and advantages on the long term. Further, research works are 
needed to test, besides crude OMW, pretreated OMW (ultra-filtered or heated) and 
its phenolic extracts as biodegradable pesticides.
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turned their efforts to environmental and eco-friendly practices by using as well as 
consuming biological and healthy products. The polyphenols are natural molecules 
present in OMW from the olive fruit which could be an alternative and an asset 
for pest control. However, the amount of OMW polyphenols may vary based on 
multitude factors, such as climatic conditions, olive variety and fruit ripening stage 
as well as the harvest period [51–53]. The OMW phenolic compounds content, can 
be considerably affected by the technological processes used for olive oil extraction 
[54]. In this context, the phenolic compounds content of OMW which, presented 
potential insecticidal activity has been assessed and investigated by Boutaj et al. 
[31] in view to develop new valorization strategies. Additionally, an application of 
a hydroxytyrosol-rich OMW extract by spraying it against olive psyllid (Euphyllura 
olivine), in a drip-irrigated olive orchard for evaluating the insecticidal activity of 
OMW, was carried out in 2008 and 2009 [29]. The extract from OMW had a strong 
insecticidal activity control this insect when the applied concentration was 2 g/L. 
In addition, the authors observed a significant biocide effect depending on OMW 
phenolic extracts concentration on E. olivina larvae as well as adults. Indeed, OMW 
showed similar toxicity to the Kemaban insecticide at 0.5 μL/mL dose. Nevertheless, 
it is clear that the obtained results were attributed to the chemical molecules that 
contain the two commercial insecticides. Cordus presents two active molecules 
namely chlorpyriphos ethyl and cypermethrin. As for Kemaban contains a single 
active molecule which, is chlorpyriphos ethyl. These molecules act on the spread of 
nerve impulses along the axon (cypermethrin action) and inhibit the acetylcholine 
esterase by blocking the transmission of the nerve flux (chlorpyriphos ethyl action) 
[55, 56]. The main mechanisms which explain the OMW’s biocide effect on invasive 
species in general including insects are not clarified. It has been suggested that the 
transmission of the nerve flux may be blocked by the high phenolic compounds 
content in OMW [57, 58]. A significant inhibition of acetylcholine esterase activ-
ity in a marine mollusk (Mytilusgallo provincialis) has been reported by Danellakis 
et al. [57] after exposition to OMW. While, Campani et al. [58] reported that the 
inhibition of acetylcholine esterase may be attributed to the potential presence 
in OMW of organophosphates and carbamates, two pesticides which, are strong 
inhibitors of acetylcholine esterase activity and commonly used to treat the olive 
fruit fly (Bactroceraoleae). However, the authors did not dismiss the inhibition 
of acetylcholine esterase possible which, could be explained, by the phenolic 
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compounds as well as metals and ammonia contained in OMW. Thus, the used 
OMW crude showed a toxic effect on P. opaca larvae. Danellakis et al. [57] noted that 
the toxicity is provided by the phenolic compounds and trace metals contained in 
OMW. Furthermore, Barbera et al. [59] showed that during their growth cycle, no 
phytotoxic effects were observed when OMW were applied on crops. This is related 
to plant phenological stage, the application modalities and the applied doses. The 
absence of harmful residues is the main advantage of OMW application to control 
plant pests as well as pathogens. Therefore, we can assume that there will be no need 
for a preharvest interval on crops, after the application of OMW.

5. Conclusions and future directives

In this chapter, we present a new eco-friendly approach to control the spreading 
of P. opaca which started in Morocco. Microbiological analysis show the presence 
of saprophytic fungi and genus Fusarium with a non-virulent strain. On the other 
hand, the two insecticides used separately and crude OMW are toxic on P. opaca var. 
Cardui Gyllenhal larvae. These results are promising and suggest the possibility of 
using OMW due to their high content of phenolic compounds as a means of biologi-
cal control to overcome environmental problems caused by synthetic pesticides. 
The OMW and their phenolic extract compounds could be used in agricultural 
systems. Moreover, focused field researches (each plant-pathogen system) could 
be carried out to understand and evaluate the effects of OMW on specific in situ 
pest problems. Based on the main findings, it is clear that OMW may contribute 
to improve the date palm protection to control P. opaca and could be used as bio-
insecticides. Nevertheless, OMW could be used safely as a challenge to control 
plant pest without affecting negatively the soil and plants. Besides, the use of OMW 
combined with other pest bio-control practical methods which could be a sustain-
able approach to minimize the potential risks. In this context and to understand 
the beneficial effects of OMW, more investigations could be required to assess the 
feasibility of OMW application in bio-controlled systems at large-scale, and deter-
mining the limitations and advantages on the long term. Further, research works are 
needed to test, besides crude OMW, pretreated OMW (ultra-filtered or heated) and 
its phenolic extracts as biodegradable pesticides.
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Fungal Biomass Load and 
Aspergillus flavus in a Controlled 
Environment
Alfred Mitema and Naser Aliye Feto

Abstract

Fungal biomass quantification is critical in understanding the interactions 
between the pathogen and susceptibility or resistance of the host plant as well as 
identifying competition between individual fungal spp. in disease progression. In 
the present chapter, two maize lines grown in different climatic regions of Kenya 
were infected with an aflatoxigenic A. flavus isolate (KSM014) and fungal coloniza-
tion of the maize plant tissues was monitored by measuring fungal biomass load 
after 14 days in a controlled environment. The objective of the study was to deter-
mine whether the maize line colonized was a factor in increasing or limiting the 
growth of an aflatoxigenic strain of Aspergillus flavus.

Keywords: fungi, Aspergillus flavus, aflatoxins, maize lines

1. Introduction

Fungal biomass quantification is critical in understanding the interactions between 
the pathogen and susceptibility or resistance of the host plant in identification and 
competition in individual species of fungi in diseases progression [1].

The quantification and detection of biomass of fungi in plant host tissues have 
been conducted using polymerase chain reaction methods [2, 3]. Some authors, 
Sanzani et al. [2] showed that, the sensitivity of quantitative polymerase chain 
reaction (qPCR) can be applied to measure infections at very low volumes, thus, 
corresponding to the quantity of the pathogen that might be present during the 
latent or time of and or at asymptomatic infections. qPCR also enables the evalua-
tion of stages of infection in plant tissues and the quantification of a fungal patho-
gen throughout the entire disease cycle [2].

Coninck et al. [1] developed a qPCR assay for detection and quantification of 
Cercospora beticola fungi in leaves of sugar beet. Moreover, Waalwijk and co-workers 
[4], using a gene involved in fumonisin biosynthesis developed a qPCR assay to 
quantify and detect fumonisin producing Fusarium verticillioides strains from maize 
obtained from South African subsistence farmers. These results were then compared 
to the fungal DNA content and with the fumonisin levels of the respective F. verticil-
lioides strain. A qPCR assay was also developed by Nicolaisen et al. [5] using Ef1ɑ for 
quantification and detection of 11 Fusarium spp. isolated from field materials associ-
ated with wheat and maize. Similarly, Korsman and co-workers [6], demonstrated 
the use of qPCR assay for detection and quantification of Gray leaf spot disease in 
maize leaves using cytochrome P450 reductase gene. These studies demonstrated 
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the pathogen and susceptibility or resistance of the host plant in identification and 
competition in individual species of fungi in diseases progression [1].

The quantification and detection of biomass of fungi in plant host tissues have 
been conducted using polymerase chain reaction methods [2, 3]. Some authors, 
Sanzani et al. [2] showed that, the sensitivity of quantitative polymerase chain 
reaction (qPCR) can be applied to measure infections at very low volumes, thus, 
corresponding to the quantity of the pathogen that might be present during the 
latent or time of and or at asymptomatic infections. qPCR also enables the evalua-
tion of stages of infection in plant tissues and the quantification of a fungal patho-
gen throughout the entire disease cycle [2].

Coninck et al. [1] developed a qPCR assay for detection and quantification of 
Cercospora beticola fungi in leaves of sugar beet. Moreover, Waalwijk and co-workers 
[4], using a gene involved in fumonisin biosynthesis developed a qPCR assay to 
quantify and detect fumonisin producing Fusarium verticillioides strains from maize 
obtained from South African subsistence farmers. These results were then compared 
to the fungal DNA content and with the fumonisin levels of the respective F. verticil-
lioides strain. A qPCR assay was also developed by Nicolaisen et al. [5] using Ef1ɑ for 
quantification and detection of 11 Fusarium spp. isolated from field materials associ-
ated with wheat and maize. Similarly, Korsman and co-workers [6], demonstrated 
the use of qPCR assay for detection and quantification of Gray leaf spot disease in 
maize leaves using cytochrome P450 reductase gene. These studies demonstrated 
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the potential use of qPCR for detection and quantification of fungal pathogens and 
for probable selection of resistant plant cultivars in breeding lines. This also helps 
in understanding the processes involved in infection in a host-pathogen system and 
providing information on the bioecology [7, 8].

Mayer et al. [9] and Jurado et al. [10] used single copy mycotoxin biosynthetic 
genes to develop PCR assays for detecting mycotoxigenic fungi. Assay sensitivity 
increased when ITS1 and ITS2 spacer regions were included as, these regions have 
sufficient variability to enable discrimination of closely related species in the genus 
Aspergillus [11]. Subsequently, these regions have been successfully used for detec-
tion and identification of aflatoxigenic Aspergillus spp. [12, 13].

The objective of this study was to develop a sensitive, specific qPCR assay for 
quantifying A. flavus biomass in infected maize tissues. The assay was used to mea-
sure, the sensitivity of two dry land African maize lines grown in Kenya KDV1 and 
GAF4, when infected with an aflatoxigenic isolate (KSM014). Similar studies have 
been done with other fungal species, but this study is the first where the biomass of 
A. flavus from infected maize was detected and quantified with qPCR. This approach 
also could be used to discriminate between inbred maize lines that are sensitive or 
resistant to specific A. flavus strains and to help understand the mechanism of the 
maize defense response to A. flavus.

2. Materials and methods

2.1 Cultures of fungi

The aflatoxigenic A. flavus KSM014 isolate was cultivated and maintained as 
described previously [14] and thereafter stored as spore suspension in 15% glycerol 
for short term storage at −20°C or for long term storage at −80°C prior to DNA/RNA 
extraction.

2.2 Maize cultivars

GAF4 maize lines and KDV1 varieties were obtained from Kenya Agricultural and 
Livestock Research Organization (KALRO), Kenya. The selection of the varieties are 
focused mainly on their drought tolerance and the agro-ecological zones in which they 
were grown. Striga tolerant variety (GAF4) is produced by KALRO Kibos, Kisumu 
County. GAF4 is cultivated in Homa Bay, Kisumu and Busia counties [15]. The Kenya 
Dryland Varieties 1 is an open pollinated hybrid recommended for medium to low 
altitude areas. KDV1 is drought tolerant, matures early and produce flowers after ger-
mination between 45 and 52 days. It is mainly cultivated in Homa Bay and Makueni 
regions (http://drylandseed.com).

2.3 Media preparation and reagents

Phytagel, Nicotinic acid, Glycine, Thiamine hydrochloride, Murashige and 
Skoog medium (MS), Potassium hydroxide, Pyridoxine hydrochloride and Myo-
inositol were from Sigma-Aldrich (USA). MS vitamins; 5 g myo-inositol, 500 mg 
Thiamine-HCl, 500 mg pyridoxine-HCl, 250 mg nicotinic acid and 100 mg glycine 
were filter sterilized after preparation in distilled water and thereafter stored at 
−20°C according to the instructions of the manufacturer’s (Sigma-Aldrich, USA). 
The modified MS media was briefly prepared, 2.15 g MS salt was dissolved in sterile 
H2O, thereafter, 10 ml MS vit. added and pH 5.7 adjusted using 1 M KOH and vol-
ume further adjusted to 1 l using sterile H2O. 5 g of phytagel was added to MS media 
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and heated in microwave to dissolve the salts. Fifty milliliters of the media was 
dispensed into tissue culture bottles, autoclaved and thereafter, cooled in the level 2 
biosafety cabinet for approx. 1 h prior to inoculations as previously described [14].

2.4 Seed sterilization and Aspergillus flavus infection

The seeds were sterilized in a biosafety cabinet, level 2 [Contained Air Solutions 
(CAS) BioMAT2, UK]. Twenty milliliters of 95–100% ethanol was used for steriliza-
tion of viable seeds for 1 min and briefly shaken for 15 s. The alcohol was replaced 
with 20 ml of sodium hypochlorite (2.5%). After 15 min of reaction at room 
temperature, the mixture was shaken for 30 s and thereafter, the liquid discarded. 
30 ml of sterile H2O was used 5× to wash the seeds with intermittent shaking after 
every wash. 50 ml of sterile H2O was added and left to stand for 1 hr at rmt. The H2O 
was replaced with 20 ml of 2% Tween 20 and shaken for 30 s. Conidia suspensions 
adjusted to 1 × 106 conidia ml−1 using a hemocytometer was used to inoculate the 
seeds. The seeds in the tubes were para filmed after sealing and kept for 30 min in a 
shaking incubator at 30°C. Controls were treated with sterile H2O instead of spores 
of conidia and thereafter, incubated following the same conditions. The seeds were 
left to dry in Petri dishes after inoculations overlaid with filter paper overnight 
(Whatman No. 1). The seeds were germinated in a plant growth chamber, Conviron 
(Winnipeg, Manitoba, Canada) set at 28°C after subsequent inoculations onto tissue 
culture bottles. The germination and growth were observed for a 14-day period, tis-
sues of the plant (roots and shoots) were separately harvested, flash frozen in liquid 
nitrogen prior to DNA/RNA extraction and stored at −80°C.

2.5 The extraction of gDNA from maize tissues and Aspergillus flavus

A 100 mg of each of the following samples: control healthy maize tissues, 
infected and A. flavus KSM014 mycelia was used to extract DNA following the 
method of Möller et al. [16] with some modification. Briefly, 100 mM Tris pH 8.0, 
2% SDS, modified TES buffer, 2% (w/v) polyvinylpyrrolidone (PVP) and 10 mM 
EDTA was prepared. 5 μl RNase (10 mg/ml) and 450 μl of TES buffer was added to 
microtube (2 ml) containing the tissues and thereafter, homogenized by vortexing 
for 15 min or with a microtube pestle. Twenty microlitres of Proteinase K (1 μg/μl) 
was added and vortexed for 1 min, thereafter, incubated for 1 h at 60°C. Seventy 
microliters of 10% CTAB (0.1 vol.) and 160 μl of 5 M NaCl (0.3 vol. was added and 
incubated at 65°C for 10 min). Seven hundred and fifty microliters of chloroform/
isoamyl-alcohol (24:1) was added, vortexed for 5 min, incubated on ice for 30 min 
and centrifuged at 14,000 rpm for 10 min. The aqueous phase was transferred cau-
tiously onto a new microtube (2 ml) and 300–350 μl isopropanol (0.55 vol.) added 
and left to stand for 30 min at RT after mixing gently for 30 s. The mixture was 
centrifuged for 10 min at 14,000 rpm. Supernatant was cast-off, the pellets rinsed 
with chilled 700 μl of 70% ethanol twice and centrifuged again at 14,000 rpm for 
2 min after mixing gently. The pellets were air dried and dissolved in 40 μl TE buf-
fer (10 mM Tris-Cl pH 8, 1 mM EDTA pH 8) or nuclease free water after discarding 
the ethanol. The integrity of DNA was assessed on a 1% agarose/EtBr gel and the 
concentration quantified on a Nano-DropTM 1000 spectrophotometer (Nano Drop 
Technologies, USA). DNA was diluted to 10 ng/μl for further analysis.

2.6 Designing of primers

Sets of 3 primers (Table 1); elongation factor 1 alpha (Ef1ɑ), β-tubulin, and 
membrane protein (MEP) were used in the current research. MEP and Ef1ɑ were 
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in understanding the processes involved in infection in a host-pathogen system and 
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sufficient variability to enable discrimination of closely related species in the genus 
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for short term storage at −20°C or for long term storage at −80°C prior to DNA/RNA 
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and heated in microwave to dissolve the salts. Fifty milliliters of the media was 
dispensed into tissue culture bottles, autoclaved and thereafter, cooled in the level 2 
biosafety cabinet for approx. 1 h prior to inoculations as previously described [14].

2.4 Seed sterilization and Aspergillus flavus infection

The seeds were sterilized in a biosafety cabinet, level 2 [Contained Air Solutions 
(CAS) BioMAT2, UK]. Twenty milliliters of 95–100% ethanol was used for steriliza-
tion of viable seeds for 1 min and briefly shaken for 15 s. The alcohol was replaced 
with 20 ml of sodium hypochlorite (2.5%). After 15 min of reaction at room 
temperature, the mixture was shaken for 30 s and thereafter, the liquid discarded. 
30 ml of sterile H2O was used 5× to wash the seeds with intermittent shaking after 
every wash. 50 ml of sterile H2O was added and left to stand for 1 hr at rmt. The H2O 
was replaced with 20 ml of 2% Tween 20 and shaken for 30 s. Conidia suspensions 
adjusted to 1 × 106 conidia ml−1 using a hemocytometer was used to inoculate the 
seeds. The seeds in the tubes were para filmed after sealing and kept for 30 min in a 
shaking incubator at 30°C. Controls were treated with sterile H2O instead of spores 
of conidia and thereafter, incubated following the same conditions. The seeds were 
left to dry in Petri dishes after inoculations overlaid with filter paper overnight 
(Whatman No. 1). The seeds were germinated in a plant growth chamber, Conviron 
(Winnipeg, Manitoba, Canada) set at 28°C after subsequent inoculations onto tissue 
culture bottles. The germination and growth were observed for a 14-day period, tis-
sues of the plant (roots and shoots) were separately harvested, flash frozen in liquid 
nitrogen prior to DNA/RNA extraction and stored at −80°C.

2.5 The extraction of gDNA from maize tissues and Aspergillus flavus

A 100 mg of each of the following samples: control healthy maize tissues, 
infected and A. flavus KSM014 mycelia was used to extract DNA following the 
method of Möller et al. [16] with some modification. Briefly, 100 mM Tris pH 8.0, 
2% SDS, modified TES buffer, 2% (w/v) polyvinylpyrrolidone (PVP) and 10 mM 
EDTA was prepared. 5 μl RNase (10 mg/ml) and 450 μl of TES buffer was added to 
microtube (2 ml) containing the tissues and thereafter, homogenized by vortexing 
for 15 min or with a microtube pestle. Twenty microlitres of Proteinase K (1 μg/μl) 
was added and vortexed for 1 min, thereafter, incubated for 1 h at 60°C. Seventy 
microliters of 10% CTAB (0.1 vol.) and 160 μl of 5 M NaCl (0.3 vol. was added and 
incubated at 65°C for 10 min). Seven hundred and fifty microliters of chloroform/
isoamyl-alcohol (24:1) was added, vortexed for 5 min, incubated on ice for 30 min 
and centrifuged at 14,000 rpm for 10 min. The aqueous phase was transferred cau-
tiously onto a new microtube (2 ml) and 300–350 μl isopropanol (0.55 vol.) added 
and left to stand for 30 min at RT after mixing gently for 30 s. The mixture was 
centrifuged for 10 min at 14,000 rpm. Supernatant was cast-off, the pellets rinsed 
with chilled 700 μl of 70% ethanol twice and centrifuged again at 14,000 rpm for 
2 min after mixing gently. The pellets were air dried and dissolved in 40 μl TE buf-
fer (10 mM Tris-Cl pH 8, 1 mM EDTA pH 8) or nuclease free water after discarding 
the ethanol. The integrity of DNA was assessed on a 1% agarose/EtBr gel and the 
concentration quantified on a Nano-DropTM 1000 spectrophotometer (Nano Drop 
Technologies, USA). DNA was diluted to 10 ng/μl for further analysis.

2.6 Designing of primers

Sets of 3 primers (Table 1); elongation factor 1 alpha (Ef1ɑ), β-tubulin, and 
membrane protein (MEP) were used in the current research. MEP and Ef1ɑ were 
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obtained from Dr. Shane Murray (pers. comm) whereas, β-tubulin was designed 
in Primer3 ver. 4.0 programme [19]. Secondary structure formation was evalu-
ated in DNAMAN software ver. 6.0 (Lynnon LLC., USA) and further verified in 
OligoAnalyzer Tool (Integrated DNA Technologies). The melt curve and PCR 
analysis were used to identify both non-specific and specific amplification.

2.7 PCR amplification

Conventional polymerase chain reaction amplification was carried out in 
volumes of 25 μl and consisted of 0.5 μl of 10 μM dNTPs (Bioline), 10× reaction 
buffer with MgCl2, 1 μl of 10 μM forward and reverse primers, 0.2 μl Kapa Taq, 
1 μl of 10 ng DNA template, and sterile H20. Protocol performed and followed for 
cycling conditions were: 1 cycle for 5 min at 94°C followed by 35× (for 30 s at 94°C, 
for 45 s at 60°C, for 90 s at 72°C). Elongation step was achieved at 72°C for 7 min 
and finally at 4°C for 1 min. The products of PCR were assessed on 2% agarose/EtBr 
gel in TAE1 X buffer (Tris–acetate 40 mM and EDTA 1.0 mM). Fermentas (100 bp 
DNA ladder) was used as a molecular size marker.

2.8 Standard curves and fungal quantification

Ten-fold serial dilutions of pooled 10 ng gDNA extracts from A. flavus and 
control plants were used to create standard curves. The threshold cycle (Ct) values 
for each dilution were plotted against the logarithm of the starting quantity of the 
template. The amplification efficiencies were created from the std. curve slopes 
according to the methods [13, 20]. Additionally, linear regression curves were 

drawn, and the qPCR efficiency was calculated as:
 

110E
Slope

 −
=  

 
.

The quantity of targeted DNA in an unknown sample was inferred from the 
respective std. curves.

Ten nanograms of DNA isolated from infected and healthy maize roots and 
shoots respectively were used to assess primer specificity. For the exclusion of false 
negative results, template DNA samples from fungi were assessed for polymerase 
chain reaction amplification with primer pairs EF1ɑ and β-Tub. DNA extracted 
from pure fungal cultures (A. flavus) and control plant tissues were pooled, diluted 
to 10 ng/μl and used to evaluate the quantity of fungal DNA template in the infected 
plant tissue. The final fungal DNA template concentrations were 1, 5 × 10−1, 
2.5 × 10−1, 1.25 × 10−1, 6.25 × 10−2, 3.125 × 10−2 ng/μl. These dilutions were used to 
estimate the detection limits of the EF1ɑ and β-Tub primer pair in the infected plant 
tissues. Serial dilutions of extracted DNA from healthy maize tissue were prepared 
to gauge the detection limits of the MEP. For normalization and quantification of 
gene between different samples, the amount of fungal DNA as calculated by the Ct 
value for β-Tub and/or EF1ɑ was divided by the amount of maize DNA as calculated 
by the Ct values for MEP. Rotor Gene 6000 2 plex HRM (Corbett Life Science 
Research, Australia) was used to assess the profiles of gene expression. Kapa SYBR 
Fast Kit, Master mix (Kapa BioSystems, South Africa) containing DNA polymerase, 
reaction buffers, dNTPs and 3 mM MgCl2 were used for each polymerase chain 
reaction. Final concentrations of 10 μM gene specific primers (0.4 μl reverse and 
0.2 μl forward), 1× Kapa SYBR green and 1 μl gDNA template were prepared to 
20 μl total volume using nuclease free H2O. Primer sets of specific genes (Table 1) 
were used in separate reactions which were performed in triplicate.

The quality and integrity of the isolated DNA, samples from infected and 
control tissues of the maize, and saprophytic fungi were subjected to polymerase 
chain reaction analysis with the reference genes under the following amplification 
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obtained from Dr. Shane Murray (pers. comm) whereas, β-tubulin was designed 
in Primer3 ver. 4.0 programme [19]. Secondary structure formation was evalu-
ated in DNAMAN software ver. 6.0 (Lynnon LLC., USA) and further verified in 
OligoAnalyzer Tool (Integrated DNA Technologies). The melt curve and PCR 
analysis were used to identify both non-specific and specific amplification.

2.7 PCR amplification

Conventional polymerase chain reaction amplification was carried out in 
volumes of 25 μl and consisted of 0.5 μl of 10 μM dNTPs (Bioline), 10× reaction 
buffer with MgCl2, 1 μl of 10 μM forward and reverse primers, 0.2 μl Kapa Taq, 
1 μl of 10 ng DNA template, and sterile H20. Protocol performed and followed for 
cycling conditions were: 1 cycle for 5 min at 94°C followed by 35× (for 30 s at 94°C, 
for 45 s at 60°C, for 90 s at 72°C). Elongation step was achieved at 72°C for 7 min 
and finally at 4°C for 1 min. The products of PCR were assessed on 2% agarose/EtBr 
gel in TAE1 X buffer (Tris–acetate 40 mM and EDTA 1.0 mM). Fermentas (100 bp 
DNA ladder) was used as a molecular size marker.

2.8 Standard curves and fungal quantification

Ten-fold serial dilutions of pooled 10 ng gDNA extracts from A. flavus and 
control plants were used to create standard curves. The threshold cycle (Ct) values 
for each dilution were plotted against the logarithm of the starting quantity of the 
template. The amplification efficiencies were created from the std. curve slopes 
according to the methods [13, 20]. Additionally, linear regression curves were 

drawn, and the qPCR efficiency was calculated as:
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The quantity of targeted DNA in an unknown sample was inferred from the 
respective std. curves.

