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Sugarcane is an important source of bioenergy. It has been widely grown for sugar
production since long, however recently it has emerged as a promising bioenergy
engenderment tool. Sugarcane can be exploited for producing ethanol from sucrose
(first-generation biofuels), as well as from biomass (second-generation biofuels). It
has great energy potential as it is an efficient crop in terms of fixing energy, and a
huge biomass producer (Khan et al. 2017a). Moreover, sugarcane can also be uti-
lized for bioelectricity production through cogeneration. Hence, sugarcane sucrose,
bagasse, molasses, and sugarcane trash (collected from sugarcane field) can all be
used for bioenergy fructification in one form or the other (Leal et al. 2013). This
section details the use of various by-products of sugar industry for bioenergy pro-
duction either in the form of ethanol as fuel for vehicles, heat for the industry, or
biogas and bioelectricity for domestic and industrial use.

16.1 The Sugar Milling Process

The sugar production in a sugar mill goes through several steps including crushing
of sugarcane, squeezing and separation of raw juice from bagasse, and juice clarifi-
cation through heating and chemical reactants addition. Then, the juice is concen-
trated by heat inputs that boil it to evaporate moisture leading to the stage of
crystallization. Finally, the crystallized sugar is separated from molasses through
the process of centrifugation. Several by-products obtained during the manufactur-
ing of crystal sugar are either disposed of into the environment endangering the
ecosystem or utilized judiciously to make valuable products with less toxic waste
materials. The major by-products of sugar industry are bagasse, molasses, press-
mud, vinasse, furnace ash, and steam released during juice evaporation and conden-
sation. Figure 16.1 shows a simplified scheme of the sugar mills process (Colombo
et al. 2014; Toasa 2009).

All the steps carried out in a sugar factory require heat, electrical, and mechani-
cal energy. Most of the mill processes’ energy requirements are met out from its
own energy source of bagasse acting as feedstock of energy units. The boilers are
developed to burn bagasse at about 50% moisture for energy production that is used
in the mill in different forms:

(i) The addition of hot water to shredded cane facilitates up to 96% sucrose
extraction ravaging only 4% in bagasse during milling.

(i1) The juice is collected in tanks for liming/sulphitation, kept at proper tempera-
ture through heat exchange system, and then clarified from settled mud
through filtration. This process involves precipitation of insoluble calcium
phosphates of variable composition in hot melt liquor by adding phosphoric
acid, followed by addition of calcium hydroxide slurry water (milk of lime)
with a final pH of 7.2-7.4.

(iii) The clarified juice is evaporated in the evaporator tandem to concentrate the
juice, whereas steam is evolved in sufficient quantities for use in various other
stages of the process.
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Fig. 16.1 A typical sugar factory’s operations’ schematic diagram (Colombo et al. 2014; Ensinas
et al. 2006)

(iv) The concentrated juice is boiled in vacuum pans where low pressure and con-
tinuous provision of heat makes the juice supersaturated. This saturated syrup
is termed as massecuite that comprises of crystals of sugar and molasses.

(v) Massecuite is passed through centrifugation process at centrifuge mills that
separates sugar crystals from molasses.

(vi) Molasses are either used for the production of ethanol in distillery units or sent
to the storage tanks for sale.

(vii) During sugar production, a lot of surplus heat energy is produced that is either
dissipated or used for electricity production.

The general parameters of thermal energy usage in a typical cane sugar factory
(Ensinas et al. 2006) can be characterized as follows:

(i) Raw juice leaves extraction system at 35 °C.
(i1) Juice clarification takes place by heating up to 103 °C yielding 14—16% Brix.
(iii) Treated juice enters the first stage of multi-effect evaporation system at 97 °C
concentrating it from 15 to 65° Brix while reaching the fifth effect evapora-
tion system. Absolute pressures of the evaporation stages are 1.69, 1.34, 0.98,
0.51, and 0.16 bars, respectively.
(iv) Syrup is continuously heated at 80 °C using steam from the first effect of
evaporation station for treatment.
(v) Sugar syrup boiling into vacuum pans with steam from multi-effect evapora-
tion station and concentrates to 91-93% Brix, which is termed as
“massecuite.”
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(vi) Finally, centrifugation and separating of sugar from molasses take place.
(vii) Overall about 5% of steam is lost in the process.
(viii) Process steam is used at 2.1 bar pressure for sugar drying.

