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Foreword

Rising human population and growing emphasis on improving the quality of human
life have increased the demand of food and energy. Efforts to provide food for all
have yielded results through the use of agrochemicals and fertilizers and increase in
the area of cultivable land. The current agricultural practices have become energy
intensive. Direct energy needs of people in all countries have also increased. The
energy availability and security has thus become an important priority for all
countries and more so for developing countries. The currently used conventional
energy sources are finite in nature, and their extensive use causes pollution.
Scientists now have come to a unanimous conclusion that global increase in carbon
dioxide and other gases and deforestation is responsible for increasing the stress on
the global environment. More efficient use of energy through appropriate policies
and demand management, implementation of better energy-conservation
technologies, and the intensive development of renewable energy sources are
being talked about.

Various renewable energy options are biomass, geothermal, hydro, ocean current,
solar, tidal, and wind. It is estimated that the developed countries are meeting around
3–4% of their energy needs through renewable energy resources as against 18–19%
of developing countries. Out of the various renewable energy options, biomass is a
quite versatile resource as it can be used for supporting both energetic and
non-energetic requirements of human society. The diversified nature of biomass
resources is quite often expressed in terms of 6-F concept, namely, food, feed, fuel,
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fiber, fertilizer, and feedstock, the essential requirements of modern human society.
Thus, it is amply clear that there are several competitive areas that will be controlling
the demand for biomass and energy is one of these.

Lignocellulosic biomass can be used for producing biogas, bio-hydrogen,
hythane, bio-butanol, and ethanol. Algal biomass and sewage sludge are being
considered as suitable feedstocks for producing biodiesel and bio-oil. Out of all
the candidate biomasses, lignocellulosic biomass has the greatest potential for use as
feedstock for producing chemicals and fuels. This however requires selection of the
candidate biomass and a suitable pretreatment technology to make the selected
biomass as a suitable substrate for bioconversion to a fuel. Consistent research
efforts in the past two decades have resulted in considerable improvement in the
pretreatment and bioconversion processes, having high productivity, high titer value,
and high yield as well as inexpensive downstream processing. However, consistent
efforts are still required to make biomass-based chemicals and biofuel production
routes economically comparable to petrochemical-based routes.

The book entitled Biofuel Production Technologies: Critical Analysis for
Sustainability edited by Dr. Neha Srivastava, Dr. Manish Srivastava, Prof. P. K.
Mishra, and Dr. Vijai Kumar Gupta is focused on the different biofuels, including
biogas, bio-alcohols (butanol, ethanol), biohydrogen, and biodiesel. It makes an
attempt to present a summary of the state of the art as it exists today. Various factors
that control the nature of biofuel production technologies and their scale are also
included as and where required. The 12 intensive chapters comprising this book
focus on various available production technologies together with the strategies
required for economical production of various biofuels. The current bottlenecks
impeding the wide-scale exploitation of available technologies are also discussed
together with future perspectives in each case. The book is likely to be a valuable
reference for academicians, researchers, students, and professionals interested in the
area of biofuel production.

Ex-Director, IT-BHU Varanasi
Varanasi, India

Emeritus Professor, IIT (BHU) Varanasi
Varanasi, India

S. N. Upadhyay
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Biofuels: Types and Process Overview 1
Pietro Bartocci, Roman Tschentscher, Yunjun Yan, Haiping Yang,
Gianni Bidini, and Francesco Fantozzi

Abstract
The term biofuels refer mainly to fuels derived from biomass, which can be
considered as plants and organic residues. In this chapter attention will be focused
on liquid biofuels that can be used mainly for transportation. As reported in the
IEA Technology Road Map for biofuels, presented in 2011, they can be divided
in two main categories, based on the type of technologies used: conventional
biofuels (sugar- and starch-based ethanol, conventional biodiesel, biogas) and
advanced biofuels (cellulosic ethanol, hydrotreated vegetable oil, biomass-to-
liquids, biosynthetic syngas, etc.). The production of these biofuels is object of
big research efforts directed through process intensification and increase of the
efficiency of biomass conversion into an energy vector. For this reason this
chapter takes into account the production of first-generation biodiesel, first-
generation bioethanol, second-generation biodiesel, second-generation
bioethanol, and hydrotreated vegetable oils focusing on their market and the
most importantly production techniques.
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1.1 Introduction to Biofuels

Compared to gasoline, diesel, and natural gas, alternative liquid biofuels derived
from biomasses have one main selling point: they are renewable. While there are
significant differences among liquid biofuels with regard to production, all are
argued to have a lower environmental impact at both the extraction and consumption
stages (Renewable Fuels Association 2015; Skutsch et al. 2011; Slade and Bauen
2013). Thus, while biofuels are economically marginal in the marketplace, they are
socially and politically useful (Solomon et al. 2007).

The major benefits of biofuels by an economic, environmental, and energetic
point of view are shown in Table 1.1.

Biomasses, based on their composition, can be divided into three main categories:
sugar/starch crops, lignocellulosic biomass, and oil plants. The composition and
main characteristics of these feedstocks will be better explained in the next para-
graph. Figure 1.1 shows the most important conversion processes to produce
biofuels from biomass. From sugar/starch crops, bioethanol can be produced through
milling, hydrolysis, fermentation, and refining. Bioethanol can be also produced
with similar processes from lignocellulosic materials. Lignocellulosic biomass can

Table 1.1 Benefits linked with the use of biofuels (Demirbas 2009a)

Economic impacts Sustainability

Fuel diversity

Increased number of rural manufacturing jobs

Increased income taxes

Increased investments in plant and equipment

Agricultural development

International competitiveness

Reducing the dependency on imported petroleum

Environmental impacts Greenhouse gas reductions

Reducing of air pollution

Biodegradability

Higher combustion efficiency

Improved land and water use

Carbon sequestration

Energy security Domestic targets

Supply reliability

Reducing use of fossil fuels

Ready availability

Domestic distribution

Renewability

2 P. Bartocci et al.



be converted also through pyrolysis, gasification, hydrothermal liquefaction, and
anaerobic digestion. Vegetable oils can be converted through transesterification but
also through hydrotreating, producing hydrotreated vegetable oils. This chapter will
take into consideration the following biofuels:

– Biodiesel
– Bioethanol
– BTL (Biomass to Liquids)
– HVO (Hydrotreated Vegetable Oils)

These have been selected among the existing ones because they are believed to have
higher market potential.

As it is reported in the World Energy Outlook 2018 of the International Energy
Agency (IEA), transport accounts for a fifth of global energy demand and is
responsible for a quarter of energy-related CO2 emissions. More than 95% of today’s
transport sector emissions are from oil (IEA 2018) and the demand for the transport
of people and of goods is projected to increase significantly through to 2040.

Global transport biofuel consumption has increased by more than 5% in 2017 and
has reached 150 billion liters, of which three-quarters is ethanol. In energy terms,
biofuel consumption is about 86 Mtoe, of which two-thirds is ethanol. Biofuel
promotion policies are now in place in 68 countries. While large volumes of
advanced biofuels could be produced sustainably, their development has been
slowed by their costs. In fact, producing a barrel of second-generation biodiesel
can cost around $140/barrel today (IEA 2018). Assuming that advanced biofuels are
not responsible of net CO2 emissions, a carbon tax above $150 per ton of CO2 would

Fig. 1.1 Most important conversion processes to produce biofuels from biomass (Demirbas
2009b)

1 Biofuels: Types and Process Overview 3



be required for them, to be cost-competitive with fossil ones (IEA 2018). Production
costs have to be reduced through technological innovation. Continuous innovation
must provide constant or increasing returns to innovative efforts, but complexity can
increase the costs of those efforts (Costantini et al. 2013, 2015a). In the analysis of
(Arnold et al. 2019), an innovation is considered to be a technical novelty that earns a
patent. Using the data provided by the United States Patent and Trademark Office
(USPTO), a database of liquid biofuel technologies patented since 1976 has been
constructed (Arnold et al. 2019).

Figure 1.2 shows that biofuel technologies of all generations show a low level of
innovation from the start of the data series through 2005, while from 2006 the level
of innovation has risen and continues to rise consistently. This rise in patenting
parallels the results seen in other international studies. In fact, biofuel patents rose
first in Japan, in the period 1994–2002, and then increased in Europe in 2004 and in
the United States in 2005 (Albers et al. 2016). The reasons for this increase can be
found in market forces, concerns over supply, price, and air quality.

From 1976 through 2012, the number of patents per author has declined from
0.64 patents per author in 1976 to 0.33 patents per author in 2012. Thus it can be
concluded that the productivity of innovation in biofuels has also declined. Besides,
the increase in patenting from 2006 on did not affect the trends in patents productiv-
ity. The decline of productivity of innovation is evident in both newer technological
areas (such as information technology, biotechnology, and nanotechnology) and in
older sectors (Strumsky et al. 2010; Tainter et al. 2018). This appears to be the result
of increasing complexity in the research process (Strumsky et al. 2010; Tainter et al.
2018). As Kessler and Sperling (Kessler and Sperling 2016) noted, second-
generation biofuel technologies are surely more complex than those first-generation
ones (Himmel et al. 2007). This implies that nowadays biofuel innovation requires
increasing diversity of technical knowledge and a multidisciplinary approach. It is
now difficult for a single researcher to master all of the technologies that make up a
biofuel patent (Costantini et al. 2015b). As a result, it requires the collaboration of
increasing numbers of researchers to develop a patent, who work in interdisciplinary
teams (Albers et al. 2016).

Fig. 1.2 Patents awarded for all biofuels technologies, N ¼ 2587 (Arnold et al. 2019)

4 P. Bartocci et al.



1.2 Feedstock

1.2.1 Vegetable Oils

The main feedstock for first-generation biodiesel production worldwide includes oils
from energy crops (such as soybean, rapeseed, canola, sunflower, corn, palm
kernels, animal fats) and recycled oil. Jatropha curcas L. oil has also been used
for biodiesel production in tropical areas such as India and Africa.

Vegetable oils from energy crops (which are also often commercialized in the
food sector) are considered high-quality materials for biodiesel production because
they have a high triglyceride content (92–99%) and low FFA content (<2%).
Vegetable oils produced from soybean and rapeseed are the most commonly used
feedstock for biodiesel production in the United States and Europe, respectively.

Waste oil is recycled cooking oil used in restaurants, food industry, and
households. It contains usually more free fatty acids and water and less triglycerides
than fresh vegetable oils. The typical composition of waste oil includes linoleic acid
(53%), oleic acid (28%), and palmitic acid (11.73%) (Shah et al. 2007). Because of
its high FFA concentration and water content, waste oil usually needs a pretreatment
to remove water and transform FFAs to esters. The production of waste oils
worldwide is significant; in 2007, in fact more than 15 million tons have been
generated in the world (Gui et al. 2008). Vegetable oils composition and main
characteristics are proposed in Table 1.2 (Leung et al. 2010).

1.2.2 Starch and Sugars

Ethanol derived from biomass has the potential to be a sustainable transportation fuel
that can replace gasoline (Wang 2000; Kim and Dale 2004). Ethanol can be
produced from sugar- or starch-containing crops (see Table 1.3) and lignocellulosic
biomass (such as agricultural residues, herbaceous crops, forestry wastes, wastepa-
per, and other wastes) (Wyman 1996). The production of bioethanol from lignocel-
lulosic biomasses is still under development. The composition of lignocellulosic
biomasses is presented in the next paragraph.

1.2.3 Lignocellulosic Biomass

Lignocellulosic biomass composition derives directly from the composition of the
plant cell wall (Caffall and Mohnen 2009). The lignocellulosic feedstock is
represented by the agricultural and forest residuals, which are mainly composed by
the cell wall tissue, which remains after the plants have died. Plant cell wall biomass
contains mainly cellulose, hemicellulose, and lignin. Different species of plants have
significant differences in the proportions of the main components and important
differences in the types of hemicellulose which are contained and the ratios of

1 Biofuels: Types and Process Overview 5



monomers in lignin (Pauly and Keegstra 2010). The composition in terms of main
components of the most important lignocellulosic feedstocks is shown in Table 1.4.

Woody biomass contains more cellulose and lignin, whereas grass biomass has
higher content of hemicellulose (mainly xylan), extractives, and ashes.

Cellulose is a polysaccharide consisting of a linear chain of D-glucose units.
Hemicellulose has a backbone composed of 1, 4-linked β-D-hexosyl residues and

may contain pentoses, hexoses, and/or uronic acids. Other sugars, such as rhamnose
and fucose, may also be present, and the hydroxyl groups of sugars can be partially
substituted with acetyl groups (Gírio et al. 2010). Unlike cellulose, hemicellulose
composition varies depending on cell tissue and plant species (Chundawat et al.
2011). In fact it can be noted that:

– The principal hemicellulose of hardwoods is an O-acetyl-4-O-
methylglucuronoxylans.

– The main hemicellulose of soft woods is an O-acetylgalactoglucomannan.

Table 1.2 Feedstock for biodiesel production (Leung et al. 2010)

Type of oil Species
Fatty acids
composition (wt. %)

Kinematic viscosity
(cst. at 40 �C)

Acid value
(mg KOH/g)

Edible oil Soybean C16:0, C18:1, C18:2 32.9 0.2

Rapeseed C16:0, C18:0, C18:1,
C18:2

35.1 2.92

Sunflower C16:0, C18:0, C18:1,
C18:2

32.6 –

Palm C16:0, C18:0, C18:1,
C18:2

39.6a 0.1

Corn C16:0, C18:0, C18:1,
C18:2, C18:3

34.9a –

Canola C16:0, C18:0, C18:1,
C18:2, C18:3

38.2 0.4

Nonedible
oil

Jatropha
curcas

C16:0, C16:1, C18:0,
C18:1, C18:2

29.4 28

Other Used
cooking
oil

Depends on fresh
cooking oil

44.7 2.5

aKinematic viscosity at 38 �C, mm2/s

Table 1.3 Starch content in energy crops used for 1st generation bioethanol (Zabed et al. 2017)

Crop Scientific name Starch content (%)a

Corn Zea mays 70–72

Sorghum Sorghum bicolor 68–70.7

Wheat Triticum aestivum 65.3–76

Rice Oryza sativa 87.5

Oat Avena sativa 65.6

Potato Solanum tuberosum 73
aDry weight

6 P. Bartocci et al.
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– The main hemicellulose in Gramineae (such as cereal straws) is arabinoxylans,
which are similar to harwoods xylan, but the amount of L-arabinose is higher
(Peng et al. 2011).

– Lignin is the organic substance which is responsible of binding the cells (Sticklen
2008). The three basic monomeric units constitute lignin: p-Hydroxyphenyls (H);
Guaicyls (G); Syringyls (S).

Hardwood lignins are predominantly G and S monolignols with trace amounts of
H units. Soft wood lignins are composed of mostly G units. Herbaceous plants
contain all three units in significant amounts (Chundawat et al. 2011; Buranov and
Mazza 2008).

1.3 First-Generation Biodiesel

1.3.1 Transesterification Reaction

The transesterification reaction with alcohol is represented by the general equation
shown in Fig. 1.3a which consists of a number of consecutive, reversible reactions.
These are shown in Fig. 1.3b. The first step is the conversion of triglycerides into
diglycerides, and then diglycerides are converted into monoglycerides and
monoglycerides into FFAs and glycerol. Each step yields one methyl ester molecule
(Freedman et al. 1986; Noureddini and Zhu 1997). The transesterification can be
both catalyzed by acid and alkali.

Fig. 1.3 Transesterification reaction (Eckey 1956)
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Different types of catalyzed transesterification can be adopted (Lam et al. 2010):

1. Homogeneous base catalyst
2. Heterogeneous base catalyst
3. Homogeneous acid catalyst
4. Heterogeneous acid catalyst
5. Enzymes

State-of-the-art biodiesel production usually is done using base catalyst (e.g.,
KOH or NaOH). In that case reaction time can vary between 0.33 and 2 hours and
yields are between 88% and 98% (Lam et al. 2010; Liu et al. 2010). Catalyst loading
is between 1 and 6%wt, while methanol excess is between 7:1 and 9:1, expressed in
molar ratio. Temperature can range between 60 and 87 �C (Lam et al. 2010). Also
two-step catalysis can be a solution: first acid catalyst, then followed by basic
catalysis.

Homogeneous acid catalyst usually can use H2SO4 or HCl. Heterogeneous basic
catalysis can be performed using basic zeolites, alkaline earth metal oxides (e.g.,
CaO), and hydrotalcites. Heterogeneous acid catalyst can be zirconium oxide
(ZrO2), titanium oxide (TiO2), tin oxide (SnO2), zeolites, sulfonic ion-exchange
resin, sulfonated carbon-based catalyst, and heteropoly acids (HPAs) (Lam et al.
2010).

Enzyme catalysts lipases can be produced from several microorganisms, such
as Mucor miehei (Lipozyme IM 60), Pseudomonas cepacia (PS 30), C. antarctica
(Novozyme 435), Bacillus subtilis, Rhizopus oryzae, and Penicillium expansum
(Lam et al. 2010; Liu et al. 2010, 2011a, b; Yan et al. 2014; Fan et al. 2016, 2017;
Su et al. 2016; Li et al. 2017).

1.3.2 Biodiesel Production Process Diagram

Figure 1.4 shows the flow sheet of the production processes used for biodiesel.
Based on Fig. 1.4 scheme, it is assumed that alcohol, catalyst, and oil are inserted

in the reactor and agitated for approximately 1 h at 60�C. Small plants often use
batch reactors (Stidham et al. 2000), while larger plants (higher than 4 million liters/
year) use continuous stirred-tank reactors (CSTR) or plug flow reactors operated in
continuous mode (Assman et al. 1996).

Once methyl ester has been produced, it must be separated from the glycerol
(through phase separation because glycerol is much heavier). Methyl esters undergo
a neutralization step and then pass through a methanol stripper. A vacuum flash
process or a falling film evaporator can be used for this purpose. Before washing
with water, acid is added to the biodiesel to neutralize any residual catalyst and to
split any soap that may have formed during the reaction. Soaps react with the acid to
form water-soluble salts and FFAs. The salts are removed during the water washing
step. The water washing step removes traces of catalyst, soap, salts, methanol, or free
glycerol remained in the biodiesel. After the wash process, remaining water is
removed from the biodiesel by flash-vacuum distillation.
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The glycerol stream leaving the separator is composed only by about 50%wt
glycerol. It contains also methanol, catalyst, and soap. The first step in glycerol
refining is to add acid to split the soaps into FFAs and salts. The free fatty acids are
not soluble in the glycerol and will rise to the top, so that they can be removed and
recycled. The salts generally remain with the glycerol. The methanol mixed with the
glycerol is removed by flash-vacuum distillation or conventional distillation. A
purity of approximately 85% is reached; this allows to sell the glycerol to a refiner.
Glycerol refining can be performed using vacuum distillation or ion exchange
processes. A purity comprised between 99.5%wt and 99.7%wt is achieved.

The methanol that is removed from the methyl ester and from glycerol is mixed
with water after separation has been performed. This water should be removed in a
distillation column before the methanol is recycled into the process.

1.4 Bioethanol

1.4.1 Production of Ethanol from Sucrose

Sugar cane, sugar beet, and sweet sorghum are crops which contain sugars, which
can be used as feedstock for ethanol production. Their main advantages are high
yield of sugar per hectare and low conversion costs.

Fig. 1.4 First-generation biodiesel production flow sheet (Van Gerpen 2005)
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Sugarcane has become a very effective source of biofuel, given that:

1. Bagasse can be used to generate process steam and electricity.
2. Vinasse (the liquid effluent) can be used as a fertilizer and irrigation supply to the

cane fields (Kojima and Johnson 2005).

Sugar cane must be processed within 24–72 h after being harvested. Sugar is first
extracted by crushing the stalks, to release the juice (Fig. 1.5). Calcium hydroxide is
then added to precipitate the fiber and the sludge, and the mixture is then filtered. The
filtrate solution is evaporated to concentrate and crystallize the sugar. The sugar is
removed by centrifugation.

The sugar which is not crystallized and the accompanying salts are concentrated
to form a syrup called molasses. These are used to produce ethanol (Kojima and
Johnson 2005). To achieve the optimum fermentation efficiency of yeast Saccharo-
myces cerevisiae, the sugar content in the molasses has to be adjusted in the range of
14–18%wt. The typical temperature of the fermentation process is about 33–35 �C,
while cell density is about 8–17% (v/v). Cell recycle system can be used to
concentrate yeasts and recycle them into the process, obtaining high cell densities,
which shorten fermentations to 6–10 h (Wyman 2004). Fermentation is interrupted
at concentration of approximately 10% (v/v) ethanol. Fermentation reaction is the
following:

C6H12O6 ! 2C2H6O þ 2CO2 ð1:1Þ

Fig. 1.5 Bioethanol production from sugar juice (Vohra et al. 2014)
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The next step is represented by distillation and rectification. An azeotropic
solution of 95% (v/v) ethanol is obtained. Further concentration to absolute ethanol
is finally achieved by molecular sieves or azeotropic distillation (using benzene or
cyclohexane) (Chiaramonti 2007).

1.4.2 Bioethanol Production from Starch

As reported in Table 1.3, grains (corn, wheat, or barley) mainly provide starch. This
is made up of long chains of glucose units. The amylose structure contains 1000
monomeric units, while the amylopectin structure contains 1000–6000 units. Starch
is the most utilized for ethanol production in North America and Europe. To produce
ethanol it is necessary to hydrolyze the starch into monomers. The hydrolytic
reaction is catalyzed by glucoamylase enzyme. D-glucose, which is an isomer of
glucose, is obtained as final hydrolysis product. Enzymatic hydrolysis is then
followed by fermentation, distillation, and dehydration to yield anhydrous ethanol
(Kumar et al. 2010).

There are two distinct methods for processing corn: wet milling and dry milling.
Dry mills are usually smaller in size and are built primarily to produce only ethanol.
Wet mill facilities also produce a list of high-valued co-products such as high-
fructose corn syrup, corn oil, and corn gluten.

Corn dry-milling process is carried out in five steps (Vohra et al. 2014):

(i) Biomass handling (milling)
(ii) Liquefaction
(iii) Hydrolysis (saccharification)
(iv) Fermentation
(v) Distillation and recovery

In dry-grind process, the corns are milled to a powder and heated with water at
85�C (Kojima and Johnson 2005). Then hot water and alpha-amylase enzymes are
added and the mixture is heated at 110–150 �C for an hour. This causes the
liquefaction of starch. When liquefaction is completed, the mixture is cooled down
and glucoamylases are added to produce dextrose. In dry-grind milling plants, often
the glucoamylases are directly added into the fermentor. The process is known as
“simultaneous saccharification and fermentation” (SSF) (Fig. 1.6).

In the fermentation process, yeasts convert glucose into ethanol and carbon
dioxide. The process is completed in about 40–50 h. During fermentation, the
mash is continuously mixed and it is cooled down. The beer obtained from fermen-
tation is transferred to the distillation columns where ethanol is separated from the
stillage (Singh et al. 2001). The stillage contains protein, oil, and fiber and are dried
to obtain dried grains with solubles (DDGS) or just distillers dried grains (DDG).
DDGS contain the process syrup combined with the solids, while DDG don’t
contain it.
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In wet milling the shelled corns pass through mechanical cleaners designed to
remove unwanted material, such as pieces of cobs, sticks, husks, meal, and stones.
The cleaned corns are then fed into “steep” tanks, where they are soaked in dilute
sulfuric acid and remain for 24 to 48 h at a temperature of about 52�C. Steeping
softens the kernel and helps to break down the protein holding the starch particles.
Generally, water drained from the steep tank, called “light steep water” contains
about 6% of the original dry weight of the grains and is discharged to multiple-effect
evaporators. The solids from steep water are rich in protein and are concentrated to
30–55% solids. The resulting steeping liquor can be sold as animal feed (May 1994)
(Fig. 1.7).

The germ is removed from the steeped corn in the degerminating mills, which
break the kernel to free the germ, the starch, and the gluten. The germ is separated in
liquid cyclones from the mixture of fiber, starch, and gluten. It is then washed,
dewatered, dried, and further processed to extract corn oil (Bothast and Schlicher
2005).

The starch and gluten are separated from the fiber by further washing, grinding,
and screening operations. The solids and the fiber are used as a feed. The starch is
separated from the gluten by centrifugation (May 1994; Bothast and Schlicher
2005). Once the pure starch slurry is obtained, the wet-mill process is similar to
that of dry milling. First, the pH of the slurry is adjusted to 5.8–6.2 with calcium
hydroxide, and then alpha-amylase is added to convert the starch into soluble short-
chain dextrins (liquefaction). Calcium is often added (20–100 ppm) to enhance
enzyme stability.

The slurry from the liquefaction stage is mixed with heat-sterilized steep water
and sent for saccharification. The steep water provides both the fermentation

Fig. 1.6 Corn dry milling process flow diagram (Vohra et al. 2014)
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nutrients and pH adjustment for saccharification, in which the glucoamylase
converts the dextrins to glucose at a pH of 4.5 and a temperature of 65 �C. Then
S. cerevisiae is added to ferment the sugars to ethanol and CO2. The total fermenta-
tion time varies from 20 to 60 h. The final product from a continuous process will
have an ethanol content of 8–10%v (Kojima and Johnson 2005; Bothast and
Schlicher 2005).

1.4.3 Bioethanol Production From Lignocellulosic Feedstock

Bioethanol produced from lignocellulosic materials is commonly known as second-
generation bioethanol. There have been huge research efforts in developing econom-
ically feasible advanced technologies for ethanol production; however, some
challenges are still remaining (Cheng and Timilsina 2011). Chemical composition
of lignocellulosic materials is the key factor affecting efficiency of biofuel produc-
tion. Cellulose and hemicellulose are more present in hardwoods (78.8%) than
softwoods (70.3%), while lignin is more present in softwoods (29.2%) than
hardwoods (21.7%) (Balat 2011). According to (Vohra et al. 2014), the technologies
for the conversion of lignocellulosic feedstocks to ethanol can be grouped into two
broad macrocategories:

– The sugar platform (biochemical conversion)
– The syngas platform (thermochemical conversion)

The sugar platform uses enzymes to convert lignocellulosic biomass materials
into sugars, while the syngas platform gasifies biomass and converts syngas into
ethanol (Datta et al. 2011).

Fig. 1.7 Corn wet milling process flow diagram (Vohra et al. 2014)
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The biochemical platform consists of three main processes (Cotana et al. 2015;
Barbanera et al. 2018; Buratti et al. 2015, 2018; Cavalaglio et al. 2016):

– Pretreatment
– Enzymatic hydrolysis
– Fermentation

1.4.3.1 Pretreatment
The pretreatment process significantly affects all the downstream processes and
ultimately influences the overall biofuel yield and cost.

Pretreatment step can be performed through biological, physical, and chemical
processes or a combination of them. Chemical methods use dilute acids (such as
sulfuric or hydrochloric acid), alkalis (such as calcium hydroxide), and liquid
ammonia (the ammonia fiber explosion pretreatment), while a physical method is
represented by steam explosion (Ruane et al. 2010).

Pretreatment with dilute acid and intermediate temperatures is generally consid-
ered quite cost-effective. It loosens the cell wall matrix through degradation of
hemicelluloses. Lignin is unaffected by this process. Accessibility to cellulose
microfibrils is increased to provide a higher yield of sugars for fermentation. Acid
treatment will result in other high-value products like furfural, hydroxyl-methyl
furfural (HMF), phenolics, aldehydes, and aliphatic compounds. These products
have to be removed before using the residues for further biochemical treatments.
Acid pretreatment processes have to be followed by neutralization and detoxification
(Kurian et al. 2013).

Steam explosion is the physical treatment where the lignocellulosic biomass is
subjected to high pressures and temperatures for short duration, followed by the
rapid decrease to atmospheric pressure, which will break the polymeric bonds in the
substrate. Temperatures can range between 180 and 250 �C, pressures can range
between 1 and 5 MPa (Jacquet et al. 2011).

Steam explosion has the following advantages:

– Lower capital investment
– Significantly lower environmental impact
– More potential for energy efficiency
– Less hazardous process conditions
– Complete sugar recovery

To compare steam explosion conditions, the severity factor has to be taken into
account, defined as (Li et al. 2005)

S0 ¼ log exp T� 100ð Þ=14:75½ �tf g ð1:2Þ
where T is the temperature (�C) and t is the duration of treatment (min).

Steam explosion is considered the most cost-effective option for hardwood and
agriculture residues, while it is less effective for softwood. Acid catalysis can be used
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also within the steam explosion treatment and is found to reduce the temperature and
the retention time. Another advantage is that complete hydrolysis of hemicellulose
can be achieved (Mood et al. 2013).

1.4.3.2 Hydrolysis
During the hydrolysis, polysaccharides are broken down to simple sugars. Two
examples of hydrolysis methods of cellulose into glucose are (Lynd et al. 2002):

1. Concentrated acid (H2SO4 30–70%, 40 �C, a few hours to achieve >90% glucose
yields)

2. Enzymatic hydrolysis (cellulase mixture, 50 �C several days to reach 75–95%
glucose yields)

The current trend is to use enzymatic hydrolysis to avoid costly recovery and
wastewater treatment requirements, resulting from the use of acid hydrolysis. Enzy-
matic hydrolysis is attractive because it produces better yields than acid-catalyzed
hydrolysis and enzyme producers have recently reduced their cost using biotechnol-
ogy (Ruane et al. 2010). The conversion of cellulose and hemicellulose is catalyzed
by cellulase and hemicellulase enzymes, respectively.

1.4.3.3 Fermentation
The ability to use the hemicellulose component in biomass feedstock is critical for
any bio-ethanol plant. Saccharomyces cerevisiae and Zymomonas mobilis, the
commonly employed organisms in alcohol fermentation, are not able to ferment
hemicellulose-derived pentose (C5) sugars. There are organisms that can ferment C5
sugars (e.g., Pichia stipitis, Pachysolen tannophilus, Candida shehatae), but their
efficiencies are low. They also need microaerophilic conditions. This implies that for
more than 20 years research activities have focused on the development of improved
microorganisms for the fermentation of pentose sugars (Hahn-hägerdal et al. 2007).
Besides this, currently there are not known natural organisms that have the ability to
convert both these C6 and C5 sugars at high yields. While pentose fermentation has
been achieved on ideal substrates, (i.e., laboratory preparations of sugars designed to
imitate a perfectly pretreated feedstock), significant work remains to apply this to
real lignocellulosic feedstocks (Sims et al. 2008). Lignocellulosic biomass conver-
sion into bioethanol flow diagram is shown in Fig. 1.8.

A typical process for making cellulosic ethanol starts with pretreatment and
separation of the insolubles. The insoluble fraction is then hydrolyzed with cellulase
and glycosidases to release glucose, which is fermented to produce ethanol. The
residual insoluble material, mostly lignin, is burned to generate energy (Ruane et al.
2010). If the fermentation process is performed after the hydrolysis, this is called
separate hydrolysis and fermentation (SHF). The fermentation process produces
wastewaters which can be used to recover a nutrient-rich microbial cell mass (Kurian
et al. 2013). Pentose fermentation, when it is carried out, is accomplished in an
independent unit. The advantage of SHF is the ability to carry out each step under
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optimal conditions, i.e., enzymatic hydrolysis at 45–50 �C and fermentation at about
35 �C (Cardona and Sanchez 2007; Kurian et al. 2013). Hydrolysis and fermentation
can also be performed through integrated techniques, such as simultaneous sacchari-
fication and fermentation (SSF), simultaneous saccharification and co-fermentation
(SSCF), and consolidated bioprocessing (CBP) (Vohra et al. 2014).

1.4.3.4 Bioethanol Production Through Syngas Fermentation
Syngas conversion using microbial catalysts offers three main advantages:

– It requires significantly lower temperature and pressure conditions (usually atmo-
spheric conditions).

– It is less susceptible to varying feed gas compositions.
– Chemical catalysts are more susceptible to poisoning, compared to microbial

processes (Köpke et al. 2011).

After biomass gasification has been performed, cleaned gas is cooled to the
normal ambient temperature and stored at a high pressure. The gas is then fed into
an ethanol conversion chamber, where microbes ferment it into ethanol and acetic
acid. After fermentation is completed, the liquid is distilled to separate ethanol from
other products. Then ethanol is dehydrated (Dwivedi et al. 2009); see Fig. 1.9.

A large number of bacterial strains have been isolated that have the ability to
ferment producer gas (composed by CO, CO2, and H2) to ethanol, acetic acid, and
other useful liquid products; see, for example, Clostridium ljungdahlii (Henstra et al.
2007), Butyribacterium methylotrophicum, and Clostridium autoethanogenum
(Abubackar et al. 2011).

Fig. 1.8 Lignocellulosic biomass conversion into bioethanol process flow diagram (Vohra et al.
2014)
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Producer gas fermentation is a technology which has not yet reached the market,
because of low productivity of the bioreactor. This is due to several factors, such as
(Ungerman and Heindel 2007):

– Low cell density
– Lack of regulation of metabolic pathways to yield only the desired product
– Inhibition of the biological catalysts by products and substrates
– Low gas–liquid mass transfer

At mild temperatures, CO and H2 have aqueous solubilities of 60% and 4%, with
respect to oxygen, on a mass basis. This results in low concentration gradients and,
hence, low mass transfer rates. Higher mass transfer rates can be achieved using:

– An agitator system
– Increasing the operating pressure
– Producing micro-bubble dispersions (bubbles with diameters of about

50–100 mm have been used to provide a large gas transport area at low power
consumption (Lewis et al. 2006))

1.5 BTL (FT-Diesel, Methanol and DME)

1.5.1 Introduction

The term “BTL” is applied to a liquid fuel obtained through thermo-chemical
processes, such as pyrolysis and gasification, applied to biomass.

Fig. 1.9 Microbial fermentation of syngas (Vohra et al. 2014)

18 P. Bartocci et al.



While large-scale coal-to-liquid (CTL) and gas-to-liquid (GTL) processes have
been commercialized for decades (e.g., Sasol and Shell plants) (Dimitriou et al.
2018), this is not the case of BTL processes. Only a few plants have been built to date
on pilot and demonstration scale:

– In the late nineties, Choren started operating a 1MWth BTL plant in Freiberg,
Germany, which is not working anymore (Dimitriou et al. 2018).

– NSE Biofuels Oy operated a 12MWth (656 t/yr of fuels) BTL demonstration
plant in Finland from 2009 to 2011, based on a circulating fluidized bed (CFB)
gasifier designed by Foster Wheeler (Neste Oil Corporation n.d.).

– In 2010, five French partners and Uhde launched BioTfueL with two pilot plants
currently on operation in France: a biomass torrefaction unit in Venette and an
entrained flow gasification and Fischer-Tropsch (FT) synthesis plant near Dun-
kirk (Dimitriou et al. 2018).

– The Karlsruhe Institute of Technology (KIT) bioliq pilot plant with a capacity of
1 t/day has been in operation since 2014 using a process similar to the Topsoe
TIGAS process.

Biomass-to-liquid (BTL) is a multistep process which consists of the following
phases:

1. Reception, storage, handling, and preparation
2. Biomass gasification
3. Gas cleaning and conditioning
4. Fuel synthesis

1.5.2 Reception, Storage, Handling, and Preparation

Biomass, which is mainly transported by road, after storage is conveyed to a
magnetic separator (to separate iron parts and impurities) and then screened to
keep particle sizes within appropriate limits.

Biomass drying can be performed either by hot air (rotary dryer) or steam
(superheated steam dryer). Air rotary dryers are the most common (WA A 1998),
while superheated steam dryers (SSD) are less common but are safer with respect to
fire hazards. Fuel synthesis processes (such as FT synthesis) generate significant
amounts of steam, which can be reused to dry biomass (at the temperature of 200 �C
and pressure of 12 bar) (Dimitriou et al. 2018).

A grinder (hammer mill) has to be placed after the dryer in case the fuel will be
used in an entrained flow gasifier, to reduce the wood chips size to 1mm (Van der
Drift et al. 2004; Swanson et al. 2010). If a circulating fluidized bed gasifier is used,
this is capable of handling a wider variety of biomass particle sizes (Bridgwater and
Maniatis 2014), so no grinding would be required.
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1.5.3 Biomass Gasification

The two gasification technologies best suited for large-scale BTL plants are the
circulating fluidized bed (CFB) and the entrained flow (EF) gasification (Swanson
et al. 2010; Bridgwater and Maniatis 2014; The Royal Society 2008; Boerrigter
2006; The German Energy Agency 2006). For circulating fluidized bed gasifiers,
operating temperature varies between 700 and 1100 �C. EF gasifiers can operate at
much higher gasification temperatures (about 1200�1400 �C); this results in higher
carbon conversion, very low tar and methane content, and thus lower gas cleaning
requirements (Van der Drift et al. 2004; Swanson et al. 2010; Boerrigter 2006). EF
gasification has the advantage that extensive experience is available from coal
entrained flow gasification plants (e.g., 2000 t/d coal-fired Shell gasifier in
Buggenum, Netherlands) (Hofbauer et al. 2009; Dimitriou et al. 2018). For both
reactors best operating conditions are oxygen-blown and pressurized (using CO2)
(Dimitriou et al. 2018). For example, oxygen at 95% purity and steam can fed into
the gasifiers operating at a pressure of 28 bar and temperatures of 870 �C for the CFB
and 1400 �C for the EF gasifier, respectively (Swanson et al. 2010; Dimitriou et al.
2018).

Generally the entrained flow reactor produces a syngas with higher concentration
of hydrogen and carbon monoxide, as a result of reforming of light hydrocarbons.
The CFB gasifier, on the other hand, produces more tar and a significant amount of
methane and other light hydrocarbons (Table 1.5).

Table 1.5 Producer gas composition, depending on the reactor (Dimitriou et al. 2018)

CFB gasifier EF gasifier

P (bar) 28 28

T (�C) 870 1400

Oxygen (kg/kg fry feed) 0.32 0.6

Steam (kg(kg dry feed) 0.17 0.15

Gas composition (vol% wet basis [dry basis])

H2O 12.6 [0] 25 [0]

H2 28.3 [32.4] 25.9 [34.5]

CO 26 [29.8] 37.1 [49.5]

CO2 21.2 [24.2] 10.8 [14.4]

CH4 10.5 [12] 0 [0]

C2+ 0.52 [0.6] 0 [0]

Ar 0.27 [0.3] 0.42 [0.55]

N2 0.56 [0.62] 0.75 [0.99]

NH3 0.005 [5.8 � 10�3] 0 [0]

H2S 0.02 [0.024] 0.017 [0.023]

HCl 0.01 [0.013] 0.009 [0.013]

HCN 5 x 10�4 [6 � 10�4] 0 [0]
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1.5.4 Gas Cleaning

Gas cleaning is the biggest challenge to the development of a successful BTL plant.
The impurities in syngas need to be reduced to the level demanded by the catalytic
fuel synthesis processes.

For CFB gasification, a cyclone can be used for particulates separation, and then
syngas should pass through a tar cracker, where tars are destroyed at 875 �C by
addition of oxygen and steam. The tar-free syngas is then cooled down to 280 �C
using a heat exchanger. The cooled syngas passes through a bag filter (Hofbauer
et al. 2009) and then is fed to the Rectisol unit, where CO2 and sulfur compounds are
removed (Hofbauer et al. 2009).

For the EF gasification concept, if the H2/CO molar ratio of the dust-free syngas
produced by the entrained flow gasifier is lower than the required ratio (H2/CO ¼ 2)
for FT and methanol synthesis, a water-gas-shift (WGS) reactor should be added
before the Rectisol process. In that way the carbon dioxide produced in the WGS
unit can be removed soon after in the Rectisol unit. So the dust-free syngas is fed to a
direct water quench where it is cooled to the operating temperature of the WGS
reactor (200 �C) (Swanson et al. 2010). The cooled syngas then passes through a bag
filter to remove particulates and then enters the Rectisol unit.

1.5.5 Fuel Synthesis

After the Rectisol unit, liquid fuels can be produced from syngas using:

– FT synthesis
– Methanol synthesis followed by the MTG process
– The TIGAS process

These three processes are currently the most reliable syngas conversion
technologies for transport fuel production available on the market. FT synthesis
has already been used in large-scale coal-to-liquid (CTL) and gas-to-liquid (GTL)
plants worldwide (Mangena 2012; Fleisch et al. 2002). Both the MTG and the
TIGAS technologies have been successfully proven at demonstration scale
(Fürnsinn 2007; Topp-Jorgensen 1988).

1.5.5.1 Fischer-Tropsch Synthesis
Fischer-Tropsch synthesis is a process for catalytically converting syngas to mainly
hydrocarbon products of different chain lengths (typically from C1 to C100). Among
the most widely known fuel synthesis plants in the world are:

– The CTL Fischer-Tropsch plants operated by Sasol in South Africa, which is the
world’s largest CTL production facility producing 27% of South Africa’s total
liquid fuel production (Mangena 2012).
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– The Pearl GTL is the largest implementation of FT synthesis, located in Qatar and
owned by Shell (Fleisch et al. 2002).

– CHOREN’s has realized a 1MWth Carbo-V gasifier coupled to a Fischer-Tropsch
reactor in 2002 (Dimitriou et al. 2018).

If cobalt-based catalyst is used, the FT synthesis takes place at 230 �C and 25 bar
(Fleisch et al. 2002). The product distribution can be estimated using the Anderson-
Schulz-Flory (ASF) model with an alpha value of 0.85 which favors the production
of middle distillates (Swanson et al. 2010; Fürnsinn 2007; Taschler 2009). A product
distribution of 60% diesel, 25% gasoline, and 25% kerosene can be achieved after
the hydrocracking unit, as reported for the Shell Middle Distillate Synthesis (SMDS)
process (Eilers et al. 1990).

1.5.5.2 Methanol-to-Gasoline (MTG) Synthesis
In the methanol-to-gasoline (MTG) process, the first step is represented by methanol
synthesis from syngas at 50 bar and 250 �C (LeBlanc et al. 1994; Lee 1990). The
produced methanol is vaporized, before it enters a dehydration reactor, where a
mixture of DME, methanol, and water is produced at 404 �C. The effluent from the
DME reactor is combined with the recycled gas from the product separator and
enters the MTG reactor, where it is converted at 415 �C and 21.2 bar to mainly
hydrocarbons and water over zeolite catalysts (ZSM-5) (Maiden 1988). The gasoline
fraction in the product stream is usually about 36 wt% of the methanol and DME
input (Yurchak 1988). The hot reactor effluent is cooled by heat exchange with the
gas recycled from the vapor-liquid separator. It is then further cooled to about 200 �C
before it passes to the vapor-liquid separator, where gas, liquid gasoline, and water
are the outputs.

The MTG process was developed by Mobil scientists in the 1970s (Keil 1999). A
Mobil MTG plant was operated in Motunui, New Zealand, from 1985 to 1997 and
produced 14,500 bbl/d of gasoline. The plant was designed to meet one-third of
New Zealand’s demand for transport fuels (Maiden 1988). The fuel was composed
mainly of isoparaffins and aromatics with low benzene content and essentially zero
sulfur (Spath and Dayton 2003).

The first coal-to-gasoline MTG plant, utilizing the second-generation MTG
technology, was constructed by Jincheng Anthracite Mining Group (JAMG) in
China (Dimitriou et al. 2018). The plant started up in 2009 and its current capacity
is 2500 bpd (Dimitriou et al. 2018).

1.5.5.3 Topsoe Integrated Gasoline Synthesis (TIGAS)
The main principle of the TIGAS process is the incorporation of the methanol
synthesis and the DME synthesis into a single process. It was developed by Haldor
Topsoe to reduce investment costs and subsequently production costs of gasoline
(Topp-Jorgensen 1988). The process has been demonstrated in Houston, Texas,
using natural gas as feed to the process. The plant capacity was 1 t per day gasoline.
The plant started working in early 1984 and terminated in January 1987 after
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10,000 h of operation (Topp-Jorgensen 1988). The bioliq Process developed by
Karlsruhe Institute of Technology (KIT), with a capacity of 1 t/day, is a similar
process. It is in operation since 2014 and incorporates the following processing
steps: decentralized fast pyrolysis to produce a pyrolysis bio-oil/char slurry, high-
pressure entrained flow gasification of the pyrolysis slurry, hot gas cleaning, DME
synthesis, and gasoline synthesis (Dimitriou et al. 2018).

The DME synthesis reactor operates at 250 �C (Larson et al. 2009). The gasoline
synthesis reactor is quite similar to that of the MGT process. Then the gasoline
product is separated from gas and water in a vapor-liquid separator.

1.6 Hydrotreated Vegetable Oils (HVO)

Saturating the double bonds present in a molecule through catalytic addition of
hydrogen at certain temperature and pressure is known as “hydrogenation” (Hughes
1953). In the process known as “hydrotreatment” hydrogen, alongside a catalyst, is
added after hydrogenation. After saturation is achieved, more hydrogen addition
causes the breaking of the glycerol compound, forming propane and a chain of FFA.
The carboxylic acid group of the FFA must be removed to form straight-chain
alkanes. This can be performed through three ways:

– The hydrodeoxygenation (HDO) route, in which it reacts with hydrogen to
produce a hydrocarbon with the same number of carbon atoms as the fatty acid
chain and two moles of water

– The decarboxylation (DCOX) pathway, which yields a hydrocarbon with one
carbon atom less than the fatty acid chain and a mole of CO2

– The decarbonylation (DCO) route, which also produces a hydrocarbon with one
carbon atom less, as well as a mole of CO and water

The hydrodeoxygenation and hydrodecarboxylation reactions shown in Fig-
ure 1.10 can be exemplified using a saturated molecule (palmitic triglyceride) in
the next set of equations (Jeczmionek and Porzycka-Semczuk 2014):

HDO : C51H98O6 þ 12 H2 ! 3 C16H34 þ C3H8 þ 6H2O ð1:3Þ
DCOx : C51H98O6 þ 3 H2 ! 3C15H32 þ C3H8 þ 3CO2 ð1:4Þ

DCO : C51H98O6 þ 6H2 ! 3C15H32 þ C3H8 þ 3COþ 3H2O ð1:5Þ

The HDO reaction consumes 12 mol of H2 per mole of required triglyceride,
while DCOx reaction consumes 3 moles of H2 and DCO reaction consumes 6 moles
of H2. An additional mole of H2 is required for each double bond that is present in
the vegetable oil to grant saturation. The more saturated the feedstock is, the more it
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is desirable, because less hydrogen will be needed during hydrogenation. The index
determining unsaturation of fatty acids is known as iodine value (IV).

It has to be also considered that the CO and CO2 formed during
hydrodecarboxylation reactions may be converted into CH4 through a methanation
reaction, and further addition of hydrogen would be necessary, as shown in
equations (1.6) and (1.7) (Melero et al. 2012; Kaewmeesri et al. 2015):

COþ 3H2 ! CH4 þ H2O ð1:6Þ
CO2 þ 4 H2 ! CH4 þ 2H2O ð1:7Þ

This implies that globally hydrodecarboxylation route will demand three more
molecules of hydrogen than the hydrodeoxygenation pathway.

Depending of the composition of the final n-alkanes produced though the
hydrotreatment process, they need to be subjected to either isomerization, cracking,
or cyclization, to improve their combustion properties and obtain isoalkanes, lighter
hydrocarbons, and aromatics, respectively (Veriansyah et al. 2012; Kiatkittipong
et al. 2013).

Fig. 1.10 Reactions happening during catalytic hydrotreatment (Vásquez et al. 2017); n, odd
number; x,y,z, number of double bonds;¼, double bonds; -, single bond; HDO, exothermic; DCOx,
endothermic
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During hydrotreatment, there are some variables that influence the process and
the final composition of the product, including:

– Reaction conditions
– Type of catalyst used
– Selected feedstock

Dealing with reaction temperature, DCO and DCOX are more dominant over
higher temperatures and moderate acidic catalyst than HDO reaction.

Two types of catalyst can be used for the hydrotreatment:

– Conventional bimetallic sulfide catalysts, such as NiMoS2, CoMoS2, and NiWS2
supported on Al2O3

– Monometallic catalysts, in particular Ni, Pd, Pt, and Rh (Morgan et al. 2012;
Rogers and Zheng 2016)

Nickel- and palladium-based catalysts are the most commonly used catalysts.
Metal catalysts supported on activated carbon have been also tested for upgrading
vegetable oils into hydrocarbon jet biofuels (Silva et al. 2016). Zeolite catalysts have
been also studied for the hydrotreatment of vegetable oils (Zhao et al. 2015).

The process shown in Figure 1.11 consists mainly in a pretreatment of the raw
material, a deoxygenation, a hydrocracking/isomerization, and a distillation (Hilbers
et al. 2015). As it can be seen from Figure 1.11, the hydrotreating process is
interesting for the production of both biodiesel and bio-jet fuel.

Fig. 1.11 Hydrotreatment of vegetable oils process diagram (Vásquez et al. 2017)
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1.6.1 HVO Biofuel Plants

Neste Corporation is the leading company on HVO production, accounting for an
annual production volume of more than 2 million tons of biofuel. Based in Finland,
the company has two renewable refineries in Porvoo and two more abroad (i.e., in
the Netherlands and in Singapore) (Vásquez et al. 2017). They developed the
NExBTL technology, and currently, they process 10 types of raw materials includ-
ing animal fats (food industry waste), fish fat (fish processing waste), vegetable oils,
used cooking oil, and technical corn oil, though the focus is on waste and residue raw
materials which account for an 80% of the feedstock.

Main competitor of NExBTL technology is the Ecofining Process, developed by
the Honeywell UOP company, jointly with the Eni S.p.A (GREENEA 2015).

Some other technologies for the conversion of lipids through hydrotreatment are
(Vásquez et al. 2017):

– The Vegan Technology marketed by the Axens Group, a French company
– Bio-Synfining process, patented by Syntroleum Corporation and bought by the

Renewable Energy Group (United States) in 2014 (a plant with a capacity of
75 million gallons per year is operative)

– The UPM BioVerno technology, which converts crude tall oil into green diesel,
developed by UPM Biofuels Company in Finland

– The Hydroflex technology created by the Haldor Topsøe group in Denmark,
allowing its implementation as both stand-alone or co-processing unit (Vásquez
et al. 2017)

1.6.2 HVO Jet Biofuel Plants

Most commercial applications of the hydrotreating process are optimized to produce
green diesel; however, multiple agreements between airlines and refineries have
boosted also jet biofuel production projects:

– SG Preston, in the United States, has signed a ten-year agreement with JetBlue
Airways to deliver more than 33 million gallons of HEFA (hydroprocessed esters
and fatty acids) jet per year.

– AltAir fuels have a dedicated capacity to produce jet biofuel to provide United
Airlines 15 million gallons of sustainable biofuel over a three-year period con-
tract. AltAir will also provide KLM Royal Dutch Airlines with sustainable
jet fuel.

– Petrixo Oil & Gas is expected to be the most massive jet biofuel project,
producing over 500,000 metric tons per year of jet biofuel at its new refinery to
be built in Fujairah, United Arab Emirates (BiofuelsDigets 2017).
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1.7 Biofuel Yields and Costs

Table 1.6 shows the yields of ethanol, biodiesel, HVO, and BTL. Biodiesel and
HVO have very higher yields. Bioethanol has less than half of the mass yield of
biodiesel, while BTL has 14% of the yield of biodiesel.

Biofuels’ costs have been calculated through the methodology presented in
(Festel et al. 2014). This is based on the development of scenarios on future raw
material prices and on the modeling of production costs. The cost of raw materials is
obviously influenced by the price of oil (for the results shown in Table 1.6, a price of
oil of 50 € per barrel is supposed).

If we consider that according to (Festel et al. 2014) a price of oil equal to 50 € per
barrel corresponds to a cost of oil equal to 36.45 €/l, we see that no biofuel can be
produce at competitive cost compared to fossil fuel. The biofuel with lower cost is
biodiesel especially that produced from waste oil.

1.8 Biofuel Properties and Combustion Performance

Biofuels properties are shown in Table 1.7.
Table 1.7 shows that gasoline, fossil diesel, and HVO have very high heating

values, compared to bioethanol and biodiesel. The main issue with use of ethanol
comes from its lower energy density; in fact it contains only around two-thirds of the
energy of a similar volume of gasoline (Gautam and Martin II 2000). This is not an
issue during normal driving; however, it will result in reduced vehicle range and a
lower peak power of the engine when the accelerator is fully pressed. An advantage
is represented by the fact that it has higher octane rating of ethanol as compared to
gasoline. This can allow higher compression ratio engines to be used (Bergthorson
and Thomson 2015) increasing in this way the fuel efficiency. When blended with
hydrocarbon fuels, ethanol acts as a sink of reactive species (OH radicals) that
disrupts the chain branching of the hydrocarbon fuel under low-temperature chem-
istry conditions and slows ignition of the blend (Foong et al. 2014). It is, however,
high-temperature flame chemistry which controls the combustion efficiency and

Table 1.6 Biofuel yields and costs for different feedstock and technologies (Festel et al. 2014)

Biofuel Raw material Yield (l/t) Costs (€Cent/l) referred to 2015

Ethanol Maize 400 105.85

Ethanol Wheat 375 136.40

Ethanol Lignocellulosic waste 250 157.34

Biodiesel Rapeseed oil 1100 117.49

Biodiesel Palm oil 1100 70.00

Biodiesel Waste oil 1100 61.78

HVO Palm oil 1100 216.18

BTL Wood 158 827.95

1 Biofuels: Types and Process Overview 27



pollutant emissions in SI engines. After ignition by the spark, a turbulent premixed
flame propagates through the premixed fuel–air charge in the engine, rapidly
converting the fuel into combustion products and producing the thermal energy
and pressure that drive the engine. A recent study observing flames in optically
accessible engines has shown that ethanol flames propagate faster than butanol,
gasoline, and iso-octane (Aleiferis et al. 2013). Recent papers still do not produce
consistent trends in relative NOx potential of gasoline–alcohol blends (Karavalakis
et al. 2014; Canakci et al. 2013; Gravalos et al. 2013; Balki et al. 2014), while
agreement is growing on the risk of a potential increase in oxygenated emissions,
such as formaldehyde, acetaldehyde, and ketones (Agarwal 2007; Lynd et al. 1991;
Kohse-Höinghaus et al. 2010; Saxena and Williams 2007).

Dealing with biodiesel, when compared to diesel, it has a 9% lower volumetric
energy content, due to its oxygen content (Agarwal 2007; Lapuerta et al. 2008). At
high-temperatures, the reactivity of long-chain esters is nearly indistinguishable for
saturated and unsaturated esters (Wang et al. 2013), while the unsaturated esters
(with double bonds) have generally increased low-temperature ignition delay times
and reduced cetane numbers (Westbrook 2013; Westbrook et al. 2013). Biodiesels
have the positive aspect of reducing engine deposits and coking, compared to
petroleum-derived fuels (Graboski and McCormick 1998; Xue et al. 2011). NOx

emissions have been observed to increase for biodiesel compared to petro-diesel for
many engine tests (Lapuerta et al. 2008; Graboski and McCormick 1998; Xue et al.
2011; Coniglio et al. 2013; Lai et al. 2011; Sun et al. 2010; Giakoumis et al. 2012;
Palash et al. 2013; Varatharajan and Cheralathan 2012; Szybist et al. 2007; Hoekman

Table 1.7 Biofuels properties

Property
Fossil diesel
(EN590)

Biodiesel
(EN 14214) HVO Bioethanol Gasoline

Density
(kg/m3 at
15�C)

820–845
(Vásquez
et al. 2017)

860–900
(Vásquez
et al. 2017)

775–785
(Vásquez
et al. 2017)

785 (Ku and
Tu 2005)

720–780
(Christensen
et al. 2011)

Viscosity
(mm2/s at
40�C)

2–4.5
(Vásquez
et al. 2017)

3.5–5.0
(Vásquez
et al. 2017)

2.9–3.5
(Vásquez
et al. 2017)

1.1 (Ku and
Tu 2005)

0.37–0.44
(Christensen
et al. 2011)

Heating
value
(MJ/kg)

43 (Vásquez
et al. 2017)

38 (Vásquez
et al. 2017)

44 (Vásquez
et al. 2017)

26.87
(Agarwal
2007)

44 (Al-Hasan
2003)

Cetane
number

51>
(Vásquez
et al. 2017)

51>
(Vásquez
et al. 2017)

84–99
(Vásquez
et al. 2017)

6 (Yilmaz
2012)

n.a.

Sulfur
content
(mg/kg)

<10
(Vásquez
et al. 2017)

<1 (Vásquez
et al. 2017)

0 (Vásquez
et al. 2017)

0 (Agarwal
2007)

7 (Rodríguez-
Antón et al.
2015)

Oxygen
content
(wt%)

0 (Vásquez
et al. 2017)

11 (Vásquez
et al. 2017)

0 (Vásquez
et al. 2017)]

5
(Rodríguez-
Antón et al.
2015)

2.7
(Rodríguez-
Antón et al.
2015)

�Calculated
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and Robbins 2012; Mueller et al. 2009; Szybist et al. 2005; Rajasekar et al. 2010),
while others have shown no increase or even a decrease (Coniglio et al. 2013).

Renewable diesel fuel derived from either hydrotreating vegetable oils is more
compatible with existing engine technology than first-generation biodiesels, thus
leading to improved engine performance (Knothe 2010; Gill et al. 2011). These
renewable fuels have effectively equivalent energy densities as petroleum-derived
fuels, due to the lack of oxygen content and similar hydrogen-to-carbon ratios
(Probstein and Hicks 2006). The cetane numbers are quite high, so that the
straight-chain fuel must be blended with lower-quality fuels for use in diesel engines
(Dry 2002a) or be branched via oligomerization reactions to a cetane number around
50 for use as a pure diesel fuel (Dry 2002b). Blending FT synthetic diesel with
FAME biodiesel or petroleum diesel is used to improve also the lubricity of the fuel
(Gill et al. 2011); otherwise to be used pure, the FT diesel needs to be mixed with
specialized aromatic additives (Corporan et al. 2011). The high cetane number of FT
or hydrotreated-renewable-diesel fuels and their lack of aromatic content are consid-
ered to be the primary factors responsible for the observed decrease in NOx, soot,
unburned hydrocarbon, and CO emissions and increase in thermal efficiency, com-
pared to conventional diesel (Szybist et al. 2005; Knothe 2010; Gill et al. 2011).
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Abstract
There is a wide variety of biomass types, implicating in biofuels and conversion
process differences. Lignocellulosic biomass, for instance, can be converted into
biofuels by biotechnology route. There are first-, second-, third-, and fourth-
generation biofuels coming from different kinds of biomass and process. Besides
biofuels, the carbohydrate and lignin of these biomasses can be used to generate
other products of aggregated value. The biomasses have properties that resist the
conversion processes, such as crystallinity and lignin contents. These difficulties
are fought with genetic engineering and pretreatments to alter the material
structure, decreasing the heterogeneity and recalcitrance, improving enzymatic
hydrolysis and consequently the conversion into biofuels.
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2.1 Introduction

Fossil fuels are a finite source of energy and its future increasing demand will raise
CO2 emissions and intensifies the greenhouse effect (Asumadu-Sarkodie and Owusu
2016). Alternatives to their use are necessary with urgency to stop environmental
damage. Recently, biomass has been studied and used in biorefinery to provide these
renewable alternatives (Zhao et al. 2012). Besides biodiesel, bioethanol is one strong
candidate to replace or be combined with fossil fuel uses (Fig. 2.1). Lignocellulosic
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materials are available in large quantities and their products are all over our daily
lives (Kamm and Kamm 2007). For instance, the 2018/2019 Brazilian sugarcane
harvest was estimated at 615.84 million tons (CONAB 2018). The annual production
of lignocellulosic material around the world hovers from 10 to 50 billion tons,
representing 50% of the biomass materials on Earth (Zhao et al. 2012).

Lignocellulosic biomasses are organized into different categories based on
their sources, which include crops destined to energy generation, aquatic plants,
forest biomass and wastes, agricultural, and organic materials obtained from solid
waste (Limayem and Ricke 2012). The lignocellulosic materials possess large
quantities of carbohydrates, reaching more than 70% of its weight. These
carbohydrates are an important source of sugar for biofuel generation and biode-
gradable products (Jørgensen et al. 2007). Unfortunately, the highly organized and
resistant framework present in these materials results in protection from biological
and chemical processes, a phenomenon called recalcitrance (Zhao et al. 2012).
Recalcitrance is associated with the physicochemical characteristics of the plant
cell walls. The presence of hemicellulose and lignin in the cell structure builds
natural barriers that protect cellulose from hydrolysis or chemical aggression,
maintaining its structure. Besides lignin and hemicelluloses, other factors affect
biomass recalcitrance, such as physicochemical properties of the cellulose.

Several physical, chemical, biological, and combination of these pretreatments
have been studied with the goal of enhancing the access to lignocellulosic biomass
compounds, eliminating/modifying hemicelluloses and lignin, diminishing the cel-
lulose crystallinity, improving cellulose accessibility and porosity, minimizing the
sugars loss, and limiting the inhibitor formation (Kumar and Sharma 2017). Genetic
modifications of the plant cell wall are being studied to alter the wall component
interconnections and cellulose crystallinity, reducing lignin levels and increasing
carbohydrate content.
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Fig. 2.1 Bioethanol production from carbohydrate sources of biomass
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2.2 Biomass Types for Biofuel Production

Biomass is the general name used for all organic materials derived from plants such
as grasses, aquatic plants, woody plants, and manure (McKendry 2002). When
subjected to pyrolysis, biomass converts into a dark-colored liquid called bio-oil, a
biofuel precursor. Biofuels such as biodiesel can be obtained from rapeseed (Bras-
sica napus), canola (Brassica sp.), soybean (Glycine max), sunflower (Helianthus
annuus), palm (Elaeis sp.), used cooking oils, and other oil sources. Looking at other
sources, beef and sheep tallow also act as viable fat sources (Lü et al. 2011). Among
these materials, soybean, rapeseed, and palm oils are commonly employed in
biodiesel generation. However, soybean oil is valuable to the food industry, making
it a costly alternative. Beef tallow, yellow grease, and pork lard are an abundant
restaurant waste, providing viable biomass to biodiesel production (Demirbas 2011).

On the other hand, bioethanol can be obtained from carbohydrates found in
lignocellulosic biomass such as sugarcane (Saccharum officinarum), algae, cotton
(Gossypium sp.), wheat straw (Triticum sp.), corn (Zea mays), and others (Demirbas
2009). First-, second-, third-, and fourth-generation fuels can be obtained from
various types of biomass (Table 2.1). Biofuels pertaining to the first generation
come from edible agricultural products such as sugarcane, corn, and sugar beet,
using these materials specifically for fuel production. Second-generation fuels come
from many sources of cellulose, such as sugarcane bagasse and corn straw, using
what remains from already used biomasses. Third-generation fuels come from
processing algae into biofuels, while the fourth generation comes from
bioengineered algae designed to produce biofuels and other vegetable oils (Lü
et al. 2011).

Table 2.1 Biomasses used to produce different generations of biofuels

Biofuel types

1st generation
Biomass Biofuel

Vegetable oil, sucrose, and starch Bioethanol, biogas, biokerosene, and biodiesel

2nd generation
Biomass Biofuel

Solid waste, wood, sugarcane bagasse and
straw, corn and wheat straw

Bioethanol, bio-oil, biohydrogen, biobutanol,
biokerosene, and biodiesel

3rd generation
Biomass Biofuel

Algae Biodiesel, vegetable oil

4th generation
Biomass Biofuel

Metabolic engineered biomass and vegetable
oil

Biogasoline and biobutanol
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2.3 Biomass Availability

Biomass is an organic matter that consists of cellulose, hemicelluloses, and lignin. In
the world, biomasses such as softwood, hardwood, grasses, food waste, among
others are used for the production of bioenergy and chemical in a biorefinery
platform. The world widely needs to produce energy from renewable sources such
as vegetable biomasses, an important source for bioenergy production. Therefore,
biogas, biodiesel, aviation biokerosene, and bioethanol are gaining prominence in
the global bioeconomic scenario.

However, the lignocellulosic materials represent a raw material source meager
exploited in biotechnological processes. Its use is mainly based on energy generation
through burning process and animal feed. However, new applications are emerging
and can provide a better use of these materials. There are numerous researches with
the objective of using the biomass macromolecules, cellulose, hemicelluloses, and
lignin.

Among the lignocellulosic materials, sugarcane stands out, with Brazil being the
largest producer and consumer in the world. The 2018/2019 sugarcane harvest was
estimated at 615.84 million tons, with a projected production of 32.3 million liters of
ethanol (CONAB 2018). Each ton generated from processed sugarcane obtained
250–280 kg of bagasse (Aguiar et al. 2010).

Another waste biomass resulting from sugarcane crops is the straw. As with the
bagasse, the straw is rich in cellulose (40–44%), hemicelluloses (30–32%), and
lignin (22–25%) (Santos et al. 2012). Each ton of cane used in Brazil produced
140 kg of straw (Santos et al. 2013). Sugarcane straw has been used to make second-
generation ethanol like bagasse. One study has shown by estimates that 444 kg of
glucose can be obtained for each ton of straw, and through a fermentation process, it
would be possible to obtain 226.4 kg of ethanol, and to each ton of straw, 287 liters
of ethanol are produced (Santos et al. 2012).

In addition to sugarcane, Brazil produces other biomass types, and one of them is
forest biomass. The supply of forest biomass is by residues or energy forests
(BNDES 2011) and may be composed of softwood or hardwood. In Brazil, the
cultivation and production of softwood is highlighted by the pulp and paper industry.
Among the softwoods produced in Brazil are the Eucalyptus ssp. and Pinus ssp.
Brazil had 9.85 million hectares of forest plants, among which the Eucalyptus
plantation was equivalent to about 75.2% and Pinus was equivalent to 20.6% of
that amount (IBGE 2017). Brazil produced 19.85 thousand tons of cellulose in 2018
(IBÁ 2018). The production of the pulp and paper industry represents an important
economic sector in Brazil. Softwood biomass from Pinus ssp. is prominent in Brazil
due to its production amount. The Pinus taeda species is the most cultivated, with an
extension of one million hectares planted in the southern region of the country
(EMBRAPA 2014), with average yields varying from 18 to 28 m3 per hectare per
year (IPEF 2018).

Furthermore the biomass types already mentioned, such as sugarcane bagasse,
hardwood, and softwood, soybeans are also considered in Brazil, one of the main
raw materials for Brazilian bioenergy, since it is utilized in the production of
Brazilian biodiesel.
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Brazil has a prominence in the world soybean production, with around 116.996
million tons in the 2017/2018 harvest, with a 35.100 million hectares planted and a
productivity of around 3333 kg per hectare, being the state of Mato Grosso the main
producer of Brazilian soybean (EMBRAPA 2018).

Algae are another potential biomass for the production of biodiesel. In one
hectare of algae cultivation, it would be possible to produce 100 to 237 thousand
liters of oil (Defanti et al. 2010). Algae capture atmospheric carbon dioxide and
produce bio-oils and products with high-added value (Espinosa et al. 2014). Com-
pared to biomasses such as sugarcane, corn, soybean, and sunflower, algae are the
ones with the highest productivity and photosynthetic efficiency, with 390–700 bep.
ha-1.year-1 and 4–7%, respectively (Franco 2013).

Biogas is another promising biofuel, due to its potential for reducing organic
methane and carbon dioxide released into the atmosphere (BNDES 2018). This
biofuel is produced by the action of anaerobic microorganisms that decompose the
organic matter. Among the main sources of organic matter abundant in Brazil is the
waste from landfills (BNDES 2018). As an example of its potential, in 2015 Brazil
produced about 705 thousand Nm3�day-1 of biogas from the landfills biomass and
349.705 thousand Nm3�day-1 from the waste biomass from the food and beverage
industry (Brazilian Ministry of Mines and Energy 2017).

In addition to all biomasses described so far that are of great importance for the
Brazilian bioenergy matrix, other local biomasses are being exploited for the pro-
duction of aviation biokerosene, such as Macaúba (Acrocomia aculeata), a palm tree
of great occurrence in Brazil, besides Babaçu (Attalea speciosa), Buriti (Mauritia
flexuosa), and sunflower, from which oils can be extracted for biokerosene produc-
tion. In Brazil, Macaúba occupies a planted area of 12 million hectares, Babaçu
occupies 18 million hectares in the Brazilian territory, and the buriti 4 million
hectares, and the sunflower 111.8 thousand hectares (UBRABIO 2017).

According to data released by the Brazilian government, biomass became the
second most abundant energy source in the country in 2016 in the Internal Energy
Offering (OIEE), with an energy generation equivalent to 54 tons of Wh, of which
67% correspond to biomass from sugarcane bagasse and straw. The survey
demonstrates how important biomass is in the country’s energy generation.