Ten nanograms of DNA isolated from infected and healthy maize roots and 
shoots respectively were used to assess primer specificity. For the exclusion of false 
negative results, template DNA samples from fungi were assessed for polymerase 
chain reaction amplification with primer pairs EF1ɑ and β-Tub. DNA extracted 
from pure fungal cultures (A. flavus) and control plant tissues were pooled, diluted 
to 10 ng/μl and used to evaluate the quantity of fungal DNA template in the infected 
plant tissue. The final fungal DNA template concentrations were 1, 5 × 10−1, 
2.5 × 10−1, 1.25 × 10−1, 6.25 × 10−2, 3.125 × 10−2 ng/μl. These dilutions were used to 
estimate the detection limits of the EF1ɑ and β-Tub primer pair in the infected plant 
tissues. Serial dilutions of extracted DNA from healthy maize tissue were prepared 
to gauge the detection limits of the MEP. For normalization and quantification of 
gene between different samples, the amount of fungal DNA as calculated by the Ct 
value for β-Tub and/or EF1ɑ was divided by the amount of maize DNA as calculated 
by the Ct values for MEP. Rotor Gene 6000 2 plex HRM (Corbett Life Science 
Research, Australia) was used to assess the profiles of gene expression. Kapa SYBR 
Fast Kit, Master mix (Kapa BioSystems, South Africa) containing DNA polymerase, 
reaction buffers, dNTPs and 3 mM MgCl2 were used for each polymerase chain 
reaction. Final concentrations of 10 μM gene specific primers (0.4 μl reverse and 
0.2 μl forward), 1× Kapa SYBR green and 1 μl gDNA template were prepared to 
20 μl total volume using nuclease free H2O. Primer sets of specific genes (Table 1) 
were used in separate reactions which were performed in triplicate.

The quality and integrity of the isolated DNA, samples from infected and 
control tissues of the maize, and saprophytic fungi were subjected to polymerase 
chain reaction analysis with the reference genes under the following amplification 
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conditions: for 10 min at 95°C; 35 cycles for 3 s at 95°C, for 20 s at 64°C, for 1 s at 
72°C for MEP and at annealing temperature 62°C for both Ef1ɑ and β-tubulin.

2.9 Statistical analysis

The statistical analysis was performed as previously described [14].

3. Results and discussion

3.1 Gene specificity and qPCR assays

To our knowledge, a qPCR assay for the detection and quantification of A. flavus 
biomass using extracted fungal DNA from control or infected maize tissues has 
not been previously reported. Since this is the first report, our discussion will be 
in comparison with reports for Fusarium spp. and related fungi where this assay is 
more commonly used.

In this study, the qPCR assay was developed to specifically detect and quantify 
A. flavus gDNA in maize tissues. Primers were designed, and their specificity was 
confirmed by testing against control and infected tissues (Figure 1). The fungal 
biomass in the co-infected shoots differed from the fungal biomass in the roots 
according to 1-way ANOVA analysis and TMCT test (P < 0.05).

Amplification of the MEP gene (203 bp) was used to detect maize DNA, 
while amplification of β-tubulin (118 bp) and Ef1ɑ (102 bp) were used to detect 
A. flavus DNA (Table 1; Figure 1). The specificity of the primer pairs was 
determined by conventional PCR (Figure 1) after A. flavus KSM014 infection of 
GAF4 and KDV1 maize lines. A. flavus DNA extracted from infected maize plant 
tissues, for both lines, gave an amplification product for both β-tubulin (118 bp) 
and Ef1a (102 bp) (Figure 1). However, there was amplification product for Ef1a 
than there was for to β-tubulin (Figure 1), especially in the roots. The MEP gene 
(203 bp) was amplified in both control and infected maize plants for both lines 
(Figure 1). MEP amplification was plant specific and β-Tub and Ef1ɑ were fungal 
specific. Based on these results, β-Tub is a better marker for detecting A. flavus in 
infected maize tissues than was Ef1ɑ (Figure 1) and was used for fungal biomass 
determination.

Figure 1. 
Gel images of the quantitative polymerase chain reaction amplicon sizes for maize maker gene (MEP) and  
A. flavus maker genes (Ef1ɑ, β-tub) assessed on 2% agarose/EtBr gel run at 80 v for 45 min. M. 100 bp ladder; 
1. NTC; 2. Pooled samples (maize gDNA and pure fungal gDNA); 3. GAF4 (control roots); 4. GAF4 (infected 
roots) 5. GAF4 (control shoots); 6. GAF4 (infected shoots); 7. KDV1 (control shoots); 8. KDV1 (infected shoots); 
9. KDV1 (control roots); 10. KDV1 (infected roots); 11. KSM014 (positive control).
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3.2 Colonization of plant tissues by Aspergillus flavus

Aspergillus flavus KSM014 infection of both maize lines resulted in changes 
in maize phenotype with the KDV1 showing more severe symptoms that GAF4 
(Figure 2). After 3–14 days post infection, the infected kernels for both maize lines 
showed stunted growth compared to control kernels (Figure 2). Additionally, the 
shoots and roots exhibited minimal growth with the A. flavus fungi colonizing the 
kernels and this could possibly explain the reason for stunted growth or germina-
tion. The phenotypic observations suggest that KDV1 maize line grown in Makeuni 
is more susceptible to fungal infection (A. flavus), whereas GAF4, grown in Kisumu 
and Homa bay appeared more resistant to the infection (Figure 2).

The observed phenotypic characteristics were further supported by the detec-
tion and quantification of fungal biomass load in gDNA extracted from infected 
and control plant tissues as revealed by the qPCR assay (Figure 3).

Insignificant difference was observed in biomass of fungi between infected plant 
tissues for the GAF4 and the control maize line (Figure 3a). In contrast, significant 
differences in biomass of fungi for the KDV1 maize line was exhibited upon infec-
tion (p < 0.05) for both the shoot and root tissue (Figure 3b). Fungal gDNA level 
was observed to be lower in the infected GAF4 maize line tissues compared to KDV1 
suggesting that GAF4 was more resistant to A. flavus KSM014 infection than KDV1 
(Figure 3).

The fungal biomass of Alternaria dauci was observed to be equivalent in two 
carrot cultivars between 1 and 15 days of post-inoculation, whereas it was found to 
be four-fold higher in the more susceptible cultivar between 21 and 25 days post-
inoculation [21]. This suggests that fungal pathogens may colonize both susceptible 
and resistant cultivars in a similar manner during the first stages of the interaction, 
but fungal development is subsequently restricted in the partially resistant cultivar 
due to putative plant defense mechanisms [21].

It must be noted that we measured fungal biomass 14 days after infection when 
symptoms of the infection was phenotypically visible. However, other fungal 
biomass studies have shown that specific fungi could be identified even before the 
development of the symptoms. The presence of Colletotrichum acutatum by qPCR in 

Figure 2. 
The GAF4 and KDV1 maize lines after 14 days of growth with and without Aspergillus flavus KSM014 
infection. The red sticker shows infected maize plants while the white stickers are the control, uninfected maize 
plants.
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conditions: for 10 min at 95°C; 35 cycles for 3 s at 95°C, for 20 s at 64°C, for 1 s at 
72°C for MEP and at annealing temperature 62°C for both Ef1ɑ and β-tubulin.
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Amplification of the MEP gene (203 bp) was used to detect maize DNA, 
while amplification of β-tubulin (118 bp) and Ef1ɑ (102 bp) were used to detect 
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and Homa bay appeared more resistant to the infection (Figure 2).
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and control plant tissues as revealed by the qPCR assay (Figure 3).

Insignificant difference was observed in biomass of fungi between infected plant 
tissues for the GAF4 and the control maize line (Figure 3a). In contrast, significant 
differences in biomass of fungi for the KDV1 maize line was exhibited upon infec-
tion (p < 0.05) for both the shoot and root tissue (Figure 3b). Fungal gDNA level 
was observed to be lower in the infected GAF4 maize line tissues compared to KDV1 
suggesting that GAF4 was more resistant to A. flavus KSM014 infection than KDV1 
(Figure 3).

The fungal biomass of Alternaria dauci was observed to be equivalent in two 
carrot cultivars between 1 and 15 days of post-inoculation, whereas it was found to 
be four-fold higher in the more susceptible cultivar between 21 and 25 days post-
inoculation [21]. This suggests that fungal pathogens may colonize both susceptible 
and resistant cultivars in a similar manner during the first stages of the interaction, 
but fungal development is subsequently restricted in the partially resistant cultivar 
due to putative plant defense mechanisms [21].

It must be noted that we measured fungal biomass 14 days after infection when 
symptoms of the infection was phenotypically visible. However, other fungal 
biomass studies have shown that specific fungi could be identified even before the 
development of the symptoms. The presence of Colletotrichum acutatum by qPCR in 

Figure 2. 
The GAF4 and KDV1 maize lines after 14 days of growth with and without Aspergillus flavus KSM014 
infection. The red sticker shows infected maize plants while the white stickers are the control, uninfected maize 
plants.
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strawberry leaves was detected by Debode et al. [22] 2 h post-inoculation whereas 
the initial symptoms of the disease appeared only after 96 h. Similarly, Fusarium 
langsethiae gDNA was accurately measured by Divon and Razzaghian [23] in oats 
independently from symptoms of the disease. These findings show the specificity 
and efficiency of the qPCR assay for the detection and quantification of fungal 
pathogens upon infection at early stages, before symptomatic appearances.

GAF4 is a Striga spp. resistant maize line cultivated in Kisumu, Kibos, Homa Bay 
and some parts of Nandi, while KDV1 is an open pollinated maize variety cultivated 
in Makueni and the neighboring counties. The observation that KDV1 maize line as 
more susceptible to aflatoxigenic A. flavus (KSM014) infection could be one of the 
contributing factors to why Makueni and the neighboring regions are more prone 
to frequent aflatoxicosis outbreak and high levels of aflatoxin contamination of the 
maize used for consumption.

The current study relates to the previous findings on Makueni maize samples 
[18] where they screened the strains of A. flavus isolated from maize kernels 
obtained from Makueni region on CAM media and found that there was significant 
variation in production of blue (toxigenic) and green (atoxigenic) fluorescence by 
most isolates. Seventy eight percent of the isolates from Makueni were observed to 
produce high amounts of aflatoxin AFB1, AFB2, the most potent carcinogen com-
pared to other regions under study [18]. Additionally, studies conducted by Probst 
et al. [24] in eastern Kenya, revealed a similar result where they performed culture-
based methods to monitor and describe the population structures of aflatoxigenic 
fungi and its closely associated strains on maize kernels. Moreover, a related study 
by Lewis et al. [25] and Klich [26] observed that in sub-Saharan Africa, products 
from subsistence farmers may reach the final consumer without the appropriated 
monitoring, resulting in critical risks for human health.

Moreover, the current study developed a qPCR assay using A. flavus gDNA 
and the β-tubulin gene for the quantification of A. flavus in maize tissue. Due 
to its high sensitivity and specificity, qPCR has been incorporated in official 
protocols of the European Plant Protection Organization (http://archives.eppo.
org/index.htm) for the production, certification and assessment of healthy plant 

Figure 3. 
Quantitative polymerase chain reaction analysis indicating fungal load of A. flavus KSM014 in the shoot and 
root tissues of KDV1 and GAF4 maize lines respectively. Biomass of fungi was measured in infected and 
non-infected (control) GAF4 (a) and KDV1 (b) maize lines after 14 days where the A. flavus β-tub gene was 
used for quantification of fungi against the maize MEP gene. Tukey’s multiple comparison test and one-way 
ANOVA (P ˂ 0.05), was done where the asterisks indicate significance and the error bars shows standard mean 
deviation.
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materials [27, 28]. This could therefore, in future, provide a screening strategy 
for finding African maize cultivars that are resistant to A. flavus infection or as 
an assessment of healthy maize plants. Zhao et al. [29] developed a qPCR assay 
for the detection of Magnaporthe poae resistant Poa pratensis (Kentucky bluegrass 
turf), which typically needed 3 weeks to detect using conventional culture-based 
methods. Further, Montes-Borrego et al. [30] demonstrated that fungal pres-
ence can be detected earlier, enabling the selection of resistant plants even when 
samples are indistinguishable based on visual assessment. Lastly, the early detec-
tion of latent infections of rust on leaves of cereals was used to estimate infection 
levels before the appearance of the disease [2].

The genomic DNA extracted from the co-infected shoots of both maize lines 
showed varied concentrations of fungal biomass load compared to the roots accord-
ing to analysis using 1-way ANOVA and TMCT test (p < 0.05). The quantification 
of Verticillium dahliae gDNA in different tomato cultivars also revealed the concen-
tration of pathogen DNA in plant tissues increased and decreased in susceptible and 
resistant cultivars, respectively [31]. Similarly, significant differences were found in 
the amount of F. oxysporum DNA in roots of different chickpea cultivars [32], while 
the detection of Phomopsis sclerotioides in pumpkin, melon, cucumber and water-
melon showed that infection and rate of disease development of this polyphagous 
pathogen may vary according to the host [33]. In general, Vandemark and Barker 
[34], concluded that low levels of pathogen DNA in resistant plants is indicative of 
a mechanism that inhibits pathogen growth, whereas, the presence of a relatively 
high amount of pathogen DNA in asymptomatic plants indicates a resistance 
mechanism based on tolerance rather than on true resistance.

4. Conclusion

The study demonstrated that KDV1 maize line was more susceptible to A. flavus 
infection when compared to GAF4. This also implies that a possible reason for the 
frequent cases of aflatoxicosis in Makeuni county is the fact that the KDV1 maize 
line is grown in that region is more susceptible to A. flavus infection.

The β-tubulin gene is a potential marker for quantification of the A. flavus 
biomass load in maize plants compared to Ef1ɑ. The MEP gene for maize gDNA was 
also found to be plant specific by the absence of cross-reaction with fungal gDNA. 
The specificity of the qPCR assay for A. flavus biomass quantification makes it a 
useful tool in other areas such as screening of A. flavus resistant maize lines for 
breeding, determining possible asymptomatic infection and in plant-pathogen 
interaction studies.

The next chapter will focus on in vitro biocontrol approach in aflatoxin mitiga-
tion and bio-analytical approaches to detect and quantify aflatoxins. The aim is 
to determine whether biocontrol can minimize aflatoxin production and to find 
important metabolites that are produced by specific A. flavus isolates.
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and efficiency of the qPCR assay for the detection and quantification of fungal 
pathogens upon infection at early stages, before symptomatic appearances.
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and some parts of Nandi, while KDV1 is an open pollinated maize variety cultivated 
in Makueni and the neighboring counties. The observation that KDV1 maize line as 
more susceptible to aflatoxigenic A. flavus (KSM014) infection could be one of the 
contributing factors to why Makueni and the neighboring regions are more prone 
to frequent aflatoxicosis outbreak and high levels of aflatoxin contamination of the 
maize used for consumption.

The current study relates to the previous findings on Makueni maize samples 
[18] where they screened the strains of A. flavus isolated from maize kernels 
obtained from Makueni region on CAM media and found that there was significant 
variation in production of blue (toxigenic) and green (atoxigenic) fluorescence by 
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fungi and its closely associated strains on maize kernels. Moreover, a related study 
by Lewis et al. [25] and Klich [26] observed that in sub-Saharan Africa, products 
from subsistence farmers may reach the final consumer without the appropriated 
monitoring, resulting in critical risks for human health.

Moreover, the current study developed a qPCR assay using A. flavus gDNA 
and the β-tubulin gene for the quantification of A. flavus in maize tissue. Due 
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materials [27, 28]. This could therefore, in future, provide a screening strategy 
for finding African maize cultivars that are resistant to A. flavus infection or as 
an assessment of healthy maize plants. Zhao et al. [29] developed a qPCR assay 
for the detection of Magnaporthe poae resistant Poa pratensis (Kentucky bluegrass 
turf), which typically needed 3 weeks to detect using conventional culture-based 
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a mechanism that inhibits pathogen growth, whereas, the presence of a relatively 
high amount of pathogen DNA in asymptomatic plants indicates a resistance 
mechanism based on tolerance rather than on true resistance.
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The study demonstrated that KDV1 maize line was more susceptible to A. flavus 
infection when compared to GAF4. This also implies that a possible reason for the 
frequent cases of aflatoxicosis in Makeuni county is the fact that the KDV1 maize 
line is grown in that region is more susceptible to A. flavus infection.

The β-tubulin gene is a potential marker for quantification of the A. flavus 
biomass load in maize plants compared to Ef1ɑ. The MEP gene for maize gDNA was 
also found to be plant specific by the absence of cross-reaction with fungal gDNA. 
The specificity of the qPCR assay for A. flavus biomass quantification makes it a 
useful tool in other areas such as screening of A. flavus resistant maize lines for 
breeding, determining possible asymptomatic infection and in plant-pathogen 
interaction studies.

The next chapter will focus on in vitro biocontrol approach in aflatoxin mitiga-
tion and bio-analytical approaches to detect and quantify aflatoxins. The aim is 
to determine whether biocontrol can minimize aflatoxin production and to find 
important metabolites that are produced by specific A. flavus isolates.
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Role of Decomposers in
Agricultural Waste Management
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Abstract

In this chapter, agricultural waste residue management by bio-organisms is
discussed along with different types of decomposition processes. Tons of agricul-
tural wastes are produced every year. These agricultural wastes create major envi-
ronmental problems without effective means of management methods. There are
many technologies being used for the decomposition, which mainly include anaer-
obic decomposition, compositing, fermentation, etc. All these decomposition pro-
cesses depend upon the different soil-inhabiting microbes. These microbes are the
key components of agri-residue decomposition process. Every step of decomposi-
tion requires different microbes. Various sets of catalytical enzymes are involved
for the catabolic procedures of organic matter. By successive catabolic reactions, all
the organic matters are mineralized into soil essential constituents, which will be
the most effective sources of macro- and micronutrients for the soil fertility.
Working efficiency of these microbes depends upon different parameters like
moisture, temperature, pH, etc. The vitality and efficiency of microbes can be
enhanced by using various inert carriers. If the efficiency of these soil microbes
enhances by various factors, then the rate of decomposition could be enhanced to
handle this ever-increasing problem of agriculture residue in near future.

Keywords: agri-waste, pollution, decomposition, mineralization, microbes

1. Introduction

Agricultural waste is produced by various agricultural operations, and it contains
sugarcane baggage, paddy and wheat straw and husk, waste of vegetables, food
products, jute fibers, crop stalks, etc. About 998 million tons of agri-residue waste is
produced every year [1]. The abundance of agricultural waste production causes a
lot of environmental pollution and generates many environmental contamination
problems. During certain periods of time, characteristics of waste materials have
changed and cause harmful and toxic effects toward human beings. Approximately,
2 tons per day agri-waste is produced in rural areas. Besides this, cow houses and
sugar industry produced an average 20 million tons of waste, which is a rich source
of nutrients and manures. Conventionally, farmers burnt up or left the agricultural
waste in the field, but this causes lots of air pollution and soil pollution. Various
techniques have been utilized for agri-residue disposal.

Agricultural waste mainly consists of crop residues which have lots of organic
carbon content and a supply of plant nutrients. Crop residues’ retention after
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harvesting reduces soil erosion [2]. Combine harvester machines contributes 75%
residue after harvesting but due to high silica content animals are not likely to feed
these residues. Then farmers start to burn the residues, but burning emits 8.77 Mt.
of CO, 141.15 Mt. CO2, 0.23 Mt. of NO, and 0.12 Mt. of NH3 [3], which causes air
pollution and loss of organic content of approximately 80–90% N, 25% of P, 20% of
K, and 50% of Singh et al. [4]. So, the rice straw management is a challenging task in
rice-producing regions. So, there is a need for an effective waste disposal technology
for converting this waste into some valuable form. Physical, chemical, and biologi-
cal decompositions break the lingo-cellulose bonds in crop residues and result in the
enhancing of the nutrient content of soil [5]. Biological decomposition is the main
and efficient decomposition method in which bacterial and fungal spores speed up
the decomposition of waste under aerobic and anaerobic conditions. Microbial
decomposition enhances nutrient content by nitrogen fixing, phosposorous
solublization, and cellulose decomposition of decomposed final product [6]. There
are a variety of bio-decomposers such as bacteria, fungi, protozoa, etc. and they are
capable to degrade cellulose by depolymerizing cellulases which hydrolyze ligno-
celluloses. Most commonly known bio-decomposers are fungi which include
Humicola,Trichoderma, and Penicillium aspergillus [7]. The market sale value of soil
microbes are increasing nowadays [8]. Indian government is working for food self-
sufficiency and environmental sustainability. Due to the high market value, the
production of soil microbial-based decomposer product would be expected to
increase in coming years. Researchers have been able to identify and isolate multiple
types of bio-decomposers, but still no formulation is available for the efficient use
of these microbes. Researchers are working to improve the efficiency and storage of
multiple types of microbes in an effective formulation product in one package
which would have a high commercial value.

2. Production of agricultural waste internationally

About 998 million tons of agri-residue waste are produced every year [1]. Eighty
percent of organic waste can be converted into organic manure with the rate of
5.27 kg/day/1000 kg wt basis [9]. Development of agricultural waste management
methods for sustainable and eco-friendly approach is required for effective disposal
of agri-waste [10]. Agro-waste may cause several health and environments issues if
not disposed properly so, it requires a very safe method for disposal [11]. Many
studies and research work have been focused on development of agro-waste based
bio-fertilizers. Bio-fertilizers basically contain living organisms and enrich the soil
with different soil nutrient and minerals which is very essential for the growth and
development of plant [12]. Microbial inoculants in industries were being used in
Malasiya in late 1940s [13].

Eighty percent of organic waste can converted into organic manure with the rate
of 5.27 kg/day/1000 kg wt basis by sustainable and efficient waste disposable
methods [9, 10]. Agro-waste may cause several health and environments issues if
not disposed properly so it requires a very safe method for disposal (Sud et al.,
2008).

Many studies and research works have been focused on development of agro-waste
based bio-fertilizers. The bio-fertilizer obtained from the natural resources is a sus-
tainable source of fertility inducer for the small farmers [14]. Bio-fertilizers basically
contain living organisms and enrich the soil with different soil nutrients and minerals
which are very essential for the growth and development of plant [12].

Bio-fertilizers are derivatives of agricultural residues such as straw, corn stalks,
etc. that are decomposed by bio-decomposers and are also known as recycled
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products. The leafy vegetables, fruits, and cereal crops residues are an efficient
source of basic nutrients such as nitrogen, phosphorus, and potassium as well as
secondary and micronutrients such as calcium, boron, magnesium, and manganese.
The bio-decomposer enhances the soil fertility and soil texture (Figure 1).

3. Types of agricultural waste

There are three major types of agricultural waste (Figure 2):

1.Livestock manure: The agricultural land is generally devoted to three farm
animals: cattle, pig, and poultry, and lands used for the farms are about 15.3,
0.10, and 1.3 million hectares, respectively [15]. Around 120 million tons of
manure are produced from these livestock sectors per year.

2.Postharvest agricultural waste: These wastes are in the category of primary
agricultural residue. It mainly includes straw, husk, and stalks of planted crop,
which are left after harvest. These can be used in fodder and rest is
decomposed by different waste decomposers or burnt. These residues are rich
in cellulosic fibers [16].

Figure 1.
Agriculture waste percentage from different sources.

Figure 2.
Types of agricultural waste.
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3.Agro-industrial residues: These are in the category of secondary agricultural
residuals produced after processing of agricultural crop into various bio-
product forms. These include husk, molasses, bagasse, peels, hulls, husk, etc.

4. Waste management processes

There are different methods of solid waste management which are well known.
Among the various methods, bio-process-based are the most suitable for managing
the waste in a safe way and they generate the nontoxic degraded foams.

1.Landfills: Landfill is the most primitive and commonly used waste disposal
method (Figure 3). In this method, waste organic materials are simply
collected and thrown in depth or pits. There are two main processes involved
in an efficient landfilling method: 1. Collection of waste in a very small and
confine place. 2. Compaction of collected waste by compactors or bulldozers.

There are five phases involved in this method:

i. Phase I: Adjustment of waste with O2 supply

The waste compacted in this phase with void spacing for oxygen exchange
(O2). Initially, O2 level is high due to activity of microbes for aerobic
decomposition process but O2 level gradually decreased due to high
microbial density.

ii. Phase II: Transition from aerobic to anaerobic

Due to high microbial density, O2 level decreases and CO2 level increases.
The anaerobic condition occurs in the layers and primary electron acceptors
are sulfates and nitrates instead of O2.

iii. Phase III: Generation of organic acids by acidification

This phase is also known as acidification phase, and in this, volatile fatty
acids (VFA) are decomposed to acetic acid (CH3COOH), CO2, and H2. The
H2 formation phase occurred in the last and activates the H2 oxidizing
bacteria. The acidogenic bacteria increase the decomposition rate of waste.

Figure 3.
Landfill mechanism of waste decomposition.
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iv. Phase IV: Methonogenesis

The organic acids products, viz., acetic, propionic, and butyric acids are
converted into CH4 and CO2 as intermediate products by methoanogenic
microorganisms. In this phase, pH changes from acidic to neutral. This
phase is the longest phase of decomposition.

v. Phase V: Humification

All the microbial activity slows down in this phase and CH4 production also
completely disappears. All the remaining organic materials are converted
into gas phase by the oxidative processes and converted into humic acid
compounds.

2.Anaerobic decomposition: Anaerobic decomposition is gaining attention in
various energy sources to fulfill the demand of increasing population in a safer
and economical way [17]. There are around 267 plants that have been
distributed all over the world. In anaerobic decomposition, microorganisms
decompose the solid waste into biodegradable and nontoxic forms in the
absence of oxygen (1). There are two types of bacteria which play a significant
role in anaerobic decomposition reactions, which include hydrolytic bacteria
and the acidogenic bacteria. These two bacteria belong to two kingdoms, the
archea and the bacteria [18].

There are four successive stages of anaerobic decomposition which are:
hydrolysis, acidogenesis, acetogenesis, and methanogenesis. These four stages are
carrying out by the interaction of various microbes [19].

a. Hydrolysis

The decomposition pathways start with the hydrolysis of the waste agricultural
biomass, which is rich in complex polymeric constituents. The hydrolytical cleavage
broke the polymeric interconnecting bonds by the hydrolysis process. Agricultural
waste is rich in organic polymers such as cellulose, hemicelluloses, lignin, etc. [20].
Hydrolysis breakdown is an electrochemical process driven by the hydrolytic bac-
teria by cellulolytic enzymes, lipase enzymes, etc. Hydrolysis cleavage converts
these insoluble long chain polymers into soluble simpler derivatives like ammonium
and other organic constituents [21].