16.1.1 Bagasse

Bagasse is a fibrous residue generated by sugar industries after sugary juice extrac-
tion from sugarcane (Daud et al. 2007; Sun et al. 2004). Bagasse is a product of
paramount importance in sugar mills” operations as a source of ethanol and bioelec-
tricity. On an average, 280 kg bagasse is yielded on crushing of one ton sugarcane,
although it varies from 220 to 360 per ton, primarily determined by its fiber, juice,
and trash content. In a sugar factory, one ton of refined sugar corresponds to about
two tons of bagasse production. Fresh bagasse is also called mill wet bagasse with
48-52% moisture, 48% fiber, and 2—4% sugar and other elements (Lois-Correa
et al. 2010; White 2009). The energy value of bagasse basically depends on its fiber
content that comprises 30-50% cellulose, 28—-35% hemicellulose, 20-25% lignin,
5% sugars, and about 2% minerals on dry weight basis. At 50% moisture, the gross
heating value (GHV) of mill wet bagasse is 9361.4 kJ kg™!' and of dry bagasse is
19,498 kJ kg™! (Abdalla et al. 2018).
Major uses of bagasse at the sugar mills are enlisted as follows:

* Bagasse can be used for second-generation ethanol production at the sugar mills,
which have great importance because of the fact that such kind of ethanol engen-
derment does not compete with sugar production (Khan et al. 2017b).

* Bagasse is used to fuel the sugar mill (Antaresti et al. 2002; Charles and Shuichi
2003). In cogeneration system of sugar mills, bagasse is burnt to produce heat
and steam for the mill functioning and electricity generation (Ensinas et al.
20006).

e Enzymatic hydrolysis of sugarcane bagasse can result in glucose, xylose, etha-
nol, and methane production (Bommarius et al. 2008; Guilherme et al. 2015;
Rezende et al. 2011).

e Sugarcane bagasse and molasses can also find applications in producing fungal
invertase (B-fructofuranosidase), a key catalytic enzyme in food industry (Veana
et al. 2014). This enzyme is used to prepare artificial sweeteners (Aranda et al.
2006; Ashokkumar et al. 2001). The fructosyltransferase activity of the enzyme
helps synthesize fructo-oligosaccharide compounds that improve intestinal
microflora and has health benefits (Khandekar et al. 2014; Linde et al. 2009).

e It is also used to make paper by virtue of its high cellulose content (Daud et al.
2007).

e Itis also employed as animal feed as it contains sugar and fiber.

e Sugarcane bagasse ash may be partly used in ceramic floor tile due to high SiO,
contents (85.5%); moreover, it can also find applications as a source of fertilizer
(Faria 2011).
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16.2 Bioethanol Production at Sugar Industries

Fossil fuels, although played a discrete role in industrialization of emerging econo-
mies, yet, they gave rise to environmental and economic concerns (Colombo et al.
2014; International Energy Agency [IEA] 2015; O’Sullivan and Sheffrin 2003). An
increasing awareness regarding these issues inculcated engineering to new research
areas to evade fossil-dependent economies to an endurable form of growth using
renewable green energy sources (Colombo et al. 2014; National Academic Press
[NRC] 2000). Traditionally, sugar mills can produce bioethanol for fuel blending
and generate their own energy from bagasse and other sugarcane feedstocks for
their operations.

Biofuels like ethanol and biodiesel are among the rapidly developing sources of
energy. Global production of biofuels amounted to 133 billion liters in 2015 distrib-
uting as 62% bioethanol and 24% biodiesel (Kummamuro 2016). Global bioethanol
production tripled from its 2000 level and reached 52 billion liters in 2007 and to 99
billion liters in 2013. Brazilian ethanol from sugarcane and American ethanol from
maize are by far leading the ethanol production. In 2015 the United States’ corn and
Brazil’s sugarcane accounted for about 87% of the world ethanol production
(Kummamuro 2016).

Bioethanol is a high-octane fuel which is used mainly as a gasoline stabilizer
and replacement of fuel additive methyl tertiary butyl ether (MTBE)—an environ-
mental inimical and contaminant to groundwater. High ethanol blends also help to
control surge in prices for petroleum-based fuels (United Nations Development
Programme [UNDP] 2009). Moreover, GHG release can be alleviated by increase
in ethanol production with the hydrolysis of lignocellulosic cane residues (surplus
bagasse and trash) in addition to molasses and sucrose (Seabra and Macedo 2011;
Seabra et al. 2014).