In the world, cultivars dedicated to energy production are called the energy crops.
Besides Brazil, India is the second major producer of ethanol from sugarcane energy
crops. India produced in 2017/2018 around 1.4 billion liters of ethanol (Reuters 2017).

In addition to sugarcane cultivars, elephant grass (Pennisetum purpureum) has
been prominent in recent years, since ethanol produced from sugarcane has not
shown significant increase in recent years (Campos 2015). Elephant grass has been
evaluated as a high productivity biomass for second-generation ethanol, and its
production per hectare can reach 150–200 tons of fresh mass (EMBRAPA 2015),
and in the next few years this potentiality can be exploited, which can make elephant
grass an important global energy crop.

Sorghum ssp. is also considered an energy crop, since it has potential to produce
second-generation (2G) ethanol. The United States produced 9.24 million tons in the
2017/2018 harvest, followed by Nigeria, with 6.55 million tons produced (CONAB
2018). When cultivated, sorghum can produce about 35 to 70 tons of stems per
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hectare, and the production of ethanol from this biomass can reach 1400 to 2800
liters per hectare.

Some countries have the advantage of producing biofuels from waste, while
others cultivate biomass to have feedstock, that is, production of energy crops.
Brazil has excelled in both sources of biomass and presents a potential to produce
biofuels from the vegetal biomass.

2.4 Carbohydrate Content in Biomass

In its natural form, the lignocellulosic biomass is composed of organic compounds
which are considered to be a renewable kind of feedstock for producing inputs of
industrial interest and biofuels (Kamm 2012). Cellulose is a macromolecule insolu-
ble in water, made up of glucose units connected by β-1,4 glycoside connections,
while hemicelluloses are a heteropolymer aggregate that includes several pentose
and hexose sugars connected by several kinds of glycoside links. Lignin is a
tridimensional macromolecule based on phenylpropane units (Melati et al. 2019),
protecting and difficulty polysaccharides solubilization. The mass composition of
these three components in the lignocellulosic biomass depends on the kind of plants
and regions, as it is possible to see in Table 2.2. However, the entire mass proportion
found in cellulose and hemicelluloses usually represents more than 60% (dry basis).
Thus, the sugars derived from lignocellulosic biomass would be the first chemical
products from this vegetal platform to be used by biorefineries of the next generation
(Zakzeski et al. 2010).

It is possible to classify the sources of lignocellulosic biomass into several
groups. They account for energy crops (the grasses that are perennial and other
energy crops grown exclusively for this purpose), water plants (e.g., water hyacinth),
wastes and biomasses from forests (soft- and hardwood, sawdust, pruning, and
residues from bark thinning), residues from agriculture (straws from cereals, stovers,
and bagasse), as well as organic fractions found in municipal solid wastes (MSW)
(Kumar et al. 2009; Limayem and Ricke 2012). These resources from biomass
appear to be the largest, most promising, and most abundant ones, considering that
it is possible to find them all over the world (Table 2.2). One of the uses possible for
the lignocellulosic biomass is as ethanol feedstock, and it practically does not need
any extra requirements or any interference on the production of food and fiber crops
(Sims et al. 2010). Roughly, 200 tons�year-1 of plant biomass are produced in the
world. Nearly 109 tons of the primary biomass continues to be potentially accessible
for the production of biofuels (Saini et al. 2015). There are predictions that claim that
around 442 billion liters of bioethanol could be produced a year through the use of
lignocellulosic biomass, if total crop waste and wasted crops were to be considered
(Kim and Dale 2004; Sarkar et al. 2012).

The United States alone generate 1368 million tons of biomass that can be used
for producing bioethanol. Of these, 428 million tons are derived from agriculture
waste. Forestry wastes, energy crops, grains and corn, municipal and industrial
wastes, and other kinds of waste contribute with 370, 377, 87, 58, and 48 million
tons, respectively (Saini et al. 2015).
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Table 2.2 Polysaccharide composition (cellulose and hemicelluloses) in some kinds of vegetable
biomasses

Biomass
Cellulose
(%)

Hemicelluloses
(%) Reference

Switch grass 5–20 30–50 McKendry (2002)

Miscanthus (spp. ?) 38.2–40 18–24.3 Brosse et al. (2010)

Grass esparto 33–38 27–32 Sánchez (2009)

Elephant grass 22 24 Sánchez (2009)

Bermuda grass 25 35.7 Prasad et al. (2007)

Grasses (general) 25–40 25–50 Saini et al. (2015)

Alfalfa stalks 48.5 6.5 Chandel et al. (2007)

Sugarcane whole 25 17 Saxena et al. (2009)

Napier grass 32 20 Saxena et al. (2009)

S32 rye grass (early
leaf)

21.3–26.7 15.8–25.7 Sánchez (2009)

Orchard grass 32 40 Sánchez (2009)

Water hyacinth 18.2–18.4 48.7–49.2 Kumar et al. (2016), Nigam (2002)

General MSW 33–49 9–16 Li et al. (2012), Saxena et al. (2009)

Kraft paper 57.3 9.9 Schmitt et al. (2012)

High-grade paper 87.4 8.4 Schmitt et al. (2012)

Mixed- or low-grade
paper

42.3 9.4 Schmitt et al. (2012)

Food waste 55.4 7.2 Schmitt et al. (2012)

Office paper 68.6 12.4 Mosier et al. (2005)

Newspaper 40–55 25–40 Howard et al. (2003)

Waste papers from
chemical pulps

60–70 10–20 Prasad et al. (2007)

Sorted refuse 60 20 Prasad et al. (2007)

Primary waste water
solids

8–15 0 Sánchez (2009)

Leaves and grass 15.3 10.5 Schmitt et al. (2012)

Solid cattle manure 16–4.7 1.4–1.33 Sánchez (2009)

Coffee husk 43 7 Gouveia et al. (2009)

Nut shells 25–30 25–30 Howard et al. (2003)

Corn cob 42–45 35–39 Prasad et al. (2007), Kuhad et al.
(1993)

Cotton seed hairs 80–90 5–20 Prasad et al. (2007)

Corn stover 38–40 24–26 Saini et al. (2015), Zhu et al. (2005)

Corn fiber 14.28 16.8 Mosier et al. (2005)

Coir 36–43 0.15–0.25 Saini et al. (2015)

Sugarcane bagasse 42–48 19–25 Saini et al. (2015), Kim and Day
(2011)

Rice straw 28–36 23–28 Saini et al. (2015)

Wheat straw 33–38 26–32 Saini et al. (2015)

Barley straw 31–45 27–38 Saini et al. (2015)

Sweet sorghum
bagasse

34–45 18–27 Saini et al. (2015)

(continued)
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2.5 Cellulose

Cellulose is the renewable polysaccharide that is most abundant in the world. It is
composed of chains of homopolysaccharides, which are formed by units of anhy-
drous glucose and connected by β-1,4-D-glucose bonds, making up a crystalline
structure. This happens because of its long intra- and intermolecular hydrogen links,
facilitating its aggregation in fibrils (Pu et al. 2008). The microfibrils from cellulose
have highly organized regions (crystalline regions) and less organized ones (amor-
phous). Native cellulose is a polymorphic structure, defined as cellulose I, that can
suffer some chemical/thermal treatments converting it into polymorphous II, III, and

Table 2.2 (continued)

Biomass
Cellulose
(%)

Hemicelluloses
(%) Reference

Banana waste 13.2 14.8 Medina and Colorado (2006)

Sponge gourd fibers 66.6 17.4 Guimarães (2009)

Pineapple leaf fiber 70–82 18 Reddy and Yang (2005)

Oat straw 31–37 27–38 Sánchez (2009)

Rye straw 33–35 27–30 Sánchez (2009)

Bamboo 26–43 15–26 Sánchez (2009)

Bast fiber seed flax 47 25 Sánchez (2009)

Bast fiber kenaf 31–39 22–23 Sánchez (2009)

Bast fiber jute 45–53 18–21 Sánchez (2009)

Leaf fiber abaca
(Manila)

60.8 17.3 Sánchez (2009)

Leaf fiber sisal (agave) 43–56 21–24 Sánchez (2009)

Leaf fiber henequen 77.6 4–8 Sánchez (2009)

Coffee pulp 35 46.3 Sánchez (2009)

Banana waste 13.2 14.8 Sánchez (2009)

Rice husk 25–35 18–21 Ludueña et al. (2011)

Softwood 27–30 35–40 McKendry (2002)

Softwood bark 18–38 15–33 Saini et al. (2015)

Softwood stem 45–50 25–35 Sánchez (2009)

Pine 44–46.4 8.8–26 Mosier et al. (2005), Olsson and
Hahn-Hägerdal (1996)

Hardwood 20–25 45–50 McKendry (2002)

Hardwood bark 22–40 20–38 Saini et al. (2015)

Hardwood stem 40–55 24–40 Sánchez (2009)

Poplar 47.6–49.9 27.4–28.7 Mosier et al. (2005), Olsson and
Hahn-Hägerdal (1996)

Swine waste 6 28 Sun et al. (2002)

Silver grass 37 25-35 Sun and Cheng (2002)

Beet pulp 23 36 Zheng et al. (2013)

Coconut husk 44 12 Goh et al. (2010)
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IV. Native cellulose can be found in two crystalline phases, known as Iα e Iβ (Atalla
and Vander Hart 1984).

The average molecular mass of celluloses from sugarcane bagasse is around
157.800–168.400 g mol�1 and the cellulose fibers vary from 1.0 to 1.5 mm in
size. One unit of cellulose, which is called elementary fibril, goes through self-
assembly, so as to compose microfibrils that can be englobed by hemicellulose
matrices, in order to produce macrofibrils, becoming resistant to chemical and
enzymatic degradation (Bezerra and Ragauskas 2016). The average polymerization
degree of cellulose from sugarcane bagasse varies from 974 to 1039 glucose
monomers (Bian et al. 2014).

The polymerization degree refers to the amount of glucose monomers present in
the chain, besides being able to influence in how efficient the enzymatic hydrolysis
is. The natural structure of cellulose is firstly resistant to enzymatic hydrolysis, a
condition that is a result of its high crystallinity and polymerization degree; more-
over cellulose has the characteristic to be insoluble in water (Sant’anna et al. 2014).

2.6 Hemicelluloses

Hemicellulose compound is the second most abundant renewable polysaccharide in
the planet, only behind cellulose (Sun et al. 2001; Peng 2009). They are classified as
heterogeneous polysaccharides, found in big quantities in wood and perennial plants,
forming the plant cell wall, along with cellulose and lignin (Peng 2009). However,
hemicelluloses are closely associated with celluloses via physical and hydrogen
connections; meanwhile, when it comes to lignin, they are gathered by covalent
connections, which are characterized by sharing of one or more pairs of electrons
between atoms, being them mainly R(radical)-benzyl and ether connections
(Freudenberg 1965; Peng 2009).

In general, hemicelluloses are polysaccharides composed of 80 to 200 units of
low molecular mass sugar residues. The general chemical formula for hemicelluloses
is (C5H8O4) and they are organized into oses and hexoses (Paszner 1988). Among
pentoses, D-xylose, L-arabinose, and L-rhamnose are highlighted, and among
hexoses more common are the following sugars: D-glucose, D-mannose, and
D-galactose. Hemicelluloses may also contain uronic acids, being the most impor-
tant ones the 4-omethyl-D-glucoronic and the D-galacturonic acids (Timell 1964).

In annual plants, the most abundant hemicellulose kind is arabinoxylan, which
contains D-xylopyranosyl molecules connected by β-(1-4) glycoside bonds. The
hemicellulose from the sugarcane bagasse, for example, is defined as L-arabino-
(4-O-methyl-D-glucuron)-D xylan (Brienzo et al. 2009). α-L-arabinofuranose and
α-D-glucuronic acid (or its derivative 4-O-methyl) molecules are connected to them,
in positions C-2, C-3, or both, as simple unit chains (Macgregor and Fincher 1993;
Peng 2009). A natural compound, xylan, contains O-acetyl groups in some of the
hydroxyl groups, at carbons 2 or 3, in its main chain (Peng 2009).
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In opposition to cellulose, hemicelluloses are not chemically homogeneous and
its compositions present great variation in proportion and content, depending on
species, tissue kind, growth phase, and environmental and physiological conditions
(Fengel and Wegner 1984; Brienzo et al. 2010; Brienzo et al. 2014). There is a great
variety in content and composition of hemicelluloses in stalks, leaves, roots, and
rinds. For example, the wheat hemicelluloses present different degrees of substitu-
tion between their tissues. The relation arabinose/xylose equals 1, when the external
part of the grain (pericarp) is analyzed, while the internal part presents low substitu-
tion degree (0.3) (Brillouet and Joseleau 1987). Xylan is the main polysaccharide
found in hemicelluloses from hardwoods, while mannan prevails in softwoods (Gao
et al. 2013).

Hemicelluloses present an amorphous and hydrophilic structure and, thus, can be
removed from cell walls with more ease than cellulose. Xylose and xylooligomers
are frequently the main products obtained by pretreating and by enzymatic hydroly-
sis of hemicelluloses, being able to be used as fermentable sugars for bioethanol and
organic acids generation, for example (Gao et al. 2013).

Other products of aggregated value of intermediary compounds, such as xylitol,
furfural, and levulinic acid, used as producing chemicals and polymers, can also be
generated from hemicelluloses through appropriate catalytic approaches (Werpy
et al. 2004; Alonso et al. 2010). Other authors have suggested that the hemicellulose
content and composition may also affect the recalcitrance of the cell wall (York and
O’neill 2008).

It is considered that interactions between microfibers from hemicelluloses and
cellulose and the lignin-carbohydrate connections can stop enzyme attack
(Chundawat et al. 2011; HSU 1996). The transgenic Arabidopsis, with less content
of methyl groups in the lateral glucuronoxylan chains, has released more xylose than
the type of wild control in less severe conditions after the enzymatic hydrolysis
(Urbanowicz et al. 2012).

2.7 Biomass Quality

Biomass quality can be classified by its physical properties and its component
characteristics, such as density, particle size, calorific value, specific gravity, mois-
ture content, extractive content, ash (as mineral content), and lignocellulosic com-
position (Kenney et al. 1990). To exemplify some of these properties, let us start with
cellulose crystallinity. More organized regions of cellulose chain are called crystal-
line regions, differing them from the less systematic amorphous regions. Formed by
microfibrils, crystalline regions present a more coordinated cellulose chain than the
amorphous regions (Nakamura et al. 2014). These crystalline regions provide a
higher recalcitrance to the biomass, making it harder for enzymes to reach cellulose
and diminishing digestibility and accessibility (Zhao et al. 2012). Moving on, the
polymerization degree impacts accessibility and can raise recalcitrance.
Carbohydrates, more specifically glucose units, form cellulose. The quantity of
these units in a cellulose chain determines the degree of polymerization. If cellulose
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has a high polymerization degree, then a bigger and stronger structure gets
interrupting any enzymatic action (Zhao et al. 2012).

Accessibility is a special variable among factors that influence the biomass
conversion into biofuels. It is very important due to its correlation to glucose yield
(Crowe et al. 2017). To put it in a simple way, accessibility shows how much
cellulose content is accessible to enzymatic hydrolysis. Cellulose attributes can
affect biomass quality, but hemicelluloses and lignin content add heterogeneity to
material structure and therefore they are taken into consideration too (Chandra et al.
2008). A strong and organized microfibril structure (surrounded by hemicelluloses
and lignin) produces a protecting barrier in cellulose (Arantes and Saddler 2010).

The exposed surface areas of cellulose are commonly divided into internal and
external surfaces. The external surface has bigger pores and increases in smaller
particle sizes. The internal surface, on the other hand, has smaller pores and seems to
be related to how effective enzymatic hydrolysis can be (Cosgrove 2005). It happens
due to pore size distribution, key factor that suggest more importance than external
surface area (Wang et al. 2018). Some enzymes can arrive to internal surface by
entering the bigger pores on external surface area, but they can’t reach the internal
surface, which has smaller pores (Harmoko et al. 2016). Pores have to be bigger than
5.1 nm to allow the enzymes to reach the lignocellulosic material, demanding
alterations in the biomass structure to increase pore size (Chandra et al. 2007).
Adding to this problem, most studies dry and pretreat their materials, making smaller
pore sizes (Luo and Zhu 2011).

Cellulose with low polymerization degree offers a larger number of settlement
sites for enzyme attack, collaborating substantially with hydrolysis of cellulose
chains. When materials are milling, it speeds up the process involving changes of
the degree of polymerization, porosity, pore size distribution, and crystallinity (Zhao
et al. 2012). Also worth noting, depolymerization is a mechanism that breaks
polysaccharides into monomers (Goufo and Mugisha 2018). This is important
because the depolymerized cellulose chains are formed in one stage of the hydroly-
sis. Cellulases are enzymes responsible for depolymerization, as they convert
polysaccharides (cellulose) into monomers (glucose) (Yücel and Göycıncık 2015).
This system is composed of three enzymes acting in a synergic way, meaning their
effects combined are stronger than the effects of them working on their own (Hideno
et al. 2009). Exposing cellulose by removing hemicelluloses and lignin, plus altering
the material, results in more efficient enzyme action, enhancing glucose yield
(Brienzo et al. 2017).

Particle size can also be considered to assess biomass quality (Chandra et al.
2008), as it influences in biomass conversion. The biomass particles have different
sizes and shapes, often forming agglomerates that make measuring their exact sizes a
difficult endeavor (Karimi and Taherzadeh 2016). It is assumed that smaller particles
provide a larger exposed surface area, increasing cellulose accessibility, which
consequently improves glucose yield (Chandra et al. 2008).

The hemicellulose presence interferes with cellulose accessibility, messing with
pore distribution and pretreatments and enzymatic hydrolysis efficiencies (Zhao
et al. 2017). Hemicelluloses occupy the spaces among and around cellulose fibers
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in the plant cell walls, acting as barrier against enzymatic hydrolysis and other
external threats to its structure (Zhu et al. 2010). It has been confirmed that
hemicellulose removal improves glucose yield after enzymatic hydrolysis of mate-
rial (Chen et al. 2015). Lignin causes another problem besides providing a physical
barrier like hemicelluloses. Lignin causes a non-productive adsorption of enzymes
employed in cellulose hydrolysis, deactivating them along the process (Ximenes
et al. 2011). Lignin removal with pretreatments can reduce loss of active enzymes
(Yang and Pan 2016). Changes in biomass structure are observed by looking at
superficial cavities, gaps, and hollow spaces created by hemicellulose elimination
and/or lignin amendment by pretreatments like dilute acid, peroxide, steam explo-
sion, and alkaline methods (Karimi and Taherzadeh 2016). A quantification of these
components (cellulose, hemicelluloses, and lignin) can determine biomass quality
and drive its application. The pretreatment processes improve lignocellulosic bio-
mass quality allowing its conversion into biofuel, organic acids, and other chemicals
with high industrial interest.

2.8 Biomass Genetic Improvement

Modification of cell wall structure of lignocellulosic biomass is the key step in
improving the quality of bioenergetic crops. However, genetic improvement of
energy crops is still a challenge to increase the production of biomass and biofuels
on large scale. A genetic modification in the plant cell wall structure is desired to
specifically alter the cell wall interconnections (cellulose crystallinity) and reducing
lignin levels and increasing carbohydrate content. The genetic manipulation must
select appropriate genes, which is a fundamental step to meet the expected
objectives. However, there are more than 1,000 genes related to biosynthesis,
degradation, and regulation of the plant cell wall (Xie and Peng 2011). As comple-
mentary techniques for genetic improvement of biomass quality, several tools have
been developed: high-throughput genotyping, generation sequencing, and molecular
breeding techniques such as marker assisted selection and genomic selection. These
modern tools have been applied in a wide variety of bioenergetic species such as
sugarcane, elephant grass, sorghum, and miscanthus (Allwright and Taylor 2016).

In order to optimize the biomass conversion from sugarcane into bioethanol, it is
imperative to use genetically improved hybrids with better biomass degradability.
However, genetic engineering is still a challenge due to limited understanding of the
large and complex genome of this plant (Hoang et al. 2015).

Modern sugarcane represents the extreme example of polyploidy, with a double-
genome structure, where genotypes resulting from the same crossover may vary in
amount of homologous and homologous chromosomes. Mapping of genetic linkages
is particularly difficult to construct in polyploid species because (i) the statistics are
much more complicated for polyploids than for diploids, (ii) a wide variety of
genotypes are expected in a segregating population, (iii) there are several ways of
forming gametes and random pairs of multiple homologous chromosomes,
(iv) alleles segregation with different dosage levels makes it impossible for the
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different frequencies of gametes to be identified with absolute certainty, and (v) the
genome constitution of some polyploids are unclear, making their inheritance pattern
difficult to determine (Kole 2010).

Modern hybrids of sugarcane are results of crosses between varieties and/or
clones, making the combination of chromosomes unique among each offspring,
due to random classification of chromosomes. Genetic and biotechnological breed-
ing approaches in sugarcane germplasm can play a key role in improving this
biomass in the biofuel production. Variations in the phenotypes can be found in
the biomass yield, fiber content, and sugar composition (Hoang et al. 2015).

To produce bioethanol from sugarcane, transcription factors (TFs) that regulate
monolignol biosynthesis in lignin pathway have been studied, since the understand-
ing of this metabolic pathway reduces and modifies the lignin content, which is
essential to address the biomass reclassification problem. The lignin biosynthesis
pathways are complex and involve at least 10 enzymes and 28 associated unigenes
identified in sugarcane. There are some key genes in lignin pathway that encode
terminal enzymes such as caffeic acid O-methyltransferase (COMT) and cinnamyl
alcohol dehydrogenase (CAD) (Hoang et al. 2015).

Lignin synthesis is like metabolism of phenylpropanoids in plants, containing a
series of enzymes common to other processes (phenylalanine ammonia-lyase (PAL),
cinnamate-4-hydroxylase (C4H), and COMT) and specific enzymes such as
cinnamoyl-CoA reductase (CCR) and cinnamyl alcohol dehydrogenase (CAD),
among others like ferulate-5-hydroxylase (F5H), caffeoyl CoA
O-methyltransferase (CCoAOMT), and hydroxycinnamate CoA ligase (4CL). Stud-
ies have shown that maize and sorghum mutants that were deficient in CAD and/or
COMT showed an easy digestibility due to the reduced lignin content (Ramos et al.
2001). Therefore, understanding enzymes and mechanisms involved in lignin bio-
synthesis is fundamental in genetic improvement of biomass to produce biofuels.

Downregulation of enzymes (COMT or CAD) in ending steps of the monolignol
biosynthetic pathway has little or no negative effect on plant growth. A moderate
reduction in lignin content (3.9% to 8.4%) can significantly reduce recalcitrance of
sugarcane biomass without affecting plant growth under indoor controlled environmental
conditions. Genetic studies demonstrate that downregulation of sugarcane COMT gene by
67% to 97% reduced lignin content by 3.9% to 13.7%, respectively. On reflection, the
syringyl/guaiacyl (S/G) ratio in lignin was reduced from 1.47 in wild type to values
between 1.27 and 0.79, and fermentable glucose increased 29% without pretreatment and
up to 34% with pretreatment, both after enzymatic hydrolysis (Jung et al. 2012).

The suppression of COMT on lignin biosynthesis has shown that transgenic lines
showed a significant reduction of S monomers and similar amount of G monomers in
relation to wild type. The S/G ratio was also lower in the transgenic lines, which in
turn had improvements in enzymatic digestibility. However, a microscopic analysis
demonstrated that vascular bundle tissues and sclerenchyma fiber cells were intact in
varieties with reduced lignin concentration. A histochemical analysis revealed the
reduction of S lignin units in sclerenchyma fiber cells (Fig. 2.2). However, the
transgenic lines showed thinner stems and lower biomass production in relation to
wild plants (Jung et al. 2012).
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Breeding strategies also play a key role in improving species of raw materials in
production of cellulosic ethanol, as have been done with food crops from their wild
ancestors for decades, resulting in seeds more resistant to biotic and abiotic factors
(Sticklen 2008). Important features should be improved in biomass for biofuel
production, such as yield, adaptability, resistance to drought and diseases, and
high biomass yield per hectare (classical breeding) (Hoang et al. 2015). By changing
DNA code of ancestral sugarcane species together with traditional breeding
methods, it was possible to develop sugarcane energy (energy cane). The main
characteristic of this variety is the significant increase of biomass, containing more
fibers than sucrose in its composition (Matsuoka et al. 2014).

In studies carried out with 115 varieties of sugarcane (100 of classic breeding and
15 of precision breeding), it was observed the potential of genotypes for fiber
processing capacity and yield of fermentable sugars, obtained from acid
pre-treatment and enzymatic hydrolysis (Benjamin et al. 2013). Varieties of genetic
improvement showed higher levels of arabinoxylan and lower lignin and ash
content, whereas classical breeding varieties that presented low lignin content did
not present higher amounts of structural carbohydrates. The highest glucose yields
after enzymatic hydrolysis were observed in samples that had lower lignin contents.

Fig. 2.2 Phenotypic differences in sugarcane stalks through suppression of the COMT gene and
reduction in lignin content. WT: wild type. T41, T23, and T4: transgenic plants with total lignin
content reduced by 3.9, 8.4, and 13.7%, respectively, when compared to wild type. (a) Transversal
cuts. (b) Longitudinal cuts. (c) and (d) represent wild-type and T4 lineage, respectively, stained
with Mäule reagent indicating a reduction in lignin S units in sclerenchyma fiber cells (Jung et al.
2012)

50 F. L. Shimizu et al.



Most precision breeding variety exhibited higher digestibility than many classical
breeding varieties (Benjamin et al. 2013).

Sugarcane clones (transgenic and wild type) showed differences between agro-
nomic properties and sugar conversion, since transgenic specimens showed higher
stature, shoot population, and soluble sugars in juice (144 cm, 129.603 e 147 kg�ton-1
of sugarcane, respectively) when compared to wild type (123 cm in height, popula-
tion of 104,039 stems and 140 kg of soluble sugars in juice per ton of sugarcane).
As for ethanol production, transgenic variety yielded 29.6 g�L-1, corresponding to
75.8% potential glucose in pretreated material, while wild variety yielded 26.8 g�L-1,
corresponding to 69.2 % of potential glucose. These variations can be attributed to
different lignin contents found in transgenic and wild-type genotypes (16.4% and
21.3%, respectively) (Benjamin and Görgens 2015).

Among various biomass used in biofuel production, elephant grass has potential
for coal, alcohol, and methane production or even for direct burning in the boiler
feed, due to extremely high positive energy balance and efficiency in fixation of
atmospheric CO2. Elephant grass genotypes (Paraíso and Roxo) can accumulate dry
biomass varying from 30 Mg�ha-1 to 42 Mg�ha-1, respectively (Flores et al. 2012).
Elephant grass presents potential for bioenergy by direct combustion. Among five
evaluated varieties, it was observed that yield of dry mass ranged from 45 to 66.6
Mg�ha-1. In addition, the recalcitrance of this biomass can vary according to
genotypes (Morais et al. 2009).

The genetic diversity of 100 varieties of elephant grass was quantified in relation
to their bioenergetic use. The study classified varieties into 6 groups according to
agronomic characteristics, which could be employed, to produce cellulosic ethanol,
forage, or direct combustion. Elephant grass can contribute to diversification of
sustainable energy matrix. To reach energy goal, some actions must be taken to
enhance their bioenergetic potential, as crosses between individuals diverging from
different clusters. The genetic variability of the Active Elephant Grass Germplasm
Bank (BAGCE) can be exploited to produce higher quality combinations that
maximize conversion to second-generation ethanol and direct biomass combustion
(Rocha et al. 2017).

Sorghum sp. was evaluated as potential and yield (of six genotypes of sorghum,
one cultivar and five hybrids) during five years in several areas of the United States
(six different states). There was a significant variation between genotypes for fresh
and dry weight, moisture, and brix, where some hybrids are more tractable to
produce bioenergy and biomass. The results showed that one of the hybrids pro-
duced the highest fresh and dry average weights (58.6 and 17.9 tons per hectare,
respectively), while the lowest averages were 35.1 (fresh weight) and 10.1 (dry
weight) metric tons per hectare, but the consistency of production may vary year by
year according to each locality. This study demonstrated that sorghum can yield
sufficient biomass amounts to meet needs of developing lignocellulosic industry,
allowing for breakthroughs in cellulosic ethanol industries (Gill et al. 2014).

Miscanthus sinensis (102 varieties) is used to demonstrate the genetic variety
distribution, relating genotype variation of cell wall composition with lignocellulose
degradation rate and its relationships with biohydrogen production. Lignin contents
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were found between 6.96 and 20.75%, while cellulose and hemicellulose degrada-
tion ranged from 2.08% to 37.87% and from 14.71% to 52.50%, respectively. After
fermentation, biohydrogen production ranged from 14.59 to 40.66 mL per gram of
Miscanthus biomass. Improvement of varieties in their composition and cell wall
structure with high rates of degradability can significantly increase the sustainable
production of bioenergy (Zhao et al. 2014).

Switchgrass (Panicum virgatum) was genetically engineered and demonstrated to
be possible to increase cellulosic ethanol production by up to 2.6-fold
(by overexpressing the PvMYB4 transcription factor). This strategy decreased
carbon deposition into phenolic fermentation inhibitors and lignin and maintains
the propitiation of potentially fermentable soluble sugars. Overexpression of the
switchgrass R2-R3 MYB transcription factor PvMYB4 restricts genes from biosyn-
thetic lignin pathway and directly affects saccharification without acid pretreatment,
directly affecting recalcitrance. This variety provides new germplasm for develop-
ment of cultivars as a raw material to produce biomass for biofuels (Shen et al.
2013).

Hybrid poplars (genus Populus) are among the fastest growing temperate climate
trees in the world and are also considered one of the most promising raw materials
for biofuels and other value-added products. The estimated nominal yield (including
the moisture content at harvest) of hybrid poplar species grown in North America is
between 14 Mg�ha-1�year-1 and can be compared to switchgrass (14 Mg�ha-1�year-1)
and higher than wheat straw and corn stover. The species and hybrids of the genus
Populus have cellulose contents between 42 and 49% (higher than that of switch-
grass), hemicelluloses of 16 to 23% and lignin of 21 to 29%. Studies performed on
poplar clones demonstrated that a small decrease in S/G ratio resulted in a statistical
increase in releasing of xylose after hydrolysis with dilute sulfuric acid. Suppression
of the COMT gene in poplar does not result in a reduction in lignin content, but S/G
ratios were decreased. Sequencing of poplar genome paved ways for development of
new cultivars and clones optimized to produce biofuels (Sannigrahi and Ragauskas
2010).

Basically, the cell wall of plants consists of cellulose, non-cellulosic
polysaccharides, and lignin. Manipulations of molecular and structural levels of
wall components can improve performances of plants in biofuel production. This
can be done through genetic improvement or through methods such as screening of
natural variation and random mutagenesis. Altering genes encoding enzymes
responsible for lignin biosynthesis or manipulating genes involved in cell wall
polysaccharide biosynthesis may facilitate their deconstruction and improve mass/
energy balances during biofuel production (Burton and Fincher 2014). Plant crops
for biofuels that hold high yields and efficiency in conversion allow crops in smaller
areas, minimizing competition for food crops and conserving biodiversity. In this
way, development of genetically modified plants is key to biofuel production,
improving the efficiency and viability of sustainable production processes (Furtado
et al. 2014).
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2.9 Biomass Conversion Processes

As mentioned earlier, nowadays the renewable biomass is considered a real source to
obtain many types of products like fuels (bioethanol, biodiesel, biohydrogen,
biobutanol, biomethane, etc.) and platform chemicals (organic acids, monomers,
etc.) (Müller-Langer and Kaltschmitt 2015; Du Preez 2016), which have been
included inside civilization needs, taking into account the humanity sustainable
development (Solomon et al. 2015). Thus, in this part, what kind of fuels and
chemicals are obtained from renewable resources and the principal and current
processes used to goal the conversions will be discussed.

2.10 Fuels and Chemicals from Lignocellulosic Biomass

At present day, the society has basic needs of food, clothes, fuels, and other
chemicals, which are dependent principally on oil, natural gas, and coal. Among
them, the oil is the number one precursor for different industries, which has
generated a lot of direct negative alterations to natural ecosystems and adverse
effects to the human health, mainly by green gas emissions. Therefore, to replace
fossil-based products by bio-based products is an attractive issue in the current world
(De Bhowmick et al. 2018).

Taking specifically about agricultural waste biomass, lignocellulosic raw material
has been studied with the aim to produce different chemicals, since this material is
considered clean, renewable, abundant, and available. However, these lignocellu-
losic biomass must be conditioned through pretreatment and hydrolysis processes in
order to generate an unstructured material, thus allowing cellulose, hemicelluloses,
and lignin to be more exposed and to obtain simpler molecules (De Bhowmick et al.
2018). To simply explain the difference between pretreatment and hydrolysis, it
could imagine a wool scarf, when it is submitted to stretch, the wood fibers are more
visible (pretreatment), and when these stretched fibers are cut with scissors, the wool
fibers will be broken into smaller pieces (hydrolysis). In general, pretreatments are
processes applied to lignocellulosic biomass to promote access to cellulose,
hemicelluloses, and removal or modification of lignin, and hydrolysis is a process
to break cellulose and hemicelluloses into smaller molecules (Kumar et al. 2018).
Both processes (pretreatment and hydrolysis) are used to obtain other bio-based
products known like platform chemicals or intermediate products (Du Preez 2016;
Yung 2016). Furfural, hydroxymethylfurfural, levulinic acid, furfuryl alcohol, sor-
bitol and others are examples of bio-based products different to biofuels (Iroegbu
and Hlangothi 2018; Steinbach et al. 2017; Hartono et al. 2016).
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2.11 Lignocellulosic Biomass Pretreatments

Without pretreatment, it is considered that just 20% of lignocellulosic biomass in
natura could be hydrolyzed, and this low percentage is because the chemical
structure is recalcitrant, which justifies the importance to carry out a pretreatment
stage on lignocellulosic material before subsequent processes (Rocha et al. 2012).
Several physical, chemical, biological, and any combination of these pretreatments
(Table 2.3) have been researched to enhance the access to lignocellulosic biomass

Table 2.3 Benefits and disadvantages of chemical, physical, physicochemical, and biological
pretreatments applied on lignocellulosic biomass

Pretreatment Example Benefits Disadvantages

Physical Milling,
microwave
irradiation
and thermal

Increase superficial area High energetic expense

Reduce cellulose
crystallinity

Not remove lignin

Reduce cellulose
polymerization index

Not remove hemicelluloses

Chemical Acid,
alkaline, and
solvent

Increase superficial area High price of acids, alkalis,
and solvents

Reduce cellulose
crystallinity

Difficulty to recover the acids,
alkalis, and solvents

Reduce cellulose
polymerization index

Formation of inhibitors for
hydrolysis and fermentation
processes (depending on acid
or alkali concentration)

Partial or total
solubilization of lignin
(depending on alkali
concentration)

Corrosion (concentrated acid)

Partial or total
solubilization of
hemicelluloses
(depending on acid
concentration)

Produce glucose (diluted
acid)

Physicochemical Steam
explosion
and
hydrothermal

Partial or total
solubilization of
hemicelluloses
(depending on acid
concentration)

Not act on lignin

Produce sugars Require devices equipped
with heat and pressure

Biological White-rot
fungi and
brown-rot
fungi

Remove lignin (white rot) High time of operation

Remove hemicelluloses
and cellulose (brown rot)

Fungi consume
monosaccharides

Not produce inhibitors Special conditions to use
fungi
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compounds (cellulose and hemicelluloses), to remove or modify lignin or
hemicelluloses, to diminish the cellulose crystallinity, to enlarge the lignocellulosic
biomass accessibility and porosity, to minimize the sugars loss, and to limit the
inhibitor formation (Kumar and Sharma 2017). The principal path to assess the
pretreatment effect on lignocellulosic materials is based on determination of mass
composition, x-ray crystallography, scanning electron microscope, high-
performance liquid chromatography (HPLC), nuclear magnetic resonance (RMN),
and Fourier-transform infrared spectroscopy (FT-IR).

Among pretreatments, the steam explosion is a technique utilized on lignocellu-
losic biomass, which promotes chemical modifications in its composition and fracks
the cellular wall structure, guaranteeing more accessibility to cellulose and
hemicelluloses (Pielhop et al. 2016). Steam explosion is a practice where lignocel-
lulosic biomass is submitted to conditions of temperature (160–240 �C), pressure
(0.7–4.8 MPa) and superheated or saturated vapor (it can use water or prepared
solutions with acid or alkali) (Han et al. 2018; Silva et al. 2018). Hemicellulose
solubilization and lignin structure modifications are caused by a sudden decompres-
sion, which lets a higher accessibility to cellulose and higher digestion of lignocel-
lulosic biomass (Kumar et al. 2018).

The method takes place in two steps, the first named autohydrolysis and the
second one known as decompression. At the first stage, the substance changes the
phase (from liquid to vapor) and gets into lignocellulosic structure, and it allows to
remove acetyl, carbonyl, and carboxyl groups present in hemicellulose chains and to
obtain acetic and uronic acid, which act in hemicellulose hydrolysis. In the second
stage, condensed steam goes from lignocellulosic biomass to outside, causing a
mechanical breaking (explosion) into lignocellulosic structure (Martino et al. 2017;
Asada et al. 2018; Wang et al. 2018). The steam explosion pretreatment can be
ameliorated by using acid catalysts, which help to reduce the operation time of the
whole process, because hemicellulose hydrolysis (the first stage) occurs faster than
without catalyst process (Silva et al. 2018).

The gains of using steam explosion as pretreatment are limited use of chemical
products (generally water or dilute solutions), low energy expense compared to
mechanical pretreatment, hemicelluloses that are partially hydrolyzed, and more
accessibility to cellulose and lignocellulosic biomass after process is more suscepti-
ble to enzymes action (Chen et al. 2015). The disadvantages of steam explosion as
pretreatment are obtaining by-products as furfural and hydroxymethylfurfural, par-
tial solubilization of hemicelluloses, and the necessity to wash the lignocellulosic
biomass after process and not acting on lignin (Bhagwat et al. 2015).

On the other side, thermal pretreatment with dilute acid is another kind of process
that has been considered in the last years as a method to get unstructured lignocellu-
losic biomass. The substances generally employed are the hydrochloric and sulfuric
acid, which are prepared in low concentration solutions (1–3% w/v). The dilute acid
pretreatment is selected over the concentrated acid process, because it reduces the
inhibitor formation and minimizes the corrosion problems (Loow et al. 2016).

The temperature conditions of this pretreatment generally are between 90 and
140 �C, and it is selected when it is wanted to act on hemicelluloses and low
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degradation of polysaccharides. The dilute acid pretreatment is recommended over
lignocellulosic biomass, whose lignin composition is lower than 15%. Generally,
dilute acid processes do not remove lignin (but do modify its chemical structure,
promoting more accessibility) and remain the cellulose, letting elevated enzymatic
hydrolysis rates as result of amplified accessibility of the exposed cellulose
(Karapatsia et al. 2017; Kumar et al. 2018).

2.12 Enzymatic Hydrolysis

The conversion process of cellulose and hemicelluloses into smaller molecules
(commonly called total reducing sugars or fermentable sugars with 6 and 5 carbons,
respectively) is named hydrolysis or saccharification. This process can be developed
in the presence of acids, enzymes, or both simultaneously (Loow et al. 2016; Sharma
et al. 2017). Acid hydrolysis involves organic or inorganic acids (such as sulfuric,
hydrochloride, oxalic, acetic, and uronic). Enzymatic hydrolysis includes different
type of enzymes acting on cellulose and hemicellulose chains (Loow et al. 2016).
Cellulose hydrolysis occurs by action of cellulases, called cellulolytic enzymes too,
and hemicelluloses hydrolysis occurs by action of hemicellulases, called
hemicellulolytic enzymes too (Bhattacharya et al. 2015).

Cellulases are grouping in three enzymes categories. Endoglycanases,
carboxylmethylcellulases, or CMCases (EC 3.2.1.4) are enzymes that hydrolyze
randomly the non-crystalline sections of cellulose generating new non-reducing
and reducing ends. Exoglycanases, cellobiohydrolases, CBH, or Avicelases
(EC 3.2.1.91) are enzymes that act over ends of cellulose chains and the new
non-reducing and reducing ends to produce cellobiose molecules. And
β-glycosidases (EC 3.2.1.21) are responsible to break cellobiose and thus to release
glucose (Dotsenko et al. 2018) (Fig. 2.3).

According to chemical composition of hemicelluloses, its biological breaking is
completed by several groups of enzymes. Endoxylanases, β-xylosidases, α-L-
arabinofuranosidases, and β-galactosidases are the hemicellulolytic enzymes most
relevant in hydrolysis process of xylan, the principal polymer that makes up
hemicelluloses. Endoxylanases (EC 3.2.1.8) are enzymes that attack the principal
chain of xylan to generate xylobiose. β-Xylosidases (EC 3.2.1.37) are responsible to
break xylobiose and thus to release xylose. α-Arabinofuranosidase (EC 3.2.1.55) and
β-galactosidase (EC 3.2.1.23) enzymes attack the xylan branches to release arabi-
nose and galactose molecules, respectively (Quiroz-Castañeda and Folch-Mallol
2011).

2.13 Conclusion

Fossil fuels are a finite resource and damage the environment, turning their use an
unsustainable practice if new technologies continue to advance demanding more and
more energy. Sugarcane, corn, wood, algae, and many more biomasses are
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employed to produce biofuels. Besides converting biomass into biofuels, their
components are individually useful for the assembly of high-value-added products.

Recalcitrance caused by the material properties slows progress toward a better
and refined conversion. Genetically engineering crops is not a new process, which
means that investing and studying ways to genetically improve the biomasses
regarding their resistance to pretreatments and conversion is already a reality.
These pretreatments are also constantly being updated to offer different ways of
altering the biomass. Biomass conversion is a modern necessity and will be increas-
ingly vital.
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Biogas: An Effective and Common Energy
Tool – Part I 3
Seethalaksmi Elangovan, Sathish Babu Soundra Pandian,
Geetha S. J., and Sanket J. Joshi

Abstract
Energy is a much crucial necessity for daily errands, either household or indus-
trial. We use it as fuel (transportation or industrial commodity), to provide power,
heat, electricity, etc., and we can’t imagine life without it. Several kinds of fuels
are available in the market, mainly non-renewables – fossil based (coal, crude oil,
etc.). However, due to awareness about long-term issues related to use of fossil
fuels, several other types of renewable fuels are gaining much attention. Biogas,
biofuels (bioethanol, biodiesel), and biohydrogen are some of the examples for
such renewables with very high future potential. However, even with those recent
developments, rural areas in some of the developing countries are still using
agricultural remains, cow dung, etc., for cooking and heating purposes. This kind
of crude practice significantly raises environmental, economic, and public health-
related worries. To achieve a worldwide sustainable progress in both developed
and developing countries, clean and affordable energy could be offered by using
the existing biomass resources (crop residues, agro-industrial, animal, and other
type of wastes) to produce a cleaner, more efficient, and reliable energy, such as
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biogas. Unlike other types of renewable biofuels, biogas production is a natural
non-energy intensive process, and the raw materials are mostly renewable
resource and wastes – thus serving both purposes, bioremediation and energy
generation. Biogas is a blend of gases, mainly methane and carbon dioxide. Over
the years, several biogas plant designs are available, which are compiled in
present chapter along with its advantages and disadvantages. At present several
countries are already utilizing biogas for various household and industrial
applications. The main applications are generating electricity, cooking, heating,
and using as a fuel for transportation. The ease of operation, maintenance, and
easy availability of substrate –waste materials – are some of the key selling points
for biogas to be an effective and common energy tool in the near future.

Keywords
Energy · Fossil fuels · Renewables · Biofuel · Biogas

3.1 Introduction

In order to perform work on or to heat the object, energy is one of the quantitative
properties that must be transferred to an object. It is a conserved quantity, where the
law of conservation of energy states that energy can neither be created nor destroyed,
rather only be converted in forms. Energy is an essential commodity for day-to-day
human activities, either directly (as fuel) or indirectly (to provide power, electricity,
mobility), which enables socioeconomic development. Villages in many developing
countries, firewood, crop residues, cow dung, etc. are still used for cooking
purposes. These practices are significant sources of environmental, economic, and
public health-related concerns. To achieve a sustainable progress in the developing
countries, clean and affordable energy could be offered by using the existing
biomass resources to produce biogas – a cleaner, more efficient, and reliable energy
(Surendra et al. 2014).

Biogas could be naturally produced from the decomposition of organic waste and
raw materials from agronomic, municipal, sewage, or food waste, under anaerobic
condition. Biogas is a blend of gases, mainly methane and carbon dioxide. Biogas
production process is also known as anaerobic digestion, as the decomposition
occurs under anaerobic condition. Bacteria produce roughly two-thirds of methane,
as well as carbon dioxide, nitrogen, and traces of other types of gases (Armaha et al.
2017; Sibiya et al. 2017). Biogas is produced by anaerobic organisms (such as
methanogen), inside a closed system. This process is non-polluting and also reduces
greenhouse emissions. Since no combustion takes place in the process, there is zero
emission of greenhouse gasses. It consists mainly of methane (CH4) and carbon
dioxide (CO2). The amount of CO2 that is produced corresponds to the amount of
CO2 captured when the biomass was created (Weiland 2010). Producing such fuel
from waste is actually a great way to lessen the global warming. Biogas helps to
reduce the reliance on fossil fuels (crude oil derivatives, and coal), which cause
environmental pollution and global warming. Unlike other types of renewable
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biofuels, biogas production is a natural process, non-energy intensive, and the raw
materials are mostly renewable resource like agricultural waste, and food scraps,
which are easily available making it a highly viable resource.

In biogas digester, anaerobic digestion-fermentation processes take place, in
which organic waste is digested to produce methane and other gases. Almost any
type of organic waste can be used as initial substrate in the process; however pH and
temperature of the process influence the optimum production of gas. Digester tank
provides a suitable environment for anaerobic microbes to digest the biomass, thus
producing digested solids, slurry, and biogas. The favourable/optimum temperature,
moisture content, oxygen exclusion, pH, and a continuous food (organic waste)
supply are some of the prerequisite conditions required in order to support anaerobic
digestion process. Even though, in most cases, the pH is maintained by itself, the
problem of pH drops by acidophilic bacteria, which grows faster than methanogens,
creating an unfavourable condition (optimum pH range ~6.8–8.5) for methanogens.
To maintain consistent pH, sometimes bicarbonates are also used. Like any other
biogenic processes, biogas plant operators also must be aware of associated potential
hazards such as explosion, suffocation, probable pathogens, or hydrogen sulphide
(H2S) poisoning and must take all sorts of preventative safety measure. As per the
energy and climate policies of the European Union, the EU has set some goals for
year 2020, such as at least 20% lesser greenhouse gases emissions and 20%
reduction in utilization of energy by means of better energy efficacy and to cover
20% of requirement by renewable sources. To reach such set targets, Germany uses
~66% biomass as a key contributor to provide energy, and in year 2012, ~50% of
electricity was produced using biogas from biomass. Overall share of biogas was
~15% to generate electricity and ~8% to provide heat supply. Biogas could play a
distinct role among other renewable fuels, as it is suitable for the production of
combined heat and power simultaneously and as a natural gas substitute once
purified. The storage of biogas is relatively easy and it is flexible to use. Currently
biogas plants in Germany are reported to be capable to generate ~420 kW, which
thereby already replaced some of the coal-fired power plants, showing great potential
that even small energy producers can also jointly generate such a significant magni-
tude of energy (Heffels et al. 2012). Brundtland Report of 1987 (https://mediathek.
fnr.de/media/downloadable/files/samples/b/r/brosch.biogas-2013-en-web-pdf.pdf)
states that sustainability means that “the present generation satisfies its needs without
endangering the ability of future generations to meet their respective needs”. All
three dimensions – environmental, economic, and social – are interconnected in
sustainability. Sustainable resources mean striking a balance between what is essen-
tial in terms of economics (such as consistent and high biomass produces) and
practicality (for our expectation from our environs). One of the main research
areas of the Federal Ministry of Food, Agriculture and Consumer Protection
(BMELV) was to assess those methods in various research projects to find proper
approaches for viable energy supply and natural resources management and to
further develop them through appropriate and coordinated research funding. The
strategies being pursued included increasing the biodiversity to cultivate different
energy crops, breeding of new plant varieties, novel cultivation techniques, and
reduce-reuse and recycle (reduced use of chemicals, agricultural lands with perennial
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vegetative cover, proficient transformation methods, renewable resources being both
used as a material and as a source of energy, and the residual materials to be used as
fertilizer). The sustainability principle also applies to the biogas sector, and it can’t
be offered as lasting energy source if those conditions are not fulfilled.

The anaerobic digestion process also reduces environmentally harmful methane
emanations to quite an extent and could also reduce the nitrous oxide emissions,
having an impact on the climate (Möller 2015). To a certain degree, bad smell-causing
substances are also decomposed and neutralized. Other environmental advantages
include the utilization and reduction of waste during electricity or heat generation,
and the remaining digestate can also be used as a fertilizer. Most of non-crude-oil-
producing countries are dependent on energy imports; thus with the directed develop-
ment of such renewable energy systems, they could reach the goal of energy indepen-
dence and stable supply. According to the Renewable Energy Sources Act (EEG),
production of electricity and heat (combined heat and power production – CHP)
primarily uses biogas for feeding biogas-sourced electricity into the power grids.
Generally, CHP units consist of a biogas-powered combustion engine, driving a
generator to produce electrical energy. To use biogas as a substitute for natural gas,
it first needs to be purified of unwanted constituent elements (such that the CO2 needs
to be separated) leading to higher methane content. The upgraded biogas, called
biomethane (or bio-natural gas), could then be stored in the extensive gas grid or
transported to be used at any site. It can also be used in other domestic purpose like gas
stove fuel and lighting (Pfeifer and Obernberger 2007; Rutz et al. 2015).

3.2 Source of Organic Waste for Biogas Production

Biogas is produced by anaerobic digestion, a natural biological process which
stabilizes organic waste in the absence of oxygen. The important parameter to be
considered in anaerobic digestion is the source and type of feedstock used. Almost
any organic material can be utilized such as newspapers, restaurant and kitchen food
waste, animal waste, agricultural waste, and waste from different types of food and
beverage industries, leather processing industries, etc. Organic waste is generated
from daily human activities and from the industries; thereby the amount of organic
waste produced is amassed each year as the population increase. Developing
countries deal with the organic waste in different ways, like soil improvement, for
animal raising and also to provide a source of energy.

3.3 Materials to Be Excluded from Anaerobic Digesters

Toxic, inorganic, and poorly degradable material should be excluded from the
feedstock. Toxic compounds like ammonium and sulphur, if present in feedstock
at high concentration, could inhibit anaerobic organisms. Poorly degradable material
requires more time for breakdown and to convert into biogas. Inorganic material like
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sand bed cannot contribute or be digested to biogas, which in turn can clog the
pipeline or get settle in the plant, creating problem in biogas plant.

3.4 Biogas Potential of Different Feedstock

For optimized anaerobic digestion process and biogas production, feedstocks are
particularly vital (Schievano et al. 2009). However, it is somewhat challenging to
exactly calculate the biogas production potential of different feedstocks, due to
origin of the source, organic load, chemical oxygen demand (COD), and moistness
of the feedstock. Anaerobic biogasification potential (ABP) and biochemical meth-
ane potential (BMP) are some of the important criteria reported to evaluate biogas/
methane potential of feedstocks (Schievano et al. 2009). BMP assay is an efficient
method and an indication of the degradability of the feedstock; it helps to establish a
baseline data for the performance of anaerobic digestion (Speece 1996). The
combinations of a particular feedstock, microbial inoculum, and other additives
are optimized during BMP assays, based on which a specific microbial inoculum
is used to seed the feedstock to reduce the initial lag phase and fasten the anaerobic
degradation process. BMP is a laboratory-based analysis approach to evaluate the
feedstock potential by following three criteria:

1. Characterization: BMP assay includes different criteria such as pH, COD, and
volatile and total solids (VS and TS); assay values are used to evaluate the
anaerobic digestion process in terms of the obliteration of feedstock material.

2. Total biogas production: Gas production is analysed during the course of the
BMP assays, and biogas could also be scoured of the carbon dioxide and traces
(of other gases) by different chemical processes to mainly check methane content.

3. Biogas analysis: Generally gas chromatography (GC) is used to analyse gas
composition and concentrations (such as CH4, CO2, N2, and H2S).

3.4.1 Factors Affecting BMP

Chemical composition of the feedstock such as carbohydrates, proteins, fats, cellu-
lose, and hemicelluloses could affect the BMP. The biogas production and compo-
sition varies based on different feedstocks, which differs substantially subject to their
origin and constitution (Weiland 2010; Mayer et al. 2014).

Feedstock Constituents BMP depends on the chemicals, fats, and proteins, which
support better methane production than carbohydrates.

Total and Volatile Solids The TS include both organic and inorganic content of the
feedstock. Organic material could be evaluated by the amount of total organic carbon
present in a feedstock (Hamilton 2012). Volatile solid degradation is directly related
to methane production (Moody et al. 2009) and methane yield is affected by volatile
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solids (Mayer et al. 2014). Three reported anaerobic digestion technologies
according to the total solid content of feedstocks are wet, semi-dry, and dry methods
for roughly �10% –�20% TS content. It is reported that during the batch anaerobic
digestion of cardboard or food waste, the biogas production decreases in the
presence of high TS contents (Forster-Carneiro et al. 2008; Guendouz et al. 2012),
whereas the gas yield increases with higher VS (Gao et al. 2012).

Chemical and Biological Oxygen Demand Both COD and biological oxygen
demand (BOD) are used to quantify the organic matter in feedstocks and to predict
its applicability in anaerobic digestion process (De Mes et al. 2003; Angelidaki and
Sanders 2004). BOD is the measure of the oxygen needed by biodegrading microbes.

Carbon/Nitrogen Ratio It represents the association between the amount of carbon
and nitrogen in a feedstock, and 25:1 ratio is reported to be better for optimal process
(Gerardi 2003). Kwietniewska and Tys (2014) reported that 20–35:1 is an optimum
C/N ratio range for anaerobic digestion. Anaerobic digestion of high protein
containing substrate leads to higher ammonia content causing alkaline pH, leading
to methanogens inhibition (Khalid et al. 2011). Wang et al. (2014) reported that
temperature and C/N ratio directly affect anaerobic digestion performance.

Inhibitory Constituents Feedstocks may contain constituents that can inhibit
anaerobic digestion, such as NH3, H2S, and heavy metals, where free NH3 directly
affects the process (Gerardi 2003). Among all the microbes in anaerobic digesters,
methanogens are highly susceptible to NH3 inhibition (Chen et al. 2008).

Agronomic Practices Various endeavours to improve the gas (methane) produc-
tion from agro-based feedstocks are always preferred. However, the content and
yield of such agro-based substrates are greatly affected by environmental and
geographical conditions, land characteristics, type of plants, and overall farming
practices. It was reported that Agrogas has showed better methane yield (367 NL
kg/VS), mainly due to high carbohydrates and low lignin in the substrate.

3.5 Organic Waste: Types, Sources, and Uses

Depending on the feedstock source, biogas generally contains methane (�50%),
CO2 (�50%), and traces of hydrogen, water vapour, CO, N2, and different
compounds of S, H(OSiH2)nOH, (OSiH2)n, halogens, and heavy metals. The ease
of availability for different feedstock for anaerobic digestion is one of the main
selection criteria. Feedstock’s energy production potential differs based on the type,
concentration, and pretreatment of the biodegradable matter. Some of the reported
common sources of organic feedstock are:

• Agro-based feedstock
• Community-based feedstock
• Industrial feedstock
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3.5.1 Agro-Based Feedstock

Animal compost, energy crops, aquatic plants and farming residues are some of the
examples of agro-based feedstocks. Due to the consistency of those substrates and
the absence of H(OSiH2)nOH, (OSiH2)n, thus produced biogas using such substrates
would be a bit easier to treat than that produced using other type of wastes.

Animal Compost Animal compost or manure is increasingly being used in anaer-
obic digestion for biogas production, which is one of the principal organic waste-
based feedstock. Its digestion leads to increase in available nitrogen to plants and in
the soil and can also be used as an efficient soil conditioner. The reported amount of
gas produced by different type of animal manure-based sources is ~0.29–46 ft3/day.
In the United States, ~80% of the available energy is used in the form of power, and
the rest is utilized used for heating purposes. Iran produces~573,600–6,059,600 m3/
y biogas from different manure-based sources.

Methane production potential from diverse manure sources are shown in
Table 3.1. Depending on the housing pig slurry, total solids vary from 2% to 5%
which makes the anaerobic digestion system uneconomic. If the pig slurry is
collected by scraping, it can increase the total solids up to 5–10%, and it can generate
better yields. Similarly, cow dung is usually accumulated and mixed with straw to
increase the TS content. Different reports highlighted that poultry wastes are rich in
organic nitrogen and relatively lower carbon source. The chicken manure contains
high TS contents (~20%) and ammonia nitrogen (~8 g/l), which could inhibit the
digestion process and irritating/smelly discharges during storage.

Generally, the manure is blended with other type of materials during commercial
stages of biogas production. Some reports showed higher methane yield when
chicken or cow manure co-digested with fruits and veggie, grass forage, or straws.
Countries like the Philippines and Taiwan predominantly used pig manure as
feedstock for the bioenergy production. Generally used animal wastes are cow
dung, pig waste, poultry manure, horse dung, camel dung, elephant dung, fishery
waste, and slaughter house wastes.

Table 3.1 Methane production potential of various types of manure with characteristics

Parameters Cow manure Pig manure Chicken manure

Total solids (%) 2–12 3–8 10–30

Volatile solids (%) 75–85 70–80 70–80

Carbon-to-nitrogen ratio (C/N) 6–20 3–10 3–10

Biogas yield (M3 kg/VS) 0.20–0.30 0.25–0.50 0.35–0.60

CH4 content 55–75 70–80 60–80
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Aquatic Plant Feedstocks such as water hyacinth, micro and macro algae, and sea
weeds are suitable for bioenergy production. These feedstocks have easily
hydrolysable sugars, contain lower lignin, and do not compete with land resources
used as compared to arable food crop cultivation. The co-digestion of alga sludge
and waste paper leading to methane production rate up to 1607 � 17 ml/day was
reported. Both water hyacinth and micro algae are mostly used as feed material
because of their higher gas yield.

Farming Residues Farming activities produce plenty of biomass residues as agri-
cultural waste which can be used as feedstock for anaerobic digestion, such as
cotton, maize, and rice residues. However, high lignin content of such residues
can lead to poor biodegradability and minimal biogas production. Pretreated ligno-
cellulosic can improve biodegradability and the biogas production. Several reports
showed sustainable and higher gas yield by using pretreatment, additional nutrients,
and co-digestion of farming residues and other substrates (Chandra et al. 2012; Nges
et al. (2012).

Energy Crops Energy crops such as C-4 plants are good candidate-substrate for
biogas production. Grass is one such substrate, which is easily available throughout
the year and reported to produce high methane content (~70–80%). Corn and Sudan
grass are some of the most popular co-substrates in Germany and Austria. Biogas or
methane production of about 0.655 to 0.72–0.77 m3/kg of VSS from maize silage,
and non-acidified or acidified maize, and ~5–181 Nm3/tonne from sugarcane were
reported during anaerobic digestion. Although energy crops have potential, ligno-
cellulosic content is still an issue; thus pretreatment prior to anaerobic digestion is
needed for better biogas production. When the sorghum was pretreated with sodium
hydroxide, an increased methane production (from 8% to 19%) was reported.

3.5.2 Community-Based Feedstock

Community-based feedstock includes municipal solid waste, organic fraction of
municipality waste, sewage sludge, kitchen waste (Ziana and Rajesh 2015; Apte
et al. 2013; Ogur and Mbatia 2013), garden waste, institutional waste, wholesale
fruit and vegetable market waste, etc.

Municipal Solid Waste (MSW) MSW comes from housing, institutions, and
commercial establishments. If discarded untreated, it is both burden on treatment
plants and a waste of energy and nutrients, and it could rather be used as a substrate
for biogas production. MSW typically contain ~65% of food waste from the kitchen.
Reports suggest that blending kitchen waste and cow manure as a co-substrate at
mesophilic condition could generate ~ 60–69% methane, and ~10 kg of kitchen
waste could produce ~2.292 m3 of biogas (Reddy 2017; Singh and Sankarlal 2015;
Haftu et al. 2018).
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Organic Fraction of Municipality Waste (OFMSW) Based on the source of
organic matter from well-sorted municipal solid waste, biogas (methane) yield of
~300–400 Nm3/tons of VS, and ~80% volatile solids degradation is reported. As
estimated, ~960,000 tons of restaurant food waste in megacities such as Beijing
could generate ~300 million Nm3 CH4 (De Clercq et al. 2016).

Sewage Waste Worldwide sewage sludge is generated in enormous quantities, and
mostly treated by anaerobic digestion process, such as in Europe and the United
States. According to US Environmental Protection Agency (EPA) report in 2007,
>16,000 municipal wastewater treatment facilities (WWTFs) utilized sewage sludge
to generate biogas and could generate ~1 ft3 gas from 100 gallons of wastewater/day.
Municipal WWTFs also represent quite lucrative market for the utilisation of fuel
cells, as roughly only 1/3 of municipal WWTFs use produced biogas for different
applications, leaving a strong possibility of its use for fuel cells. The heat produced
by the fuel cell during the operation is quite suitable to be utilized to heat the
digester, for better microbial growth and performance, and this energy input could
also be converted to useful electricity.

3.5.3 Industrial Feedstock

Industry-based feedstock includes food or beverage processing, dairy, starch indus-
try (such as potato chips manufacturing facility), sugarcane industry, pharma and
cosmetic industry, biological industry, tanneries, etc. Among industrial wastes, pulp
and paper waste sludge as a feedstock offers several advantages, due to its high
organic content, and it also provides economic benefit such as lower transport costs.
The methane yield for different sources of pulp and paper waste sludge was reported
to be ~50–200 m3/VS added. However, some sort of pretreatment would be required
for such feedstock to decrease the necessary retention time for efficient biogas
production.

Generally, slaughter house waste is chemically similar to household sewage. It is
entirely organic, making it the right feedstock for biogas production process.
Depending on the amount of the material and used methods, the reported methane
yield from slaughterhouse ranges between 160 and 500 dm3/kg VS (Castellucci et al.
2013). Tannery industries generate huge amount of stinking wastage, during differ-
ent steps (fleshing, splitting, and liming-reliming), leaving fleshy and shaving
wastage. For biogas production, a mixture was reported containing fleshy tannery
wastage, thioglycollate broth as anaerobic culture media, and water solution of
carbohydrate and protein. Mesophilic digestion process takes 18–24 days to produce
biogas, containing ~14% of methane gas.
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3.6 Biogas Production

To reduce the change in global climate patterns, specifically the production of
increased level of atmospheric carbon dioxide by the utilization of fossil fuels is a
difficult task for the society. The replacement of fossil fuels with one of the
renewable sources such as biogas is an important step to reduce the greenhouse
gas emission thus preventing the climate change. Aerobic digestion could also
effectively degrade the organic material. However, an aerobic process produces
huge amounts of sludge along with fully treated wastewater, rather than converting
feedstock entirely to methane. Different types of advantages and disadvantages of
both processes are listed in Table 3.2.

3.6.1 Anaerobic Digestion

Anaerobic digestion is an indigenous process for natural anaerobic ecosystem. It is a
microbiological process by the consortia of microbes which are partly syntrophic
and decompose the organic material, specifically in the absence of oxygen. As
previously mentioned, it is the naturally occurring process in the sediments at the
bottom of lakes and ponds, in bogs, in neighbourhoods of wet sites like swamps and
slurry pits, and in the intestines of ruminant animals such as cows. The anaerobic
digestion is a more efficient and environmentally promising technology for biogas
production. The different stages of decomposition process are interlinked to each
other, as mentioned below and as shown in Fig. 3.1:

1. Disintegration and hydrolysis
2. Acidogenesis
3. Acetogenesis
4. Methanogenesis

3.6.1.1 Disintegration and Hydrolysis
Disintegration involves lysis, non-enzymatic degeneration, phase separation, and
breakdown of biomass into polymers (Batstone et al. 2002). In hydrolysis, water
reacts with long-chain insoluble organic polymers to form soluble short-chain
polymers (Fig. 3.2). The hydrolytic bacteria involved in hydrolysis excretes

Table 3.2 Advantages and disadvantages of anaerobic and aerobic digestion processes

Anaerobic digestion No aeration required Can generate energy from biogas

Required low energy Low surplus sludge

Aerobic digestion Required aeration Completely treated water

High energy cost High surplus sludge
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hydrolytic enzymes (exoenzymes of obligatory and facultative anaerobic bacteria) to
convert the insoluble biopolymers into soluble smaller compounds (Gerardi et al.
2003). The organic waste produced by this process is further degraded into soluble
form which is utilized by the microorganisms for their own metabolic process.

The carbohydrates are hydrolysed within few hours, proteins and lipids after few
days. But the lignocelluloses and lignins are hydrolysed very slowly and incompletely
(Deublein and Steinhauser 2008). Different types of enzymes are responsible for the
breakdown of various substrates, and the breakdown products are listed in Table 3.3.

3.6.1.1.1 Hydrolysis of Polysaccharides
Polysaccharides are compounds comprised of long-chain monosaccharides
connected by glycosidic bonds. Common polysaccharides are cellulose,
hemicelluloses, starch, glycogen, and pectin. Polysaccharides are classified into:

1. Linear-chain polysaccharides (cellulose, starch)
2. Branched-chain polysaccharides (hemicellulose, starch, glycogen, pectin) (Peter

2009)

Cellulose is hydrolysed into cellobiose and glucose by the enzyme cellulases.
Starch and glycogen get converted into glucose units. Other sugars are also formed
by the conversion of hemicelluloses and pectin. In the case of recalcitrant structure,
like cellulose, the degradation takes too long. To improve the hydrolysis, the
pretreatment is needed to convert the raw material into the form that is more
susceptible to microbes and the enzymatic attack.

3.6.1.1.2 Hydrolysis of Proteins
Proteins are polymers of amino acids linked together by peptide bonds. In hydroly-
sis, these bonds are degraded by proteases, producing building blocks – amino acids.
Some proteins present in cell membranes like glycoproteins (contains carbohydrates)
are harder to hydrolyse, which needs pretreatment before digestion (Salminen et al.
2003).

Fig. 3.1 The different stages of decomposition process during biogas production

Fig. 3.2 The enzymatic
hydrolysis of organic
polymers
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3.6.1.1.3 Hydrolysis of Lipids
Lipids, commonly present in the form of triglycerides and in digestion process, is
taken as fat, oils, and greases (FOG). The lipids are degraded by the enzyme lipases
(Alves et al. 2009).

3.6.1.2 Acidogenesis or Fermentation
This is the second stage of AD process, where the products of the hydrolysis stage
are used as a substrate by acidogenic bacteria. The substrates such as soluble
monomers are converted to short-chain organic acids (volatile fatty acids – acetic,
butyric, lactic, propionic, and succinic acid). The other products from hydrolysis are
converted to alcohols, ammonia, hydrogen, and carbon dioxide. The formation of
compound depends on the organism present, substrate and environmental conditions
(Bischofsberger et al. 2005).

3.6.1.3 Acetogenesis
The products produced in the acidogenesis are used as substrates for the acetogenic
microorganisms, which are active acetogenes. So the volatile fatty acids (VFA) and
alcohols are oxidized into methanogenic substrates like acetate, hydrogen, and
carbon dioxide. This intermediary translation is crucial for successful biogas pro-
duction (Bischofsberger et al. 2005).

3.6.1.4 Methanogenesis
The final step in the AD process is methanogenesis. This is critical and also the
slowest step in whole process. The methanogenic bacteria utilize the products of
previous steps as substrate. Two different microbes produce methane by two well-
balanced processes. In the first process, the acetic acid produces methane and carbon
dioxide by acetoclastic microorganisms. In the second process, hydrogen is reduced
to form carbon dioxide and methane by hydrogenophilic methanogens, and based on
thermodynamics, scientists identified a new reaction (Fig. 3.3).