Kinetically, hydrolysis reactions are the first-order reactions in which complex
biodegradable waste material is hydrolyzed at constant temperature and pH [22].

C6H10O5ð Þnþ n H2O ! n C6H12O6þ n H2

dXdegr
dt

¼ �Kh:Xdegr (1)

where Xdegr = Amt. of Decomposed material (kg/m3)
t = time interval (days)
kh = hydrolysis constant in first order reaction.
Hydrolysis reactions in anaerobic decomposition can be considered as rate-

determining steps, which depend upon the ration of hydrolytic product to micro-
organisms, pH 5–7, and 30–35°C [23]. The hydrolysis reactions make the agricul-
tural postharvesting biodegradable waste residue into e simpler forms and make it
accessible for acidogenic bacteria for further breakup.
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iv. Phase IV: Methonogenesis
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b. Acidogenesis

The hydrolysis soluble products of biodegradable material are easily diffused in
to the cell membranes of acidogenic microorganisms. Acidogenic reactions are
associated with obligate and facultative microbes, viz., Micrococcus, Peptococcus,
Streptococcus, Desulfomonas, and Escherichia coli. The acidogenic microorganisms
further convert the hydrolytic products into CO2, H2, and various organic acids
which are known as volatile fatty acids (VFA) like acetates, propionate and butyrate
along with this small amount of ethanol and lactate [24, 25]. The rate of reaction of
VFA production is more in lower pH conditions, that is, pH 5 and ethanol produc-
tion occurs in pH 4 [26]. The final acidic product can be used as a liquid and dry
fertilizer [27]. VFA also creates the precursors for the final stage of methanogenesis.
Chemical reactions that occur in acidogenesis are:

C6H12O6 $ 2 CH3CH2OHþ 2 CO2

C6H12O6þ 2 H2 $ 2 CH3CH2COOHþ 2 H2O

C6H12O6 ! 3 CH3COOH

c. Acetogenesis

The acidogenesis products like acetates and other organic acids further convert
into hydrogen gas by dehydrogenation reactions. The hydrogen produced in this
stage is the main substrate for methanogenic microorganisms. The reactions
involved in this stage are [28, 29]:

CH3CH2COO�þ3 H2O $ CH3COO�þHþHCO3�þ3 H2

C6H12O6þ 2 H2O $ 2 CH3COOHþ 2 CO2þ 4 H2

CH3CH2OHþ 2 H2O $ CH3COO�þ3 H2þHþ

The hydrogen produced in this step causes an inhibitory effect toward
acetogenic microorganisms and the produced hydrogen is available for the con-
sumption of methanogens. So, microorganisms of acetogenisis and methanogenisis
work symbiotically in association.

d. Methanogenesis

In the final stage of anaerobic digestion, all the intermediates convert into H2,
CH4, CO2, and CH3COOH [30]. The microbial species mainly include Methanobre-
vibacter ruminantium, M. bryantic and M. thermoautotrophicum, Methanogenium
cariaci and M. marinsnigri, etc. [31]. Methane-producing bacteria can be divided
into two groups, namely, acetophilic and hydrogenophilic.

The reaction equations in the methanogenic stage are as follows [32]:

CH3COOH ! CH4þ CO2

CO2þ 4 H2 ! CH4þ 2 H2O

2 CH3CH2OHþ CO2 ! CH4þ 2 CH3COOH

3.Compositing: Compositing is defined as the process of decomposition of
complex waste organic matter into the simpler molecular chains. These smaller
molecular compounds further decompose and form soil humus [33].
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Compositing process is also mediated by different microorganisms in aerobic
environment so it is also known as aerobic decomposition. The most common
microorganisms are: bacteria, fungi, algae, and protozoans [34].

Compositing process can be explained by this equation:

Organic matter þO2 ! Compostþ CO2 þH2OþNO3
� þ SO4

2� þHeat

Compositing process occurs in two phases which include: 1. degradation and 2.
maturation.

1.Degradation: In this phase simpler organic matter are degraded by aerobic
microorganisms. This phase is for several weeks to few months and occurs
with high speed. This step needs temperature with full aeration for cooling the
support also termed as thermophillic phase. Various phytotoxins also release as
decomposition proceeds [35]. After degradation of simpler organic matter then
decomposition of complex organic matter starts. At the end of this phase, most
of the microorganisms die due to nonavailability of sufficient food. In addition
to this, thermophillic condition changed to mesophillic and temperature drops
from 50-55C to 25 C. According to several authors [33, 34, 36], this stage
occurred for longer period of time.

2.Maturation: During the mesophillic phase or maturation phase, actinomyces
appear and start degrading compost material of first phase into finer particles.
Lots of invertebrates like earthworms, ticks, and centipedes further
disintegrate by chemical and biological transformations (Figure 4). These
transformations are termed as humification which is endorsed by the oxidative
polymerization of phenolic compounds acquired by degradation of organic
matter in the first phase.

3.Solid-state fermentation (SSF) process is another bioprocess for solid waste
disposal in absence of free water [37]. Microbial growth is very important for

Figure 4.
Hierarchy of bio-decomposers in compositing process.
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SSF which are very much affected by various environmental factors like
moisture content, temperature, Ph, etc. [38]. Moisture is very crucial factor in
hindrance of microbial enzymatic activity. The main bio-products of SSF are
antibiotics, are organic acids, aromas, biopesticides, bio-fuel, biosurfactants,
and bioplastics (Figure 5).

5. Classification of decomposer biota

There are three main biota involved in agricultural waste management, which
include:

1.Microbes involved in soil organic matter formation.

2.Microbes involved in mineralization process.

3.Microbes involved in channelization of energy involved in decomposition
process.

There are vast variety of decomposers like bacteria, protozaons, and some larger
vertebrates. These are classified on the basis of size as (Figures 6, 7):

1.Microflora and fauna: Bacteria, fungi, actinomycetes, and protozoans.

2.Mesofauna: Acarina, collembola, etc.

Figure 5.
Solid fermented product.
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3.Macrofauna, including lumbricids, enchytraeids, millipedes, gastropods, and
arthropods.

These decomposers further classified on the bases of role in decomposition
process primary and secondary (Figure 4).

1.Primary decomposers: These microbes have the potential to decompose the
compounds present in organic matter. These microbes have the requisite
enzymes like pectinase, ligase, cellulose, etc. to break the complex agricultural
residues complex components like cellulose, hemicelluloses, lignin, etc.

2.Secondary decomposers: These decomposers play a significant role in the
fragmentation and comminution of decomposing agricultural waste. These
microbes do not require enzymes for decomposition. These decomposers
constituted earthworms, collembola, mites, enchytraeids, etc. and the rate of
decomposition gets slower without secondary decomposers [39, 40].

Major decomposers of soil are bacteria, fungi, nematodes, micro-arthropods,
and earthworms [41, 42].

Figure 6.
Taxonomical biodeversity of waste decomposers.

Figure 7.
Classification of bio-decomposers on the basis of size.
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1.Bacteria: Bacteria are the most effective decomposers due to their high degree
of versatility. On the basis of mobility, there are two types of bacteria: mobile
and immobile, due to the presence of whip-like structure flagella. They are
further classified by the number of flagella; uniflagillated or multiflagillated.
The average size of bacteria is in the range of 2 mm. The bio-decomposer
bacterial species are the most important and initiator of decomposition
process. There are about 5000 bacteria of estimated 109 bacterial cells
present in one gram of organic soil. The cellulose-producing bacteria are
the potent bacterial cell lines in hydrolytical cleavage of agricultural residue
in decomposition process which includes bacillus spp., pseudomonas,
cellulomonas, etc.

2.Fungi: Fungi constitute a very large decomposer biomass [43]. The
organic matter decomposition is mainly regulated by fungi [44, 45]. The
mobility of fungus is prompted by the mycelia. There are approximately
100–120 fungal species present in natural soil without any contamination.
Among all the species, mycorrhizal fungi is the most destructive bio-
decomposer of any types of agri-residue. The degradation rate is very high by
these fungal species. These fungal species mainly include Aspergillus,
sclerotium, white-rot fungi, Trichoderma, etc. These fungal species produce
enzymes for the degradation of cellulose and lignin during decomposition
process [46].

3.Nematodes: Nematodes are the free living organisms. These work in a dual
way, decomposition as well as recycling of nutrients in soil. Nematodes do not
feed directly the soil organic matter but feed bacteria, fungi, protozaons, etc.
On the basis of feeding habits, nematodes are categorized in four types-
bacterivores (feed bacteria), fungivores (feed fungus), predators
(protoazoans, rotifers, etc.) and omnivores (bacteria, fungi, algae, protozoans,
etc.). Decomposition process is accelerated in the presence of nematodes. The
minerals and other nutrients return back to the soil by the nematodes’ feeding
cycle and are easily absorbed by the plants.

4.Micro-arthropods: Micro-arthropods play significant role in decomposition
of litter standing crop. Mineralization of N, P, and K from the litter is
enhanced by 23% due the feeding activities of micro-arthropods [47]. The soil
micro-arthropods include chelicerates (spiders, mites, and pseudoscorpions),
crustaceans (small aquatic forms), myriapods (millipedes, centipedes),
springtails, and other insects.

5.Mechanism of decomposition: In organic matter decomposition two main
process are cellulolytic and lignocellulolytic process, which is governed by the
several bio-organisms [48]. These microorganisms mainly decompose organic
waste by enzymatic reactions which involves breakdown of cellulose,
hemicelluloses, pectin and poly aromatic inputs such as lignin, humus and
phenolic acids [45]. These microflora accelerate the decomposition in
composting process by the action of cellulolytic and lignocellulolytic
enzymatic activity [49]. The cellulolytic microbes include mesophillic bacterial
species that degraded proteins, amino acids, peptide bonds, etc. Fungi and
bacteria are the main microbes which play significant role in release of
hydrolytic and oxidative enzymes. These cellulolytic and lignocellulolytic
activities transform the organic waste to humus substances [50, 51]. Therefore,
many studies have revealed that these enzymatic activities results into high
quality of composts.

534

Biotechnological Applications of Biomass

6. Different phases of decomposition process along with enzymatic
activity

6.1 PHASE I: Hydrolysis

Polysaccharides/lipids/proteins ������! Mono-sacharides/glycerol and fatty
acid/amino acid.

Hydrolytic enzymes

Name of enzymes Hydrolytic product

Cellulase; endo-1,4-beta-d-glucanase Cellulose, lichenin, and cereal beta-d-glucans

Cellulose 1,4-beta-cellobiosidase (nonreducing
end)

Cellulose and cellotetraose

Beta-glucosidase Nonreducing beta-d-glucosyl residues

Endo-1,4-beta-xylanase Xylans

Xylan 1,4-beta-xylosidase D-xylose

Mannan endo-1,4-beta-mannosidase Mannans, galactomannans, and glucomannans

Beta-mannosidase Terminal, nonreducing beta-d-mannose residues
in beta-d-mannosides

Alpha-galactosidase Hydrolysis of terminal galactose oligosaccharides,
galactomannans, and galactolipids

Alpha-glucuronidase Alpha-d-glucuronoside

Peptidases Acting on peptide bonds

6.2 Phase II: Acidogenic

Sugars=amino acids=peptides ��������!Fermentation
Propionate, butyrate

Enzymes involved in acidogenic pathways
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Amino acids fermentations

RCH NH4
þð ÞCOO� þH2O ! RCOCOO� þNH4

þ þH2

RCOCOO� þH2O ��������!Oxidative Decarboxylation
RCOO� þ CO2 þH2

6.3 Phase III-Acetogenesis

Enzymes involved in acetogenesis reaction pathways
Citric acid cycle
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7. Process for improving the vitality of bio-decomposer microbes

In 1998, Kale’s finding was that if solid by-products of agricultural waste are
dumped as landfilling, a traditional disposal method of agricultural waste disposal,
it results in the contamination of groundwater, soil, as well as food resource
materials [52, 53]. The contamination is due to the presence of fibrous substances in
agri-residues which have very high BOD and COD for decomposition or oxidation
process.

7.1 Addition of inert materials to enhance the performance of bio-organisms

Various scientists offered some safe inert ingredients for managing this agro
waste along with microorganisms which is environmentally friendly, economical
and accepted by the farmers [56]. A compositing technology is then come into
application in which waste is processed to remove bio-toxic compounds by
anaerobic decomposition method. Previous studies revealed that vermin-
compositing was an appropriate technology for converting agri-waste into a
valuable product [54]. In vermin-compositing, earthworms and associated micro-
flora convert waste into soil nutrients which boost up the soil fertility [55]. For
decomposition of hazardous substance like pesticides, fertilizers, etc., mix with
some bulky inert ingredients like saw dust and cow dung in 1:1 ratio for vermin-
compositing trails for maximum decomposition by earthworms [56]. Textile sludge
mixing with biogas plant slurry in combination of 2:3 ratio further increases
decomposition [57]. Vermin-compositing of waste by beverage industry in combi-
nation with cow dung enhances the nutrient end product and earthworm perfor-
mance in 1:1 ratio [58]. So, all these studies revealed that vermin-compositing
performance is enhanced in presence of some bulky inert materials in suitable
proportion.
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7.2 Addition of some moisture-absorbing inert materials

Moisture is very crucial factor in hindrance of microbial enzymatic activity in
solid-state fermentation decomposition method. So, some moisture-absorbing inert
ingredient is very important for maintaining the decomposition activity.

7.3 Methods to increase the rate of survival of microorganisms

The success rate of microorganisms depends upon the survival of bio-
decomposers in soil [59]. Formulation of bio-inoculants extends the period of stor-
age and maximizes the decomposition rate in field and produce high quality of
inoculants [60]. US Patent no. 7097830 reveals synergistic bio-inoculant
Trichoderma harzianum with Bacillus strains in combinations with carrier which
results into promotion of plant growth. In formulated product, various types of bio-
inoculants can be combined which will provide economical and effective crop
growing systems. Along with this formulated product would have longer shelf life
while maintaining the easy usability and handling of agriculturally important
microbial bio-inoculant [61].

As waste decomposer is very valuable for the Indian farmers and the value can
be further increases if it is formulated into formulations like wettable powder and
suspension concentrate. In formulated products their viability, shelf life and
efficiency would be further enhanced by adding carriers, stabilizers, wetting and
dispersing agents.

8. Challenges of agricultural waste decomposition process

1.Nonuniform compositing: Incomplete or immature composts cause many
deleterious effects to soil, which in turn affects plant growth and ecosystem
function [50]. Similar study also explained that application of immature
compost for nitrogen fixation will release the toxic gases or compete for o2 in
rhizosphere and results hindered growth of plant [62]. Mulec et al. also
reported that immature compost cause phyto-toxicity due to presence of
heavy metals and ammonia. Immature compost causes competition for oxygen
between plant and microbes and results into toxic gases NO2 and H2S [50].

2.Emission of gases: Many studies have reviewed the gas emission problem.
The rate of gas emission during compositing is the qualitative parameter
of final compost. High emissions of these gases cause environmental
pollution and other deleterious effect in ecosystem [63]. Most common
odorous gaseous by-products are N2O, NH3, CH4, etc. [64].

3.Leaching of compost: Compost is rich in organic carbon content, which is
very beneficial to plant growth. In addition to this beneficial aspect, leachate
generated from compost is problematic to environment and causes
groundwater contamination [65, 66]. Therefore, the compost cannot be stored
in a same place for longer period of time [67, 68].

9. Future prospective of agricultural waste management

1.Farmer-friendly: Integrated approach of farm production along with compost
formation by using agricultural waste will be beneficial for the farm
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productivity and soil health. By following this approach, farmers need not
depend on costly fertilizers and manure.

2.Technological advancement for quick composting: Compositing process is a
time-consuming process, but due to some technological advancement, the
compositing process’s duration could be shortened. According to Lim et al.
[69], addition of polyethylene glycol and jaggery speeds up the compositing
process and results in a superior quality compost. These additives are cost-
effective. More research studies should be done in these additives for finding
more cost-effective and efficient additives.

3.Use of genetically modified stains of innoculum: Genetically modified stains
of microbial inoculums will be used to accelerate the bioconversion of organic
matter. These modified stains are more efficient than the natural innoculum.
These innoculum will produce uniform compositing in an efficient way.

4.Government agencies support: Government supports the compositing
process by providing loans and grants for compositing facilities for farmers.
These steps of government will ensure sustainability and create job
opportunities and uplift the rural areas. By this approach, government
encourages organic farming by use of composts as soil conditioner and soil
fertilizers [70].

5.Installation of bioreactors to reduce the toxic gas emissions: Bioreactors
can be used to reduce the emission of toxic volatile organic constitutes. This
strategy would manage the toxic gases emissions and save the environment
[71, 72].

6.Utilization of heat release in other energy sources: Heat released during the
compost formation can be utilized as a reliable energy source [73]. The energy
generated by these heat harvests would be a sustainable and renewable source
of energy in near future. In coming years, compost formation will not only
decompose the residues but will also be a source of many other
transformations.
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Chapter 28

Gasification of Biomass
Thanh Phong Mai and Dinh Quan Nguyen

Abstract

Gasification is an indirect combustion of solid and liquid biomass by converting
them to combustive syngas. Gasification is an alternative process for the traditional
combustion, in which the emission of dust and toxic gases can be minimized. In this
chapter, a comparison of these two biomass-to-heat conversion processes applied
on biomass is presented in term of environmental impacts and technological
benefits with a hope to provide readers a basic view of choices. Gasification is
classified as in term of gasification agents, non-catalytic and catalytic process, and
plasma assisted process. Popular types of gasification equipment, aka gasifiers, are
introduced with working principles, through which the advantages and weakness of
technology are briefly discussed.

Keywords: gasification, gasifier, biomass, indirect combustion, direct combustion,
syngas, plasma, updraft, downdraft, cross-draft, bridging, tar, charcoal, hydrogen,
steam, carbon dioxide, flue gas

1. Introduction

For the last decades, the demand for renewable energy has been increasing inten-
sively due to the crude-oil crisis and the alert of global warming. Among the alterna-
tives for fossil fuels to generate heat, biomass is an abundant neutral carbon source, of
which its conversion to heat does not break the balance of the atmosphere’s air
contents [1]. Combustion of biomass has been the most direct and simple process to
produce energy. However, the traditional combustion of biomass, such as wood,
charcoal, straw, husks, etc., often leads to the emission of smoke, dust, fumes, volatile
compounds and toxic gases due to incomplete reactions and fine particles dragged out
of the system by the flue gas [2]. Although several combustion methods were
invented to increase efficiency and reduce emission of pollutants, such as fixed bed
rocket type, and fluidized bed technology, the direct combustion of solid fuels is still
one of the major causes of the industrial air pollutant in the world [3].

In contrast, gasification of biomass can minimize the emission of pollutants.
Syngas produced from gasification of biomass can be optionally purified before
being combusted. Ultimately, the combustion of gaseous fuels inherently has higher
efficiency than that of solid matters. That is because the oxidation of a solid object
in oxygen/air is gradually happening from its outer surface into the inner layers,
which can be described as a heterogeneous process, while a combustive gas like
syngas can be burned at a very high mass transfer rate in a homogeneous process.
A comparison is presented in Table 1.

The gasification phenomenon of carbonaceous materials was possibly observed
in the human history as very early as the invention of fire. Gasification was found as
the ignition and combustion of smoke released from smoldering coal, wood, straw,
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grass, or other organic substances in the lack of oxygen. In 1792, the first industrial
gasification system to generate electricity was reported [4]. Gasification is a thermal
decomposition process of solid or liquid substances to syngas in the presence of
gasification agents through a series of chemical reactions mentioned in the following
sections. This technology can help converting variable low-energy-density fuels to
combustive gases. It attracts significant interests in both academic and industrial
fields. Figure 1 shows a very strong flame torch produced by gasification of oil-
extracted cashew nut shell.

Gasification is an advanced technology to convert biomass to syngas fuel under
different atmospheres (oxygen/air, steam, H2, CO2). The product syngas can also be
used as precursors to synthesize valuable chemicals via Fischer-Tropsch (F-T)
reactions [5]. Table 2 highlights some key differences between gasification and
direct combustion of biomass.

2. Biomass gasification reactions

The combustion of a solid fuel is a thermal and oxidation decomposition with the
involvement of oxygen in air. Generally, for biomass, it can be simply expressed as:

CaHbOcNdSe þO2=air ➔ CO2 þH2OþNxOy þ SOz þHeat (1)

This process can be observed with two visual phenomena: first, thermal decom-
position on the outer surface of the solid phase to release volatile and combustive
components, which join thermal reactions in the gas phase secondly, as the forma-
tion of flames [6]. Differing from direct combustion, gasification limits the process
at the first step to produce syngas. Conventionally, oxygen/air is used as gasification
agent in this case. However, other gasification agents also can be employed to
enhance the conversion efficiency as presented followings.

Combustion of syngas from
gasification of biomass

Direct combustion of solid
biomass

Type of reactions Homogeneous Heterogeneous

Uniformity Very high None

Process nature Simple Complex

Mass transfer rate Almost instant Slow, depending on the solid
surface – oxygen/air contact

Table 1.
Combustion of syngas vs. combustion of solid biomass.

Figure 1.
Gasification of oil-extracted cashew nut shell at Laboratory of Biofuel and Biomass Research, Ho chi Minh City
University of Technology (HCMUT).
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In this context, to simplify the theory, biomass can be formulated with its main
general composition CaHbOc due to the much lower contents of other elements, such
as N, S, P, and halogens. The involvement of inorganic compounds is not considered.

2.1 Oxygen/air as gasification agent

The thermal decomposition of biomass in insufficient presence of oxygen/air,
known as incomplete combustion, is the most conventional gasification. Logically,
the whole process can be described below as rearranged from theory [7].

Drying: firstly, once entering the reactor, the biomass is dried due to heat.
Combustion: secondly, a part of the solid biomass, which was ignited and in

contact with locally excess oxygen/air, is combusted to generate heat as the energy
source for later reactions to occur.

CaHbOc biomassð Þ þ O2 ! CO2 þH2OþQ kJ=molð Þ (2)

Pyrolysis: heat from the combustion zone is transferred via radiation, conduc-
tion, and convective hot streams to the surrounding biomass where oxygen/air is
not sufficient or absent. Due to the heat, pyrolysis occurs to form CO2, CO, CH4,
C2H4, H2O, char (C), and other organic solids and liquids as primary tar (2).

Reduction: after the above two steps, hot reactants react in situ with the biomass
and with each other via a series of reactions.

Water gas reaction : CþH2Oþ 118:5 kJ=mol ! COþH2 (3)

Methanation reaction : Cþ 2H2 ! CH4 þ 87:5 kJ=mol (4)

Steam reforming methanation : CH4 þH2Oþ 206 kJ=mol ! COþ 3H2 (5)

Water gas shift reaction : COþH2O ! CO2 þH2 þ 40:9 kJ=mol (6)

Boudouard reaction : Cþ CO2 þ 159:9 kJ=mol ! 2CO (7)

Reverse water gas shift reaction : CO2 þH2 þ 41:2 kJ=mol ! H2Oþ CO (8)

Gasification of biomass Direct combustion of biomass

Input feedstock Low-energy-density and wet
biomass is still feasible

The biomass fuel must have acceptable moisture
content and relatively flammable to guarantee a
sustainable operation.

Output flame Smokeless, free of dust and
toxic gases if the syngas is
purified.

Smoky and dusty with fly ash.

Impact to the heat
exchangers’ surface

Minimized Silica fume, dusty aerosol, and corrosive gases
can shorten the lifetime of equipment.

Applicability for
internal combustion
engines

Yes No

Equipment design
complexity

Complex Simple

Heat receiver
arrangement

Mobile Fixed to the burner

Side product Char, ash (solids), tar, bio-
oil, wood vinegar (liquids)

Ash

Table 2.
A brief comparison between biomass gasification and combustion.
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In this context, to simplify the theory, biomass can be formulated with its main
general composition CaHbOc due to the much lower contents of other elements, such
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The main weakness of gasification by oxygen/air is due to a large portion of inert
nitrogen in the agent (79–80%), which makes the resulted syngas diluted. It can be
roughly estimated that syngas from this type of gasification mainly contains around
30–60% of nitrogen and 10–15% of CO2 since its heating value is typically between
4 and 6 MJ/m3 (for comparison, HHV of H2 = 12.76 MJ/m3, CO = 12.63 MJ/m3, CH4

39.76 MJ/m3 and CH4 is commonly much less than CO and H2) [7–9]. Low quality
syngas is the main disadvantage of this technique for applications which require
high temperature and steady operation, such as internal combustion engine, metal-
lurgy, and melting glass industries.

Air-based gasification processes are sensitive and complex, which are influenced
by a number of factors, such as biomass composition and particle geometry, gasifi-
cation agent composition and flow rate, equipment design, etc. Among these, the
ratio of actual air-fuel ratio to the stoichiometric air-fuel ratio (ER) is used as a
parameter to calculate and to simulate the process [10].

ER ¼ Stoichiometric Air Nm3� �

Actual Air Supplied Nm3� � and ER< 1:0 (9)

Gasification ER is theoretically usually from 0.19 to 0.43, and a range of
0.25–0.29 was studied to be considered as the optimum ER in gasification of some
popular biomass [11].