Bioethanol originates from carbohydrates like sugar, starch, and celluloses by
fermenting them with yeast or other microorganisms. The theoretical yield of etha-
nol is 617 L ton~! of sucrose (Rein 2004) with the possible real recovery of
533.7 L ton! of sucrose (Table 16.1). Similarly, one ton of molasses yields about
263 L of ethanol. About 27.8 billion liters of bioethanol have been blended with
fossil fuels in Brazil for motor vehicles, accounting for 26.3% of total Brazilian
fuel consumption in 2017 (Barros and Berk 2018). Ethanol production from sugar-
cane is economically viable in many of the sugarcane-producing countries because
of the drop in sugar support prices and advantages associated with the division of
sugarcane production for multiple products. The cost of ethanol production in
Brazil is in the range of US$2.50 to 5.70 dal.~! (Galvao et al. 2016; Walter and
Dolzan 2009). Likewise, other cane-producing countries could have multipurpose
factories for economic advantages as well as for partial replacement of fossil fuels
with the ethanol.
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Table 16.1 Ethanol conversion per unit of different feedstocks (USDA 2006)

Ethanol conversion factor
Commodity (L ton~! of feedstock)
Barley 243.4
Corn 371.7
Sugarcane® 73.8
Sugar beet" 93.9
Molasses® 262.7
Raw sugar 512.5
Refined sugar 533.7
Grain sorghum 402.4
Wheat 389.1

“Based on 2003-2005 United States (US) raw sugar recovery rate of 12.26% and sucrose recovery
from cane molasses at 1.89% by sugarcane weight

"Based on 2003-2005 US average refined sugar recovery rate of 15.5% by sugar beet weight and
sucrose recovery from beet molasses at 1.81% by sugar beet weight

‘Based on average sucrose recovery of 49.2% of cane molasses (Rein 2004)

16.2.1 Sugarcane as an Ethanol Source

Feedstocks for ethanol production comprise C; plants (wheat, barley, and sugar
beet) and C, plants (sugarcane and corn):

1. Corn: Two processes are used in the United States to obtain ethanol from corn,
i.e., wet and dry milling process. Dry milling covers about 79% of ethanol pro-
duction, while wet milling refers to only 21% of ethanol synthesis. Corn needs
pre-hydrolysis before fermentation (United States Department of Agriculture
[USDA] 2006).

2. Sugar beet: Processing plants convert sugar beet into refined sugar and release
molasses and beet pulp as by-products leading to ethanol production.

3. Sugarcane: Sugar mills convert sugarcane to raw and refined sugars along with
molasses and bagasse. Molasses and sugars are used in the production of alcohol
for beverages and fuel. Raw or refined sugars and molasses do not need pre-
hydrolysis before fermentation as in the case of corn or other feedstocks.

4. Other feedstocks: Wheat, barley, and grain sorghum. The conversion efficiency
of different feedstocks is listed in Table 16.1.

5. Cellulosic biomass: Sugarcane bagasse and trash, wheat straw, wheat husk, rice
straw, etc. need pretreatments before alcoholic fermentation.

The ethanol yields of corn are lower than sugarcane and sugar beet. In sugarcane
or sugar beet allied fermentation units, the sugarcane or sugar beet extract, sugars,
and molasses are used to make ethanol. Almost 25 L of sugarcane molasses is pro-
duced with each 100 kg raw sugar production (USDA 2006). Using raw sugar
recovery factor of 12.26% and molasses sucrose contents of 49.2% for a sugarcane
factory, one ton of sugarcane yields about 126.8 kg sucrose enabling to produce
73.8 L ethanol (Table 16.1). Sugar recovery is somewhat more in sugar beet com-
pared against that of the sugarcane. Relatively more beet sugar recovery (15.5%)
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and molasses sucrose contents of 50% (molasses are 4% by weight of sugar beet)
enable it to produce 93.9 L ethanol ton™' of sugar beet. One ton of molasses would
yield 262.7 L of ethanol while raw and refined sugars would produce 512.5 and
533.7 L ethanol, respectively. However, per hectare yield of sugarcane is extremely
high as compared to sugar beet making it an ideal candidate for finding applications
as a biofuels source to meet huge demands of the same.