3.7 Biogas Plant

“Biogas plant” is a physical structure which is designed to perform the anaerobic
digestion process. The principal part of the biogas plant is a digester (Fig. 3.4). The
digester is an airtight tank where the bacteria break down the organic waste material
in an anaerobic digestion process (Samah 2016) (Fig. 3.5). During the last century,
different types of digesters were reported. Based on the nature of feeding material
(organic waste), the biogas plant can be divided into several types as mentioned
below.
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3.7.1 Classification of Anaerobic Digestion Technologies

3.7.1.1 Total Solid Content (Wet/Dry)
Based on the total solid content of the feed, the digester designs are classified into
wet and dry systems. TS content of wet reactors is 16%, and the TS content of dry
reactors ranges between 22% and 40%. Dry reactors are more advantageous than wet
reactors since it requires a smaller reactor volume and minimal energy. Because of
the dry nature, the digestate can be easily used as a fertilizer after digestion.

Fig. 3.3 Overall chemical
process of three different
stages of biogas production

Fig. 3.4 Conventional design of a biogas plant. (Modified from Bhardwaj and Das 2017)
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3.7.1.2 Feeding Mode
Based on the feeding type, the digesters are classified into:

1. Batch flow digester
2. Continuous flow digester

3.7.1.2.1 Batch Flow Digester
The organic materials are filled at once, maintained closed for a specific period, and
then unfed after a provided retention time (Khalid et al. 2011). The retention time
varies from 50 to 60 days. Batch flow digester is designed to digest dry organic
vegetable waste (Florentino 2003). The vegetable wastes (dry solid organic wastes)
have higher C/N ratio than the dung, so this type of plants needs some addition of
fermented slurry like organic nitrogen producers to begin the digestion process
(Fig. 3.6).

Advantages of Batch Flow Digester
1. Sporadic raw material or limited wastes.
2. Depending on the waste material and operating temperature, this digester slowly

starts the biogas production and also increases the production with time and after
the 4–8 weeks which can end up slowly. So this is one of the best digesters to
always produce the biogas (Florentino 2003).

3. It doesn’t require that much of daily attention.

Fig. 3.5 Schematics of an anaerobic digestion process based on the nature of feeding material
(organic waste)
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Disadvantages of Batch Flow Digester
1. The irregular retention time leads to the intermittent gas production. So bigger

gasholders or the simultaneous/parallel digesters are required for continuous gas
production.

2. The addition of fermented slurry is a somewhat expensive process.
3. The battery of the digesters is sometimes emptied and recharged. So it is

expensive and labour intensive (Khan 2009).
4. Non-economical for rural areas.

3.7.1.2.2 Continuous Flow Digester
Continuous flow digesters require daily loading of biomass. Inside the digester, the
biomass digested by the hydraulic heat difference, between the substrate and

Fig. 3.6 Schematics and workflow of a batch flow digester. (Modified from Prakash et al. 2015)
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digestate. So the digester completely digests the raw material and the digested slurry
is collected for further uses. The time required when the biomass stayed inside the
digester is known as retention time.

The retention time depends on raw material and the temperature. This type of
digester can be stopped in case of sludge removal (undigested biomass residue);
otherwise it is operated continuously. The continuous flow digesters are also divided
into two basic models (Khan 2009).

• Vertical mixing – contains vertical chambers where the raw materials are added.
The digested slurry overflows at the top of the chamber (Fig. 3.7).

• Displacement – contains long-cylinder chambers which are parallel to the ground
(Fig. 3.8). The digested slurry can be displaced towards the end, where the
maximum fermentation carries on.

Advantages of Continuous Flow Digester
1. The most important advantage of this type of system is the constant and automatic

adjustment of the speed to guarantee the complete digestion of organic waste.
2. It has great investment potential.
3. Most convenient for rural households.
4. Constant gas production.

Disadvantages of Continuous Flow Digester
1. Raw materials need to be diluted.

Fig. 3.7 Schematics and work flow for vertical mixing in a continuous flow digester. (Modified
from Al-Sadi 2010; Fry 1974; Patel 1951)

3 Biogas: An Effective and Common Energy Tool – Part I 81



3.7.1.3 Floating Drum Digester
The floating drum plant was first developed in India. It is generally known as “Gobar
Gas Plant”. It was developed by Jashu Bhai J. Patel in 1956 (Singh et al. 1987). It
contains a brick-lined pit which is partly underground and the mild steel floating
drum (also acting as a gas holder) which is above the ground, coated with paints to
avoid erosion (Fig. 3.9). The popular floating drum design is Khadi and Village
Industries Commission (KVIA), India (Dana 2009). Nowadays, the steel drum is
replaced by fibreglass-reinforced plastic or galvanized sheet metal (Nzila et al.
2012). The drum is the most expensive part in the plant covered by concrete work
(burnt clay brick and cement) with the partition wall that provides an optimum
growth condition to anaerobic microbes. The central guide frame is used to hold the
gasholder and also guides it to move in a vertical position during gas production
(Khan 2009).

Operating Procedure

1. The digester is feed with organic waste through inlet pipe.
2. The produced gas collected through a valve which is presented in the top of the

gasholder.
3. The production of gas increases the drum starts to rise and the stored gas is

collected; the drum sinks.
4. The rotation of the drum helps to break the scum.
5. After completion of digestion, the slurry is further collected.
6. In case of any maintenance, the digester may be emptied by another outlet at the

bottom of the digester (Kossmann et al. 1999).

Advantages of Floating Drum Digester
1. The operation procedure is quite easy.
2. The drum weight assists the plant to discharge the gas at constant pressure.

Fig. 3.8 Schematics and work flow for displacement in a continuous flow digester. (Modified from
Al-Sadi 2010; Fry 1974; Patel 1951)
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3. The drum level indicates of gas volume. So the volume of stored gas is easily
visualized.

4. No gas leakage.
5. The well-maintained metal gas holder has a lifespan of 3–12 years depending on

the humidity.

Disadvantages of Floating Drum Digester
1. Highly expensive.
2. Heat loss through metal gasholder.
3. Regular painting of gasholder.
4. UV rays can damage the main gas pipe, so regular maintenance is important.
5. Sometimes the steel drum can get stuck (Sasse 1988; Kossmann et al. 1999).

3.7.1.4 Fixed-Dome Digesters
The archetype of fixed-dome digester was first experimented in China. The plant
contained a closed-dome shape digester with a fixed fermentation chamber and
gasholder, a feedstock inlet, and a compensation tank. To reduce the cost of plant
construction, researchers have developed a fixed-dome digester (Fig. 3.10). Instead
of high-value drum, the dome acts as a gasholder. So the fixed-dome digesters are
otherwise called as drum less digesters. Generally, the complete plant is constructed
beneath the ground to maintain the absolute environment for anaerobic fermentation

Fig. 3.9 Schematics and work flow of a floating drum type digester (or Gobar gas plant). (Modified
from Florentino 2003; Samer 2012; Sasse 1988; Vögeli et al. 2014)
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to take place. Moreover, the cracking of the dome is also avoided by the temperature
and moisture change (Singh et al. 1987).

Operating Procedure

1. Feed the organic wastes like manure, dung, human excreta, etc.
2. The methanogenic bacteria decompose the raw material.
3. Biogas and the digestate are produced.
4. Gas is stored in the dome, and the slurry is displaced into the compensation tank.
5. When the gas is utilized, the pressure decreases and the proportional quantity of

the slurry pushed back into the digester. So the pressure of gas varies depending
on the gas production and the usage (Kudaravelli 2013; Stalin 2007).

Advantages of Fixed-Dome Digester
1. Inexpensive.
2. Longer lifespan if well constructed (20 years or more).
3. Less susceptible to corrosions.
4. Sub-surface assembly saves space and reduces variation in temperature (Werner

et al. 1989).
5. Creates local employment.

Disadvantages of Fixed-Dome Digester
1. To construct such gas-tight structure and bedrock, it requires capital and exper-

tise/technical skills.

Fig. 3.10 Schematics and workflow of fixed- dome digester. (Modified from Florentino 2003;
Samer 2012; Sasse 1988; Vögeli et al. 2014)
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2. The special sealant is required to plaster the gasholder and to prevent damage to
the structure.

3. The fluctuated gas pressure complicates the gas utilization.
4. The construction should be with excellent structural strength (Sharma and

Giuseppe 1991).
5. Repair and maintenance of such underground plant is bit difficult.

3.7.1.5 Balloon Plants
The balloon digester was developed in Taiwan at 1960, which is mainly discovered
to solve the difficulties created with concrete and metal digesters (Karki 2005). The
balloon plant contains a long-cylinder weather-resistant PVC or red mud plastic or
rubber bag (balloon) that functions both as a digester and also as a gasholder
(Fig. 3.11). Wherever the skin of the balloon is not damaged and also has an even
and high temperature, the balloon plants are recommended. The inlet (lower part)
and outlet (upper part) are connected to the balloon. This is a type of plug flow
reactor.

Operating Procedure
The digestion of biomass is occurred within the bag.

• The plant is fed with inlet pipe and it is placed in a slightly deep trench to avoid
damage.

• The bag inflates, if the gas produced.
• The gas is removed through the outlet pipe in the top.
• To maintain the inside pressure, small bags of sand are placed on the edge of the

plastic.
• Gas pressure increased if placed any weight on the top of the balloon (Vögeli et al.

2014).

Advantages of Bag Digester/Balloon Plants
1. Inexpensive.
2. Easy for transportation.
3. Simple technology.
4. Easy to clean.

Fig. 3.11 Schematics and workflow of balloon- type digester. (Modified from Sasse 1988; Vögeli
et al. 2014)
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5. Easy to empty and maintain.
6. Difficult materials, like water hyacinths, can also be digested in this type of plant.
7. High temperature even in warm climates.

Disadvantages of Bag Digester/Balloon Plants
1. Plastic balloons are easily damaged and susceptible to physical and mechanical

damage leading to shorter lifespan (2–5 years).
2. Difficult to repair.
3. High-grade plastic material is required to construct plant.
4. Insulation is quite difficult.
5. No local employment.
6. No scum removal technology.

3.7.1.6 Plug Flow Digester
The first report for plug flow digester was reported from South Africa in 1957 (Fry
1974). The design of the plug flow digester is very similar to bag digester. It contains
a concrete-lined trough, which is five times longer than its width and also insulated
with flexible gasholder (steel or fibreglass), reinforced concrete, or galvanized iron
sheet (Singh et al. 1987).

1. The digester is feed with manure at a constant rate.
2. The feed moves along the digester as a plug.
3. Gas outlet is presented on the top of the digester connected with gas collector.

Advantages of Plug Flow Digester
1. Simple to understand
2. Economically good and easy to operate

Disadvantages of Plug Flow Digester
1. Because of plug flow type, sometimes the parts of the waste material travel faster

than others.
2. Limited in applications with substances which floats or settles on the digester.
3. Difficult to clean if particles are settled or float.

Operating Temperature
Based on the temperature, the AD systems are divided into two types such as
mesophilic and thermophilic systems. The psychrophilic system is not suitable for
AD process (Vögeli et al. 2014).

Stages
The single and multistage systems are available in AD process. Multistage system is
comparatively advantageous than single stage, since it does not require the optimal
environmental conditions for both. In single-stage processes, all three stages of
anaerobic process occur in single digester (Tucker 2008), whereas in multistage
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processes, more than one digesters separate different stages (Lozano et al. 2009;
Klocke et al. 2008).

3.8 Microbiology of Anaerobic Digestion

Microbiology of anaerobic digestion is a process which involves decomposition of
several types of complex organic wastes, through consortia of metabolically active
microorganisms such as hydrolysing, acidifying, acetogenic, and methanogenic, into
fuel and manure (Demirel and Scherer 2008; Nealson 1997) (Table 3.4). These
microbes’ works as consortia are mutually beneficial, and slight disruption of this
cooperation leads to reduced efficiency and also the breakdown of the process
(Wijekoon et al. 2011).

The metabolic activities of microbes involved in anaerobic process rely on the
chemical constitution of the biomass, ecological factors, and the working conditions
of the digesters (Cha et al. 2001). The microbes involved in this digestion can be
grouped into:

A. Acidogens
B. Acetogens
C. Methanogens

3.8.1 Acidogens

The bacterial species involved in hydrolysis are also active in acidogenesis. So both
the hydrolytic and acidogenic bacteria are collectively known as fermentative
bacteria. They can be either facultative or strict anaerobes. Most common genera
of bacteria in hydrolysis are Bacteroides, Lactobacillus, Propionibacterium,
Sphingomonas, Sporobacterium, and Megasphaera. The Streptococcus and the
family of Enterobacteriaceae or enteric bacteria are also responsible for the hydro-
lysis. In acidogenic process, anaerobic facultative and the obligatory microbes are
Clostridium spp., Peptococcus anaerobius, Bifidobacterium spp., Desulfovibrio
spp., Corynebacterium spp., Lactobacillus spp., Staphylococcus spp., Micrococcus
or Flavobacterium, and E. coli (Sharma 2008; Metcalf 2004). The commonly
involved acidogens are Bacillus cereus, B. megaterium, C. carnofeetidium, Pseudo-
monas formacans, etc. (Karki 2005). Other organisms like Caldicellulosiruptor

Table 3.4 Role of different type of bacteria in the biogas production process

Bacteria Electron acceptor Electron donor Final product Reaction

Fermentative Organic carbon Organic carbon CO2 Fermentation

Syntropic Organic carbon Organic carbon H2 Acetogenesis

Acetogenic Organic carbon/H2 CO2 CH3COOH Acetogenesis

Methanogenic Organic carbon/H2 CO2 CH4 Methanogenesis
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saccharolyticus, Thermotoga maritima, C. thermocellum, Anaerocellum
thermophilum, E. coli, C. kluyveri, and Ruminococcus albus (Blumer et al. 2008;
Wirth et al. 2012) are also involved. The most common cellulose fermenter in nature
is Clostridium. The other cellulose-degrading bacteria involved in fermentation
process are Aminobacterium, Psychrobacter, Anaerococcus, Bacteroides,
Acetivibrio, Butyrivibrio, Halocella, Spirochaeta, Caldicellulosiruptor, and
Cellulomonas (Burrell et al. 2004; Li et al. 2013).

3.8.2 Acetogens

Acetogenic bacteria (acetate and hydrogen producing bacteria) – acetogens such as
Syntrophobacter wolinii, Syntrophomonas wolfei, Syntrobacter wolinii, and
Smithella sp. – are involved in alcohol and short-chain fatty acid metabolism
(Vavilin et al. 2008). Some of the amino acids and aromatic compounds produce
by methanogens are also utilized as substrate by this group of bacteria (McInerney
et al. 2008), (Fig. 3.12).

Syntrophic acetogens converts intermediary metabolites to acetate and other
substrates with syntrophic partner (hydrogenotrophs), which oxidize acetate to
methane (Hori et al. 2011). The syntrophic acetogens are both mesophilic and
thermophilic in nature (Table 3.5). The Acetobacterium woodii, Clostridium
aceticum, Methanobacterium suboxydans, and Methanobacterium propionicum are
also responsible for acetogenesis process (Weiland 2010).

3.8.3 Methanogens (Archaea)

Methanogens are unique in nature and also strict anaerobes. The presence of oxygen
is lethal for their activities. Methanogens are known by several names and found in
anaerobic habitats including freshwater and marine water sediments, sewage
digesters, waterlogged soils, the intestine of animals, wood-eating insects, etc.

Fig. 3.12 Alcohol, aromatics, and short- chain fatty acid (produced by methanogens) metabolism
by acetogens
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(Zhu et al. 2004; Attwood et al. 2007; Ver Eecke et al. 2012; Brune, 2010).
Morphologically they have several shapes such as cocci, bacilli, spirilla, and sarcina.
Different types of carbon substrates utilized by methanogenic bacteria and their end
products are listed in Table 3.6.

Methanogens Are Classified into Six Orders Macario (2008)
1. Methanobacteriales
2. Methanococcales
3. Methanomicrobiales
4. Methanosarcinales (acetoclastic having two families Methanosarcinaceae and

Methanosaetaceae)
5. Methanocellales
6. Methanopyrales

The methanogens are the oldest bacteria and belong to the domain Archaea (ancient).
These have slower metabolism and growth rate, responsible for rate limiting process
in anaerobic degradation. Methanogens are important for the breakdown of substrate
into gaseous form. They play important part in breakdown of substrate into gas form.
In the absence of exogenic electron acceptors, they convert acetate and hydrogen to
gaseous products. Based on the substrates, methanogens are divided into
hydrogenotrophic and acetotrophic methanogens. Substrate for hydrogenotrophic
methanogens are hydrogen and carbon dioxide and the substrate for acetotrophic
methanogens is acetate. Some other substrates like methyl amine, alcohols, and
formates can also be degraded (Table 3.7).

Table 3.5 Temperature optima for syntrophic acetogens

Acetate oxidizing bacteria
Optimum
temperature

Hydrogenotrophic
methanogens References

Thermacetogeniumphaeum Thermophilic
(55–58 �C)

Methanothermobacter
thermoautotrophicus TM

Hattori et al.
(2005)

Thermotogalettingae Thermophilic
(65 �C)

Methanothermobacter
thermoautotrophicus or
Thermodesulfovibrio
yellowstonii

Balk et al.
(2002)

Syntrophaceticusschinkii Mesophilic
(25–40 �C)

Methanoculleus sp. strain
MAB1

Westerholm
et al. (2010)

Table 3.6 Different types of carbon substrates oxidized by methanogenic bacteria

Genus Substrate used End products

Methanobacterium Formate CH4 + HCO3

Methanobacillus Formate CH4 + HCO3

Methanococcus Formate CH4 + HCO3

Methanosarcina Acetate, methanol CH4 + HCO3
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3.9 Factors Affecting Biogas Production Operational
Parameters of Biogas Production

Anaerobic digestion is a convenient technology to generate energy from wastes. For
the successful process, number of factors needs to be optimized. Every bacterium
has different living environment. The acidogenic bacteria requires different environ-
ment than methanogenic archaea. In the case of mixed culture, the need of the
methanogenic bacteria should be considered with priority because of its nature (strict
anaerobes, longer RT, and slow growth). To avoid the imbalance of AD, the
two-stage process has developed. Here, each group of microorganisms have the
optimum environmental condition (Table 3.8).

Factors Which Affect the Production of Biogas Are Follows
1. pH
2. Temperature
3. Organic loading rate
4. Hydraulic retention time
5. Ratio of carbon to nitrogen (C/N)
6. Toxicants
7. Mixing/agitation

Table 3.7 The methanogenesis reaction

Acetate CH3COOH ! CH4 + CO2

Carbon monoxide 4CO + 2H20 ! CH4 + 3H2CO3

Dimethylamine 2(CH3)2NH + 2H2O ! 3CH4 + CO2 + 2NH3

Formate 4HCOOH ! CH4 + CO2 + 2H2O

Hydrogen 4H2 + CO2 ! CH4 + 2H2O

Methanol 4CH3OH ! 3CH4 + CO2 + 2H2O

Methylamine 4(CH3)NH2 + 2H2O ! 3CH4 + CO2 + 4NH3

Methyl mercaptans 2(CH3)2S + 3H2O ! 3CH4 + CO2 + H2S

Metals 4Me� + 8H+ + CO2 ! 4Me++ + CH4 + 2H20

Trimethylamine 4(CH3)NH + 6H2O ! 9CH4 + 3CO2 + 4NH3

Modified from Demirel and Scherer (2008)

Table 3.8 Different steps and important parameters to carry out a successful anaerobic digestion
process

pH
Redox
potential Temperature

C/N
ratio

C/N/P/S
ratio

Trace
elements

Hydrolysis/
acidogenesis

5.2–6.3 +400 to
�300 mV

25–35 �C 10–45 500:15:5:3 –

Acetogenesis/
methanogenesis

6.7–7.5 <
�250 mV

Mesophilic
30–40 �C

20–30 600:15:5:3 Ni, Co,
Mo, Se

Thermophilic
50–60 �C
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3.9.1 pH

The optimum pH for AD process is 6.5–7.5 (Mata 2003; Khalid et al. 2011). During
the process, the hydrolysis and acidogenesis take place at lower pH (~5.5–6.5) as
compared to methanogenesis (~6.5–8.2). Generally, in every digester there are two
buffering systems which ensure the optimum pH range: carbon dioxide–hydrogen
carbonate and the ammonia–ammonium. Alternatively, lime, sodium carbonate,
soda ash, and sodium hydroxide are also used for pH adjustments. In the case of
immediate response, the sodium salts are used (Igoni et al. 2007). Addition of alkali
making the enlargement of particulate organics leads to more susceptible enzymatic
attack on the cellular substances.

3.9.2 Temperature

Digester temperature is a vital factor which influences the speed and total amount of
biogas produced (Samah 2016). Normally, three widely used temperature ranges are
psychrophilic (<20 �C), mesophilic (15–45 �C), and thermophilic (40–65 �C).
Microbes are somewhat susceptible to alteration in temperature. The mesophilic
are the most common bacteria used in AD process with varying temperature up to
3 �C (Chen et al. 2014); thermophilic consume additional power due to its increased
temperature requirement (Chen et al. 2008). The psychrophilic are the slowest than
others. The biogas production is lower in mesophilic digestion when compared to the
thermophilic digestion.

3.9.3 Organic Loading Rate

The determination of biological transformation in the digestion process is known as
organic loading rate (OLR). In other words, volume of substrate is introduced per
digester volume in a given time. This is another controlling parameter of AD system,
as overloading leads to increased volatile fatty acid concentration can result in
bacterial degradation and system failure. This is the index parameter to declare the
stress enforced on the microbes which also affects the total biogas production, COD
stabilization, and alkalinity. The correct OLR is determined by the content of
biomass and its biodegradability, where higher TS leads to higher OLR. In
industrialized countries, OLRs are in the range of 4–8 kg VS/m3 reactor per day
for biowaste treatment. OLR is important for continuously stirred digesters. In
non-stirred AD systems, the recommended OLR is below 2 kg VS/m3 reactor
(Vandevivere et al. 2003).
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3.9.4 Retention Time

Hydraulic retention time is the time which depicts the number of days the liquid
fraction stayed in the digester before they pushed through the outlet. The HRT is
determined by the ratio of active slurry amount to biomass input flow rate.

HighHRT--------------------more biodegradation:

3.9.5 Solid Retention Time

This is the number of days solids remain in the digester. Solids are retained due to
sedimentation in the case of unstirred digesters.

HighSRT-------------------decreaseHRT:

So the manual removal of solids is important for desired HRT and gas production
(Verma 2002).

3.9.6 Carbon-to-Nitrogen Ratio

The C/N ratio is the measure of relative amount of carbon and nitrogen in organic
materials. It is important to estimate the nutrient (C) insufficiency and process
inhibition by ammonia by adding extra “C” source. The reported optimum C/N is
16:25.

HighC=N-------lower gasproduction quick consumption of nitrogenbymethanogensð Þ:
LowC=N--------increasedpH lethal tomethanogensð Þ:

3.9.6.1 Sample Raw Materials C/N Ratio
To maintain the desirable level of C/N ratio, different materials with high C/N ratio
are mixed with those with low ratio, such as municipal waste, biosolids, animal
manure, etc. (Karki et al. 1994). The C/N ratio of different types of frequently
available raw materials is shown in Table 3.9.

3.9.7 Stirring

Stirring is the process which increases the biogas production. Mixing combines the
fresh feed with digestate and the microbes. So the stirring increases the fermentation.
Mixing should be done in such a manner that air (oxygen) doesn’t enter the digester.
Violent or mechanical agitation stops the digestion. Stirring is advantageous in some
types of digesters. If not agitated properly, scum will be formed negatively affecting
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the release of biogas. To avoid such problem, continuous feeding is advisable, since
the fresh feed will disrupt the scum and will also provide continuous mixing.
According to the type of digester and TS content, the performance of the stirring
equipment varies. The most promising AD technologies in developing countries
contain no stirring equipment. Recirculation of removed digestate into the inlet of
the digester achieves a passive mixing process, which tends to flush the inlet pipe
and helps blending of new feed with digestate rich in microbes (Deublein and
Steinhauser 2008).

3.9.8 Toxicants

Antibiotics and the disinfection agents are also the important factors affecting the
production process. These are used in cattle to treat the sick animals and also to keep
the farm and the milk parlours clean. Low concentration doesn’t have any negative
impact. Continuous feeding leads to inhibition. Other substances like heavy metals,
salts, oxygen, hydrogen, sulphide, organic acids, free ammonia, tannins, herbicides,
insecticides, and micronutrients are also inhibiting the biogas production process
(Table 3.10). Ammonia nitrogen is the most common inhibiting agent of AD
process. In optimum pH condition, the total inorganic nitrogen share is in the form
of ammonium, but at higher pH and temperature, ammonia concentration increases
(Chen et al. 2008). The increased ammonia diffuses the cell membrane and disrupts
the proton and potassium balance leading to cell function damage. So, the interme-
diate digestion products are accumulated which results in acidification process, and
the biogas production could be ceased (Kayhanian 1999). Low concentrations of
heavy metals, minerals, ions, and detergents are important for bacterial growth but in
higher rate inhibit the bacterial growth.

Table 3.9 The C/N ratio
of different types of raw
materials

Sample raw materials C/N ratio

Bird excreta 8–10

Human excreta 8

Animal dung 12–43

Water hyacinth 25

Agricultural waste 60–90

Table 3.10 The inhibitory and toxic concentration of heavy metals

Metal Inhibition start (mg/l) Toxicity to adopted microorganism (mg/l)

Cr3+ 130 260

Cr6+ 110 420

Cu 40 170

Ni 10 30

Cd 70 600

Pb 340 340

Zn 400 600
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3.10 Biogas Applications in Day-to-Day Life and Industries

Biogas can be used for various domestic and industrial purposes (Fig. 3.13), while
major household applications are in cooking (using specially designed burners) or
accordingly customized devices, and water and room heaters and for electricity
production.

3.10.1 Domestic Applications

3.10.1.1 Biogas Stove
Biogas can be used in similar ways as natural gas in gas stoves. It is a colourless,
odourless blue burning gas that can be obtained from various feedstocks with heating
value of 2 MJ/m3 and can be used for domestic purposes like cooking, heating, and
illumination. Pipeline is used to transport biogas from plant to the cooking place
(Sasse 1988). It is a clean fuel and produces fewer pollutants during cooking as
compared to other unrefined raw fuel sources. Commonly used stoves and ovens in
the kitchen can be adapted for the use with biogas by modification in burners for
proper biogas combustion and efficient use of energy. The factors that influence the
use of biogas as a combustible gas are the ratio of gas/air mixing, gas pressure, flame
speed, and ignition temperature. When compared to LPG, biogas needs less air/m3

for combustion (almost 5–6 times less air/l of biogas, as compared to butane or
propane) (Sasse et al. 1991). Although it is a renewable and carbon-negative clean
fuel, it requires high initial capital for construction and set-up of the digester,
accessories, and increase workload of the end user, physical burden to feed the
substrate and water to the digester.

Different types of stoves with gas consumption of 0.22–0.44 m3 per hour are
commonly used (Surendra et al. 2014). Those stoves are primarily manufactured to
work with at least 75% air, and if biogas/air mixture is not proper or too little air is

Fig. 3.13 Various applications of biogas in day-to-day life
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available, the burning efficiency will be drastically reduced and considerable amount
of the unused gas will be wasted. Biogas stoves with cyclone burner are more
efficient than the usual burner of biogas stove. The biggest power generated is
equal to 1.52488 kW for cyclone burner. The highest efficiency is equal to
58.42% for cyclone-shaped burner (Syamsuri and Yustia 2015). Thermal proficiency
for the biogas stoves ranges between 50% and 60% (Clean Energy Solutions
Vienna). Different reports showed calorific value (CV) of biogas in the range of
19–22 (Table 3.11).

By using biogas as fuel for cooking, we can prevent faecal-borne and parasitic
diseases and reduction in household air pollution due to openly defecated dung.
Biogas as a fuel substitution for firewood in the rural areas of the developing
countries could reduce fuel collection time, smoke, and uncontrollable fire. Biogas
slurry from plant is a more potent fertilizer, which can be used in gardening and
farming practices (Bond and Templeton 2011; Brown 2006; Chen et al. 2010; De
Alwis 2002; Jian 2009; Ovueni 2014; Van and Weber 1994).

3.10.1.2 Biogas Light
Biogas can be used for illuminating the house in the developing countries where
electricity is not available or is still irregular. Biogas lighting system uses a special
type of gauze mantle lamps consuming 0.07–0.14 m3 of gas/h. Biogas lamps can
work with a proficiency rate of 3–5% (Everson and Smith 2016). Several commer-
cially single- or double-mantle biogas lamps are available in the market, which could
be used for both indoors and outdoors. Biogas lamp mantle can produce clear and
bright light equivalent to 40–100 candle powers. In china different types of biogas
lamp are in use, being economical and having ease of operation. Clay lamp is also
used by Chinese farmers which do not need many skills to manufacture. Porous
burners (PB) are reported to be the hi-tech alternatives which could consistently
supply illumination and warmth, with much lower greenhouse gases. Takeno and
Sato (1979) conceptualized the idea by using a porous component to maintain the
flame with lower fuel consumption rates. Such porous components have some
advantages such as light weight and higher efficiency.

3.10.1.2.1 Biogas as a Renewable Energy for both Public and Industrial Use
Electricity generation by biogas is one of the main applications. In addition to power,
many applications require heat, like hospitals, schools, office, industries with heat-
intensive manufacturing units, shopping centres, etc. They generate heat from the
public grid. Current biogas plants are equipped with cogeneration unit CHP (com-
bined heat and power) in which it can be simultaneously used for both heat and

Table 3.11 Reported
calorific value (CV) of
biogas

S.I # CV Source and year

1 19 Fulford (1988)

2 22 Itodo (2007)

3 20 Pathak et al. (2009)

4 21 Surendra et al. (2014)
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electricity generation. CHP enhances gas engine fuel economy; overall efficiency of
75–80% and efficiencies up to 90% are achievable (Table 3.12). The longer the
annual operating hours, the greater will be the potential for profitable-P.

Cogenerated power and heat can be used for internal demands, and the excesses
can be fed into the public grid, while the thermal energy can be utilized for heating
purposes or deployed as process heat. By preheating the substrate, it creates an ideal
condition for the microorganisms processing the organic matter.

The largest heating demands (over 90%) in the digester operation are heating the
substrate (Zupancic and Roš 2003). CHP can deliver the heat demands for the
common digester temperature range from 38 to 44 �C for typical mesophilic
digestion, but for thermophilic digestion, it requires additional heating. Different
technologies are used to heat the digester by heating pipes along the fermenter walls,
by pumping the digestate through a heat exchanger, or by heat exchange between
substrate outflow to substrate inflow (Fig. 3.14). Fifteen percent of the heat produced
by the CHP unit is used to heat the digester, and on an average the consumption of
heat energy for the system is between 70 and 120 kWh for the different months of the
year.

CHP system can be used as cooling energy, like air conditioning in an office
building by using absorption or an adsorption chiller. This plays an important role in
building temperature control (office and data centres) and process cooling in indus-
trial manufacturing unit. The cogeneration of heat and power from organic waste, a
regenerative resource, is a carbon-neutral means of energy production. CHP systems
accrue heat during the combustion process via heat exchangers. Using heat by this
process reduces energy usage up to 40% compared to conventional power systems
(Pfeifer and Obernberger 2007). The CHP process includes internal combustion
engines, combustion gas turbines, micro turbines, fuel cells, steam turbines, and
Stirling engine.

3.10.1.3 Internal Combustion Engines
The internal combustion engines could be easily operated as it can operate using
both liquid and gaseous fuels for the generation of heat and energy. Internal
combustion diesel engines could be modified to use biogas as a fuel: by dual-fuel
operation with ignition by pilot fuel injection and/or biogas alone with spark
ignition. In dual-fuel engine, the normal fuel injection system still supplies a certain
amount of diesel (between 10% and 20% of the original amount needed). A
compressed mixture of air and biogas together with the diesel fuel is sprayed in
for ignition. When biogas is not available or has less supply, operation on diesel fuel
alone or substituting a corresponding part with diesel for continuous operation is

Table 3.12 Comparison of total resource efficiency between a power plant and boiler vs CHP
system

Separate production of
electricity and heat

Fuel (100) ! Power plant ! Electricity
(36)

Total efficiency
(η) ¼ 0.58

Fuel (100) ! Boiler ! Heat (80)

Cogeneration of heat and
electricity

Fuel (100) ! CHP plant ! Electricity
(30) + Heat (55)

Total efficiency
(η) ¼ 0.85
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possible. However diesel for initial ignition is a must for dual-fuel engine. In
gas-alone spark engines, basic modification is the air/gas mixer set-up, instead of a
carburettor. Rich-burn and lean-burn types of spark-ignition internal combustion
engines are mainly used for low-BTU (British thermal unit) gas CHP applications.
However, as the engine modification is permanent, original fuel cannot be used
(Pruthviraj 2016; Stefan 2004).

3.10.1.4 Combustion Gas Turbines
In combustion gas turbines, heat and energy are produced by both compression and
ignition of atmospheric air and fuel mixture within the turbine. The compressed
intake air and biogas is ignited in the combustion chamber. The gases then enter the
turbine at high pressure and drive the generator. Energy is then utilized from the
expanded, high-temperature gases to move turbine blades that produce electricity.
The gas turbines consist of turbine assembly with gas compressor, the combustion
chamber, and monitoring equipment.

The turbine exhaust gas leaves at temperature 400–600 �C, which can be utilized
with a heat exchanger for producing hot water or it can be utilized to run a steam
turbine or to preheat the air used in the turbine. Gas turbines can generate100 kW of
electricity and a heating output of 165 kW, with very low emission values (Deublein
and Steinhauser 2008). Over 50% of efficacy can be improved by combining a gas
turbine with a steam turbine. Since it requires high-pressure feed gas supply, gas
turbines require gas compressor, which in turn will increase the initial investment
costs. Generally higher capital is required to build it, as compared to other types of
engines but the overall operating and maintenance costs are much lower.

Fig. 3.14 Schematics and flow diagram of a biogas-CHP system
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3.10.1.5 Micro Turbines
Micro gas turbines are small high-speed turbine, an established technology in sizes
above 500 kW. Micro turbines in biogas application, with range of 25–100 kW, have
been introduced. Micro turbines are high-speed, integrated power plants that include
a turbine of radial design, compressor, generator, heat exchanger, and power elec-
tronics to produce power. The compressor, the turbine, and the generator are fixed on
a single shaft. The biogas mixed with the air is supplied to the combustion air in the
combustion chamber, and the turbine sucks in the combustion air. Overall efficiency
of current generation micro turbines is still low (Deublein and Steinhauser 2008).

3.10.1.6 Fuel Cells
The fuel cell converts the chemical energy to electric current and heat. Biogas-
powered fuel cells hold great potential to convert biogas directly into electricity with
zero emission. Major multinational companies and many residential buildings are
currently using biogas-powered fuel cells to generate energy for various purposes. It
simply utilizes chemical reactions to produce the energy. Fuel cells boost net output
of electricity by a minimum of 60%, with an average 0.6–0.9 V/single cell. Single
cells could be further arranged in a stack to get the desired voltage. However, biogas
has to be purified before using as a fuel in the fuel cell by mainly removing the CO
and H2S. Proton exchange membrane (PEM) and solid oxide electrolytes are the
currently used fuel cells (Chambers and Potter 2002).

3.10.1.7 Steam Turbine
High-pressure and superheated steam is injected into shaft power that drives the
generator to produce electric power in steam turbine. Generally steam turbine CHP
systems produce electricity as a by-product of steam generation. Biogas can be used
as a fuel to generate high-pressure steam from the boiler to power the turbine for
electricity generation. Low-pressure steam could be directly extracted from the
turbine and used as a thermal energy for other needs. The steam is condensed and
pumped back to the boiler, thus completing Rankine cycle (thermodynamic cycle).
Radial and axial flows are the two types of turbine in action. If the exhaust steam
contains >10% water, it can erode nozzle and blades. Special design in the turbine to
remove the moisture can be used when the superheated steam temperature is limited.
Reheating of the superheated steam after partial expansion will increase the cycle
efficiency. Three types of steam turbines are in operation: condensing steam turbine,
extraction turbines, and back pressure turbine. Steam turbines are one of the oldest
(100 years) technologies still in commercial production, with 50 kW–>100 MW
capacity (Ion and Popescu 2016).

3.10.1.8 Stirling Engines
A Stirling engine produces heat and electricity by external combustion. One of the
advantages of a Stirling engine is its external combustion; it can utilize a multitude of
fuels including biogas where other engines cannot. The engine uses nitrogen as a
“working fluid”. Heat exchanger from the combustion chamber is utilized to produce
thermal energy. Since the engine has external combustion chamber, it is not required
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to refine the fuel as it does for other types of engines. The complete combustion of
fuel in the external combustion chamber also provides less emission of unburned
hydrocarbons in the exhaust. The Stirling engine can consume renewable fuels and
produces minimal emissions (less CO2 and other emissions). The combustion
happens in the external combustion chamber, and there is no fuel or oil contamina-
tion within the engine. It also contains 50% less moving parts than internal combus-
tion engines. The CO2 and CO emissions for biogas were less than that for natural
gas (Pourmovahed et al. 2011).

3.11 Conclusion and Future Outlook

The fossil fuels are non-renewable source of energy and are also the prime cause of
environmental pollution. Sooner or later we need to find an alternative – continuous
sources of energy, which are both energy efficient and environmental friendly at the
same time. Currently several types of renewable energy sources are either at trial or
some sort of application stage – solar power, wind energy, hydrothermal, nuclear,
and others. One major issue with such energy sources are either lack of efficiency or
efficient storage and transport from the source of generation to usage. Other types of
energy sources are biofuels, such as bioethanol, biodiesel, biohydrogen, etc., which
are also in their third generation of research and applications (Ingale et al. 2014,
2019). However production of such fuels is energy intensive at the moment, and it
lags behind with respect to economy due to competition with food crops and other
issues. Biogas production is a natural non-energy intensive, and the raw materials are
mostly renewable resource and wastes – thus serving both purposes (bioremediation
and energy generation). The ease of biogas plant operation, maintenance, and easy
availability of substrate – waste materials – is the key selling point which makes it an
effective and common energy tool in the near future.
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Abstract
Combustion of nonrenewable energy sources brings about emission of green-
house gases which lead to global warming. A large number of renewable energy
sources are available as an alternative for mitigation of climate change, among
which biogas seems to be more popular and attractive option. Biogas is presently
still typically used for heating and electricity generation, but in the future, it may
find its way as vehicle fuel. Biogas production technology has potential to utilize
a large number and variety of lignocellulosic biomass such as vegetable wastes,
crop residues, food waste, cattle dung, and other organic fractions. Anaerobic
degradation of waste to yield biogas is a widely adopted cost-effective strategy
for generation of renewable energy. In addition to energy generation, biogas
technology provides additional benefits, such as reduction of odor, improved
sanitation, and removal of organic waste, thereby solving a majority of modern-
day problems. The slurry left after biogas production can be utilized as manure
and thereby aids in nutrient recycling to the soil. Besides a large number of
applications, full potential of biogas technology cannot be harnessed due to
various limitations associated with it. A large number of technological
improvements are done during recent years to increase conversion rates of
biomass to biogas. The present article provides an insight regarding recent
research for sustainable biogas production.
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4.1 Introduction

Biogas production through anaerobic digestion (AD) is an environment-friendly
method which gets accelerated due to a growing amount of natural waste formed
around the world. A broad range of waste including municipal waste and industrial
waste, food industrial waste, and agricultural as well as plant residues may be used
with this technique. The most important manufactured goods of this treatment, i.e.,
biogas, is a renewable energy resource, whereas the derivative left in the digester may
be used as manure due to the high nutrient offered for plants (Ward et al. 2008). The
performance of anaerobic digestion process highly depends on the activity of feed-
stock, along with the activity of microorganisms involved in various phases (Batstone
et al. 2002). The change of organic materials during the course of biogas production
may be divided into three phases: methane production, acid formation, and hydrolysis.
In these dissimilar steps, which are made parallel, different groups of bacteria make
anaerobic food chain, where the product of one reaction will be the substrate of the
second reaction. If the degradation rate of different steps is in balance, then this process
progresses efficiently (Yong et al. 2015; Sárvári et al. 2016).

This review presents a summary of the biogas industry throughout the world and
converses several novel techniques that are aimed at using new substrates and
increasing efficiency of the process.

4.2 Evolution of Biogas Policies in India and Their Current
Status

India was a net petroleum importer. The combination of a worldwide energy crisis
and local energy shortages increased the national energy security risk from increas-
ing energy import expenses as well as the pressure on the national budget to satisfy
increasing energy subsidies for domestic fuels, mainly kerosene, utilized by the rural
and urban poor for very fundamental cooking and lighting requirements.

By the end of the 1970s, it was clear to Indian policymakers that the usual
restricted energy resources, for example, animal waste, fuel wood, and agricultural
wastes, were not accessible in several pastoral areas and there was a requirement for
conservation of restricted property. Many pastoral plains such as manure manage-
ment program, national biogas program, as well as grid biogas power generation
were initiated. In 1981, the biogas development program was part of many
approaches for reducing rural energy crisis (Shukla 2007). Growing concerns
about solid waste management and climate change are the main drivers behind
these policy initiatives to boost the growth of biogas in metropolitan regions.
Table 4.1 represents a policy timeline setting out numerous public measures adopted
over the last three decades to increase waste in the energy and biogas sectors (Mittal
et al. 2018). Programs and projects to boost the waste-to-energy industry from
municipal solid waste and industrial waste are of latest creation; therefore it is still
hard to determine the impact of new policies on the implementation of biogas
technology in urban areas.
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The level of biogas dissemination in urban regions is small, and the proportion of
biogas in private homes in the petrol blend is small. Around five million household
biogas plants (40%) were built under the biogas development program against the
complete capacity of 12 million national biogas plants assessed by the MNRE (CSO
2014). Besides, biogas plants for family, four hundred biogas off-grid authority
plants have been set up with about 5.5 MW power generation capacities (MNRE
2015). In urban areas, the part of anaerobic digestion in organic wastewater treat-
ment is currently very low compared to other competitive waste treatment
techniques due to low revenue growth and capital cost prospects. At present in
India, there are only 56 equipped biogas-based power plants; most of them are
situated in three states, i.e., Maharashtra, Karnataka, and Kerala (CPCB 2013).

4.3 Overview of Successful Commercial Biogas Tool

4.3.1 India

It is said that the first anaerobic digestion (AD) plant in Bombay, India, in 1859
produced biogas from a therapy facility and was used for street lighting. India began
programs to encourage biogas in the nation in the 1970s (Ahammad and
Sreekrishnan 2016). Sensing the need to value agricultural disposal, animal manure,
and other forms of biomass, India has launched programs such as the National
Biogas and Manure Management Program and the Off-Grid Biogas Power

Table 4.1 Policy timeline

Timeline Development

1981 The first national program for biogas production was launched

Capital subsidy is provided for installing small biogas plant

Ownership of the two to three cattle is one of the criteria to gain subsidy provided
under the program

1995 National program to recover energy from municipal solid, industrial, and agricultural
waste was launched

2006 The government renamed the NPBD program by the Biogas and Manure
Management Programme (NBMMP) in 2006 auspices of Ministry of New and
Renewable Energy (MNRE) retaining the same objective

An off-grid biogas power generation program was also initiated by the NMRE in
2006 to promote decentralized power option. Financial incentives are offered to
private/public players for setting up biogas power or cogeneration plants as well as
production of bio-CNG using bio-methanation technology

2016 Rules regarding management and handling of solid waste, first notified in 2000 by the
Ministry of Environment and Forest, were revised in 2016 extending its area of
jurisdiction

The central government released a new tariff policy that made it mandatory for the
electricity distribution companies to procure 100% electricity generated from waste
to energy plants

Source: Mittal et al. (2018)
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Generation Program to provide renewable energy for cooking and heating. About
300 MW of viable biogas production plants in India has been established at the end
of 2017 (Shukla 2019).

Although less efficient than the Chinese biogas program, the Indian government
has given much assistance to India’s biogas sector. The Ministry of New and
Renewable Energy has been formed to supervise biogas and additional renewable
energy venture programs (Sehgal 2018). The Ministry had introduced several
programs including plan and subsidy programs. The fertilizer management and
national biogas plan were also started to deal with subprograms like grid power
production program, revival of energy from urban wastes, and revival of energy
from industrial wastes (Renewable Energy 2018; Kemausuor et al. 2018). Promotion
of society scale biogas plants was encouraged. The railway company in India is
presently working on its networks with bio-based engines, including biogas.

4.3.2 Other Countries

Other significant nations promoting business of biogas are the United States, the
United Kingdom, and Italy. Italy is the second biggest biogas producer in Europe
with more than 1300 biogas plants and 8 GWh power generations (Valenti et al.
2018). The production of biogas plants in Italy was helped by a high feed-in tariff of
0.28/kWh for plants with less capacity of less than 1 MW for a period of 20 years
(Torrijos 2016). Like a novel feed-in tariff substrate installed in 2012, the installed
power differs depending on the use of technology and the use of heat in which there
is an overall objective for using small-sized plants to use agriculture and animal
waste (Torrijos 2016).

The United Kingdom is a biogas user in Europe. Bioelectricity production
facilities established in the United Kingdom have reached 6 GW in 2017, with a
grouping of frozen biomass fuel, MSW, and (AD) anaerobic digestion (Renewable
Energy 2018), with an energy invention of 31.8 TWh. Countries with moderate
biogas production at the lower end contain Denmark, Austria, the Czech Republic,
and Bulgaria in Europe. Denmark is extremely knowledgeable to utilize viable
biogas services and has been encouraging technologies for the treatment of
co-digested compost, source-separate municipal solid waste (MSW), and clean
biological industrial wastes for decades. Denmark utilizes “green pricing,” a strategy
instrument that offers opportunities for companies using biogas to produce electric-
ity to encourage the use of biogas (Aryal et al. 2018). There is a subsidy system to
assist in the creation of an agricultural biogas plant that processes purposeful yield in
the Czech Republic (Vochozka et al. 2018). Bulgaria has promoted biogas plants by
utilizing the praise line up for “energy efficiency and renewable energy sources for
Bulgaria” in which plan may accept up to 20% grants (Kolchakov et al. 2017).

In the beginning of 2002, Austria had increased the installed ability of biogas from
15 MW to about 80 MW by the end of 2015 due to feed-in tariff and green electricity
act (Stürmer 2017). Feed-in tariff differs depending on plant’s technology and capacity
and the source of biogas such as landfill gas or sewage gas (Pablo-Romero et al. 2017).
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Swedish biogas production reached 1.7 TW in 2013, in which production source
co-digestion plant (34%), waste treatment plant (40%), landfill gas valorization (14%),
and farm-scale plants (5%) as well as industrial waste treatment plants (7%) are used in
more than 50% of advanced and used vehicles, making Sweden the world organizer in
the use of biogas for transport (Larsson et al. 2016).

Apart from India and China, other Asian countries encouraging biogas system
include Thailand, Vietnam, Nepal, and Bangladesh. Vietnam had created above
1 million biogas digestion plants, including 150,000 industrial plants and 500,000
medium-scale plants by 2013, which treated industrial wastewater (Sehgal 2018). A
strategy introduced by the Government of Thailand led to enhancement in genera-
tion of local electrical energy from 120 MW to 600 MW from biogas in 2011
(Chaiyapong and Chavalparit 2016). In Japan, efforts have been made to promote
industrial biogas plants (Takeuchi et al. 2018).

The United States and Brazil are among the prominent biogas developers. As of
2016, the American Biogas Council reports that there are more than 2100 opera-
tional biogas systems in the United States with more than 11,000 prospective sites
(American Biogas Available online 2018). Biomethane production capacity alone is
estimated to be 5,128,334.6 million gallons per year, which is equivalent to
4360.41 million gallons of diesel and 4883.29 million gallons of gasoline (Pasqual
et al. 2018).

State governments of the United States provide federal taxation for promotion of
biogas projects by providing performance-based incentives, like tax incentives, soft
loans, etc. Some examples include tax credits value of $ 0.015 per kWh for 10 years
in Iowa; Pennsylvania and Oregon grants 25–50% of the total project cost to
agricultural plants; Massachusetts offers 75% for phase cost and 25% for
construction-phase expenses, and six conditions give $ 0.1 per kWh incentives
from $ 0.015 (Sam et al. 2017).

Approximately 127 profitable biogas plants are functioning in Brazil by 2017,
which are mostly running with farm animals dung and municipal waste. It is
estimated that around 100 million m3 of methane could be produced annually
from Brazil’s livestock manure, agricultural scrap, wastewater, and municipal
waste (Langeveld and Peterson 2018). Biomethane’s ability from livestock alone
in Brazil is projected at 1.961.171.9 million gallons per annum, which could
substitute 1667.42 million gallons of diesel or 1848.34 million gallons of gasoline
(Pasqual et al. 2018). Brazil is the main producer of biofuel in South America, whose
expected production is 49 TWh (Renewable Energy 2018).

4.4 Current Biogas Process Technologies

Production of biogas during anaerobic digestion provides most important benefits
more than other types of bioenergy assembly. It has been cleared as the most
environmentally friendly and energy-efficient technology for bioenergy production
in fact (Deublein and Steinhauser 2011). The process of degradation may be
separated into four phases, methanogenesis, acetogenesis, acidogenesis, and
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hydrolysis, and in each individual stage, various types of faculty or compulsory
anaerobic microorganisms are included as demonstrated in Fig. 4.1 (Merlin Christy
et al. 2014; Chasnyk et al. 2015; Abdeshahian et al. 2016).

4.4.1 Steps Involved in Biogas Production Process

4.4.1.1 Hydrolysis
Hydrolysis is the first phase in biogas manufacturing in which the main elements or
complicated organic molecules of scrap natural matter/biomass (carbohydrates,
lipids, and proteins) break down into lower units (monomer sugars, amino acids,
alcohols, and fatty acids) by cellulolytic, lipolytic, and proteolytic organisms,
respectively. Most commonly bacteria of genera Megasphaera, Sporobacterium,
Sphingomonas, Bifidobacterium, Bacteroides, Lactobacillus, and
Propionibacterium are found to be involved in hydrolysis including both facultative
and obligatory anaerobes. The rate of hydrolysis is typically represented by using
first-order kinetics (Sharma 2008).

4.4.1.2 Acidogenesis or Acid Production
After hydrolysis of organic matter present in biomass, acidogenic bacteria convert
the products of hydrolysis into short-chain organic acids like volatile fatty acids, i.e.,
propionic, lactic and butyric acids, NH3, H2S, and H2. Carbon dioxide (CO2) and
alcohols, for instance, ethanol, are also formed through this method. Various obli-
gate and facultative anaerobic fermentative bacteria, viz., Desulfovibrio spp., Cory-
nebacterium spp., Clostridium spp., Bifidobacterium spp., Peptostreptococcus
anaerobius, Escherichia coli, Lactobacillus spp., and Staphylococcus spp., were
found to be involved in the process (Sharma 2008; Metcalf and Eddy 2004).

4.4.1.3 Acetogenesis or Acetic Acid Production
In this step volatile fatty acids and ethanol produced by acidogenic microbes are
converted into acetic acid (CH3COOH)/acetate (CH3COO

�), H2, and CO2 by
acetogenic bacteria. Acetogenic bacteria like Syntrobacter wolinii and
Syntrophomonas wolfei change alcohol and fatty acids into carbon dioxide, acetate,
and hydrogen.

Fig. 4.1 Degradation process taking place during AD, i.e., hydrolysis, acidogenesis, acetogenesis,
and methanogenesis. (Source: Merlin Christy et al. 2014; Chasnyk et al. 2015; Abdeshahian et al.
2016)
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4.4.1.4 Methanogenesis or Methane Production
Methanogenic bacteria belonging to the genus Methanosarcina and Methanosaeta
carry out acetoclastic methanogenesis wherein acetic acid is changed into carbon
dioxide and methane which ultimately reduce oxygen in the system. Some microbial
species, called hydrogenotrophic methanogens, may produce methane from the CO2

and H2 produced as products in prior stages (Alexander 1961).
In addition to energy generation, degradation of organic wastes also suggests

some other benefits, including decrease in odor discharge and decrease in pathogens
levels. Apart from all these, nutrient-rich digested residues can be used as organic
fertilizers rather than mineral fertilizers and a biological substrate for the cultivation
in greenhouse (de Vries et al. 2012, Abdeshahian et al. 2016). Among the raw
materials for biogas production, waste streams of the farm and animals and
biological materials obtained from domestic and industrial activities are important
sources for biogas production.

4.4.2 Substrates Traditionally Used

Generally lignocellulosic waste obtained from municipal, agricultural, and other
routine may be used as feedstock for biogas production. Usually, slurry and animal
manure, sewage sludge, food waste, and municipal solid waste are used as feedstock
comprising of hemicelluloses, proteins, carbohydrates, fats, and celluloses. Recent
trend for enhancing biogas production involves addition of co-substrates like organic
wastes from collected municipal biowaste and/or agriculture-related industries and
food waste from households. The yield and composition of biogas are determined by
the type of co-substrate composition and feedstock. Even though proteins and
carbohydrates demonstrate earlier conversion rates than fats, it is reported that the
latter provide a higher biogas yield (Braun 1982, Braun 2007; Zubr 1986).

Large quantities of organic solid waste are produced through human activity, which
can be discussed in the form of feedstock for the production of biogas as before. On the
basis of utility, agricultural waste, various waste streams, and municipal solid waste
(MSW) can be classified as waste derived from industrial activities and urban
activities. Three billion urban residents were generated by 1.3 billion tons of MSW
per year according to a 2012 World Bank report, which would enhance to 2.2 billion
tons by 2025 (Hoornweg and Bhada-Tata 2012). MSW mainly consists of paper,
glass, plastic, wood, metal, yard trimmings, paper, paperboard, and food waste.
However, its structure varies depending on those countries and regions in which it is
collected. In order to be able to use this fraction for biogas production, inert material
including all metal, glass, and plastic should be removed before marketing. In addition,
about 15 billion tons of waste, animal manure, and crop residues are generated
annually from the agricultural sector worldwide (Donkin et al. 2013).

The food processing industry also produces waste, although its estimation is
extremely difficult, because it relies greatly on the industry and useful technology.
As an example, in the juice-producing industry, about 50% of processed fruit will
finish up as waste. In addition, 30% of the weight of chicken is not appropriate for
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human utilization, and therefore it is removed as waste through slaughtering and
other processing steps (Salminen and Rintala 2002; Forgács et al. 2012).

As all these waste components are dissimilar, their biogas production capacity is
quite different. Biogas production mainly depends on biodegradability of waste and
structure. Theoretically, highest production of biogas could be obtained from lipid
(1.01 Nm3 CH4/kg VS) followed by protein (0.50 Nm3 CH4/kg VS), and carbohy-
drate (0.42 Nm3 CH4/kg VS) (Møller et al. 2004). Conversely, biodegradability
describes how much of a particular material is truly used throughout the method.
Various compounds such as sugars get spoiled rapidly and totally, whereas some
other ingredients lead to corrosion.

4.4.3 Pretreatment for Enhanced Biogas Production

It is essential to identify novel substrates to be used for anaerobic digestion (AD) to
fulfill the ever-increasing needs for biogas production. Throughout the world, along
with the abundance and availability of lignocellulosic biomass, their high carbohy-
drate content makes these materials a valuable feedstock for biofuel production.
About 50% of the biomass in the world has been computed for lignocellulose, and
simultaneously production of lignocellulose can be up to 200 billion tons per year
(Claassen et al. 1999; Zhang 2008). Presently, the use of lignocelluloses as a
feedstock for methane production is not extensive due to its recalcitrant structure,
which is the main challenge (Lehtomäki 2006; Seppälä et al. 2007; Hendriks and
Zeeman 2009).

Hydrolytic bacteria change insoluble complex organic matter into monomers and
soluble oligomers into amino acids, sugars, and fatty acids during the first phase of
AD, i.e., in hydrolysis phase (Fig. 4.1). In this process, enzymes like lipase,
cellulase, protease, hemicellulase, and amylase are included (Taherzadeh and Karimi
2008). Consequently, almost all types of substrates may be hydrolyzed in biogas
processes. On the other hand, the hydrolysis step is very much reliant on the
characteristics of a given substrate. Hydrolysis could progress earlier if the essential
enzymes are produced by microorganisms and have suitable surface area for physi-
cal contact between substrates and enzymes (Taherzadeh and Karimi 2008). How-
ever, substrate with complex structure, like cellulose, requires long periods to be
degraded, and the degradation is generally not completed (Deublein and Steinhauser
2011). Therefore, while using these types of substrates, the hydrolysis step is often
considered a rate-limited step (Vavilin et al. 1996; Taherzadeh and Karimi 2008).

The pretreatment steps convert the recalcitrant raw material into forms which can
be easily degraded by enzymatic and microbial processes. With the disruption of the
secondary cell wall structure, lignocelluloses reduce its complexity and thus facili-
tate downstream procedures (Zhang 2008). Alternatively, a pretreatment should be
expensive, and the polysaccharide-rich substrate should be obtained with limited
amount of inhibitory products.

Several types of manifestation have been suggested to enhance biogas production
from lignocellulosic biomass, which may be classified as biological, chemical, and
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physical pretreatment (Chandra et al. 2007; Yang and Wyman 2008; Hendriks and
Zeeman 2009; Taherzadeh and Karimi 2008). Milling is proved to be effective by
reducing the degree of polymerization in the specific surface area by shear and
polymerization degree between the physical structures. Thus, hydrolysis yield
improved from 5% to 25% (Jin and Chen 2006; Zeng et al. 2007). These types of
development depend on the type of biomass in addition to the duration and type of
milling (Jin and Chen 2006; Monavari et al. 2009; Lennartsson et al. 2011;
Teghammar et al. 2012). Overall, it has been repeatedly seen that small particles
get more sugar yields. This is the reason that physical exposure is often done in
conjunction with other pretreatment technique. On the other hand, the element
representative intended for pretreatment may perform as a possible blocker for the
microbial community concerned in AD in some cases. It was established that
remaining residues negatively affected the digestive process when forest residues
were mixed with organic solvent, n-methylmorpholine-n-oxide, even in
concentrations up to 0.008% (Kabir et al. 2013). Apart from this, in spite of the
optimization of the pretreatment conditions, a few inhibitors still get produced in the
slurry (Ahring et al. 1996; Hendriks and Zeeman 2009).

It was recently shown that use of alcohol or weak organic acids seems to be an
interesting way to digest lignocelluloses (Kabir et al. 2015).

4.5 Recent Advances in Biogas Production Technology

To overcome the problems associated with poor utilization of lignocellulosic waste
for biogas production and poor methane yield, a number of alteration in the existing
technology have been done like pretreatment of lignocellulosic waste, addition of
substrate, and use of microbial consortia and additive incorporation to accelerate the
biogas production process and enhance gas yield.

4.5.1 Pretreatment

Due to complex structure of lignocellulosic waste, it became less economic feed-
stock for biogas production process. Pretreatment of lignocellulosic waste is an
attractive option for accelerating anaerobic digestion process and increasing biogas
yield. Pecorini et al. (2016) reported that recalcitrant compounds of municipal waste
can be hydrolyzed by autoclaving and microwave oven treatment. Model biomass
pretreatment decreases crystallinity of the cellulosic structure which makes substrate
easily accessible to microbes and enables them to completely or partially digest
substrate into fermentable sugars. Pretreatment of lignocellulosic waste by milling
increases specific surface area, thereby improving hydrolysis yield by 5–25%. The
degree of such progress depends on the type of biomass and the time and type of
milling (Jin and Chen 2006; Zeng et al. 2007). Many of the chemical agents are
suggested for pretreatment, but in one or other case, they may serve as inhibitors of
microbial community involved in biogas production process. Chemical pretreatment
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involving alcohols or weak organic acid seems to be an attractive means as both are
intermediary metabolic processes during biogas formation. Kabir et al. (2015)
pretreated forest residues with ethanol, methanol, or acetic acid prior to anaerobic
digestion and showed higher methane production and also suggested that methanol
can be a cost-effective chemical agent utilized for pretreatment due to its lower cost
and easy recovery after completion of biogas production process.

4.5.2 Use of Microbial Consortia

The conversion of all the biowaste hydrolysis products such as pentoses, hexoses,
volatile products, and soluble lignin to methane is practical using a mixture of
microbes and a very good way to improve anaerobic digestion process (Fox et al.
2003). The quantities of the microbial groups during each step of biogas production
affect the rate of the whole reaction (Griffin et al. 1998). Among all the groups of
microorganisms involved in biogas production process, methanogens are very
sensitive to fluctuations in environmental conditions, temperature, pH, redox poten-
tial, and inhibitors and hence are considered to be a rate-limiting factor in biogas
production process (Chen et al. 2008). One obvious strategy proposed by researchers
working in the field of biogas process improvement is genetic modification of
microorganisms involved in the process of biogas formation so as to get higher
metabolic efficiency which ultimately leads to production of energy-rich biofuels
(Xu and Koffas 2010). Besides, substitute strategies suggest the blocking of unde-
sired metabolic pathways to divert energy flow toward target-based metabolism of
microorganisms present in anaerobic digestion system (Weng et al. 2008).

4.5.3 Additives

Biogas yield can be enhanced by accelerating microbial activities in the biogas
digester plant. Generally additives are used as nutrients for microbes, and proper
monitoring of its concentration is needed (Chen et al. 2008; Demirel and Scherer
2011). Incorporation of additive calcium salts and magnesium improved methane
production and reduced foaming of slurry (Yadvika et al. 2004). Moreover,
incorporation of additives for stabilization of pH and reducing concentration of
hydrogen sulfide and ammonia are also recommended (Kuttner et al. 2015). Enrich-
ment of crop residues like water hyacinth, wheat straw, onion storage waste, maize
stalks, rice straw, cotton stalks, etc. with moderately digested cattle manure
enhanced gas production to the tune of 10–80%. Additives like zeolite enhance
biogas production by 15%, and calcium carbonate improved output by 8%. Iron salts
such as iron chloride decrease hydrogen sulfide concentration in biogas with no side
effects when added at the rate of 0.03 and 0.06 g l�1 (Kuttner et al. 2015).
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4.5.4 Biosensors

Success of biogas production process involves monitoring of volatile fatty acids and
organics present during the fermentation process. Presently the available monitoring
methods are gas chromatography (Diamantis et al. 2006), spectroscopy (Falk et al.
2015; Stockl and Lichti 2018), and HPLC (high-performance liquid chromatogra-
phy) (Zumbusch et al. 1994; Schiffels et al. 2011), but these methods do not provide
real-time monitoring; thus, indecision among the plant operators takes place. For
monitoring of accumulation of biogas intermediates, organic acid biosensors were
developed to manage the association between these process stabilities and
intermediates which have resulted in numerous studies being carried out for the
optimization and expansion of an organic acid biosensor, including enzyme assem-
bly for exact discovery of formate, ethanol, and D/L lactate, contrary to the partial
concentration of the VFA (volatile fatty acid) biosensors (Crable et al. 2011; Pilas
et al. 2017; Kaur et al. 2013). These analytes are identified during microbial fuel cells
(Kaur et al. 2013), microbial electrolysis cells (Jin et al. 2017), or soften oxygen
probes with a powerless biofilm (Sweeney et al. 2018), while enzyme-based sensors
were intended for the irregular purpose of individual substrates, like propionate and
acetate (Mizutani et al. 2001; Mieliauskiene et al. 2006; Sode et al. 2008).

4.5.5 Nanotechnology

Nanoparticles can enhance degradability of organic matter present in the municipal
waste and thereby increase rate of biogas production. Use of iron nanoparticles for
biogas production is newer aspect wherein concentration of CH4 and biogas produc-
tion is improved using nanoparticles in an anaerobic digester. Traditional biogas
production process can convert only 30–40% of the biomass into gas, and the energy
potential of generated biogas is also low. Addition of iron into the digester can
enhance biogas production, but there might be toxicity to the functional groups of
bacteria present in the rector. To overcome this issue, biodegradable nanoparticle-
based delivery system is being utilized, so that problems like inhibition of bacterial
activity can be minimized by production of ions into the reaction medium.

4.6 Biogas Production from Municipal Solid Waste

Municipal solid waste contains heterogeneous mass of organic matter and composed
of kitchen scraps, food residue, food processing wastes, grass cuttings, etc. which
can be degraded at the faster rate, whereas organic matter such as coarser wood,
paper, and cardboard is degraded at slower rate. Moreover, municipal solid waste
also comprises of inert fraction like stones, glass, sand, metal, etc. Metals from the
municipal solid waste can be recycled using metal re-claimers, whereas other
materials like stone, sand, etc. can be utilized as building material.
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4.6.1 Pretreatment of Municipal Solid Waste

To upgrade and homogenize the feedstock for digestion and to remove inert and
non-biodegradable material pretreatments are essential. They can be manual,
mechanical, thermochemical, biological, etc. There are several ways in which this
can be accomplished.

First of all bulky materials and specific hazardous waste materials are removed
prior to mechanical processing from municipal solid waste. The best pretreatment
process is source separation which provides clean waste with some fraction of
plastic. Metal, glass, plastics, paper, etc. are recovered regularly at waste collection
beans and disposal sites by waste pickers. Though this process of scavenging
reduces the total volume of the waste and enriches the waste with high organic
concentrations, this waste contains a number of items such as dust, foils, some
plastics, metals, papers, discarded construction materials, grits, ash, broken
ceramics, etc.

To further process manually cleaned municipal solid waste, it is being passed
through trommel screens where oversized materials and other foreign materials are
separated followed by hammer crushing to break down larger raw materials to small
pieces and thereby making it more accessible to bacteria which in turn reduces
retention time. The grinder also acts as a mixer. Then the municipal solid waste
passes through a drum magnetic separation mechanism, where a strong magnet
separates the ferrous metals. A hydro-pulper then sorts incoming solid waste into
heavy and light fractions of nonorganic material as well as creates mixed organic
waste. For thorough mixing of the waste and water (slurry), a slurry mixture machine
should be fitted in the inlet of a digester. It is also necessary to remove inert materials
such as stones from the inlet before feeding the slurry into the digester. Otherwise,
the effective volume of the digester will decrease.

Chemical pretreatment has been tried in a variety of temperature regions and over
a variety of time periods, from 15 to 120 min. These strategies particularly help with
the degradation of fats, which is troublesome because of their insolubility in water
and their semi-solidification. For fats hydrolysis, they must be emulsified to enhance
their bioavailability in water. Pretreatment with sodium hydroxide, lithium hydrox-
ide, or potassium hydroxide increases the hydrolysis rate. Lime, sodium hydroxide,
and ammonia are the least expensive of these chemicals. For biological method,
bacterial growth (anaerobic microorganisms) is stimulated by the addition of some
organic compounds (e.g., amino acids, cofactors, cell content) in the inlet tank of the
digester.

Anaerobic digestion of solid waste has been demonstrated as a technically
feasible process, duly deserving further consideration in any integrated waste man-
agement concept addressing municipal solid waste. Anaerobic digestion provides an
important opportunity to generate 100% renewable energy from biodegradable
waste. The conversion of a sizeable part of organic waste into a convenient source
of energy, i.e., biogas, is a precious asset, not in the least in times of oil scarcity and
of economic support for renewable forms of energy. The simultaneous generation of
digest, which can be turned into a soil amendment, may be an added advantage
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4.7 Risk Factors of Biogas Technology

The risks associated with biogas technology are as follows which should be taken
care while working for biogas production unit:

1. Leakage in the storage tank and/or in the biogas distribution network
2. Formation of flammable mixtures during the digester maintenance operations
3. Accidental release of H2S and effluent discharge
4. Overflow of sewage systems or stormwater control due to exceptional

downpours, presence of dangerous products in the raw material used to produce
biogas, overflow, freezing of valves, and high pressure inside the digester

4.8 Conclusion

Biogas is a potential green energy resource that can be produced from organic waste
material as a feedstock. Biogas production process is simple, clean, and easy. Biogas
production utilizes agricultural biomass, thereby reducing greenhouse gas emission
due to unsuitable dumping of organic wastes. It also improves energy safety and
decreases fossil fuel depletion. Biomass energy will progressively substitute fossil
fuel, and the community can even rely on biogas energy for satisfying local needs
especially in rural areas; full-fledged utilization of biogas for energy generation
should be explored and needs concentrated efforts, and this technology has found
its utility in domestic, farming, and small-scale industries. Presently reduced effi-
ciency of biogas production plants can be overcome by utilization of modern
technologies to enhance microbial activity within the biogas production units to
get efficient yield of the energy supply. Policy and government producer should have
sympathetic strategies such as subsidization of biogas plan to maintain the growth of
technology in the remotest places. Additional research must be done on superior
bioreactor plan and feedstock presentation improvement to get better cost-
effectiveness of anaerobic digestion process.
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Abstract
Biogas is one of the best future alternatives against depleting fossil fuel. Current
Indian production of biogas is very low. There are many challenges for BioCNG
production which is suitable for vehicle use but needs to adapt various
technologies to enhance the content of biomethane.