2.2 Oxygen-enriched air

To obtain more concentrated syngas, nitrogen must be limited from the gasifi-
cation agent in air-based systems while sufficient oxygen is still guaranteed for
combustion to generate heat [12]. This method does not change the nature of the
gasification process since nitrogen is an inert gas not involved in the reactions.
Several techniques were introduced to remove nitrogen, thus increase oxygen con-
tent in the input air stream, such as pressure swing adsorption (PSA) [13], temper-
ature swing adsorption [14], carbon membranes [15], etc. Oxygen concentration in
studies on gasification with oxygen- enriched air is found limited by less than 50%,
and no study on 100% oxygen gasification, possibly because of a high risk of
explosion [16–18].

Figure 2 shows the visual change in an air-based syngas flame (wood pellet as
feedstock) when oxygen concentration in the gasifying agent increased from that of
normal air to 30%. With normal air, the syngas flame is thinner with smoke, while
oxygen-enriched air makes the flame stronger, thicker, and less smoke. The flame
temperature was measured as 874 and 933°C, respectively.

Figure 2.
Experimental gasification of wood pellet (a) showing the flame of syngas when using (b) normal air
(21% vol. as O2) and (c) oxygen-enriched air (30% vol. as O2)
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2.3 Saturated and superheated steam as gasification agent

Water gas (3) and water gas shift (6) reactions are the reasons steam can be
introduced to oxygen/air gasification or wet biomass is accepted, of which moisture
is more tolerated than that in direct combustion. Higher generation yields of H2

and CO are obtained so the final syngas mixture gets higher heating value.
However, these two reactions are endothermic while the vaporization enthalpy
of water has a large value (at atmospheric pressure that is 40.65 kJ/mol) so
saturated steam or water can make the pyrolysis zone lose heat, drop temperature,
leading to lower conversion yield. Lower quantity becomes a contrast to higher
quality of syngas formation in this case. Subsequently, the process even gets faded if
sufficient heat is not guaranteed. To achieve both quantity and quality of syngas,
heat should be redeemed by using superheated steam instead of saturated steam or
water in wet biomass so that the gasification temperature is maintained above
750–800°C [19].

The ratio of steam to carbon content of the biomass fuel (SCR) is used as a
crucial operating parameter in biomass gasification with steam feeding [20]:

SCR ¼
Steam mass flow rate kg

s

� �

Carbon feed rate kg
s

� � (10)

Steam flow rate (kg/s) to biomass (kg/s) ratio (S/B) is also used like SCR [21].
Steam feeding makes the ratio of hydrogen to carbon in the whole reaction
mixture increase, which was found to yield more H2, and increase the heating
value of the syngas, while tar content decreases significantly [22]. This technique
is positively meaningful in biomass gasification because it does not only increase
the quality of the syngas but also reduce tar-clogging problems to sustain the
process.

2.4 Other gasification agents: H2 and CO2

Not many studies on gasification by hydrogen and carbon dioxide were found
although these two agents are reactants in methanation (4) and Boudouard (7)
reactions.

Methanation reaction can be increased when more H2 exists in the reaction zone
of a gasifier. Since methanation is exothermic, hydrogen can be mixed with air in
air-based gasification or can be used as the only gasification agents without slagging
problems in the gasifiers like conventional oxygen/air gasification. Pure hydrogen
gasification is expected to be able to run at lower temperature and milder conditions
because less heat is generated from methanation reaction (ΔH = �87.5 kJ/mol) than
from combustion step in air-based gasification [23], which may lead to the absence
of oils and tars [24]. However, catalysts are needed because the reaction rates are
very low [25]. Otherwise, hydrogen gasification should be carried out in high H2

pressure, which rises several safety concerns.
CO2 is a Boudouard reactant, as well as it can react with H2 in the mixture via

reverse water gas shift reaction. Hot flue gas is a popular product in industry, which
includes steam, CO2, and heat from direct combustion of fuel, thus can be consid-
ered as a gasification agent [26]. This technique is available if a combustion process
is combined with gasification because air-based gasification already has its
combustion zone. CO2 utilization and enhancement of CO formation can be the
purposes of CO2-gasification [27].
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750–800°C [19].
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2.5 Catalysts

The reactions in gasification can proceed with higher yields and less energy
input if appropriate catalysts are employed. Catalysts can facilitate the process by
reducing slagging problems, by which in severe cases, gasifiers need to be shut
down for maintenance. Together with slagging of low-melting-point inorganic
compounds, tar and soot formation also interrupts the operation because matters
can be vaporized at high temperature, then condense at cooler zones and clog the
systems. Catalysis helps limit the formation of such undesired side-products or
decompose them to workable substances by cracking reactions. The mechanism of
tar catalytic cracking can be assumed as follows [28]:

• Organic and hydrocarbon compounds are dissociated from the biomass and
absorbed on the catalytic sites.

• Catalytic dehydrogenation reactions happen.

• Water is hydroxylated to OH radicals, which oxidize the hydrocarbon
fragments.

• Syngas, CH4, and lighter hydrocarbons are formed then.

In contrast, catalytic gasification has some disadvantages, such as material costs
and fading catalyst performance over reaction time. Theoretically, catalysts can be
recovered after the process. But in fact, they are easily poisoned and contaminated
by variable products, which are formed from the complex interactions in
gasification.

Alkali metal salts seem to be the earliest catalysts to be examined for gasification
[29]. Alkali elements were studied to catalyze gasification of char and biomass,
and they were proved to reduce the formation of tar and soot [30, 31]. The
employment of catalysts is preferred for entrained-flow gasifiers, which will be
discussed later [32].

Natural minerals, precious metal and synthetic catalysts are also studied for their
application in biomass gasification, as well as coal and syngas conversion [33–35].

2.6 Plasma gasification

Plasma, which can be produced by an electric arc discharged to a gas, is a very
hot and highly ionized gaseous mixture. The initial gas interacts with the electric arc
to become dissociated into electrons and ions at temperatures often exceeding
thousands of Celsius degree. When biomass and a non-oxidizing gasifying agent are
fed into a plasma reactor, the gasification can proceed at high temperatures without
combustion to generate heat as in conventional process. Therefore, plasma gasifi-
cation can convert organic substances to syngas that preserve all its chemical and
heat energy, while converts inorganic mineral ash to inert vitrified glass or slag. As a
result, contamination and dilution of syngas are minimized and the process control
is easy to yield expected syngas composition [36, 37].

Microwave was also used to generate plasma in plasma gasification [38]. How-
ever, microwave plasma system is not easy to scale up for industrial purposes like
electric arc type.

With the principle of supplying intensive heat for endothermic reactions,
plasma gasification was used to produce hydrogen with steam injection as discussed
in Section 2.3 [20]. Carbon dioxide gasification was studied with a various biomass

552

Biotechnological Applications of Biomass

feedstock to show input plasma energy was lowest while syngas formation yield was
highest [39]. Experimental results showed that steam or catalysts added to plasma
gasification can significantly reduce the formation of tars [40].

3. Gasifiers

Gasification is a complicated process, which is influenced by many factors,
among which equipment design plays a very important role. Popular types of
gasifiers are listed and briefly discussed as bellows.

3.1 Fixed-bed gasifiers

There are three ways of arrangement for biomass and gasifying agents entering
to react with each other in the reactors: updraft, downdraft, and cross draft as
illustrated in Figure 2a–c.

• Updraft gasifiers (Figure 3a): in this type of reactor, biomass is fed downward
from the top and gasifying agents is fed upward from the bottom in a counter
flow arrangement. Ash is collected at the bottom of the equipment with air-
lock design. The biggest weakness of updraft gasifiers is the accumulation of
tar, moisture, and soot on the top of the reactors, which becomes hard clogging
blocks inside the equipment. Figure 4 is the actual photo of a very thick and
hard layer of tar and soot attached to the inner wall on the top of an updraft
biomass gasification reactor (the photos were taken at the Laboratory of
Biofuel and Biomass Research, Ho Chi Minh City University of Technology,
HCMUT). This counter flow process also makes syngas from updraft gasifiers
carries much contamination. In contrast, the operation of updraft gasifiers is
the easiest among the three types of fix-bed gasifiers above. Its design is also
simple and available for multi-feed stock purpose.

• Downdraft gasifiers (Figure 3b): a narrow throat at the combustion zone is the
typical design of this type of equipment. Since syngas is obtained at the bottom
of the reactor, biomass and gasifying agents move in a co-current direction and
get in contact for combustion at the device throttle. The flow rate of the

Figure 3.
Fix-bed gasifier types. (a) Updraft gasifier. (b) Downdraft gasifier. (c) Crossdraft gasifier.
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typical design of this type of equipment. Since syngas is obtained at the bottom
of the reactor, biomass and gasifying agents move in a co-current direction and
get in contact for combustion at the device throttle. The flow rate of the

Figure 3.
Fix-bed gasifier types. (a) Updraft gasifier. (b) Downdraft gasifier. (c) Crossdraft gasifier.
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gasifying agent gets maximum at this position due to the decreasing cross-
sectional area of the orifice. As a result of this structure, the combustion
increased sharply at the throttle while the amount of feeding agents is still.
Downdraft gasifiers have higher conversion yield than that of their updraft
models [41]. Syngas from downdraft gasifiers have much less tar and
incomplete decomposed substances because they have to pass the combustion
zone before exit with the syngas. However, downdraft gasifiers cannot be
scaled up easily due to difficulties in controlling the movement of solid fuels
through the throttle. Another difficulty in designing and fabricating downdraft
gasifiers is “bridging problems” for feedstock with low densities [42]. The
downward flow of the solid fuel is dictated by gravity while the pyrolysis zone
is right above the narrow throat. The melting and adhesivity of lignin in
biomass, as well as the local condensation of volatile substances, also facilitate
the formation of stiff domes above the device throat, blocking the coming
feedstock. It was observed that a rice husk downdraft gasifier kept stop
working within some minutes of operation due to this problem and it was not
an easy job to remove the bridging dome of “melting” rice husk inside the
equipment (Figure 5).

• Crossdraft gasifiers (Figure 3c): as an intermediate between downdraft and
updraft design, crossdraft gasifiers has the simplest design when biomass is fed
from the top, gasifying agent from the rear side, and syngas is withdrawn from
the other rear side of the reactor. Thanks to this arrangement, the pyrolysis
zone is separated from reduction zone, where syngas is obtained, and between
them is the combustion zone to reduce tar and soot. Bridging problem is not a
concern in this case, and scaling up is feasible.

3.2 Fluidized bed gasifiers

Fluidization is an advance technique for solid fuel combustion. It is also applied
for gasification. Inert materials (sand, dolomite, crushed stone, etc.) are employed
to hold fluidization. The gasifying agents enter the reactor from the bottom upward
to the top at velocities of 1–3 m/s through the biomass + inert material bed. Gasifi-
cation reactions occur inside the bed then the resulted gases drag the particle before
going up like “bubbling”. This technique provides the mixture a uniformity for heat

Figure 4.
(a) an updraft gasifier converting rice husk to syngas, (b) the inside wall of the top opening is clogged with a
thick layer of condensed tar and soot.
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exchange. Cyclones are installed to collected solid particles and return them to the
reactors. With high gasification efficiency, fluidized bed gasifiers are known for tar
and char reduction [43].

The operating temperature of fluidized-bed gasifiers is limited to the melting
point of the inert medium. The gasifying agents also play a role as fluidization fluids
so the input flow rate must be high enough. Therefore, gasification agents in
fluidized bed gasifiers are usually rather than only oxygen/air, which need to be at a
limited mass ratio to the biomass [44, 45].

3.3 Entrained flow gasifiers

Entrained flow gasifiers are applied for biomass with small particle sizes so that
the specific contact area with gasifying agents is large enough for suitable reaction
rate. Simply described as illustrated in Figure 6a, the solid and the gas agents are
fed co-currently to the reactor in the same downward direction. The agent sur-
rounds the solid particles and react to convert the biomass to syngas. At the end of
the falling routine to the bottom of the reactor of the feed, only ash and slag are
expected to be remained solid collected in cyclone systems while syngas is passing
through. The operation is carried out at high temperature and in high pressure. The

Figure 5.
Fixing a downdraft gasifier after a bridging problem happened.

Figure 6.
(a) Entrained flow gasifier, (b) rotary drum gasifier.
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exchange. Cyclones are installed to collected solid particles and return them to the
reactors. With high gasification efficiency, fluidized bed gasifiers are known for tar
and char reduction [43].

The operating temperature of fluidized-bed gasifiers is limited to the melting
point of the inert medium. The gasifying agents also play a role as fluidization fluids
so the input flow rate must be high enough. Therefore, gasification agents in
fluidized bed gasifiers are usually rather than only oxygen/air, which need to be at a
limited mass ratio to the biomass [44, 45].

3.3 Entrained flow gasifiers

Entrained flow gasifiers are applied for biomass with small particle sizes so that
the specific contact area with gasifying agents is large enough for suitable reaction
rate. Simply described as illustrated in Figure 6a, the solid and the gas agents are
fed co-currently to the reactor in the same downward direction. The agent sur-
rounds the solid particles and react to convert the biomass to syngas. At the end of
the falling routine to the bottom of the reactor of the feed, only ash and slag are
expected to be remained solid collected in cyclone systems while syngas is passing
through. The operation is carried out at high temperature and in high pressure. The

Figure 5.
Fixing a downdraft gasifier after a bridging problem happened.

Figure 6.
(a) Entrained flow gasifier, (b) rotary drum gasifier.

555

Gasification of Biomass
DOI: http://dx.doi.org/10.5772/intechopen.93954



extremely turbulent flow of the aerosol mixture causes rapid conversion and allows
high throughput [46].

3.4 Rotary drum gasifiers

To reach uniformity of the biomass during gasification without combustion
(using gasifying agents rather than oxygen/air), mechanical mixing can be applied
as rotary kiln type reactor (Figure 6b). In this rotating cylinder, biomass is well
mixed in contact with gasifying agents. Differing from fluidized bed and entrained
flow equipment, the gasifying agents’ flow rates can be at any value in rotary drum
gasifiers.

4. Conclusion

Gasification is a big subject in biomass and chemical engineering. Among the
renewable technologies converting biomass to fuels and energy with environmental
preservation concern, gasification is superior over combustion with variable feasi-
ble application. Gasification process includes many reactions, which make it com-
plex and sensitive to many factors. The diversity in the thermochemistry of
gasification gives researchers and engineers a big space for creativity in R&D. This
context introduced some brief theory and technical discussion on gasification tech-
nology with a humble hope to contribute to that vision.
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(using gasifying agents rather than oxygen/air), mechanical mixing can be applied
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mixed in contact with gasifying agents. Differing from fluidized bed and entrained
flow equipment, the gasifying agents’ flow rates can be at any value in rotary drum
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Numerical and Experimental 
Analysis of Thermochemical 
Treatment for the Liquefaction of 
Lemon Bagasse in a Jacketed Vessel
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Abstract

In this work, it was investigated the time evolution of thermal profile inside a 
liquefaction vessel and how the temperature and time of reaction influenced lique-
faction yield. Liquefaction was performed in two different ways: (1) Experimental 
Analysis; (2) Numerical 3-D model, using Computational Fluid Dynamics (CFD). 
Liquefaction was performed using lemon bagasse samples, glycerol and sulphuric 
acid, as catalyst. Temperature and liquefaction Yield (LY) were measured for dif-
ferent time of reaction (30, 60 and 90 minutes). From experimental data, LY were 
higher than 70 wt% for 90 minutes reaction. The increase in the temperature inside 
the reactor occurred due to the conduction and natural convection phenomena. 
Although the jacketed vessel was fed with steam at 125°C, working conditions 
allowed the heating of the mixture to less than 100°C. CFD thermal profile was 
in accordance with experimental data. They showed it was necessary 60 minutes 
to achieve a steady state of heating in the mixture inside this liquefaction vessel. 
From CFD transient simulations, it was observed some oscillations and detachment 
from experimental data, which may be due to changes in fluids properties along the 
process. Despite this consideration CFD could satisfactory analyse heat transfer in 
this liquefaction process.

Keywords: biomass, polyol, CFD, liquefaction yield, glycerol

1. Introduction

The use of biomass and agricultural waste as an alternative to fossil products has 
been widely investigated in the last decades. Several processes have been developed 
to provide more efficient use of those renewable sources and generate the so-called 
“green products”, with properties and performance comparable to petroleum 
derivative products [1]. Polyol is one of these potential green products, since it is an 
essential polymer in the polyurethane compounds industry. It may produce foams, 
elastomers, inks, paints and others, which are currently obtained from petroleum 
derivatives.
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A “green polyol” can be obtained from biomass liquefaction process [2]. This 
process consists of the endothermic reaction between biomass, solvent and catalytic 
agent, followed by an exothermic recombination of molecules, during a specific 
time interval. Biomass liquefaction is usually carried out in a jacketed reactor, that 
can be a stirred tank or a single vessel, without mechanical stirring [3].

The liquefaction yield depends on the technology used to modify the structure 
of the lignocellulosic biomass and the raw material. Because of the importance of 
the temperature on liquefaction process, some works performed an investigation 
of liquefaction yield and polyol properties as a function of temperature and time 
reaction [2, 4–6].

According to earlier literature, a wide range of temperature have been used on 
liquefaction processes. Dimitriadis and Bezergianni [7] reported a temperature 
range between 200–450°C (473.15–723.15 K) for the hydrothermal liquefac-
tion, which varied according to the solvent, the biomass and the process used. 
Rafiqul [8] set autoclave temperature around 350–450°C (623.15–723.15 K) to 
perform co-liquefaction of bituminous coal with bagasse. To liquefy rice straw, 
using glycerol as solvent, Cao [9] used autoclave, with thermopar probes, set 
in the temperature between 220–300°C (493.15–573.15 K). Ye [2] evaluated the 
liquefaction process, of bamboo shoot with two types of glycerol, using heat and 
stirring. In this study, temperature varied around 110–150°C (383.15–423.15 K) 
with the best liquefaction yield at 150°C. Also, there was no significant difference 
on liquefaction yield, after 80 minutes of reaction (2). Li [10] investigated the 
liquefaction of wheat straw using alcohol/water mixed solvent. They observed 
better results for liquefaction yield at 270°C (543.15 K), using a residence time 
lower than 120 minutes.

Despite the significant importance of the temperature and time on the liquefac-
tion process, it is still necessary to set a method to help researches choose these 
operational parameters. As shown in this review, it has been seen considerable 
variation among temperatures values and its range. Therefore, a suitable analysis of 
the heat transfer would be an interesting tool for industrial and academic applica-
tions to understand temperature and time reaction, in the liquefaction process.

Hence, in this work, the time evolution of thermal profile inside the liquefaction 
vessel and how temperature and time of reaction influenced liquefaction yield were 
investigated. Based on the above considerations, the analysis of liquefaction was 
performed in two different ways:

1. Experimental Analysis: the liquefaction of lemon bagasse with crude glycerol, 
to produce polyol, was conducted in a heated jacket reactor, supplied by steam, 
at constant values of temperature and pressure.

2. Numerical 3-D model: Computational Fluid Dynamics (CFD) was used con-
sidering two computational domains. The first domain considered the fluid 
flow of superheated steam inside the heated jacket at steady state flow rate. 
The second domain represented natural convection of glycerol and lemon 
bagasse mixture (polyol) considering transient fluid motion.

The experimental and numerical results were compared in order to validate the 
CFD simulation. It is expected that the simulation could be a helpful tool to evalu-
ate velocity and temperature profiles for transient and steady state operations in 
further liquefaction experiments, despite geometries and scales used. In this way, it 
may guide researches choose temperatures and time reaction, in order to have better 
liquefaction yield with lower energy consumption.
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2. Materials and methods

2.1 Materials

Lemon bagasse samples were collected between May and October of 2016 in 
the southeast region of Brazil (19° 53′ 12″ - S; 44° 25′ 56″ - W). The samples were 
dried at 105°C using an oven-dry, until a constant weight was achieved. Then, the 
biomass was cut in a knife mill to get fibbers of 0.5 mm length. The crude glycerol, 
used as liquefaction solvent, was kindly provided by Petrobrás (Usina Darcy 
Ribeiro - Montes Claros - MG, Brazil). Sulphuric acid (Synth) was used as catalyst 
for this reaction.

2.2 Experimental analysis

The experiments were performed in a jacket vessel. The reactor was supplied 
with a mixture of lemon bagasse (biomass), crude glycerol (solvent) and a sulphuric 
acid solution (95 wt%), as catalyst [11]. The steam used to feed the reactor was pro-
duced in an autoclave (water steam at 125°C - 398.15 K). The reaction was performed 
using three length of time: 30, 60 and 90 minutes. The experimental parameters: 
temperature, pressure, time and catalyst, have significant impact on the liquefaction 
process [5, 12]. Hence, in the present work, length of time reaction was investigated 
for three different solvent/biomass ratio. The solvent/biomass ratio conditions and 
their respective obtained Polyol are shown in Table 1.

From the reaction, it was produced a mixture of polyol and residues. Each 
resulting mixture was filtered to separate the two components: polyol and solid 
residues. The solid residues were dehydrated at 75°C (348.15 K), for 72 hours, to 
calculate the liquefaction yield (LY), obtained in weight percentage (wt%) as 
shown in Eq. (1) [8, 12]:

 
Biomass weight Residue weight

LY 100
Biomass weight

 −
= ⋅ 
 

 (1)

Where the biomass weight is the lemon bagasse weight (g) and the residue 
weight is the insoluble lemon weight, after the liquefaction process (g). The higher 
the LY, the higher is the polyol production.

2.3 Analysis of heat transfer

The temperatures in the centre of liquefaction vessel were recorded by a ther-
mopar probe Digital Thermometer model K-type-1-channel brand Thermocouple 
Thermometer. It was done for 90 minutes, in time intervals of 5 minutes, 

Variables Mixture para obtenção do poliol

Polyol 1 Polyol 2 Polyol 3

Ratio solvent/biomass (wt%) 2:1 3.5:1 5:1

Lemon Bagasse (g) 115.00 78.00 58.00

Glycerol (g) 230.00 273.00 290.00

Suphuric Acid (g) 7.00 7.00 7.00

Table 1. 
Liquefaction variables used to obtain the polyols.
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considering the three solvent/biomass ratios presented (Polyol 1, 2 and 3). 
Temperature probes were located inside the reactor: one at the centre of the axis and 
another at the centre of the bottom. Data obtained was used to compare with CFD 
results.

The temperature data collections were performed at intervals of the ∆t = 5 
minutes, considering the initial temperature Ti = 25°C (298.15 K). Temperature 
variations (∆T) and final temperature (Tf) were measured for each experimental 
run according to their respective intervals of time (0-30 minutes, 30-60 minutes, 
60-90 minutes).

2.4 Reactor configurations

The jacketed reactor used in the present work is made of stainless steel and its 
geometry is showed in Figure 1.

The dimensions presented in Figure 1 are: (a) jacket internal radius: 56,5 mm, 
(b) jacket external radius: 76,5 mm, (c) diameter of the input and output for 
steam in the jacketed: 20,0 mm, (d) thickness of the heat transfer surface:  
2,0 mm, (e) total height of the reactor: 220 mm, (f) internal height of the reactor: 
200 mm and (g) diameter of the steam input: 25,4 mm.

2.5 Numerical 3-D CFD model from

The Computational Fluid Dynamics (CFD) is a numerical technique used to 
solve fluid flow problems described by transport equations for mass, energy and 
momentum conservations employing the Finite Volume Methods (FVM) in three 
dimensional geometries. In the present CFD simulations, it was assumed that the 
internal shell thickness, between the steam and polyol domains, is negligible com-
pared to dimensions of the heated jacket and liquefaction. The thermal resistance of 
the liquefaction vessel shell can be assumed negligible due to its high conductivity 
of the stainless steel compared to steam and glycerol mixture. It was also assumed 
constant temperature at the top surface of the vessel in the polyol domain and 
external adiabatic walls in the jacket domain. Each case was composed by two dif-
ferent simulations:

i. a steady state analysis for steam at 125°C flow passing through the jacket 
domain;

ii. a transient analysis of the natural convection of the polyol mixture inside 
the reactor vessel domain, heated by external walls which heat transfer is 
function of the wall heat transfer coefficient imported from jacket domain 
results.

The geometry of the reactor domain must fit perfectly inside the internal 
cylindrical hole of the jacket domain. Therefore, the reactor domain and the 
internal cylinder of the heat jacket have 200 mm height and 113 mm diameter. The 
computational mesh used for the liquefaction vessel domain for jacket domain 
were composed by 2,504,216 structured cells and 1,0763,346 non-structured cells, 
respectively.

Since it was not expected that temperature variations inside liquefaction vessel can 
perturb the thermal profile of the jacket domain, it was assumed one-way “communi-
cation” between the two computational domains. The results from jacket domain were 
used as boundary condition of wall heat transfer coefficient for polyol domain simula-
tions. In the jacket domain the fluid employed was Water Vapor at 100 oC, available 
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in the library of Ansys CFX software. In order to analyse the heat transfer inside the 
reaction vessel, it was assumed ideal mixture of glycerol and lemon bagasse for the 
following physical properties: density, viscosity, thermal conductivity and specific 

Domain jacket Domain reactor

Fluid Water vapor 
at 100°C

Fluids Polyol 1; 2 and 3

Simul. type Steady state Simul. type Transient 90 min
time-step: 0.1 s

max. iter. per t-s: 40
convergence per t-s: 10-4

Turbulence SST (5%) Turbulence Laminar, SST (5 %)

Heat transfer Thermal 
energy

Heat transfer Thermal energy

Buoyancy g [m/s2] = (0.00; -9.81; 0.00)

Boundary conditions Boundary conditions

Inlet 0.01 kg/s; 
125°C

External 
wall

Imported wall heat transfer coeff. profile with 
ext. 125°C

Outlet 0.01 kg/s bottom walls

Internal walls Fixed temp. 
25°C

upper wall Fixed temp. 25°C

External walls Adiabatic Initial temp. 25°C

Fluid physical properties

Parameter Glycerol Lemon 
Bagasse

Polyol 1 Polyol 2 Polyol 3

ρ [kg/m3] 1260.0 1300.0 1273.2 1268.8 1266.8

ν [kg/(m.s)] 1.4800 1.5000 1.4866 1.4866 1.4866

k1 [W/m.K] 0.29 0.061 0.2102 0.2352 0.2465

cp2 [J/kg.K] 2428.0 2825.52 2559.2 2515.5 2495.6
1[13].
2[14].