16.2.2 Technological Aspects of Ethanol Production
Jrom Sugarcane

The prerequisites for ethanol production are:

* Uninterrupted accessibility of feedstock in larger quantities
e Escalation in production efficiency to make the process sparingly suitable
e Environmentally and instrumentally safe process

Steps involved in bioethanol production process are feedstock collection, feed-
stock preparation, washing/separation/hydrolysis, fermentation using yeast, distilla-
tion, dehydration, and removal of solid residues and CO, (Barriga 2003). Major
determining step, however, is fermentation that involves microbial activities under
specific conditions. Different species of bacteria and yeasts responsible for alco-
holic fermentation have been investigated by a number of workers (Behera et al.
2012; Bangrak et al. 2011; Cazetta et al. 2007; Gasmalla et al. 2012; Morias et al.
2007). Current industrial ethanol fermentation is largely achieved through
Saccharomyces cerevisiae that is tolerant to low pH and high ethanol concentra-
tions; moreover, Zymomonas mobilis bacterium is also employed for ethanol pro-
duction from glucose and sucrose (Yang et al. 2007).

Molasses appears to be the cheapest source of ethanol production that can be
purified to make absolute and rectified spirit (Sam 2012). The chemicals required
during fermentation process are sulfuric acid, phosphoric acid, and ammonium sul-
fate. The important chemical reactions incurred in the process are:

C,H»0y; + H,O —» 2C¢H 1,04  yeast/enzyme invertase (Sam 2012)

C¢H 1,04 — 2C,HsOH + 2CO, yeast/enzyme zymase (Morias et al. 2007)

2C¢H,06 + H,O — ROH + RCHO (high molecular weight alcohols and alde-
hydes produced as side reaction, Sam 2012)

Molasses from sugar industries are stored in large-volume storage tanks for con-
tinuous operation of distilleries. Molasses, at first, are diluted with water to the level
of 15-20% sugar concentration (Gasmalla et al. 2012). Then acids are added to
adjust pH between 4.5 and 5 for the growth of yeast to break up the sucrose in the
diluter equipment. A yeast culture tank containing ammonium and magnesium phos-
phate is used for yeast propagation that produces invertase and zymase type of cata-
Iytic enzymes. A schematic diagram is given for molasses fermentation in Fig. 16.2.

The treated molasses and the yeast are then supplied to the fermentation chamber
at a ratio of about 20 to 1 and powered with heating coils or jackets to maintain
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Fig. 16.2 Process of ethanol production by molasses fermentation (Sam 2012)

temperature of 20-35 °C in the tanks. The fermentation process is carried out for
30-70 hours considering temperature, sugar concentration, and yeast count. During
this process carbon dioxide is also produced by microbial activity. Henceforth the
mixture is strained to remove solid and slurry material leaving alcohol and water
behind; where alcohol concentration is around 10% that is fed to the distillation unit
for refining.

Distillation and dehydration of alcohol mixture are carried out in distillation unit
for purifying the ethanol. In distillation, ethanol and water are separated by consid-
ering their different boiling points. The series of distillations lead to 95% pure etha-
nol leaving behind some intermolecular spaced water in it. This intermolecular
spaced water is escaped through dehydration, which is done either by azeotropic
distillation using entrainer (benzene or cyclohexane) or by molecular sieves like
zeolite with pore size under 0.4 nm—preferably 0.3 nm (Angstrom)—that trap
0.44 nm ethanol molecules and drain out water molecules having 0.28 nm diameter
(Carmo and Gubulin 1997; Diaz et al. 2010).

16.2.3 Ethanol Production from Lignocellulosic Biomass:
Bagasse, Pressmud, Trash, and Others

Apart from sugar, and first-generation ethanol, sugarcane is also a great source of
lignocellulosic biomass which can be subjected to second-generation ethanol produc-
tion. High biomass yields of sugarcane make it an excellent source of the same in this
regard. Sugarcane trash, straw, and bagasse, all can be employed for alcoholic fer-
mentation. Bagasse, the fibrous residue obtained after extracting the juice from sug-
arcane during the sugar production process, has great potential as substrate for
second-generation ethanol as it is found in large quantities in the sugarcane-growing
countries. Currently, bagasse is either stored in a stockpile or burned for cogeneration,
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hence the growing interest in developing technologies for its conversion not only to
ethanol but other petroleum-based chemicals like polymers, resins, and organic acids.