Therefore, in current article, technological improvement in Biogas production
intended for high production has been discussed in detail.

For use in vehicle, enhanced methane is required. Current article had focused
on concise presentation of accumulated knowledge in current past. Bio-CNG can
be produced from various biomass biowaste, kitchen waste, algae, and other
biowastes which may be a very good option for Bio-CNG production. We have
discussed socioeconomic challenges, suitable sources, barrier in production of
biogas, and biochemical steps in production of biogas in normal verses reactor
conditions, and also application of nanotechnology for green energy applications
have been discussed.
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5.1 Introduction

Depleting fossil fuels is the main concern today. Alternative to fossil fuels is the
availability of biogas. Biogas primarily consists of 50–70% methane and 30–50%
carbon dioxide, with trace amounts of other particulates and contaminants. It can be
produced from various types of waste sources, including landfill materials, animal
manure, wastewater, industrial, institutional and commercial organic wastes, kitchen
waste, and various agricultural wastes.

Biogas is one of the viable alternatives to the burning energy question. In
2014–2015, about 20,700 lakh cubic meters of biogas is produced in India which
is equivalent to 5% of the total LPG consumption in India. The government is also
extending substantial subsidy for setting up of new biogas plants. At a time when the
viability and safety of energy alternatives is being debated, it is pertinent to look at
one of the oldest renewable energy alternatives, Biogas.

Biogas is made up of methane and carbon dioxide. It may have small amounts of
hydrogen sulfide, moisture, and siloxanes. The gases methane, hydrogen, and carbon
monoxide can be combusted or oxidized with oxygen. This energy release allows
biogas to be used as a fuel; it can be used for any heating purpose, such as cooking. It
can also be used in a gas engine to convert the energy in the gas into electricity
and heat.

There is unique method of conversion of substrate into biogas under anaerobic
oxidation using methanogenic bacteria under closed system by a process called as
fermentation. Due to enhanced nitrogen content after biogas formation, agrowaste
mixed with dung often results in good biofertilizers. Biogas production shall be a
suitable option for reducing greenhouse gases. Methane gas production can be a
suitable versatile source for vehicle fuel and can be produced in the wet or dry
fermentation system. Most commonly used one is wet fermentation system where
vertical stirred tank is used(Weiland 2010). Biogas is highly combustible due to
presence of CH4, H2, and CO, so it is proved to be a better biofuel. Additional
features are as follows: it can be used in engines to convert electricity and heat and
thus also can be used as fuel for cars and other vehicles. Biogas can be compressed
well similar to other gases like CNG or natural gas and is very useful in terms of
technoeconomical aspects. Caterpillar Inc. and biogas turbine is used to convert
biogas into electricity and heat.

5.2 Socioeconomic Status and Biogas Production in India

Currently biogas production in India is around 2.07 billion m3/year which could be
increased up to 29–48 billion m3/year. Currently, biogas has less content of methane
(40–70%) which needs to be enhanced for its use in transportation fuel. Small
country like Nepal is currently producing around 1 million m3 biogas (Zwolinski
et al. 2013). Out of 215 large biogas plants in the world, India has only 15 biogas
plants till 2013 (Kadam and Panwar 2017), due to low availability of methane (only
45%mostly) which poses problem as compared to natural gas which contains mostly
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90%methane. These gases can be compressed and liquefied; therefore, biogas can be
purified by using various techniques. Mostly target is to remove H2S which is
present as impurity, and in impure form methane cannot be used as vehicle fuel
and also presence of water can be harmful for the compressor. Mostly technique used
for purification of biogas is water scrubbing, membrane separation and biofilters,
chemical absorption, and pressure swing absorption. Sweden is a world leader in the
production of transportation fuel in 2012. India is trying hard to achieve the goal and
trying to upgrade the production of biogas. The most common technology to purify
methane is water scrubbing.

Simple anaerobic procedure leads to conversion of biomass into biofuel energy
and manure, which enhances the financial and social improvement of farmers.
Socially, methane production from cow dung or other kinds of dungs and waste
rice plants is harmful for the environment, since it is a greenhouse gas and by
properly using it for cooking, electricity production, or vehicle fuel, we can reduce
and can manage air pollution (Mittal et al. 2018).

A family type biogas plant generates biogas from organic substances such as
cattle, dung, and other biodegradable materials such as biomass from farms, gardens,
kitchens and night soil wastes, etc. The process of biogas generation is called
anaerobic digestion (AD). The following are the benefits of the Biogas technology.
It provides clean gaseous fuel for cooking and lighting. Chemical fertilizers can be
done away with since the digested slurry obtained from the biogas plants can be used
as enriched biomanure. It is good for the climate and for sanitation problems since
toilets can be linked directly with biogas plants.

Biogas can be used as clean energy fuel, since it finds applications in running
vehicles and in cooking, heating, and electricity production. According to a report
from cattle dung of 304 million cattle, around 18,240 million cubic meter of biogas
can be obtained per annum (Kadam and Panwar 2017). Now, India is focusing on
clean energy production due to which various plans have been implemented in the
past few years.

5.3 Barriers in Biogas Production

After extensive literature review, the following barriers may be accounted for biogas
production:

1. Low percentage of methane and its production
2. Costly
3. Laborious

In addition to these above factors, in India, various other problems exist, which
have been discussed in detail in Mittal et al. (2018) (Table 5.1).
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5.4 Sources for Biogas Production

There are various reports of biogas production from various sources, e.g., slaughter-
house (Granada et al. 2018), farm animal waste (Abdeshahian et al. 2016), animal
manure (Recebli et al. 2015), solid organic waste (Nasir et al. 2012), kitchen waste
(Agrahari and Tiwari 2013), municipal wastewater (Appels et al. 2008), food and
green wastes (Liu et al. 2009), coffee waste (Battista et al. 2016), rice straw, and pig
manure (Ye et al. 2013).

Codigestion of manure and organic wastes (Angelidaki and Ellegaard 2003) such
as lignocellulosic waste for biogas production has been reported by some workers
(Ziemiński et al. 2012).

Some work has been done to produce economical biogas, for example 0.41 g
ethanol/g glucose and 178 ML hydrogen per gram sugar obtained from agrowaste
produces (Kaparaju et al. 2009), while methane was produced from 0.381 m3/kg
volatile solid. These workers emphasized that while using lignocellulosic biomass,
multiple route of biofuel production must be adapted in order to obtain the economi-
cal biofuel production.

Use of rice straw is also recommended for production of biogas after proper
milling and pretreatment (Mustafa et al. 2017)

Kitchen waste produces around 60% of biogas, but other types of sources produce
around 40% of biogas; from cotton wastes, the production of biogas (CH4) was
approximately 65%, while 55% methane production was reported from waste
disposal. Kitchen waste was proved to produce more biogas if cow dung was
mixed with waste of water hyacinth (Tasnim et al. 2017). The calorific value of
biogas is very good (around 4700 kcal or 20 MJ at around 55% methane content).

There are few developments of nano-based technology for rapid digestion of
biomass and thus production of biogas via “nano-clean” technology where
nanoparticles (iron oxide nanoparticles) are used to enhance production of biogas.
Application of Nannotechnology is certainly going to double the production of
biogas using same amount of agrowaste (e.g. wheat straw).

Table 5.1 Composition of
biogas and natural gas

Component Biogas Natural gas

Methane (%) 40–75 87–97

Carbon dioxide (%) 25–55 0.1–1

Hydrogen sulfide (ppm) 50–5000 NA

Ammonia (%) 0–1 NA

Water (%) 0–10 NA

Nitrogen (%) 0–5 0.2–5.5

Oxygen (%) 0–2 .01–.1

Hydrogen (%) 0–1 Trace– 0.02

Adapted from Kadam and Panwar (2017) and Mittal et al. (2018)
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Life cycle assessment (LCA) studies of biogas systems from around Europe were
done by some workers, and they reported that (Hijazi et al. 2016) most suitable
substrate for high biogas (methane) production is animal dung and maize.

As compared to other biomass such as cellulose municipal solid wastes, some
workers have compared various microalgae and cyanobacteria for production of
biogas (Mussgnug et al. 2010). It was reported that green algae Chlamydomonas
reinhardtii is more beneficial in terms of biogas methane production as compared to
other microalgae.

In biogas production, mostly carbon is used in the production of methane while
nitrogen left can be used as manure which enriches soil fertility by replacing
chemical fertilizers depending on the kind of solid agrowaste used. Rice straw is
posing huge problems of disposal instantly and its recalcitrant nature makes it
difficult for its conversion to methane. Some workers stressed on changing the
pattern of pretreatment which can get rid of extra silica and can make it a suitable
biomass for conversion for biogas production (Gurung et al. 2013).

5.5 Lignocellulosic Biomass for Biogas Production

Lignocellulosic biomass is present in abundance in the nature, which can be utilized
for conversion to biogas. Various lignocellulosic feedstocks with their cellulose,
hemicellulose, and lignin content have been summarized in Table 5.2 and Fig. 5.1.

5.6 Biogas Production Mechanism

Hydrolysis of biomass is a must for large organic biomass in order to get rid of
recalcitrant structure such as silica and lignin which impregnate cellulosic and
hemicellulosic biomass. Anaerobic bacteria can be used in anaerobic digesters to
access the energy potential of the material, which can be broken down into their
smaller constituent parts. Sugars released in this way are readily used by other
acetogenic and further by methanogenic bacteria. Acetate and hydrogen produced
in the first stages can be used directly by methanogens.

The third stage of anaerobic digestion is acetogenesis where microbial acetogens
are added to produce largely acetic acid as well as carbon dioxide and hydrogen. The
terminal stage of anaerobic digestion is the methanogenesis. Here methanogens
utilize the intermediate products of the preceding stages and convert them into
methane, carbon dioxide, and water. It is these components that makes up the
majority of the biogas emitted from the system. Methanogenesis is sensitive to
both high and low pH and occurs between pH 6.5 and pH 8. The remaining,
nondigestible material which the microbes cannot feed upon, along with any dead
bacterial remains, constitutes the digestate.
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A simplified generic chemical equation for the overall processes outlined above is
as follows:

C6H12O6 ! 3CO2 þ 3CH4

5.6.1 Anaerobic Digestion [AD]

Biogas can be produced in four simple steps as shown in Figs. 5.2 and 5.3 flowchart.
There are four key biological and chemical stages of anaerobic digestion:

1. Hydrolysis
2. Acidogenesis
3. Acetogenesis
4. Methanogenesis

Table 5.2 Lignocellulosic biomass fraction of some feedstocks (Isikgor and Becer 2015)

Lignocellulosic feedstocks Cellulose (%) Hemicellulose (%) Lignin (%)

Sugar cane bagasse 42 25 20

Softwood 45–50 25–35 25–35

Hardwood 40–55 24–40 18–25

Corn stover 38 26 19

Corn cobs 45 35 15

Nut shells 25–30 25–30 30–40

Rice Straw 32 24 18

Grasses 25–40 25–50 10–30

Newspaper 40–55 25–40 18–30

Banana waste 13.2 14.8 14

Wheat straw 29–35 26–32 16–21

Bagasse 54.87 16.52 23.33

Sponge gourd fibers 66.59 17.44 15.46

Agricultural residues 5–15 37–50 25–50

Hardwood 20–25 45–47 25–40

Softwood 30–60 40–45 25–29

Grasses 0 25–40 35–50

Waste papers from chemical pulps 6–10 50–70 12–20

Newspaper 12 40–55 25–40

Sorted refuse 60 20 20

Leaves 15–20 80–85 0

Cotton seed hairs 80–95 5–20 0

Paper 85–99 0 0–15

Switch grass 45 31.4 12

Sweet sorghum 45 27 21
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Fig. 5.1 Different biomass for biofuel production (redrawn for illustration)

Fig. 5.2 Biogas production
mechanism
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Anaerobic digestion involves basically four steps as discussed earlier and
involves three microbes such as pshychrophilc, mesophilic, and thermophilic. As
shown in Table 5.2 and Fig 5.3, mesophilic seems to be most suitable one as its
temperature range lies in 30 to 42�C range and also has optimum retention time of 30
to 40 days. First step is complex and requires 7 days to 15 days minimum to digest
the complex material into simplest one where lignin silica and other complex
materials of plant cell wall are released. Now comes second step which is
acidogenesis, which is fastest and involves formation of organic acids from simple
carbohydrate with the help of acidogenic fermentative bacteria microbes.

Third stage is acetogenesis where organic acid is converted into acetic acid, CO2,
and hydrogen with the help of acetogenic microbes. Last stage is conversion of CO2

and hydrogen into methane by methanogenic microbes leaving behind organic
residue by process of hydrogen trophic bacteria.

Therefore, biogas is mainly affected by microbial growth and substrate
utilization rate.

There are two types of anaerobic digestion (see Fig. 5.3): 1) solid state and 2) liquid
state applied as per need and composition of waste or biomass (Li et al. 2011). Highest
methane yield obtained in solid state anaerobic digestion of rice 258 L/kg of biogas
was reported (Mustafa et al. 2017). It was reported that in absence of technology,
large-scale burning of rice straw has been in practice by farmers and that results in
release of open combustion of one ton of rice straw release 3 kg particulate matter,
60 kg CO, 1460 kg CO2, and 2 kg SO2 to the atmosphere (Sanchis et al. 2014).

Fig. 5.3 Steps for biogas
production
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5.7 Strategies to Enhance Biogas Production

There are various strategies to enhance biogas production (Keanoi et al. 2014; Gu
et al. 2015; Amnuaycheewa et al. 2016; Soam et al. 2017). To enhance biogas
production, cow dung addition and effect of other factors have been studied (Keanoi
et al. 2014). The benefit of addition of cow dung and codigestion along with rice
straw was attempted in different mode; as a result, 1650 mL/day methane was
obtained when natural water, rice straw, cow dung, and water hyacinth is used in
the ratio of 2:1:1:1. The recommended C:N ratio was 32: 25. Mustafa et al. empha-
size on biological pretreatment strategies to improve the digestibility of substrate,
and worker used Pleurotus ostreatus. According to a report, addition of increasing
amount of goat manure, dairy manure, with other agricultural waste, such as straw
material, for example, wheat straw (WS), corn stalks (CS), and rice straw (RS) (at C/
N ratio of 35:61), is helpful in increasing biogas production. A similar report was
given by Li et al. (2014) where biogas was enhanced by adding dairy manure with a
mixture of three straw rice straw, corn stalks, and wheat straw. In another attempt
C/N ratio was improved by adding urea, in optimized condition 1% NaOH-
pretreated rice, and biogas was obtained after 15 days, 514 L/kg VS/day.

In another attempt, biogas production was enhanced by optimizing inoculum to
substrate ratio (Candia-García et al. 2018). The optimum condition was temp. 5 �C to
27 �C time 60 days and biogas produced was 410 L/kgVS at 0.8 of I/S ratio, and
methane obtained 70%.

5.7.1 Enhancing Biogas Production via Application of Microbial
Consortia in Pretreatment

Recently, some workers reported use of thermophilic microbial consortium (MC1)
(Yuan et al. 2014). This pretreatment method is novel in the sense that it has
opportunity to digest lignocellulosic biomass with high efficiency to produce biogas
and methane because of high mass of ethanol, acetic acid, propionic acid, and
butyric acid.

A novel microbial consortia was developed named as BYND-5 which was based
on mixture of microbes from mesophilic microbes that were mixed in order to digest
the rice straw. Digestion efficiency of BYND-5 was checked for rice straw which
was around 49% after 7 days (Yan et al. 2012). The species were identified by
molecular techniques called as ARDRA (Amplified ribosomal DNA restriction
analysis).

5.7.2 Improved Biogas Production by Bioaugmentation Technique

Another method to improve biogas production reported was bioaugmentation tech-
nique by use of two fungi in anaerobic two-stage system for digesting two substrates,
corn silage and cattail (Table 5.3).
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5.8 Biogas Plant

As an estimate of biogas production in India in 2014–2015, biogas produced was
around 20,757 lakh cubic meters which is equivalent to 6.6 crore domestic LPG
cylinders. This is equivalent to 5% of the total LPG consumption in the country
today and state-wise Maharashtra tops in the production with 3578 lakh cubic
meters, while second highest biogas production was at Andhra Pradesh that comes
next with 2165 lakh cubic meters.https://factly.in/biogas-production-in-india-is-
about-5-percent-of-the-total-lpg-consumption/

5.9 Application of Nanotechnology in Enhancing Biogas
Production

There is now plethora of reports using nanocatalyst for enhancing biogas production.
Three types of catalyst are used: (1) metal oxide, e.g., Cu, Ti, Zn, and mainly Al, Fe,
and Mg, (2) zero valance metals, and (3) carbon nanomaterials.

Cu nanomaterials are reported to have negative effect, while ZnO have positive
effect. Ti, Al, and Si oxide have no effect on methane production (Otero-González
et al. 2014). Fe2O3 has a positive effect on methane production and around 180%
increase was reported after 60 days (Ganzoury and Allam 2015).

5.10 Biogas Global Production Scenario

Leaders in global biogas productions are well-developed biogas industry Germany,
Denmark, Austria, and Sweden followed by the Netherlands, France, Spain, Italy,
the United Kingdom, and Belgium (Horváth et al. 2016). And biogas plants are
classified based on (1) digestion methodology or codigestion (2) farm technology.

Table 5.3 AD feedstock and biogas yield (Seadi et al. 2008)

Substrates Biogas yield (m3/tFFa) Methane percent

Liquid pig manure 28 65

Liquid cattle manure 25 60

Distillers grains with soluble 40 61

Pig manure 60 60

Cattle manure 45 60

Chicken manure 80 60

Organic waste 100 61

Beet 88 53

Sweet sorghum 108 54

Grass silage 172 54

Corn silage 202 52

Forage beet 111 51
aTons fresh feed
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European countries are using biogas for two purposes either for heat production
or for electricity. Basic technology is totally different from the industrial production
technology (Bauer et al. 2013) (Tables 5.4, 5.5 and 5.6).

5.11 Bio-CNG

The need for liquid and gaseous fuel for transportation application is growing very
fast. There are various development in this sector, and various countries such as
Bangladesh are adapting this technology to improve the production (Shah et al.
2017). Bio-CNG is a very good alternative form of gasoline. CNG is actually found
over landfill gases or above oil as a separate layer and is compressed below 1%
volume of atmospheric pressure or around 20–25 MPa. Biogas produced is actually
compressed and is rich in methane and filled in cylinder after removing impurities
such as water, H2S, etc. Bio-CNG has been tested for various vehicle operations
(Ryan and Caulfield 2010). Compared to diesel, bus fleet gave equivalent perfor-
mance and has benefit of reducing greenhouse gas emission (Fig. 5.4).

A case study has been done for packaging transportation fuel in Ireland whose
main focus was to study policy barriers for Bio-CNG (Goulding et al. 2017)

Bio-CNG production has been done from municipal sewage sludge (MSS) waste
(Bharathiraja et al. 2014), and due to heavy availability of municipal sewage sludge,
this has the opportunity to establish Bio-CNG plant in every city. MSS is rich in
organic and inorganic media which can be easily converted to Bio-CNG.

Bio-CNG plant has been installed in India in various city to cope with the
pollution problems also with and also to facilitate its heavy production to meet the
required demands. The sewage has been utilized in United Kingdom for production
of electricity which produces around 14,000 m3/day and is used in dual fuel engines.
It has been reported that using dual fuel engine is more beneficial as compared to
using biogas alone and as a result 70% of diesel or petrol can be saved.

Table 5.4 Microbes used in AD (Kadam and Panwar 2017)

Facultative and obligate
anaerobic fermentative bacteria

Acetogenesis or acetic
acid production Methanogenic bacteria

Clostridium spp.,
Peptococcusanaerobius,
Bifidobacterium spp.,
Desulphovibrio spp.,
Corynebacterium spp.,
Lactobacillus spp.,
Staphylococcus spp., and
Escherichia coli

Syntrobacterwolinii
and
Syntrophomonaswolfei

Methanosarcina and
Methanosaeta,
Methanobacteriumruminantium,
Methanosaeta sp.,
Methanosarcina sp.
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Table 5.5 Additives used for biogas production

Additives
category

Used compound/
material Feedstock Result References

Biological
additives

Plant extracted
Aquasan and teresan

Cattle dung and
kitchen waste

Increased gas
yield

Singh et al.
(2001)

Lantana residue,
wheat straw, apple
leaf litter, and peach
leaf litter

Cattle dung 1–6% increased
gas yield

Hassan Dar
and Tandon
(1987)

Mustard meal/cake Cattle dung Satyanarayan
et al. (2008)

Homo- and hetero-
fermentative bacteria

Maize 22.5% increased
gas yield

Vervaeren
et al. (2010)

Auricularia Auricula-
judae (Fungi)

Sweet chestnut
leaves and hay

15% increase in
biogas production

Mackuľak
et al. (2012)

Ceriporiopsis
Subvermispora
ATCC 96608(Fungi)

Yard
Trimmings

154% increased
methane yield

Zhao (2013)

Enzymes Lignocellulosic
Biomass

Up to 34%
increased gas yield

Zheng et al.
(2014)

Chemical
Additives

NaOH Fallen leaves 24 times higher
biogas yield than
control

Liew et al.
(2011)

NaOH Wheat Straw 112% increase in
methane yield

Chandra et al.
(2012)

NaOH Wheat Straw 47% increase of
biochemical
methane potential

Sambusiti
et al. (2012)

NaOH Rice Straw 30% higher biogas
yield

Chen et al.
(2010)

NaOH Lignocellulosic
feedstocks

Positive effect of
methane yield

Zheng et al.
(2014)

Lime Rice straw Improved biogas
production

Song et al.
(2013)

Ca(OH)2 OFMSW 172% higher
methane yield

Llore et al.
(2008)

Ammonium
hydroxide

switch grass 65% increased
methane yield

Himmelsbach
et al. (2010)

Diluted H2 SO4 Sugarcane
Bagasse

166% increase in
methane yield

Badshah et al.
(2012)

4% HCl or 10%
FeCl3

Sunflower
stalks

21–29% increase
methane potential

Monlau et al.
(2012)

H3PO4 OPEFB 40% improved
methane yield

Nieves et al.
(2011)

FeSO4 Cow dung and
poultry litter

40% and 42%
increased methane
production
respectively

Preeti Rao and
Seenayya
(1994)

FeCl3 Swine excreta 60% increased bio
gas production

Hansen et al.
(1999)

20 mM sulfate Twofold increase
in biogas
production

Sai Ram et al.
(1993)



5.12 Methods to Improve Anaerobic Digestion of Algae

For biogas production, a suitable digester design is essential which can be applied to:

1. Municipal solid waste treatment
2. Treatment of microalgae residue for getting high value production such as

methane and fertilizers

The main problem lies in anaerobic digestion for algae treatment, as digestion of
its tough cell wall since many components of cell wall mainly consists of cellulose
and hemicellulose that are slow to digest and also need large bioreactors to operate.
Therefore, digestibility and high capital cost is also challenging.

In order to increase digestibility, some author recommends specific pretreatment,
such as thermal pretreatment, which include thermal hydrolysis, ultrasound or
thermochemical treatment.

Ultrasound pretreatment (which is radiation based) or thermochemical
pretreatment techniques are most suitable at a temperature of 62 �C or more.
Sometime it depends on the species, for example, in case of Scenedesmus species,
the production of biogas was improved when thermochemical pretreatment was
given and as a result biogas production was two times more. Improved anaerobic
digestion is also useful in some species, for example, Oocystis.

Table 5.6 AD temperature ranges with the corresponding retention time

Process Temperature (�C) Minimum retention time (days)

Psychrophilic <20 70–80

Mesophilic 30–42 30–40

Thermophilic 43–55 15–20

Fig. 5.4 Operation flowchart Bio-CNG production. (Redrawn and adapted from Kadam and
Panwar 2017)
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Sometimes combined pretreatment is also helpful in conversion of more biomass
to biogas. It requires high temperature treatment (at 130 �C) and then final
pretreatment at 170 �C with 8 bar pressure and in 80 min for thermal hydrolysis of
algal biomass for better results. This results in better hydrolysis of biomass with high
yield of biogas formation as compared to gas obtained at low temperature
pretreatment or with ultrasonication technique. Another very good mechanical
pretreatment adapted is production of biogas in continuous reactor to improve the
overall methane yield.

With combined ultrasonic or microwave pretreatment, there is report of enhanced
methane production in continuous bioreactor. Another very successful method is the
combined application of enzymatic and thermal pretreatment where protease can be
used for digestion of microalgae such as Chlorella vulgaris for methane production
and the yield was 26% more in continuous reactor. It has been also reported that
thermochemical pretreatment combined with alkaline pretreatment can improve the
biogas production in the reactors. Cocktail of enzymes also results in improved
biogas production. The enzymes which can be mixed are cellulose, glucohydrolase,
xylanase, and hemicellulose for intended use. Because of synergistic action of these
enzymes, a better digestion of biomass results which could improve biogas
production.

Since microalgae alone and directly cannot be used for production of biogas,
therefore most of the microalgae which is rich in oil can be first used for extraction of
biodiesel and then residual biomass can be used for production of biogas. This
process microalgae residue can be mixed with other biowastes for anaerobic diges-
tion which results in improved biogas production up to 74%.

Another technique developed in order to improve the biogas from algae was
nutrient starvation during cultivation of microalgae, for example, phosphorus limi-
tation results in improved biogas production so in conclusion, We can say that
energy and electricity production can be improved with biomass after adopting
suitable pretreatment technique.
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Abstract
A stoichiometric analysis of biogas production by anaerobic digestion from cassava
wastewater, wheat bran, and sewage sludge is proposed. A wide range of methods are
available to study stoichiometry of biochemical reactions. This work reported elemen-
tal balances method to solve stoichiometric coefficients in biogas production from
cassava wastewater, wheat bran, and sewage sludge. The method could be employed
for various substrates for biogas production and for other biochemical reactions.

Keywords
Anaerobic digestion · Biogas · Industrial residues · Stoichiometry

6.1 Introduction

Anaerobic digestion is the process of producing biogas from the organic materials
such as animal manure, waste paper, and sewage in the absence of oxygen. In India,
more than three million small-scale biogas plants are available. In addition, in the
Europe Union, biomass could amount to 1545 million tons per year (Igoni et al.
2008). Incorporation of municipal organic wastes such as food to the anaerobic
digestion production helps to raise the amount of produced energy. Also, paper
waste can be an additional source of enhanced biogas production. Anaerobic diges-
tion is a multistep biological and chemical process that is beneficial in not only waste
management but also energy creation (Weiland 2010).
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6.1.1 Biogas Production Process

The four fundamental steps of anaerobic digestion include hydrolysis, acidogenesis,
acetogenesis, and methanogenesis (Fig. 6.1). Throughout the entire process, large
organic polymers that make up biomass are broken down into smaller molecules by
chemicals and microorganisms. Upon completion of the anaerobic digestion process,
the biomass is converted into biogas consisting of carbon dioxide and methane, and
digestate (Dioha et al. 2013).

Table 6.1 shows the biochemical reactions taking place in each step during biogas
production, and the overall reaction is shown below:

6.1.1.1 Hydrolysis
In general, hydrolysis is a chemical reaction in which the breakdown of water occurs
to form H+ cations and OH� anions (Sivamani et al. 2018). Hydrolysis is often used
to break down larger polymers, often in the presence of an acidic catalyst. In
anaerobic digestion, hydrolysis is the essential first step, as biomass is normally
comprised of very large organic polymers. Through hydrolysis, these large
polymers, namely, carbohydrates, Lipids, and proteins, are broken down into smaller
molecules such as simple sugars, fatty acids, and amino acids, respectively
(Sivamani et al. 2018).

Biomass Hydrol
ysis

Acidog
enesis

Acetog
enesis

Metha
nogene
sis

Biogas

Fig. 6.1 Biogas production process

Table 6.1 Biochemistry of biogas production (Bajpai 2017)

Step Reaction

Hydrolysis Carbohydrates + H2O ! Glucose
Lipids + H2O ! Fatty acids
Proteins + H2O ! Amino acids

Acidogenesis C6H12O6 + 2 H2 ! 2 C2H5COOH + 2 H2O
C6H12O6 ! 2 C2H5OH + 2 CO2

Acetogenesis C2H5COOH + 2 H2O ! CH3COOH + CO2 + 3 H2

C6H12O6 + 2 H2O ! 2 CH3COOH + 2 CO2 + 4 H2

C2H5OH + H2O ! CH3COOH + 2 H2

C6H12O6 ! 3 CH3COOH

Methanogenesis 2 C2H5OH + CO2 ! 2 CH3COOH + CH4

CH3COOH ! CH4 + CO2

CO2 + 4 H2 ! CH4 + 2 H2O
CH3COOH + H2SO4 ! 2 H2O + 2 CO2 + H2S
7 CH3COOH + 8 NO2 ! 2 H2O + 14 CO2 + 8 NH3

Overall CaHbOcNdSe + f H2O ! p CH4 + q CO2 + r NH3 + s H2S
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6.1.1.2 Acidogenesis
Acidogenesis is the next step of anaerobic digestion in which acidogenic
microorganisms further break down the monomer products after hydrolysis. These
fermentative bacteria produce an acidic environment in the digestive tank while
creating volatile fatty acids, carbonic acids, alcohols, as well as trace amounts of
other by-products. While acidogenic bacteria further break down the organic matter,
it is still too large and unusable for the ultimate goal of methane production, so the
biomass must next undergo the process of acetogenesis (Parawira et al. 2004).

6.1.1.3 Acetogenesis
In general, acetogenesis is the creation of acetic acid or acetate, from carbon and
energy sources by acetogens. These microorganisms catabolize many of the products
created in acidogenesis into acetic acid, CO2, and H2. Acetogens break down the
volatile fatty acids and alcohols to a point at which methanogens can utilize much of
the remaining materials to create methane as a biofuel (Kalia 2007).

6.1.1.4 Methanogenesis
Methanogenesis constitutes the final stage of anaerobic digestion in which
methanogens create methane from the final products of acetogenesis as well as
from some of the intermediate products from hydrolysis and acidogenesis. While
CO2 can be converted into methane and water through the reaction, the main
mechanism to create methane in methanogenesis is the path involving acetic acid.
This path creates methane and CO2, the two main products of anaerobic digestion
(Ziemiński and Frąc 2012; An et al. 2008).

6.1.2 Factors Affecting Biogas Yield

The factors affecting the biogas yield are carbon/nitrogen ratio, temperature, pH,
dilution and consistency of feed, loading rate, hydraulic retention time, toxicity,
agitation, and additives (Mahanta et al. 2005).

6.1.2.1 Carbon/Nitrogen (C/N) Ratio
The relationship between the amount of carbon and nitrogen present in organic
materials is expressed by the carbon/nitrogen (C/N) ratio. A suitable C/N ratio plays
an important role for the proper proliferation of the bacteria for the degradation
process (Augenstein et al. 1976). Depending upon the relative richness in carbon and
nitrogen content, feed material can be classified as nitrogen-rich or carbon-rich. It is
generally found that during digestion, microorganisms utilize carbon 25–30 times
faster than nitrogen, that is, carbon content in feedstock should be 25–30 times of the
nitrogen content (Report No. ETSU B 1118 1986; Barnett et al. 1978; Fry and
Merrill 1973). To meet this requirement, constituents of feedstock are chosen in such
a way to ensure a C/N ratio of 25:1 to 30:1 and concentration of dry matter as
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7–10%. Even in situations where C/N ratio is close to 30:1, the biomass can undergo
efficient anaerobic digestion only if waste materials are also biodegradable at the
same time (Singh 1974; SPOBD 1979).

6.1.2.2 Temperature
Most digesters installed in the field lack mechanisms for temperature control and
removal of dissolved oxygen. Hence, efficiency of these digesters is reported to be
low, particularly during the winter months. There are different temperature ranges
during which mesophilic and thermophilic bacteria are most active causing maxi-
mum gas yield. Generally, mesophilic bacteria are most active in the temperature
range 35–40 �C and thermophilic bacteria in the range 50–60 �C. Choice between
the mesophilic and thermophilic digestions is governed by the natural climatic
conditions in which the plant is located. Though, it is possible to create conditions
for thermophilic digestion by external heat, but such a method is generally uneco-
nomical. Length of digestion period is linked with the digester temperature.

The methanogens are inactive in extreme high and low temperatures, while the
optimum temperature is 35 �C. When the ambient temperature decreases to 10 �C,
gas production virtually stops. Satisfactory gas production takes place in the
mesophilic range (30–40 �C). Proper insulation of digester helps to increase gas
production during the cold weather. When the digester operates at a temperature of
15 �C, it takes nearly a year for the digestion cycle to complete. However, if the
temperature is approximately 35 �C, the cycle can be easily completed in less than a
month. When the digester temperature is maintained at 25 �C, it takes approximately
50 days for digestion of cattle waste. But, if the temperature ranges between 32 and
38 �C, digestion is complete within 28 days. Mahanta et al. carried out experiments
to analyze the effect of temperature variation on anaerobic digestion of cattle wastes
(NAS 1977). Smith et al. suggested that at low temperature, biogas plants with some
design modifications could also function quite effectively as in a warm climate
(Mahanta et al. 2004a).

6.1.2.3 pH
During anaerobic digestion, microorganisms require a natural or mildly alkaline
environment for efficient gas production (Smith et al. 1982). An optimum biogas
production is achieved when the pH of feed mixture in the digester is between 6.25
and 7.50 (Mahanta et al. 2004b; Wise 1987). The pH in a biogas digester is also a
function of retention time. In the initial period of digestion, as large amounts of
organic acids are produced by acidogenic bacteria, the pH inside the digester can
decrease below 5. This inhibits or even stops the process. Methanogenic bacteria are
very sensitive to pH and do not thrive below 6.5. Later, as the digestion process
continues, concentration of NH3 increases due to the digestion of N2, which can
increase the pH to above 8. When the CH4 production level is stabilized, the pH
range remains between 7.2 and 8.2. According to studies in China, during the period
when ambient temperature varies between 22 and 26 �C, it takes approximately
6 days for pH to acquire a stable value (SPOBD 1979). Similarly, during the period
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when ambient temperature ranges between 18 and 20 �C, it takes approximately
14–18 days for pH to attain a stable value.

6.1.2.4 Dilution and Consistency of Feed
All waste materials fed to a biogas plant consist of solid substance, volatile organic
matter and nonvolatile matter, and water. During anaerobic digestion process,
volatile solids undergo digestion and nonvolatile solids remain unaffected.
According to a finding by The Energy and Resources Institute (TERI), fresh cattle
waste consists of approximately 20% total solids (TS) and 80% water (TERI 1987).
TS, in turn, consists of 70% volatile solids and 30% fixed solids. For optimum gas
yield through anaerobic digestion, normally, 8–10% TS in feed is required. This is
achieved by making slurry of fresh cattle dung in water in the ratio of 1:1. However,
if the dung is in dry form, the quantity of water has to be increased accordingly to
arrive at the desired consistency of the feed (i.e., ratio could vary from 1:1.25 to even
1:2). If the dung is too diluted, the solid particles will settle down into the digester
and if it is too thick, the particles impede the flow of the gas formed at the lower part
of the digester. In both cases, gas production will be less than optimum. It is also
necessary to remove inert materials such as stones from the feed before sending the
slurry into the digester. Otherwise, the effective volume of digester will decrease.

6.1.2.5 Loading Rate
Loading rate is defined as the amount of raw materials fed per day per unit volume of
digester. It is an important parameter that affects gas yield. If the plant is overfed,
acids will accumulate and methane production will be inhibited since bacteria cannot
survive in acidic conditions. Similarly, if the plant is underfed, the gas production
will also be low because of alkaline solution, which is also not a favorable condition
for anaerobic bacteria. The effect of daily and alternate day loadings on biogas yield
was also studied (Gore 1981). It was found that a 50 kg charge on daily basis and
100 kg charge on alternate day basis produced 2.9043 and 2.9285 m3 of gas,
respectively. Also, for a particular size of plant, there is an optimum feed of charge
rate that will produce maximum gas and further quantity of charge will not propor-
tionately produce more gas. A daily loading rate of 16 kg of volatile solids per m3 of
digester produces 0.04–0.074 m3 of gas per kg of raw dung fed (Moharao 1975). The
recommended loading rates for plants working on night soil range from 1.04 to
2.23 kg of volatile solids per m3 of digester (Moharao 1974). Higher loading rates
are recommended only in cases where mean ambient temperature is high.

6.1.2.6 Hydraulic Retention Time
Hydraulic retention time (HRT) is the average period that a given quantity of input
material remains in the digester to be acted upon by the methanogens. In a cattle
dung plant, the retention time is calculated by dividing total volume of the digester
and volume of feed per day. The rate of gas generation is initially high and then,
gradually, declines as the digestion approaches completion. Thus, the time required
for 70–80% digestion is considerably less than that needed to achieve complete
digestion. HRT is chosen to achieve at least 70–80% digestion. Langrage (Langrage
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1979) suggested that HRT depends upon the interior temperature of the digester.
Higher the temperature of the digester, lower is the retention time. HRT varies
between 20 and 120 days, depending upon the design and operating temperature
of the digester. For digesters operating in countries of tropical region, HRT is usually
taken as 40–60 days. In countries of colder region, digesters are designed for HRT of
about 100 days (UN Guidebook on Biogas Development 1980).

6.1.2.7 Toxicity
Mineral ions, heavy metals, and detergents are toxic materials that inhibit the normal
growth of pathogens in the digester. Small quantity of minerals (e.g., sodium,
potassium, calcium, magnesium, ammonium, and sulfur) also stimulates the growth
of bacteria, while high concentration leads to toxic effects. For example, presence of
ammonium from 50 to 200 mg/L stimulates the growth of anaerobic microbes,
whereas its concentration above 1500 mg/L produces toxic compounds. Similarly,
heavy metals, such as copper, nickel, chromium, zinc, lead etc., in small quantities,
are essential for the growth of bacteria, but their higher concentration has toxic
effects (Moharao 1975). Detergents, including soap, antibiotics, organic solvents,
etc. also inhibit the activity of methane-producing bacteria, and hence, addition of
these substances in the digester should be avoided.

6.1.2.8 Agitation
Agitation or mixing of digester contents significantly helps to ensure intimate
contact between microorganisms, which leads to improved fermentation efficiency.
Coppinger (Coppinger 1979) suggested that effect of varying degrees of mixing of
digester contents improves biogas production. The major problem associated with
the different designs of biogas plant is that a thick layer of scum formation appears at
the top of the digester which blocks the gas from coming out of the upper free portion
of the digester. Thus, no gas is available at the utility point. The effects of recircula-
tion of gas to break the scum formation were investigated by Mahanta et al. They
found that recirculation of gas improves the biogas yield. The recirculation of gas
increases the biogas production by three times. The gas production with circulation
is much more than that without recirculation at the same pH.

6.1.2.9 Additives
The additives seem to play an important role in biogas yield. Addition of 5%
commercial charcoal to cattle dung slurry on dry-weight basis raised the yield by
17 and 35% in batch and semicontinuous processes, respectively. Madamwar and
Mithal (Madamwar and Mithal 1986) performed two sets of experiments: one at
controlled temperature of 38 �C and the other at ambient temperature of 15 �C to find
the impact of adding pectin to cattle dung slurry as feed on biogas yield. Pectin not
only enhances gas yield but also imparts process stability during the periods of
fluctuating temperature. The impact of adding inert materials, such as vermiculite,
charcoal, and lignite bovine excreta, as feed on biogas yield has also been reported
(Geeta et al. 1986). These additives increased biogas yield by 15–30%. Pebbles,
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glass marbles, and plastic mesh when suspended in digester slurry reportedly led to
an increase in the gas yield by 10–20%.

Prasad (Prasad 1985) studied the effects of adding bagasse, Gulmohar leaves,
wheat straw, groundnut shells, and leguminous plant leaves as additives to cattle
dung on the biogas yield, gas composition, and extent of biodegradation. These
additives were separately mixed with cattle dung in the ratio of 1 part (oven dry) to
10 parts of fresh dung containing 19.2% of TS on weight basis. Anaerobic fermen-
tation was carried out under batch process in bottles in laboratory at ambient
temperature between 30 and 32 �C for 9 weeks. The volume of biogas generated
in 24 h was measured every day and gas composition analyzed periodically. It has
been concluded that addition of additives is advantageous for obtaining a high gas
yield.

6.2 Materials and Methods

6.2.1 Materials

Cassava was purchased from local supermarket in Salalah, Sultanate of Oman.
Wheat bran was kindly provided by Salalah Mills Company SAOG, Raysut, Sultan-
ate of Oman. Sewage sludge was kindly supplied by Salalah Sanitary Drainage
Services Company SAOC, Raysut, Sultanate of Oman. Samples were used without
further treatment.

6.2.2 Methods

6.2.2.1 Preparation of Cassava Wastewater
Fresh cassava was peeled and 3 kg of peeled cassava root was weighed. The roots
were washed and cut into pieces. The cut roots were crushed with water in blender,
and the final mixture was filtered. The filtrate was used as cassava wastewater for
further analysis without any further dilution (Liu et al.).

6.2.2.2 Analytical Procedures
The total carbohydrate, lipid, and protein contents in the samples were estimated by
anthrone (Hedge et al. 1962), Soxhlet extraction (Saim et al. 1997), and micro-
Kjeldahl (Pellet and Young 1980) methods.

6.2.2.3 Stoichiometric Analysis
The procedure for stoichiometric analysis of biogas production is as follows:

1. The contents of carbohydrates, lipids, and proteins were estimated in cassava
wastewater, wheat bran, and sewage sludge.

2. The percentages of carbon, hydrogen, oxygen, nitrogen, and sulfur present in
carbohydrates, lipids, and proteins are known from the literature.
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3. The concentrations of carbon, hydrogen, oxygen, nitrogen, and sulfur present in
cassava wastewater, wheat bran, and sewage sludge were calculated.

4. The gram atoms of carbon, hydrogen, oxygen, nitrogen, and sulfur present in
cassava wastewater, wheat bran, and sewage sludge were calculated.

5. Consider the overall reaction for biogas production,

CaHbOcNdSe þ f H2O ! p CH4 þ q CO2 þ r NH3 þ s H2S

Writing balances for each element, we get

Carbon : a ¼ pþ q ð6:E1Þ
Hydrogen : bþ 2f ¼ 4pþ 3r þ 2s ð6:E2Þ

Oxygen : cþ f ¼ 2q ð6:E3Þ
Nitrogen : d ¼ r ð6:E4Þ
Sulfur : e ¼ s ð6:E5Þ

Knowing the values of a, b, c, d, and e from step (4) above, the values of f, p, q, r,
and s can be calculated solving five simultaneous Eqs. (6.E1, 6.E2, 6.E3, 6.E4 and 6.
E5) (Tchobanoglous et al. 1991).

6.3 Results and Discussion (Tables 6.2, 6.3 and 6.4)

mg atom of carbon in cassava wastewater a1 ¼ 1139.37/12 ¼ 94.95
mg atom of hydrogen in cassava wastewater b1 ¼ 88.25/1 ¼ 88.25
mg atom of oxygen in cassava wastewater c1 ¼ 1380.83/16 ¼ 86.30
mg atom of nitrogen in cassava wastewater d1 ¼ 16.29/14 ¼ 1.16
mg atom of sulfur in cassava wastewater e1 ¼ 1.09/32 ¼ 0.03
mg atom of carbon in wheat bran a2 ¼ 115.51/12 ¼ 9.63
mg atom of hydrogen in wheat bran b2 ¼ 9.94/1 ¼ 9.94
mg atom of oxygen in wheat bran c2 ¼ 94.09/16 ¼ 5.88
mg atom of nitrogen in wheat bran d2 ¼ 8.66/14 ¼ 0.62
mg atom of sulfur in wheat bran e2 ¼ 0.58/32 ¼ 0.02
mg atom of carbon in sewage sludge a3 ¼ 141.44/12 ¼ 11.79
mg atom of hydrogen in sewage sludge b3 ¼ 12.34/1 ¼ 12.34
mg atom of oxygen in sewage sludge c3 ¼ 101.49/16 ¼ 6.34
mg atom of nitrogen in sewage sludge d3 ¼ 12.13/14 ¼ 0.87
mg atom of sulfur in sewage sludge e3 ¼ 0.81/32 ¼ 0.03

For cassava wastewater, substituting the mg atoms in Eqs. (6.E1, 6.E2, 6.E3, 6.E4
and 6.E5),
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94:95 ¼ pþ q ð6:E6Þ
88:25þ 2f ¼ 4pþ 3r þ 2s ð6:E7Þ

86:30þ f ¼ 2q ð6:E8Þ
1:16 ¼ r ð6:E9Þ
0:03 ¼ s ð6:E10Þ

Solving above equations, the values of f, p, q, r, and s were found to be

f ¼ 30:62

p ¼ 36:49

q ¼ 58:46

r ¼ 1:16

s ¼ 0:03

Similarly, for wheat bran,

9:63 ¼ pþ q ð6:E11Þ
9:94þ 2f ¼ 4pþ 3r þ 2s ð6:E12Þ

Table 6.3 Percentage of carbon, hydrogen, oxygen, nitrogen, and sulfur in carbohydrates, lipids,
and proteins

Elements Carbohydrates Lipids Proteins

Carbon 42.7 84.6 52.7

Hydrogen 3.2 5.1 7.1

Oxygen 54.1 10.3 22.6

Nitrogen – – 16.5

Sulfur – – 1.1

Table 6.2 Biochemical composition of carbohydrates, lipids, and proteins in cassava wastewater,
wheat bran, and sewage sludge

Constituents Carbohydrates (ppm) Lipids (ppm) Proteins (ppm)

Cassava wastewater 2507.36 19.74 98.72

Wheat bran 146.28 30.0 52.50

Sewage sludge 148.00 46.7 73.50
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5:88þ f ¼ 2q ð6:E13Þ
0:62 ¼ r ð6:E14Þ
0:02 ¼ s ð6:E15Þ

Solving above equations, the values of f, p, q, r, and s were found to be

f ¼ 4:68

p ¼ 4:35

q ¼ 5:28

r ¼ 0:62

s ¼ 0:02

Similarly, for sewage sludge

11:79 ¼ pþ q ð6:E16Þ
12:34þ 2f ¼ 4pþ 3r þ 2s ð6:E17Þ

6:34þ f ¼ 2q ð6:E18Þ
0:87 ¼ r ð6:E19Þ
0:03 ¼ s ð6:E20Þ

Solving above equations, the values of f, p, q, r, and s were found to be

f ¼ 6:20

p ¼ 5:52

q ¼ 6:27

r ¼ 0:87

s ¼ 0:03
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Bioethanol Production: Generation-Based
Comparative Status Measurements 7
Bikash Kumar, Nisha Bhardwaj, Komal Agrawal, and Pradeep Verma

Abstract
Bioethanol is a major renewable biofuel obtained from different waste biomass. It
can potentially substitute the depleting and pollution-causing fossil fuels. It can
endow with energy security along with environmental protection over fossil fuels.
Biofuels can be classified into four different generations (G), i.e., first generation
(1G), second generation (2G), third generation (3G), and fourth generation
(4G) based on the groups of feedstocks used. Bioethanol can be produced from
all groups of feedstocks; therefore, ethanol obtained from respective group can be
named after that generation, i.e., 1G-, 2G-, 3G-, and 4G-based bioethanol.
Different microorganisms which can efficiently convert waste biomass into
bioethanol are studied, and several biotechnological techniques have been
applied for enhancing the production. Similarly, different pretreatment
technologies, fermentation processes, and experimental design have been
implemented for maximally utilizing the waste and converting it to bioethanol.
There are several factors which affect various steps of bioethanol production
which affect the final ethanol yield. Therefore, this chapter gives an insight onto
current status measurements of 1G, 2G, 3G, and 4G bioethanol production with a
focus on using different feedstock and associated technologies, role of
microorganisms, factors affecting overall bioethanol production, and current
global scenario along with limitations and future prospects.
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List of Abbreviation

1G first generation
2G second generation
3G third generation
4G fourth generation
SPR sweet potato residues
VHG very high gravity fermentation
SHF separate hydrolysis and fermentation
SHCF separate hydrolysis and co-fermentation
SSF simultaneous saccharification and fermentation

7.1 Introduction

Presently environmental and energy security concern are synergistically associated
two important factors controlling the sustainable growth of the human being all over
the world. With rapid industrialization, the dependence on fossil fuels has increased.
These fossil fuels helped in meeting the global energy need, but at the same time, it
has been contributing to pollution and global warming through greenhouse gas
(GHG) emissions (Vanhala et al. 2016). In addition to this, the fossil fuels (nonre-
newable) reservoirs are also depleting, and at the current rate of consumption, it’s
expected to end by the next 40–50 years (Chen et al. 2016). With these concerns in
mind, different stakeholders working in the area of energy generation and environ-
mental pollution have suggested different approaches such as the use of renewable
resources, i.e., solar, wind, tidal, and biomass-based energy generation approach.
Among these methods, solar, wind, and tidal are being exploited; however, huge cost
and land involved for these techniques and also changing environmental patterns
have limited their application. Therefore, biomass-based bioenergy especially
bioethanol is a cost-effective and eco-friendly alternative to fossil fuel (Balat
2009; Demirbas 2009). In an attempt to minimize the dependence on fossil fuel,
several developed countries, e.g., the USA, China, Brazil, and Canada, and several
EU nations have made substantial progress in bioethanol production. Developing
nations such as India have also made a substantial stride in the area of bioethanol
generation. Although gasoline gives 44% better energy yield as compared to ethanol,
it has certain disadvantageous properties as mentioned in Table 7.1.

There are different feedstocks used for bioethanol production, and its composi-
tion determines the overall yield and process cost involved. The other aspects
associated with the feedstock are its

availability, transportation, and their efficiency as alternatives to fossil fuels.
Based on the above parameters, various literature surveys suggest that a wide
range of biomass have been used by different research groups. Biofuels can be
divided into different generations, i.e., first, second, third, and fourth generations on
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the basis of the type of biomass used (Fig. 7.1). Bioethanol is a major class of biofuel
which can be obtained from all four generations of feedstocks. Thus, the bioethanol
obtained from food crops (grains and sugarcane) is called as first-generation
(1G) bioethanol. The lignocellulosic biomass (forest and agricultural residues)-
based ethanol is called second-generation (2G) bioethanol, and algal-based ethanol
is considered as third-generation (3G) bioethanol (Thatoi et al. 2016). One of the
recently developed approaches is the fourth generation (4G) which is basically based
on the capture of free CO2 from the environment and its storage in biomass materials
using a process such as oxy-fuel combustion. Different feedstocks vary in their
compositional analysis which greatly influences the type of process adapted for
ethanol generation from the feedstocks. Composition of different renewable
feedstocks for different generations of bioethanol is explained through Fig. 7.1.
Researchers are making every possible attempt for economical production of

Table 7.1 Distinguishing features of ethanol and gasoline with advantage of ethanol over gasoline

Properties Ethanol Gasoline
Advantage of ethanol
over gasoline References

Octane
number

High Low High octane level thus
lowers engine knock

Nigam and
Singh (2011)

Evaporation
enthalpy

High Low Improved performance
of ethanol-blended
gasoline

Al-Hasan
(2003); Hara
and Tanoue
2006; Naik
et al. (2010)

Laminar
flame speed

High Low Improved performance
of ethanol-blended
gasoline

Bayraktar
(2005); Hara
and Tanoue
2006; Naik
et al. (2010)

Heat of
vaporization
(HV)

High Low High (HV) lead to
better volumetric
efficiency; this
improves power output

Lynd (1996)

Oxygenation 34.7 % oxygen No oxygen High oxygenation
minimizes nitrogen
oxides and particulates
matter emission

Kar and
Deveci (2006)

Sulfur
content

Negligible
sulfur

High sulfur
content

Low sulfur inhibits
emission of
carcinogenic sulfur
dioxide and minimizes
event of acid rain

Pickett et al.
(2008)

Octane
enhancer

Bioethanol can
be an alternative
to chemical-
based octane
enhancer

Use of octane
enhancer
methyl
tertiary butyl
ether (MTBE)

Bioethanol blending
with gasoline acts as
octane enhancer and
thus limits the use of
MTBE (US energy
policy 2001)

Yao et al.
(2009)
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bioethanol at pilot scale or large scale. Bioethanol production utilizing 1G and 2G
feedstocks has been developed. However, 1G feedstocks compete with food crops
and thus can lead to food crisis. The lignocellulosic biomass recalcitrance acts as a
hindrance for making the overall lignocellulosic-based biorefinery an economical
option. 3G and 4G bioethanols are still in a very immature stage limited to lab scale.
The chapter will provide a comprehensive overlook on generation-based status
measurement with special emphasis on different feedstocks and associated
technologies (pretreatment, hydrolysis, fermentation, and distillation) which are
playing a significant role on the overall development of bioethanol production.
The global scenario of four generations of ethanol is also discussed in short. Thus,
this chapter can provide a thoughtful insight toward future commercial bioethanol
production strategies on large scale.

7.2 Renewable Feedstocks for Different Generations
of Bioethanol

7.2.1 First-Generation (1G) Feedstocks

Food crops (grains, sugarcane, tubers, and roots) are used as feedstock for the
production of 1G bioethanol. 1G feedstock-based bioethanol production technology
is commercially utilized to minimize the global environmental pollution and provide
energy security. Different food crops available for generation of bioethanol are
discussed below.

7.2.1.1 Starch-Based Biomass for Bioethanol Production
Feedstock rich in starch is readily available around the world, stored for a long
period of time and easily converted to bioethanol with high yield. The starch-based
major feedstocks are cereals (60–80% starch), green/immature fruits (70% starch),
legumes (25–50% starch), and tubers and roots (60–90% starch) (Santana and
Meireles 2014). Corn, tuber (cassava, potato, sweet potato), wheat, yam, sorghum
grains, and aroids are used extensively as sources for bioethanol (Mohapatra et al.
2019) Different starch and sugar crops with their major carbohydrate composition
and final ethanol yield are also tabulated in Table 7.2.

Fig. 7.1 Schematic representation of the different generations of renewable feedstocks, their
compositions, and approach used for bioethanol production
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7.2.1.1.1 Corn for Bioethanol Production
Commercially, corn is extensively used as feedstock for bioethanol production, and
its application has increased rapidly. The USA is the leading corn producer with
annual production of 116.32 billion gallons and utilizes 28% of it, i.e., 42.4 billion
gallons for ethanol generation (AFDC 2016). In year 2014, the USA alone generated
around 14.3 billion gallons of bioethanol from corn (RFA 2015). The corn yield is
also very high in Asia followed by Europe and South America (Kim and Dale 2004).
The factors affecting the corn-based ethanol yield are corn variety, quality of corn
used, kernel composition, presence or absence of mycotoxins, and hardness of
endosperms. The ethanol yield ranges from 3 to 23% with more yield from free
sugar-rich kernels (Singh 2012).

7.2.1.1.2 Grains for Bioethanol Production
The climatic condition of an area also limits the application of different crops for
bioethanol production. The climatic condition of Canada limits corn growth and
favors wheat; therefore, it is most readily used crop for grain-based bioethanol
production. The other crops used for bioethanol production were triticale, barley,
and oat (Saunders et al. 2011). McLeod et al. (2010) tested the suitability of grains
(i.e., 31 lines and cultivars of wheat, triticale, barley, and oats) as feedstock for
production of ethanol in Western Canada. Starch, pentoses, and β-glucan yield from
different cultivars were determined to estimate ethanol yields. It was observed that
the ethanol yield was maximum for wheat followed by triticale, barley, and oat.
Muktham et al. (2016) suggested that wheat can be used to replace barley for
bioethanol production. Belboom et al. (2015) also suggested that wheat-based
ethanol can generate 42.5–61.2% less GHG emissions as compared when the same
amount of gasoline is used.

7.2.1.1.3 Tubers and Roots for Bioethanol Production
Different tubers and roots, i.e., sweet potatoes, potatoes, Jerusalem artichoke, and
cassava, have high concentrations of stored starch. This high starch storage potential
makes it as suitable raw materials for 1G bioethanol (Hoover 2001). There are
several advantages using tubers and roots for ethanol production such as:

(i) Economic harvesting.
(ii) On-farm processing.
(iii) Availability of cost-effective ethanol conversion techniques.
(iv) Can be grown in different soil types, even in low fertile soil thus leaving fertile

one for other crops (Thatoi et al. 2016).
(v) Can be grown in a variety of climates (tropical, subtropical, semi-arid

conditions).
(vi) Annual nature of most tubers and root crops makes it a suitable feedstock for

bioethanol (Ray and Swain 2011).

The annual production of cassava ranks sixth after rice, wheat, corn, potatoes, and
barley in the developing countries. Its ability to grow in low fertile soil, in all types of
climatic condition, all year around, and high starch yield per hectare (~36.3 tons)
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make it suitable for bioethanol feedstock (Behera and Ray 2015). Potato is a seasonal
crop grown primarily in a temperate climate with abundant availability in northern
hemisphere region. Potato is ranked as fourth important crop around the world.
China is the leading producer of potatoes (20%); Russia and India follow the list with
12% and 8%, respectively (Thatoi et al. 2016). Sweet potato is an annual crop grown
in tropical and subtropical regions. China is the leading producer of sweet potatoes
(80%) followed by Uganda and Nigeria (3%) (Duvernay et al. 2013). Sweet potato is
ranked seventh as favorite food crop grown around the world. Different varieties of
sweet potatoes are grown such as white, orange, and purple. The white variety of
sweet potato containing high starch is less sweet, so it is less preferred as food
source, thus making it an appropriate substrate for production of bioethanol (Thatoi
et al. 2016). Sweet potatoes are even manipulated for its high starch content and low
liquefaction temperature, thus making it more adaptive for ethanol production.
Sweet potatoes K 9807.1 has 4500–6500 L ethanol yield per hectare which is 1.6
times higher than corn (Lareo et al. 2013).

7.2.1.2 Sugar-Containing Feedstock for Bioethanol Production
The sugar-based bioethanol is produced by sugar-based feedstocks, i.e., sugarcane,
beet sugar, sweet sorghum, fruits, and energy crops. Brazil, Germany, France, and
India are the leading producers of sugar-rich feedstock. The sugarcane (C4 grass) has
high solar radiation to biomass conversion capability with per hectare yield of 62–74
tons (Sindhu et al. 2016). Brazil is the leading producer of sugarcane-based
bioethanol (79% from sugarcane) and replaced almost 42 % of its gasoline need
with sugarcane-based bioethanol. In 2015–2016, Brazilian produced 8 billion
gallons bioethanol and used mostly to meet its domestic needs by blending with
gasoline from 18 to 27.5% (SugarCane.org 2019). Another C4 plant i.e. sweet
sorghum, has high yield (54–111 tons/ha), high carbon assimilation efficiency
(50 g/m2/day), accumulation of extractable sugar in high concentration in their
stalks, have high water use efficieny, can be grown in tropical as well as temperate
climate and can be grown from seed (added advantage over sugarcane) (Laopaiboon
et al. 2007). Ekefre et al. (2017) evaluated three different cultivars of sweet sorghum
as ethanol feedstock. Different parameters such as diameter, density, and height of
stalk along with overall biomass and juice yield were compared for enhanced ethanol
yield. The cultivar Theis resulted in maximum ethanol yield of 7619 L/ha followed
by M81 E (6106 L/ha) and Dale (5077 L/ha) (Ekefre et al. 2017). Sugar beet is used
for bioethanol production extensively in France and introduced in India and in trail
stages in tropical countries (Marx et al. 2012). Sugar beet has a high yield of 54–111
tons/ha with low requirement of rainfall (Vohra et al. 2014). Several researches are
ongoing for application of sugar beet and sugar beet processing waste for ethanol
generation and found that sugar beet can be an economical option (Dziugan et al.
2013).

The fruits which are usually discarded due to its physical appearance and low
quality can be used as feedstocks for production of ethanol as these fruits are rich in
soluble sugar and do not require any complex pretreatment before fermentation by
yeast (Chandrasekaran and Bahkali 2013; Chniti et al. 2014). Fruit juice or fruit
processing industries or waste from pineapple and grape pomace can be a feasible

7 Bioethanol Production: Generation-Based Comparative Status Measurements 161



option for production of bioethanol (Ban-Koffi and Han 1990; Rodriguez et al. 2010;
Upadhyay et al. 2010).

7.2.1.3 Limitations of 1G Feedstocks
The 1G bioethanol generated from food crops is the most developed technology
providing relief in GHG emission; however, it has its limitation which arises due to
concern associated with food security and availability of cultivable land and can also
lead to breakage of food chain due to non-availability and soaring prices of food
crops. This claim may be supported by the work done by Shikida et al. (2014) where
they concluded an interesting point that the food crops used by the USA, Brazil,
China, India, and the Netherlands for bioethanol generation can feed up to 200 mil-
lion people starving in their own nation. Similarly, Rulli et al. (2016) evaluated that
the amount of food crops used for production of 1 Terajoule of 1G bioethanol can be
used to feed 110 people. The growth of food crops for bioethanol production can
compete with 3% global water requirement for food production (Agência Nacional
doPetróleo 2015). Therefore, based on the above observation, there is an urgent need
to revisit the potential feedstocks for future ethanol generation.

7.2.2 Second-Generation (2G) Feedstock for Bioethanol Production

The food versus fuel, food-fuel-land-water nexus, and environmental impacts of
large-scale 1G bioethanol have led to a search for an alternative. 2G feedstock-based
bioethanol from nonfood lignocellulosic feedstocks are considered as a feasible
option because lignocellulosic biomass is abundant all over the world which can
be used without competing with land, water, and food requirement of animal kind.
Annually, global production of plant biomass is around 200 � 109 ton per year, of
which around 8 � 109–20 � 109 can be used for generation of biofuel such as
bioethanol, biogas, and bioelectricity (Kuhad and Singh 1993; Saini et al. 2015). It
can even mitigate the problem of pollution which is usually generated due to burning
of these lignocellulosic wastes. Overall lignocellulosic feedstock-based biorefineries
are the need of the hour for both rural and urban areas as it can provide energy
security, mitigate environmental concern, promote agriculture, provide employment
opportunities, and save foreign exchange (earlier used to procure petroleum) and
have large-scale socioeconomic impact (Zafar 2018). Different lignocellulosic bio-
mass used for 2G bioethanol production can be divided into several groups such as
woody biomass, i.e., forest residues, or non-woody biomass, i.e., agricultural
residues, energy crops, aquatic plants, and municipal waste. These various
biomasses are discussed below.

7.2.2.1 Woody Biomass for Bioethanol Production
Forest biomass can be collectively considered as woody biomass which mainly
includes hardwood and softwoods along with forest residues such as dead leaves,
dead branches, sawdust, woodchips, and pruning and bark thinning residues. The
USA has forest cover of around 310 million hectares and generates around 370 mil-
lion tons of woody biomass per year (Robert et al. 2005). Softwood trees are the
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evergreen plants of cedar, cypress, hemlock, pine, reed, and cedar, and these are fast-
growing trees and possess low densities. Hardwood trees include acacia, alder,
aspen, beech, cottonwood, eucalyptus, poplar, oak, and willow and are mainly
found in the northern hemisphere. The hardwoods and softwoods differ in physical
and chemical composition (Romani et al. 2011). The woody biomass consists of
cellulose microfibrils reinforced together with hemicellulose and lignin (Alvira et al.
2010). These complex structures are usually formed by tracheids and vessels (plant
parts responsible for translocation and transportation of water in plants) in the middle
covered by layers of complex microfibrils around them. These structural
complexities provide toughness to wood and require different pretreatment methods
before its conversion to bioethanol (Zhu et al. 2010).

7.2.2.2 Non-woody Biomass for Bioethanol Production
Non-woody biomass usually comprises of agricultural residues, aquatic plants,
native energy crops, and municipal waste. Apart from huge availability,
non-woody biomass is relatively easy, cheap, and less energy intensive in conver-
sion to bioethanol as compared to woody biomass. The detailed account of
non-woody biomass is given below.

7.2.2.2.1 Agricultural Residues for Bioethanol Production
After harvesting of the agricultural crops such as corn, wheat, rice, sugarcane,
cassava, and palm oil, there are huge amount of residues generated such as straws,
stover, bagasse, and empty fruit brunches which can contribute to the world biomass
and potential feedstock for bioethanol production.

7.2.2.2.1.1 Cereal Straws for Bioethanol Production
The dry stalks which remain after harvesting of cereal grains such as rice, wheat,
barley, oat, corn, and sorghum are called as cereal straws. It consists of 33–47%
cellulose along with 20–30% hemicelluloses and can be considered as an important
substrate for bioethanol generation. The harvesting of wheat from 1 hectare of field
usually generates 1–3 tons of straw and the annual world rice straw production is
around 731 million ton/year, and as wheat and rice are stapled food for several
countries, there is huge availability of wheat/rice straw for bioethanol production
(Saini et al. 2015). Annual cereal straw production collectively from Europe, the
USA, India, and China is 1580.2 million ton/year (Tye et al. 2016).

7.2.2.2.1.2 Corn Stover for Bioethanol Production
The residues generated after harvesting of corn from corn plants are collectively
called as corn stover. The corn stover mainly constitutes cobs, husks, leaves, and
stalks and produced at a rate of around 4 ton/ acre of harvested land (Kim and Dale
2004). Corn stover is mainly produced in North and South American nations.
However, it plays a crucial role in restocking organic matter in soil, but with
sustainable management and safeguards, a suitable amount of corn stover can lead
to production of 80 million gallons of bioethanol (Liew et al. 2014).
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7.2.2.2.1.3 Bagasse for Bioethanol Production
Bagasses are obtained after processing of the starchy tuber crop “cassava and
sorghum” and sugar-rich crop “sugarcane” cultivated mainly in Asian, Latin Ameri-
can, and African countries. India is home to almost 1100 cassava processing units
which generate a huge amount of bagasse after processing of approximate 8.74
million tons of cassava (Mohapatra et al. 2019). These bagasses are also rich in
carbohydrate polymer, i.e., 30–35% (Ray and Swain 2011). It is estimated that 1 ton
of cassava bagasse can lead to the generation of 114 L of bioethanol (Sangodoyin
and Amori 2013). The fifth most important cereal crop grown in the world is
sorghum. A by-product obtained after sorghum processing, i.e., sorghum bagasse,
consists of high amount of carbohydrate polymer (35.5% hemicellulose, 44.4 %
cellulose) and very low lignin (3.5%) and thus can be converted to ethanol very
easily due to low lignin recalcitrance (Dogaris et al. 2009).

The leftover residue after extraction of juice from sugarcane is known as sugar-
cane bagasse; it is a cheap residue and has an estimated production of 317–380
million ton/year (Sánchez 2009). It has high carbohydrate content of ~70–80%
(cellulose and hemicelluloses) and ~20–30% lignin with low 1.9% ash content
(Peng et al. 2009). This bagasse may be immediately available at their processing
site where crops are processed. The integrated biorefinery where processing of crop
followed by its conversion to bioethanol is a cost-efficient method (Furlan et al.
2013).

7.2.2.2.1.4 Sweet Potato Residues (SPRs) for Bioethanol Production
As discussed in starch-based biomass, sweet potato accounts for 10% residues after
extraction of starch and can be used as bioethanol generation substrate. China is the
leading sweet potato producer with an annual production of ~71 million tons. The
processing units for sweet potato in China produce around 2 million tons of sweet
potato residues which because of their high viscosity remain unutilized and can act
as environmental pollutants. By enzymatic breakdown, these residues can be sub-
stantially used for sugar and ethanol generation (Izmirlioglu and Demirci 2012).

7.2.2.2.1.5 Oil-Palm Biomass for Bioethanol Production
Once the oil is extracted from the palm fruit bunches, a large amount of empty fruit
bunches, fronds, and trunks are left out. On per hectare basis, 40 tons of empty fruit
brunch, 10.5 tons of fronds, and 2.8 tons of trunks are generated per year; these
residues can act as substrates for bioethanol production. The high cellulosic content
of fronds (31.0–32.0%) and trunks (39.9–41.0%) makes it more suitable for cellu-
losic ethanol generation. However, even the cellulose content in empty fruit bunches
are less, i.e., 7.7–14.7%, but applying enzymes such as amylase and cellulase can
result in 96.3% glucose yield with ethanol yield of approximately 93.5% (Eom et al.
2015)

7.2.2.2.1.6 Bast Fiber for Bioethanol Production
Bast crops are naturally occurring non-woody plant and can be potentially consid-
ered as energy crop due to several advantages such as it’s capability of growing on
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waste or even brackish water, high CO2 absorption capacity (1.9 tons of CO2 for
1 ton cellulose produced), high cellulose content and high productivity even in less
fertile condition. The outer layer of different bast crops such as sun hemp, jute,
ramie, flax, and industrial hemp constitutes around one third of their weight and can
be obtained as fibrous bundles that can be used as suitable feedstocks for production
of bioethanol. Among different bast crops, industrial hemps are considered as the
most sustainable substrates for production of bioethanol (Cherney and Small 2016).
Annual production of hemp is 1 � 105 tons, and it has very high 70–90% cellulosic
content by weight. Similarly, the cellulosic content for different bast crops is also
very high for flax, ramie, and jute, i.e., 60–80%, 68–76%, and 51–84%, respectively
(Paridah et al. 2011).