Table 2. 
Physical properties, configurations, simulation parameters and boundary conditions employed in the 
superheated steam flow and natural convection simulations of jacket and polyol domains.

Figure 1. 
The reactor model: (a) Jacketed reactor; (b) the geometry of reactor (values expressed in mm), red arrows 
represent water vapor flux.
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heat capacity. The transient natural convection simulation for biomass liquefaction 
used single-phase fluids.

The physical properties were estimated by data for the three solvent/biomass 
rates: 2:1, 3.5:1, 5:1, whose cases are denominated Polyol 1, Polyol 2 and Polyol 
3, respectively. In the reactor domain, the flow was assumed laminar due to the 
motion of the glycerol mixture (promoted by natural convection), which is char-
acterized by low values of Ra and Nu inside the liquefaction vessel. In the jacket 
domain, it was considered turbulent flow represented by the SST (Shear Stress 
Transport) model. It is a RANS (Reynolds Averaged Navier Stokes) model that 
considers isotropic velocities fluctuations in the fluid flow. Despite of the low 
Re values, which is an evidence of laminar flow, it was expected the formation 
of three dimensional natural convection cells that evaluates in time, which are 
characteristic of turbulent flows. Therefore, for the polyol domain simulations, it 
was performed two runs of CFD simulations for each case, considering laminar and 
turbulent (SST model) flow, respectively. The simulation time was 90 minutes with 
time-step of 0.1 seconds and 40 iterations for each time-step. The fluid physical 
properties such as specific mass (ρ), cinematic viscosity (v), thermal conductivity 
(k) and calorific capacity (cp) were obtained considering the ideal mixture for its 
components (glycerol and lemon bagasse properties). The boundary conditions 
used in the simulations of the jacket and polyol domains are showed in Table 2.

3. Results and discussion

3.1 Liquefaction yield (LY) and analysis of heat transfer

The experimental results obtained from the three solvent/biomass (s/b) mass 
ratios are shown in Table 3. The experiments started at 25°C and the lateral and the 
bottom of the reactor walls were at 125°C (due to the vapor steam in the heated jacket). 
The temperature variation ∆T, in Table 3, expresses the average heating rate, for 30 
minutes time interval, from time 0(zero) until 90 minutes, for each experiment.

According to data in Table 3, the liquefaction yields were influenced by the time of 
reaction, which is coherent with previous works about other types of biomass [5, 15]. 
It was observed yields higher than 70 wt% in the three solvent/biomass ratios, for 90 
minutes reaction, which are satisfactory results compared to experimental results in 
literature data [12, 16–18].

Although the highest heating rate (∆T) was observed in the first 30 minutes 
(58.6 ± 1.38°C) and followed by the 30-60 minutes interval (9.6 ± 1.83°C), 90 
minutes reaction was important to guarantee biomass conversion. It was observed 
a decrease of the solid residue with time reaction due to the gradual conversion of 
solid matters into polyol (reduction of 57.91 to 44.46 to 13.48 wt%).

The largest temperature variation occurred in the first 30 minutes due to the 
high initial gradient temperature between the vessel wall (125.15°C at t = 0 s) and 
the bulk mixture (25.15 K at t = 0 s). Therefore, at the beginning of liquefaction, it 
was expected the higher heat transfer rate.

It was also observed that, the higher the amount of glycerol, faster it achieves 
the final temperature. This behaviour was coherent since the greater the mass of 
glycerol used (liquid fraction), the higher the thermal conductivity of the mixture 
(k) and higher the heat transfer rate [19].

Since the steam employed in the liquefaction comes from an autoclave, it was 
observed a continuous rising of the solution temperature, until it reaches a thermal 
steady state equilibrium. However, the exchange of thermal energy was limited by 
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the heat transfer surface and the combination of the internal thermal resistances, 
which can be observed through polyol temperature that does not exceed 100°C, due 
to the physical characteristic of solvent and mixture. This behaviour is coherent 
with observations of Choi and Mills [20], which showed that apart from the thermal 
resistance, the tendency of temperature stabilization and its delay may be due to 
supply energy to promote the endothermic liquefaction reaction.

The knowledge about the evolution of the temperature distribution along the 
time inside the reactor can be used to estimate the amount of the energy required 
for the process. The analysis of heat transfer from jacket into the reaction vessel is 
shown in the following section.

3.2 Computational Fluid Dynamics (CFD) analysis

Despite the superheated vapor flows inside the heated jacket was a steady state 
simulation, the thermal profiles of polyol mixture were obtained from transient 
simulation. Therefore, the wall heat flux obtained from jacket domain was used as 
boundary conditions for polyol domain transient simulations. Figure 2 shows the 
simulated results for wall heat flux of jacket domain considering internal surface 
temperature at 25°C.

According to the profiles presented in Figure 2, the wall heat flux from 
heated jacket domain to reactor vessel domain was not uniform or symmetrical 
and it was necessary to simulate three-dimensional profiles of fluid velocities 
and temperature inside the reaction vessel. It was expected that the liquefaction 
process is affected by temperature, since most of the cases of biomass conver-
sion is well defined by Arrhenius equation [21]. Hence, the evolution in time of 
the thermal profile behaviour should be related with the evolution in time of the 
liquefaction yield inside the reaction vessel. However, it worth mentioning that 
the heated jacket simulation was steady state and the thermal profile in the reactor 
vessel domain is representative for 90 minutes of operation obtained in a transient 
simulation. According to the obtained results showed below, this is time enough to 
the system achieves a natural convection behaviour, able to present a symmetrical 

Sample Time (min) Temperature (K) LY (wt%) ∆T (°C)

Polyol 1 30 356.95 48.63 58.40

60 366.55 40.41 9.60

90 369.25 86.52 2.70

Polyol 2 30 357.25 42.09 58.60

60 367.65 55.54 10.40

90 369.15 77.62 1.50

Polyol 3 30 360.85 34.27 61.60

60 367.75 65.79 6.90

90 370.95 88.37 3.20

30 361.45 — 62.80

Glycerol 60 367.05 — 5.60

90 369.15 — 2.10

Table 3. 
Experimental results for liquefaction yield (LY) and heating rate (∆T), according to time reaction and 
temperatures measured at the vessel.
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The largest temperature variation occurred in the first 30 minutes due to the 
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the heat transfer surface and the combination of the internal thermal resistances, 
which can be observed through polyol temperature that does not exceed 100°C, due 
to the physical characteristic of solvent and mixture. This behaviour is coherent 
with observations of Choi and Mills [20], which showed that apart from the thermal 
resistance, the tendency of temperature stabilization and its delay may be due to 
supply energy to promote the endothermic liquefaction reaction.

The knowledge about the evolution of the temperature distribution along the 
time inside the reactor can be used to estimate the amount of the energy required 
for the process. The analysis of heat transfer from jacket into the reaction vessel is 
shown in the following section.

3.2 Computational Fluid Dynamics (CFD) analysis

Despite the superheated vapor flows inside the heated jacket was a steady state 
simulation, the thermal profiles of polyol mixture were obtained from transient 
simulation. Therefore, the wall heat flux obtained from jacket domain was used as 
boundary conditions for polyol domain transient simulations. Figure 2 shows the 
simulated results for wall heat flux of jacket domain considering internal surface 
temperature at 25°C.

According to the profiles presented in Figure 2, the wall heat flux from 
heated jacket domain to reactor vessel domain was not uniform or symmetrical 
and it was necessary to simulate three-dimensional profiles of fluid velocities 
and temperature inside the reaction vessel. It was expected that the liquefaction 
process is affected by temperature, since most of the cases of biomass conver-
sion is well defined by Arrhenius equation [21]. Hence, the evolution in time of 
the thermal profile behaviour should be related with the evolution in time of the 
liquefaction yield inside the reaction vessel. However, it worth mentioning that 
the heated jacket simulation was steady state and the thermal profile in the reactor 
vessel domain is representative for 90 minutes of operation obtained in a transient 
simulation. According to the obtained results showed below, this is time enough to 
the system achieves a natural convection behaviour, able to present a symmetrical 

Sample Time (min) Temperature (K) LY (wt%) ∆T (°C)

Polyol 1 30 356.95 48.63 58.40

60 366.55 40.41 9.60

90 369.25 86.52 2.70

Polyol 2 30 357.25 42.09 58.60

60 367.65 55.54 10.40

90 369.15 77.62 1.50

Polyol 3 30 360.85 34.27 61.60

60 367.75 65.79 6.90

90 370.95 88.37 3.20

30 361.45 — 62.80

Glycerol 60 367.05 — 5.60

90 369.15 — 2.10

Table 3. 
Experimental results for liquefaction yield (LY) and heating rate (∆T), according to time reaction and 
temperatures measured at the vessel.
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profile and significant contribution of conduction mechanism rather than convec-
tion in the net heat transfer.

Additionally, in the boundary conditions specifications, it was imported the 
profile for heat transfer coefficient with external temperature of 125°C. When 
the temperature near the walls achieves higher values next to 125°C, the effect 
of the heat flux profile as boundary condition becomes less influent than the 
specification of fixed temperature and the temperature profile tends to become 
uniform. Since the temperature gradient drives the heat transfer, it was expected 
higher heat transfer rates at the beginning of the process, enhanced by convection 
of momentum and energy, followed by a soft decreasing of its contribution until 
to establish the temperature profile as the temperature gradient also decreases. 
Therefore, the heat flux was more influent in the initial time-steps due to the high 
values of temperature gradient. Figure 3 presents the evolution of temperature 
profile inside the liquefaction vessel. It can be seen that the temperature profile 
becomes stable between 45 and 60 min of heating, considering the reaction vessel 
without mechanical agitation and the mixtures Polyol 1, 2 and 3. These results are in 
accordance with those results from experimental analysis, present in Table 3.

According to the temperature profiles of Figure 3, there was a tendency for 
occurrence of a natural convection structure after 20 minutes of heating. It also can 
be observed that high temperatures appear first in the superior part and there was a 
slow heating from above to below. However, there was a centreline at the vessel axis 
where the temperatures remain significantly lower than in rest of the domain, due 
to the downward stream produced by the natural convection cell. After the natural 
convection structure has been established, it was possible to see that there were two 
heat fluxes inside the liquefaction vessel. The first was the main (primary) flux with 
vertical rising streams next to the walls and a descendant stream passing by the 
reactor axis. The secondary flux, slower than main flux, transports heat predomi-
nantly by conduction from the top to the bottom and from axis to walls in radial 
direction.

The thermal profile for a vertical plane in the two computational domains, vessel 
and jacket, can be visualized in Figure 4. It considered the simulation of Polyol 
1, where the thermal profile shown represents the results for steady state jacket 
domain and for reactor vessel domain at the final time-step (90 min). A simplified 

Figure 2. 
Wall heat flux profile (W m−2) in the internal surface of the jacket domain visualized by the opposite sides in a 
semi-isometric view.
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scheme with the two main heat fluxes, represented by continuous and dashed lines, 
after the formation of natural heat convection cell is also presented in Figure 4.

Despite of the non-uniform profile of wall heat transfer coefficient showed in 
Figure 2, the temperature profile inside liquefaction vessel looked like symmetrical 
after natural convection has been formed, according to Figures 3 and 4. This indi-
cates that, after few minutes of heating, the temperature inside liquefaction vessel 
becomes more affected by flow pattern than by heat transfer from heated walls.

Figure 3. 
Time evolution of thermal profile in vertical plane for the glycerol mixture inside the liquefaction vessel.
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scheme with the two main heat fluxes, represented by continuous and dashed lines, 
after the formation of natural heat convection cell is also presented in Figure 4.

Despite of the non-uniform profile of wall heat transfer coefficient showed in 
Figure 2, the temperature profile inside liquefaction vessel looked like symmetrical 
after natural convection has been formed, according to Figures 3 and 4. This indi-
cates that, after few minutes of heating, the temperature inside liquefaction vessel 
becomes more affected by flow pattern than by heat transfer from heated walls.

Figure 3. 
Time evolution of thermal profile in vertical plane for the glycerol mixture inside the liquefaction vessel.
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However, it is hard for the hybrid (upwind/central difference) discretization 
scheme to represent a not imposed symmetry (zero derivative) in the central axis 
for velocity and temperature [22]. Hence, CFD solver results can presents transient 
and local instabilities. Therefore, it was expected that the eddy structure of falling 
cold flow in the axis domain oscillates significantly when the natural convection cell 
was formed. Since the liquefaction is influenced by temperature, it is convenient 
to evaluate the evolution of the temperature over the time. Considering that heat 
transfer occurs through out the walls, it can be expected the lowest temperatures at 
the centre of reactor vessel axis (0.0, 0.2, 0.0 m), this point was the chosen one to 
analyse the heating of the polyol mixture.

Despite of the low velocities and high viscosity for the mixture biomass with 
solvent, the transient temperature values assuming laminar flow at the centre of 
domain present large oscillation over the time. Using a RANS turbulence model, the 
vector and scalar variables obtained from CFD simulations could be expressed by a 
time average according to Reynolds average definitions for velocity components ui 
(Eq. (2)) and T (Eq. (3)):
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Because every value calculated under the turbulent RANS is time averaged, 
results from models, such as standard k-ε or SST, should present less oscillation 
than those observed from laminar regime [22]. However, to compare the simulated 
results with experimental data, those oscillations are still large and should be 
attenuated. In order to represent the simulated results with less variation, it was 
employed a moving average in the simulated temperatures (Eq. (4)).
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Figure 4. 
Thermal profile in vertical plane for the two simulated domains showed simultaneously and the simplified 
scheme of the primary (continuous) and secondary (dashed) heat fluxes inside reaction vessel after the 
formation of natural convection cell.
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Where the subscript j refers to a specific time-step and each Tmov ave,j is the aver-
age temperature value of the five values around of the its determinate time j. The 
comparison between the experimental data and simulated results, expressed by the 
moving average temperatures, is presented in Figure 5.

According to samples Polyol 1 and 2, there are two different periods of time to 
be analysed: before 25 minutes and after 25 minutes of heating. In the first period, 
the experimental temperatures are lower than simulated results and in the second 
period the experimental values are higher than simulation temperatures. However, 
this behaviour, that presents two different periods, is not observed for Polyol 3 
and the simulated results presented temperatures below the experimental data. 
Polyol 3 behaves similar to crude glycerol, since it has higher solvent/biomass ratio 
(Table 3).

Due to the liquefaction of solid biomass, the liquid mass increases. This transfor-
mation occurs mainly above 30 minutes. From this time, it can be observed that the 
behaviour of Polyol 1 and 2, started being similar to Polyol 3 (and crude glycerol). 
Although the polyols have higher density and viscosity compared to crude glycerol 
[23], the heat changes the fluid properties, which may favour the heat transfer by 
conduction and natural convection.

Changes in the fluid properties may also be the main reason of the difference 
between experimental results and CFD simulation, since the model used did not 
consider dynamic density and viscosity values.

At last, from Figure 5, it can be observed the tendency of a flat plateau forma-
tion. It has a little variation in temperature between 60 and 90 minutes of heating, 
which may be an evidence of the stabilization of the system or a period that all 
supplied energy is consumed to promote the endothermic liquefaction reaction.

In a nutshell, CFD simulations is suitable to represent the experimental data. 
Although it overestimates the temperatures before 25 minutes of heating for the 
Polyol 1 and Polyol 2 and underestimates it after 25 minutes of operation, the 

Figure 5. 
Evolution in time of temperature: comparison between experimental data (exp) and simulation results treated 
by moving average (mov ave), for the samples Polyol 1, 2 and 3.
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cold flow in the axis domain oscillates significantly when the natural convection cell 
was formed. Since the liquefaction is influenced by temperature, it is convenient 
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formation of natural convection cell.

571

Numerical and Experimental Analysis of Thermochemical Treatment for the Liquefaction…
DOI: http://dx.doi.org/10.5772/intechopen.94364

Where the subscript j refers to a specific time-step and each Tmov ave,j is the aver-
age temperature value of the five values around of the its determinate time j. The 
comparison between the experimental data and simulated results, expressed by the 
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this behaviour, that presents two different periods, is not observed for Polyol 3 
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Polyol 3 behaves similar to crude glycerol, since it has higher solvent/biomass ratio 
(Table 3).

Due to the liquefaction of solid biomass, the liquid mass increases. This transfor-
mation occurs mainly above 30 minutes. From this time, it can be observed that the 
behaviour of Polyol 1 and 2, started being similar to Polyol 3 (and crude glycerol). 
Although the polyols have higher density and viscosity compared to crude glycerol 
[23], the heat changes the fluid properties, which may favour the heat transfer by 
conduction and natural convection.

Changes in the fluid properties may also be the main reason of the difference 
between experimental results and CFD simulation, since the model used did not 
consider dynamic density and viscosity values.

At last, from Figure 5, it can be observed the tendency of a flat plateau forma-
tion. It has a little variation in temperature between 60 and 90 minutes of heating, 
which may be an evidence of the stabilization of the system or a period that all 
supplied energy is consumed to promote the endothermic liquefaction reaction.

In a nutshell, CFD simulations is suitable to represent the experimental data. 
Although it overestimates the temperatures before 25 minutes of heating for the 
Polyol 1 and Polyol 2 and underestimates it after 25 minutes of operation, the 
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by moving average (mov ave), for the samples Polyol 1, 2 and 3.
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simulation underestimates the temperatures inside the reaction vessel for Polyol 3 
during all the time of experiment. It is worth mentioning that several endothermic 
and exothermic reactions occur during the experiments but the CFD simulations 
does not consider any chemical reaction neither changes in fluids properties.

4. Conclusion

From the CFD thermal profile, in vertical plane, it was necessary 60 minutes to 
achieve a steady state of heating in the mixture inside this liquefaction vessel. The 
model is accordance with experimental data, which shows the heating hate (∆T) 
was significant lower in the last stage (60 to 90 minutes). Although, the highest ∆T 
was observed in the first steps, the 90 minutes reaction was important to guarantee 
biomass conversion into polyols (LY greater than 77 wt%).

The increase in the temperature of the mixture inside the reactor occurred due 
to the conduction and natural convection phenomena. These phenomena of heat 
transfer were favoured by the modification in the proprieties of the fluids, due to 
the heating of them and due to the reduction of the biomass and formation of the 
polyol. However, from the experimental data and CFD simulation it was observed 
that mixture temperature did not exceeded 100°C. The temperature inside the reac-
tor was limited to the thermal conductivity of the system and its reagents.

In conclusion, Computational Fluid Dynamics transient simulations, even 
presenting some oscillations, can be a satisfactory way to analyse heat transfer in 
liquefaction process, using crude glycerol as solvent.
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Chapter 30

Investigation of Nonisothermal
Combustion Kinetics of Isolated
Lignocellulosic Biomass: A Case
Study of Cellulose from Date Palm
Biomass Waste
Emmanuel Galiwango and Ali H. Al-Marzouqi

Abstract

The efficient and high yielding acid-base and Organosolv methods were studied
for cellulose isolation from date palm lignocellulose waste biomass and thereafter
analyzed for nonisothermal kinetic and thermodynamic parameter determination
using model-free methods. The structural and chemical characterization of the
isolated celluloses revealed structures and functional groups characteristics of cel-
lulose. Thermal decomposition analysis revealed one major peak with average mass
loss of 72.51 � 0.7% and 55.82 � 1.1% for the acid-base and Organosolv method,
respectively. This occurred in the temperature region between 250 and 350°C asso-
ciated with cellulose degradation and contrasted with the three peaks detected in
the original biomass. The kinetic and thermodynamic results revealed a strong
relationship between the average activation energy and average change in enthalpy
with a difference of 5.23 and 147.07 kJmol�1 for Organosolv and acid-base methods,
respectively. The Gibbs’s free energy results revealed that Organosolv cellulose
pyrolysis would reach equilibrium faster in KAS, Starink and FWO models with
average ΔG values of 115.80 � 36.62, 115.89 � 36.65, and 119.45 � 37.98 kJmol�1,
respectively. The acid-base method for FWO model gave negative entropy values.
The Malek method revealed the acid-base and Organoslv cellulose pyrolysis mech-

anism as (g αð Þ ¼ � ln 1� αð Þ½ �14Þ and (g αð Þ ¼ � ln 1� αð Þ½ �13Þ, characterized by ran-
dom nucleation and growth, respectively.

Keywords: lignocellulose biomass, nonisothermal kinetics, isolation methods,
characterization

1. Introduction

Lignocellulosic biomass is the most abundant, renewable, and one of the
cheapest carbon neutral raw materials in the biosphere that can be used to produce
sustainable products such as biofuels, using different technologies [1]. The ligno-
cellulosic biomass consists of mainly cellulose carbohydrate polymer, hemicellulose,
and the aromatic component, lignin [2]. Lignocellulose biomass can store up to 47
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MJkg�1 more energy than lithium ion batteries (0.8 MJkg�1) [3]. Lignocellulose
biomass is considered a potential candidate to sustainable green alternative source
of energy and chemicals due to its high energy density, volatile matter content, and
global widespread [3]. The release of volatile matter and other contents in biomass
has been extensively studied using pyrolysis technology. Pyrolysis involves the
conversion of biomass into bio-oil, gases (volatile matter) and biochar, in the
absence of oxygen [4, 5]. The technique is robust and essential in providing vital
knowledge of kinetics of devolatilization of any biomass prior to further processing
via different conversion technologies. In addition, pyrolysis is effective in reducing
the bulky biomass into uniform, energy dense, and easily transportable fuel [6].
Despite always being the first stage in most combustion or gasification process,
there are no accurate and enough data on the kinetics and reaction mechanisms of
different lignocellulosic biomass [7]. This is attributed to the complexity and the
varying physico-chemical properties in different lignocellulosic biomass [7]. In
addition, there may be many reactions occurring from the extremely complex
pyrolysis process of the lignocellulose biomass [8]. Therefore, developing accurate
kinetic models to account for all reactions taking place remains a challenge [6].
Isolation of the complex lignocellulosic biomass into individual fractions and char-
acterization of the individual fractions can provide a better understanding of the
combustion kinetics and reaction mechanism. Different biomass isolation/extrac-
tion techniques such as liquid-liquid, liquid-solid, acid-base, ultrasound, and
microwave-assisted extractions, among others, have been reported before [9]. The
choice of the method depends on the biomass type and its fraction to be isolated [9].
Hence, each procedure affects the sample’s product yields and physical, chemical,
kinetic, and thermodynamic properties differently. Despite the studies on the yields
and operating parameters such as solvent and time [9], less or no information is
available regarding the kinetic and thermodynamic parametric studies for the com-
bustion of the isolated lignocellulose fractions to assess the difference in the extrac-
tion processes. Different general kinetic models on lignocellulose biomass have been
suggested [10, 11].

Date palm waste constitutes about 500,000 metric tons per year from ca. 44
million date palm trees found in the United Arab Emirates where this research was
conducted. The aims of this research are to isolate cellulose from date palm ligno-
cellulose complex using low concentration acid-base solutions and Organosolv
techniques and to model nonisothermal combustion kinetics using model-free
methods and finally to predict the most probable mechanistic reaction mechanism
of the isolated celluloses. Using thermal-gravimetric technique at different heating
rates, kinetic and thermodynamic parameters were calculated using model-free
methods, namely Kissinger-Akahira-Sunose (KAS), Flynn-Wall-Ozawa (FWO),
and Starink models. The FWO model-free method compensates the experimental
measurement errors. However, the KAS and Starink methods depend on the choice
of good constant degree of conversion from the derivative mass loss function to
provide precision of the kinetic data [12]. In addition, application of different
model-free methods involves wide conversion range that allows for study of change
in mechanism during a reaction and reduces mass transfer limitations by using
multiple heating rates [13].

2. Isolation techniques and nonisothermal kinetic studies

The rachis part of adult date palm waste (DPW) (10–15 years old) was supplied
by the UAE University farm, Al foah, Al Ain. The samples were ground to 180-
micron particle size to reduce the effects of heat and mass transfer limitations. All
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the solvents (ACS grade) and reagents were supplied by Sigma Aldrich and were
used with no further purification. Prior to cellulose isolation, 10 g biomass was
valorized with benzene/ethanol (2, 1 v/v) for 48 h using Soxhlet extraction to
reduce extractives such as waxes and resins surrounding the lignocellulose complex.

2.1 Acid-base and Organosolv cellulose isolation methods

For acid-base isolation; DPW (5 g) extractive-free sample of particle size 180 μm
was placed in a 250-mL beaker and leached with 200 mL of 0.1 M HCl while heating
at 100°C for 2 h under stirring at 150 rpm. After vacuum filtration, the cellulose and
lignin-rich residue was washed with 20 mL of deionized water to remove any
residual hemicellulose and then air dried overnight. The hemicellulose was solubi-
lized by HCl and heating due to its labile nature making it easy to dissolve out of the
lignocellulose complex. The cellulose- and lignin-rich residue was further treated
with 200 mL of 0.1 M NaOH while heating at 100°C for 2 h under constant stirring
at 150 rpm. After subsequent vacuum filtration of the mixture, the cellulose-rich
residue was washed with 20 mL of 0.1 M NaOH to remove any residual lignin.
The isolated cellulose was air dried under laboratory conditions overnight prior to
characterization.

For Organosolv isolation, DPW were isolated using methanol/water solvents as
reported in literature, with some modifications [14]. The 6.7 g sample of particle
size 180 μm was placed in high pressure/temperature reactor vessel (Parr 4848,
U.S.A). A mixture of 84 mL sulfuric acid (0.045 N), 13.4 mL formaldehyde (37 wt.%),
and 84 mL methanol was added to the reactor vessel containing the sample. The
reactor was sealed and purged with nitrogen gas (6–10 bars), and the reaction was
performed for 1 h at 160°C under constant stirring at 700 rpm. The product mixture
was vacuum filtered after cooling to room temperature. The cellulose-rich residues
were air dried overnight prior to characterization, and the yield was determined by a
gravimetric analysis technique. The ultimate analysis was conducted, and the results
are recorded in Table 1.