7.2.2.2.2 Energy Crops for Bioethanol Production

7.2.2.2.2.7 Native Grasses for Bioethanol Production
In order to maintain low-cost ethanol production, there is a need of an uninterrupted
and consistent supply of raw materials. The native grasses are one alternative which
has a short growth period, minimal cultivable land, fertilizers/pesticides, and water
requirement. These grasses also have huge carbon storage capacity due to its C4
carbon fixation ability. These plants are perennial in nature, grown mostly in warm
and temperate regions, and generate large biomass by huge carbon capture around
the year (Lewandowski et al. 2003). Thus, these native grasses have all inherent
properties to be considered as energy crops. C4 grass such as coastal bermuda grass,
napier grass, saw grass, and switch grass are potential substrates for bioethanol
production.

Miscanthus giganteus (saw grass) has carbohydrate content of 40–60% cellulose
and 20–40% hemicelluloses, making it capable of generating five to eightfold more
ethanol as compared to corn (Brosse et al. 2012). Similarly, Panicum virgatum
(switch grass) has lignocellulosic content of 37–40% cellulose, 25–29%
hemicelluloses, and 18–25% lignin. Pennisetum purpureum (napier grass) has
carbohydrate content, i.e., 40–50% cellulose and 20–40% hemicelluloses. It
produces huge biomass under limited nitrogen supply (presence of diazotrophic
nitrogen-fixing bacteria) and highly efficient CO2 fixation and has fast-growing
capability. Cynodon dactylon (bermuda grass) has high carbohydrate content, i.e.,
40–55% of cellulose and hemicellulose accompanied with a high yield of 14.1–24.2
ton/ha (Takara and Khanal 2015). These C4 plants have high carbohydrate content
and fast-growing capability, making it a suitable substrate for ethanol generation.

Some of the C3 grasses such as Medicago sativa (alfalfa), Phalaris arundinacea
(reed canary grass), Arundo donax (giant reed), and Dactylis glomerata (cocksfoot
grass) are also reported to have high hemicellulosic content and thus used as
bioethanol-generating substrate. Njoku et al. (2013) utilized hemicellulose fraction
of cocksfoot grass for generation of ethanol with yield 89–158 mL/kg of dry
biomass.
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7.2.2.2.3 Municipal Solid Wastes
Due to rapid industrialization, there is huge increase in solid wastes (1.3� 109 ton in
1990 to 2.3 � 109 ton in 2000) generated from different residential and nonresiden-
tial establishments. These are usually recyclable biomass generated from food
wastes and paper mill sludge (Hadar 2013). However, the application of these wastes
is limited because of differences in composition and microbial contamination and
limited potential in small regions. These are usually used for bio-oil production using
pyrolysis and solid waste management’s approaches for generation of value-added
organic products.

7.2.3 Third-Generation Feedstock for Bioethanol Production

The algae are simple chlorophyll-containing photosynthetic organisms. These are
either phototrophic, i.e., utilizing atmospheric CO2 to nutrients such as carbohydrate,
or heterotrophic, i.e., utilizing organic carbon sources (Wen and Chen 2003). Algal
biomass is considered as an alternative to 1G and 2G feedstock due to high
productivity, easy cultivation techniques, can use waste water for cultivation, and
convenient harvesting. The algal biomass serves three major purposes, i.e.,
bioethanol production (algal polysaccharides), biodiesel production (algal
bio-oils), and simultaneous waste water treatment. Microalgae and macroalgae are
two major groups of algae and have huge potential for bioethanol production.

7.2.3.1 Microalgae as Feedstock for Bioethanol Production
Microalgae consist of unicellular prokaryotic or eukaryotic photosynthetic
microorganisms. They have simple colony structures and are capable of surviving
under stressed condition (Mata et al. 2010). The total global production of dry algal
biomass is 10,000 ton/year, of which around 7000 ton/year is produced in open
systems (Gris et al. 2013; Lee and Lee 2016). Different species of microalgae used
for production of bioethanol are Chlorella, Spirulina, and Dunaliella. The major
polysaccharide yields are arabinose, galactose, glucose, rhamnose, and xylose with
bioethanol yield potential of 0.234 g/g dry algal biomass having high 11.7 g/L titer
(Ho et al. 2013). Microalgae can also be used for generation of bio-butanol, acetone,
biogas (Marin et al. 2018), eicosapentaenoic acid (Cheng-Wu et al. 2001), omega-3
oil, livestock feed (Besada et al. 2009), pharmaceuticals, and cosmetics (Spolaore
et al. 2006). These sub-products are of high value and thus can facilitate in
minimizing the cost of the overall bioethanol production process (Demirbas 2011).
The chemical composition of the microalgae is affected extensively by the cultiva-
tion type and cultivation condition (Burton et al. 2009).

7.2.3.2 Macroalgae as Feedstock for Bioethanol Production
Seaweed or macroalgae have in-habituated to marine form during the course of
evolution. They are broadly classified as Rhodophyceae (red algae), Phaeophyceae
(brown algae), and Chlorophyceae (green algae) based on the type of pigments they
produce (Jung et al. 2013). Major species of red algae are Eucheuma sp. Eucheuma
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denticulatum, Gracilaria verrucosa, and Kappaphycus alvarezii, with very high
annual production of 8.98 million metric ton/year (Lee and Lee 2016). The major
carbohydrate polymers obtained from red algae are carrageenan, apart from agar and
cellulose which can be used as bioethanol feedstock. Several reports suggest
bioethanol yield of 45–236 mg/g of dry biomass with 0.5–4.72 g/L high titer
(Meinita et al. 2013;Wu et al. 2014). The major species of brown algae are Lami-
naria japonica, Sargassum fusiforme, and Undaria pinnatifida with estimated
production of nearly 0.68 million metric ton per year (Lee and Lee 2016). The
major carbohydrate polymers for brown algae are cellulose, fucoidan, mannitol,
alginate, and laminarin. Different biotransformation procedures are developed for
utilization of alginate and mannitol for generation of ethanol. The bioethanol yield
obtained from different brown algae varies from 152 mg up to 362 mg per gram of
dry biomass with 0.196–37.8 g/L titer (Wargacki et al. 2012; Kim et al. 2013;
Enquist-Newman et al. 2014). The major green algae strains used for bioethanol
production are Caulerpa sp., Codium fragile, Enteromorpha clathrata,Monostroma
nitidum, and Ulva fasciata with starch and cellulose as major polysaccharide con-
tent. Among different macroalgal groups, the annual production of green algae is
minimum, i.e., 21.5 thousand metric ton per year (Lee and Lee 2016). The ethanol
yield for the green algae is also very low, i.e., 0.09 with comparable titer of 9.31 for
Ulva fasciata (Trivedi et al. 2013). Due to high photosynthetic efficiency,
macroalgae generate huge carbohydrate polymers with no or less lignin and
hemicelluloses. Therefore, the carbohydrate polymers are readily available can be
subjected to hydrolysis without any prior pretreatment (John et al. 2011). Also, the
short growth time, that can be one added advantage for making the large biomass
available in short time.

7.2.4 Fourth-Generation Feedstock for Bioethanol Production

Fourth-generation feedstocks are bio-oils, genetically modified microbes, and plants
with high carbon capture and sequestration efficiency. These feedstocks are
engineered to capture more CO2 during the growth of the feedstock. The processing
of this feedstock also involves processes which can enhance carbon capture which
can be stored in geological formations (e.g., exhausted oil fields) or as mineral
storage in the form of carbonates. Therefore, fourth-generation feedstock-based
bioethanol generation technology is often termed as “bioenergy with carbon storage”
or carbon negative techniques (CBU 2007; Rubens 2008).

Fourth-generation feedstocks are used in different approaches such as (i) petroleum-
like hydroprocessing and advanced biochemistry approach of conversion of bio-oils to
bioethanol, (ii) innovative processes of Joule’s “solar-to-fuel” method, (iii) genetic modi-
fication of feedstock with the ability to increase carbon capture capacity, and (iv) synthetic
biology approach for genomically synthesized microbes (algae and cyanobacteria). Fourth
generation defies any other category of biofuel (Kagan 2015; Aro 2016). The schematic
representation of different steps involved in fourth-generation feedstock-based bioethanol
generation is shown in Fig. 7.2
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However, several limitations such as intensive technology associated with the
genetic modification of plants and microbes, the technological limits and ethical
concern associated with the synthetically synthesized microbes, and carbon seques-
tration and capture techniques are in its preliminary stages and therefore minimize
the application of this feedstock (Rubens 2008; Aro 2016).

7.3 Process Associated with Bioethanol Production from
Different Generations (1G, 2G, 3G, and 4G) Feedstocks

7.3.1 Pretreatment of Different Feedstocks for Bioethanol
Production

During biomass to bioethanol generation, one of the rate-limiting processes is
biomass pretreatment as it is costly and involves several complexities. The
pretreatment alters the macroscopic, microscopic, and submicroscopic structure of
lignocellulosic and algal biomass. In the case of lignocellulosic biomass,
pretreatment primarily removes lignin and hemicelluloses. However, in the case of
1G and 3G feedstocks, lignin is absent and therefore removal of lignin is not
necessary. Complex polymers such as microfibrillar and matrix polysaccharides
along with proteoglycans provide recalcitrance to algal biomass (Mishra et al.
2017; Kumari and Singh 2018a). Thus apart from lignin removal, the pretreatment
also helps in depolymerizing the starch, cellulose, and hemicellulosic fractions,
enhancement in surface area, improving biomass porosity, and decrease in crystal-
linity of cellulose (Sørensen et al. 2008). However, under harsh pretreatment
conditions, formation of fermentation inhibitory compounds such as acetic acid,
formic acid, and some furanic compounds can take place (Hargreaves et al. 2013).
Therefore, the choice of an optimum pretreatment method is required for enhanced
and cost-efficient production of bioethanol by improving the accessibility of

Fig. 7.2 Schematic representation of steps involved in fourth-generation feedstock-based
bioethanol generation
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enzymes for carbohydrate hydrolysis and enhancing the rate of fermentation. There-
fore, selection of an optimal pretreatment strategy may have the following
characteristics: (i) high sugar and carbohydrate content after pretreatment,
(ii) improved enzymatic accessibility, (iii) minimum inhibitory generation and its
neutralization, (iv) assessing pretreated samples for value-added product generation,
and (v) selecting the source of bioethanol (liquid hydrolysate or water-insoluble
solids) (Agbor et al. 2011; Lee et al. 2013). Several pretreatment methods are
investigated for pretreatment of feedstocks that can be broadly categorized into
four groups, viz., physical, chemical, physicochemical, and biological (Fig. 7.3).
Physical pretreatment involves breakdown of biomass cellular structure using
mechanical, thermolysis, and irradiation-based system. Different mechanical
methods are grinding such as ball, hammer, and vibro-centrifugal milling, etc.,
thermolysis such as hydrothermal and steam explosion, and irradiation-based
methods like electron beam, microwave, gamma rays, ultrasound, pulsed electricity,
etc., which are extensively reported for efficient lignocellulosic biomass
pretreatment with enhanced production of bioethanol (Kumari and Singh 2018b).
The chemical pretreatment involves the application of acid (H2SO4, HCl, H3PO4,
and HNO3), alkali (NaOH, KOH, NH4OH and Ca(OH)2), organic acid (fumaric and
maleic acids), organic compounds (glycerol, ethanol, ethyl glycol), ionic liquids, and
deep eutectic solvents (choline, urea), etc. Most widely used physicochemical
methods are chemical-assisted steam explosion, microwave and ultrasound treat-
ment, viz., ammonia fiber explosion, wet oxidation, peroxide-assisted microwave
treatment (Verma et al. 2011), CO2 explosion and ammonia recycling percolation
(Rabemanolontsoa and Saka 2016), etc. Biological pretreatment of different
feedstocks can be performed using different microorganisms such white and
brown rot fungi and different enzymes of microbial origin. Among different
microorganisms, selective lignin-degrading microorganisms such as white rot
fungi are used for improved delignification (Sarkar et al. 2012). Other biological
method is use of different enzymes such as cellulase, amylase, and amyloglucosidase
for hydrolysis of polysaccharides and proteases for the hydrolysis of glycoproteins

Fig. 7.3 Classification of pretreatment methods used for bioethanol production from different
feedstocks
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present in cell wall of lignocellulosic and algal biomass (Pirwitz et al. 2016). Each
method has several advantages and disadvantages; thus while choosing an ethanol
generation process from a particular biomass, these measures must be evaluated for
maximum sugar/ethanol yield and minimum cost. Different pretreatment methods
used for generation of ethanol from 1G, 2G, and 3G are tabulated in Table 7.3
(1G and 2G feedstock) and Table 7.4 (3G feedstock) and are explained as mentioned
below

7.3.2 Hydrolysis of Carbohydrate Polymer to Fermentable Sugar
for Bioethanol Production

The hydrolysis is one of the primary requirements of converting the polymeric
carbohydrates (starch, cellulose, and hemicelluloses) into fermentable sugar which
can be converted to ethanol by fermentation. However, ethanologenic organism such
as yeast cannot utilize these carbohydrate polymers in their native state (Liu et al.
2016). Therefore, there is a need to find a method to hydrolyze the polymeric
structure to simpler form. Different acid- or enzyme-based methods are suggested
for the breakdown of starch, hemicelluloses, and cellulose.

7.3.2.1 Hydrolysis of Starch to Fermentable Sugar for Bioethanol
Production

Starch is the major component in the food crops and in some algal biomass used as
feedstock for bioethanol generation. Chemical (acid)-based hydrolysis and physical
and enzymatic methods are usually used for breaking down the starch into soluble
sugars. During starch hydrolysis, the major constituents of starch, i.e., amylose and
amylopectin, are broken down by biological or chemical agent to generate soluble
sugars such as maltose, glucose, and maltotriose. The acid hydrolysis is an efficient
method for conversion of complex polymers to fermentable sugars. Due to severity
of the acid-assisted hydrolysis, a need for acid recovery and generation of undesir-
able inhibitory products (such as 5-hydroxymethylfurfurals (5-HMF), levulinic and
formic acid) minimizes the utilization of acid-based hydrolysis (Yang et al. 2011).
The inhibitory by-products are toxic for growth of microbial cells (yeast), negatively
affecting the overall ethanol generation (Loow et al. 2016). Physical method such as
high pressure and temperature-based extrusion method were also tried for the
hydrolysis of starch. However, results show that due to catalytic inhibition effect
on α-amylase under high pressure, rate of starch to sugar conversion is slow resulting
in low fermentable sugar yield (Buckow et al. 2007).

The enzyme-based hydrolysis is the most sorted method for conversion of starch
to fermentable sugars due to its biological origin, simple, highly specific and
eco-friendly nature, and high efficiency (Duvernay et al. 2013). The thermostable
α-amylase and glucoamylase regulate two major steps of starch to fermentable sugar
conversion, i.e., liquefaction and saccharification, respectively (Lamsal et al.
2011; Zabed et al. 2016a). Liquefaction is performed at higher temperature
(85–165 �C) where “α-amylase,” an endoenzyme, cleaves the α-1 ! 4 glycosidic
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linkages of starch converting it to shorter chains such as dextrins, maltose, and
maltotriose (Pandey et al. 2000). The thermophilic Bacillus licheniformis and
recombinant Escherichia coli are usually used for production of heat-stable
α-amylase (Sanchez and Cardona 2008; Rakin et al. 2009). The saccharification of
this liquefied starch to glucose using enzyme glucoamylase is the second step after
liquefaction and usually carried out at relatively lower temperature (30–50 �C)
(Plumier et al. 2015). The major source of the glucoamylase is Aspergillus niger
or Rhizopus species (Rakin et al. 2009)

7.3.2.2 Hydrolysis of Holocellulose to Fermentable Sugar for Bioethanol
Production

The pretreatment of biomass usually results in water-insoluble solid and liquid
fraction. Based on the compositional analysis of the water-soluble and -insoluble
fractions, these fractions are subjected to different hydrolysis methods to depoly-
merize celluloses and hemicelluloses completely to fermentable sugar (Girio et al.
2010). The acid-assisted hydrolysis is performed using dilute and concentrated acid.
The major acids used for this method are sulfuric acid certain inorganic acids such as
HCl, HNO3 or H3PO4, and CF3COOH (Girio et al. 2010). The dilute acid hydrolysis
is performed at high temperature for short duration, whereas the concentrated acid
hydrolysis performed at low temperature for long reaction time (Chandel et al.
2007). The hydrolysis of hemicelluloses using dilute acid can be usually performed
at low temperature as depolymerization of hemicelluloses is maximum at low
temperature, whereas the conversion of cellulose to glucose is usually performed
at high temperature (230–240 �C). For dilute acid treatment, the acid concentration
usually ranges from 0.5% to 1.5% (Balat 2011). The acid concentration for
concentrated acid hydrolysis usually ranges between 41% and 100% (Fengel and
Wegener 2011) with longer residence time and moderate process temperature as
compared to dilute acid hydrolysis (Zhang et al. 2007). The limitation associated
with acid-based hydrolysis is a requirement of specialized non-corrosive
equipments, requirement for recovery or neutralization of acid, and inhibitory
product generation which is toxic for subsequent fermentation stage. Several
advantages are associated with the enzymatic hydrolysis such as low temperature
requirement (45–50 �C), no corrosion of equipment, and no or less sugar degradation
and inhibitory products (Duff and Murray 1996). Therefore, the cellulose and
hemicelluloses can be hydrolyzed using cellulase and hemicellulase enzyme, respec-
tively. Subjecting the C. vulgaris and Scenedesmus sp. to commercial enzymatic
cocktails (Viscozyme, Celluclast, and Pectinex) resulted in 84% total sugar (Mahdy
et al. 2014).

7.3.3 Ethanol Fermentation Using Different Feedstocks

Alcoholic fermentation can be defined as the biochemical conversion of fermentable
sugars to alcohol in the presence of microorganisms (Balat and Balat 2009). A model
reaction for representing the ethanol generation is conversion of one molecule of
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glucose to form two molecules of alcohol and two molecules of carbon dioxide.
Theoretical ethanol yield from conversion of 1 kg of glucose is around 0.51 kg, and
the remaining 0.49 kg is CO2. However, the actual yield is comparatively low as
microbes require glucose to meet their nutrient need (Demirbas 2005). Saccharomy-
ces cerevisiae is the most widely used organism apart from some bacteria, i.e.,
Zymomonas mobilis and recombinant E. coli. The properties of ethanologenic
microbes are discussed later under different headings.

7.3.3.1 Solid-State Fermentation for Bioethanol Production
During solid-state fermentation, the substrate is fermented in its natural state and
does not require additional water or extraction of juice from crops, and thus it is
economically and technologically easy (Zabed et al. 2017). The solid-state fermen-
tation has several other advantages such as low sterilization cost, easier aeration
(large surface area), and lower contamination risks, which make the process an ideal
choice for bioethanol generation (Yu et al. 2008). The limitations associated with the
solid-state fermentations are poor heat transfers, design of reactors and its operation
on large scale and difficulty in agitation of substrate (Li et al. 2013). The major
advantage of this process, i.e., low water requirement, may sometimes act as a
disadvantage which limits the microbial growth under low humidity. In order to
overcome these limitations, several technological advancements such as design of
special rotary drum bioreactors can help in proper agitation and mass heat transfer
and result in enhanced production of bioethanol under short fermentation time (Han
et al. 2010; Wang et al. 2010).

7.3.3.2 Very High Gravity Fermentation (VHG) for Bioethanol
Production

There is a need of fermentation process with high initial substrate concentration to
enhance the concentration of ethanol in fermentation broth that can result in
decreases in overall energy consumption during distillation process (Alkasrawi
et al. 2002). Therefore, normal fermentation has fixed initial solid concentration of
20–25% for starch and 10–15% for lignocellulosic biomass and thus have low
ethanol yield. Advancement of gravity fermentation that is “very high gravity”
(VHG) fermentation is a promising technology that can overcome several limitations
of the normal fermentation process. It can lead to several benefits in the form of
savings associated with water and energy requirements through high initial solid
concentration of approximately 270 g/L or more solids (Bayrock and Ingledew
2001; Puligundla et al. 2011). Several studies demonstrated that VHG can be
exploited for enhanced and prolonged growth of Saccharomyces cerevisiae under
fermentation-induced oxidative stress or low oxygen level (Burphan et al. 2018).
Other advantages associated with the VHG are high fermentation efficiency, better
utilization of fermenter space, low water requirement, low energy/power consump-
tion, low distillation cost, reduced contamination risk, and high ethanol yield (Lim
et al. 2013). Apart from benefits, there are certain limitations associated with the high
solid loading; it causes high sugar concentration in fermentation broth which can
cause high osmotic pressure on cell leading to the cell lysis and loss of cell viability,
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negatively affecting the ethanol yield. This effect of osmotic stress can be reduced to
supplementing different nitrogenous and fat containing components such as ammo-
nium ions (Laopaiboon et al. 2009), oil seed meal (Sankh et al. 2011), soya flour
(Xiao et al. 2010), urea (Pradeep and Reddy 2010), and yeast extract (Chang et al.
2011), etc. which release free amino nitrogen or fatty acid-enhancing cell growth and
viability (Kawa-Rygielska and Pietrzak 2014).

7.3.3.3 Integration of Saccharification and Fermentation for Enhanced
Bioethanol Production

The ethanol generation from different biomasses involves several steps. In order to
minimize the capital and operational cost, there is a need to minimize the steps
involved in biomass to production of bioethanol. The key process, i.e., hydrolysis
and fermentation, is usually performed separately. 1G and 2G biomass are rich in
cellulose, so separate hydrolysis of cellulose followed by fermentation of hydrolyzed
sample is usually performed. In commercial bioethanol production from lignocellu-
losic biomass, different strategies were followed for hydrolysis and fermentation of
cellulosic and hemicellulosic component.

7.3.3.3.1 Separate Hydrolysis and Fermentation Process (SHF) for Bioethanol
Production

It is a three-step process where joint liquid obtained from hemicelluloses and
cellulose hydrolysis reactors is first passed to hexose fermentation reactors; the
broth from this reactor is distilled for ethanol generation. The leftover broth
containing xylose and other pentose passed through pentose’s reactor and converted
to ethanol using pentose-utilizing ethanologenic microbes followed by distillation
(Hamelinck et al. 2005).

7.3.3.3.2 Separate Hydrolysis and Co-fermentation (SHCF) for Bioethanol
Production

Further development reduced saccharification and fermentation to two-step process
where hemicellulose and cellulose hydrolyzed separately and fermentation of both
hexoses and pentoses was carried out in the same reactors called as separate
hydrolysis and co-fermentation(SHCF) process (Girio et al. 2010). In SHF and
SHCF process, the hydrolysis of cellulose and hemicelluloses can lead to accumula-
tion of sugars that can inhibit the enzymatic action of hydrolyzing enzyme, thus
causing incomplete breakdown of carbohydrate polymer (Mojović et al. 2006).
When the complete hydrolysate is transferred to fermenter, the high sugar content
in broth may cause osmotic stress to yeast, thus causing decrease in final bioethanol
yield (Nikolić et al. 2010)

7.3.3.3.3 Simultaneous Saccharification and Fermentation (SSF)
for Bioethanol Production

The osmotic stress and end product’s inhibitory effect can be countered by a novel
method of simultaneous saccharification and fermentation. Currently, SSF is the
most sought-after technique at both laboratory and industrial scale where both
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cellulose-hemicelluloses hydrolysis and fermentation were performed in single
reactor. SSF minimized microbial contamination as well (Srichuwong et al. 2009;
Kaur et al. 2018). As two processes are combined, therefore, there is a low need of
enzyme and low overall cost. The main limitation of the process is the difference in
temperature requirement for saccharification (50 �C) and fermentation (usually
32–37 �C) (Danquah et al. 2011; Sarkar et al. 2012). However, several recombinant
strains capable of producing hydrolyzing enzymes and mediating fermentation are
developed for mediating the SSF and overcoming the limitations of temperature
variance (McBride et al. 2018).

7.3.4 Distillation Process for Recovery of Bioethanol

The fermentation broth is subjected to distillation where water or any other
impurities are removed for generation of anhydrous high-quality ethanol that can
be used as transportation fuel. The principle of removing impurities through distilla-
tion uses the difference in boiling point of different constituents of the mixture. The
boiling point (BP) of ethanol is 78.2 �C, which get vaporized and get separated from
other component (water BP: 100 �C). The different distillation processes used for
obtaining anhydrous ethanol are adsorption distillation, azeotropic distillation,
chemical dehydration, diffusion distillation, extractive distillation, membrane distil-
lation, and vacuum distillation.

The variation in molecular size of ethanol and water is used during adsorption
distillation. The mixture is passed through the molecular sieve that allow ethanol to
pass while entrap the water. Azeotropic distillation utilizes the application of binary
azeotropic mixtures which disobeys Raoult’s law (Kumar et al. 2010). An additional
chemical called entrainer is used to amend the relative volatilities of azeotropes and
help in the recovery of azeotropes that can be reused. In dehydration distillation
process, a hygroscopic chemical substance (calcium oxide, quicklime) is introduced
into the ethanol-water mixture causing rapid dehydration of the mixture (in liquid or
vapor phase) by forming soluble calcium hydroxide leaving ethanol on the surface.
The method of diffusion distillation involves ethanol recovery by diffusing the
mixture through the voids of inert gas followed by condensation. Extractive distilla-
tion is based on variation in volatility of different components of the mixture, and
thus an additional solvent mixture is added. The highly volatile components (lighter
component) are present at the top of the column, while other components with low
volatility (heavier component) along with additional solvent are at the bottom. The
process involves two distillation runs where during the first run, light component is
extracted and the left out heavy component is recovered during the second distilla-
tion run (Ravagnani et al. 2010; Gryta 2012). In membrane distillation, the principle
of permeability is used where semi-permeable membrane is used for mass transfer
through a semi-permeable membrane. The volatile component is crossed through the
membrane as the surface tension associated with the membrane blocks the feed.
Usually, membranes are made up of polymers; however in some cases, metals and
ceramic material are also used (Wang and Chung 2015). Efficiency of the distillation
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also affects the final yield and overall cost of production of bioethanol (Aditiya et al.
2016).

7.3.5 Microorganisms Used in Ethanol Generation

During conversion of the biomass to bioethanol, various microorganisms are used
during different steps such as pretreatment, hydrolysis, and fermentation. The
selection of these microorganisms usually depends upon their suitability of the
particular process, cost involved for maintaining them, and physical condition
required for the growth of microbes. Usually in processes such as pretreatment,
detoxification, and hydrolysis, biological products such as enzyme are often used.
But for the ethanol generation, ethanologenic microbes are always used. As the
ethanol (alcohol) generation is one of the oldest processes developed by human and
thus for the ethanol generation on large scale, ethanologenic microbes must have
different characteristic properties such as (i) requirement of inexpensive media,
(ii) high growth rate, (iii) tolerance to stress condition such as high ethanol (>40.0
g/L)/sugar (above 20%) concentration, (iv) very high ethanol yield (>90.0%),
(v) high productivity of ethanol (>1.0 g/L/h), and (vi) capability to minimize growth
of contaminants (Dien et al. 2003; Zabed et al. 2017). Yeast, namely, Saccharomy-
ces cerevisiae, is the most commonly used microbes for generating fuel-grade
ethanol from a wide range of biomass. Different properties of Saccharomyces
cerevisiae make them an attractive choice for ethanol generation over other
organisms. These properties are as follows: (i) high sugar to alcohol conversion
efficiency, (ii) tolerance to high ethanol concentration (Snoek et al. 2016), (iii) floc
formation ability during fermentation, and (iv) nontoxic or safe (generally
recognized as safe GRAS) organism (Lin and Tanaka 2006). Generally, Saccharo-
myces cerevisiae have the capability to secrete invertase enzyme that can hydrolyze
sucrose-rich crop juices into fructose and glucose (Zabed et al. 2017). The another
well-recognized organism for production of ethanol by fermentation of starch and
lignocellulosic hydrolysate is gram-negative and facultative anaerobe Zymomonas
mobilis (Cazetta et al. 2007). The Zymomonas mobilis has several better properties
as compared to Saccharomyces cerevisiae such as higher ethanol tolerance and
better glucose uptake with higher ethanol productivity and yield (Bai et al. 2008).
One major disadvantage that limits Zymomonas mobilis from replacing the Saccha-
romyces cerevisiae as major bioethanol producer is its narrow substrate range. There
are different microbes reported to help in ethanol production; however limitations
are associated with these bio-agents to be used on commercial scale.

There are certain limitations associated with microorganism for ethanol genera-
tion. First, there is an inability of microorganisms to directly utilize the complex
carbohydrate polymer for ethanol generation, as they require reducing sugars (glu-
cose, fructose, and sucrose) for ethanol generation (Hahn-Hägerdal et al. 2006).
Therefore, there is a need for an additional step converting naturally occurring
carbohydrate polymers to simple sugars requiring costly enzymes which increase
the overall cost and processing time. Second, these microbes are not capable to
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utilize both pentoses and hexoses generated after hydrolysis of hemicelluloses and
cellulose, respectively. Third, the fermentation usually occurs at high temperature,
so thermotolerant microbial strains are required. In addition, the enzyme production
cost results in increase in overall ethanol generation cost. Therefore, keeping in view
of these limitations, several researches have been attempted to develop different
modified or recombinant strains using technological advancements in field of bio-
technology. The different approaches used are altering the natural genetic makeup
with the desired traits (Hahn-Hägerdal et al. 2007) or evolutionary microbial engi-
neering techniques (Wisselink et al. 2009) for developing strains which can utilize
the hexoses and pentoses or even capable of directly utilizing carbohydrate
polymers.

A series of attempts have been made by different research groups for modifying
yeast which can directly utilize starch for production of ethanol by cell surface
engineering. The bioengineered yeast was capable of producing glucoamylase and
α-amylase along with ethanol generation ability thus a single step conversion of
starch to bioethanol can be performed (Shigechi et al. 2002, 2004; Aydemir et al.
2014). Several strains capable of tolerating high ethanol concentration have been
isolated, or the already existing microbes are modified. Different thermotolerant
yeasts have been isolated and adapted for the simultaneous saccharification and
fermentation (Thammasittirong et al. 2013; Tikka et al. 2013).

7.3.6 Factors Affecting Bioethanol Production

Microorganism plays an important role in the generation of enzyme for hydrolysis
and fermentation of the biomass to bioethanol. Therefore, the factors affecting the
growth of microbes are physical (pH temperature, incubation time) and nutritional
parameters (carbon and nitrogen source, metal ions, etc.), which are common for
most of the microorganism (Ramirez et al. 2016). The major factors which are
specific to ethanol generation are discussed below, i.e., initial solid load, microbial
load, and accumulation of soluble by-product which sometime slow down the
fermentation process due to end product inhibition.

7.3.6.1 Initial Solid/Substrate Load Concentration Affecting Bioethanol
Production

The overall biochemical conversion efficiency of biomass to bioethanol is often
affected by initial substrate (sugars, cellulose, starch, and hemicellulose) concentra-
tion (Modenbach and Nokes 2013). As discussed above, the excessive substrate load
can inhibit the enzymes during enzymatic hydrolysis of the complex polymers, thus
effecting the overall sugar yield due to incomplete conversion of carbohydrates
(Mojović et al. 2006). Due to high substrate loading, gelatinization of starch occurs
which increases the viscosity, leading to incomplete starch conversion because of
poor mixing (Uthumporn et al. 2010). The initial solid loading of 12–38% is
suggested for optimum hydrolysis (Foerster 2010). The increase in sugar concentra-
tion enhances the ethanol yield to a certain level after which high sugar concentration
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can negatively affect the fermentation due to osmotic pressure on cells affecting cell
viability (Szymanowska-Powalowska et al. 2012). Therefore, there is a need to
optimize the initial substrate concentration for efficient ethanol generation.

7.3.6.2 Microbial Load Concentration Affecting Bioethanol Production
Studies suggests that microbial load or initial inoculum concentration of fermenting
microorganisms does not significantly affect the final concentration of bioethanol but
can enhance consumption rate of sugar and fermentation time (Laopaiboon et al.
2007). The ethanol production is enhanced when initial inoculum concentration is
increased from 104 to 107 cells/mL. However, further increase in cell concentration
to 108 has no effect (Zabed et al. 2014). The increase in cell concentration at a certain
level can speed up the growth of cells, which results in the decrease in fermentation
time. Mojović et al. (2006) demonstrated that during fermentation of corn meal
hydrolysate, increase in initial inoculum concentration from 1 to 2 % reduced
fermentation time to 32 h from 48 h. Similarly, increase in yeast concentration
from 3 to 6% can lead to decrement in fermentation time to 48 h from 72 h (Breisha
2010). Microbial load often increases by contamination of broth with other microbes
which can compete with yeast for the substrate and thus negatively affect the ethanol
generation. Thus, there is need to regulate process for preventing contamination by
properly maintaining aseptic condition and use of antibiotics during fermentation
process (Szymanowska-Powałowska et al. 2014).

7.3.6.3 Accumulation of By-products Affecting Bioethanol Production
The high ethanol concentration has negative effect on the ethanologenic strain due to
end product inhibition, and dehydrating condition arises due to the presence of
ethanol. Therefore, continuous recovery of ethanol during fermentation and applica-
tion of alcohol-tolerant strains can minimize the effect of by-product accumulation.
Metabolic activity of yeast and the contaminating bacteria can lead to generation of
soluble inhibitory by-products such as lactic acid and acetic acid (Graves et al.
2006). Glycerol is a by-product of ethanol generation process by yeast or even by
contamination of bacteria (Sarris and Papanikolaou 2016). The lactic or acetic acid is
produced by contaminating bacteria. They cause accumulation of these by-products,
which are undesirable as it can negatively affect the yeast growth and ethanol yield
(Białas et al. 2010).

7.3.7 Bioethanol Production

7.3.7.1 First-Generation Feedstock-Based Bioethanol

7.3.7.1.1 Bioethanol Production Using Starch-Based Feedstock
The starch-based bioethanol is 60% of the total bioethanol production using first-
generation feedstock with sugar-based feedstock contributing to 40% ethanol
(Mussatto et al. 2010; Johnston and McAloon 2014). Starch-based bioethanol
requires an additional step of conversion of starch to reducing sugar through utilizing
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amylases, whereas sugar-based crops only require direct extraction of fermentable
sugar. Thus, the sugar-based ethanol is cheap as compared to starch-based technique.
However, the limitation associated with the sugar-based ethanol generation is that
the sugar crops require specific climate and soil type for their growth and thus cannot
be cultivated around the globe (Barcelos et al. 2011).

Starch-based ethanol production from corn primarily utilizes dry grinding or wet
milling method. Dry grinding method involves the following steps: (i) slurry prepa-
ration by mixing corn flour with water, (ii) cooking of the slurry, (iii) liquefaction
using thermostable alpha amylase, (iv) saccharification using glucoamylase,
(vi) ethanol fermentation, and (vii) distillation. After ethanol fermentation broth is
subjected to distillation, leaving the solid fraction, thick and thin stillage. The thick
stillage syrup mixed with the solid fraction is used as animal feed, whereas the thin
stillage is recycled for water recovery. During the wet milling process, the biomass is
first grounded followed by its separation from individual components, and the starch
obtained is subjected to wet milling. The later stage of the process is similar to the
dry grinding. Different co-products are generated in dry grinding and wet milling
which can contribute to overall economy of the process. The dry grinding of corn
gives ethanol yield of 0.395 L/kg which is slightly higher to 0.372 L/kg as obtained
from wet milling method (Shapouri et al. 2002). Commercially, dry grinding method
is more preferred because the wet milling method is costly and equipment is
expensive. In the USA, 70–86% ethanol from corn is produced using dry grinding
method (Mosier and Ileleji 2015). A summary of different pretreatment and fermen-
tation methods used for bioethanol production using various starch-based feedstocks
is summarized in Table 7.3.

7.3.7.1.2 Bioethanol Production Using Sugar-Based Feedstock
After the USA corn-based ethanol, Brazilian sugar-based ethanol is the second
largest ethanol in the world. Sugarcane-based ethanol generation involves different
steps: (i) extraction of juice from the sugarcane or beet sugar using roller press;
(ii) purification of sugar using lime (calcium hydroxide) or calcium saccharate which
reduces colorants and neutralize organic acids; (iii) filtration, that remove debris
from juice which are collected as filter cake, (v) evaporation or condensation
(14–18% sugar level, i.e., sugar tolerance capacity of microbes), and
(vi) fermentation of the condensed syrup under sterilized condition at appropriate
temperature and pH (Vohra et al. 2014). Additionally, nitrogenous source is also
added to minimize osmotic stress due to high sugar content. The by-products
majorly bagasse and filter cake obtained after the extraction of juice and filtration
step can be used for different purposes. The generation of heat and electricity from
bagasse can also help in minimizing the overall cost of production of ethanol.
Bagasse can also be used as substrate for production of 2G bioethanol. The filter
cakes are used as eco-friendly fertilizers (Zabed et al. 2017). A summary of different
pretreatment and fermentation methods used for bioethanol production using various
starch-based feedstocks is summarized in Table 7.3.
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7.3.7.2 Bioethanol Production Using Lignocellulosic Biomass
The conversion of the lignocellulosic biomass to bioethanol involves several steps:
(i) particle size reduction, (ii) mixing of biomass with water to make slurry (solid
load of 10–15%), (iii) pretreatment to break the recalcitrance of the biomass, i.e.,
removal of lignin and depolymerization of hemicelluloses and cellulose,
(iv) chemical or enzymatic hydrolysis of the pretreated solid or liquid (based on
carbohydrate composition) for breaking down of polymers to monomers,
(v) fermentation of reducing sugars to ethanol, and (vi) distillation for ethanol
recovery (Wyman 2018). The different by-products of 2G ethanol production
process are usually lignin residues and wastewater generated during different steps
of ethanol generation (Zabed et al. 2017). The lignin can be put to different
applications, i.e., combustion for generation of heat and electricity for making
overall process more economical. Recent trends show that lignin can be effectively
used as raw material for production of different value-added products (Chaturvedi
and Verma 2013). The wastewater generated can be recycled where a portion of
wastewater can be recirculated as backset or the wastewater may be used for
recovery of some organic compounds generated during the different ethanol genera-
tion steps, which is of great economical importance (Mathew et al. 2018). Due to
morphological and physiochemical complexities of the lignocellulosic biomass and
varying chemical constituents of the different lignocellulosic biomasses, the scien-
tific community is struggling to come up with uniform conversion method or
optimum production condition (Hassan et al. 2019). A summary of different
pretreatment and fermentation methods used for bioethanol production using various
lignocellulosic feedstocks is presented in Table 7.3.

7.3.7.3 Bioethanol Production Using Algal Biomass
The generation of ethanol from algal biomass involves harvesting, dehydration,
pretreatment, hydrolysis, saccharification, and distillation. The first step involves
harvesting of algal biomass from the open ponds or photo-bioreactors. The second
step involves dehydration using sun drying or specialized drying (sprig, freeze, and
fluidized bed drying) for up to 50% removal of water content (McKendry 2002;
Grima et al. 2003). Different drying techniques have its own advantages and
limitations, for example, sun drying is cheap but requires longer duration and larger
surface area. Spig drying is used for costly product isolation; however, the process
results in pigment loss and is usually a very expensive technique (Bibi et al. 2017).
Freeze-drying facilities extraction of oils but are very expensive and difficult to
upscale. The third step involved the extraction of by-product using different crushing
or pretreatment techniques for the enhanced sugar and lipid yield resulting in better
ethanol yield. The starch and cellulose are hydrolyzed using chemical or enzyme and
fermented using yeast in container called fermentors (Singh et al. 2011). After
alcoholic fermentation, the distillation is performed to recover the ethanol from
fermentation broth by removing water and other components. The lipid part of
algal biomass is used for generation of biodiesel. A summary of different
pretreatment and fermentation methods used for bioethanol production using various
micro -and macroalgae is presented in Table 7.4.
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7.4 Current Global Scenario on Bioethanol Production

Developed nations such as the USA, Brazil, China, and Canada and several EU
countries have already committed to enhance their reliance on bioethanol
(Mohapatra et al. 2019). The trend of bioethanol production as transportation fuel
from year 2007 to 2017 for the USA, Brazil, EU, China, Canada, and rest of the
world is presented in Fig. 7.4. The figure clearly shows that the bioethanol produc-
tion has enhanced gradually with major contribution from the USA and Brazil. The
USA is the leading producer of bioethanol. The USA and Brazil have doubled their
bioethanol generation capacity between 2007 and 2017, i.e., ~11 billion to 22 billion
gallon (Fig. 7.4).

Figure 7.5 shows the comparison of ethanol production potential of the world and
the USA from year 2007 till 2017. It clearly shows that the USA contributes
approximately 50% of global production. Different sugar-based and grain-based
feedstocks are used for ethanol generation such as in Brazil, where sugarcane is
primarily used as ethanol feedstock, whereas the USA uses corn. Canada and EU

Fig. 7.4 Global ethanol production scenario from 2007 to 2017. (Data Retrieved from www.afdc.
energy.gov/data. AFDC 2018)

Fig. 7.5 Year-wise comparison of global ethanol production in the USA from 2007 to 2017. (Data
Retrieved from www.afdc.energy.gov/data. AFDC 2018)
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countries are majorly dependent on wheat and sorghum, respectively, for bioethanol
production. Maize accounts for 67% of bioethanol production; however, in terms of
biomass production, sugarcane is the leading contributor, as it requires the least
amount of water as compared to other food crops (Gerbens-Leenes et al. 2012; Rulli
et al. 2016). In the last two decades due to food feed competition and land-water
utilization concern, lignocellulosic biomass has gained much interest and undergone
several technological advancements. This can be supported by the fact that by 2016,
around 67 commercial 2G bioethanol production facilities have been established
around the world, among these about one third generate ethanol in tons
(US Department of Energy, 2016). In the case of 2G bioethanol production, the
USA is the leading 2G bioethanol producer with around 35% of the installed
capacity. Currently, India is also moving toward commercialization of 2G ethanol
generation based on techniques developed by DBT-ICT Centre for Energy
Biosciences and commercialization led by Hindustan Petroleum and Bharat Petro-
leum (DBT 2017). For the first time in the context of Indian history, application of
bioethanol as aircraft fuel was successfully demonstrated in India when a SpiceJet
plane (72-seater aircraft) successfully completed its run from Dehradun to Delhi
(TCI 2018). The processing cost involving pretreatment of the 2G feedstock due to
its recalcitrance behavior and enzymes cost is a limiting factor for commercialization
of 2G generation bioethanol (Behera and Ray 2015). National Renewable Energy
Laboratory, USA, has demonstrated the application of low-cost hydrolyzing
enzymes developed by private laboratories “Novozymes and Genencor,” to make
the overall ethanol production process cost-efficient (NREL 2010). Several ongoing
researches for search of cost-efficient pretreatment strategies are under process as
evident from the research article on biomass pretreatment. However, the literature
survey demonstrates the fact that the economic feasibility of a pretreatment strategy
is substrate dependent; therefore there is a need to understand the effect of different
pretreatments on different feedstocks and develop a universal pretreatment strategy.
Commercial production of the algal bioethanol is still in the laboratory or pilot scale
due to several limitations of which one being the cost of the reactors to provide the
controlled environment for enhanced and rapid bioethanol yield. The demand of
bioethanol all over the world will keep on increasing and therefore create
opportunities for algae and nonfood-based feedstocks for generation of ethanol.

7.5 Limitations and Future Prospects

The advantages and disadvantages of different ethanol generations have been
tabulated in Table 7.5. The 1G bioethanol production is the most evolved technique
covering most of the bioethanol yield. However, the major limitations associated
with this generation are the food vs fuel conflict, which has forced the scientific
community to focus toward the 2G feedstock. The shift from 1G to 2G is evident
from the growing number of publications in the area of 2G biofuel accompanied by
decrease in research publications in the area of first generation. However, it may be
also because of the reason that the first-generation feedstock-based bioethanol
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Table 7.5 Summary of different refinery-based concepts for generation of transportation fuel and
essential chemicals: benefits and problems

Generation
of fuel Feedstocks Products Problems Benefits

Petroleum
refinery

Crude
petroleum

CNG, LPG, petrol,
kerosene and jet
fuel,

Depletion of
petroleum/coal
reservoirs

Fully developed
technology for
production and
purification

Environmental
and Ecological
problems

Machines and other
equipments developed
suitably for such
products

1G
biorefinery

Corn, sugar Biodiesel, corn
ethanol, sugar
ethanol

Food vs fuel
competition

Environmental
friendly

Blending with
conventional
fuel

Economical

Hydrolyzing
enzyme cost

2G
biorefinery

Nonfood
crops
(grasses)

Lignocellulose-
based bioethanol,
butanol, and value-
added chemicals

Technology not
fully developed

No competition with
the food

Agricultural
residues

Universal
pretreatment
method is
needed

Environmental
friendly

Forest
residues

Cost of enzyme Waste management

3G
biorefinery

Microalgae
and
macroalgae

Lipid-based
biodiesel

Technology in
lab scale

No completion with
food

Carbohydrate-
based ethanol

Economical
production of
algal biofuel
still not a reality

Environmental
friendly

Waste water can be
used for algal growth

4G
biorefinery

Modified
organisms
(microbes
and plants)

Biodiesel,
bioethanol,
electricity

Limited to lab
scale

No competition with
food

Ethical concern
with
recombinant
and synthetic
organism

Integrated
biorefinery

Biobased
products

Ethanol, biodiesel,
and value-added
chemicals

Still a
hypothesis

Will help to overcome
the limitations of
different generations
of biofuel

From all
three
generations

The overall process
will be self-
sustainable so less
cost and less energy
requirement
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production technology is already developed and been implemented at the commer-
cial level. Then also with the growing population, the food vs feed conflict is very
serious, and therefore the shift to lignocellulosic biomass as feedstock is much
needed. The lignocellulosic bioethanol is the most promising technology available
at the current time but is limited to the recalcitrance nature of the biomass. Therefore,
there is an urgent need to develop a universal pretreatment technology for biochemi-
cally and morphologically different wide range of potential 2G feedstock. Algal
biomass has also grabbed the attention of the scientific community due to its
potential to store lipids along with carbohydrate as building block of the algal
biomass. The carbohydrate part can be used for bioethanol production, and lipid
can be transesterified to biodiesel. The major limitations associated with this tech-
nique are the cost involved with the algal biomass production. The 3G approaches
uses wastewater as substrate and value-added products are generated, thus compen-
sating the cost associated with pretreatment and production of algal biomass. The
biotechnological advances have led to the development of modified organism
utilizing recombinant technology or developing an entirely new organism, and
also the development of photovoltaic cells for generation of electricity has given
rise to another approach called fourth-generation feedstock-based biofuel
production.

The associated limitation of each approach can be overcome by developing an
integrated biorefinery (Fig. 7.6) combining all the feedstock-based approaches for

Fig. 7.6 Schematic diagram of integrated bio-based biorefinery
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generation of bioethanol, biodiesel, electricity, and value-added compounds. There-
fore, the integrated approach can help in meeting the growing energy and chemical
demand replacing the overdependence on fossil fuels.
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Abstract
The present age has seen technological development at a large scale and has
imposed tremendous pressure on the natural resources. The usage of fossil fuel
has resulted in the release of greenhouse gases, thereby promoting global
warming and increased environmental concern among the researchers. Therefore,
the quest to find “clean energy” has become the chief concern of the environmen-
talist. In order to address the issue, third-generation biofuel involving microalgae
has been regarded as one of the most effective biological sources as it only
requires sunlight, carbon dioxide, and nutrition for its growth. The biofuel
derived from the living organism has numerous advantages as it effectively
decreases the concentration of emitted greenhouse gases. The microalgae have
numerous applications and can be effectively used in biofuels, cosmetics, and
pharmaceuticals and as human and animal nutritional sources. Thus, the present
chapter would focus on microalgae production processes, advantages and
disadvantages of natural and artificial cultivation system, various harvesting
techniques followed by its application in various sectors, and lastly the limitations
and its future prospects.
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List of Abbreviation

AD Anaerobic digestion
ALPBRs Airlift photobioreactors
BCPBRs Bubble column photobioreactors
CPBRS Closed photobioreactor system
CPBRs Closed photobioreactors
FAME Fatty acid methyl ester
FPBRs Flat plate photobioreactors
FstGB First-generation biofuel
GHGE Greenhouse gas emission
HTC Hydrothermal carbonization
HTL Hydrothermal liquefaction
HTPBRs Helical type photobioreactors
HTSCS Hybrid two-stage cultivation system
ICS Indoor cultivation system
MAOSE Microwave-assisted organic solvent extraction
OPCS Open pond cultivation system
OS Outdoor system
PBPBRs Plastic bag photobioreactors
PBR Photobioreactor
PRPBRs Penthouse-roof photobioreactors
PTC Phototrophic cultures
PUFAs Polyunsaturated fatty acids
SCFE Supercritical fluid extraction
SndGB Second-generation biofuel
STPBRs Stirred tank photobioreactors
TPBRs Tubular photobioreactors
TrdGB Third-generation biofuel

8.1 Introduction

The present age has seen high technological developments in both industrial and
agricultural sectors. The advancement in the process has led to environmental
pollution in the form of greenhouse gas emission (GHGE) and depletion of natural
resources (i.e., deforestation). The exhaustion of nonrenewable natural sources to
produce fuel has generated huge concern among the researchers worldwide. Glob-
ally, the community is now focused on building an energy-efficient future, without
having any reliability on the nonrenewable natural resources and being carbon
neutral as well. Thus, biofuel from renewable feedstock is developed and can be
classified into four types depending on the sources used (Mathimani et al. 2018)
(Fig. 8.1).
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8.1.1 First-Generation Biofuel (FstGB)

The production of biofuel relies on food crops which depends on the farmland and
thus promotes the conversion of forest areas into agricultural land and competes in
the “food vs. fuel” controversy (Maity et al. 2014).

8.1.2 Second-Generation Biofuel (SndGB)

In order to overcome the above limitation, SndGB was developed based entirely on
nonedible sources (e.g., lignocellulosic sources and non-food have been considered
under SndGB). However, it also requires larger surface area for the cultivation, the
expense associated with the equipment is very high, and the biofuel generated cannot
replace the fossil fuel completely (Mathimani et al. 2018).

8.1.3 Third-Generation Biofuel (TrdGB)

Thus, to overcome the limitations, the concept of microalgae gained interest among
the researchers. They are photosynthetically more competent, effective fixers of
carbon dioxide and miniature biochemical factories (Demirbas 2011). In comparison
to the FstGB and SndGB, the cost associated with the processing is low, and it can

Fig. 8.1 The representation of generations of biofuels and its example
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directly generate 10–20 times more biofuel end products (Chisti 2007; Gouveia and
Oliveira 2009; Posten and Schaub 2009).

8.1.4 Fourth-Generation Biofuel (FthGB) Photosynthetic Biofuel
(PCB)

The concept of FthGB is new and has been recently introduced; TrdGB and FthGB
have photosynthetic microorganisms in common, but the former uses algae biomass
for the production of biofuel, while the latter is dedicated to the metabolic engineer-
ing of algae in order to produce biofuels from oxygenic photosynthetic organisms
(Kagan 2010; Lu et al. 2011). It involves the use of recombinant DNA and bioengi-
neering techniques to enhance biofuel production (Lu et al. 2011). The main
advantage associated with FthGB is that the product will be secreted out of the
cells and will thus completely reduce the cost of fermentation/processing steps
involved in biofuel production (Lu et al. 2011), and it also enhances biofuel
production from algal strains (Anandarajah et al. 2012; Daroch et al. 2013).

Therefore, the present chapter discusses various methods for the cultivation,
harvesting, and utilization of algal biosystem as an effective feedstock to produce
biofuel. Further, the application, limitations, and future prospect of the algal system
are discussed in detail in the chapter.

8.2 The Cultivation System of Microalgae

Three basic mechanisms are involved in the cultivation of microalgae, namely,
photoautotrophic, heterotrophic, and mixotrophic. The photoautotrophic production
relies on autotrophic photosynthesis, while the heterotrophic production relies on the
presence of organic substances, and the combination of the two is a mixotrophic
process (Brennan and Owende 2010) (Fig. 8.2).

Fig. 8.2 Representation of various cultivation systems for algal biomass
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8.2.1 Photoautotrophic Cultivation System of Microalgae

The phototrophic cultures (PTC) store the energy obtained from light in the form of
ATP or NADPH, which further enter the Calvin cycle for glucose production.
However, this process is restricted by the amount of available light and the carbon
dioxide supply (Suali and Sarbatly 2012). The reliability of the phototrophic cultures
depends on light and results in less lipid production in comparison to the heterotro-
phic cultures (Brennan and Owende 2010). However, the PTC depending on the
algae strain, land and water cost, and climatic conditions can be cultivated by three
different methods (i.e., natural, artificial, and hybrid).

8.2.1.1 Natural System
Natural system is also called as the outdoor system (OS) or the open pond cultivation
system (OPCS) (Table 8.1). It is the oldest method utilized for large-scale cultivation
of algae (Junying et al. 2013; Mathimani et al. 2018). This method can be combined
with wastewater treatment, thereby offering double benefit as the microalgal cells
can utilize nitrogen and phosphorus present in wastewater along with its treatment
(Manninen et al. 2016; Mathimani et al. 2018). This system can have numerous
advantages and disadvantages, which have been presented in Fig. 8.3. However, the
OPCS can be used to cultivate monocultures if extreme conditions are maintained,
e.g., Chlorella, D. salina, and Spirulina have the potential to endure extreme
environmental conditions (Brennan and Owende 2010).

Table 8.1 Comparative analysis of various types of open pond cultivation system (OPCS)

OPCS Operation Properties Productivity Tested species

Raceway Employs paddle
wheel to ensure
continuous flow of
water

Exhibits efficient mixing,
low hydrodynamic stress,
and appropriate light
distribution, but the gas
transfer is inappropriate

14–50 g/m2/
d

Chlorella
sp. Spirulina sp.
Dunaliella sp.

Circular Consists of paddle
wheel, often used
for wastewater
treatment

Mixing and gas transfer
are poor, low
hydrodynamic stress,
light distribution is
improper

21 g/m2/d Spirulina sp.
Chlorella sp.

Inclined Operation is either
aided by a pump
or based on the
principle of
gravity

Mixing and gas transfer
are poor, low
hydrodynamic stress

31 g/m2/d Chlorella sp.
Haematococcus
sp.
Spirulina sp.

Unmixed Treatment of
wastewater

Mixing and gas transfer
are poor, low
hydrodynamic stress

< 1 g/m2/d Dunaliella sp.
Spirulina sp.
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8.2.1.2 Artificial System
Artificial system is also called indoor cultivation system (ICS) or closed
photobioreactor system (CPBRS) and is the most stringently controlled and moni-
tored method of algal biomass cultivation. It was designed to address the limitations
of the OPCS such as pollution and contamination risks that impede their use in
pharmaceuticals and cosmetics industries. In addition, CBPRS allows monoculture
cultivation of algal species for longer durations along with a lower contamination
risk (Chisti 2007; Brennan and Owende 2010; Ugwu et al. 2008). As the artificial
means of production employs fluorescent lamps for continuous production, it
requires higher-energy input and increased carbon footprint (Brennan and Owende
2010). On the basis of duration and method employed, three types of cultivation
system were developed (i.e., batch, continuous, and semicontinuous) (Chisti 2013).
In batch system, the target culture is inoculated in the growth media and allowed to
grow until maximum population density is attained (Mathimani et al. 2018), and
the products are harvested in a single step (Suali and Sarbatly 2012). It is then
followed by a new cycle of cultivation with fresh inoculum of the microalgal cells
and the growth medium. In the continuous system, continuous inflow of the culture
medium with a simultaneous growth of biomass is maintained (Mathimani et al.
2018). Despite the wide use of the batch culture method, the production costs were
reduced by approximately 40% in continuous culture systems (Suali and Sarbatly
2012). Lastly, in the semicontinuous system, culture medium is added continu-
ously, but only a partial amount of biomass is harvested to attain a constant growth
rate of the culture (Mathimani et al. 2018). These systems can be operated as
various types of photobioreactors (PBRs), namely, the column, tubular, flat plate,
penthouse-roof, plastic bag, bubble column, helical type, stirred tank, and airlift
(Bahadar and Khan 2013).

8.2.1.2.1 Column Photobioreactors (CPBRs)
CPBRs are easy to operate, compact, and cheap. The CPBRs are composed of a
series of straight glass or plastic tubes arranged horizontally, vertically, inclined, or
helically, which is responsible for capturing sunlight. A mechanical pump/airlift
system performs the recirculation of the algal culture and allows the exchange of
carbon dioxide and oxygen between the aeration gas and the growth medium (Ugwu
et al. 2002, 2008; Eriksen 2008; Brennan and Owende 2010).

Fig. 8.3 Various advantages and disadvantages associated with the open pond cultivation system
(OPCS)
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8.2.1.2.2 Tubular Photobioreactors (TPBRs)
TPBRs are mainly used for outdoor cultivation processes as they have high surface-
to-volume ratio exposed to sunlight and high photosynthetic efficacy (Brennan and
Owende 2010; Rastogi et al. 2018). Further, they provide an excellent temperature
control and have lower risks of photoinhibition and contamination, thereby allowing
monoalgal culture cultivation (Rastogi et al. 2018). These TPBRs further have a
drawback of possible fouling accompanied by algal growth along the walls (Bahadar
and Khan 2013), possibility of high dissolved oxygen levels, cell damage by shear
stress of pumping, and large space requirement for setup (Rastogi et al. 2018).

8.2.1.2.3 Flat Plate Photobioreactors(FPBRs)
The algal culture proceeds across the flat plate in the form of a thin and dense layer,
thereby resulting in absorption of radiation within the initial few millimeters of
thickness (Richmond et al. 2003; Brennan and Owende 2010). Contrary to the
tubular versions, the flat plate PBRs involve lower dissolved oxygen accumulation
and lower chances of contamination (Rastogi et al. 2018), it provides higher photo-
synthetic efficiencies, and are thus widely used for algal mass cultivation (Richmond
2000; Brennan and Owende 2010). Despite various advantages, its limitations
include difficulties in scale-up, low surface-to-volume ratios, poor control over
temperature, hydrodynamic stress, and wall growth (Rastogi et al. 2018).

8.2.1.2.4 Penthouse-Roof Photobioreactors (PRPBRs)
PRPBRs are mostly used in regions of temperate climatic conditions and consist of
both indoor and outdoor units. The various parameters of cultivation such as flow
rate, temperature, and oxygen levels can be easily maintained, and collectors are
used to focus and direct the light (Bahadar and Khan 2013).

8.2.1.2.5 Plastic Bag Photobioreactors (PBPBRs)
PBPBRs are attractive and are used commercially due to their lower production
costs. However, the disadvantages are photo-limitation, insufficient mixing,
possibility of leakage, shorter life span, etc. Further, the major hurdle in the
use of these systems is the disposal of large amounts of plastic bags (Wang et al.
2012; Huang et al. 2017).

8.2.1.2.6 Bubble Column Photobioreactors (BCPBRs)
BCPBRs are cylindrical vessels with a height that is more than twice the diame-
ter, where gas mixture is bubbled through the sparger and an external light source
is used to determine its photosynthetic efficiency (Singh and Sharma 2012;
Janssen et al. 2002).

8.2.1.2.7 Helical-Type Photobioreactors (HTPBRs)
HTPBRs are comprised of coiled tubes that are flexible and transparent and have a
small diameter. The degassing unit is either separate or attached, and the culture is
made to traverse through the long tube toward the degassing unit by a centrifugal
pump. Better photosynthetic efficiency can be obtained when carbon dioxide
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mixture and the culture medium are introduced at the bottom of the bioreactor
(Morita et al. 2001; Singh and Sharma 2012).

8.2.1.2.8 Stirred Tank Photobioreactors (STPBRs)
STPBRs involve mechanical agitation provided by various kinds of impellers and
help algae to obtain the carbon needed for its growth from the carbon dioxide-
enriched air which is bubbled in the system from the bottom of the reactor. This type
of PBR employs optical fibers or fluorescent lamps for illumination in the system
(Singh and Sharma 2012).

8.2.1.2.9 Airlift Photobioreactors (ALPBRs)
These photobioreactors are comprised of two distinct interconnected zones, namely,
the riser and the downcomer. The gas mixture is sparged in the riser, while no gas is
received by the downcomer. Two main forms of airlift bioreactors consist of the
internal loop and the external loop structure. A draft tube/split cylinder separates the
riser and the downcomer in the internal loop ALPBR. Moreover, the external loop
ALPBR consists of two tubes that physically separate the riser and downcomer
(Singh and Sharma 2012).

8.2.1.3 Hybrid Two-Stage Cultivation System (HTSCS)
HTSCS combines CPBRS and OPCS. The first stage comprises of CPBRS in which
the contamination and pollution risks are significantly reduced owing to the strin-
gently controlled culture conditions, and continuous cell division is favored by the
CPBRS. The second production stage is focused at enhancing the synthesis of the
desired lipid product which is achieved by subjecting the microalgal cells to nutrient
stresses (Rodolfi et al. 2009; Brennan and Owende 2010). OPCS are convenient for
the second stage as transfer of microalgal cultures from the CPBRS to the OPCS
results in the generation of environmental stresses that enhance production (Brennan
and Owende 2010). On the basis of the comparative analysis of natural and artificial
algal cultivation system, various advantages and disadvantages are associated which
have been represented in Table 8.2.

8.2.2 Heterotrophic Cultivation System of Microalgae

This method is extensively used for the production of algal biomass and metabolites
(Miao and Wu 2006; Brennan and Owende 2010). This type of method employs
fermenters or stirred tank bioreactors for the cultivation of microalgae on organic
carbon substrates such as glucose glycerol and sweet sorghum. The type and
concentrations of the source of carbon determine the content of lipid obtained and
the yield of biomass (Suali and Sarbatly 2012). The scale-up of the systems is easy as
the algal growth is lightly independent, thereby allowing smaller surface area-to-
volume ratios (Eriksen 2008). Advantages of these systems include higher biomass
productivities and high degree of control over the growth of microalgal cells (Chen
and Chen 2006; Brennan and Owende 2010). One limitation of the heterotrophic
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system that precludes its use is the cost of the carbon source. However, the produc-
tion cost can be reduced by using industrial waste or coproduct of refinery plants as
carbon source for the heterotrophic cultures. For instance, the microalgal productiv-
ity increases upon utilization of glycerol (crude) as the carbon source which is
obtained as a coproduct in biodiesel refinery plant (Suali and Sarbatly 2012).
Relative to the photosynthetic production, heterotrophic cultivation system
consumes more energy owing to the photosynthetic production of the initial organic
carbon source (Chisti 2007; Brennan and Owende 2010).

8.2.3 Mixotrophic Cultivation System of Microalgae

Many algal species can employ either phototrophic or autotrophic method of growth.
This implies that any metabolism process can be utilized as they possess photosyn-
thetic ability and can also consume prey or exploit organic resources for growth
(Graham et al. 2009). Either light or organic carbon source can assist in microalgal
growth, and it is not stringently determined by photosynthesis, thereby exempting
light from being a growth limiting factor (Andrade and Costa 2007). The green algae
Spirulina platensis and Chlamydomonas reinhardtii are the representative
organisms displaying mixotrophic metabolism (Chen et al. 1996). In the mixotrophic
type of production, lesser amount of biomass is lost during the dark phase because
the microalgal growth is affected by media supplements along with glucose in both
the light and dark phases (Andrade and Costa 2007). As compared with the CPBRs
and OPCS of photoautotrophic microorganisms, the mixotrophic microalgal growth
rates are comparable with respect to the CPBR and higher than OPCS, but these rates
are significantly lower contrary to the heterotrophic production. Mixotrophic method

Table 8.2 Advantages and disadvantages associated with OPCS and PBRs

Parameters
Open pond cultivation system
(OPCS)

Closed
photobioreactor
system (CPBRS)

Biomass productivity Low High

Contamination Highly susceptible Less susceptible

Growth parameters (pH,
temperature, mixing, carbon
dioxide, oxygen)

Difficult to monitor and control Easily controlled

Maintenance Easy to operate and maintain Difficult to operate
due to technicalities

Agitation and flow Paddle wheel, water jet, air
pumps

Compressible
circulators, air pumps,
spargers

Building and operating costs Low High

Scale-up Easy Difficult

Drawbacks Cell damage due to shear stress,
overtime deterioration of
materials

Overheating,
biofouling, oxygen
accumulation
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serves as a vital part of the microalgal biofuel production owing to its potential
features such as lower biomass loss during the respiratory phase (dark phase) and
reduced utilization of organic substrates during growth phase of the microalgal cells
(Brennan and Owende 2010).

8.3 Harvesting of Algal Biomass for Efficient Production
of Biofuel

Harvesting accounts for >30% of the total production cost in the open pond systems
(Zittelli et al. 2006; Shuba and Kifle 2018; Mathimani and Mallick 2018). The
harvesting of microalgae involves a two-stage process (i.e., bulk harvesting and
thickening). Biomass is separated from the bulk of the suspension in the process of
bulk harvesting, while thickening is characterized as the process of concentrating the
slurry (Brennan and Owende 2010; Shuba and Kifle 2018). As the microalgal cells
are small in size and have low density, this step incurs additional costs in the
production process. Thus, cost-effective processes for dewatering and harvesting
need to be chosen to make the entire process economically viable (Shuba and Kifle
2018). The following are the widely used methods for the biomass harvesting and
recovery (Fig. 8.4):

8.3.1 Flocculation for Harvesting Microalgae

Flocculation is characterized as the process of aggregate formation. It is used as a
pretreatment for the increment of cell density by physical, chemical, or natural
means (Bhatt et al. 2014). Flocculation is induced by flocculants which may be
organic (starch or chitosan) or inorganic (Al3+, Zn2+, Fe3+) (Vandamme et al. 2009;
Morales et al. 1985; Knuckey et al. 2006). The adsorption of ions from the growth
medium and the functional groups on the cell wall of microalgae generally make the
algal surface negatively charged. These negatively charged surfaces are neutralized
by the application of cationic polymers and electrodes having positive charge,

Fig. 8.4 Schematic representation of various methods for harvesting algal biomass
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thereby helping in the process of flocculation (Shuba and Kifle 2018). Synthetic
polymers are used which are highly efficient and produce stable flocs but are
associated with various disadvantages such as hazardous nature that result in the
production of a low-quality harvest product. The alternative to the synthetic
polymers is the natural polymer (i.e., chitosan), which is a product of chitin
deacetylation and can also be produced from fungi under anaerobic conditions
(Rinaudo 2006; Rashid et al. 2013, 2014). Flocculation can be of two types:
bio-flocculation and auto-flocculation. Bio-flocculants employ the activities of a
single flocculating microalga which further lead to concentration of the desired
non-flocculating microalgal biomass (Shuba and Kifle 2018; Salim et al. 2010).
The availability of nutrient (mainly nitrogen and phosphorous) and physical
parameters is mainly responsible for bio-flocculation. Exopolysaccharide (EPS) is
produced by the microalgal cells in conditions of nutrition deficiency, and the EPS
further helps in the process of bio-flocculation (Rashid et al. 2014). In case of auto-
flocculation, the mature microalgae are exposed to sunlight for a longer period with
low concentrations of carbon dioxide. This process is beneficial for large-scale
harvesting as it leads to substantial reductions in the production costs and is
governed by the presence of light (Gouveia 2011; Milano et al. 2016).

8.3.2 Harvesting of Microalgae Using Centrifugation

Centrifugation involves separation of the particles on the basis of size and density.
The microalgae are subjected to higher centripetal acceleration which results in the
separation of the cells into a greater density and low-density area (Milano et al.
2016). For the size and type of the particles, centrifugation techniques can be of
various types such as imperforate basket, decanter, tubular, nozzle type,
multichamber, solid-ejecting type disk, and solid-retaining disk (Shelef et al. 1984;
Shuba and Kifle 2018). The size of the desired algal species determines the effi-
ciency of the process. This method of algal separation cannot be employed on a large
scale as it is a relatively expensive (Uduman et al. 2010) and energy-consuming
technique (Heasman et al. 2000; Shuba and Kifle 2018).