2.2 Fourier transform infrared (FTIR) spectroscopy

The IRTrace-100 FTIR spectrophotometer (Shimadzu, Kyoto, Japan) was used
for the FTIR analysis. The extracted celluloses were analyzed to investigate the
difference in the functional groups after extraction. The spectral results were
recorded within a range of 500–4000 cm�1 wavelength using 4 cm�1 spectral
resolution and 34 scans. Figure 1 shows several major absorption bands and the
difference between the samples. DPW sample before isolation showed typical
lignocellulose strong band absorption bonds. For instance, the bands at 1037 cm�1

Proximate and ultimate
analyses

Date palm
lignocellulose

Organosolv
cellulose

Acid-base
cellulose

Moisture content (wt.%) 6.72 � 0.4 7.08 � 0.4 8.72 � 0.4

Volatile matter (wt.%) 78.62 � 0.04 65.22 � 0.02 66.92 � 0.01

Ash content (wt.%) 6.12 � 0.1 7.36 � 0.04 7.24 � 0.01

Fixed carbon (wt.%) 5.40 � 0.01 4.40 � 0.10 4.80 � 0.14

HHV (MJkg�1) 17.28 15.46 15.18

Cellulose yield (wt.%) — 43.15 � 2.40 64.15 � 2.40

Table 1.
Physicochemical analysis of biomass (dried basis).
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2.2 Fourier transform infrared (FTIR) spectroscopy

The IRTrace-100 FTIR spectrophotometer (Shimadzu, Kyoto, Japan) was used
for the FTIR analysis. The extracted celluloses were analyzed to investigate the
difference in the functional groups after extraction. The spectral results were
recorded within a range of 500–4000 cm�1 wavelength using 4 cm�1 spectral
resolution and 34 scans. Figure 1 shows several major absorption bands and the
difference between the samples. DPW sample before isolation showed typical
lignocellulose strong band absorption bonds. For instance, the bands at 1037 cm�1

Proximate and ultimate
analyses

Date palm
lignocellulose

Organosolv
cellulose

Acid-base
cellulose

Moisture content (wt.%) 6.72 � 0.4 7.08 � 0.4 8.72 � 0.4

Volatile matter (wt.%) 78.62 � 0.04 65.22 � 0.02 66.92 � 0.01

Ash content (wt.%) 6.12 � 0.1 7.36 � 0.04 7.24 � 0.01

Fixed carbon (wt.%) 5.40 � 0.01 4.40 � 0.10 4.80 � 0.14

HHV (MJkg�1) 17.28 15.46 15.18

Cellulose yield (wt.%) — 43.15 � 2.40 64.15 � 2.40

Table 1.
Physicochemical analysis of biomass (dried basis).
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indicating CdO, C]C and CdC bond stretching, between 2840 and 2926 cm�1

indicating CdH stretching and 3200–3474 cm�1 for OdH stretching, were
assigned to cellulose, hemicellulose and lignin, respectively. Similar results were
reported for other biomass in the literature [15]. However, there were noticeable
changes in the functional groups of celluloses from the same biomass with reduction
in the peak intensity, an indication of component(s) removal (plausibly lignin and
hemicellulose). For instance, the would-be lignin and hemicellulose band intensity
at 1037 cm�1 greatly reduced an indication of component(s) removal. The CdH
bond stretching in the region of 2840 assigned to lignin in DPW was absent in
isolated cellulose samples. In addition, the reduced peak intensity between 845 and
1156 cm�1 associated with the CdOdC asymmetrical stretching and glycosidic
bond, a characteristic of cellulose, was observed. Furthermore, the decrease in OH
vibration strength around 3200–3474 cm�1 indicates a reduction in some of the OH-
containing compounds which are phenolics from lignin. It is worth to note that both
extraction methods showed similar functional groups except that the Organosolv
cellulose had CdH bond assigned to lignin in the region around 2326 and 2363 cm�1

which was absent for the acid-base cellulose samples. The FTIR results showed the
effectiveness of the cellulose isolation methods from DPW biomass complex. The
samples were further characterized for their morphological differences using SEM
imaging technique.

2.3 Scanning electron microscopy (SEM)

The structural morphologies of the isolated cellulose were analyzed using the
scanning electron microscope (JEOL Neoscope JCM-5000, Tokyo Japan). The sam-
ples were Au/C coated using vacuum spatter while clamped on the sample holder.
The images were captured on spot size of 40 using 10 kV. The SEM results in
Figure 2 show a difference in the structural morphologies between the cellulose
samples from the two methods. Figure 2(a) shows the original DPW with ring-like
structures (see the arrow point) plausible to be the cellulose chiral nematic order-
ing, surrounded by irregular shaped structures which could be assumed to be lignin

Figure 1.
FTIR spectrum of (a) lignocellulose DPW, (b) Organosolv cellulose and (c) acid-base cellulose.
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and hemicellulose. Acid-base cellulose in Figure 2(b) showed porous surface
similar to those reported for cellulose from the teak wood [16]. However,
Organosolv cellulose (Figure 2(c)) showed an aggregate of cellulose block structure
with uneven polished surface.

2.4 Thermogravimetric analysis (TGA)

The combustion characteristics of isolated celluloses were studied using
thermogravimetric analysis (TGA). The analysis was done on a TGA (Q500, TA
instrument). Samples of 6 mg (�1.0) were first equilibrated at 25°C for 5 min and
then heated at specific heating rates of 10, 15, 20, and 25°C/min to 900°C. The
process was performed under constant nitrogen environment flowing at 20 mL/min.
As the thermal decomposition progressed, the change in weight was recorded con-
tinuously as a function of temperature and time. Figure 3 shows the isoconversion
versus temperature at different heating rates for the isolated celluloses from DPW.
The conversion curves for acid-base (colored) and Organosolv (black) methods
below 300 and 340°C, respectively, showed similar thermal decomposition patterns
at all heating rates. There was a slight shift toward higher temperature side with
increasing heating rates, possibly due to the increasing thermal energy in the system
[17]. However, at higher temperatures, the conversion pattern changed for both
methods, possibly due to the change in the degradation chemistry of components
under pyrolysis. It is worth to note that Organosolv cellulose showed better thermal
stability than the acid-base cellulose. Figure 4 shows the differential thermogra-
vimetric (DTG) results against temperature at different heating rates for the DPW
and the isolated celluloses. The results showed a typical thermal degradation of
lignocellulose biomass. The curves of both samples moved downward as the heating

Figure 2.
SEM images of the (a) original rachis, (b) acid-base cellulose and (c). Organosolv cellulose captured at
magnification X1000.
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rate increased, owing to the shorter reaction time at increasing temperature, a
phenomenon known as thermal hysteresis. However, Figure 4(a) showed a notice-
able difference between the peak mass loss patterns compared to Figure 4(b) for
the two cellulose methods, which suggests a difference in the degradation chemis-
try. Table 2 shows the temperature ranges that define the major stages of mass loss
in response to increasing temperature for isolated celluloses from both methods, as
given in Table 3. Stage I started from minimum temperature, Tmin to T1, the total
average celluloses mass loss for acid-base and Organosolv were 9.46 � 0.1 and
5.28 � 0.1%, respectively. This was attributed to the inherent moisture and water
molecules embedded in the intercellular and intracellular void spaces of the cellu-
loses. Stage II, from T1 to T3 for both methods, there was only one major clear peak
(Figure 4(b)) and the average mass loss in this region was 72.51 � 0.7 and
55.82 � 1.1%, for acid-base and Organosolv celluloses, respectively. The weight loss
in this stage is associated with pyrolysis of mainly cellulose and to a lesser extent
hemicellulose [18]. Compared to the three peaks observed in Figure 4(a) for the
original DPW, this clearly shows that both methods were effective for cellulose

Figure 3.
The relationship of conversion against temperature for acid-base cellulose (colored) and Organosolv cellulose
(black).

Figure 4.
The relationship of DTG against temperature for (a) date palm waste and (b) isolated celluloses (acid-base,
colored; Organosolv, black).
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isolation from the complex lignocellulose matrix of DPW. Stage III had total average
mass loss of 8.68 � 1.2 and 33.08 � 0.8%, for acid-base and Organosolv methods,
respectively. This represented combustion of the carbonaceous and some part of
char oxidation [19]. In addition, the higher mass loss for Organosolv cellulose was
plausibly due to residual lignin. Moreover, the FTIR results showed some lignin
functional groups for this method. The last stage was associated with charring
process and ash formation. The average total mass loss for acid-base and Organosolv
methods in this stage were 9.57 � 1.3 and 5.20 � 0.4%. TGA analysis data was used
for kinetic modeling using the model-free methods.

2.5 Nonisothermal kinetic analysis

The TGA data were used to calculate the nonisothermal kinetic and thermody-
namic parameters using model-free equations of Flynn-Wall-Ozawa (FWO),
Kissinger-Akahila-Sunose (KAS), and Starink reported in the literature [20].

Heating rate (°C min�1) Tmin (°C) T1 (°C) T2 (°C) T3 (°C) Tmax (°C)

Acid-base cellulose

10 30 192 266 402 900

15 197 273 406

20 199 279 411

25 201 381 415

Organosolv cellulose

10 30 220 318 422 900

15 226 324 435

20 227 328 441

25 228 330 450

Table 2.
Characteristic temperatures associated with mass loss during pyrolysis of cellulose.

Stages Temperature Heating rate (°C min�1)

10 15 20 25

Acid-base cellulose

Stage I, WL% Tmin–T1 10.06 9.17 9.33 9.26

Stage II, WL % T1–T3 71.59 72.76 73.16 72.52

Stage III, WL % T3–Tmax 10.18 8.88 7.30 8.35

Final residue at 900-100 °C (%) 7.99 9.19 11.21 9.87

Organosolv cellulose

Stage I, WL % Tmin–T1 4.35 5.24 5.72 5.79

Stage II, WL % T1–T3 54.42 56.16 57.16 55.55

Stage III, WL % T3–Tmax 35.57 33.30 32.24 33.69

Final residue at 900-100 °C (%) 5.66 5.30 4.88 4.97

Table 3.
Mass loss (%) during different stages of cellulose pyrolysis.
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isolation from the complex lignocellulose matrix of DPW. Stage III had total average
mass loss of 8.68 � 1.2 and 33.08 � 0.8%, for acid-base and Organosolv methods,
respectively. This represented combustion of the carbonaceous and some part of
char oxidation [19]. In addition, the higher mass loss for Organosolv cellulose was
plausibly due to residual lignin. Moreover, the FTIR results showed some lignin
functional groups for this method. The last stage was associated with charring
process and ash formation. The average total mass loss for acid-base and Organosolv
methods in this stage were 9.57 � 1.3 and 5.20 � 0.4%. TGA analysis data was used
for kinetic modeling using the model-free methods.

2.5 Nonisothermal kinetic analysis

The TGA data were used to calculate the nonisothermal kinetic and thermody-
namic parameters using model-free equations of Flynn-Wall-Ozawa (FWO),
Kissinger-Akahila-Sunose (KAS), and Starink reported in the literature [20].
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where m1 is the initial biomass weight, mtis the change in weight at a particular
time during the experiment, and m∞ is the residual weight after time of the
experiment.

The choice for these model-free methods is because no previous knowledge
about reaction mechanism is required to determine the reaction activation energy
[21]. The preexponential factor (A) and thermodynamic parameters [enthalpy
(ΔH), entropy (ΔS), and Gibb’s free energy (ΔG)] were calculated using equations
in literature [22].

A ¼
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RT2
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ΔH ¼ Eα � RT (6)

ΔG ¼ Eα þ RTm ln
KBTm
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ΔS ¼ ΔH � ΔG
Tm

(8)

where β is the heating rate, Eα is the activation energy, Tm is the maximum peak
temperature, KB is the boltzman constant, and h is the plank constant.

The activation energies for both sample methods were calculated using the three
models, namely FWO, KAS, and Starink. These model-free methods avoid the
shortcomings during model fitting and kinetic compensation effects. The FWO
model-free method compensates the experimental measurement errors. However,
the KAS and Starink methods depend on the good constant degree of conversion
from the derivative mass loss function to provide precision of the kinetic data [12].
Therefore, application of different model-free methods involves a wide conversion
range that allows for the study of change in mechanism during a reaction and
reduces mass transfer limitations by using multiple heating rates [13]. Figure 5
shows the relationship of activation energy and enthalpy from the three model-free
methods for acid-base and Organosolv celluloses. Results showed little or no differ-
ence between Eα and ΔH. This closeness in Eα and ΔH values signifies the formation
of activation complex and little extra energy might be required to achieve product
formation [23]. Organosolv cellulose Eα and ΔH values were higher than acid-base
cellulose especially at higher temperatures (α >0.6). This was possibly due to a

586

Biotechnological Applications of Biomass

difference in the cellulose structure between the two methods. In addition, the
residual lignin fractions detected in Organosolv method could also have resulted in
the increased energy of activation, Eα, and bond dissociation, ΔH, needed to over-
come the carbon number distribution from other components other than cellulose.
It was noted that the ΔH values for all samples were positive, an indication of
energy consumed during pyrolysis process, and are used to release various volatile
and biochar products. Furthermore, the calculated solid-state process parameters
were different due to the fundamental differences in the model-free methods
[12, 13]. The first difference arises from the slope, S, of straight lines which is
directly proportional to the activation energy, that is, FWO, KAS, and Starink slope,
S ¼ � 1:052E

RTα
, S ¼ � E

RTα
and S ¼ � 1:0008E

RTα
, respectively. The second difference is in

the time to reach the extent of conversion (Tα,in) at a given temperature, which is
different across different models (for (Tα,in) term, n = 0, 2, and 1.92 for FWO, KAS,
and Starink, respectively).

Tables 4–6 show other thermodynamic parameters from the three model-free
methods for the acid-base and the Organosolv cellulose samples, respectively. The
ΔG values for Organosolv cellulose for all model-free methods were lower than
those of acid-base cellulose samples. Gibb’s free energy gives the measure of how
favorable a reaction is to reach chemical equilibrium [24]. In context of the first and
second laws of thermodynamics, the sample with higher values of ΔG (acid-base
cellulose), the further its reaction is from equilibrium and the further its reaction
must shift to reach equilibrium. However, the entropy, ΔS values were lower for the
acid-base celluloses for all model-free methods, with negative entropy values for the
FWO model. This implies that the degree of disorder of initial reactants was higher
than that of the products formed by bond dissociations [22]. In addition, it was
already discussed previously that the heat input during the thermal decomposition
was for bond dissociation of the reactants. In the context of reaction energy, the
acid-base cellulose sample required lower activation energy and enthalpy to form
products than Organosolv cellulose samples. On the other hand, the preexponential
factor of Organosolv cellulose was ca. two times higher than that of acid-base
cellulose. This was plausibly because the activation energy had a similar trend as
already discussed above. The preexponential factor and activation energy both
influence chemical kinetics and reaction dynamics in pyrolysis of biomass involving
complex heterogeneous reactions [25]. The R2 of all model-free parameters was
above 0.98, signifying accuracy of the models.

Figure 5.
Activation energy and enthalpies of (a) acid-base cellulose and (b) Organosolv by three model-free methods.
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2.6 Reaction model determination

Malek method which is the commonly used approach to determine probable
reaction mechanism involving heterogeneous reaction was used [26]. The Malek
method is described by the following equation.

Z αð Þ ¼ f αð Þg αð Þ ¼ dα
dt

� �

α
T2
α
Π xð Þ
βTα

� �
(9)

FWOa FWOb

α Log A (s�1) ΔG (kJmol�1) ΔS (Jmol�1) Log A (s�1) ΔG (kJmol�1) ΔS (Jmol�1)

0.1 10.17 151.46 �0.12 27.20 84.18 0.21

0.2 10.96 164.16 �0.11 27.24 91.96 0.21

0.3 11.34 171.76 �0.10 27.26 94.86 0.21

0.4 11.79 178.07 �0.09 27.15 97.26 0.21

0.5 12.13 183.36 �0.08 27.17 100.17 0.21

0.6 12.25 189.25 �0.08 27.53 109.59 0.21

0.7 12.17 198.03 �0.08 25.07 136.91 0.17

0.8 11.15 216.34 �0.10 21.64 167.53 0.10

0.9 11.28 243.04 �0.10 23.20 192.64 0.13

Av 11.47
�0.68

188.39
�27.89

�0.10
�20.01

25.94
� 2.16

119.45
�37.98

0.18
�0.04

R2 were above 0.98.
aAcid-base.
bOrganosolv.

Table 4.
The kinetic and thermodynamic parameter values of celluloses determined by FWO model.

KASa KASb

α Log A (s�1) ΔG (kJmol�1) ΔS (Jmol�1) Log A (s�1) ΔG (kJmol�1) ΔS (Jmol�1)

0.1 31.09 138.51 0.28 76.86 81.66 1.16

0.2 34.78 149.86 0.35 76.54 89.24 1.15

0.3 36.56 156.67 0.38 76.62 92.06 1.16

0.4 38.05 162.34 0.41 76.69 94.38 1.16

0.5 39.18 167.12 0.43 76.76 97.21 1.16

0.6 40.29 172.40 0.46 76.72 106.42 1.16

0.7 41.65 180.30 0.48 72.62 132.86 1.08

0.8 43.89 196.73 0.52 71.44 162.07 1.05

0.9 46.97 220.82 0.58 78.19 186.28 1.18

Av 39.16 � 4.78 171.64 � 25.07 0.43 � 0.09 75.83 � 2.23 115.80 � 36.62 1.14 � 0.04

R2 were above 0.98.
aAcid-base
bOrganosolv.

Table 5.
The kinetic and thermodynamic parameter values of celluloses determined by KAS model.
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where dα
dt

� �
α is rate of reaction at a given conversion, α, and heating rate, β, Π xð Þ

approximates the temperature integral profile and x ¼ Eα=RTα. The x values used
were in a range of 5–20 and the temperature approximation Π xð Þ function is defined
by the following equation [27].

Π xð Þ ¼ x3 þ 18x3 þ 88xþ 96
x4 þ 20x3 þ 120x3 þ 240xþ 120

(10)

The theoretical z(α) plots versus α depend on f(α) and g(α) functions. However,
the experimental z(α) values can be obtained by using a specific heating rate for a
specific value of dα

dt, Eα and Tα. The experimental z(α) master plots as a function of α
are compared with known theoretical model functions [28]. The best fit between
the experimental z(α) master plots and theoretical model functions describes the
probable biomass reaction mechanism. Figures 6 and 7 show the experimental z(α)
master plots and fitted model plots of acid-base and Organosolv, as determined by
model-free methods at different heating rates, respectively.

The experimental and the fitted z(α) master plots of acid-base cellulose showed
a normal distribution behavioral curve trend for all model-free methods at investi-
gated heating rates. However, Organosolv cellulose showed a sigmoid curve skewed
more to the left hand side. The correlation coefficient of acid-base method ranged
between 0.9789 and 0.9884, while that of Organosolv ranged between 0.9525 and
0.9795, signifying the accuracy in the reported data. It is worth to note that both
methods had best fit at 15°C/min. The data were fit with polynomial curves of n = 3
and n = 4 for Organosolv and acid-base celluloses, respectively, implying third and
fourth dimension growth as described by general Avrami-Erofeev model of
multidimensional nuclei and random growth reaction mechanism

(g αð Þ ¼ � ln 1� αð Þ½ �1nÞ. This type of mechanism is often as a result of hydration,
adsorption, dissolution, and defects on the crystallite within particle size of the

STARINKa STARINKb

α Log A (s�1) ΔG (kJmol�1) ΔS (Jmol�1) Log A (s�1) ΔG (kJmol�1) ΔS (Jmol�1)

0.1 29.65 138.69 0.25 74.89 81.73 1.12

0.2 33.82 149.97 0.33 74.76 89.30 1.12

0.3 35.63 156.78 0.37 74.59 92.13 1.12

0.4 36.99 162.47 0.39 74.71 94.46 1.12

0.5 38.15 167.24 0.41 74.80 97.28 1.12

0.6 39.22 172.53 0.43 74.83 106.50 1.12

0.7 40.55 180.43 0.46 70.70 132.96 1.04

0.8 42.60 196.89 0.50 69.46 162.20 1.01

0.9 45.58 221.00 0.55 76.04 186.43 1.14

Av 38.02 � 4.75 171.78 � 25.05 0.41 � 0.09 73.86 � 2.21 115.89 � 36.65 1.10 � 0.04

R2 were above 0.98.
aAcid-base
bOrganosolv.

Table 6.
The kinetic and thermodynamic parameter values of celluloses determined by STARINK model.
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sample that can cause thermodynamic inhibition leading to varying activation
energies [29]. Therefore, random nucleation and growth is the most probable reac-
tion mechanism for the pyrolysis of celluloses isolated from DPW by acid-base and
Organosolv methods.

Figure 6.
Experimental and theoretical Z(α) master plots for pyrolysis of acid-base cellulose at (a) 10°Cmin�1,
(b) 15°Cmin�1, (c) 20°Cmin�1 and (d) 25°Cmin�1.

Figure 7.
Experimental and theoretical Z(α) master plots for pyrolysis of Organosolv cellulose at (a) 10°Cmin�1,
(b) 15°Cmin�1, (c) 20°Cmin�1 and (d) 25°Cmin�1.
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3. Conclusions

The low cost and high yield acid-base and Organosolv methods were assessed for
isolation of cellulose from date palm lignocellulose waste biomass. The structural,
chemical, and morphological characterizations of the isolated celluloses were
studied. The nonisothermal combustion studies were investigated using three
different model-free methods. The reaction mechanism was studied using Malek
method.

• The SEM images revealed chiral nematic orderings structures distinctive of
cellulose. The change in FTIR peak intensity and the difference in the
vibrational bond stretching among the isolated celluloses and between original
biomass signified component removal from the lignocellulose complex. The
TGA results from both methods showed one major decomposition peak
assigned to cellulose in contrast to original biomass with three peaks. The
results further revealed a possible difference in the degradation chemistry at
higher temperature where isoconversion was higher than 0.6.

• The FWO model for the acid-base method gave the lowest activation energy
(99.77–173.76 kJmol�1) and the Organosolv method by KAS model gave the
highest activation energy (419.63–934.49 kJmol�1). There was a strong
relationship between activation energy and enthalpy, and the positive enthalpy
values confirmed that endothermic reaction took place during the pyrolysis of
the cellulose samples. The Gibbs’s free energy, ΔG, results revealed that
Organosolv cellulose pyrolysis reaction would easily reach equilibrium, much
easier in a trend of KAS > Starink> FWO models. The measure for disorder
was less favorable for the acid-base method with negative entropy values in the
FWO model-free method.

• The reaction mechanism by Malek method was described by Avrami-Erofeev

model mechanism (g αð Þ ¼ � ln 1� αð Þ½ �14Þ for the acid-base method and

(g αð Þ ¼ � ln 1� αð Þ½ �13Þ for the Organoslv method.

• The results of this study confirm the existence of multistep mechanism
occurring in solid-state reactions due to variations in activation energy with the
heating rates. The study provides important data information and a robust
approach to understanding the cellulose pyrolysis structures and mechanisms
by different isolation methods across a broad range of temperature and
different heating rates.
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Abstract

Biomass torrefaction is capable of significantly improving the quality and 
properties of solid biofuels. It is often referred to as complex reactions involving  
the decomposition of lignin, cellulose, and hemicellulose as well as moisture 
evaporation due to several reactions involved. To evaluate the efficiency of the 
torrefaction process as well as the reactor performance, considering the economics 
of biomass torrefaction including the total production cost and capital investment, 
production capacity, feedstock input, feedstock type, pre-treatment, procurement 
and transportation costs is of high importance. In this Chapter, the economics of 
torrefaction process will be discussed. In addition, ways to ensure competitiveness 
of torrefaction technology will be explained provided factors including the use of 
plant with larger capacity, integrated system features such as pelletization, and 
moisture content of the feedstock, are properly considered. Thereafter, the concept 
of sustainability of biomass torrefaction in relation with the environmental factor 
(sustainable forest management), social factor (revitalization of rural areas), and 
economic factor (fossil fuels dependence and renewable energy consumption) will 
be presented.
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1. Introduction

Biomass has been widely recognized as an important source of renewable energy 
due to its inherent properties such as availability, abundant supply, carbon stability, 
organic nature, etc. Unlike non-renewable resources such as oil and coal, biomass is 
a renewable natural resource and organic material mostly derived from animals and 
plants for the production of fuels at local and commercial scales, which is the dream 
of many biofuel producers and energy experts over the years. Interest in biomass 
as a renewable resource is increasing with time thanks to its ability to be burned 
directly for heat or converted to renewable fuels via several thermal decomposition 
methods including torrefaction, gasification, hydrotreating, carbonization, and 
pyrolysis [1–4].

It is important to know that biomass which can be crops, wood, landfill gas, 
alcohol fuels, and garbage contribute the largest percentage of energy used in many 
sectors including the electric power, commercial, residential, commercial, trans-
portation, and industrial. For instance, wastes derived from biomass and woods are 
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1. Introduction

Biomass has been widely recognized as an important source of renewable energy 
due to its inherent properties such as availability, abundant supply, carbon stability, 
organic nature, etc. Unlike non-renewable resources such as oil and coal, biomass is 
a renewable natural resource and organic material mostly derived from animals and 
plants for the production of fuels at local and commercial scales, which is the dream 
of many biofuel producers and energy experts over the years. Interest in biomass 
as a renewable resource is increasing with time thanks to its ability to be burned 
directly for heat or converted to renewable fuels via several thermal decomposition 
methods including torrefaction, gasification, hydrotreating, carbonization, and 
pyrolysis [1–4].

It is important to know that biomass which can be crops, wood, landfill gas, 
alcohol fuels, and garbage contribute the largest percentage of energy used in many 
sectors including the electric power, commercial, residential, commercial, trans-
portation, and industrial. For instance, wastes derived from biomass and woods are 
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used to produce electricity in electric power sector, renewable natural gas derived 
from municipal solid waste (MSW) are consumed and sold in commercial sector 
whereas the wood pellets and firewood are mostly consumed in residential sector. 
In addition, the plant and animal-based biomass are used to generate liquid biofuels 
including biomass-based diesel and ethanol which finds major application in most 
transportation and industrial sectors.

Biomass can be converted to energy via several methods such as biological 
conversion for the production of fuels (gaseous and liquid), chemical conversion 
for producing liquid fuels, thermochemical conversion for the production of liquid, 
gaseous, and solid fuels; and direct combustion to generate heat. In biological 
conversion process, biomass can be converted into renewable natural gas or biogas 
[5] through anaerobic digestion method or ethanol through fermentation process. 
Meanwhile, in chemical conversion process, greases, animal fats, and plant-based 
biomass such as vegetable oils can be converted into fatty acid methyl esters 
(FAME) which are mostly utilized for the production of biodiesel through trans-
esterification method. On the other hand, through thermal decomposition methods 
including torrefaction, gasification and pyrolysis, biomass can be thermochemically 
converted to produce bio-oil (hydrotreating), hydrogen, methane, renewable diesel 
(pyrolysis), or synthesis gas and carbon monoxide (CO) (gasification) [1, 2, 4]. 
Furthermore, biomass can be converted to energy in direct combustion method 
such as the generation of electricity in steam turbines, industrial process heat, and 
heating buildings.

Generally, biomass sources for energy include but not limited to human sewage 
and animal manure, biogenic materials in MSW (wood wastes, yard, food, wool 
products, cotton, paper), waste materials and agricultural crops (woody plants, 
switchgrass, sugar cane, soybeans, corn, etc.), and wood processing wastes (paper 
mills, sawdust, wood chips, wood pellets, firewood) [6–11]. For easy storage and 
transportation, biomass can be interestingly made or densified into briquettes for 
producing fuels and biogas [5]. Briquettes are the solid biofuels with compact shape 
and size for producing renewable energy which can be made with binders [6, 8–11] 
or without the use of binders [7]. Biomass has been densified into solid briquettes 
in the past using the same or different materials including corncob, rice bran 
[8–10], mesocarp fiber (MF), fruit fresh bunches (FFB), palm kernel shell (PKS) 
[8–11], bagasse, tea waste, cotton stalk, sugarcane bagasse (SCB), empty fruit 
bunches (EFB), etc. Most of the performance related problems such as low yield 
and energy content are linked to the effectiveness of the binder materials, type and 
compositions [6].

As a form of thermal decomposition processes of converting biomass to energy, 
torrefaction is presently receiving wide attentions for producing high grade solid 
biofuels with greater energy density/high heating value (HHV). Torrefaction 
process is capable of significantly improving the quality and properties of solid 
biofuels. It improves the physicochemical properties of biomass for a long-term 
storage. In addition, torrefied biomass can serve as a good replacement for coal in 
the generation of heat and electricity. The three common types of torrefaction types 
are the dry torrefaction (DT), wet torrefaction (WT), and ionic-liquid assisted 
torrefaction (ILA) [6]. The DT is usually carried out in a gas-phase environment, 
while the WT is often performed under pressure of a liquid-phase environment. 
Meanwhile, the ILA is a combination of a typical torrefaction and a pretreatment 
process, which is aimed at improving the reaction rate. The ionic-liquid assisted 
torrefaction (ILA) usually involves the use of ionic liquids which is often referred 
to as green solvents due to their ability to dissolve lignocellulosic biomass under 
normal conditions due to their special properties such as recyclability and high 
thermal stability [4].
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However, an in-depth understanding on the economics and sustainability of 
the torrefaction process is lacking. With the aim of giving new insight into further 
study, a comprehensive overview on the reactor design for commercialization 
purposes, reaction kinetics and mechanism, economics, as well as the sustainability 
of biomass torrefaction is presented in the next section of this chapter.

2. Biomass torrefaction: A general overview

Biomass torrefaction is the process of producing high-quality and attractive 
solid biofuels from several sources of ordinary agro residues or woody biomass, 
with the sole aim of improving biomass properties and performance for gasifica-
tion [1–3] and combustion applications via thermal decomposition at temperature 
ranging from 200–300°C [12] under atmospheric pressure. Through torrefaction, a 
coal-like material can be generated from biomass with superior fuel properties and 
quality when compared with the parent materials. Torrefaction is a mild pyrolysis 
process where biomass is thermally treated in a controlled environment (in a non-
fluidized bed reactor or fluidized bed) with low or no traces of air or oxygen [13] 
resulting in the production of torrefied biomass which is water resistant, brittle and 
stable with less energy intensive and easy grindability. During torrefaction, drying 
of biomass and partial devolatilization occurs leading to mass reduction without 
losing or decreasing the energy content. Heating biomass at typical temperatures 
between 200°C and 300°C often lead to the evaporation of moisture or unbound 
water (H2O) through thermo-condensation process (at temperature above 160°C) 
and the removal of volatiles (low-calorific parts), resulting in the decomposition of 
hemicellulose in the biomass hence the transformation of biomass from a low-
quality fuel into an excellent high-quality fuel. In a bid to improve the biochemical,  
chemical, and physical properties of biomass, the basic principle behind the 
biomass torrefaction process can thus be summarized as the removal of volatiles via 
several decomposition reactions. With torrefaction, there is no biological activity, 
hydrophobicity and higher durability can be obtained, excellent grindability and 
higher bulk density can be achieved. In addition, more homogenous product and 
a fuel comparable to coal can be produced with higher calorific value as compared 
with original feedstock.

It should be noted that the torrefaction processing parameters such as the 
residence time and torrefaction temperature have significant effects on the 
overall properties and performance of torrefied biomass. In other words, there 
is a direct relationship between the torrefaction processing parameters and the 
physicochemical properties of torrefied biomass. For instance, high torrefaction 
temperature and short residence time tend to optimize the material flow via the 
torrefaction reactors thereby producing a cost-efficient torrefied biomass on a 
large scale. By increasing the torrefaction temperature, the fixed carbon and ash 
contents in biomass can be markedly increased with a decrease in volatile contents. 
This can lead to a decrease in atomic ratios of oxygen-carbon (O/C) and hydrogen-
Carbon (H/C), as well as decreasing the oxygen content resulting in improved 
calorific value, which ultimately enhance the overall fuel features and performance 
of the biomass products. Moreover, the acid content in biomass materials can be 
significantly reduced with increasing the torrefaction temperature. The decrease 
in the acidity of the biomass say bio-oil for example [14] can be attributed to 
the fact that the acetic acid solely originates from the deacetylation reaction and 
decomposition of hemicellulose component of the biomass. In addition, increas-
ing the torrefaction temperature can reduce the moisture content of the biomass, 
hence improving the quality of the biomass. By this, it can be said that torrefaction 
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can increase the carbon yield of aromatic hydrocarbon and decrease the number 
of compounds containing oxygen in the biomass such as furans, sugars, and acids 
[15]. Furthermore, an increase in the residence time and torrefaction temperature 
can improve the hydrophobicity and the calorific value and lignin contents can be 
increased by decreasing the contents of hemicellulose and cellulose [16]. While 
studying the influence of torrefaction temperature on the production composi-
tion, physicochemical properties, structure, and yield of bio-oil [14], an increase 
in torrefaction temperature reportedly reduce the crystallinity index as a result 
of recrystallization and degradation, increase the pore volume and the residual 
carbon contents, decrease the pyrolysis peak temperature and increases the 
carbon-carbon contents.

The residence time during torrefaction process can also directly influences the 
biomass properties including the energy density, surface area, and grindability. For 
instance, increasing the residence time tends to increase the energy density and 
grindability, leading to the production of biomass with fine and small particle sizes 
thereby resulting in larger surface area. In addition, due to the disintegration of 
the fiber structure of biomass, increasing the residence time can increase the fixed 
carbon and volatile matter compositions. In other words, the higher the residence 
time, the better the properties and compositions of biomass materials. Heating 
value can also be increased with an increase in residence time and the disintegra-
tion of fiber structure continues with increasing the residence time, thereby 
enhancing the grindability and improving the energy density of the biomass 
products. Meanwhile, grindability is an important property in biomass torrefaction 
which is the resistance of biomass materials to be ground.

In terms of composition, biomass can be broadly categorized as non-lignocellulosic 
(mostly rich in fatty acids and protein) with animal manure and fat, and sewage 
sludge as the main components; or lignocellulosic with hemicellulose, cellulose, and 
lignin as the major components, together with small amounts of minerals, proteins, 
and pectins [17–21]. As indicated in Figure 1, torrefaction process involve several 
stages ranging from the initial to the solids cooling [22–25].

Figure 1. 
The main stages in the total torrefaction process.
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Figure 2 presents the mechanism of the thermal treatment during dry tor-
refaction, from decarboxylation to aromatization chemical reactions. During the 
thermal conversion in dry torrefaction, an improvement in the fungal resistance 
[26–34], dimensional stability, absorption, water vapor, and durability can be 
achieved. As illustrated in Figure 3, the binderless briquetting technology can be 
summarized into several theorems including capillary, adhesion molecule, bitumi-
nous, humic acid, colloid, and denser water.

As compared with the original biomass, torrefied biomass offers many advan-
tages including homogeneity, increased density in briquettes, reduced grinding 

Figure 2. 
Mechanism of the thermal treatment during dry torrefaction.

Figure 3. 
Binderless briquetting technology.
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Figure 3. 
Binderless briquetting technology.
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energy, hydrophobicity, increased energy density, and lower moisture content. As a 
source of a power source, with torrefied biomass, low net carbon energy source and 
renewable fuel for baseload power can be achieved.

3. Economics of biomass torrefaction

While ensuring the conversion of biomass into renewable energy for the benefits 
of mankind, it is necessary to consider the economics aspect of biomass torrefac-
tion. That is, the costs of generating high-grade fuel should be affordable. The 
economic features of the torrefaction process covers the total production cost, total 
capital investment, production capacity, feedstock input, feedstock type, procure-
ment costs, transportation costs, pre-treatment, etc. [4].

For effective economy analysis, economic optimization of the system, including 
the extended fuel supply to application system, and integrated process between 
torrefaction and gasification as well as torrefaction and gasification should be 
properly looked into. The cost of the torrefaction process which is higher than that 
of coal at times can be greatly reduced by improving the empirical cumulation and 
torrefaction plant equipment size and as well as the utilization of carbon credits 
market. The total costs during the torrefaction process is often influenced by the 
important sensitivity parameters including the torrefaction plant CAPEX and 
torrefaction mass yield, drying technology, biomass moisture content, logistics 
equipment, biomass premium, and the quantity of the available biomass [2, 3]. 
Meanwhile, the depreciation, biomass delivery costs, energy consumption, labor, 
capital expenditure, biomass delivered costs are the common influencing factors 
for production with CAPEX.

Biomass torrefaction is widely regarded as a breakthrough technology accounting 
for the world largest renewable energy which reduces the investment for co-firing 
application as well as decreasing the storage and handling costs thereby making 
the process economically viable and serving as a potential way of replacing coal in 
power plants.

4. Sustainability of biomass torrefaction

Biomass torrefaction involves the conversion of biomass into a coal-like material 
with improved fuel properties as compared with the original biomass. It is presently 
a vital tool for the sustainable development in many developed and developing 
countries with the aim of supporting large scale utilization of bioenergy through 
the reduction of carbon dioxide (CO2) at source and other emissions which may 
be harmful to the community. That is, the production of solid sustainable energy 
can be obtained through biomass torrefaction. It is important to note that biomass 
torrefaction can pose threats to humanity since some harmful toxins and green-
house gases are usually generated and released into the atmosphere during biomass 
combustion resulting into environmental problem. Carbon dioxide (CO2) remain 
the greenhouse gas with the largest volume and percentage released into the atmo-
sphere when compared to other greenhouse gases. Biomass as a renewable energy 
which has some similar features with fossil fuels still have some environmental 
challenges. It can cause deforestation and it is not entirely clean.

Sustainability concept of biomass torrefaction can be properly broadly cat-
egorized into three factors; (1) economic factor, (2) environmental factor, and 
(3) social factor [4]. Generally speaking, the economic factor is majorly related 
to the fossil fuels dependence and renewable energy consumption whereas the 
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environmental factor is associated with the sustainable forest management. On 
the other hand, the social factor is linked with the regeneration of rural areas and 
more jobs.

5. Reaction kinetics of biomass torrefaction

To a large extent, torrefaction process can influence the overall kinetics 
and mechanism [35] as well as the reactivity, reaction behavior, and thermal 
conversion performance of biomass which is often estimated through thermo-
gravimetric analysis (TGA). Through TGA, the reaction kinetics parameters 
including the mechanism function, pre-exponential factor, and activation 
energy [36, 37], as well as the thermal features including temperature at peak 
value, reaction period, peak value, and thermogravimetric (TG) data can be 
determined. In addition, biomass torrefaction is often regarded as a complex 
mechanism due to the several reactions involved including the decomposition 
of the common biomass components including lignin, cellulose, and hemicel-
lulose as well as moisture evaporation.

The decomposition of the biomass components depends to some extent on the 
temperature at which the torrefaction process is carried out. For instance, at the 
temperature range of 160–900°C, lignin slowly decomposes, cellulose decomposes 
at 315–400°C, while the hemicellulose decomposes at the lowest temperature 
ranging from 220–315°C [38]. For instance, while the torrefaction of hemicel-
lulose leads to more devolatilization and carbonization, the depolymerization 
of cellulose plays a vital role in the decomposition mechanism. The study on the 
kinetics of biomass torrefaction is very important because it represents the torre-
faction reaction thereby predicting the optimum thermal degradation conditions 
which can ultimately enhance the process control for continuous torrefaction 
reactor [39, 40]. Meanwhile, at the temperature range of 230–300°C [41], the 
kinetics of torrefaction reactions can be best described by a two-step mechanism; 
cellulose and hemicellulose decomposition.

6. Conclusions

Biomass upgrading for the production of high-grade solid fuels with greater 
energy density, excellent grindability, and enhanced durability can be achieved by 
subjecting the original raw biomass to thermal mild pretreatment process under 
inert atmosphere without the presence of air or oxygen. This process is commonly 
referred to as torrefaction. The major aim is to improve the chemical, thermal, and 
physical properties of biomass for a long-term storage through the elimination of 
oxygen, reduction of moisture content and change of chemical compositions. After 
torrefaction, some challenges pertaining to technological applications of biomass 
such as difficulty to obtain a small particle size and high oxygen–carbon ratio, can 
be properly addressed.

Upon the mild thermal pyrolysis of raw biomass in oxygen-free or N2 atmo-
sphere at moderate temperatures over a period of time, the biomass fiber structure 
tends to break down which makes the biomass easy to grind, hence an enhanced 
energy density. By this process, the properties of raw biomass including low 
calorific value, grindability, hydrogen-carbon and, hygroscopicity, can be greatly 
improved. At first, torrefaction process can reduce the weight of the biomass to 
about 30%, but the final solid biofuel produced can retain about 90% of the original 
biomass energy content.
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capital expenditure, biomass delivered costs are the common influencing factors 
for production with CAPEX.
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can be obtained through biomass torrefaction. It is important to note that biomass 
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combustion resulting into environmental problem. Carbon dioxide (CO2) remain 
the greenhouse gas with the largest volume and percentage released into the atmo-
sphere when compared to other greenhouse gases. Biomass as a renewable energy 
which has some similar features with fossil fuels still have some environmental 
challenges. It can cause deforestation and it is not entirely clean.

Sustainability concept of biomass torrefaction can be properly broadly cat-
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(3) social factor [4]. Generally speaking, the economic factor is majorly related 
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environmental factor is associated with the sustainable forest management. On 
the other hand, the social factor is linked with the regeneration of rural areas and 
more jobs.

5. Reaction kinetics of biomass torrefaction

To a large extent, torrefaction process can influence the overall kinetics 
and mechanism [35] as well as the reactivity, reaction behavior, and thermal 
conversion performance of biomass which is often estimated through thermo-
gravimetric analysis (TGA). Through TGA, the reaction kinetics parameters 
including the mechanism function, pre-exponential factor, and activation 
energy [36, 37], as well as the thermal features including temperature at peak 
value, reaction period, peak value, and thermogravimetric (TG) data can be 
determined. In addition, biomass torrefaction is often regarded as a complex 
mechanism due to the several reactions involved including the decomposition 
of the common biomass components including lignin, cellulose, and hemicel-
lulose as well as moisture evaporation.

The decomposition of the biomass components depends to some extent on the 
temperature at which the torrefaction process is carried out. For instance, at the 
temperature range of 160–900°C, lignin slowly decomposes, cellulose decomposes 
at 315–400°C, while the hemicellulose decomposes at the lowest temperature 
ranging from 220–315°C [38]. For instance, while the torrefaction of hemicel-
lulose leads to more devolatilization and carbonization, the depolymerization 
of cellulose plays a vital role in the decomposition mechanism. The study on the 
kinetics of biomass torrefaction is very important because it represents the torre-
faction reaction thereby predicting the optimum thermal degradation conditions 
which can ultimately enhance the process control for continuous torrefaction 
reactor [39, 40]. Meanwhile, at the temperature range of 230–300°C [41], the 
kinetics of torrefaction reactions can be best described by a two-step mechanism; 
cellulose and hemicellulose decomposition.

6. Conclusions

Biomass upgrading for the production of high-grade solid fuels with greater 
energy density, excellent grindability, and enhanced durability can be achieved by 
subjecting the original raw biomass to thermal mild pretreatment process under 
inert atmosphere without the presence of air or oxygen. This process is commonly 
referred to as torrefaction. The major aim is to improve the chemical, thermal, and 
physical properties of biomass for a long-term storage through the elimination of 
oxygen, reduction of moisture content and change of chemical compositions. After 
torrefaction, some challenges pertaining to technological applications of biomass 
such as difficulty to obtain a small particle size and high oxygen–carbon ratio, can 
be properly addressed.

Upon the mild thermal pyrolysis of raw biomass in oxygen-free or N2 atmo-
sphere at moderate temperatures over a period of time, the biomass fiber structure 
tends to break down which makes the biomass easy to grind, hence an enhanced 
energy density. By this process, the properties of raw biomass including low 
calorific value, grindability, hydrogen-carbon and, hygroscopicity, can be greatly 
improved. At first, torrefaction process can reduce the weight of the biomass to 
about 30%, but the final solid biofuel produced can retain about 90% of the original 
biomass energy content.
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As compared to the original raw biomass, torrefied biomass can serve as a 
good replacement for coal in the generation of heat and electricity, as well as input 
for gasification, densification, and iron making processes, with many positive 
attributes, like grinding and burning like coal, lower ash and sulfur content, lower 
transport and shipping costs, lower feedstock costs, and the ability to produce 
non-intermittent renewable energy. Hence, further studies to understand the 
mechanism behind the torrefaction process in producing more uniform biomass 
products and the influence of torrefaction process parameters on the biomass 
feedstock upgrading is necessary to open the market for the mass production of 
high-grade solid biofuels with enhanced energy density and hydrophobicity for a 
long-term storage.

Attributed to the several reactions involved, biomass torrefaction is sometimes 
referred to as the complex reactions including the decomposition of the common 
biomass components including lignin, cellulose, and hemicellulose as well as 
moisture evaporation. The economic, environmental, and social factors are the 
three major concepts of sustainability as regards the biomass torrefaction. While 
the economic factor is majorly related to the renewable energy consumption, the 
environmental factor focused more on the sustainable forest management while the 
regeneration of rural areas and more jobs is related to social factor. The economics 
of biomass torrefaction including the total production cost, total capital invest-
ment, production capacity, feedstock input, feedstock type, pre-treatment, and 
procurement costs, transportation costs are necessary to evaluate the efficiency of 
the torrefaction process as well as the reactor performance.

Nomenclature

MSW municipal solid waste
FAME fatty acid methyl esters
CO carbon monoxide
CO2 carbon dioxide
O2 oxygen
H2O water
HHV high heating value
PKS palm kernel shell
MF mesocarp fiber
FFB fruit fresh bunches
EFB empty fruit bunches
DT dry torrefaction
WT wet torrefaction
ILA ionic-liquid assisted torrefaction
TGA thermogravimetric analysis
SCB sugarcane bagasse
CAPEX capital expenditures
O/C oxygen–carbon
H/C hydrogen-carbon
TG thermogravimetric
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Chapter 32

Soft Sensors for Biomass
Monitoring during Low Cost
Cellulase Production
Chitra Murugan

Abstract

Low cost cellulase production has become a major challenge in recent years. The
major hurdle in the production of biofuel and other products from biomass is the
lack of efficient economically feasible cellulase. This can be achieved by proper
monitoring and control of bioprocess. In order to implement any control scheme,
the accurate representation of the system in the form of a model is necessary. There
are many challenges associated with modeling the fermentation process such as
inherent nonlinear dynamic behavior, complexity of process due to co-existence of
viable and nonviable cells, presence of solid substrates, etc. Toward the achieve-
ment of this goal, researchers have been developing new techniques that can be
used to monitor the process online and at-line. These newer techniques have paved
the way for designing better control strategies that can be integrated with quality by
design (QbD) and process analytic technology (PAT).

Keywords: biomass, lignocellulosic substrates, hybrid model, NARX, LSTM

1. Introduction

Monitoring and control of biomass plays a vital role during fermentation process
[1]. Low cost Production of ethanol/cellulase from lignocellulosic substances has
been a topic of research for the past few years as it uses the carbon source from
industrial or agricultural waste [2, 3]. These processes mostly involve fungi such as
Aspergillus,Trichoderma. One of the main challenges during production of low cost
cellulase is the estimation of biomass in the presence of insoluble solid substrates.
The conventional methods such as dry weight filtration, optical density become
unusable during fungal biomass estimation [4]. Methods such as monitoring DNA
concentration, Image analysis were widely used. However, for the control of
fermentation process, continuous monitoring of biomass is essential.

2. Biomass estimation techniques

The first principles model based on mass or energy balance equations is widely
used in industries. Unstructured models such as monod model captures the process
dynamics effectively only during log phase and on the other side, structured models
have more parameters and are difficult to use [5]. The kinetic parameters in first
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[1]. Low cost Production of ethanol/cellulase from lignocellulosic substances has
been a topic of research for the past few years as it uses the carbon source from
industrial or agricultural waste [2, 3]. These processes mostly involve fungi such as
Aspergillus,Trichoderma. One of the main challenges during production of low cost
cellulase is the estimation of biomass in the presence of insoluble solid substrates.
The conventional methods such as dry weight filtration, optical density become
unusable during fungal biomass estimation [4]. Methods such as monitoring DNA
concentration, Image analysis were widely used. However, for the control of
fermentation process, continuous monitoring of biomass is essential.

2. Biomass estimation techniques

The first principles model based on mass or energy balance equations is widely
used in industries. Unstructured models such as monod model captures the process
dynamics effectively only during log phase and on the other side, structured models
have more parameters and are difficult to use [5]. The kinetic parameters in first
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principles model such as specific growth rate, biomass yield are found using
laborious experimentation methods [6].

New process monitoring approaches use several online sensors to determine the
concentration of viable biomass that are found useful during control of fermenta-
tion process. A simple on-line method for fungal biomass estimation based on
agitation rate has been evolved for DO stat cultures. The estimator is developed
based on changes in dissolved oxygen concentration in the initial transient time and
yield change. The estimation parameters are found using agitation rate at 20% of
DO concentration [7].

Dielectric spectroscopy has been widely used for monitoring biomass during
submerged fermentation. The working of capacitance probe is based on cell mem-
brane polarization. When the microbial cells are placed in ionic solution and are
subjected to alternating electric field, they will act as capacitor due to restriction of
ion movement by cell membrane. The on-line capacitance value represents viable
biomass as dead cells do not polarize [8]. The Biomass Monitor TM, model 214 M
(Aber Instruments, Aberystwyth, UK), dual frequency version (0.2–1.0 MHz, and
approximately 9.5 MHz) is the commonly used capacitance probe.

Another method for estimation of viable biomass is the radio-frequency (RF)
impedance spectroscopy [9]. This method provides useful information on the live
cell concentration both in fixed as well as in dual frequency mode. To identify
important changes in the process or to control the biomass at a constant level, the
determination of on-line live cell concentration can be useful. Electrochemical
impedance spectroscopy (EIS) is another method used to monitor biomass during
fermentation [10]. The increase in biomass during cultivation is proportional to the
increase in the double layer capacitance (Cdl), determined at frequencies below
1 kHz. A good correlation of Cdl with cell density is found and in order to get an
appropriate verification of this method, different state-of-the-art biomass mea-
surements are performed and compared. Since measurements in this frequency
range are largely determined by the double layer region between the electrode and
media, rather minor interferences with process parameters (aeration, stirring) are
to be expected. It is shown that impedance spectroscopy at low frequencies is a
powerful tool for cultivation monitoring. Though these dielectric spectroscopy,
impedance spectroscopy techniques have been reported in literature, these methods
require costlier instrumentation.

In recent years, soft sensors are widely used for the estimation of biomass. Soft
sensors estimate the unknown state variable by using some other measured vari-
ables that influences the unknown state [11]. The data-driven methods widely used
for the soft-sensor modeling are support vector machine, multiple least square
support vector machine, neural network, deep learning, fuzzy logic and probabilis-
tic latent variable models.