8.3.3 Harvesting of Microalgae Using Filtration

Filtration is the process in which the solution containing the microalgal cells is
passed through a filter, thereby trapping the cells and allowing only the medium to
pass through. Filtration techniques can be divided into four types (i.e., macro-
filtration (>10 μm), microfiltration (size of the pores ranges from 0.1 to 10 μm),
ultrafiltration (0.02–2 μm), and reverse osmosis (<0.001 μm) (Harun et al. 2010;
Shuba and Kifle 2018). Filtration techniques are limited by the high operational costs
involved and longer duration of processing (Shuba and Kifle 2018). Microalgae
production mainly employs rotary filters and micro-strainers as these are cost
effective and easy to operate owing to the fine mesh containing micro-strainers

8 Algal Biomass: Potential Renewable Feedstock for Biofuels Production – Part I 213



(Grima et al. 2003; Patel et al. 2017). The secondary alternatives such as ultrafiltra-
tion and membrane filtration techniques can also be employed, but they are expen-
sive due to the presence of many filters along with the primary filter (Patel et al.
2017). The surface charge of the microalgal cells, culture age, size, temperature,
contact angle, hydrophilic or hydrophobic nature of the membrane, and concentra-
tion of the microalgal cells are the factors that influence the process of filtration.
Fouling acts as a major bottleneck in the filtration process and demands frequent
membrane replacements and backwashing that increases the production costs
involved. Fouling can be reduced to some extent by application of pressure on the
filter of the system (Rashid et al. 2014).

8.3.4 Harvesting of Microalgae Using Flotation

This method depends on the mechanism of interaction in between the negatively
charged microalgal surfaces that are hydrophilic in nature (Patel et al. 2017). The
size of the bubbles (microbubbles/nanobubbles/fine bubbles) is responsible for the
determination of the efficiency of the harvesting process (Shuba and Kifle 2018).
The technique of flotation offers many benefits (e.g., inexpensive, easy to operate,
and involves less processing time), but it is also associated with various drawbacks
(e.g., difficulties in scale-up operations and higher-energy consumption) (Rashid
et al. 2014); however, various methods for performing flotation were designed which
includes the following:

8.3.4.1 Dissolved Air Flotation
In this method, liquid stream is injected via a nozzle in the microalgal suspension.
This stream saturated with air and the generated air bubbles from the nozzle rise to
the surface after attachment with the microalgal cells (Pragya et al. 2013).

8.3.4.2 Dispersed Air Flotation
The injection of unpressurized air results in the generation of larger bubbles, thereby
resulting in relatively lower efficiency (Laamanen et al. 2016).

8.3.4.3 Ozone Flotation
In this process, the proteins are released after the disruption of cell walls of
microalgae by applying ozone, and this protein further acts as bio-flocculant
(Singh and Patidar 2018).

8.3.4.4 Electro Flotation
In this process, the electrolysis of water leads to production of hydrogen gas bubbles
that further carry the microalgal cells to the surface for skimming (Uduman et al.
2010; Rashid et al. 2014).
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8.3.5 Electrolytic Separation of Algal Biomass

Microalgal biomass are extracted from the culture medium using electric fields. In
the process, hydrogen ions produced by water electrolysis get attached to the algal
flocks that make the biomass move toward the surface. This method is highly
efficient, economically feasible, and environment friendly (Chen et al. 2011; Patel
et al. 2017). Electrolysis can be categorized as electrolytic flocculation and
electrolytic coagulation. The positively charged coagulants at the sacrificial
anode get complexed with the hydroxide ions and react with the microalgal
cells (Lee et al. 2012).

8.3.6 The Use of Ultrasound for Harvesting Algal Biomass

In this process, the microalgal biomass is harvested at low amplitude and low
frequency using ultrasonication. The microalgal cells are disrupted upon sonication,
and their buoyancy is decreased; thus, they become stable and settle down, resulting
in increased efficiency of harvesting process. Cases of high-frequency and high-
amplitude sonification lead to disruption of the microalgal cells and subsequent lipid
release in the aqueous medium (Adam et al. 2012; Rashid et al. 2014). As
sonification is deleterious, it is not employed for the harvesting process, and com-
mercialization has not been feasible due to large input of energy and high cost
(Milledge and Heaven 2012; Rashid et al. 2014).

8.4 Extraction of Algal Oil for Production of Biofuel

The production of biofuels from the algal biomass involves the removal of water
from the biomass, and lipid is extracted from the cells, and further its recovery or
lipid concentration constitutes the process of extraction (Patel et al. 2017). The oil
extraction acts as a bottleneck for the production of biofuel from potential microalgal
species due to the high demand of effort and cost (Shuba and Kifle 2018). Hence, an
appropriate balance between the cost involved and drying efficiency is vital to obtain
the maximum possible energy output from biofuels (Li et al. 2008; Brennan and
Owende 2010). Several methods used for the extraction of oil from biomass include
physical, chemical (with organic solvents), and supercritical methods (Fig. 8.5);
among them, organic solvent extraction is the most widely employed method
(Borowitzka and Moheimani 2013; Milano et al. 2016).

8.4.1 Extraction of Algal Oil by Physical Method

In the physical method, cells are disrupted using methods such as bed mills,
ultrasound (Hosikian et al. 2010), and cell homogenizers and autoclaved to release
intracellular lipids from microalgal cells (Patel et al. 2017). In this method, oil is
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extracted via mechanical crushing to separate oil from the non-oil biomass. It can be
achieved by drying the algal biomass followed by pressing it in an oil press. The
disruption vessels are used for commercial scale extraction process (Richmond
2004; Shuba and Kifle 2018). These vessels are designed in such a way that they
consist of a stream of target materials which are in a continuous flow (Shuba and
Kifle 2018). The method employed for the extraction of algal biomass relies on the
algal strain (cell wall type) and the nature of target product (Patel et al. 2017).

8.4.2 Extraction of Algal Oil by Chemical Method

In this process, after mechanically disrupting the algal cells, chemical extraction of
oil follows, employing various solvents such as hexane, benzene, ether, hexane–
ethanol, methanol–chloroform, etc. The solvent to be utilized depends on the algal
biomass type and the purity of the final product (Richmond 2004; Patel et al. 2017;
Shuba and Kifle 2018). Extraction solvents should be cheap, nonpolar, poor extrac-
tor of undesired cellular components, and volatile in nature. The basic principle
underlying the chemical extraction process using organic solvents depends on “like
dissolves like” (polar molecules dissolves in polar solvents whereas non-polar
dissolves in non-polar solvents). (Geciova et al. 2002; Bahadar and Khan 2013;
Patel et al. 2017). Five basic steps are followed in the extraction process: first, the
microalgal cells are subjected to organic solvents, followed by penetration of cell
membranes by the solvents and their subsequent entry into the cytoplasm of the cells.
A solvent–lipid complex is produced due to the interaction between the solvents and
the neutral lipids through the van der Waals forces. This phenomenon is followed by
the diffusion of solvent–lipid complex across the cell membrane which further

Fig. 8.5 Representation of various methods employed for the extraction of oil from algal biomass
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results in the organic phase containing the neutral lipids, while the aqueous phase
contains the water and solvent–carbohydrate or solvent–protein complexes. The
biofuel is further produced after the separation of organic phase and subsequent
transesterification of the crude lipids (Suali and Sabartly 2012; Bahadar and Khan
2013). Use of solvent extraction on a larger scale is associated with various
disadvantages such as the high-energy consumption and possible contamination of the
algal solids which delimits its use at a commercial scale. Further, serious health issues
can result from contact between a solvent and body surface or exposure to vapors,
thereby restricting the use of this method for oil extraction (Bahadar and Khan 2013).

8.4.3 Supercritical Fluid Extraction (SCFE)

The traditional solvent extraction process is replaced by the SCFE method as the
latter is less toxic and supports the mass transfer equilibrium favorably (Patel et al.
2017). It relies on the principle that a fluid behaves both as a gas and a liquid when
subjected to above critical point temperature and pressure conditions. This green
technology is efficient for lipid extraction as solvent-free crude lipid products are
obtained; higher yield of lipid is achieved owing to the rapid penetration of the
solvent in the algal cells. The fluid density determines the solvent power, and the
former can be adjusted by changing the temperature–pressure conditions, thereby
facilitating the production of neutral lipids. Various features of SCFEs are lower
toxicity, inert nature, and non-corrosiveness, and inflammable characteristic
promotes its wide usability (Sahena et al. 2009; Bahadar and Khan 2013).

8.4.4 Other Methods Employed for Oil Extraction via Algal Biomass

Other methods which have been effectively used for oil extraction via algal biomass
are as follows:

8.4.4.1 Osmotic Shock
The oil is extracted using osmotic shocks where pressure is developed across the cell
wall that results in disruption of the microalgal cells (Kim et al. 2013; Rashid et al.
2014). Hyper-osmotic stress is developed on the cell wall due to higher concentra-
tion of salt in the liquid medium and causes the microalgal cells to bulge in the
outward direction. A higher salt concentration inside the cells relative to the outside
medium also results in cell disruption (Rashid et al. 2014; Kumar et al. 2015).

8.4.4.2 Enzymes
The most commonly employed enzymes for extraction are cellulase, pectinase, and
neutrase. Sporopollenin layer is destroyed by the enzyme without causing any harm
to the structure of the whole cell. As opposed to the chemical methods, enzymes are
inexpensive, serve as a highly efficient extraction method, and do not hinder with the
fatty acids in the cell (Taher et al. 2014; Rashid et al. 2014).
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8.4.4.3 Milking
A more recent technique developed for oil extraction is the process of milking
which consists of direct extraction of oil from the live cells with the help of various
organic solvents, provided these are not toxic to microalgal cells (Rashid et al.
2014; Jackson et al. 2017).

8.4.4.4 Microwave-Assisted Organic Solvent Extraction
Electromagnetic radiations of a specific frequency are used to heat the cells, resulting
in an increased internal pressure. This leads to rupturing of the cell and subsequent
release of all the cellular constituents. Hence, the lipids get diffused into the organic
solvent by this combined method of microwaves and organic solvents (Sostaric et al.
2012; Bahadar and Khan 2013).

8.5 Techniques Implemented for the Conversion of Algal
Feedstock to Biofuel

Thermochemical and biochemical methods are the two categories for the conversion
of algal feedstock to biofuel (Fig. 8.6). The type of conversion process to be utilized
relies on the quantity of the algal biomass, type of the biomass feedstock, economic
aspects, and desired purity of the end products (McKendry 2002a; Brennan and
Owende 2010).

8.5.1 Thermochemical Conversion

Microalgae serve as a promising feedstock for producing various carbon-neutral
fuels such as biodiesel, bioethanol, and biohydrogen, due to the presence of

Fig. 8.6 Representation of various methods used for the conversion of biomass to biofuel
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carbohydrates, proteins, and lipids in the microalgal cells (Mathimani et al. 2018; Li
et al. 2008). Various advantages are offered by the thermochemical conversion as it
is environment friendly, achieves better recovery of nutrition, and involves shorter
processing time. The emission of fugitive gases is eliminated and is applicable for
both wet and dry biomass. Various feedstocks and blends can be handled and owing
to the higher temperatures employed and a small amount of residue are obtained after
the conversion process, and efficient elimination of pathogens and pharmaceutically
active compounds is observed (Razzak et al. 2013; Milano et al. 2016).

8.5.1.1 Gasification
A large array of feedstock can be processed by the method of gasification and is
specifically suitable for feedstocks with low moisture content such as lignocellulosic
biomass. In the microalgal biofuel production process, two types of gasification
methods are used: conventional and supercritical. In conventional method, the
biomass undergoes partial oxidation in the air, oxygen, or steam that acts as a
gasification medium. Temperatures between 700 and 1000�C are employed, and
the following steps occur in a gasifier (Basu 2010; Mathimani et al. 2018): the
residual moisture is first removed through proper drying, and the solid structure of
the biomass is broken down to yield less complex molecules through the process of
pyrolysis. This step is followed by the process of oxidation which involves burning
some of the incoming biomass and production of heat in order to sustain further
endothermic processes. Lastly, the pyrolysis products are then converted to high-
energy-containing smaller molecules through the process of gasification. In case of
supercritical method, high water content of the microalgal feedstock demands
extensive drying when processed by the conventional method. Hence, the supercriti-
cal method of gasification provides a more suitable alternative for the conversion of
algal biomass into biofuels. The temperature and pressure conditions employed are
in the supercritical range for water as 400–500

�
C and 24–36 MPa. Similar to the

hydrothermal liquefaction (HTL), this process is also performed in an aqueous
media, but employs supercritical conditions, whereas HTL involves subcritical
conditions. The microalgae structures are decomposed into smaller molecules by
the supercritical water and involve C–C bond breakage (Mathimani et al. 2018).

8.5.1.2 HTL
In case of HTL, temperatures from 250 to 380�C and 5–20 MPa of pressure are
employed to obtain biofuel. These subcritical conditions are provided in an aqueous
medium and result in the breakdown of algal structures to simpler and smaller
molecules. As compared to pyrolysis, a more deoxygenated and vicious liquid
blend (or bio-oil) is produced from HTL process. Nitrogen, hydrogen, carbon
dioxide, carbon monoxide, and light hydrocarbons constitute the bio-oil or the
bio-crude (Brown et al. 2010), while the secondary products are characterized as
being ashes and char. The secondary products are obtained as gases or as solid
particles. HTL carbonization takes place at temperature < 250 �C and results in
production of hydro-char as the primary product. The carbohydrate and protein
portions of the microalgal cells are often involved in hydro-char production, thereby
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allowing the extraction of lipids prior to the carbonization process (Heilmann et al.
2010; Mathimani et al. 2018).

8.5.1.3 Pyrolysis
The algal biomass is subjected to thermal decomposition in an atmospheric pressure
inert environment. It involves temperatures as high as 400–600 �C and oxygen-free
environment. In slow pyrolysis, the biomass is exposed to a lower heating rate of
5–10 �C/minute and for longer residence times of 1 h, while in fast pyrolysis, it
consists of shorter residence time of a few seconds. The method of fast pyrolysis
employing heating rates as high as 600�C/min is more suitable with respect to the
process of slow pyrolysis and allows for operation of a continuous process. Syngas,
also called pyrogas, is the principle product obtained from the process of pyrolysis
and comprises of non-condensable gases, solid char, and bio-oil (Mathimani et al.
2018). Flash pyrolysis is a promising substitute for biofuel production and future
replacement of fossil fuels by the produced biofuels. It employs temperature of
500.8 �C and a short residence time of about 1 s. Approximately 95.5% biomass-to-
liquid conversion ratios can be achieved through this method (Brennan and Owende
2010; Demirbas 2006; Clark and Deswarte 2008).

8.5.1.4 Direct Combustion
In this method, microalgae are burned in an oxygen-rich environment in a boiler or
furnace at around 850 �C. The biomass having a moisture content greater than 50%
is loaded in the boilers, and 10% excess of air (relative to the feedstock) is pumped in
the combustor. This scenario favors the release of heat and further allows reaction to
achieve completion. During the process of combustion, the photosynthetically
obtained chemical energy in microalgae is transformed to hot gases. Combustion
results in the production of a large amount of heat which cannot be stored feasibly
and is thus further converted into other valuable products, e.g., generation of
electricity in a turbine (Mathimani et al. 2018). In addition, combustion can be
employed from very small-scale utilities (as for the domestic purposes) to large-scale
industrial processes (McKendry 2002b; Goyal et al. 2008; Brennan and Owende
2010). Various pretreatments of biomass, such as drying, grinding, or chopping, are
needed for this conversion process. This process leads to additional energy and cost,
thereby delimiting the use of this technique.

8.5.1.5 Carbonization
Carbonization involves the production of carbon or carbon-rich residues from the
organics in an exothermic process. This process further results in the release of a
large amount of heat out of the system. Although this technique demands lesser
energy in comparison to other conversion methods (Benavente et al. 2017;
Mathimani et al. 2018), its use remains restricted owing to the high costs and high
nitrogen contents involved in cultivation of microalgae as a feedstock for the
carbonization process. When the operating parameters are 150–250�C and the
pressure is less than 100 bars, the carbonization process is designated as hydrother-
mal carbonization (HTC). The residence time of this mild-treatment method is
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usually longer (>1 h). This conversion technique is aimed at producing high-energy-
density solid fuels from the process of carbon concentration (Mathimani et al. 2018).

8.5.2 Biochemical Conversion

Anaerobic digestion, alcoholic fermentation, and inter-transesterification are the
three main biological processes for the production of biofuels from the microalgal
biomass. Since this conversion technique involves generation of other energy
sources along with various coproducts, it is technically more viable as compared
to the remaining conversion methods (Adeniyi et al. 2018). A renewable feedstock
for biofuel production is produced from this environmentally feasible process. These
biofuels serve as efficient sources of energy that can be utilized at the industrial scale
(Ehimen et al. 2013; Adeniyi et al. 2018).

8.5.2.1 Anaerobic Digestion (AD)
The process comprises of three consecutive steps (Adeniyi et al. 2018): the first step
is hydrolysis where soluble sugars are formed from the breakdown of complex
molecules, the second step is fermentation where these sugars are further converted
by the fermentative bacteria, and the third step is methanogenesis where the fermen-
tation products are then acted upon by the methanogens, and they metabolize them to
provide methane and carbon dioxide as the principal products (Saratale et al. 2018).
Various advantages offered by the AD of microalgal cells for biofuel production
include great amounts of carbon that are fixed by this process owing to the efficient
nutrient extraction from the harvested biomass and followed by their subsequent
transfer back into the cultivation system (Hallenbeck et al. 2016; Adeniyi et al.
2018). Biogas, particularly carbon dioxide and methane, can be produced by the
decomposition of organic matter present in the biomass waste. This biogas can be
further utilized for domestic cooking or power generation (Lee and Lee 2016;
Adeniyi et al. 2018). Energy recovery from sunlight is encouraged by this process
and is achieved through photosynthesis, further leading to the integration of effi-
ciency into the biofuel production process (Adeniyi et al. 2018).

8.5.2.2 Alcoholic Fermentation
This biochemical process relies on the production of alcohol from an organic solvent
through various enzymes (Suganya et al. 2016; Adeniyi et al. 2018). This metabolic
reaction basically results in the formation of bioethanol from starch/alginate/cellular
sugar/laminarin/mannitol stored in the microalgal cells employing the activities of
yeast (Lee and Lee 2016). Acetone and butanol can also be produced from this
process by utilizing acidogenesis and solventogenesis (Trivedi et al. 2015; Adeniyi
et al. 2018). However, this conversion technique is associated with a drawback that
pretreatment processes, such as milling, saccharification, and liquefaction, are
required to achieve an efficient fermentation of the algal biomass (Lee and Lee
2012; Adeniyi et al. 2018). Chlorella vulgaris is effectively used for alcoholic
fermentation and thus ethanol production. The high concentration of starch found
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in the Chlorella vulgaris cells is responsible for providing conversion efficiencies as
high as 65% (Adeniyi et al. 2018).

8.5.2.3 Inter-transesterification
This method involves enzymatic production of fatty acid esters from algal oil. The
easy removal of the by-products and high purity of the final product so obtained
encourages the use of this conversion technique. However, its use is restricted by
high cost of the enzymes that further reduces the economic feasibility of the process
(Razzak et al. 2013; Milano et al. 2016).

8.6 Transesterification

The diesel production from algal oil involves a method called transesterification
which is a chemical conversion process of the microalgal biomass. This chemical
reaction proceeds with the formation of FAME and glycerol due to the reaction of
triglyceride with alcohol. The glycerol so produced could be used in cosmetic and
pharmaceutical industry (Suganya et al. 2016; Kandiyoti et al. 2017; Adeniyi et al.
2018). The type of alcohol employed, the kind of catalyst used, and the molar ratios
determine this chemical reaction that forms low molecular weight FAMEs from raw
algal lipids (Adeniyi et al. 2018). This type of transesterification is vital in biodiesel
production because it reduces the viscosity of the algal oil, thereby enhancing its
fluidity (Adeniyi et al. 2018). Two main types of transesterification processes are
utilized in the biodiesel production, namely, the direct transesterification and the
conventional method and supercritical methanol transesterification (Bahadar and
Khan 2013; Adeniyi et al. 2018) (Fig. 8.7).

8.6.1 Direct Transesterification

This method of simultaneous lipid extraction is also called the in situ method or the
single-stage method (Lee and Lee 2016). The reaction system is fed directly with the
wet and unwashed algae, thereby allowing the transesterification to proceed directly
(Jazzar et al. 2015). Pretreatment methods like degumming and extraction are not
needed in this kind of transesterification process. Further, some amount of water is

Fig. 8.7 Schematic representation of various kinds of transesterification processes
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tolerable owing to the large quantity of methanol employed in the system. As
compared to the conventional method, relatively higher biomass yields are obtained
through this direct form of transesterification (Al-lwayzy et al. 2014; Park et al.
2015; Adeniyi et al. 2018).

8.6.2 Conventional Transesterification

This method is comprised of two stages and involves the mechanical extraction of
lipids prior to the transesterification process. Degumming and extraction methods
employing nonpolar, cheap, and unreactive solvents are significantly involved in this
kind of transesterification process (Hossain et al. 2018). The product obtained from
this method is highly refined and utilized in high-speed diesel engines (Salam et al.
2016; Martinez-Guerra and Gude 2016; Adeniyi et al. 2018).

8.6.3 Supercritical Methanol Transesterification

In this method, methanol is introduced to 100 mL algae culture containing cylinder
under supercritical conditions which are defined as 350–400 �C, 10–25 MPa
(Demirbas 2008). Higher biomass yields are obtained through this economically
feasible method (Bahadar and Khan 2013); however, this method is not applied on a
commercial scale and is still being explored by the researchers.

8.7 Applications of Algal Biomass in Various Biotechnological
Sectors

The algal biomass can have immense applications in various biotechnological and
industrial sectors which are as follows and has been represented in Fig. 8.8.

Fig. 8.8 Application of microalgae in various industries and biotechnological sectors

8 Algal Biomass: Potential Renewable Feedstock for Biofuels Production – Part I 223



8.7.1 Biodiesel Production via Algal Biomass

It is a nontoxic fuel exhibiting high flash point than diesel (50 �C and 65 �C), has
10% built-in oxygen which allows complete burning, fails to emit sulfur oxides, and
reduces the level of carbon monoxide, unburned hydrocarbons, and other pollutants
(Hemaiswarya et al. 2012). The most commonly used algal feedstocks used for
biofuel production include green algae Chlorella sp. and Chlorococcum sp. In
particular strains such as Haematococcus and Neochlorosis are perfect for biodiesel
and Chlorella, Scenedesmus, and Spirulina for biomethanol production (Maity et al.
2014). Marine microalgae C. vulgaris yielded 22% lipid content and 61% biodiesel
(Mathimani et al. 2015). Moreover, C. vulgaris produced biodiesel, and freshwater
Chlorella strain accumulated high lipid in comparison to cyanobacterial strains
(Mathimani and Nair 2016). As per Maity et al. (2014) Chlorella and
Nannochloropsis strains showed 100 mg/L/day lipid productivity.

8.7.2 Bioethanol Production from Microalgae

The extensive use of sugar and starch materials for the production of bioethanol has
created major competition within the food market in terms of land for cultivation,
making the bioethanol production from these sources economically less feasible
(de Farias Silva and Bertucco 2016; Shuba and Kifle 2018). Thus, microalgae have
been used as an effective alternative as the issues which are present in SndGB have
been overcome in TrdGB. Presently, Chlorella vulgaris has been a good source of
ethanol production due to its high starch content, where �65% ethanol conversion
efficiency has been reported (Shuba and Kifle 2018).

8.7.3 Biohydrogen Production from Microalgae

Hydrogen has been regarded as the “future energy carrier” as it excludes the use of
carbon dioxide in combustion, generates huge energy per unit, and can be
transformed to electricity by fuel cells. The current production of hydrogen is a
fossil fuel-based process and produces large amounts of greenhouse gases (Shuba
and Kifle 2018). As per Melis (2002) by depleting the quantity of sulfur available to
the algae, the internal oxygen flow is interrupted, thereby allowing the production of
hydrogen by hydrogenase. Later, Chochois et al. (2009) stated that direct photolysis
is responsible for the production of hydrogen in C. reinhardtii. The cells are
illuminated after they have adapted to anaerobic conditions, and the electrons
originating from the splitting of water at PSII are driven by photosynthetic electron
transport chain to ferredoxin and then to a reversible iron hydrogenase, thus enabling
the production of hydrogen from water and solar energy (Fig. 8.3). Three methods
can be used to produce hydrogen from algae (i.e., biochemical process, gasification,
and steam reforming).
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8.7.4 Biomethanol: Efficient Biofuel from Microalgae

The biomethanol can be blended with petrol or can be used as a feedstock for other
environmentally friendly fuels. The fuels burning methane produce less carbon
dioxide per unit of heat released, thereby reducing the pollution which is practically
not feasible in the conventional process (Shuba and Kifle 2018).

8.7.5 Production of Biobutanol from Microalgae

The green waste left from the algae oil extraction can be used for the production of
butanol. It has an energy density similar to gasoline and higher than either ethanol or
methanol. It can be used in as a replacement of gasoline in gasoline engines without
any modifications (Ullah et al. 2015; Maiti et al. 2016).

8.7.6 Utilization of Microalgae as Animal Feed

The microalgae have been used as animal feed, and in order to prove it is harmless
and safe for human consumption, various toxicological tests were performed.
Microalgae are categorized as unconventional sources of protein and for these the
toxicological tests are necessary. The various investigations confirm that the algal
proteins have high quality as compared to the plant proteins. A series of nutritional
and toxicological tests have demonstrated that microalgae can be used as supplement
of protein in the animal feed. The algal biomass is highly effective and can easily
substitute the conventional sources of protein such as fish meal, soybean meal, rice
bran, etc. The commercial use of these microalgae is mainly in the poultry as these
can be easily incorporated into the poultry rations and provide suitably efficient
results (Brennan and Owende 2010). Among various algae, Arthrospira is the most
common strain which is used as a protein source for domestic animals (e.g., dogs,
horses, cats, aquarium and ornamental fish, breeding bulls, cows) (Spolaore et al.
2006). The microalgae affect the physiology of these animals in many ways, such as
increasing the immune response; providing vitamins, minerals, and essential fatty
acid; and increasing their fertility. Similarly, they also affect their external appear-
ance by providing them with lustrous coat and healthy skin (Spolaore et al. 2006).

8.7.7 Carbon Dioxide Sequestration via Microalgae

Two main strategies are available for the mitigation of emitted carbon dioxide
(Wang et al. 2008; Mata et al. 2010): the first strategy relies on the chemical reaction
and the second strategy on biological mitigation. The former is energy consuming
and thereby a costly process. It is also not eco-friendly as the carbon dioxide
captured in this process needs to be disposed in an appropriate manner (Mata et al.
2010). Alternatively, the biological mitigation produces biomass energy while
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mitigating carbon dioxide through carbon dioxide fixation via photosynthesis (Pulz
and Gross 2004). Thus, the utilization of industrial emissions as carbon dioxide
source for microalgal growth proves to be a promising method for reduction of the
GHG emissions (Mata et al. 2010). Apart from carbon dioxide, sulfur oxides, and
nitrogen oxides, some heavy metals are also present in the flue gases that demand
further attention and proper removal. Microalgae play a crucial role for the removal
of these substances, thereby reducing the overall emission of GHG in the ecosystem
(Patel et al. 2017).

8.7.8 Nutrient Recycling from the Wastewater or Bioremediation

In the wastewater, nutrients are present which are used by the microalgae for their
growth (Mulbry et al. 2008; Roberts et al. 2013). Microalgae release the free oxygen
into wastewater during their growth, thereby enhancing the waste degradation by
other microorganisms. This results in improvement of the biochemical oxygen
demand (BOD) and chemical oxygen demand (COD) of the waste stream (Pittman
et al. 2011). These microalgae remove dissolved nitrogen, toxic metals, and phos-
phorous from the water and are thus used in the tertiary phase of wastewater
treatment (Munoz and Guieysse 2006; Rawat et al. 2011). Microalgae can also be
used for the degradation of persisting molecules such as antibiotics, heavy metals,
and hydrocarbons from the wastewater (Schwarzenbach 2006; Patel et al. 2017).

8.7.9 Effective Role of Microalgae in Improving Human Health

Microalgae synthesize various compounds which can be used as food colorants
(Becker 2013) and are a good source of food supplements as they are rich in
carbohydrates, lipid, and protein (e.g., Chlorella vulgaris composed of 51–58% of
carbohydrates, 14–22% of lipid, and 12–17% of protein (Spolaore et al. 2006;
Mathimani et al. 2018)). They are widely used as capsules or tablets and as
components of pastas, snacks, and beverages (Liang et al. 2004). Microalgae also
contain many types of sterols which are used to prevent the cardiovascular diseases,
for example, Spirulina sp. contain clionasterol which leads to enhanced synthesis of
plasminogen-activating factor in the endothelial cells of the vascular system (Barrow
and Shahidi 2008; Mata et al. 2010). Antioxidants, such as astaxanthin, carotenoids,
mycosporines, dimethylsulfoniopropionate, beta-carotene, etc., have also been
extracted from the microalgae. These antioxidants can prevent oxidative stress,
which is responsible for various diseases and contributes to the process of ageing.
Degenerative diseases can be further prevented and treated by carotenoids such as
lutein, which is commonly found in egg yolk, spinach, vegetables, kale, and other
yellow-colored foods. A high level of these carotenoids is present in Muriellopsis
sp. (Del et al. 2007; Mata et al. 2010). Owing to their high protein content,
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Arthrospira is widely used for nutritional purposes (Soletto et al. 2005; Spolaore
et al. 2006). Apart from this, the microalgae are also used for other health benefits,
namely, growth promotion, suppression of hypertension, prevention of renal
diseases, relief from hyperlipidemia, and reduction in the increased level of serum
glucose (Liang et al. 2004; Spolaore et al. 2006).

Edible algae include the microalgal species Chlorella and Spirulina. These algae
are widely studied for their biological activities and component molecules (Pulz and
Gross 2004; Mata et al. 2010). Spirulina platensis and Spirulina maxima are widely
used for human consumption owing to the various benefits offered by them, namely,
boosting the immune system, prevention of cancer and viral infections, and rise in
the number of intestinal lactates (Mata et al. 2010). The polysaccharide complexes
from Chlorella pyrenoidosa and Chlorella ellipsoidea possess immunomodulatory
characteristics (Barrow and Shahidi 2008; Mata et al. 2010). Various species of
microalgae such as N. oculata, Thalassiosira pseudonana, and Phaeodactylum
tricornutum have the capability to produce varying amounts of long-chain polyun-
saturated fatty acids (PUFAs) that have a vital therapeutic and dieticiary role (Pulz
and Gross 2004; Kumar et al. 2019). Euglena gracilis and Prototheca moriformis are
widely cultivated for the production of biotin, tocopherol, and ascorbic acid, respec-
tively (Li et al. 2008; Patel et al. 2017). It also promotes antibody production and is
thus a potential immunomodulator. Moreover, it is also associated with prevention of
onset of cancer in the oral cavity, liver, and bladder (Mata et al. 2010).

8.7.10 Aquaculture

Microalgae are widely used in the aquaculture processes and are cultivated by two
main methods: natural phytoplankton and algal monocultures. In natural phyto-
plankton, various nutrients are added to enrich the population of phytoplankton
that are found naturally or in the form of cultures (Mata et al. 2010). However, this
process of using natural phytoplanktons has many drawbacks including variable
composition of algal populations, amount of nutrients available, hindrance from
undesirable predators, presence of other contaminating species, and lack of moni-
toring and control over the production process. In case of monoculture cultivation
of microalgae feed source of high quality with known nutritional properties, the
desired algal cultures free of contamination from unwanted species are utilized.
The major obstruction to monoculture cultivation is that the microalgae species are
subjected to a large number of predators such as the crustaceans, protozoans
(zooflagellates or rhizopods), larvae of benthic organisms and infection by viruses,
bacteria, or fungi when cultivated on a larger scale. Predation by various types of
protozoans and the high possibility of formation of toxic algal blooms are major
problems associated with marine microalgae culture. For instance, growth of
Synechocystis in freshwater and Phaeodactylum in seawater is unenviable for the
bivalve mollusks (Mata et al. 2010).
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8.7.11 Cosmetics

The two main microalgae commercialized in the field of cosmetics are Chlorella and
Arthrospira (Stolz and Obermayer 2005; Spolaore et al. 2006). Extracts from these
algae contain antioxidants and other regenerant chemicals which are used in skin
care products such as antiaging cream. The use of microalgae as sun protection and
hair care products is also common (Ariede et al. 2017). For example, extract rich in
protein from Arthrospira is used to repair the signs of ageing and prevent formation
of stria (e.g., Protulines and Exsymol by S.A.M., Monaco). Similarly, chemicals
isolated from Chlorella vulgaris help in the synthesis of collagen, hence supporting
the regeneration of tissues and reduction of wrinkles (products Dermochlorella and
Codif manufactured by St. Malo, France).

Other commercially available products include Pepha-Tight (launched by
Pentapharm, Switzerland) produced from Nannochloropsis oculata, which exhibit
high skin tightening properties. PephaCtive (launched by Pentapharm, Switzerland)
promotes cell proliferation, thereby influencing the skin metabolism (Stolz and
Obermayer 2005). Microalgae are also responsible for the exclusive synthesis of
scytonemin, a nontoxic secondary pigment which possesses high UV-absorbing
capacity. In addition, it exhibits the ability to scavenge free radicals, demonstrates
an efficient activity against cyclobutane purine/pyrimidine dimer (CPD) formation,
and is highly stable under conditions of abiotic stresses. These potential features are
utilized to counteract the harmful UV solar radiations, and scytonemin can thus be
used for the production of natural sunscreens (Singh et al. 2010; Rastogi et al. 2013,
2014). It can be further exploited as a therapeutic agent in the acute inflammations
due to its dual kinase inhibitory and antiproliferative activities (Stevenson 2002;
McInnes et al. 2005).

8.7.12 Production of Pigments via Microalgae and Its Utility
in Pharmaceutical Industry

The phycobiliproteins are primarily used as natural dyes and are known to possess
other health benefits and thus have widespread applications in the pharmaceutical
industry (Spolaore et al. 2006). The commercial sources available for phycoerythrin
and phycocyanin are Cyanobacterium, Arthrospira, and Porphyridium (Viskari and
Colyer 2003). Phycocyanins are most widely used as a food pigment, thereby
replacing the synthetic pigments (Becker 2004). Phycobiliproteins are also used in
various research laboratories owing to their peculiar properties that make them
suitable for immunolabeling experiments and in diagnostic processes. They also
have high fluorescence yield, high photostability, and high absorbance, so they are
very sensitive fluorescent reagents. They are used as labels for receptors, antibodies,
and other molecules in cell sorters and are used in fluorescence microscopy as well
(Bermejo et al. 2002; Spolaore et al. 2006).
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8.7.13 Microalgae: An ideal Source for Stable Isotope Compounds

Microalgae by the process of photosynthesis are able to incorporate various stable
isotopic compounds such as 2H, 13C, and 15N from other inexpensive inorganic
compounds such as 2H2O,

13CO2, and
15NO3. These stable compounds then form

other essential organic compounds such as carbohydrates, lipids, amino acids, and
nucleic acids. These stable isotopic biochemicals are used in two ways: first, they are
used to determine the atomic structures by incorporation into proteins,
carbohydrates, and nucleic acids, and second, they are used in the metabolic studies
(Spolaore et al. 2006).

8.7.14 Miscellaneous Applications of Microalgae

Microalgae can also be converted into biogas (Montingelli et al. 2015), bio-oil,
syngas, jet fuel, and fertilizers. Bio-oil a synthetic liquid fuel directly used in engines
or in a blend is extracted by processing biomass at high temperature in the absence of
oxygen (Demirbas 2006). Syngas contains very low concentrations of hydrocarbons
and higher concentrations of carbon monoxide and hydrogen generated by oxygen
gasification processes (Zhu et al. 2014). It can be converted into diesel fuel by
Fisher–Tropsch synthesis process, thus making it possible to integrate algal feed-
stock into the existing thermochemical infrastructure. Microalgae-derived jet fuel
has also received attention (Ghasemi et al. 2012) and is compatible for use in
selected commercial jet test flights (Zhu et al. 2014). Many agents that play the
role of modifying viscosity in various foods and pharmaceutical products are also
obtained from different types of seaweeds. Alginate, carrageenan, and agar are some
examples of such hydrocolloid compounds (Barrow and Shahidi 2008; Mata et al.
2010). Lastly, the use of algae in the agricultural fields as biofertilizers is also a
common practice. Algae are used as soil conditioners as they have the potential to fix
large amount of nitrogen, thus making the soil fertile (Song et al. 2005; Mathimani
et al. 2018; Renuka et al. 2018).

8.8 Limitation and Future Prospect

The microalgae have numerous applications; however, it has certain limitations:
first, algal strain should be carefully selected, and the production of biomass should
be enhanced. The desired strain can then be improved by lipidomics, genomics,
proteomics, and metabolomics which will have higher growth rate and lipid produc-
tion and broader tolerance to environmental stresses and have the ability to produce
many valuable coproducts (Schenk et al. 2008; Singh et al. 2011). The specific
characteristics of algal strains can be modified through genetic engineering methods
with an intended alternation of the algae cells, thereby improving the production of
algal feedstock for biofuel (Tabatabaei et al. 2011; Adeniyi et al. 2018) and be
efficiently applied in both natural and artificial methods of cultivation. Thus, with the
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following improvisation, the algal strain can be the most effective biological tool for
the enhanced biofuel production and can thus be an effective step toward greener and
cleaner environment.

8.9 Conclusion

The microalgae can be an effective solution for the ever-increasing environmental
problems, as it neither competes with the food stock nor the land area as in case of
FstGB and SndGB. The TrdGB along with the combination of FthGB can be a turning
point from the global prospect and can help address the issues associated with the
biofuel industries as well as other biotechnological application. However, intense
research is required to apply the effectiveness of the microalgae beyond the
laboratories, and only then can the vision of “clean and green” environment be
accomplished.
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Abstract
Biogas, an ultimate renewable energy, is of enormous demand currently, due to
increased fuel price and its fluctuations with expansive pollution emission.
Biogas is environmentally feasible and viable. Biomethane production is of
high impact, and hence the present chapter is concentrated on various biogas
upgradation technologies conjugated with carbon dioxide and hydrogen sulphide
removal strategies. The upgrading methods such as absorption, adsorption, mem-
brane separation, biological methods, cryogenic technology, hybrid methods,
supersonic separation, industrial lung, in situ methane enrichment and chemical
dehydrogenation are discussed. High methane purity with minimized methane
loss is the key for an effective upgradation method. A comprehensive study of
comparison between various biogas upgradation technologies is analysed,
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showcasing the advantages and disadvantages too. It is concluded that the
recently innovated technologies have wide potential advantages than the conven-
tional biogas upgrading technologies. Although innovated technologies are so far
better, detailed analysis, research and development is required for acquiring a
technology which is economically, environmentally, technologically, operation-
ally and socially feasible and acceptable.

Keywords
Biomethane · Upgrading technologies · Desulphurization · Cryogenic · Biological
method · Scrubbing

9.1 Introduction

With increasing urbanisation and population growth, there has been a tremendous
increase in waste generation and there has been a renewed interest in using waste as a
resource for producing energy. Biogas is a valuable renewable energy produced by
the anaerobic digestion of organic materials with the major product of methane and
carbon dioxide along with traces of impurities like H2S, siloxanes, water vapour,
amines, ammonia etc. It is also a profitable solution for organic waste management,
fertiliser production, and reduction of greenhouse gas emissions. In general, cattle
dung, agricultural residues, food waste, organic fraction of municipal waste, sewage
sludge and energy crops are majorly used as a substrate for anaerobic digestion
process. However, the methane yield depends upon the type of feedstocks as well as
operational behaviour of the digester (Bauer et al. 2013a, b; Al Mum and Torii
2015). Thus, many types of anaerobic digester designs have been implemented such
as anaerobic sequencing batch reactor, anaerobic plug-flow reactor, continuous
stirred tank reactor and anaerobic contact reactor. The components of biogas, CH4,
CO2, H2S, NH3 and water vapour have different impacts on the basis of its
utilisation. For the reduction of these impacts, biogas components should be
removed (Petersson and Wellinger 2009).

The raw biogas contains approximately 55–70% of CH4, 35–45% CO2 and
200–30,000% ppm H2S along with <5% traces of NH3, siloxanes and water vapour
(Sahota et al. 2018). The energy content of CH4 described by lower calorific value
(LCV) is approximately 36 MJ/m3-CH4 (at STP conditions). Due to the fact that the
presence of components other than methane has no calorific value, this leads to
lowering down the LCV to 22–25 MJ/m3- biogas. Apart from energy prospective,
these components also lead to environmental pollution upon combustion. Thus,
biogas upgradation (Fig. 9.1) is needed for biomethane production as a replacement
of CNG.

Before going for biogas upgradation, first treatment is biogas cleaning. The
biogas cleaning step involves removal of H2S which is a hazardous and extremely
corrosive acid gas. H2S leads to damaging of engines and metal parts of the system
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due to the emission of SO2 upon combustion. The second step for biomethane
production is removal of CO2 and other trace elements by the various methods of
upgradation such as absorption, adsorption, membrane separation, cryogenic
technologies, in situ methane enrichment and hybrid technologies (Singhal et al.
2017). Since biogas is considered as a promising renewable fuel having high energy
value and being environment-friendly, wide attention has been given to produce
biomethane via cost-effective routes. This chapter emphasises on biogas cleaning
techniques (H2S removal), followed by biogas upgradation methods (CO2 removal)
(Kadam and Pawar 2017; Awe et al. 2017).

9.2 Biogas Desulphurisation

H2S is a harmful and odorous gas which is not only hazardous to the environment
but also fatal to human health and corrodes metal parts and engines. The concentra-
tion of H2S varies from 200 to 30,000 ppm, majorly depending on the feedstock used
for biogas production. The maximum allowable H2S concentration after treatment
depends upon the mode of biogas utilisation (Fig. 9.2). The removal of H2S is a
must-to-do step before biogas upgradation (Awe et al. 2017). The traditional
desulphurisation technologies for biogas included majorly absorption, adsorption,
membrane, biological and in situ desulphurisation methods (Zhao et al. 2010).

9.2.1 In Situ Desulphurisation

9.2.1.1 Air/Oxygen Dosing
This is one of the oldest methods used for removal of H2S from biogas in which
concentration of H2S is controlled within the biogas digester. In this process,
oxygen/air dosing is given within a digestor in which conversion of H2S to elemental
sulphur by a group of sulphur-oxidising bacteria takes place (Awe et al. 2017). The
amount of oxygen/air dosing to the digester depends on the concentration of H2S
concentration. The following reaction takes place by injecting oxygen/air to the
digester by Eq. (9.1):

Raw Biogas Desulfurization Biogas
compression

Biogas Up-
gradation

High Pressure
compressor

Bio-CNG
Storage unit

Biogas 

Fig. 9.1 Schematic diagram of biogas upgradation process
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2H2Sþ O2 ! 2Sþ 2H2O ð9:1Þ

9.2.1.2 Iron Chloride Dosing
Similar to air/oxygen dosing, iron chloride dosing is done to the biogas digester in
which H2S can be reduced by adding FeCl2 and FeCl3 or which can be explained by
Reaction 9.2:

Fe2þ þ S2� ! FeS ð9:2Þ
The resultant FeS can be easily removed from the system with discharge solids

and can be utilised as a sulphur-rich fertiliser in the form of elemental sulphur.

9.2.2 Absorption Method

Absorption process is generally used for effective removal of H2S from biogas.
Absorption is the process by which one material (a solid or liquid) is absorbed by
another substance, such as a liquid or gas, through minute pores or voids to its bulk
surface. The absorption process can be classified into chemical or physical. Both the
processes are discussed below. The basic absorption of H2S can be explained by the
following Eqs. (9.3, 9.4 and 9.5):

H2S gð Þ þ H2O Ð H2S aqð Þ ð9:3Þ

Maximum 
permissible H2S 
concentra�on 

(ppm) for Biogas 
u�liza�on

Boiler  
H2S<250 ppm

Domes�c stoves 
H2S<100ppm

Internal 
combus�on 
engine  H2S: 

500–1500 ppm
Fuel cell        

H2S: 1–5 ppm

Vehicle fuel  
H2S<5 ppm

Fig. 9.2 Maximum permissible H2S concentration (ppm) for technological recommendations and
mode of biogas utilisation
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H2S aqð Þ Ð Hþ þ HS� ð9:4Þ

HS� Ð Hþ þ S�2 ð9:5Þ

9.2.2.1 Physical Absorption
Physical absorption process is the most common and older process used for removal
of H2S from biogas stream. In this process, no chemical solution is used.

Physical absorption is mainly done by water and organic solvents such as cold
formaldehyde propylene carbonate and methylpyrrolidone. The process is very
environment friendly and could meet the demand of H2S removal from high
concentration H2S containing biogas. For this reason, we have to move forward to
chemical absorption process (Lin et al. 2013; Awe et al. 2017).

9.2.2.2 Chemical Absorption
Chemical absorption is used effectively for the removal of high-concentration H2S at
larger scale biogas plants. In chemical-based absorption system, H2S is absorbed by
various aqueous solution such as amines solution, chelated iron solutions, nitrite
solutions, alkaline salt solutions and caustic solutions (Zicari 2003; Horikawa et al.
2004).

9.2.2.2.1 Amine Solution
Different amine solutions such as monoethanolamine (MEA), diethanolamine
(DEA) and methyldiethanolamine (MDEA) are used for chemical absorption of
H2S. The amines are water soluble which lead to the efficient absorption of acid
gas as it has one hydroxyl group and one amino group and has the capability to
remove H2S by absorption. After absorption, amine dissolves H2S in an aqueous
amine (Siefers et al. 2010; Belmankhout et al. 2009).

RNH2 þ H2S Ð RNHþ
3 þ SH� ð9:6Þ

9.2.2.2.2 Chelated Iron Solutions
In this process, chemical absorption of H2S into iron-chelated solutions takes place
with the formation of elemental sulphur as a by-product. This method is advanta-
geous over others due to high H2S removal efficiency and low use of chemicals for
the reason that the iron-chelated solutions function as a pseudo-catalyst that can be
regenerated (Siefers et al. 2010; Awe et al. 2017). The major advantage of using
iron-chelated solution is that it can remove H2S from the biogas stream with the
formation of H2S into a more stable or valuable product, as do processes that
transform H2S into S. Iron-chelating-based process comprises of physical absorption
of H2S onto the water undergoing dissociation which is explained in Eq. (9.5).
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The formation of elemental sulphur occurs by the oxidation of sulphide by
chelated iron as described by Eq. (9.7):

S�2 þ 2Feþ3 Ð 2 Feþ3 þ 2OH ð9:7Þ

9.2.2.2.3 Nitrite Solutions
Nitrite solutions are used for H2S absorption whenever a simple process configura-
tion is required. The overall process requires only one bubble column reactor
associated with mist eliminator. The nitrites of sodium and potassium are commonly
used for H2S absorption.

The overall reaction of sodium nitrite is described in Eq. (9.8):

3 H2Sþ NaNO2 ! NH3 þ 3Sþ NaOH þ some NOx ð9:8Þ
Though the reaction products are ammonia and NOx which may lead to environ-

mental pollution, the spent slurry is non-hazardous to the environment with low-cost
maintenance of the system and easy change out of adsorbent.

9.2.2.2.4 Alkaline Salt Solution
Alkaline salt solutions readily react with acid gases such as H2S. Generally, it is a
regenerative process, and common alkaline salts are sodium and potassium carbon-
ate, phosphate, borate, phenolate as well as salts of weak organic acids.

9.2.2.2.5 Caustic Scrubbing
Hydroxide solution is used for effective removal of H2S from biogas but limits its
regenerative property. Various oxido-alkaline solutions such as sodium hydroxide
(NaOH) and potassium hydroxide are commonly used for H2S absorption (Awe
et al. 2017). Furthermore, selective absorption performance of hydroxide solutions is
higher than that of amine solutions.

NaOH þ H2S aqð Þ ! NaHS aqð Þ þ H2O ð9:9Þ

NaHS aqð Þ þ NaOH aqð Þ ! Na2S aqð Þ þ H2O ð9:10Þ

9.2.3 Adsorption

9.2.3.1 Adsorption Using Metal Oxides

9.2.3.1.1 Iron Oxide
Iron oxide adsorption is the oldest known method and remains in practice to date for
the removal of H2S by the formation of insoluble iron sulphides. However, if the bed
is exposed to air, it further forms elemental sulphur and regenerates the iron oxides.
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Eventually, media becomes clocked with the elemental sulphur, so replacement of
adsorbent is required. The most common iron oxide sorbent is iron sponge (Siefers
et al. 2010). There is some commercially produced iron oxide-based system for H2S
removal that produces non-hazardous waste. There are various iron oxide
alternatives which are commercially available such as Sulfa-Treat®, Sulphur-Rite®

and Media-G2®

Fe2O3 þ 3H2S ! 3H2Oþ Fe2S3 ð9:11Þ

Fe2S3 þ 3
2
O3 ! Fe2O3 þ 3S ð9:12Þ

9.2.3.1.2 Zinc Oxide
Zinc oxides are also preferred metal oxide sorbent for the removal of H2S at elevated
temperature around 200–400 �C because zinc oxides have increased selectivity for
H2S at higher temperature. H2S removal on the surface of zinc oxide forms insoluble
layer of zinc sulphides, so that H2S is removed from the gaseous stream (Zicari
2003). Zinc oxide has high surface area for H2S capturing, but according to thermo-
dynamic analysis, it loses its surface area at high temperature regeneration. The
reaction mechanism is explained by the equation

ZnOþ H2S ! ZnSþ H2O ð9:13Þ

9.2.3.2 Adsorption on Zeolite
Zeolites have high adsorption capacity than metal oxides. Zeolites are used to
capture H2S molecules in its highly porous surface known as molecular sieves.
ZSM, 4A, 5A and 13X zeolite are some common zeolites used for H2S removal.
Nowadays, some natural zeolites are also used for acid gas separation such as
mordenite, clinoptilolite, erionite, phillipsite and ferrierite though natural zeolites
need activation (Ozekmekci et al. 2015; Micoli et al. 2014)

9.2.3.3 Adsorption on Activated Carbon
Activated carbon is another effective sorbent used for the removal of H2S which
have been introduced in the recent years. Activated carbons are more preferred over
other mesoporous materials, such as zeolite and metal-organic oxides due to its high
surface area, microporosity, thermal stability, high removal capacity and low cost
per unit volume. Presently, activated carbon comes primarily in two forms:
non-impregnated and impregnated. Impregnation comprises of addition of cations
to the activated surface which act as catalyst for higher adsorption of H2S from
biogas (Ozekmekci et al. 2015; Zulkefli et al. 2019; Pipatmanomni et al. 2009). The
impregnation of activated carbon is done by some alkaline solvents like sodium
carbonate, potassium iodide, copper sulphate, zinc acetate, sodium and potassium
hydroxide which leads to higher dissociation of H2S due to its alkalinity
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9.2.3.4 Adsorption on Biomass-Based Sorbents
The requirement of high temperature for the preparation of activated carbon is the
major concern. In this regard, biochar can be a promising adsorbent that can be
prepared from readily available waste biomasses. Moreover, biochar waste
adsorbents are relatively cheaper and environment friendly than commercially
available activated carbon (Sahota et al. 2018; Zicari 2003). The most common
biomass waste adsorbents are biochar (leaf waste, peat and sludge waste, slurry
based, manure based)

9.2.4 Biological Desulphurisation

Microbes such as Thiobacillus and Sulfolobus are used to remove hydrogen sulphide
by undergoing the process of oxidation. Biological desulphurisation occurs only in
the presence of oxygen, and so a small amount of air should be added to the digester.
The microorganisms are immobilised in this process. Another solution to remove the
hydrogen sulphide is using the trickling filter method, where the biogas is allowed to
pass through the trickling filter after leaving the digester. The microbes are packed in
the trickling filter and the sulphur containing the compounds can be removed. The
main disadvantage in both the biological methods is that it cannot be applied if the
biogas is used for grid injection or as a vehicular fuel and it is due to the presence of
trace amount of oxygen gas. This problem is rectified by developing an alternative
method where the biogas is free of oxygen after the removal of hydrogen sulphide
gas (Petersson and Wellinger 2009).

9.2.5 Biofiltration of H2S

From available biological methods for hydrogen sulphide removal, biofiltration is a
potential cost-effective technique which utilises living material to capture acid gas.
Nowadays, some common sulphur-oxidising microorganisms mainly from the fam-
ily of Thiobacillus, Thiomonas, Paracoccus, Acidithiobacillus, Sulfurimonas or
Halothiobacillus are used for biofilters. However, this technique is limited for
utilisation at high concentration of H2S containing biogas streams. Mainly two
commercially available methods are used for removal of high concentration: one is
Thiopaq process and second is Biopuric process (Kadam and Panwar 2017; Tomas
et al. 2009; Soreanu et al. 2008). The advantages of biological methods are low
energy requirement at mild conditions, and production of elemental sulphur as
by-product is the major advantage of the process. Better microbial attachment onto
biofilter bed needs higher specific surface area, less pressure drop and better water
retaining capacity.
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9.3 Biogas Upgradation: CO2 Removal

Biogas upgrading is a necessary process to be executed in all countries since the
importance of upgraded biogas is wide. It requires cost-effective investment and
environmentally pleasing solutions, and hence optimisation must be done in terms of
providing high methane content, less energy consumption and minimised methane
emissions (Petersson and Wellinger 2009).

More biogas upgrading technologies are commercially available. The fuel effi-
ciency is important and can be predicted using the parameter calorific value which is
21.5 MJ/m3 for biogas and 35.8 MJ/m3 for natural gas. The deviation in the calorific
values for biogas and natural gas is due to the presence of CO2, the incombustible
section of biogas, which may lead to the minimisation of heating value with high
compression value. In addition to CO2, H2S, nitrogen and methane gases are also
present that are strongly not factorable to the environment (Sahota et al. 2018).

Many techniques are available for biogas upgradation, and novel techniques
rectifying all the disadvantages (GHG emissions, hydrocarbon emission, nitrogen
oxide emission, carbon monoxide emission) (Zhao et al. 2010) are under develop-
ment with environmental and economical perspective (Petersson and Wellinger
2009). The use of biogas as transportation fuel is a dream for developed and
developing countries. Various methods of biogas upgrading technologies
(Fig. 9.3) are described below:

9.3.1 Absorption Methods

In absorption method, the gaseous components have the capacity to undergo diffu-
sion process (Report 2012). Gaseous impurity solubility is one of the crucial factors
for effective absorption. The solubility of carbon dioxide is more than the methane,
and so the liquid that is emitted from the column contains increased amount of
carbon dioxide and the gas emitted from the column contains more amount of
methane, which forms the base for the absorption principle (Petersson and Wellinger
2009).

The untreated biogas is allowed to pass through the column containing a plastic
pack for increasing the area of contact between the two phases in a countercurrent
manner. The solvent used in the absorption process should be selected based on the
various factors (Battino and Clever 1966). For obtaining maximum absorption of
components, factors such as volatility, non-hazardous nature and cost-effectiveness
should be considered (Sahota et al. 2018). The efficiency of absorption process can
also be enhanced by adding fresh liquid to the already used scrubbing liquid. Since,
absorption process requires lower flow rates, the method is economically feasible
(Singhal et al. 2017).
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Fig. 9.3 Various methods of biogas upgradation technologies
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Various types of absorbents are used, and based on the types of absorbents, the
absorption methods can be categorised into the following types:

(a) Physical absorption method.
(b) Chemical absorption method.
(c) Physical absorption method.

9.3.1.1 Physical Water Scrubbing
Physical water scrubbing is one of the most commonly used biogas upgradation
technology for biogas cleaning and upgradation, which is commercially available
and manufactured with wide range of capacities (Thran et al. 2014). In this method,
the principle of solubility is applied between two gaseous components (Kapoor et al.
2017). The two gaseous components carbon dioxide and methane vary in the
property of solubility, specifically at low temperature. Carbon dioxide is more
soluble when compared to methane, and while leaving the column, the carbon
dioxide quantity gets increased in the liquid part and the methane quantity gets
increased in the gaseous phase (Cozma et al. 2013). The water that is left over the
column is passed to a flash tank with release in some amount of carbon dioxide and
again retransferred to the raw biogas inlet provided. If the water is allowed to
recycling process in desorption column which is filled with plastic packing, the
carbon dioxide gas will be released. The high difference in the solubility of the two
gases can be attained by cooling the water, before the next recycling process in the
column.

Genosorb 1753 is one of the most widely applied absorbent, and by using the
depressurising technique, the spent absorbents can be regenerated (Patterson et al.
2011). The hydrogen sulphide gas separation should be done since the absorption of
carbon dioxide tends to reduce in the presence of hydrogen sulphide gas (Sahota
et al. 2018). The operating parameters for the water scrubbing method include initial
pressure of 6–10 Bar and temperature of 40 �C. From the bottom side of the column,
the biogas is passed, and from the top of the column, water is passed and injected
into the absorption column via the bottom side of the tank, while the water is passed
that expresses the countercurrent flow between the gas and the water (Bauer et al.
2013b).

The major disadvantage of this method is that during the process of regeneration,
gas components such as nitrogen and oxygen tend to get dissolved, and then it passes
along with the upgraded methane gas. This technique is more valuable if:

• The plant capacity is increased.
• The decompression process is discarded.
• The heating value is reduced (Report 2012).

9.3.1.2 Organic Physical Scrubbing
In organic physical scrubbing, the absorption of carbon dioxide occurs in the organic
solvents such as polyethylene glycol/methanol, and this absorption tendency is more
possible because the carbon dioxide gas is more soluble in solvent than in water.
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Moreover, the solvents can be regenerated using the depressurising technique. In
addition to this, water, nitrogen, hydrogen sulphide and oxygen can be separated
easily along with carbon dioxide. Some of the brand names for the liquids applied
in this technique include Rektisol®, Genosorb®, Sepasolv®, Purisol® and Selexol®

(Petersson and Wellinger 2009; Report 2012). Selexol® absorbs more carbon
dioxide than water and so requires small upgrading unit. Regeneration of the
organic solvent is hard because the solubility of carbon dioxide is high and also
the hydrogen sulphide gas solubility is also high, requiring an additional amount of
heat (Persson 2003).

The operational parameters include 7–8 bars for biogas compression, 20 �C
temperature while injecting the biogas. Also, the solvent used must be cooled
down before adding to the unit since temperature affects the Henry’s constant
(Bauer et al. 2013a). Increasing the temperature to 80 �C regenerates the organic
solvent (Bauer et al. 2013b; Sun et al. 2015). About 98% methane purity is obtained
(Bauer et al. 2013a; Angelidaki et al. 2018).

9.3.2 Chemical Scrubbing

Chemical scrubbing involves the absorption of gases in the scrubbing liquid
followed by chemical treatment. The reaction is highly specific in not absorbing
the methane gas followed by high methane recovery and purity. Amine scrubbing is
an example of chemical scrubbing. Amine solutions, dimethylethanolamine,
triethanolamine, mixture of piperazine and monoethanolamine,
methyldiethanolamine, diglycolamines (Patterson et al. 2011) and
monoethanolamine, are used widely to absorb the carbon dioxide. The carbon
dioxide loading capacity is high for tertiary amines (Kadam and Panwar 2017).
The mixture of piperazine and monoethanolamine has greater absorbing capacity,
and hence less energy is required during the regeneration step (Bauer et al. 2013a, b;
Sahota et al. 2018).

Amine scrubbing gains importance due to the reaction of amine solution with the
carbon dioxide gas in addition to its absorption, leading to the reduction of methane
emission to <0.1%. The liquid that is lost due to evaporation should be replaced, and
regeneration of carbon dioxide is possible by increasing the temperature. The
hydrogen sulphide gas should be removed before the process of absorption since it
gets absorbed with the amine scrubber solutions (Petersson and Wellinger 2009).

Amine scrubbing system is made up of a stripper and an absorbing unit. The
operating pressure required is very low when compared to the water scrubbing
process. The pressure required for the injection of biogas into the bottom of the
absorbing column is about 1–2 bars, and the amine scrubbing solutions are injected
from the top of the unit in countercurrent flow method. The regeneration of the
carbon dioxide and the hydrogen sulphide takes place in the stripping unit with a
pressure of 1.5–3 bars and a temperature of 120–160 �C. Addition of heat to the unit
breaks the chemical bonds in the absorber phase (Kapdi et al. 2005), and at last, the
carbon dioxide is condensed for recirculation and the entrapped carbon dioxide is
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left out. In addition to the amine solutions, alkaline salts like calcium hydroxide,
sodium and potassium were also added (Kougias et al. 2010; Zhao et al. 2010). The
absorption capacity of carbon dioxide is greater in sodium hydroxide than in the
amine solutions. For absorbing 1 ton of carbon dioxide, 0.9 tons of sodium hydrox-
ide is required when compared to 1.39 tons of monoethanolamine (Yoo et al. 2013).
About 99% methane purity can be achieved through this method with less than 0.1%
methane loss (Angelidaki et al. 2018).

The advantages of chemical scrubbing include complete absorption of hydrogen
sulphide by the scrubber and high selectivity of the amine solution, and the
disadvantages include high investment cost initially, high energy requirement during
regeneration and the chemical toxicity to the environment (Yoo et al. 2013).

The amine scrubbing process is advantageous if:

• No off-gas treatment is needed.
• Plant capacity is high.
• No compression is required (Report 2012).

9.3.3 Adsorption Method

Adsorption is defined as a process in which the components of a mixture gets
attached or binds to a solid matrix which is microporous in nature but with a large
surface area. Based on the types of force, the adsorption process is categorised into
physisorption and chemisorption. In physisorption process, between the adsorbent
and the adsorbate, weak Vander Waal’s forces is involved, and in chemisorption
process, strong molecular force exists. The operational parameters for adsorption
methods include 3–8 bar pressure, 50–60 �C temperature and 100–200 mbar regen-
eration pressure. It requires 3–5 min to complete one cycle. Cycle time, purging
pressure, adsorbent, feeding pressure and column interconnectivity are the
characteristics of adsorption techniques.

Adsorption methods are categorised into three types as follows:

(a) Pressure swing adsorption
(b) Temperature swing adsorption
(c) Vacuum swing adsorption methods

9.3.3.1 Pressure Swing Adsorption
Adsorption phenomenon of the various gas components and pressure difference are
the two key components to be considered in pressure swing adsorption method. The
adsorbing materials used are zeolites or activated carbon that can effectively adsorb
carbon dioxide. In pressure swing adsorption method, a significant amount of
methane is generated from the column, and recycling process can be undertaken
through the inlet in the pressure swing adsorption column (Awe et al. 2017). The
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hydrogen sulphide which gets adsorbed cannot be subjected to recycling, and so, it
must be removed before the addition of biogas into the column (Zhao et al. 2010).
Low energy requirement, ease of operation, equipment compactness and low invest-
ment cost are the major advantages of this method (Augelletti et al. 2017). About
96–98% methane is generated, and about 4% is lost in the off-gas (Bauer et al.
2013a; Ryckebosch et al. 2011; Angelidaki et al. 2018).

Pressure swing adsorption technology is advantageous only if:

• The plant capacity is small/medium.
• No compression is required.
• Recovered methane is utilised for other purposes (Report 2012).

9.3.4 Membrane Separation Methods

Membrane separation methods are developed for landfill gas upgrading. It is based
on the property of permeability of the membranes that are mostly made of polymeric
materials such as cellulose acetate (Baker 2012)/polyimide/polysulfone/
polydimethylsiloxane (Report 2012). Membrane selection is very important for
separation efficiency. The membranes are stacked like hollow fibres. Through the
membranes, water, carbon dioxide and ammonia are highly permeable, oxygen and
hydrogen sulphide are moderately permeable, and methane and nitrogen are slightly
permeable. The penetration of the gas is based on the concentration gradient of
permeate, its chemical affinity and the size of the molecules (Petersson and
Wellinger 2009). The transport of the gases takes place during the generation of
pressure differences on both sides of the membranes (Scholz et al. 2013).

Membrane separation method process can be done in two ways: dry (gas/gas
separation) or wet (gas/liquid separation). In dry process, mainly polymeric
membranes are used for high specificity, and the rate of permeation depends upon
the membrane type and sorption coefficient (Baker 2012). The sorption coefficient is
based on the condensability of the molecules. Large molecules are highly condens-
able. Moreover, the methane gets attached to the membrane side. There are four
types of configurations in the dry method. They are two-stage with a recirculation
loop, single stage, three-stage with sweep biogas stream and two-stage with sweep
biogas stream (Makaruk et al. 2010). In wet process, the membrane separates the
liquid, and the gas feed and the gas molecules undergo diffusion process (Angelidaki
et al. 2018).

The advantages of membrane technology include requirement of low skilled
labour and less maintenance, and the disadvantages include high membrane cost,
membrane damage and degradation (Scholz et al. 2013).

Membrane technology is advantageous only if:

• It adapts the flexible partial load behaviour.
• The methane can be reutilised.
• It adapts to small or medium plant capacity.
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• No further compression is required.
• It avoids addition of chemicals/consumables (Report 2012).

9.3.4.1 Membrane Technology
It is categorised into three types based on the membranes used. They are as follows:

(a) Inorganic membrane separation method
(b) Polymeric membrane separation method
(c) Mixed matrix membrane
(a) Inorganic membrane separation method

Inorganic membrane separation method uses inorganic membranes in porous/
dense phase having high selectivity, high chemical stability, high thermal stability
and high permeability. The dense membrane is made up of zirconia/palladium/silver/
nickel/calcium titanate, and porous membranes are fabricated with silica/carbon/
zeolite/alumina (Mallada and Menendez 2008). Inorganic membranes are capable of
withstanding hard environmental problems, and hence, it is widely used for separa-
tion of methane (Zhang et al. 2013). The operational life is long for the membranes,
even though the cost of the method is high. In addition, the hydrogen sulphide and
water must be pretreated for efficient removal of carbon dioxide (Chen et al. 2015;
Sahota et al. 2018).

9.3.4.2 Polymeric Membrane Separation Method
Polymeric membranes are dense and porous in nature made up of cellulose acetate/
polyimide/polysulfone (Ahmed et al. 2010). The permeability gets altered with the
size of the pore. The basic principle lies in the convective flow, molecular sieving
and the Knudsen flow (Chen et al. 2015; Zhang et al. 2013). Solubility and
diffusivity are important for a better transport mechanism. Firstly, the gas molecules
are trapped in the membrane, and then the diffusion process is executed. The
diffusion process works on the basis of difference in pressure gradient and the
concentration (Ahmed et al. 2010).

9.3.4.3 Mixed Matrix Membrane
In mixed matrix membranes, the inorganic filler is mixed with the polymer matrix,
and so it is heterogeneous in nature with the property of high permeability, easy
scalability and economically feasible. The integration of inorganic to the polymer
membrane is done to bind the advantages of both the methods (Chen et al. 2015).
Metal-organic framework and zeolite are the most commonly used inorganic fillers
for separating carbon dioxide and methane.

The inorganic filler zeolite is crystalline in nature with tetrahedral shape and
micro-porosity. It is made up of aluminium, silicon, sodium, potassium, calcium and
magnesium. The different gas molecules can be easily separated based on the pore
size. Due to uniform pore size, it becomes easy for the zeolite membranes to
discriminate between different gas molecules. The zeolite membrane is fabricated
using flat membranes, but in large manufacturing companies, hollow fibre
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membranes are applied due to its low fabrication cost, increased packing density,
easy handling and flexible fabrication steps (Zhang et al. 2013).

The metal organic framework is synthesised by bonding the metal ion and organic
linkers, and it acts as the coordination centre that enhances the flexibility and
resilience properties (Li et al. 2012). The advantages of this metal organic frame-
work include specific surface area, unique pore volume, high adsorption capacity
and wide compatibility (Sahota et al. 2018).

9.3.5 Cryogenic Technology

The difference in condensation temperature of the gases to be separated forms the
basis of the cryogenic technology. For separating methane and carbon dioxide,
cryogenic technology uses the principle of sublimation/boiling points of the two
different gases. The carbon dioxide gas gets accumulated in the liquid phase by the
process of condensation/sublimation, and the methane gets collected in the gaseous
phase. During the condensation process, in addition to the carbon dioxide, the
siloxanes (Munoz et al. 2015) and water also get separated and can be removed
out of the unit. Carbon dioxide has the sublimation point of 194.65 K. Increased
amount of methane inhibits the normal characteristics of gas. It is mandatory to
undergo the cooling process in several steps, and so, the retrieval process depends
upon the gases to be separated.

For example, in GPP® system, the gas is cooled to �25 �C at a pressure of
17–26 bar to remove halogens, water, sulphur dioxide, siloxanes and hydrogen
sulphide from the biogas. Additional contaminants can be removed by passing it
first to a coalescence filter and then to a SOXSIA® catalyst. After removing the
contaminants, the carbon dioxide gas is removed, and it occurs in two steps: firstly,
cooling the gas to �50 �C and �59 �C, where about 30–40% of carbon dioxide is
filtered in the liquid phase, and, secondly, carbon dioxide is separated in solid form.
The GPP® plus system is upgrading its technology to generate methane in the form
of liquid. About 96% methane purity is achieved in a pilot plant in Canada
(Petersson and Wellinger 2009).

To liquefy carbon dioxide, compression and cooling must be done. The
parameters required for successful implementation of this technology includes a
pressure of 80 bar and a temperature of �170 �C (Porpatham et al. 2018; Sun et al.
2015; Ryckebosch et al. 2011). Hydrogen sulphide and water must be subjected to
pretreatment to avoid freezing problem, and while methane gets separated, conden-
sation process must be done for gases like oxygen and nitrogen (Chen et al. 2015).

The major advantages include 99% methane recovery and separation of carbon
dioxide. The limitations of this technique include high investment cost and operating
cost, need for large number of equipment, clogging (Angelidaki et al. 2018) and
high-energy requirement (Deublein and Steinhauser 2010). Green Public Procure-
ment developed a cryogenic technology that can minimise the energy requirement
and generate pure carbon dioxide and methane in liquid form (Tuinier and van
SintAnnal and 2012; Sahota et al. 2018).
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9.3.6 Hybrid Method

Due to the persistence of various pros and cons in the biogas upgrading technologies,
hybrid methods have been developed to rectify the problems and to meet maximum
efficiency. Hybrid methods are one or two methods integrated together to mitigate
the challenges, to develop novel methods and to innovate a profitable technology.
Currently, two hybridised methods have been developed:

(a) Hybrid cryogenic technology and polymeric membrane separation method.
(b) Hybrid polymeric membrane separation method and pressurised water scrub-

bing method.

9.3.6.1 Hybrid Cryogenic Technology and Polymeric Membrane
Separation Method

Integrating polymeric membrane separation method with the cryogenic technology
enhances the cost reduction and is energy intensive when compared to the cryogenic
technology. Various simulation studies were performed in hybrid methods for
increasing the energy requirements by comparing it with the chemical scrubbing
method (Belaissaoui et al. 2012). Temperature-membrane-cryogenic technology
method is hybridised to incorporate the techno-economic feasibility, and the novel
technology consumed less energy of 1.7 MJ/kg CO2 when compared to 2.5 to
3.5 MJ/kg CO2 (Song et al. 2017; Sahota et al. 2018).

9.3.6.2 Hybrid Polymeric Membrane Separation and Pressurised Water
Scrubbing Method

Integrating polymeric membrane separation method with the pressurised water
scrubbing can overcome the burden of upgrading costs when compared to the
conventional pressurised water scrubbing, and about seven different types of hybrid
membranes have been processed as apart of biogas enrichment (Scholz et al. 2013).

9.3.7 Chemical Hydrogenation Method

Sabatier reaction is the basis for chemical dehydrogenation method. Carbon dioxide
is reduced with hydrogen chemically by adding catalysts such as ruthenium and
nickel at high temperature of 300 �C and pressure of 5–20 MPa (Xia et al. 2016).
The advantage of this method lies in its high selectivity option (Jurgensen et al.
2014), and the disadvantages include regular replacement of catalysts which is
degenerated by the presence of trace amount of gases (Guebitz et al. 2015), the
requirement for pure gases and a possible increase of energy-related costs
(Angelidaki et al. 2018).
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9.3.8 In Situ Methane Enrichment

In situ methane-enrichment method is based on the counterflow of gaseous
components such as nitrogen and oxygen, favouring desorption of the dissolved
carbon dioxide in the sludge by the recirculation concept. Additional carbon dioxide
present in the column is absorbed by sending back the circulated sludge to the
digester (Kadam and Panwar 2017). This compound has been tested efficiently at
pilot level (Sun et al. 2015). Increased recirculation rate causes increased methane
loss in the environment. The buffering capacity of the sludge tends to be altered in
this technique (Petersson and Wellinger 2009).

A small-scale plant of digester volume of 15 m3 and with a bubble column of
140 dm3 has been developed (Nordberg et al. 2005). Some amount of carbon dioxide
gets dissolved in the fluid phase of the digester tank. Continuous withdrawal of
sludge carbon dioxide generates high amount of methane (Lindberg 2003). Further
simulations can be worked out to reach high methane purity of up to 95%.

The advantages include economically suitable lower upgrading costs when com-
pared to the conventional techniques and less requirement for ancillary equipment.
The disadvantages include limitation to pilot plants and mostly suitable for sludge.

9.3.9 Industrial Lung

Industrial lung is one of the hybrid processes that involves the use of enzymes such
as carbonic anhydrase to dissolve the carbon dioxide. The carbon dioxide is forced to
pass through the aqueous phase, and it is absorbed by the absorbent in the absorber
column. By applying heat, the absorbent can be regenerated (Petersson and
Wellinger 2009; Scholwin et al. 2013). Carbonic anhydrase enzyme is prepared
using six molecules of histidines for effective attachment of enzyme to the matrix by
a leading research organisation in Lund, Sweden, and this enzyme can enhance 99%
of methane recovery (Mattiasson 2005). CO2 Solution Inc., a Canadian company,
used this technique and was patented for focussing on biogas upgradation, and their
current research is on bioreactor mechanics, enzyme immobilisation, production and
technology and enzyme cloning (Petersson and Wellinger 2009).

The advantages include 95–99% methane purity, withstanding higher
temperatures up to 85 �C, and the disadvantages include increased enzyme produc-
tion costs and constrained life time of enzymes (Sahota et al. 2018).

9.3.10 Supersonic Separation

Supersonic separation is one of the novel methods invented in the field of biogas
upgradation technology. The capacity of this method is wide with the facilities of
recompression, expansion and gas-liquid separation. In this method, the expansion
of the raw biogas to the supersonic velocity is facilitated by the convergent-divergent
nozzle that leads to the decrease in pressure and temperature, causing the
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condensation and separation of hydrocarbons and water from the biogas (Zhang
et al. 2006). The main disadvantage of this method is the expensive cost (Sahota
et al. 2018).

(A) Biological Methods

The biological biogas upgrading technologies are categorised into four types:

(a) Chemoautotrophic method
(b) Photoautotrophic method
(c) Fermentation method
(d) Microbial electrochemical method

(a) Chemoautotrophic Method

In chemoautotrophic method, the hydrogenotrophic methanogens utilise hydro-
gen and convert carbon dioxide to methane gas. Since it is a biological method, the
hydrogen to be utilised is generated from the renewable resources, and so, the water
is hydrolysed using renewable electricity to produce hydrogen. Converting electric-
ity to chemical energy is highly promising. For methane, the energy required is about
36 MJ/m3 and for hydrogen it is about 10.88 MJ/m3. Also, the investment cost is less
when compared to other upgrading techniques. The major advantage of this method
is that carbon dioxide is not separated; instead, it is directly converted to methane
(Kougias et al. 2017).

It can be again classified into two types:

1. In situ chemoautotrophic method
2. Ex situ chemoautotrophic method
3. Microbial communities

1. In Situ Chemoautotrophic Method

In in situ chemoautotrophic method, the hydrogen is allowed to couple with the
carbon dioxide that is generated in the anaerobic digester, and it is directly converted
into methane by the involvement of autochthonous methanogenic archaea (Kougias
et al. 2017). The methanogenesis process tends to be inhibited, when the pH is about
8.5. Increase in pH leads to the bicarbonate ion removal. Inhibition of
methanogenesis is a challenge to be tackled, and to overcome this, codigestion
process was performed, thereby stopping increase in pH (Luo and Angelidaki
2013) or the pH level is controlled completely (Luo et al. 2014). Alcohols and
fatty acids undergo oxidation which leads to decreased concentration of hydrogen
(Batstone et al. 2002).
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2. Ex Situ Chemoautotrophic Method

Using external sources, the carbon dioxide is provided, and the hydrogen in the
anaerobic reactor containing hydrogenotrophic culture converts hydrogen to meth-
ane (Kougias et al. 2017). Simpler biochemical process, biomass-dependent process,
maintenance of the biogas process stability, usage of external sources, feasibility of
generating current to remote areas and increased stirring speed (Luo and Angelidaki
2012) are some of the advantages of ex situ chemoautotrophic method (Bassani et al.
2017; Angelidaki et al. 2018).

3. Microbial Communities in Biological Biogas Upgrading Systems

In this method, the biogas upgrading is done in two different ways. One is by
using hydrogenotrophic methanogenic archaea that converts the carbon dioxide to
methane with the hydrogen donated from external sources, and this process is known
as hydrogenotrophic methanogenesis (Stams and Plugge 2009). The other way is by
using homoacetogenic bacteria for converting carbon dioxide to acetate. Widely
used hydrogenotrophic methanogenic genera includes Methanobacterium,
Methanothermobacter, Methanoculleus and Methanomicrobium (Agneessens et al.
2017; Bassani et al. 2017; Luo and Angelidaki 2013; Mulat et al. 2017) and rarely
used genera include Methanosarcina (Agneessens et al. 2017; Mulat et al. 2017).

(b) Photoautotrophic Methods

To obtain a gas rich in methane, the photoautotrophic method is the most suitable
method with maximum carbon dioxide sequestration. In addition, the impurity-hydrogen
sulphide can be removed by using this method. About 97% methane is recovered in this
method, and the recovery depends on the selected species of algae and the type of the
reactor. Algae is widely used in the conversion process, and it is mass cultured in a
closed- or open-type ponds. The photosynthetic efficiency is high when the process is
undertaken in a closed-type pond. During the process of upgradation, the biogas is
allowed to pass through the photobioreactor for efficient conversion of the gas to
methane. The major drawback lies in the high investment cost (Angelidaki et al. 2018).

(c) Fermentation Method

In fermentation method, the carbon dioxide is converted to valuable products
such as ethanol, acetate and butyrate (Agler et al. 2011; Kennes et al. 2016). The
synthesised fatty acids like butyrate and acetate can be used for the production of
biofuels (Agler et al. 2011; Martin et al. 2016; Zhang et al. 2013). Microbes such as
Butyribacterium methylotrophicumn, Acetobacterium woodii and Clostridium
scatologenes can convert carbon dioxide and hydrogen to liquid products (Schiel-
Bengelsdorf and Durre 2012) by undergoing Wood-Ljungdahl pathway/reductive
acetyl-CoA pathway (Latif et al. 2014; Angelidaki et al. 2018).
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(d) Microbial Electrochemical Method

Microbial electrochemical method is considered as one of the most environmen-
tally sustainable and cost-effective biogas upgradation methods to produce methane
and to remove carbon dioxide (Lovley and Nevin 2013; Van Eerten-Jansen et al.
2012). An example for microbial electrochemical method is microbial electrolysis
cell. In microbial electrolysis cell, the oxidation of organic compounds by bacteria
releases electrons in the anode chamber and is combined with the protons in the
cathode chamber to synthesise hydrogen that can be used for upgradation of biogas
(Lu and Ren 2016; Zhang and Angelidaki 2014). Utilising the biocathode in
microbial electrolysis cell, methane can be produced by undergoing reduction of
carbon dioxide, attaining 80% energy efficiency (Cheng et al. 2009). The reduction
of carbon dioxide to methane was based on the electron transfer and the hydrogen
produced. Depending upon the cathode potential, the reduction process occurs
(Villano et al. 2010). In situ (the bioreactor is microbial electrolysis cell’s cathode)
and ex situ methods (introduction of biogas to the cathode) of biogas upgradation
technology using microbial electrolysis cell are experimentally tested to prove the
efficiency. The end result proves that the efficiency of in situ biogas upgrading
method is better with greater carbon dioxide removing capacity. Moreover, it was
found that removal of carbon dioxide is associated with both generation of methane
and ionisation of carbon dioxide. The ionisation is because of the generation of
alkalinity in the cathode (Xu et al. 2014).

Carbon dioxide can also be removed to another chamber for separation. Interest-
ingly, it was found that the CO2 removal was attributed to not only the production of
methane but also the CO2 ionisation due to alkalinity generated in the cathode.
Recently, another method was presented, in which the CO2 was removed from the
gas to a separate chamber. Microbial electrolysis cell consists of two membranes:
anion exchange membrane and proton exchange membrane. Comparing both
membranes for the removal of carbon dioxide, the proton exchange membrane
shows better removal of carbon dioxide of about 78 � 7% and with 83 � 24 meq/
Ld methane production. But this attributes to high energy requirement (Zeppilli et al.
2016). The removed carbon dioxide is converted to bicarbonate in the presence of an
alkaline environment, and the generation of this bicarbonate leads to less production
of methane content from the biogas. The electrons are provided by the water during
current generation accompanied with the reduction of carbon dioxide (Van Eerten
Jansen et al. 2012). The efficiency of biocathode is questionable if the oxygen that is
formed during oxidation gets diffused into the cathode, but it does not affect the rate
of methane production (Sadhukhan et al. 2016; Wang and Ren 2013). The usage of
cobalt tetra-amino phthalocyanine and carbon nanotubes as cathode enhances the
conversion of carbon dioxide to formic acid (Zhao et al. 2012). In the same way, the
formic acid can be synthesised by immobilising the Methylobacterium extorquens
AM1 (Hwang et al. 2015). Also, from carbon dioxide, 2-oxybutyrate and acetate can
be synthesised in microbial electrolysis cell containing Sporomusa ovata (Nevin
et al. 2010). As a whole, microbial electrochemical method is an environmentally
pleasing method for biogas upgrading (Angelidaki et al. 2018).
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9.4 Removal of Methane from the Off-Gas

During biogas production, the off-gas is generated which contains methane, and the
concentration of methane depends upon the amount of recovered methane. High
methane recovery is not acceptable because it requires high investment, maintenance
and operational cost. To avoid the cost problem, a certain amount of methane is left
out in most of the biogas plants (Report 2012).

Reducing the emission of methane content in to the environment is logically
important for an innovative biogas upgradation technology. In addition to the
methane emission reduction, methane slip too should be considered, since methane
is an effective greenhouse gas.

Hence, the emitted methane content that leaves a PSA column should be reduced
by off-gas treatment. There are few solutions that are mentioned below:

1. One of the solution to reduce the methane slip is to combine the air which is
utilised for combustion with off-gas (Petersson and Wellinger 2009). The basic
way to remove the methane in the off-gas is oxidation/combustion with produc-
tion of excess heat that can be utilised in anaerobic digestion plants since this
plant requires heat (Report 2012).

2. The methane gas mission can be minimised by using the process of catalytic
combustion/thermal oxidation (Petersson and Wellinger 2009). Commercially,
many technologies have been developed by the manufacturers with combustion
of methane even at low content (wp3). Megtec developed VOCSIDIZER, a
device with ceramic media containing heat transfer bed developed for regenera-
tive thermal oxidation. The off-gas containing methane is allowed to pass through
the ceramic media, and heat is applied. On the way of heating process, the
methane in the off-gas is oxidised with oxygen with the generation of carbon
dioxide and water vapour. The VOCSIDIZER can be maintained by the heat that
is generated during the process of oxidation, and also the off-gas flow can be
reversed periodically.

3. Flameless oxidation is another device based on the thermal oxidation process, in
which the biogas is passed through the oxidation chamber and heated at 650 �C
using raw gas, and preheat is done at 450 �C using the exhaust gas. Excess heat
from the exhaust gas is regenerated, and it is used for any heating purpose.
Catalyst can also be used to oxidise the methane content in such a way that the
energy and temperature required for the oxidation process are less. The oxidation
happens at the catalyst’s surface and palladium, and cobalt or platinum acts as the
active component (Petersson and Wellinger 2009; Report 2012).

A countable number of companies provide high methane recovery, leaving
off-gas into the atmosphere directly.
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9.5 Removal of Trace Components

9.5.1 Removal of Ammonia

Protein degradation process results in the formation of ammonia, and the ammonia
content quantity depends upon the pH settings in the digester and the substrate
composition. Hence, the biogas upgradation must be done to rectify the problem of
ammonia generation. The separation of ammonia can be done by drying the biogas
by cooling technique without the involvement of separate cleaning process
(Petersson and Wellinger 2009; Report 2012).

9.5.2 Removal of Siloxanes

Siloxanes, the compound with silicon-oxygen bond, are widely used in shampoos
and deodorants, and its presence can be easily detected in biogas produced from a
sewage sludge treatment plants. The problem with siloxanes exists when it is burned
to form silicon oxide in gas engines, and hence it must be removed by adsorption
process or by cooling the gas or by absorption process or during hydrogen sulphide
separation process. The adsorption process can be performed using activated alu-
minium or activated silica gel or activated carbon. For absorption process, liquid
mixture of hydrocarbons is used (Petersson and Wellinger 2009; Report 2012).

9.5.3 Removal of Water

Corrosion is one of the major problems arising due to the reaction of water conden-
sate (formed during the saturation of biogas with the water vapour while leaving the
digester) in the gas pipeline with that of the sulphur oxides. So, it is necessary to
remove the water vapour from the biogas itself before leaving the digester by
reducing the temperature and maximising the pressure. Reduction in temperature
leads to cooling, and it is achieved using an electric cooler (refrigeration) or
condensate trap. Activated charcoal, silicon dioxide or molecular sieves (zeolites)
(Report 2012) can also be applied to remove the water vapour by the process of
adsorption. Hygroscopic salts or glycol solutions can also be used to remove water
vapour by uploading the absorption process (Petersson and Wellinger 2009).

9.5.4 Removal of Particulates

In gas turbines and gas engines, the presence of particulates in biogas leads to
mechanical wear, and it can be eradicated by using special mechanical filters sized
0.01–1 μm (Report 2012; Petersson and Wellinger 2009).
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9.6 Comparison of Different Biogas Upgrading Technologies

Elevated fuel price and the demand for alternative unlimited renewable fuel source
pave the way for many biogas upgrading technologies. Viable biogas upgrading
technologies are available that overcome the disadvantages in the traditional
techniques. The biogas upgrading technologies (i.e. physical/chemical methods
(pressurised water scrubbing, organic physical scrubbing, chemical scrubbing, pres-
sure swing adsorption method, membrane technology, cryogenic technology, in situ
methane enrichment method and hybrid technology (Sahota et al. 2018)) and
biological methods (chemoautotrophic and photoautotrophic) (Angelidaki et al.
2018)) are compared based on the factors such as economic, technological, environ-
mental (Sahota et al. 2018), operational and social indicators (Toledo-Cervantes
et al. 2017) (Table 9.1a and 9.1b). Based on these factors, the pros and cons of those
biogas upgrading technologies are analysed (Table 9.2).

(a) Economic Indicators

The economic indicators include investment cost, operation cost, maintenance
cost and sales cost (Toledo-Cervantes et al. 2017). Cheap electricity price is one of
the cost factors to be considered while selecting an upgrading technique. Also, the
cost of the upgrading technique depends upon the size of the plant (Petersson and
Wellinger 2009).

Comparing the absorption technologies pressurised water scrubbing, organic
physical scrubbing and amine scrubbing, the investment is about 1,000,000 €/year,
1,000,000 €/year and 2,000,000 €/year, respectively. The operation cost and main-
tenance cost are 14 ct/100 m3h and 15,000 €/year, respectively; for pressurised water
scrubbing, 13.8 ct/100 m3h and 39,000 €/year, respectively; and for organic physical
scrubbing and amine scrubbing, 14.4 ct/100 m3h and 59,000 €/year, respectively.
While comparing the cost analysis of absorption methods with adsorption methods,
the adsorption method requires high investment cost (1,750,000 €/year), less main-
tenance cost (12.8 ct/100 m3h) and comparatively high maintenance cost (56,000 €/
year). Various technologies such as pressurised water scrubbing and in situ methane
enrichment are economically suitable when compared to the amine scrubbing and
cryogenic method (Bauer et al. 2013a, b).

The fabrication cost is minimum, investment cost is maximum (20,000 €/year),
operation cost is comparatively high (10.8–15.8 ct/100 m3h) and maintenance cost is
comparatively less (25,000 €/year) for polymeric membrane technology, and fabri-
cation cost is maximum for inorganic membrane technology among the membrane
separation technologies. The membrane cost is too high for polymeric membrane
technology (Vrboba and Karel 2017).

The plant capacity is high for polymeric membrane technology and pressure
swing, temperature swing and vacuum swing adsorption method. But, low opera-
tional cost is pronounced more with the hybrid technologies (Sahota et al. 2018). The
investment cost is 1.6 times more for the biological method than the conventional
physical/chemical method, and so the biological method is economically not
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feasible. Also, the operation cost is seven times higher for the conventional type
(Toledo-Cervantes et al. 2017). Further, the investment cost is high for adsorption
method, membrane separation method and water scrubber and low for amine
scrubber method (Bauer et al. 2013a, b).

In addition, the supersonic method is simple and reliable, but the investment cost
is not adaptable (Sahota et al. 2018). The cryogenic method faces an issue of high
operation and maintenance cost. While comparing all the techniques, it can be
predicted that the conventional upgrading technologies are economically feasible.
The hybrid technologies cryogenic/membrane technology and membrane technol-
ogy/pressurised water scrubbing method need reduced operating cost (Song et al.
2017). Also, the in situ methane-enrichment technique and chemical dehydrogena-
tion methods are too cost-effective (Fig. 9.4).

In biological methods, the microbial electrochemical method is cost-effective.
Also, while comparing the chemoautotrophic method with that of the photoauto-
trophic method, the investment cost is high for the photoautotrophic method with
requirement of mass area for algal culturing (algal-bacterial photobioreactor). In
the cost comparison of biological method with conventional method (pressurised
water scrubbing), it was found that the investment cost is >1.6 times pressurised
water scrubbing, the operational cost is <7 times pressurised water scrubbing and
the maintenance cost is less than the pressurised water scrubbing. The in situ and
ex situ chemoautotrophic method needs a minimal initial investment cost
(Angelidaki et al. 2018).
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Fig. 9.4 Factors to be analysed for a biogas upgradation technology
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(b) Technological Indicators

Technological indicators include the methane purity, removal of O2 and N2 along
with CO2 and power consumption (Sahota et al. 2018). High amount of methane is
required for utilising biogas as a fuel to be used in the transport systems. High
methane purity is ensured in amine scrubbing method (>98%), organic physical
scrubbing method (93–98%), pressurised water scrubbing method (95–98%), poly-
meric membrane technology (90–99%), adsorption methods (>96–98%), in situ
methane enrichment technique (up to 95%), chemical dehydrogenation method
(97–99%), industrial lung method (99%) and cryogenic technology (99%). But the
cryogenic technology and amine scrubbing method require high energy which is a
major disadvantage of this method. Industrial lung method provides methane purity
of about 95–99%.

The upgrading technologies, membrane technology and pressure swing adsorp-
tion techniques, have the ability to remove nitrogen and oxygen along with carbon
dioxide (Bauer et al. 2013a, b), and hence the purity of the gas is pronounced more.
The disadvantage of polymeric membrane separation technology is high energy
demand. 15–18% methane loss is observed, and compression is required for adsorp-
tion method. Removal of hydrogen sulphide gas is possible in pressurised water
scrubbing, organic physical scrubbing, polymeric membrane technology and cryo-
genic technology. Nitrogen/oxygen removal is possible and partially possible in
cryogenic and polymeric membrane technology, respectively. H2S/N2/O2 removal is
impossible in chemical dehydrogenation method (Sahota et al. 2018).

The chemical dehydrogenation method involves in CO2 and H2 conversion
completely but with a drawback of catalyst degeneration by the trace gases present
(Guebitz et al. 2015). The advantages for the hybrid technologies cryogenic/mem-
brane technology and membrane technology/pressurised water scrubbing method
include enhanced energy performance, low energy intensity, high methane purity
and increased CO2 and S-capturing effect (Belaissaoui et al. 2012).

In addition to this, pretreatment is required for the removal of H2S in all the
upgrading technologies with the exception of pressurised water scrubbing method
(Bauer et al. 2013a, b). The nitrogen and H2S removal are a necessary step to be
executed in the conventional physical/chemical method, which is an additional
barrier during the operation, but in contrast to this, the nitrogen generated is utilised
as a nutrient in the biological method (Toledo-Cervantes et al. 2017).

The technological indicators point out that the suitable and highly efficient
method is the biological method which can overcome the disadvantages of many
techniques by providing high methane purity (95%) and CO2 consumption rate
(in fermentation method), 80–97% CH4 recovery (no need for H2S/N2/O2 removal)
in algal-bacterial photobioreactor, 65–98.9% CH4 recovery (no need for H2S/N2/O2

removal) in in situ chemoautotrophic method, 88–89% CH4 recovery in ex situ
chemoautotrophic method, and 80% CH4 recovery in microbial electrochemical
method (Angelidaki et al. 2018).
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(c) Environmental Indicators

The environmental indicators include emissions, effluents and wastes in the form
of water eutrophication/solid waste generation/global warming and resource usage
in the form of land occupation/material depletion/energy demand/water depletion
(Toledo-Cervantes et al. 2017). Processes like chemical absorption method and
cryogenic separation reduce the methane slip, but the electricity demand is high in
cryogenic process.

Pressurised swing adsorption method is environmentally suitable since the energy
consumption is very low. Hybrid technologies encompassing two technologies
combined together enhance more environmentally sustainable features such as
high carbon dioxide and sulphur capturing efficiency and low energy consumption
(Sahota et al. 2018).

Methane loss is up to 8% (high), <2%, <4%, <0.1%, <3%, <5% and < 0.1% for in
situ methane enrichment technique, pressurised water scrubbing method, organic
physical scrubbing method, amine scrubbing method, adsorption method, membrane
technology and cryogenic technology, respectively. But, the methane loss is very
less for hybrid technologies, cryogenic/membrane technology and membrane tech-
nology/pressurised water scrubbing method.

About 0.2–0.5 kWh/Nm3, 0.1–0.33 kWh/Nm3, 0.05–0.18 kWh/Nm3, 0.16–0.43
kWh/Nm3, 0.18–0.35 kWh/Nm3 and 0.18–0.25 kWh/Nm3 energy are utilised for
pressurised water scrubbing method, organic physical scrubbing method, amine
scrubbing method, adsorption method, membrane technology and cryogenic tech-
nology, respectively. For industrial lung method, energy utilised is high and for
hybrid technologies, cryogenic/membrane technology and membrane technology/
pressurised water scrubbing method, the energy utilised is very less. The amount of
water used is about 600m3/year, 90–180 m3/year and 300m3/year for pressurised
water scrubbing method, amine scrubbing method and cryogenic technology,
respectively. However, water usage is very minimum for supersonic method,
polymeric membrane technology and hybrid technologies, cryogenic/membrane
technology and membrane technology/pressurised water scrubbing method
(Sahota et al. 2018).

While comparing the biological method (algal-bacterial photobioreactor and
physical/chemical method), 1860 times more land is utilised for the biological
method with less energy consumption (208,837 kW-hy�1), less water consumption,
no solid waste generation, less GHG emissions and minimum environmental
impacts. For physical and chemical upgrading methods, 100 m2 (3 m2 (Nm3/h)�1

treated biogas) land is required, 99.8% energy is consumed, high effluent discharge
is manifested, solid waste generation is observed, GHG emissions occurs and more
water consumption is required.

The sustainability of the biological method is favoured by the replenished
nutrient, N and P, and the harmful occurrence of the harmful H2S gas (Toledo-
Cervantes et al. 2017). During the process of upgrading, the methane gas is lost, and
it can be minimised using the latest technologies (Petersson and Wellinger 2009).
Methane slip is high for pressure swing adsorption method and low for amine
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scrubbing method. Also, energy demand is low for amine scrubbing method (Bauer
et al. 2013a, b). But the energy requirement is low for adsorption method with low
microbial contamination, safety and flexibility—a guaranteed measure. Meanwhile,
the cryogenic technology ensures the power consumption to be nil (Collet et al.
2017), thus making it a viable efficient fuel (Sahota et al. 2018). On the whole, the
biological methods are environmentally sustainable with minimised greenhouse gas
emissions.

The environmental indicators prove that the highly efficient method is the
biological method which can yield negative outcomes such as low CH4 loss, less
water use and 208,837 kW-hy� energy consumption (in algal-bacterial
photobioreactor), low CH4 loss, low energy consumption and less water use (in in
situ chemoautotrophic method) (Angelidaki et al. 2018).

(d) Operational Indicators

The operational indicators include the pressure, temperature, consumables and
partial load range. Pressurised water scrubbing technique works at lower flow rates,
and pre-cleaning is not necessary, but biological contamination adds to its disadvan-
tage with high amount of water requirement. The chemical dehydrogenation method
encompasses the high process efficiency. For the process of pressure swing adsorp-
tion technology, purging pressure, adsorbents used, feeding pressure and cycle time
(Grande 2011) contribute to the operational issues, and those issues must be
refactored to achieve the desired end product.

In contrast to this, foaming, amine loss and corrosion persist as the operational
issues for amine scrubbing method. Hence, amine solution must be added as
consumables. Addition of antifouling agent + drying agent, organic solvent,
activated carbon, oil + activated carbon must be added as consumables for
pressurised water scrubbing method, organic physical scrubbing method, adsorp-
tion method and membrane technology, respectively (Sahota et al. 2018; Bauer
et al. 2013a, b).

Operating pressure (4–8 bar g, 4–7 bar g, 4–8 bar g, 4–8 bar g, 4–7 bar g, 80 bar
and 8–10 bar g) is required for pressurised water scrubbing method, pressure swing
adsorption method, organic physical scrubbing method, membrane technology,
cryogenic technology and chemical dehydrogenation method, respectively. The
pressure requirement is very less for supersonic method. Also, for vacuum swing
adsorption method, atmospheric pressure is required. Among the membrane separa-
tion methods, the operational life is longer for inorganic membrane separation
technique. In polymeric membrane separation method, the major problem lies in
the formation of plasticisation that degrades the membranes. The adsorption capacity
and specific surface area are high in mixed matrix membrane separation technology.
Also, the polymeric membrane separation technology seems to be a dry process with
less chemical usage (Vrboba and Karel 2017). The compression and the additional
chemical requirement is nil for cryogenic technology (Sahota et al. 2018).

The temperature requirement is about 25–40
�
C, 70–80

�
C, 120–160

�
C,�196

�
C,

270
�
C, 85 �C and 40

�
C for pressurised water scrubbing method, organic physical

272 B. S. Dhanya et al.



scrubbing method, amine scrubbing method, membrane technology, cryogenic
technology, chemical dehydrogenation method and industrial lung method, respec-
tively. For supersonic method and pressure swing adsorption method, low tempera-
ture is demanded. In contrast to this, high temperature is a demand for temperature
swing adsorption method. The partial load range is about 50–100%, 85–115%,
50–100%, 50–105% and 50–100% for pressurised water scrubbing method, amine
scrubbing method, organic physical scrubbing method, pressure swing adsorption
method and membrane technology (Angelidaki et al. 2018).

The in situ methane enrichment technique is operatively easy and with a major
disadvantage of its use only in small-scale plants (Petersson and Wellinger 2009). In
industrial lung upgrading technology, the major drawback lies in the enzyme used.
As the enzyme used has limited life time, the validity of this technique is challenged,
but this method can overcome high temperature (Sahota et al. 2018).

Consequently, the problem of operational issue exists for all upgraded technol-
ogy, and it can be moved out of the context only if the technologies are combined
giving rise to the hybrid type of technologies. Comparing the operational indicators
of conventional methods and biological method, the biological methods are a
biomass-dependent process and require consumables but has a disadvantage of
low gas–liquid mass transfer rate (in ex situ chemoautotrophic method). The tem-
perature requirements for ex situ chemoautotrophic and in situ chemoautotrophic
method are 35–55

�
C and 37–55

�
C, respectively (Angelidaki et al. 2018).

(e) Social Indicators

The acceptance of a technology is based on the environmental impacts generated.
Green technologies are forthcoming, and such upgrading technologies are accept-
able since it overcomes the problem of greenhouse gas emissions, indirectly pleasing
the environment. Based on this, the biological methods are accepted more by the
society than the conventional physical/chemical methods such as organic physical
scrubbing that requires a large amount of chemicals (Toledo-Cervantes et al. 2017).

The microbial electrochemical method is found to be one of the sustainable
methods that can be upgraded for generating environmentally pleasing solutions
(Lovely and Nevin 2013). In fermentation method, the CO2 solubility is high that
favours a sustainable environment.

9.7 Future Perspective in Biogas Upgradation

Currently, biogas finds novel application in wide areas besides power and heat
production. Most of the countries rely upon biomethane production from the
generated biogas. Among the biogas upgradation technologies, physical and chemi-
cal methods are in demand, while biological methods are not commercialised even
though it provides technological easiness and high feasibility and that seems to be
the major challenge to be unwinded (Fig. 9.5). Biological upgradation paves new
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way for combining varied forms of renewable energy and, beyond its upgradation,
may provide decoupling bioenergy production from the available biomass
(Angelidaki et al. 2018).

The absorption technology can be enhanced by increasing its absorbency, remov-
ing the contaminant gas mixtures and undergoing the water recycling process which
can be further used for the water scrubbing process. Also, optimisation process can
be undertaken in water scrubbing-depended biogas upgrading method for generating
high-quality biomethane with low operational costs and energy consumption of the
upgrading plant. Novel absorption columns that can induce increased mass transfer
performance with low pressure drop can be developed for undergoing energy-
efficient and cost-effective absorption process (Andriani et al. 2014).

The PSA method can be technologically advanced by decreasing the PSA units,
making the technology applicable for small-scale use, minimising the energy use,
providing additional performance indicators for integrating CO2 and H2S removal in
the same column with adsorption efficiency evaluation system (Singhal et al. 2017).
The PSA unit size can be altered (two PSA units: first unit is fed with biogas and the
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second unit is being fed with the off-gas obtained) for obtaining the maximum
technological feasibility that includes minimised amount of methane gas in the
off-gas stream, further avoiding the emission treatment step, thereby reducing the
cost associated with the technology (Augelletti et al. 2017). The PSA technology
can also be improved by implementing the use of promising adsorbents with
high selectivity and working capacity such as zeolitic imidazolate frameworks
and metal organic framework which are efficient in removing H2S from CO2

(Liu et al. 2017).
In membrane separation technology, membranes, epoxyamine-based ion gel

membranes that favour adverse reactions (less compressed gas, humid feed), are in
need for an efficient membrane separation technology (Friess et al. 2017). A
polypropylene hollow fibre membrane contractor biogas upgrading unit is used in
membrane separation technology to yield high methane content and increased purity
(Park et al. 2017). The cost involved in membrane separation technology can be
greatly reduced by gaining knowledge about the effect of resonance radiation on
mass transfer (Levdansky and Izak 2017). The operational parameters such as the
pressure, retentate flow and temperature must be regulated to achieve high
biomethane concentration using polysulfone and polyimide fibre membranes
(Vrbova and Karel 2017).

Also, inclining towards hybridised form of upgrading technologies may show an
optimistic sign with high success rate, minimised operational cost, increased CO2,
more S-capture efficiency and low energy consumption (Sahota et al. 2018). It is also
to be mentioned that the hybrid technologies, PWS/PMT, PMT/CT, are techno-
economically viable (Scholz et al. 2013); the hybrid technology, CT/PMT/TSA, is
less energy consumable (Song et al. 2017); and the hybrid technology, TSA/PMT, is
with high methane purity and reduced loss of CH4 and CO2 (Pinghai et al. 2012).
Further, exploration of more hybrid technologies is an urgent need by integrating the
good features of two or more technologies with improvised techno-economic
dimension for biogas upgradation.

The most predominant challenges that all the biogas upgrading technologies face
are to utilise the methane present in off-gas, to make small-scale upgrading plants
economical, the support policies (Sahota et al. 2018), the innovation requirements in
research and development, implementing novel biogas reforming technologies and
producing liquefied biogas. Those challenges are briefly described:

(a) Proper Utilisation of Methane Content Present in Off-Gas

The methane present in the off-gas may be released into the surrounding and pose
a serious threat to global warming, and hence the off-gas must be treated before
leaving the plant. The conventional techniques, PSW and PSA, and membrane
technologies suffer from the formation of a huge amount of methane (depending
upon the method, the methane content varies) in the off-gas, and oxidation process
must be performed to avoid the methane loss into the atmosphere. The oxidation
process generates heat which can be utilised at the anaerobic digestion plant or can
be wasted by cooling process. Alternatively, the liberated off-gas collated with raw
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biogas can also be fed to an existing combined heat and power gas engine. The future
holds promise for capturing methane in off-gas and its utilisation in biogas
upgradation plants (Sahota et al. 2018).

(b) Provision for Economically Feasible Small-Scale Upgrading Plants

Biogas upgrading costs are inversely proportional to the plant size/capacity, and a
small-scale plant upgradation is too expensive to be afforded because of the
upgrading equipment’s high investment costs. All the instrumental parts are the
same for small-scale and large-scale plants. The future challenge lies in upgrading a
biogas production technology at a small scale that is economically feasible and
sustainable with minimum cost, low methane content and reduced complexity of all
controllable operational parameters. Also, the generated methane can be converted
to a vehicular fuel as an inevitable remedy to make the small-scale plants economi-
cally sustainable (Sahota et al. 2018).

(c) Supportive Government Policies

Mass biogas production is available only at countries that favour the supportive
governmental policies. The future endeavours include the use of green transporta-
tion fuels such as compressed and liquefied biogas for enhancing the sustainable
development. Additionally, biogas purification can be performed to be applicable
in the field of combustion as a household fuel for heating, cooking and generating
small-scale electricity. The field of converting the livestock waste in to biogas is
still uncovered (Lima et al. 2018; Owusu and Banadda 2017; Moraes et al. 2017);
thus, the government should provide policy interventions to enable research and
development in the field of biogas upgradation. Large-scale biogas can be
generated from renewable sources with favourable supportive policies from the
government in the form of subsidies to manufacturers and implementing regulatory
environment for enhancing biogas-driven engine technology at the market level,
providing attractive feed-in-tariff in generating their own electricity using biogas
technologies, providing seed capital to start-up companies that work on renewable
energy source conversion to biogas, encouraging the communities to be involved
in the collection and transport of biowaste residues to biogas plants, establishing
training centres for generating skilled workforce and providing resources for
producing family-type biogas plants in the future emerging markets (Huttunen
et al. 2014; Chen et al. 2017).

(d) Implementing Biogas Reforming Technologies

Biogas reforming technologies are authenticated processes for producing the
green hydrogen that favours the reduction of natural gas production. CFD modelling
studies, catalyst characteristic and throughput studies are required for effective
implementation of biogas reforming technologies (Verma and Samanta 2016).
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(e) Commercial Distribution of Liquefied Biogas

Liquefied biogas can be one of the future perspectives in biogas upgradation. The
energy density of biogas can be increased significantly by liquefied biogas,
facilitating a wide range of applications such as long-distance transport. Mass
production of liquefied biogas is a challenge to be solved (Bauer et al. 2013a, b).

The future perspective is wide for biogas upgradation technologies which can be
updated and executed only if all the open challenges can be met by humans with the
available resources.

9.8 Conclusions

Upgraded biogas is a sustainable renewable energy option with better replacement of
CNG utilisation. Due to increasing rigorous environmental rules and regulation,
there is a need to develop efficient and low energy input and environment-friendly
and low-cost technology for biogas up-gradation. Although the cost minimisation of
the system is not the main criteria for the selection of upgradation technology, it is
more important to choose the technology which delivers high methane purity and
less methane losses as a final product. Apart from some conventional upgradation
technologies, some recently invented technologies cryogenic separation, in situ
methane enrichment, industrial lung and polymeric membrane separation method
come under the recent developments in biogas upgrading technologies. However,
these technologies remain under development stage developed only at laboratory
scale. Hence, more efforts are required to form linkages between laboratory and
commercial scale technologies. Similarly, desulphurisation of biogas is a must-to-do
step prior to upgradation. Among all the available desulphurisation technologies,
physical adsorption technologies using carbon-based adsorbents paid more attention
to the researchers due to its easy operation and lesser cost of the system. Though
every technology has its own advantage and disadvantages, there is need of further
development in R&D sector for the betterment of commercialisation of nascent
upgradation technologies.
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Efficiency Analysis of Crude Versus Pure
Cellulase in Industry 10
Mohammad Shahed Hasan Khan Tushar and Animesh Dutta

Abstract
Many industries including fermentation, pulp and paper industry, brewing sector,
fermentation, food and animal feed industry, and detergent and textile use
cellulases due to its environment benign and sustainable process. Academic and
industrial researches are being done and still ongoing on cellulases due to its
enormous industrial application and make these processes green. In this article,
extensive review is performed on the use of cellulases in the industrial sector in
both crude and pure form. It has been observed that crude cellulases are preferred
in the industrial sector due to its low cost and stimulate the process using
impurities present in enzymes. Pure cellulases are mainly used in laboratories
and are case specific as they are costly to use in industries.

Keywords
Biomass · Bioconversion · Cellulase enzymes · Enzyme stability · Fungi

10.1 Introduction

Lignocellulosic biomass is becoming more dominating alternative due to its envi-
ronment friendly nature in terms of combustion compared to fossil fuel, rapid
diminishing trend of fossil fuel reserves, and ever-increasing energy demand along
with the clean environment point of view. They are readily available and
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comparatively cheaper material on the Earth, such as forestry residues, livestock
manures, agricultural residues, municipal solid wastes, etc. (Sánchez 2009).

Lignocellulosic biomass (plant biomass) consists of hemicellulose, cellulose, and
lignin (as shown in Figs. 10.1 (Brodeur et al. 2011) and Fig. 10.2 (Alonso et al.

Fig. 10.1 Lignocellulosic biomass structure with major components (Brodeur et al. 2011)

Fig. 10.2 Biomass structure after and before hydrolysis with different components (Alonso et al.
2012)
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2012)), which means these may be used as a valuable carbon source to produce very
useful value-added chemicals. Biochemical conversion, such as fermentation in the
presence of microbes, is one of the conversion techniques, which needs depolymeri-
zation to attain these chemicals. Due to the use of inorganic acids during chemical
hydrolysis, furfurals are produced along with fermentable sugars that inhibit succes-
sive fermentation steps which require detoxification steps to remove these inhibitors
(Brodeur et al. 2011).

To improve energy security and to reduce the adverse effect of climate change,
the use of bioethanol has become a major issue nowadays. Current bioethanol
production is performed from sugars and processed starches obtained from different
fruits and grains. Lignocellulosic biomass is a renewable and sustainable resource of
producing bioethanol since they contain cellulose and hemicelluloses which are
polymers of glucose. For this, they are continuously investigated of producing
ethanol despite of production cost and time (Sakai et al. 2007; Sheehan and Himmel
1999).

Due to the difficulty of degrading cellulosic biomass biochemically for its
complex and rigid structure, cellulose degrading enzymes have drawn the eyes of
researchers. By using these complex structure as a mean of energy source,
microorganisms eventually produce a complex enzyme system which is membrane
bond or extracellular in nature. These enzymes are termed as cellulases and of
hydrolase class. These enzymes are capable of degrading insoluble cellulose com-
plex compounds in soluble oligosaccharides (Henrissat and Davies 1997). Cellulase
converts the lignocellulosic biomass into ethanol, single cell protein, glucose, and
other useful products through bioconversion by hydrolyzing (1–4) in cellulose
(Chalal 1985). These enzymes are mainly generated by fungi, ruminants, insects,
and plants from insects, plants, and microorganisms.

Although several species of fungi aid in producing cellulase, in terms of the
quantity of production, only a few of these fungi are able to degrade the crystalline
cellulose by producing cell-free enzymes. Cellulase consists of three active enzymes:
endoglucanase (endo-1,4-β-glucanase), exoglucanase (exo-1,4-β-glucanase), and
β-glucosidase. Endoglucanase produces shorter chains by breaking the long, crystal-
line glucose of cellulose at random places. Exoglucanase works on the exposed ends
of the shorter chains and progress through a series of releasing cellobiose and some
glucose. At the end of the degradation process, β-glucosidases wrap up the sacchari-
fication by producing soluble glucose compounds by breaking the cellobiose and
cellooligosaccharides (Rodrigues et al. 2010; Lynd et al. 2002; Harrison et al. 1998).
Figures 10.3 and 10.4 show the graphical explanation of enzyme activity from the
beginning to end adopted from (Juturu and Wu 2014; Doi and Kosugi 2004;
Desvaux 2005).

Cellulases become the most important enzymes that are used in many industries,
namely, detergent, pulp and paper, textiles and laundry, food and agricultural, fruit
and vegetable extraction, bioethanol production from biomass, alongside research
purposes. Thus, new, more specific, and stable enzymes are in increased demand
along with the screening and characterization of the novel isolates (Annamalai et al.
2013; Sohail et al. 2009; Dhillon et al. 2012). Biocatalysis is gaining the attraction of
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the researcher due to its environment-friendly nature, and continuous advancement
of biotechnology is paving the way of using these enzymes (biocatalysts) in various
chemical industries such as leather, textile, fruits and vegetables processing, pulp
and paper, and animal feed. Another use of these enzymes is becoming very popular
to the researchers: production of biofuels through biochemical conversion processes
in the presence of enzymes as catalysts in addition to their pivotal role in the food

Fig. 10.3 Decomposition of cellulose structure using cellulases (crystalline cellulose shown in red
color and amorphous cellulose shown in black color)

Fig. 10.4 Schematic architecture of bacterial cellulosome with various binding options CBM
stands for cellulose-binding module and SLH stands for S-layer homology
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and consumer goods and products. Currently, a substantial amount of cellulase is
contributing the world’s enzyme market (Dogaris et al. 2009).

However, cellulases are costly enzymes and thus a pivotal hindrance to commer-
cialize them to use in industries such as in biorefineries where a significant amount is
required; e.g., for the production of a gallon bioethanol ~100 g of cellulase is
required (Zhang et al. 2006; Zhu et al. 2009).

Enzyme production from microorganisms is advantageous as substantial amount
of enzymes may be cultured in a relatively shorter time, and thus continuous and
sufficient amount of enzymes may be supplied to the relative bioprocessing tech-
nique. Besides, they are relatively stable and may be stored in under nonideal
conditions for weeks, as it does not degrade the biological activity of enzymes. As
such, commercial enzymes are produced mainly through microorganisms that in
turns are taking place of mechanical or cellular processes of making these enzymes.
Table 10.1 shows the enzymes used for industries and processes that are replaced by
them (Headon and Walsh 1994; Walsh and Headon 1994; Srivastava et al. 2015).

Cellulases are of two types: crude and pure. Cellulase in the crude form contains a
complete system of enzymes, namely, endoglucanase (endo-1,4-β-glucanase),
exoglucanase (exo-1,4-β-glucanase), and β-glucosidase. Pure cellulase contains
only one of these enzymes at a time. Compared to pure cellulase, crude cellulases
have a lower activity and are still in use mostly in mass industrial sectors since crude
cellulase is cheaper (Lloyd and Wyman 2005). Pure cellulases are mainly used in
laboratories for fundamental and applied research purposes (Kanmani et al. 2011).
Based on the above discussion, this article is a review of crude and pure cellulases
applied to various industries and relative comparison of them to check the effective-
ness of these enzymes in pure and crude form. And finally, based on this, a
recommendation will be made based on the cost-effectiveness and the quality of
the required product.

Table 10.1 List of industrial sector use enzymes and the chemical processes replaced (Headon and
Walsh 1994; Walsh and Headon 1994; Srivastava et al. 2015)

Industry segment Enzymes Chemical process replaced

Detergents
production

Lipases, proteases,
cellulases, amylases

Phosphates, silicates, high temperature

Fabrics and garment
industry

Amylases, cellulases,
catalases

Acids, bases, oxidizing and reducing agents,
energy, new garment manufacture

Starch generation Amylases,
pullulanases

Acids, high temperatures

Baking Amylases, proteases,
xylanases

Emulsifying agents, sodium bisulfate

Pulp and paper
industry

Xylanases,
mannanases

Chlorine, toxic waste

Leather processing Proteases, lipases Sulfides, high temperature

Biocatalyst for
biochemical
industry

Isomerases, lipases,
reductases, acylases

Acids, organic solvents, high temperature

Biofuels Cellulase Acids, bases, high temperature
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10.2 Pulp and Paper Industry

Since early 2000, pulp and paper industry has seen an increased use of cellulase
significantly to overcome the aftermath of using the mechanical pulping process,
which leaves the pulps with high content of fines, bulk and stiffened (Mai et al.
2004). During the refining process, 20%–40% of energy may be saved, and the hand-
sheet strength of the pulps also improved significantly (Singh et al. 2007). Crude
cellulases are mainly applied for the purpose of biomodifying the fiber properties
along with improving the ability of draining and beat in the paper mills after or
before beating of pulp (Dienes et al. 2004).

Pure cellulase containing only endoglucanase is able to reduce the pulp viscosity
during a low concentration hydrolysis (Pere et al. 1995). Additionally, pure cellulase
has shown the ability to boost the bleachability of kraft pulps made from softwood
with brightness compared to that obtained using xylanases (Singh et al. 2007). Pure
cellulase alone or combined with xylanases is being used for deinking the paper
wastes by releasing the ink from the fiber surface through the partial hydrolysis of
carbohydrate molecules (Kuhad et al. 2010a). The use of enzymes for deinking the
pulps reduces the use of alkali, improves the fiber brightness, increases pulp freeness
and cleanliness, improves strength properties, reduced fine particles in pulp,
simplifies the deinking process, changes the ink particle size distribution, and
reduces environmental pollution (Kuhad et al. 2010a; Stork and Puls 1996).

10.3 Food Processing Industry

There are several steps in extracting fruit and vegetable juices from their raw
materials: extraction, clarification, and stabilization. Cellulases play a very important
role in these steps for quality juices. Macerating enzymes consisting of crude
cellulases, xylanases, and pectinases are used to extract and clarify fruit and vegeta-
ble juices in order to enhance the yield of juices. Compared to pure cellulases, the
mixture of crude cellulases, xylanases, and pectinases known as macerating enzymes
enhances not only the yield but also the process performance without adding any
extra cost to the process. These macerating enzymes help to enhance the texture and
cloud stability of the purees and nectars of tropical fruits such as apricot, pear,
papaya, plum, peach, and mango by decreasing the viscosity (De Carvalho et al.
2008). Besides some of the properties of fruits and vegetables such as aroma, flavor,
and texture may be boosted using an infusion of enzymes such as pectinases and
β-glucosidases (Rai et al. 2007). In addition, the flavor, texture, aroma, and volatile
characteristics of vegetable and fruit may be modified by using a mixture of
β-glucosidases and pectinases (Karmakar and Ray 2011).
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10.4 Agricultural Sector

Enzymes also have shown ability to improve the growth of crops and to control plant
diseases using various combinations of pectinases, hemicellulases, and cellulases.
Hybrid species with desirable characteristics may be developed using plant or fungal
protoplasts yielded through microbial hydrolases. Both crude cellulases and pure
cellulase (β-glucanases produced using fungi) are able to control the plant diseases
by degrading the cell walls of plant pathogens which are produced using certain
fungi (Bhat 2000).

In addition to plant disease control, soil quality may also be improved by using
cellulases. By burying the straw residues of the crops, the quality of soil will
increase, thus reducing the dependency on mineral fertilizers (Tejada et al. 2008;
Escobar and Hue 2008). Cellulose of the crop residues in the soil degrades rapidly in
the presence of pure cellulase (exoglucanase (exo-1,4-β-glucanase)) (Fontaine et al.
2004) and thus may be a probable way of accelerating the straw disintegration which
eventually improves the soil fertility (Han and He 2010).

10.5 Detergent Industry

The most recent innovation of the use of crude cellulases (cellulases with protease
and lipase) is in detergent industry. Color brightness, feel of fabric, and dirt removal
from the garments made of cotton or cotton blends may be improved by altering the
cellulose fibrils as a consequence of cellulase preparation. Alkaline cellulases are
already being in use in industries as potential detergent additive that removes any
soil in the interfibril spaces with very precise contact with the cellulose in the
presence of other detergent ingredients (Singh et al. 2007; Sukumaran et al. 2005).
Currently, various measures have been taken to improve the stability of cellulases in
liquid laundry detergent by using a mixture of boric acid or boric acid derivatives
and propanediol, citric acid, or a salt (soluble in water), protease, cellulose, etc. To
get rid of these rugged protuberances, pure cellulases are used to attain a glossier,
delicate, and brighter-colored fabric (Karmakar and Ray 2011).

10.6 Textile Industry

Wet processing is an important segment in the textile industry where cellulases are
applied successfully to obtain improved hand and appearance of cellulose-based
textiles (Karmakar and Ray 2011; Hebeish and Ibrahim 2007). Conventional ways
of stonewash treatment of denims include starch-coating removal (desizing) using
amylase and abrasion using pumice stones (1–2 kg per pair of jeans) using bigger
washing machines. Currently, biopolishing of cellulosic fabrics and cottons and
biostoning of jeans are successfully performed using cellulases. Cellulase breaks
the tiny fiber ends on the cotton fabric during the biostoning process which eventu-
ally loosens the dye, and finally they are removed during the mechanical abrasion in
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the wash cycle. Using cellulases is advantageous over pumice stones as it offers less
damage to fabric, environment benign, and less work intensive, and more impor-
tantly, machines become more productive (Singh et al. 2007; Sukumaran et al. 2005;
Uhlig 1998; Galante et al. 1998).

Biopolishing is usually a wet processing stage including desizing, scouring,
bleaching, dyeing, and finishing. Crude cellulase (acidic) significantly improves
the softness and water absorbance of the fabric. Besides, clean surface with less
lint is obtained, and bobble formation tendency is heavily reduced. Enhanced feel,
color, and look of fabrics may be achieved through biopolishing using cellulases rich
in endoglucanases without any help of chemical treatment (Galante et al. 1998;
Sreenath et al. 1996). As an environmentally benign process, use of cellulases offers
improved hydrophilicity, moisture absorbance, and color brightness and forms a
silky and glossy look of the fabrics by removing surface pills and short fibers (Bhat
2000).

The frequent washing of cotton or cotton-blended fabrics makes them furry and
dull since detached microfibrils are formed on the surface. Cellulase containing
endoglucanase has the ability to revive the original color and sleeky surface by
removing these microfibrils, and the garment becomes soft as dirt particles trapped in
the microfibrils are removed (Hebeish and Ibrahim 2007; Ibrahim et al. 2011).
Several attempts were performed to enhance the surface and dyeing characteristics
of cotton/polyester (50/50)-blended fabrics, mercerized cotton and bleached cotton
and to promote the dimensional constancy of cellulosic garments through biological
treatment using the pad-wet batch technique in the presence of cellulases and
subsequently washing the garments through the mechanical process (Ibrahim et al.
2011; Cortez et al. 2002).

10.7 Olive Oil Extraction

In conventional method, slightly immature, fresh and clean olives are used through
cold pressing condition, including a series of processes: (1) crushing and grinding
using hammer or stone mills, (2) sending the paste through various mixture
machines and horizontal carafe, and finally (3) recovering the oil using high-speed
centrifuge. Nevertheless, high yield olive oil may be extracted from fully ripened
olive with high acidity and poor and tainted aura (Galante et al. 1998; De Faveri et al.
2008). As such, environmentally benign and improved, but effective method using
biological extraction of high-quality olive oil is required to meet the continual
increased demand. Crude liquefied cellulase, named Olivex (pectinase with cellulase
and hemicellulase), was first of its kind to use in improving olive oil extraction
(Fantozzi et al. 1977). Liquefied crude cellulase is advantageous as it increases the
olive oil yield under cold processing conditions, gives a better fractionation of the oil
paste through the centrifugal process, increases vitamin E and high levels of
antioxidants, curtails the induction of rancidity, improves the overall plant effi-
ciency, and lowers the amount of oil in the waste (Galante et al. 1998).
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10.8 Wine and Brewery Industry

The production of alcoholic beverages like wines and beers uses crude cellulases
microbial glucanases. During the primary fermentation, glucanases are added to
hydrolyze glucan, lessen the viscosity of unfermented beer or wine, and improve the
quality and yields of beer and wine (Canales et al. 1988; Oksanen et al. 1985).

Beer and wine brewing is mainly dependent on enzymatic processing during
malting and fermentation. Seed germination is the initial stage of malting barley
through hydrolyzing the seed reserves using biosynthesis and activation of
β-glucanase, carboxypeptidase and α- and β-amylases (Canales et al. 1988).
Research has shown that wort viscosity and the extent of polymerization may be
reduced to a maximum while the cellulase system of Trichoderma (endoglucanase II
and exoglucanase II) is being used (Godfrey and West 1996). Experiments using
crude cellulase (Cytolase 219, a mixture of xylanases, pectinase, and cellulase) in
making wines showed that first wine extraction increased by 10%–35%, filtration
rate increased by 70%–80%, pressing time decreased by 50–120 minutes, viscosity
rate reduced by 30%–70%, energy saved in cooling of fermenter reduced by 20%–

40%, and overall the stability of wine increased significantly (Galante et al. 1998).

10.9 Animal Feed Industry

Cellulases and hemicellulases have received extensive concentration due to their
ability to improve animal performance and feed value (Graham and Balnave 1995).
The nutritional value of grain feed and agricultural silage can be improved by
pretreating with cellulases or xylanases. They have the ability to boost the nutritional
value by degrading some specific feed constituents, eradicate some anti-nutritional
factors, and cater with additional digestive enzymes such as glucanases, amylases,
and proteases (Lewis et al. 1996). Compared to the high-quality feedstuff with
low-quality feedstuffs, the latter have a high amount of cellulose and ash content
with a low amount of fat and protein. Crude cellulase has the potential to increase the
silage production used as cattle feed by improving the digestibility of grasses which
contain a large amount of nutrients that may be digested and improve the energy
values with a limited amount of carbohydrates dissolved in water. Compared to the
diets of poultry and swine based on cereals, ruminants have a very complex forage
diet containing pectin, hemicellulose, cellulose, and lignin. Pectinases, cellulases,
and hemicellulases are used to enhance the nutritive quality of forage (Cowan 1996;
Shrivastava et al. 2011). These enzymes induce partial hydrolysis of the plant cell
wall of lignocellulosic materials, remove the hull from cereal grains, hydrolyze
β-glucans, and make feed materials more flexible and emulsifiable, resulting
improved nutritional value of the animal feed (Graham and Balnave 1995; Cowan
1996; Shrivastava et al. 2011; Pascual 2001; Fortun-Lamothe et al. 2001). Addition-
ally, pure cellulase decreases colonization of pathogenic bacteria by boosting the
generation of propionic acid which is known as bacteriostatic material and thus
improving the cecal fermentation processes (Kuhad et al. 1999; Gupta et al. 2011).
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10.10 Bioethanol Industry

The most exciting application of enzymes is producing biofuels from agricultural
residues (e.g., sawdust and switchgrass) and forest residues (Lantana camara and
Prosopis juliflora) using cellulases (Sukumaran et al. 2005; Kuhad et al. 2010b;
Ghosh and Singh 1993). Lignocellulosic biomass to useful products undergoes
several processes, pretreatment, hydrolysis, bioconversion, separation, and purifica-
tion, to obtain the value-added products (Wyman et al. 2005; Sun and Cheng 2002;
Kuhad et al. 1997). The cost associated with enzymatic hydrolysis is lower com-
pared to that of acid or alkali hydrolysis as enzymatic hydrolysis is performed at
relatively mild conditions (45–50 �C temperature and 4–6 pH). Additionally, corro-
sion is avoided as no alkali or acid is present during the process (Kuhad et al. 2010a;
Ghosh and Singh 1993).

Currently, available bioconversion technologies of lignocellulosic biomass
should be improved to give renewable biofuels and useful chemical by-products to
compete with conventional methods (Kuhad and Singh 1993; Mosier et al. 2005;
Baker et al. 2005; Lee et al. 1995). Two features are most widely practiced to lessen
the cost associated with fuel ethanol production through enzymatic bioconversion of
biomass: one is to optimize the production of cellulase and second is to develop a
catalyst system based on cellulase which will be more effective. Protein engineering
and aimed progression may facilitate to develop better and efficient thermophilic
cellulases. Reusing and recycling of enzymes are other options for reducing the
hydrolysis cost (Kuhad and Singh 1993; Lee et al. 1995; Singh et al. 1991;
Bernardez et al. 1993; Yang and Wyman 2004). Enzymes become deactivated
when they are adsorbed on the substrate, especially in lignin which greatly influence
the recovery of these enzymes. The adsorption process is nonspecific and irrevers-
ible when cellulase is adsorbed in lignin (Yang and Wyman 2006; Kumar and
Wyman 2009).

Nevertheless, compounds that attract lignin are being investigated to restrain the
cellulases to get adsorbed in lignin (Tu et al. 2007; Dourado et al. 2002). Several
strategies have been practiced to reuse and recycle cellulases. One is to use the
ultrafiltration method to separate cellulose fraction from sugars and other tiny
compounds which may suppress the enzyme activity, and the other is to recycle
incapacitated enzymes which facilitate the segregation of enzymes from the system
(Lee et al. 1995; Acharya and Chaudhary 2012; Lynd et al. 2005).

Figure 10.5 shows the bioethanol production flow sheet from biomass (Licht
2006). Cellulase-based ethanol production is advantageous over acid-based ethanol
production as it is economically feasible and environmentally benign and has higher
conversion of biomass, zero substrate loss, and neutral and noncorrosive operating
conditions of the conversion process (Kotaka et al. 2008; Huang et al. 2008). It is
reported that crude cellulase (combination of endoglucanase and aspergillus oryzae
β-glucosidase) is used to produce ethanol from barley directly (Bhanja et al. 2009).
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10.11 Pharmaceutical Industry

Cellulases are becoming popular biocatalysts in pharmaceutical industry as they are
able to release therapeutic compounds from plant-based biomass. Crude cellulases
have shown increased ellagic acid yield through hydrolysis from ellagitannins
(Do et al. 2009). Researches have shown the enhanced effect on the extraction of
the biologically active polyphenols using crude cellulases from various cereals
(Chen et al. 2005; Al-Ghazzewi et al. 2007). Crude cellulose increases the antioxi-
dant properties of wheat by increasing the polyphenol extraction through free radical
scavenging using enzymatic hydrolysis (Chen et al. 2005). Cellulases as
supplements are gaining acceptance more and more due to the inability of digesting
cellulose by human beings. As such, various digestive aids using cellulases (such as
P-A-L Plus Enzymes, Digestion, etc.) are manufactured for the treatment of meta-
bolic disorders of people (Karmakar and Ray 2011).

Prebiotics contain nondigestible fibers that help the growth of beneficial bacteria
for the large intestine passing through the upper gastrointestinal tract.
Glucomannans, a water-soluble polysaccharide, act as potent prebiotics when
depolymerized using cellulases and mannanases which boost the prebiotic effect
as well (Albrecht et al. 2009; Connolly et al. 2010).

The mixture of Konjac glucomannan (KGM) oligosaccharide, a prebiotic, was
prepared using endo-β-(1,4)-glucanase and endo-β-(1,4)-mannanase from KGM
polysaccharide. In vitro fermentation was observed with gut flora of human for the
change in structure of the mixture of these KGM oligosaccharides for about 72 hours
in the presence of matrix-assisted laser desorption/ionization-time-of-flight mass
spectrometry (MALDI-TOF MS) and capillary electrophoresis-laser-induced fluo-
rescence detection (CE-LIF). As per the observation, KGM oligosaccharide showed
higher degradability produced by endo-β-(1,4)-glucanase compared to endo-β-(1,4)-
mannanase. Desirable bacteria like Lactobacilli and Bifidobacterium increase in

Fig. 10.5 Ethanol production showing the enzymes produced at different stages
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human feces by glucomannan hydrolysates (GMH) formed using cellulase (Alvaro
et al. 2008; Al-Ghazzewi and Tester 2012). GMH produced using cellulases also
modulate the composition of microbiota in human intestine with the short-chain fatty
acids (SCFA) enriched in propionic acid which decrease the cholesterol level in
humans by reducing the synthesis of cholesterol [90]. Compared to crude cellulase,
pure cellulase has shown excelling growth of LAB (lactic acid bacteria) from
KGM [91].

10.12 Overall Discussion

Cellulases are the important enzymes being used in various industrial applications to
make the process sustainable and environmentally benign. Crude and pure forms of
cellulases are used for those processes. In most industrial application, the crude
cellulases are being used for low cost and ability to improve other by-products or
help the process using impurities present in it. Pure forms of cellulases are case
specific and mostly used in laboratory-scale research. Since they are costly and only
serve some specific purpose, they are not being currently used in the industrial
sector.

10.13 Conclusions

Biochemical conversion of biomass through enzymatic cellulase and
microorganisms is becoming the most important part of future research. These
enzymes are now commercially available in both pure and crude form and are
being extensively used in fermentation, pulp and paper industry, brewing sector,
fermentation, food and animal feed industry, and detergent and textile industry. As
the environment and sustainability is a major concern nowadays, modern biotech-
nology advances in the area of novel enzymes and microbial genetics will definitely
bring more industries under the enzymatic and microorganism-based green industry
system. In the future, other plausible areas where cellulases may be used will become
more prominent by improving the cellulase activities and enhance them by
incorporating desired features through protein engineering.
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Significance of Process Parameters
on Fungal Cellulase Production 11
Srilakshmi Akula and Narasimha Golla

Abstract
The biotechnological production of enzymes from microorganisms was proved to
generate enormous wealth that influences significant sectors of the world’s
economy. Among the microbial enzymes, the potentiality of cellulases in differ-
ent manufactories including food, paper, biofuel, animal feed, drug, brewery,
textile, agriculture and recycling of waste materials has been the compelling
factor for the intense limelight on cellulases for the past several decades. Exten-
sive studies were carried out on aerobic fungi producing cellulases and are
considered as the leading workhorses in industrial processes. The enzyme pro-
duction usually depends on distinct governing parameters essentially inoculum
size, pH value, temperature, growth, time, aeration, inducers and medium
supplements. Therefore, choosing optimum pivotal factors that throw impact on
biomass of various microorganisms and build-up of the target product becomes
the preliminary criteria for any profitable recovery process. Often the
optimisation of multifarious criterions is a laborious and tedious chore. Hence,
this chapter highlights the diverse physical and chemical parameters that
immensely influence fungal cellulase production.
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11.1 Introduction

The tremendous wringing and discharge of fossil fuels have insistently diminished
its innate resources and consequently provoked serious hazards to living world
(Sajith et al. 2016). Thus, accelerated interest pertaining to environmental deteriora-
tion and the reduction of fossil fuels urges to use substitute sustainable energy
reserves in order to counter the consistently growing energy consumptions
(Dashtban et al. 2009). Currently, the notion of waste-to-energy became the central
spotlight of numerous industries with a commercial aspect and feasible processes
manifesting the utilisation of biomass accordingly (Kendry 2002). As long as plants
have thrived, deposits from greenery have been substantial donors to the ecosystem
of our planet. Cellulose forms the skeletal constituent of the basic structure of the
green plants especially their cell coverings, that is, many forms of the oomycetes
together with algae. Biofilms are produced by some species of bacteria through
secretion of cellulose (Lekh Ram et al. 2014). Cellulose is the fibrous, insoluble,
crystalline homopolymer constructed with glucose units cemented by glycosidic
bonds of β-1,4-linkage (Jagtap and Rao 2005). From the point of energy content,
cellulose is considered as the low-priced energy source in addition to the most
bountiful sustainable biological reserve (Lynd et al. 2008; Zhang et al. 2009;
Coral et al. 2002). Cellulose has drawn worldwide attention as it can be transformed
into bioenergy and bio-based products. In recent times, due to the sky-touching price
of the employment process, stupendous quantities of municipal, agricultural and
industrial cellulosic leftovers are being utilised slovenly (Kim et al. 2003).

Cellulose is being preowned by the society since way back, but its capability as a
storage house of energy was captured posterior to the perception of the of cellulases
(Bhat and Bhat 1997). It is exploited as a nutrient stock by a variety of microbial
groups inclusive of bacteria, fungi, plants and protests as well as invertebrate animals
such as nematodes, crustaceans, insects, molluscs and annelids (Watanabe and
Tokuda 2001; Davidson and Blaxter 2005). The aforementioned microbes employ
a battery of enzymes called cellulase sequentially to support the breakdown of
cellulose to simple form of energy like glucose (Beguin and Aubert 1994).