Artificial Neural Networks (ANN) based soft sensor have the capability to learn
nonlinearity of the process using experimental plant data and thus can be used to
estimate the state of bioprocess such as biomass concentration [12, 13]. The rapid
development of algorithms and information technology is the major motivation
behind the broad application of ANNs in research and development [14]. Currently,
ANNs are employed in the prediction of various outcomes including process con-
trol, medicine, forensic science, biotechnology, weather forecasting, finance and
investment and food science. However, it is noteworthy to state that the use of
ANNs in biofuel production is currently in the early phases of its development.
Generally, microbial fermentations exhibit non-linear relationships which could
pose several problems during bioprocess modeling and optimization. The applica-
tion of robust models such as ANN helps to capture this nonlinear behavior, and
thus provides a model that links the process inputs to the corresponding output
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parameters. On comparison with other empirical models, neural networks are rela-
tively less sensitive to noise and hence can be applied to process control systems with
higher level of uncertainty [15]. During batch/fed-batch, ANN can be effectively used
for estimation of biomass or product, optimization of fed-batch run and online
control of bioprocess systems [16–18]. ANNs are suitable for many applications such
as nonlinear filtering, prediction of output using input are widely used in the model-
ing of dynamic systems [19]. Several ANNs such as feed forward back-propagation
neural network (FFBPNN) [20], Hopfield [21], radial basis function (RBF) networks
[22], recurrent [23] and hybrid neural network (HNN) [24] found extensive appli-
cation in bioprocess industries based on their functions. The BPNN with supervised
learning has been reported in biofuel process modeling as shown in Table 1.

3. Biomass modeling methods

The Food and Drug Administration (FDA) of United States has initiated the
online monitoring and closed loop control of a bioprocess via Process Analytical
Technology (PAT) initiative. PAT highlights the concept of process understanding
in order to deliver high quality products and this can be achieved by the design of
accurate bioprocess models. The mathematical models are in general classified as
black box, white box and gray box models.

3.1 Black box models

Black box models are input/output models that do not require a priori knowl-
edge about the process and describe the system based on experimental data. An
example of input/output model that has an output y which depends on past and
present inputs is given in Eq. (1) as follows:

y txð Þ ¼ B qð Þ
A qð Þ u txð Þ (1)

where q is the backward shift operator for the polynomials A(q) and B(q) as
given in Eq. (2), Eq. (3) and Eq. (4)

q�j y tið Þð Þ ¼ y ti�j
� �

(2)

A qð Þ ¼ 1þ a1q�1 þ a2q�2 þ … þ anq�n (3)

Input parameters Output parameters ANN
Type

ANN
structure

R2

value
References

pH Biomass
concentration

— 1–2-1 — [3]

Sin (glucose) Biomass
concentration

HNN 1–3-1 — [24]

Sin (glucose), sodium nitrate
concentration, yeast extract
concentration

Lipid Productivity,
biomass

concentration

FFBPNN 3–10-1 0.99 [25]

Sin, initial substrate concentration; R
2, coefficient of determination.

Table 1.
Application of ANN in bioprocess industries.
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B qð Þ ¼ b0 þ b1q�1 þ b2q�2 þ … þ bmq�m (4)

The input output experimental data is used to determine the values of variables
a, b and the order of the polynomials n and m. Artificial Neural Network (ANN)
models are another type of black box models that has wide application in bioprocess
technology due to their ability to represent non-linear functions.

3.2 White box models

White box models are mechanistic models that are been used widely used
incorporates the available process knowledge in the form of first principle model
equations. As an example, the first principles model widely used for fungal fer-
mentation during cellulase production are represented in Eq. (5), Eq. (6), Eq. (7) as
follows [26].

dX
dt

¼ μm
SX

Ks þ S
� kdX (5)

dEt

dt
¼ k1X

1þ S
Ki

� k2Et (6)

dS
dt

¼ � 1
YX=S

dX
dt

�msX (7)

where X represents the biomass concentration (g/l), S represents the substrate
concentration (g/l), μm is the maximum specific growth rate (1/h), Ks is the
substrate saturation constant (g/l), kd is the cell death constant (1/h), k1, k2 are rate
constants for cellulase synthesis (IU/ml h) and cellulase decay (1/h), Ki is the
substrate inhibition coefficient(g/l), Et is the total cellulase activity, YX=S is the
stoichiometric biomass yield coefficient (g/g) and ms is the specific maintenance
coefficient (1/h).

3.3 Hybrid models

Gray box models also known as hybrid models are considered as an effective tool
for model identification. These models combine a priori knowledge of the process
and black box representations. The black-box model can be ANN, Fuzzy, NARX,
Neuro-Fuzzy etc. It provides the flexibility to develop model based on both process
data and available knowledge about the process [27, 28]. Hybrid models provide
higher estimation accuracy, interpretability and extrapolation. In particular, during
fungal fermentation using lignocellulosic substrates, the kinetic parameters μm and
YX=S are generally assumed to be constant throughout the batch/fed-batch process.
However, there might be a slight change in their values and accurate estimation of
these kinetic parameters such as aids greatly in process control and product
enhancement. The multivariate interactions during the process operation can be
found using statistical design of experiments (DoE). The hybrid models are
commonly represented in two configurations as parallel and cascade as shown in
Figure 1.

The parallel configuration Figure 1(a) uses complete first principles model and
the error between outputs of this model and real-time process are modeled. The
serial configuration Figure 1(b) is used when there is less number of unknown
parameters. This is the most frequently used hybrid model structure. The choice of
hybrid configuration strongly depends on the First principles model structure.
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When the First principles model is not accurate, Parallel configuration is a better
choice as parallel hybrid model can compensate for the First principles model
mismatch [29]. When the First principles model is accurate, serial configuration
seems to be a better choice as it offers better extrapolation [30].

3.3.1 Hybrid fuzzy models

A non-linear process such as bioreactor can be modeled using Fuzzy logic via
Rule base analysis. Initially a model structure is chosen wherein the number of
inputs and number of fuzzy sets per variable are found, then estimation of fuzzy
membership function parameters with regard to its shape, position is carried out
and finally the rule base mapping from fuzzy sets to functions are carried out. The
fuzzy logic system draws decision with the help of Fuzzy Inference System which
uses “If ..Then” rules along with OR, AND connectors. For example, if specific
growth rate is high, biomass concentration is high; else if specific growth rate is low,
biomass concentration is low. Fuzzy models render transparency and therefore
have the advantage of interpretability when compared to other data- driven
methods. The popular fuzzy models in use are the Takagi-Sugeno and the Mamdani
type. Takagi-Sugeno type fuzzy models are suitable for modeling the non-linearity
of the process and can be represented as many linear models in parallel, wherein the
sub-models are chosen based on some specified rule. These are generally well suited
to perform mathematical analysis and can be applied in Multiple Input Single
Output (MISO) systems. Also, in Takagi-Sugeno model, output membership func-
tion are either constant or linear. The Mamdani type fuzzy model has a fuzzy logic
set as the output of each rule. These are well suited to perform with manual input
and can be applied in Multiple Input Single Output (MISO) systems and Multiple
Input Multiple Output (MIMO) systems. The output membership function is pre-
sent and the output is not continuous. Moreover, the Mamdani type fuzzy model is
more accurate than Takagi-Sugeno, but it requires estimation of huge number of
parameters.

Hybrid Fuzzy models comprises both first principles model equations and Fuzzy
models [31]. The parameter estimation of hybrid fuzzy models are commonly done
by Kalman filter. Fuzzy models are identified from experimental process data
commonly by Fuzzy Clustering Method (FCM). Improvements in accuracy and
performance of fuzzy models can be achieved by implementation of FCM based on
Artificial Bee Colony (FCMABC), FCM based on Chicken Swarm Oprimization
(FCMCSO), etc.

A case study to exhibit the Hybrid fuzzy modeling approach, the low cost
cellulase production process is considered where the objective is to find the product
concentration (cellulase) based on the interactions between the biomass and
substrate.

Figure 1.
Configurations of a hybrid model. (a) Parallel form (b) Serial form.
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substrate saturation constant (g/l), kd is the cell death constant (1/h), k1, k2 are rate
constants for cellulase synthesis (IU/ml h) and cellulase decay (1/h), Ki is the
substrate inhibition coefficient(g/l), Et is the total cellulase activity, YX=S is the
stoichiometric biomass yield coefficient (g/g) and ms is the specific maintenance
coefficient (1/h).

3.3 Hybrid models

Gray box models also known as hybrid models are considered as an effective tool
for model identification. These models combine a priori knowledge of the process
and black box representations. The black-box model can be ANN, Fuzzy, NARX,
Neuro-Fuzzy etc. It provides the flexibility to develop model based on both process
data and available knowledge about the process [27, 28]. Hybrid models provide
higher estimation accuracy, interpretability and extrapolation. In particular, during
fungal fermentation using lignocellulosic substrates, the kinetic parameters μm and
YX=S are generally assumed to be constant throughout the batch/fed-batch process.
However, there might be a slight change in their values and accurate estimation of
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The parallel configuration Figure 1(a) uses complete first principles model and
the error between outputs of this model and real-time process are modeled. The
serial configuration Figure 1(b) is used when there is less number of unknown
parameters. This is the most frequently used hybrid model structure. The choice of
hybrid configuration strongly depends on the First principles model structure.
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When the First principles model is not accurate, Parallel configuration is a better
choice as parallel hybrid model can compensate for the First principles model
mismatch [29]. When the First principles model is accurate, serial configuration
seems to be a better choice as it offers better extrapolation [30].

3.3.1 Hybrid fuzzy models

A non-linear process such as bioreactor can be modeled using Fuzzy logic via
Rule base analysis. Initially a model structure is chosen wherein the number of
inputs and number of fuzzy sets per variable are found, then estimation of fuzzy
membership function parameters with regard to its shape, position is carried out
and finally the rule base mapping from fuzzy sets to functions are carried out. The
fuzzy logic system draws decision with the help of Fuzzy Inference System which
uses “If ..Then” rules along with OR, AND connectors. For example, if specific
growth rate is high, biomass concentration is high; else if specific growth rate is low,
biomass concentration is low. Fuzzy models render transparency and therefore
have the advantage of interpretability when compared to other data- driven
methods. The popular fuzzy models in use are the Takagi-Sugeno and the Mamdani
type. Takagi-Sugeno type fuzzy models are suitable for modeling the non-linearity
of the process and can be represented as many linear models in parallel, wherein the
sub-models are chosen based on some specified rule. These are generally well suited
to perform mathematical analysis and can be applied in Multiple Input Single
Output (MISO) systems. Also, in Takagi-Sugeno model, output membership func-
tion are either constant or linear. The Mamdani type fuzzy model has a fuzzy logic
set as the output of each rule. These are well suited to perform with manual input
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Input Multiple Output (MIMO) systems. The output membership function is pre-
sent and the output is not continuous. Moreover, the Mamdani type fuzzy model is
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Hybrid Fuzzy models comprises both first principles model equations and Fuzzy
models [31]. The parameter estimation of hybrid fuzzy models are commonly done
by Kalman filter. Fuzzy models are identified from experimental process data
commonly by Fuzzy Clustering Method (FCM). Improvements in accuracy and
performance of fuzzy models can be achieved by implementation of FCM based on
Artificial Bee Colony (FCMABC), FCM based on Chicken Swarm Oprimization
(FCMCSO), etc.

A case study to exhibit the Hybrid fuzzy modeling approach, the low cost
cellulase production process is considered where the objective is to find the product
concentration (cellulase) based on the interactions between the biomass and
substrate.

Figure 1.
Configurations of a hybrid model. (a) Parallel form (b) Serial form.
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The following assumptions are made during the batch/fed-batch operation of
the bioreactor. The reactor is completely mixed and the feed flow rate (F) is known.
Measurements for biomass concentration (X), Substrate concentration (S), product
concentration (P) and volume (V) are available. The sampling interval is
30 minutes for these measurements.

The first principles model consists of 4 state equations for biomass concentration
X (g/l), Substrate concentration S (g/l), Product concentration P (g/l) and volume
of the bioreactor V (l) as defined in Eq. (8–11).

dx
dt

¼ μX � F
V
X (8)

ds
dt

¼ �qsX þ F
V

Sin � Sð Þ (9)

dP
dt

¼ qpX � P
F
V
þ K

� �
(10)

dV
dt

¼ F (11)

where μ is the specific growth rate (h�1), F represents substrate feed rate, Sin is
the substrate concentration in the feed, qs is the substrate consumption rate (h�1),
qp is the product formation rate (h�1), K is the product decay constant (h�1). No
direct measurements were made for these kinetic parameter rates. Therefore, a
fuzzy model structure is represented as in Eq. (12–14).

qs ¼
μmS

Yx=s Ks þ Sð Þ þ
qp
Yp=s

þmsX (12)

μ ¼ f fuzzy S,Xð Þ (13)

qp ¼ f fuzzy S,Xð Þ (14)

where μm, Yx=s, Yp=s, Ks, ms are constants.
The kinetic parameters μ and qp depends on X and S and their values are unknown.

Hence, fuzzymodels are developed to estimate their values. An extended Kalman filter
is designed to obtain the estimated values of parameters. The filter is tuned by fixing
the process noise covariance matrix Q as [0.001,0.001, 0.001, 0.054,0.003] and
measurement error covariance matrix R as [0.1, 0.05, 0.03, 0.1]. The filter perfor-
mance is evaluated by stability border criterion λ and significance level, Lα (Table 2).
Smaller values of these two criterions represent good tuning of the Kalman filter.

From the table, it is observed that the filter is tuned properly. In this work, the
fuzzy sub-model identification for specific growth rate and product formation rate
are done with fuzzy clustering. The basic idea is to form clusters (similar groups) with
the available experimental data. Each cluster exhibit an independent rule in the rule

λ 0.32

Lα for X 5

Lα for S 3

Lα for P 7

Table 2.
Results of Kalman filter.
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base. The advantage of using fuzzy clustering method is that the experimental data is
focused and from that, the fuzzy model with independent rules is developed. The
fuzzy models for kinetic parameters are represented in Figure 2 and the hybrid model
output in comparison with experimental data is illustrated in Figure 3. The optimiza-
tion of fuzzy model parameters will improve the performance of hybrid model.

3.3.2 Hybrid ANN models

Hybrid ANN models are combination of first principles and ANN wherein the
ANNs are used to estimate the kinetic parameters (black box models) [32]. The
hybrid model shown in Figure 4 is a combination of neural network estimator with
the Mass Balance equations (Mathematical model). The neural network estimator is
capable of estimating the process parameters from the real time measurements and
these kinetic parameters (μ and Ys/x) are updated in the mass balance equations to
give the value of the state variables in the next time instant.

In general, the kinetic parameters are determined offline from experimental data.
Due to the ability of neural networks to learn and model non-linear relationships, the
parameter values can be estimated after proper training. Neural network with varying
number of hidden neurons has been trained and MSE between the actual data and
estimated data are calculated. Network with less MSE has been selected to find
optimal hidden neurons. In this case study, a neural network structure comprising of
two layer feed-forward network with sigmoid hidden neuron and linear output neu-
ron is used. The state variables Xt X tð Þ and S tð Þ S tð Þ are the inputs and the parameters
μ̂ and ŶS=X are the outputs of the neural network. The parameters are found using the
Eq. (15) and Eq. (16) given below for every time instant.

μ ¼ μmax
S tð Þ

kSþ S tð Þ (15)

where S(t) is the substrate concentration, kS – saturation constant which is
found experimentally to be 0.01 g/L.

ŶS=X ¼ S tð Þ � S t� 1ð Þ
X tð Þ � X t� 1ð Þ

YS=X ¼ St � St�1

Xt � Xt�1
(16)

Figure 2.
Fuzzy model for kinetic parameters μ and Yp/s.
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Where S tð Þ and S t� 1ð Þ are the present and past substrate concentrations, X tð Þ
Xt and Xt�1 X t� 1ð Þ are the present and past biomass concentrations respectively.
For generalization, the experimental data is divided for training, testing and vali-
dation in the ratio 70:15:15. The training of neural network has been carried out in
MATLAB. Levenberg–Marquardt algorithm is used with single hidden layer.
Sigmoid and Linear activation functions are used for hidden and output layers
respectively. Mean Square Error is the performance evaluation criterion and
accordingly the number of hidden neurons is chosen to be 15. The number of
iterations is fixed at 1000.

The response from the hybrid model obtained for training input is shown in
Figure 5(a) and test input is shown in Figure 5(b).

The process parameters μ and YX/S change with respect to time and the
corresponding state variable measurements. The time varying natures of the
parameters are shown in Figure 6.

Figure 3.
Performance of hybrid model for biomass(a), substrate(b) and product (c) concentrations.
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3.4 NARX models

Non-linear regressive models with exogenous input (NARX) are found to be
effective for non-linear system identification, as they have good predictive capability.
To predict the system behavior without a deep mathematical knowledge [33, 34],

Figure 4.
Hybrid model structure.

Figure 5.
Validation of hybrid model with training and testing data set.

Figure 6.
Variation of kinetic parameters μ and YX/S with respect to time.
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model identification with input–output measurements is generally used. For closer
approximations of actual process, a NARX model is commonly employed [35]. The
NARX is a recurrent dynamic network, with feedback connections enclosing several
layers of the network. The defining equation for the NARXmodel is given in Eq. (17).

y tð Þ ¼ f y t� 1ð Þ, y t� 2ð Þ, y t� 3ð Þ, ::… y t� nyð Þ, u t� 1ð Þ… u t� nuð Þð Þ þ e tð Þ
(17)

where y tð Þ and u tð Þ are output and input signal, ‘f ’ is a nonlinear function, ny and
nu are the output and input delays of nonlinear model and e tð Þ is the error term. The
next value of the dependent output signal is regressed on previous values of the
output signal and previous values of an independent (exogenous) input signal. The
successful estimation of process state by soft sensor greatly depends on input output
data set. The input variable should be chosen such that it has a direct or indirect
relation with the estimation variable. The microbial cell metabolism is influenced by
pH value, agitation speed and substrate concentration inside the bioreactor vessel,
hence it is directly related to the biomass concentration [36].

As a case study [37], a NARX model is developed for estimation of biomass
concentration using the dataset of pH, agitation speed and substrate concentration
values starting from the time of inoculation till the end of fed batch process. The
experimental data is divided into training, testing and validation in the ratio
70:15:15. The inputs for the NARX model are present values of pH, substrate con-
centration (S), agitation speed and previous sampling instant biomass concentra-
tion, X(k-1) and the output is the estimated biomass concentration, X(k) as shown
in Figure 7.

To obtain best performance from NARX model, two hidden layers are used and
the numbers of hidden neurons in each layer are chosen based on Mean Square
Error (MSE). ANN parameters used in the NARX model development are listed in
Table 3.

Experimental validation of NARX Model is done with the help of capacitance
probe. The annular dielectric probe when inserted into the bioreactor, gives a
capacitance value that can be directly related to the concentration of biomass. The
probe is useful particularly during fungal biomass cultivation due to the nonexis-
tence of accurate offline measurements [38]. As the probe measures only the viable
cells excluding the dead cells and insoluble substrates, it is an optimal choice for
process validation. The probe generates a dielectric spectrum at 2 different fre-
quencies given, based on cell size, morphology etc. [39]. In this case study, the

Figure 7.
NARX model for estimation of biomass concentration.
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capacitance probe is utilized in microbial mode and the biomass is measured at
frequencies 0.6 MHz and 15 MHz. The 15 MHz reading is used as a form of auto zero
and subtracted from the 0.6 MHz. Therefore, the capacitance of background matter
is automatically subtracted from the signal. A resolution of 0.1 pF/cm on the
instrument typically represents 106 Cells/ml, or 0.5 grams per liter. The dynamic
NARX network are trained with different sets of input–output data. The response of
NARX network to test inputs is shown in Figure 8.

It is inferred from Figure 8, that the trained dynamic NARX network can be
used in the place of biosensor. The error response for single NARX network is
shown in Figure 9.

The performance of NARX network is analyzed based on the performance
criteria, Root Mean Square Error (RMSE) and coefficient of determination (R2).
RMSE is calculated by the Eq. (18).

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xn

i¼1

yi� tið Þ2
n

s
(18)

where N is the length of data, yi is the predict value and ti is the target value
(Rafsanjani et al. 2016). The RMSE and R2 values of NARX network are obtained as
0.01 and 0.8789 respectively and the correlation graph is shown in Figure 10.

Parameters Value

Architecture Dynamic neural network (NARX)

Training Algorithm Levenberg–Marquardt algorithm

Number of iterations 1000

Number of hidden layer 2

Number of hidden neurons in first layer 18

Number of hidden neurons in second layer 10

Bias 1

Activation function (hidden layer) Sigmoid

Activation function (Output) Linear

Performance Evaluation Mean Square Error

Table 3.
ANN parameters for NARX model development.

Figure 8.
Comparison of NARX model output with experimental biomass concentration data.
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It is observed that the NARX model has a low value of RMSE, a very high
value of R2 and good correlation to real time probe data, which confirms that this
dynamic neural network soft sensor performs well in the estimation of biomass
concentration.

3.5 LSTM models

Recurrent Neural Networks (RNNs) are a type of deep networks that are struc-
tured to capture the temporal dependencies of the process effectively [40]. Long
Short-Term Memory (LSTM) networks are a type of recurrent neural network
capable of learning order dependence in sequence prediction problems. The LSTM
network was invented with the goal of addressing the vanishing gradients problem.
The key insight in the LSTM design was to incorporate nonlinear, data-dependent
controls into the RNN cell, which can be trained to ensure that the gradient of the
objective function with respect to the state signal does not vanish [41] and hence
LSTMs are well suited for classification and prediction problems. The LSTM model

Figure 9.
Error plot for the NARX model.

Figure 10.
Correlation graph between biomass concentrations monitored with real-time capacitance probe and estimated
by the NARX model.
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developed for the estimation of maximum specific growth rate is shown in
Figure 11. The input gate, forget gate and output gate equations are given by
Eq. (19), (20) and (21) respectively.

The new memory cell and final memory cell equations are given as Eq. (22) and
Eq. (23). The hidden state equation is represented in Eq. (24).

i tð Þ ¼ σ W ið Þx tð Þ þ U ið Þh t�1ð Þ
� �

(19)

f tð Þ ¼ σ W fð Þx tð Þ þ U fð Þh t�1ð Þ
� �

(20)

o tð Þ ¼ σ W oð Þx tð Þ þU oð Þh t�1ð Þ
� �

(21)

c tð Þ ¼ tanh W cð Þx tð Þ þ U cð Þh t�1ð Þ
� �

(22)

c tð Þ ¼ f tð Þc t�1ð Þ þ i tð Þc tð Þ (23)

h tð Þ ¼ o tð Þ tanh c tð Þ
� �

(24)

where,
x tð Þ Input word
i tð Þ Input state
f tð Þ forget state
c t�1ð Þ, c tð Þ, c tð Þ Past, new and final memory
h t�1ð Þ,h tð Þ Previous and current hidden state

Figure 11.
LSTM model developed for maximum specific growth rate estimation.
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by the NARX model.
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developed for the estimation of maximum specific growth rate is shown in
Figure 11. The input gate, forget gate and output gate equations are given by
Eq. (19), (20) and (21) respectively.

The new memory cell and final memory cell equations are given as Eq. (22) and
Eq. (23). The hidden state equation is represented in Eq. (24).

i tð Þ ¼ σ W ið Þx tð Þ þ U ið Þh t�1ð Þ
� �

(19)

f tð Þ ¼ σ W fð Þx tð Þ þ U fð Þh t�1ð Þ
� �

(20)

o tð Þ ¼ σ W oð Þx tð Þ þU oð Þh t�1ð Þ
� �

(21)

c tð Þ ¼ tanh W cð Þx tð Þ þ U cð Þh t�1ð Þ
� �

(22)

c tð Þ ¼ f tð Þc t�1ð Þ þ i tð Þc tð Þ (23)

h tð Þ ¼ o tð Þ tanh c tð Þ
� �

(24)

where,
x tð Þ Input word
i tð Þ Input state
f tð Þ forget state
c t�1ð Þ, c tð Þ, c tð Þ Past, new and final memory
h t�1ð Þ,h tð Þ Previous and current hidden state

Figure 11.
LSTM model developed for maximum specific growth rate estimation.
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o tð Þ Output state
W ið Þ, W fð Þ,W cð Þ, W oð Þ Weight vectors connecting previous and current

hidden layers
U fð Þ,U cð Þ, U oð Þ Vectors connecting inputs to the current hidden layer
σ Sigmoid activation function

Similar to the development of NARXmodel, the modeling of LSTM network also
includes data collection, parameter determination, training, testing, validation. The
modeling can be done either in MATLAB or using python coding. As a case Study,
consider a LSTM network in which two hidden layers are chosen and the number of
neurons in each hidden layer is varied till the MSE reaches minimum value. The
parameters chosen to frame the LSTM network are listed in Table 4. The training to
testing ratio is chosen as 67:33. The predicted values of maximum specific growth
rate calculated from the LSTM model are presented in Figure 12.

The performance of LSTM model is evaluated by the statistical measures RMSE,
R2 and Accuracy factor (Af). The Af averages the distance between every point and
the line of equivalence as a measure of finding the closeness between predicted and
observed values. The RMSE, R2, Af values of the LSTMmodel are found to be 0.011,
0.994 and 1.024 respectively. The RMSE and Af values are minimumwhich suggests
that the LSTM predictive model fit well with the experimental data.

Parameter Choice

Batch size 50

No. of hidden layers 2

No. of hidden neurons Hidden layer 1 Hidden layer 2

15 47

Activation function Sigmoid

Optimizer Adam

Learning rate 0.01

No. of epochs 800

Table 4.
Parameters for LSTM model development.

Figure 12.
Comparison of LSTM predicted maximum specific growth rate data with experimental data.
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4. Conclusions

Several modeling techniques that will aid in the monitoring and estimation of
fungal biomass in the presence of lignocellulosic substrates during fed-batch
fermentation are discussed in this chapter. Moreover, the bioprocess models are
validated with experimental data as discussed in case studies. The use of these soft
sensors in industries with accompanying control system will improve the cellulase
concentration yield.
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