Free monosaccharide is released from cellulose being acted upon by cellulases
through hydrolysis for the generation of bioethanol and various synthetic products as
well, a few of which serves as future alternatives for liquid fuel by-products (Bozell
and Petersen 2010). However, mechanisms of cellulose breakdown by cellulase
enzymes were partially disclosed, owing to the raised degree of crystallinity and
less water solubility of cellulose fibres (Yamada et al. 2005). To date, the towering
challenges of the past decades remain to persist, that is, the exploration of cost-
effective enzyme-based conversion of complex carbohydrate (cellulose) to
monosaccharides. The three major disputes are (1) the current requisite for lengthy
duration of operations to achieve an elevated cellulase release, (2) the feedback
inhibition by glucose and by-products released during cellulase development, and
(3) the growth associated complications at an elevated concentration of cellulose
from the point of liquid kinetic impulsions.
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11.2 Cellulases

Many researchers and industries chiefly focused on cellulases as they are the most
unbeaten group of lignocellulolytic enzymes used in disparate economically related
processes. Principally, cellulases are enzymatic proteins which operate slowly by
one to two orders of amplitude compared to the rest of the carbohydrate-degrading
enzymes (Himmel et al. 2007) leading to the biotransformation of lignocelluloses to
efficacious requisites. The noteworthy usage of cellulose biomass is thought to be
associated with economic process for the enzyme cultivation (Solomon et al. 1999;
Wu and Lee 1997).

Based on their catalytic site in the cellulosic substrate, cellulases are categorised
into three groups:

Endoglucanase: During the solubilisation of cellulosic material, CMCase proceeds
in associated action with exoglucanases and β-D-glycosidase (Zhang et al. 2006)
by breaking the internal glycosidic bonds present in the cellulosic chains produc-
ing cellooligosaccharides.

Exoglucanases: (Cellobiohydrolases (CBHs)) – It acts on cellulose by cleaving the
disaccharide units initiating from the non-reducing terminal of the chain. It also
acts on swollen, partially degraded amorphous substrates and cellodextrins.
However, soluble derivatives of cellulose such as hydroxyl ethyl cellulose and
carboxymethyl cellulose were not hydrolysed. A non-significant constituent to be
noticed in few cellulase systems is glucohydrolase (Joshi and Pandey 1999).

β-Glycosidase: (Cellobiose) – β-Glycosidase hydrolyses cellobiose to glucose,
contributing an easily metabolised source of carbon to the fungus. Numerous
cellobioses were reported in wide Aspergillus members with different molecular
weights. A great number of these enzymes except a few fail to exert action on
H3PO4 – swollen, CM celluloses and other polymeric substrates such as cotton,
Avicel and filter paper (Bhat and Hazlewood 2003).

The two foremost enzymes termed “absolute cellulases” directly act on cellulose to
give off glucose. The so formed cellobiose later fragmented into glucose by the third
enzyme in sequence (Dincer and Telefoncu 2006; Andersen 2007) (Fig. 11.1).

11.3 Fungal Cellulases

The most robust and widespread biomass fragmenting microbes that have evolved in
nature are fungi showing assorted modes of life for the bioconversion of green
cellulosic deposits on the biosphere. The secretion of multifarious set of oxidative
and hydrolytic enzymes (cellulases) mould fungi to be capable of decomposing
green biomass (Elzaher and Fadel 2010; Amir et al. 2011). Therefore, the scale of
notable performance and potentiality of the production were presented with ease at
uplifted activities on industrial scale. Industrial biorefinery applications are largely
dependent on cellulase mixture of fungal origin.
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Fungal cellulases can be divided into two groups.

(a) White-rot fungi, such as Phanerochaete chrysosporium, and soft-rot fungi, such
as Hypocrea jecorina (otherwise Trichoderma reesei) and Penicillium
pinophilum constitute the first group. They have complete cellulolytic enzyme
systems capable of converting crystalline cellulose to glucose. Moreover, they
consist of many secreted enzymes acting at the terminal (exoglucanases) or in
the middle (endoglucanases) of the cellulose chains. β-Glycosidases then assists
the hydrolysis of so formed cellobiose to glucose.

(b) Brown-rot fungus such as Postia placenta constitutes the second group which is
devoid of strict cellobiohydrolases (Kleman-Leyer et al. 1992) and employs
oxidative components in concert with endoglucanases for the degradation of
cellulose.

11.4 Structure

Solid substrates are burdensome for fungal cellulases. Most of the fungal cellulases
share a common organisation at molecular level where a large catalytic domain
(CD) is linked to a small carbohydrate-binding module (CBM) through a highly

Fig. 11.1 Schematic representation of the hydrolysis of cellulose by synergistic action between (a)
endoglucanases, (b) exoglucanases and (c) β-glycosidases
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glycosylated linker-peptide. However, by the enzymatic treatment with papain, it
can be departed easily into the two operative domains (Tomme et al. 1988)
(Fig. 11.2).

The three hexagons present in the CBM pinpoint the aromatic residues account-
able for interaction with the hydrophobic face of every second pyranose ring. The
grey area in the figure represents the loops housing the substrate-binding sites
(Hilden and Johansson 2004). The active site of a cellulase contains numerous
binding sites for glucose units, which elevates the possibility for the enzyme to
remain connected to the substrate after a catalytic cycle and thereby function
progressively (Divne et al. 1994). These binding subsites are labelled, correspond-
ingly to an agreement, from –n to +n with –n at the non-reducing whereas +n at
reducing terminal. The fragmentation takes place between the �1 and + 1 subsite
(Davies et al. 1997).

In general, endoglucanases have greater disclosed active site, whereas
cellobiohydrolases have a tunnel-shaped active site, resulting in a cleft or groove,
permitting the enzyme to bind to the centre of the substrate chain and break it down.
Moreover, because some cellobiohydrolases can acquire these interior cuts, the loops
covering the tunnel must be moulded to allow a cellulose chain to get into the active
site. Besides CD, most fungal cellulases consist of a carbohydrate-binding module
(CBM) called the cellulose-binding domain (CBD).

The CBDs are trusted to execute a pivotal role in cellulose hydrolysis. Even
though these domains fail to strike the cellulase activity soluble and amorphous
substrates, they remarkably elevate the enzymes’ ability to hydrolyse crystalline
cellulose. Currently, the CAZy classification lists 45 families of characterised
CBMs depending on resemblances in amino acid sequence (Davies et al. 2005).
All fungal CBDs are included in the family I containing 35–40 amino acids and
show strong sequence similarity with an overall amino acid identity of 60%, few
residues being totally conserved and a few exhibiting conservative substitutions
(Gilkes et al. 1991).

Nuclear magnetic resonance determined the principal structure of a fungal CBD
(Kraulis et al. 1989). The fungal cellulase CBDs exhibit wedge-shaped fold

Fig. 11.2 Structure of fungal cellulases containing CD carbohydrate-binding domain attached via
a linker-peptide
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consisting of an elemental structure of a twisted sheet of three short antiparallel
strands. One side of the wedge is placoid and contains three preserved aromatic
amino acids set apart by a distance reminiscent of the length of the continuation unit
in cellulose, cellobiose (Tomme et al. 1995). This interaction is recurrently
supplemented by polar residues resulting in hydrogen bonds (Tormo et al. 1996).
The other side is ruffled and less hydrophilic in character (Table 11.1).

11.5 Production of Cellulases

The victory of any biocommodity industry relies upon the economics of production
of hydrolytic enzymes. The foremost hurdle within the exploitation of one of such
enzymes is the overpriced production in addition to other factors such as the kind and
cellulose reserve employed for production, the complexity of cellulose structure and
dropped quantities of cellulase production by cellulose degraders due to feedback
inhibition. Utilisation of fairly cheaper reserves such as lignocellulose materials in
the place of high-quality cellulose is one of the effective approaches to trim the cost
of enzyme production (Sridevi et al. 2008). Particularly, cellulose turnover by
enzymes falls rapidly with conversion resulting in shrunken yields under extended

Table 11.1 List of cellulolytic fungal cultures

Fungal strain References

A. ustus Macris (1986)

A. fumigatus Heptinstall et al. (1986)

A. heteromorphus Singh et al. (2009) and Singh et al. (2006)

A. terreus Araugo and Souza (1986)

A. aculeatus Murao et al. (1988)

T. aureoviride Zaldivar et al. (2001)

A. flavus Ojumu et al. (2003)

Scopulariopsis Bharathi and Ravindra (2006)

P. chrysogenum Chinedu et al. (2007)

T. viride Qi et al. (2005) and Shafique et al. (2009)

Trichothecium roseum Shanmugam et al. (2008)

A. wentii Panda et al. (1987) and Srivastava et al. (1984)

T. harzianum Alam (2011), Haq et al. (2006), and Shafique et al. (2009)

Alternaria alternata Macris (1984)

A. japonicus Sharma et al. (1985) and Sanyal et al. (1988)

A. niger Milala et al. (2005), Narasimha et al. (2006), and Sharada et al.
(2012)

A. candidus Milala et al. (2009)

T. koningii Wood (1988) and Wood and Mecrae (1982, 1986)

T. reesei Latifian et al. (2007), Wang et al. (2006), and Shafique et al. (2009)

Penicillium atrovenetum Adeleke (2013)

Purpureocillium
lilacinum

Srilakshmi et al. (2017)
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operating periods, and inflated biocatalyst utilisation including the end product
produced per amount of adsorbed enzyme evidently diminishes with hydrolysis
(Nutor and Converse 1991; Wang and Converse 1992).

11.6 Submerged Fermentation

Under liquid- and solid-state fermentations, fungal cultures obtain divergent devel-
opmental patterns. Research studies on fungal growth patterns in SMF are well
investigated for a numerous industrially vital fermentations. Under shaking
conditions, fungi grow as free mycelia or pellets, depending on the operating
strategies applied and genetic constitution of the microbial strain as well (Papagianni
1995). Environmental management is comparatively simple in the case of
submerged cultures, owing to the nutrient supplements, the uniformity of the
microbial cells suspension and the products in the liquid phase (Alberton et al.
2009). Seeing that ergonomics associated with enzymes are presumably hinge on
constitutional enzymes, selecting appropriate carbon and nitrogen supplies and
fixing their proportions are of paramount importance for upgrading enzyme perfor-
mance in the biological filtrates (Gomes et al. 2000). In SMF, the production of
cellulase is considerably influenced by various processes dictating physical
parameters such as temperature, agitation rate and chemical parameters like crude
material concentration, elicitors, production medium constituents and so
on. However, the demand for a long gestation period with diminished production
stands as key bottleneck in liquid-state bioprocess (Singhania et al. 2010).

11.7 Solid-State Fermentation

Recently, SSF is increasing further enthusiasm as a fitting methodology to reuse
nutrient-surplus junk like cellulosic materials. In-depth knowledge about SSF
demonstrated that it results in high enzyme yield requiring minimal to zero effort,
utilisation of agrarian waste as a substrate and a more extensive scope of additional
enzyme activities than those found in SMF (Robinson et al. 2001; Couto and
Sanromán 2006). Moreover, SSF encourages not exclusively the probabilities for
the bioconversion of agro-deposits to include stock, and in addition it empowers the
effective reuse of lignocellulosic materials with the consumption of less vitality
(Pandey 2003). In SSF, the operational criterion inclusive of temperature, pH and
percentage of dampness is a fundamental component impacting the development of
microbial culture and generation of cellulases. Accessibility of air in to the microbial
cells and heat production are the real difficulties in SSF, which must be tended to
legitimately.
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11.8 Factors Affecting Cellulase Production

To establish a hit fermentation technique, it’s far important to frame incubational and
nutritional situations to encourage the overproduction of favoured metabolites by
biological workhorses (El-Hadi et al. 2014). The cell growth and the yield of a
product greatly depend on the characteristics of fermentation media. This is due to
the microbial reaction to the kicks of outer environment through biochemical paths
that control expression of genes and morphology of the microbes extended to their
upgraded synthesis of the preferred metabolites (Bon et al. 2008). Conformational
changes besides cellulose production by different isolates urge the optimisation of
physicochemical parameters of the production medium (Kathiresan and Manivannan
2006; Polyanna et al. 2011; Papagianni 2004).

Majority of the fermentations rely on biomass which plays a vital role in the study
of cell growth (Bon et al. 2008). The bioprocess often may be categorised into two
kinds: the preliminary kind shows biomass development, while the second kind
entails the synthesis of the interested products. The accumulation of microbial cells
is extremely important regarding the foremost kind, because it is the vital goal of
solid- or liquid-state bioprocess. The manufacturing of the target products can be in
correspondence to the quantity of cell growth. For the achievement of enhanced
secondary metabolite, cell growth is of prime importance (Bon et al. 2008; Alberton
et al. 2009; Kang et al. 2004).

Cellulase synthesis with the aid of specific microorganisms in liquid-state meth-
odology captures extra attention and is noted to be price restricted (Singh et al.
2009). The raw material price takes hold on economics of cellulase production, and
for this reason using reasonably priced biomass sources can assist to lessen invest-
ment on cellulose (Wen et al. 2005). Lots of investigative struggles were executed to
bring the price of cellulose down to earth. The paths which were considered in
reducing enzyme cost are categorised into (1) sorting for organisms with contempo-
rary enzymes, (2) microbial genetic modification and bioengineering of biocatalyst
(Van Hanh et al. 2011) and (3) right choice of substrates and fermentative conditions
besides enzymes reprocessing and transfiguring the production strategies (Howard
et al. 2003).

11.9 Effect of pH

The buffering capacity of fermentative medium is one of the most vital environmen-
tal parameters striking the microbial cell synthesis and enzyme release. It also
performs a censorious task in the transport of diverse components through the cell
membrane. Both higher and lower pH result in poor consequences; however, the
acidic nature of the medium near 5.0 pH is suitable for accumulation of biocatalyst.
This can properly be because of the very fact that fungal organisms prefer faintly
lower pH for their cellular build-up and enzyme synthesis. Different fungal species
exhibit varied pH optima for cellulose production (Haltrich et al. 1996). The pH
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variation noticed during the microbial cell synthesis additionally impacts product
stability in the medium (Gupta et al. 2003).

In an investigation study carried out by Sarkar and Aikat (2014), maximum
CMCase (2.58 IU/ml) and F Passé (0.276 IU/ml) production by Aspergillus
fumigates isolated from straw retting ground was achieved at pH 4.0. Moreover,
pH 5.0 was noticed to be optimum for cell biomass and cellulose production by
Penicillium sps. and Aspergillus Niger (Narasimha et al. 2006; Prasanna et al. 2016).
Higher Exo and Endo-1,4-β-D-glucanases of 1.22 IU/ml and 1.82 IU/ml by
Purpureocillium lilacinum were favoured by pH 5.5, respectively (Srilakshmi
et al. 2017). The initial pH of the fermentation medium was adjusted to 6.5
inoculated with Trichothecium roseum, and higher CMCase and β-glycosidase
activities were obtained after 7 days of incubation (Shanmugam et al. 2008), and
hence initial pH of the medium exerts a sturdy influence on enzyme production. In
general, the pH of the culture medium rises within 48 days of cellulose fermentation
by fungi due to the utilisation of yeast extract, hemicellulose and amorphous
cellulose from lignocellulosic materials for cell growth. After attaining proliferative
growth, the culture pH dropped because of the release of carbonic acids and
carboxylic groups from lignin (Portjanskaja et al. 2006). Production of cellulose
by Aspergillus Niger was intensive when the starting culture pH was alerted to 6.0 or
7.0 (Sohail et al. 2009).

11.10 Effect of Temperature

Among the physical factors, temperature maintenance during the bioprocessing also
occupies a major role that influences both purity level and turnout of the products of
interest (Ahmed et al. 2009; Iqbal et al. 2010). In-depth investigations of many
workers on fungus like Aspergillus spp. revealed that different temperature optima is
required for similar genus of the same fungus (Akinyele et al. 2013).

Temperature optima of A. terreus to produce cellulase were established as 28 �C
(Shahriarinour et al. 2011). According to Srilakshmi et al. (2017), growth, extracel-
lular protein and cellulase production from Purpureocillium lilacinum successively
inclined to 30 �C and declined at further elevated temperatures. Around 1.8 times
higher CMCase (1.62 U/ml), production by A. humicola was achieved in the
medium amended with COA as compared to the enzyme production COA lacking
medium (0.91 U/ml) at 37 �C (Nipa et al. 2006). Gilna and Khaleel (2011) proved
that 32 �C supported maximum cellulase activity by Aspergillus fumigates when
inoculated on the right choice of lignocellulosic refuse when liquid state is
maintained. The steady drop in the biocatalyst synthesis beyond optimum tempera-
ture may be attributed to transfiguration of the enzymes and cell growth arrest
(Shazia et al. 2010). It was observed that cellulase production by Aspergillus
fumigates gradually increased from 25 �C and catch up to maximum (CMCase
2.36 IU/ml, FPase 0.256 IU/ml) at 30 �C. Further elevated temperatures resulted in
immoderate fall in cellulase production (Sarkar and Aikat 2014). Studies on thermo-
philic fungi by Kawamori et al. (1987) disclosed that the cultivation of
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T. aurantiacus on alkali-treated bagasse at 45 �C assisted nearly 70 U/ml of CMCase
following 96 h of incubation. The temperature optima for growth filter paper activity
and β-glycosidases activity by T. Aurantiacus were recorded to be 45, 40 and 70 �C,
respectively (Chin and Cole 1982).

11.11 Effect of Inoculum Size

The inoculum density is a decisive factor that commands and may either clips or
extends the early lag phase of microbial growth curve. Surplus nutrient and lower
inoculum ratio often leads to extravagant mycelia blooming and retarded enzyme
production (Sharma et al. 1996; Haq et al. 2003). An exceeded microbial input could
permit raised percentage moisture and ceasing in microbial cell synthesis and
biocatalyst release, whereas diminished inoculum size may insist a longer incubation
for bioprocessing to achieve the target metabolite of interest (Baysol et al. 2003).

In a study of Azzaz et al. (2012), 4% inoculum fulfilled cellulase production on
modified medium using Aspergillus niger. Similarly, Alam et al. (2005) brought into
light that the elated cellulase activity of 0.043 units was acquired when cell density
of 5% (v/w) of Trichoderma harzianumwas used on fermented oil palm biomass. As
reported by Omojasola et al. (2008), the cellulase activity tends to shrink at microbial
cell density exceeding 6% and 8% for pineapple peel and pulp fermentation,
respectively, by Aspergillus niger. The decline in cellulase production with rise in
inoculum might be due to aggregation of cells which could have reduced sugar and
oxygen intake and enzyme release.

Aspergillus niger spores with 1 � 108 were inoculated into flasks and were
incubated at 30 �C on a rotary shaker at 180 rpm for 7 days. The organism produced
higher amount of cellulase with 2.478, 2.632 and 9.84 U/ml of FPase on wheat bran,
rice bran and mixture of rice bran and wheat bran, respectively, in liquid-state
fermentation (Praveen Kumar et al. 2015). As observed by Narasimha et al.
(2006), Aspergillus niger gave maximum cellulase production on Czapek-Dox
medium when inoculum size of 2.0 � 106 spores was used. Similarly, Sun et al.
(2010) reported 2 � 108 spores of Trichoderma sp./flask (500 mL) were suitable for
cellulase production. The optimal inoculum volume for maximum cellulase (FPase
0.344 IU/ml and CMCase 2.50 IU/ml) was 7% (v/v) containing 106 spores per ml
beyond the limit which results in declined enzyme production attributed by the
deprivation of nutrient supplements accessible for the rapid biomass and accelerated
microbial growth. Optimal inoculum density of 8% v/v (12.41 mg cells/ml) for
CMCase production by Humicola insoles was recorded by Riaz et al. (2014).

11.12 Effect of Incubation Time

The growth curve of microorganisms and the production of hydrolytic enzymes
occur simultaneously; the activity increases until optimum incubation time is
reached and later becomes steady or declines (Sachslehner et al. 1998). Distinct
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incubation period may be observed for the production of different enzymes (Smitt
et al. 1996). Transient length of time affordability for cheaper enzyme biosynthesis
was observed (Sonjoy et al. 1995). In an experimental study, Ojumu et al. (2003)
noticed that A. flavus gave the highest cellulase activity when cultivated and grown
on saw dust, bagasse and corn cob at 12 h of fermentation. Time duration of 72 h was
set for growth of A. Niger to release cellulase (Azzaz et al. 2012; Gautam et al. 2010;
Akinyele and Olaniyi 2013). Provision of 96 h of fermentation time was found to be
favourable for enhanced cellulase activity by Trichoderma spp. (Khan et al. 2007).
The incubation period for optimum enzyme production was correlated to substrate
concentration. In the case of P. nalgiovense, the optimum CMCase activity in 2%
pretreated wheat pollard was attained at 3 days incubation time, and then later the
enzyme production was ceased due to confined nutrient concentration. When 3%
and 4% pollard was used as substrates, optimal CMCase was achieved after 4 days.
At further higher concentration of substrate, the culture demands longer incubation
time due to less penetration of oxygen (Purwadaria et al. 2004). In the investigative
reveals made by Nathan et al. (2014), T. reesei took 7 days of incubation to give
elated FPase (0.38 U/ml) and CMCase (0.52 U/ml) activities which declined at
later intervals of time. The probable speculation for weakened enzyme activity
after stretched fermentation duration may be ascribed to loss of enzyme stability or
self-death of the mycelia (Nipa et al. 2006).

Maximum CMCase (2.31 IU/ml) and FPase (0.261 IU/ml) were produced after
5 days of incubation beyond which induced decrease in the enzyme production
(Sarkar and Aikat 2014). While in an examination made by Sun et al. (2010),
enzyme activity by Trichoderma sp. was best at 120 h in SmF utilising apple
pomace. Therefore, it is concluded that appropriate time length permits peak micro-
bial growth and product formation to a defined level in a bioprocess approach.

11.13 Effect of Agitation Rate

Cellulase production in general was boosted with elevated shaking speed. This might
be justified by the certainty that the rotational rate raised the transport of air into the
microbial cells which is crucial for components of their cell membrane and synchro-
nous of the medium components, essentially nutrients and products of catabolism
(Rajagopalan and Krishnan 2008). The favourable fermentation factors for the
enzymatic breakdown of brewer’s spent grain were established to be 2% (w/v)
substrate, 45 FPU/g maintained at 100 rpm. Under these conditions, 99.4% of
cellulose bioconversion and 93.1% of glucose yield were achieved (Mussatto
et al. 2008).

In liquid-state cultures, stirring speed of 180 RPM was noted to be optimal for the
production of cellulase enzymes with fungal strain T. viride CMIT35 (Vintila et al.
2010). Cellulase production supported by 200 rpm and oil palm empty fruit bunch
inoculated with A. terreus was four times improved as compared to the static
condition (Shahriarinour et al. 2011). Penicillium sp. LM-HP33 and Aspergillus
sp. LH-HP32 were the best alkaline cellulase (FPase) producers (>3 U/ml) in liquid
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cultures when incubated at 28 �C kept under 175 rpm agitation rate (Vega et al.
2012). The cellulolytic fungal culture designated as PSSI-3 isolated from the paper
industry soil sample was noticed to show maximum CMCase activity when the
cultivation was carried out at 120 rpm for 3 days (Lekh Ram et al. 2014). As regards
agitation speed, 150 rpm resulted in maximum CMCase (2.40 IU/ml) and FPase
(0.278 IU/ml) production. Agitation rates fewer than 150 rpm resulted in declined
cellulase yields. The obstructing factor may be the insufficient dissolved oxygen
level for cell growth. Higher agitation rates resulted in a negligible decline in enzyme
levels, which could be due to mycelia destruction (Sarkar and Aikat 2014).

11.14 Effect of Carbon Source

The detrimental factor in any fermentation process is the carbon supplements which
show its impact critically on growth and production of the desired product. Carbon
sources may have either hindrance or stimulation on enzyme production. In another
study on T. reesei C5, peak cellulase enzyme production and growth was accom-
plished exercising lactose as solitary carbon additive (Muthuvelayudham et al.
2004). Hartree et al. (1988) and Hanif et al. (2004) proved that growth of
Trichoderma harzianum and A. niger on cellulosic residues resulted in increased
cellulase production. Triggering of cellulase production by trehalose was
demonstrated in Clostridium. (Thirumade et al. 2001). Cellulose induced cellulase
synthesis by tenfold while glucose acted as inhibitor (Jahangeer et al. 2005). In the
course of the growth Trichothecium roseum, an investigated fungus showed maxi-
mum total cellulolytic activity (1.87 FPU/ml) and extracellular protein content
(234 μg/ml) on potato dextrose yeast extract broth medium amended with 1%
(w/v) CMC (Shanmugam et al. 2008). Szakacs et al. (2006) and Baig (2005) opened
up that fructose and glucose repress the performance of enzyme activity, whereas
CMC, Avicel and lactose provoked Trichoderma spp. to release cellulase. Rashid
et al. (2009) revealed T. reesei when grown on effluent from palm oil mill produced
optimum cellulase at 0.5–1.5% cellulose as substrate.

The results which were drawn by Gautam et al. (2010) show that exoglucanases
of 2.68 U/ml, endoglucanase of 2.17 U/ml and β-glycosidases of 2.06 U/ml were
derived from filtrates comprising 1.0% sucrose succeeded by glucose, cellulose,
maltose and CMC. The inclusion of glucose in medium affected pronounced
repression of cellulose synthesis by Streptomyces albaduncus and Aspergillus
niger (Jyostna et al. 2015; Narasimha et al. 2006). Xylose at 3% amended with
1% cellulose as substrate exhibited raised FPase and CMCase while it was
repressed when cellulose was used as the one and only carbon supplement
(Srilakshmi et al. 2017).

310 S. Akula and N. Golla



11.15 Effect of Nitrogen Source

Nitrogen is one of the primary constituents of proteins, and stimulatory effect of
ammonium salt on cellulose activity might be related to its forthright access into
synthesis of proteins (Mandels 1975). The necessity of specific nitrogen source
varies from organism to organism or even among the same species for maximum
enzyme production (Balaji and Sharma 2011). The fundamental requirement to be
satisfied for optimal growth of any organism is the supplementation of amenable
source of nitrogen. The highest cellulase activity of 87.43 U/ml was achieved in
yeast extract culture. According to the assessment of Jyostna et al. (2015), the
highest activities of FPase, CMCase and β-glycosidases with 4.8 IU/ml, 5.3 IU/ml
and 1.6 IU/ml were accomplished with urea followed by peptone as nitrogen source.
The most effective nitrogen source for FPase activity on the seventh day and
CMCase on the third day of incubation by Trichoderma viride VKF3 was traced
out to be peptone (Nathan et al. 2014). At 0.2%, tryptone concentration maximum
CMCase (2.39 IU/ml) and FPase (0.446 IU/ml) activities were obtained from
A. fumigatus (Sarkar and Aikat 2014). As per the conclusions dragged by Akinyele
and Olaniyi (2013), locust beans proved efficient for the far-reached yield of
cellulase activity of 0.36 μmol/min/ml, followed by soybeans, and the dropped
cellulose activity was seen particularly with cotton seeds and ammonium sulphate.

Meat extract was proved to be unbeatable nitrogen supplement producing higher
levels of cellulase activity by A. niger (0.097 U/ml), indicating that organic nitrogen
should be added for better outcome (Azzaz et al. 2012). The medium amended with
NaNO3 as the nitrogen substituent established that mutant T. viride 1433 was
stimulated to release higher amounts of cellulases (Khare and Upadhyay 2011).
The combination of apple pomace and corn-steep solid induced towering enzyme
production by Trichoderma sp. G/M 3.0010 (Sun et al. 2010). Peptone and yeast
extract acted as the best organic nitrogen sources for Aspergillus sp. and Fusarium
sp., respectively, yielding maximum endoglucanase (40–43 U/ml) when 0.06%
(w/v) KNO3 was added (Chellapandi and Abha 2009). In an explorative study
carried out by Narasimha et al. (2006), Aspergillus niger dispersed on Czapek-
Dox medium with 0.03% urea resulted in peak cellulase activity (1.682 U/ml)
compared to peptone and NaNO3. Ammonium sulphate appeared to be the best
followed by ammonium nitrate, peptone and urea using Aspergillus terreusAV49 on
pretreated ground nutshell exhibiting an elevated endoglucanase activity (2.833 IU/
ml) and exoglucanase activity (0.282 FPU/ml) (Vyas and Vyas 2005).

11.16 Effect of Lignocellulosic Substrates

One of the foremost troubles in cellulase production by fermentation is the employ-
ment of overpriced raw materials. Trimming the cost of the substrate could be
assisted by the alteration of green cellulosic deposits using microorganisms capable
to generate elated cellulose production (Kotchoni and Shonukan 2002). The society
prefers to adapt bio-based economy rather than fossil-depended thrift. It is under
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argument as to how a sustainable bio-economy can be established, where natural
resources such as land, green residues and water are employed in the most produc-
tive path. Proficient utilisation of renewable lignocellulosic materials for the produc-
tion of bio-based products and bioenergy would show profits to the environment,
local economy and safety to national energy pools (Zhang 2008; Padmavathi et al.
2012). Agro-wastes are the most copious and inexhaustible deposits produced on
earth. Forests, agricultural practices and industrial processes contribute huge
quantities of agro-wastes specifically from agriculture-associated manufactories
like timber, textile paper, breweries and pulp industries (Ilyas et al. 2012). The
biological path seems to be very alluring and feasible for enzymes production from
this lignocellulosic biomass because of various rationales, the uppermost being the
pervasive and inexhaustible character of natural reserves and its competitiveness
with consumable produce (Singhania et al. 2010).

Utilisation of natural and cheaper sources makes a possible route for significant
kick to the rate of cellulase production (Ozioko et al. 2013). Economic analyses
stipulate that fragmentation of cellulosic materials to simple sugars remains bonded
with the production cost (Xu et al. 2011). A variety of unused cellulosic materials are
explored to arrive at beneficial approaches associated with cellulase production by a
vast array of cellulolytic fungi (Chinedu et al. 2011). The following table
summarises the various lignocellulosic substrates used for fungal cellulase produc-
tion (Table 11.2).

11.17 Effect of Surfactants

In an investigation study performed by Singh et al. (2007), the surfactants are
reported to be hydrophilic and hydrophobic compounds whose accumulation at
interface of immiscible fluids tends to minimise surface and coherence tensions,
thereby increasing the mobility, solubility and bioavailability and ultimately bio-
transformation of insoluble organic or hydrophobic compounds. It has been put
forward that the hydrophilic and hydrophobic part of the surfactant is responsible for
steric hindrance and binding to lignin and consequently arresting the enzymes from
unproductive binding with lignin which results inaccessibility of more enzymes for
cellulose hydrolysis (Borjesson et al. 2007). Tween-80 ossifies unstable cellulase
components during hydrolysis and enzyme production (Okino et al. 2013). Addition
of surfactant like polyethylene glycol (PEG) has been shown to be vital to enhance
the enzymatic conversion of the lignocellulosic substrate. Tween-80 at 0.02% (v/v)
showed higher cellulase, protein and fungal biomass production (Srilakshmi et al.
2017). The production of cellulases was doubled in a fermentation using OPEFB
carried out by the addition of Tween-80 as a surfactant compared to fermentation
devoid of surfactant (Shahriarinour et al. 2011).

The use of Tween-80 is fruitful because it does not disturb the enzyme nature.
Tween-80 (2 ml/L) was supportive for the production of cellulases and β-glycosidase
by mixed culture of Trichoderma reesei and Aspergillus phoenicis grown on dairy
manure (Wen et al. 2005). Incorporation of 1% and 0.2% (v/v) of Tween-80 induced
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peak cellulase production by Trichoderma reesei QM-9414 and Streptomyces
flavogriseus, respectively (Hari Krishna et al. 2000). Tween-80 also acted as a
good surfactant in the case of CMCase production by Aspergillus glaucus and
Trichoderma viride (Chang et al. 2006; Liu et al. 2006). Thus, it looks for various

Table 11.2 List of various lignocellulosic substrates for fungal cellulase production

Agro-industrial residue Microorganisms (fungal strains) References

Coconut shell Aspergillus niger Coelho et al.
(2001)

Grape marc Aspergillus phoenicis Silva (2008)

Grape marc Aspergillus awamori Botella et al.
(2005)

Grape marc Monascus purpureus Daroit et al. (2007)

Grape marc Monascus purpureus Silveira et al.
(2008)

Grape mark and orange peel Aspergillus awamori Diaz et al. (2012)

Wheat bran Trichoderma harzianum Haq et al. (2006)

Wheat straw Aspergillus heteromorphus Singh et al. (2009)

Banana agro-waste Trichoderma lignorum Baig (2005)

Sugar beet pulp Trichoderma reesei Nasab and Nasab
(2007)

Groundnut shell Aspergillus terreus, Aspergillus nidulans,
Trichoderma viride

Vyas and Vyas
(2005)

Sugarcane bagasse Trichoderma reesei QM9414, Aspergillus
terreus SUK-1

Massadeh et al.
(2001)

Oat straw, wheat bran Thermoascus aurantiacus, Aspergillus
niger

Stoilova et al.
(2005)

Sugarcane bagasse Humicola insolens TAS-13 Javed et al. (2007)

Orange waste Saccharomyces cerevisiae Omojasola et al.
(2008)

Palm kernel cake Rhizopus oryzae ME01 Othman et al.
(2013)

Solka-Floc Acremonium cellulolyticus CF-2612 Fang et al. (2009)

Pea seed husk Purpureocillium lilacinum Srilakshmi et al.
(2017)

Milk pack Acremonium cellulolyticus C-1 Park et al. (2011)

Solka-Floc Acremonium cellulolyticus C-1 Ikeda et al. (2007)

Glucose and sugarcane
bagasse

Aspergillus niger A12 Cunha et al. (2012)

Pretreated sugarcane
bagasse

Penicillium funiculosum Maeda et al. (2011)

Corn cob Trichoderma reesei 2U-02 Liming and
Xueliang (2004)

Pretreated sugarcane
bagasse and sucrose

Trichoderma harzianum P49P11 Delabona et al.
(2012)
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reasons; Tween-80 has the potential for cutting the price of the biocatalyst-based
utilisation of cellulosic depositions. On the contrary, Micales (Micales 1991) proved
that the inclusion of Tween-80 had no impact on the secretion of CMCase by Postia
placenta.

11.18 Applications of Cellulases

Cellulase occupies the third position in the world enzyme market and is grabbing
rejuvenated interests because of their boundless and diverse range of applications,
thereby dominating the rest of the plant cell wall degrading enzymes (Chandel et al.
2012; Singhania et al. 2010). Cellulases of microbial origin have been exploited for a
broad range of industrial applications. Moreover, these enzymes have been econom-
ically feasible for more than 30 years now and emerged as a goal for academic and
industrial exploration (Singh et al. 1999, 2007). Currently, cellulases from
Trichoderma and Aspergillus account for roughly 20% of the world enzyme market
(Bhat 2000). The following table highlights some of the large-scale benefits of
cellulases.

Industry Application References

Food Filtration and clarification of fruit juices,
extraction of oil seeds

Bhat and Bhat (1997), Bhat (2000)
and Mussatto et al. (2007)

Animal
feed

To improve feed nutritive value for animal
growth

Bhat (2000)

Textile To improve tenderness and water uptake of
the fibres and to reduce the ability to form
pills and providing a luminous surface with
reduced piles

Sreenath et al. (1996)

Detergent To remove rough protrusions for a fluffy,
glossy and glistening fabric

Bhat (2000)

Paper and
pulp

To enhance deinking of paper, pulp
solubility

Bhat (2000)

Biofuel Bio-transformation of cellulose to ethanol Goldschmidt (2008) and Zhang
et al. (2006)

Laundry Biopolish tissue process Bon et al. (2008)

Agriculture To control the plant diseases by degradation
of the cell wall of plant pathogens

Bhat (2000)

Wine and
beer

To increase the extraction, filtration rate,
reducing pressing time and must

Galante et al. (1998)

Others generate plant protoplast for genetic
engineering to control industrial slime
production of cellulase-based chitosan
especially with immunomodulatory,
antitumor and antibacterial activities

Liu and Zhu (2000), Wiatr (1990),
Qin et al. (2004) and Wu and Tsai
(2004)
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11.19 Future Outlook: The Challenges In Cellulase Research

Hidden aspects related to the efficient development of the biocatalyst and advance-
ment of technical knowledge for yielding and employment of cellulase brought into
light by the efforts of numerous explorative works. No solitary methodologies stood
cheaper and efficient in the transformation of the native cellulosic material for the
generation of worthy target outputs or biofuel. In the present trend, biotransforma-
tion of lignocellulosic waste by the use of cellulase build-ups available from the
market is not economically advantageous.

The following are prime objectives for forthcoming investigations on cellulose:

1. Upgrading the activity of cellulase for greater potential of decreasing the concen-
tration of the desired enzyme (Qin et al. 2004).

2. Trimming cellulase production cost.
3. Economic feasibility of cellulase production by guarded genetic modifications

into the metabolisms of cellulose degraders for upgraded productions.
4. Negating the feedback loops by glucose and achievements in cohesive bioprocess

for the production of cellulases.
5. More fundamental research is required to produce designer enzymes good

enough for clear-cut applications.
6. Extended studies on enhancement of cellulase action or conferring of required

attributes to enzymes via manipulation of protein structures.
The aspects regarding the bioconversion of cellulose materials become the

bottom line of forthcoming researches associated with cellulase and cellulose
degraders. The problem which raises the attention is not restricted to enzyme
production alone but a concerted effort to figure out the basic physiology of
cellulolytic microbes, and the utilisation of this knowledge merged with the
engineering principles to achieve greater heights in processing and exploitation
of the most copious innate reserves. The aspects disclosed to consideration
include pretreatment methods of cellulosic materials for an easy microbial access,
cost-effective approaches for production of hydrolytic enzyme products, organ-
ism development of metabolic engineering and eventually protein engineering to
improve the characteristics of enzymes to increase their specific activities, process
tolerance and stability (Sukumaran et al. 2005).

11.20 Conclusion

Among the various commercially available cellulases, fungal cellulases gain a
cutting-edge advantage owing to pronounced yield, efficiency, effortless
crystallisation and a higher degree of purity. In the development of any bioprocess
technology, choosing efficient, modest, and handy raw materials for the production
of biocatalyst besides optimisation of media components and fermentation
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circumstances is prerequisite due to the fact that the production of protein machines
of microbial origin has an immense striking effect on the entire worth of the
operating processes.
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Modelling and Simulation of Pyrolysis
of Teak (Tectona Grandis) Sawdust 12
Sathyanarayanan Aswin, Selvi Pandiyan Ranjithkumar,
and Selvaraju Sivamani

Abstract
Pyrolysis is used to produce bio-char, bio-oil and syngas from industrial residues
through thermochemical processing route. Pyrolysis decomposes biomass at an
elevated temperature in an inert atmosphere. The aim of this study is to develop a
model and evaluate activation energy for pyrolysis of teak sawdust. Teak sawdust
was pyrolysed at four different temperatures from 300 to 600 �C. The mathemati-
cal model was developed for pyrolysis of teak sawdust. Kinetic constants were
calculated by fitting the data from pyrolysis experiments to the model. Activation
energy was determined from Arrhenius equation which related kinetic constant
and temperature. The results reveal that pyrolysis of waste biomass, teak sawdust,
could be the effective thermochemical route for bioenergy.

Keywords
Activation energy · Kinetic constants · Pyrolysis · Teak sawdust

12.1 Introduction

Thermochemical biomass conversion processes involve the production of high
energy products from biomass by the application of heat and chemicals. They do
not produce direct useful energy products. They produce energy carriers, such as
producer gas, oils or methanol, under controlled temperature and oxygen conditions.
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The carriers reduce transport costs and good combustion characteristics allowing
them to be utilised in engines and turbines because of their high density (Yaman
2004). Thermochemical biomass conversion processes include carbonisation, gasi-
fication, liquefaction and pyrolysis. Carbonisation, gasification and liquefaction
produce activated charcoal, syngas and bio-oil, respectively. But, pyrolysis produces
bio-char, bio-oil and syngas simultaneously (Bridgwater 2012). Hence, pyrolysis
received attention in bio-energy research.

Pyrolysis is the process of heating at high temperature and pressure in the absence
of or limited oxygen. Temperature and residence time decide the quality and
proportion of product. Longer residence time and lower process temperatures are
optimum for charcoal production. Short residence time and moderate temperature
favour the production of bio-oil. Longer residence time and higher temperature
enhance syngas synthesis. But, all the three products are always produced with
varied composition and process parameters (French and Czernik 2010). A more
comprehensive understanding of the physical and chemical properties of thermal
reactions allowed the improvement of nuclear reactors (Carlson et al. 2008).

Teak (Tectona grandis) is native to South and Southeast Asian countries such as
India, Sri Lanka, Indonesia, Malaysia, Thailand, Myanmar and Bangladesh. It is also
cultivated in some parts of Africa. It is one of the crucial lignocellulosic biomass
valued for its water resistance and durability (Ismadji et al. 2005). It contains
predominantly hemicellulose, cellulose and lignin. Being a species of hardwood, it
contains more cellulose and lignin and less hemicellulose. The mechanism of
biomass pyrolysis is explained as follows: Moisture evaporates completely at around
120 �C and then decomposition of hemicellulose starts at around 250 �C followed by
cellulose and lignin at around 350 and 500 �C, respectively. When temperature
reaches 500 �C during heating, the pyrolysis reactions are nearly completed (Miura
et al. 2004).

Hence, the present work aims at developing a mathematical model for pyrolysis
of teak sawdust. The objectives of the present work are to (1) perform experimental
studies to collect data on weight loss of teak sawdust as a function of time at different
temperatures, (2) develop a mathematical model for pyrolysis of teak sawdust and
(3) evaluate activation energy for teak sawdust pyrolysis.

12.2 Materials and Methods

12.2.1 Materials

Waste teak biomass was collected from Forest College and Research Institute,
Mettupalayam, Coimbatore district, Tamil Nadu, India. It was dried to constant
weight in hot air oven (Narang scientific works Private Limited, New Delhi) at
60 �C for 48 h. It was crushed into small pieces in jaw crusher (Almech Enterprises,
Coimbatore) and then sieved to obtain (�52 + 60) mesh particles in gyratory sieve
shaker (Lawrence and Mayo (India) Private Limited, Mumbai). Finally, particles are
transferred to airtight cover for further experimental studies.
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12.2.2 Experimental Studies

Fast pyrolysis reaction was carried out in chemical vapour deposition (CVD) tubular
furnace (VB ceramic consultants, Chennai) with an inert nitrogen gas atmosphere
maintained at a heating rate of 10 �C/min. 1 g of teak sawdust was pyrolysed, and the
loss in weight of biomass was noted down as function of time at different
temperatures. The experiment was conducted till biomass weight reaches constant
value.

12.2.3 Modelling of Pyrolysis of Steak Sawdust

Biomass pyrolysis products are a complex combination of the products from the
individual pyrolysis of cellulose, hemicellulose and extractives, each of which has its
own kinetic characteristics. In addition, secondary reaction products result from
cross-reactions of primary pyrolysis products and between pyrolysis products and
original feedstock molecules. Pyrolysis of each constituent is itself a complex
process that is dependent on many factors (Collard and Blin 2014). Pyrolysis
modelling is classified into three different types: (1) one-step global models,
(2) one-step multi-reaction models and (3) two-stage semi-global models (oochit
et al. 2017; Bridgwater 2015).

The first category of models considers pyrolysis as a single-step first-order
reaction:

Primary interaction:

Virgin biomass ! gases + volatiles
Virgin biomass ! char

Secondary interaction:

Gases + volatiles + char ! char + gases

The second category of models discusses those mechanisms, which consider
simultaneous and competing first-order reactions in which virgin wood decomposes
into different constituents of pyrolysis products, namely, tar, gases and char.

The third-class models consider pyrolysis to be a two-stage reaction, in which the
products of the first reaction (tar and gases) further react with the char produced by
the second reaction to produce tar and gases and char of different compositions.
Thus, the primary pyrolysis products participate in secondary interactions causing a
modified final product distribution. As particle size increases, the residence time of
the volatiles inside the solid increases and the effect of secondary reactions also
increases (Venderbosch 2015).

During pyrolysis, biomass (B) produces tar and gases (G) and char (C), which is
represented as follows:
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Biomass (B) Volatiles + Gases (G) (R1)

Char (C) (R2)

For reaction (R1),

� dCB

dt

� �
¼ k1:C

n1
B ð12:1Þ

where n1 and k1 are the order and rate constant of reaction (R1), respectively.
For reaction (R2),

� dCB

dt

� �
¼ k2:C

n2
B ð12:2Þ

where n2 and k2 are the order and rate constant of reaction (R2), respectively.
Combining Eqs. (12.1) and (12.2)

� dCB

dt

� �
¼ k1:C

n1
B þ k2:C

n2
B ð12:3Þ

According to Shafizadeh (1981), n1 ¼ n2 ¼ 1.
Substituting the above condition in Eq. (12.3),

� dCB

dt

� �
¼ k1:CB þ k2:CB

¼ CB k1 þ k2ð Þ
� dCB=CBð Þ ¼ dt k1 þ k2ð Þ

ð12:4Þ

lnCB½ �CB
1 ¼ k1 þ k2ð Þt½ � t0

� ln 1� lnCBð Þ ¼ k1 þ k2ð Þ 0� tð Þ
lnCB ¼� k1 þ k2ð Þt
CB ¼ e� k1þk2ð Þt

ð12:5Þ

Equation 12.5 is used to predict the concentration of biomass as a function of
time:

dcc
dt

¼ k2:CB
n2

¼ k2:e� k1þk2ð Þt

dCc ¼ k2e� k1þk2ð Þt:dt
CC½ � ¼ � k2: e� k1þk2ð Þt� �

= k1 þ k2ð Þ� �
ð12:6Þ

Equation 12.6 is used to calculate the concentration of char as a function of time.
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When pyrolysis occurs, teak sawdust loses its weight as a result of escaping of all
the gases from CVD chamber. So, only unreacted biomass and produced char can be
measured from the residue. Let W be the mass of biomass and char together:

W ¼ CB þ CC

W ¼ e� k1þk2ð Þt þ k2
1� e� k1þk2ð Þ:t

k1 þ k2ð Þ
� 	

¼ e� k1þk2ð Þ:t þ k2 � k2:e� k1þk2ð Þ:t

k1 þ k2ð Þ
¼ e� k1þk2ð Þ:t þ k2

k1 þ k2
� k2:e� k1þk2ð Þ:t

k1 þ k2ð Þ
¼ k2
k1 þ k2

þ e� k1þk2ð Þ:t: 1� k2
k1 þ k2ð Þ

� 	

¼ k2
k1 þ k2

þ e� k1þk2ð Þ:t:
k1

k1 þ k2ð Þ
� 	

W ¼ 1
k1 þ k2ð Þ k1:e

� k1þk2ð Þ:t þ k2
h i

dW

dt
¼ k1

k1 þ k2ð Þ:e
� k1þk2ð Þ:t:� k1 þ k2ð Þ þ C

�dW

dt
¼ k1:e� k1þk2ð Þt

ln � dW

dt

� �
¼ ln k1 � k1 þ k2ð Þt

ð12:7Þ

Equation 12.7 is used to predict the concentration of biomass and char together as
a function of time.

Rate constants k1 and k2 can be evaluated by plotting ln (�dW/dt) versus time
from slope and intercept. Then, activation energy can be calculated by plotting
natural logarithm of rate constants versus 1/T as per Arrhenius equation as given by.

k ¼ A:e�E=RT

ln k ¼ ln A� E=RTð Þ
Slope of curve gives (�E/R) and intercept gives ln A from which activation

energy and pre-exponential factor can be calculated and interpreted.

12.3 Results and Discussion

12.3.1 Pyrolysis of Teak Sawdust at 300 �C

Figure 12.1 shows the weight of residue as a function of time at 300 �C. At time
t ¼ 0, weight of teak sawdust is 1 g. As pyrolysis progresses, weight of biomass
reduces gradually as a result of releasing of pyrolytic gases, leaving behind char and
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unconverted biomass as residue. After 140 min, pyrolysis reaction is stopped which
is indicated from the constant weight of residue. Bio-char produced from pyrolysis at
300 �C for 140 min was 0.489 g. Finally, negligible quantity of unreacted teak
sawdust (<0. mg) was observed because of their high surface area.

By using Eq. (12.7), ln (�dW/dt) was calculated and plotted against time as
shown in Fig. 12.2. Slope gives –(k1 + k2), and intercept gives ln k1. From Fig. 12.2,
the values of k1 and k2 were 0.0114 min�1 and 0.0093 min�1. It means that
conversion of biomass to volatiles and gases is faster than conversion of biomass
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Fig. 12.1 Weight of residue of teak sawdust as a function of time at 300 �C
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Fig. 12.2 A graph showing the calculation of rate constants from experimental data at 300 �C
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to char (Robinson et al. 2015; Demirbas and Arin 2002). These values will be used to
calculate activation energy of pyrolysis of biomass at 300 �C.

12.3.2 Pyrolysis of Teak Sawdust at 400 �C

Figure 12.3 shows the weight of residue as a function of time at 400 �C. Initial
weight of teak sawdust is 1 g. As pyrolysis proceeds, reduction in weight of biomass
is observed due to formation of gases and volatiles, leaving behind unconverted
biomass and char as residue. Pyrolysis reaction is completed after 85 min which is
indicated from the constant weight of residue. Bio-char produced from pyrolysis at
400 �C for 140 min was 0.199 g. Finally, negligible quantity of unreacted teak
sawdust (1–2 mg) was observed because of their high surface area.

By using Eq. (12.7), ln (�dW/dt) was calculated and plotted against time as
shown in Fig. 12.4. Slope gives –(k1 + k2), and intercept gives ln k1. From Fig. 12.2,
the values of k1 and k2 were 0.0042 min�1 and 0.0008 min�1. It means that
conversion of biomass to volatiles and gases is faster than conversion of biomass
to char. These values will be used to calculate activation energy of pyrolysis of
biomass at 400 �C.

12.3.3 Pyrolysis of Teak Sawdust at 500 �C

Figure 12.5 shows the weight of residue as a function of time at 500 �C. At time
t ¼ 0, weight of teak sawdust is 1 g. As pyrolysis progresses, weight of biomass
reduces gradually as a result of releasing of pyrolytic gases, leaving behind char and
unconverted biomass as residue. After 80 min, pyrolysis reaction is stopped which is
indicated from the constant weight of residue. Bio-char produced from pyrolysis at
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500 �C for 80 min was 0.6 g. Finally, negligible quantity of unreacted teak sawdust
(1–2 mg) was observed because of their high surface area.

By using Eq. (12.7), ln (�dW/dt) was calculated and plotted against time as
shown in Fig. 12.6. Slope gives –(k1 + k2), and intercept gives ln k1. From Fig. 12.2,
the values of k1 and k2 were 0.0244 min�1 and 0.0094 min�1. It means that
conversion of biomass to volatiles and gases is faster than conversion of biomass
to char. These values will be used to calculate activation energy of pyrolysis of
biomass at 500 �C.
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Fig. 12.4 A graph showing the calculation of rate constants from experimental data at 400 �C
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12.3.4 Pyrolysis of Teak Sawdust at 600 �C

Figure 12.7 shows the weight of residue as a function of time at 600 �C. Initial
weight of teak sawdust is 1 g. As pyrolysis proceeds, reduction in weight of biomass
is observed due to formation of gases and volatiles leaving behind unconverted
biomass and char as residue. Pyrolysis reaction is completed after 70 min which is
indicated from the constant weight of residue. Bio-char produced from pyrolysis at
600 �C for 70 min was 0.407 g. Finally, negligible quantity of unreacted teak
sawdust (1–2 mg) was observed because of their high surface area (Fig. 12.8).
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Fig. 12.6 A graph showing the calculation of rate constants from experimental data at 500 �C
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By using Eq. (12.7), ln (�dW/dt) was calculated and plotted against time as
shown in Fig. 12.4. Slope gives –(k1 + k2), and intercept gives ln k1. From Fig. 12.2,
the values of k1 and k2 were 0.0296 min�1 and 0.0008 min�1. It means that
conversion of biomass to volatiles and gases is faster than conversion of biomass
to char. These values will be used to calculate activation energy of pyrolysis of
biomass at 600 �C (Table 12.1).

12.3.5 Calculation of Activation Energy

The pre-exponential factor is a measure of the probability that two (or more)
molecules involved in a reaction collide. It is worth reviewing the kinetic theory of
gases to get a better understanding of what it is. As for the activation energy, it can be
seen as the barrier of energy that has to be overcome so the reaction can occur. Both
parameters are very important and can certainly be used in reaction engineering,
process modelling and optimisation process.
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Fig. 12.8 A graph showing the calculation of rate constants from experimental data at 600 �C

Table 12.1 Rate constants of pyrolysis reactions at different temperatures

Temperature
(�C)

Quantity of bio-char
(g)

Slope
(min�1) Intercept

k1
(min�1)

k2
(min�1)

300 0.600 �0.0050 �5.4752 0.0042 0.0008

400 0.586 �0.0207 �4.4756 0.0114 0.0093

500 0.407 �0.0338 �3.7138 0.0244 0.0094

600 0.199 �0.0304 �3.5200 0.0296 0.0008

334 S. Aswin et al.



Arrhenius plot for conversion of teak sawdust biomass to volatiles and gases
reveals the activation energy of 28.12 kJ/mol and pre-exponential factor of
1.648 min�1 (Fig. 12.9). Arrhenius plot for conversion of teak sawdust biomass to
char reveals the activation energy of 1.959 kJ/mol and Arrhenius factor of
0.013 min�1 (Fig. 12.10). Reactions with high activation energies are very tempera-
ture sensitive; reactions with low activation energies are relatively temperature
insensitive (Babu 2008; Prakash and Karunanithi 2008; Kumar et al. 2010).
Hence, reaction from teak sawdust biomass to volatiles and gases is more tempera-
ture sensitive than to char (Koufopanos et al. 1989; Jalan and Srivastava 1999;
Levenspiel 1999).
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Fig. 12.9 Arrhenius plot for conversion of teak sawdust biomass to volatiles and gases
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12.4 Review of Literature

French and Czernik (2010) assessed a series of commercial and laboratory-
synthesised catalysts via the pyrolysis/catalytic cracking route for their hydrocarbon
production performance. For the production of stationary energy using boilers or
turbines, rapid pyrolysis bio-oils currently produced in demonstration and semi-
commercial facilities can be used as fuel, but they must be appreciably modified to
become sustainable transport fuel. To remove oxygen from organic compounds and
transform into hydrocarbons by catalytic upgrading of pyrolysis vapours with zeolite
is a favourable method. Cellulose, lignin and wood were the types of raw materials
used. Batch experiments were conducted in which raw materials, quartz boats and
the catalysts pyrolysed at a temperature between 400 and 600 �C. The ratio of
catalyst to biomass ratio of 5:10 (by weight) was used. Molecular beam mass
spectrometry (MBMS) was used to analyse the product for vapour and gas compo-
sition. The total highest hydrocarbon yield of 16 wt%, of which 3.5 wt% is toluene,
was attained with ZSM-5 substituted with nickel, cobalt, iron and gallium. Tests
conducted in a semi-continuous flow reactor reported changes in the composition of
the volatile products produced by pyrolysis/steam cracking with respect to time. The
deoxygenation activity decreases over time due to the coke deposits formed on the
catalyst.

Zhang et al. (2005) pyrolysed a biomass in a fluidised-bed unit (5 kg/h) to
maximise the liquid yield. The liquid product formed during pyrolysis was separated
into aqueous and oil phases, respectively. The oil phase reinforced by a sulphide
catalyst of Co-Mo-P in an autoclave. The optimum conditions were determined by
studying the effects of reaction conditions on product distribution. The comparison
was made by analysis between the crude oil phase and the improved liquid fuel. The
former was soluble in methanol, while the latter was soluble in oil.

Czernik et al. (2007) proposed a two-step process, rapid pyrolysis of biomass,
which produces high yields of a liquid product, the bio-oil, followed by catalytic
steam reforming of the bio-oil to produce biomass, hydrogen. Thermoconversion of
biomass is one of the most important short-term options for the production of
renewable hydrogen and can supply an important part of the transport fuel needed
in the future. A big advantage of this concept is that bio-oil is much easier and
cheaper to transport than biomass or hydrogen. As a result, biomass processing and
hydrogen production can be carried out at different locations, optimised for the
supply of raw materials and the infrastructure for the distribution of hydrogen. This
approach makes the process very suitable for centralised and distributed hydrogen
production. This work demonstrates the reforming of bio-oil in a fluidised-bed
system at scale and provides the hydrogen yield obtained using various commercial
and tailor-made catalysts.

Aho et al. (2008) carried out catalytic pyrolysis in a fluid bed reactor at 450 �C
using pine biomass and zeolite acid catalyst structures which are used as the bed
material in the reactor. In non-catalytic pyrolysis, quartz sand was used as reference
material, while in pine pyrolysis, the proton forms of Beta-, Y-, ZSM-5 and
modernite were tested as catalysts. The pyrolysis product phase yield is slightly
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affected by structures of zeloite acid catalysts, but there is dependency of chemical
composition of the bio-oil on the structures. Ketones and phenols were the dominant
groups of compounds in the bio-oil. The formation of ketones was greater than that
of ZSM-5, and the amount of acids and alcohols was lower than that of the other bed
materials tested. Mordenite and quartz sand produced lower amounts of
polyaromatic hydrocarbons compared to other catalysts tested. Finished zeolites
can be regenerated successfully without deforming the structures of zeolite.

Wan et al. (2009) aimed at assessing the effects of the catalysts on the selectivity
of the pyrolysis product assisted by microwave cornstalks and aspen. Oxides, salts
and metal, including K2Cr2O7, Al2O3, KAc, H3BO3, Na2HPO4, MgCl2, AICl3,
CoCl2 and ZnCl2, were premixed with corn stalks or wood pellets especially for
pyrolysis using microwave heating. The thermal process produced three product
fractions, namely, bio-oil, gas and charcoal. The effects of catalysts on fractional
yields have been studied. It was found that the yield of the bio-oil efficiency of coal
or gas increased with KAc, Al2O3, MgCl2, H3BO3 and Na2HPO4. These catalysts
can accelerate as absorbents for microwave heating or take part in a recovery in situ
pyrolytic vapour during the pyrolysis of biomass assisted by microwaves. GC-MS
analysis of the bio-oils revealed that the chloride salts favoured some reactions while
suppressing most of the other reactions observed for the control samples. In a
biomass of 8 g MgCl2/100, the total ion chromatograms GC-MS bio-oil from the
corn stalk or aspen treated shows one main peak of furfural covering about 80% of
the acreage spectrum. It was concluded that some catalysts enhance bio-oil yields,
and in particular chloride salts simplify the chemical composition of the resulting
bio-oil and thereby improve product selectivity of the pyrolysis process.

Fahmi et al. (2008) focused on the pyrolysis of four reference fuels and three
low-lignin Lolium-Festuca grasses to produce pyrolysis oils. The oils were analysed
to determine their quality and stability, which made it possible to identify the
properties of the raw materials that influence the stability of the oil. Two washed
raw materials were also subjected to pyrolysis to determine if a wax could improve
the quality of the pyrolysis oil. Minerals appeared to have a dominant effect on
pyrolysis compared to the lignin content, in terms of pyrolysis yields for organic
matter, coal and gases. However, the higher molecular weight compounds present in
the pyrolysis oil are due to the lignin-derived compounds as determined by the
results of GC and liquid GC/MS. The yield of the light organic fraction also
increased, but its water content was lowered as the metals increased at the expense
of the lignin content. It has been found that the fresh oil and the aged oil have
different intensities/concentrations of compounds, which is the result of a large
number of reactions that occur during daily oil aging. These results are consistent
with previous reports suggesting that a large amount of repolymerisation occurred,
since the levoglucose yields increased during aging, while hydroxyacetaldehyde
decreased. In summary, the article describes a window for producing a more stable
pyrolysis oil using energy crops and also shows that washing with biomass can
improve the quality and stability of the oil for high-quality raw materials, in the ash,
but less for energy crops.
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Demirbas (2002) reported that at the desired temperature, three different biomass
samples were subjected to direct and catalytic pyrolysis to obtain gaseous products
rich in hydrogen. The pyrolysis products are obtained into a volatile fraction
consisting of gaseous vapour and tar components and a carbon-rich solid residue.
The pyrolysis process consists of a very complex set of reactions in which radicals
are formed. Biomass gasification is a heat treatment that results in an increased
production of gaseous products and small amounts of coal and ash. Hydrogen is
produced from solid waste by pyrolysis. The untreated and catalyst-impregnated
samples were pyrolysed at temperatures of 775 K, 925 K, 975 K and 1025 K. As
temperature increases, there is increase in total volume and the gas yield.

Sonobe and Worasuwannarak (2008) investigated the behaviour of pyrolysis of
various agricultural residues using thermogravimetric analysis. The evolution rates
of gaseous products during pyrolysis, such as H2, CH4, H2O, CO and CO2, were also
measured using TG-MS techniques. Distribution activation energy model (DAEM)
proposed by Miura and Maki (1998) used to obtain kinetic parameter activation
energy f(E) and frequency factor ko(E) of the pyrolysis. Increases in values of f
(E) peaks of the f(E) curve for rice straw, rice waste, corn and cellulose were found to
be 170, 174, 183 and 185 kJ/mol, respectively, which increased by an order of 1011

to an order of 1018 s�1, while E increased from 120 to 250 kJ/mol. The variation of f
(E) curve of different types of biomass is due to the alkali and alkaline earth metal
catalytic during pyrolysis.

Adam et al. (2005) included four Al-MCM-41 type catalysts with an Si/Al ratio of
20. Mesoporous Al-MCM-41 catalysts were used to convert the pyrolysis vapours of
spruce wood into better bio-oil properties. The catalytic properties of the
Al-MCM-41 catalyst have been modified by the enlargement of the pores, allowing
the treatment of larger molecules and the introduction of Cu cations into the
structure. The pyrolysis of the spruce wood at 500 �C was carried out, and the
products were analysed by means of online pyrolysis gas/mass spectrometry
(Py-GC/MS). In addition, thermogravimetry/mass spectrometry (TG/MS)
experiments were used to monitor the evolution of the product under slow heating
conditions (20 �C/min) of 50 to 800 �C. Levoglucosan is completely eliminated,
while acetic acid, furfural and furans become important components of the cellulose
pyrolysis products compared to the unmodified Al-MCM-41 catalyst. The domi-
nance of high molecular weight phenolic compounds is greatly reduced among
lignin products. The increase in the yield of acetic acid and furan and the decrease
of large methoxyphenols are suppressed to some extent in comparison with dilated
pore catalysts. The Cu-modified catalyst exhibited a performance comparable to that
of the expanded pore size catalyst in converting pyrolysis vapours into wood,
although its pore size corresponded to that of unmodified Al-MCM-41.

Stefanidis et al. (2014) carried out thermogravimetric (TG) analyses as well as
rapid thermal and catalytic pyrolysis experiments of cellulose, hemicellulose, lignin
and their mixtures to study and determine their pyrolysis products if the pyrolysis
behaviour of a given lignocellulose-containing biomass is possible when the content
is known in these three components. The limited heat transfer had no significant
effect on the TG curves but affected the product distribution in the fast pyrolysis
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experiments, resulting in an inaccurate calculation of product yields with the use of a
simple law on additives. In addition, the pyrolysis products of each component of the
biomass have been characterised to study their contribution to the yield and compo-
sition of products from complete biomass pyrolysis. A study of the pyrolysis
reaction paths of each component was also carried out, using the characterisation
data of the bio-oil of this study and those found in the literature.

Zhang et al. (2007) carried out the co-pyrolysis of biomass and coal in a free-fall
reactor under atmospheric pressure with nitrogen as equilibrium gas. The chosen
coal sample was Dayan brown coal, while the biomass used was leguminous straw.
The working temperature was between 500 and 700 �C, and the mixing ratio of the
biomass in the mixtures varied between 0% and 100% by weight. The results
showed that there were synergistic effects in the co-pyrolysis of biomass and coal.
Under the conditions of the higher mixing ratio, the carbonisation yields are lower
than the theoretical values calculated for the pyrolysis of each individual fuel, and
therefore the liquid yields are higher. Moreover, the experimental results showed
that the compositions of the gaseous products from the mixed samples do not all
conform to those of the parental fuels. CO2 reactivities of carbonates from
co-pyrolysis under higher mixing ratio conditions (about 70% by weight) are
about twice as high as those of the carbonator alone or even higher than those of
the biomass alone.

Chen et al. (2003) focused on the use of catalysts for the production of gaseous
hydrogen from biomass. The use of cheap biomass as a source of thermochemical
conversion is a good way to produce hydrogen. Hydrogen is a clean and efficient
energy source and should play an important role in future energy demand. Various
types of catalysts have been studied on our test bench at wide operating temperature
ranges. The results show that the catalyst has a positive influence on the hydrogen-
rich gas yield. The hydrogen concentration of the pyrolytic gas is significantly
improved by some types of catalysts. The results obtained here can be very useful
for large-scale hydrogen production based on the biomass source.

Shen et al. (2009) investigated the effect of the particle size of the biomass
(0.18–5.6 mm) on the yield and the composition of the result bio-oil from pyrolysis
of woody biomass Dutch mallee in a reactor fluidised bed at 500 �C. The yield of
bio-oil decreased when the average particle size of the biomass increased from 0.3 to
about 1.5 mm. Subsequent increase in the particle size of the biomass did not result
in a further reduction in the yield of bio-oil. These results are mainly due to the
impact of particle size in the production of lignin-derived compounds. The possible
interactions between vapour particles of bio-oil and coal particles or vapours of
homogeneous reactions are not responsible for the decrease in the yield of bio-oil.
Samples of bio-oil were characterised by thermogravimetric analysis, UV fluores-
cence spectroscopy titration Karl Fischer and precipitation in cold water. It was
found that the yield of light bio-oil fractions increased and those heavy bio-oil
fractions decreased with increasing the size of the biomass particles. The pyrolytic
formation of water at low temperature (<500 �C) is little influenced by the tempera-
ture or the particle size. It is believed that the decrease in the heating rate of coarse
particles is an important factor responsible for the low yields of large particle bio-oil
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and changes in the overall composition of the oils obtained. Changes in the cell
structure of biomass during grinding can also affect the yield and composition of the
bio-oil.

Güllü and Demirbas (2001) focused on the pyrolysis of lignocellulose-containing
biomass to produce methanol. Methanol can be used to replace conventional petrol
and diesel. Thermal depolymerisation and decomposition of biomass include cellu-
lose, hemicellulose and lignin, liquid and gaseous products and a solid residue of
charcoal. A promising route for the treatment of biomass is pyrolytic conversion,
which has been carried out under different experimental conditions, in which coal,
tarry materials, an aqueous fraction and gaseous products have been produced.
Pyroligneous acid consists of about 50% methanol, acetone, phenols and water.
Methanol can be produced by pyrolysis of biomass. The methanol mainly comes
from the methoxyl groups of uronic acid and the decomposition of methyl esters
and/or ethers from the decomposition of pectin-like plant material. Acetic acid
mainly comes from acetyl groups of hemicelluloses.

Foster et al. (2012) concentrated on the conversion of glucose, furan and maple
wood using various types of ZSM-5 catalysts in semi-batch and fixed-bed reactors.
The aromatic yield of glucose conversion is maximised by the ratio of silica to
alumina (SAR) of ZSM-5 with an optimum at SAR ¼ 30. This suggests that the
concentration of acidic sites in the zeolite is critical for maximising the aromatic
yield. The formation of hierarchical mesopores in the zeolite slightly increased the
formation of coke and reduced the formation of monocyclic aromatics. It has also
been observed that mesoporous ZSM-5 favours the production of larger alkylated
monoaromatics. The selective removal of the external acid sites of the ZSM-5
catalysts not only slightly increases the activity of the catalyst but also reduces the
selectivity for the desired aromatics.

12.5 Conclusion

The present study aimed at developing a mathematical model for pyrolysis of teak
sawdust. Rate constants and activation energies of reactions are calculated from
experimental studies on pyrolysis of teak sawdust. 1 g of teak sawdust was pyrolysed
in CVD chamber at four different temperatures from 300 to 600 �C. The mathemati-
cal model was developed for pyrolysis of teak sawdust. Rate constants reveal that
conversion of biomass to volatiles and gases is faster than conversion of biomass to
char. Activation energies disclose that conversion of biomass to volatiles and gases
is more temperature sensitive than conversion of biomass to char. The results reveal
that pyrolysis of waste biomass, teak sawdust, could be the effective thermochemical
route for bioenergy.
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