Plant cell wall is composed of cellulose, hemicellulose, and lignin. Sugar or
molasses fermentation involves plain pretreatment steps as they do not need sac-
charification. Contrarily, lignocellulosic biomass needs another pretreatment to solu-
bilize cellulose. There are about 73.9 million tons of dry wasted crops and about 1.5
billion tons of dry lignocellulosic biomass that need proper utilization annually (Kim
and Dale 2005). The lignocellulosic biomass fermentation is of significance regard-
ing food vs. fuel issues as these feedstocks does not impact sugar production. The
pretreatment for lignocellulosic biomass is prerequisite to hydrolyze and delignify
the material for enzymatic effectiveness (Gould 1985). Such pretreatments include
acid treatment with sulfuric acid (Esteghlalian et al. 1997), alkaline treatment by
aqueous ammonia to take out 70-85% lignin and solubilize 40-60% hemicelluloses
(Kim et al. 2003) without affecting other components (McMillan 1997), and thermo-
acid treatment. The steam (hydrothermal) treatment (150-230 °C) breaks down the
plant cell wall through hydrolysis to ease enzymatic biodegradations (Boussarsar
et al. 2009; Shaibani et al. 2011; Stenberg et al. 1998). Delignification in sugarcane
bagasse with dilute acid-sodium hydroxide yields 96 and 85% of hemicellulose and
lignin fractions, respectively, increasing the cellulose conversion from 22.0% in
untreated to 72.4% in treated bagasse (Rezende et al. 2011).

The pretreatment of cellulosic biomass facilitates enzymatic hydrolysis to pro-
duce glucose and xylose as depicted in Table 16.2 (Guilherme et al. 2015; Rezende
etal. 2011; Shaibani et al. 2011), followed by fermentation for ethanol (Bommarius
et al. 2008; Sun and Cheng 2002). Another method called immobilized cell system
provides high density in the reactor that allows elevated flow rate to squeeze the
process time. It works through attachment of yeast to a surface, entrapment in a
porous matrix, and containment behind an obstacle and self-agitation (Verbelen
et al. 2006). The entrapped yeast in porous matrix produces 11.5 times more ethanol
than the free yeast cells (Nigam 2000).

Cellulose conversion technologies are just emerging, technically unsound yet
and commercially immature, hence will only allow utilization of lignocellulosic
parts of sugarcane after having a dynamic research in the area (Rezende et al. 2011).

16.2.3.1 Biomass Composition

Lignocellulosic biomass of cane crop, such as sugarcane bagasse and energy cane
bagasse, are composed of cellulose (30—43% DW, a linear polymer of glucose units
linked by a p-glucoside bond), hemicellulose (23—27% DW, a branched heteropoly-
mer with xylan as the major constituent, which is a heteropolysaccharide with vary-
ing proportions of xylose, arabinose, galactose, and mannose and with other groups
such as glucuronic acid or acetic acid attached to its backbone), lignin (25-27%
DW, a complex, heterogeneous, and branched polymer of phenolic and enolic com-
pounds), and other components, e.g., protein, ash, and extractives (Aita and Kim
2011; Oladi and Aita 2017; Oladi and Aita 2018). The association and complexity
of the lignin-polysaccharides complex make enzymatic accessibility a challenge,
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which is the main obstacle in the bioconversion of fermentable sugars to second-
generation ethanol (Aita and Kim 2011).

16.2.3.2 Biomass Pretreatment

Once the biomass is harvested, collected, and transported to the processing plant, the
next step is to convert the biomass into ethanol. This can be accomplished by depoly-
merizing the lignin-polysaccharides matrix into their respective monomers. US DOE
has reported that pretreatment is the second largest production cost following the cost
of feedstock and has predicted that this would still be the case in future commercial-
scale facilities (Humbirt and Aden 2008). The high costs are related to the need for
reactors capable of operating under high temperatures and pressures, the use of cor-
rosive catalysts and the need for their recovery (Stephen et al. 2012). Several tech-
nologies have been developed for the conversion of lignocellulosic biomass into
ethanol and are grouped into two categories, biochemical and thermochemical con-
version technologies. In biochemical conversion, the cellulose and hemicellulose
present in the lignocellulosic biomass are broken down to their monomeric sugars
(glucose, xylose, arabinose, mannose, and galactose) and then fermented into etha-
nol. The lignin which cannot be fermented into ethanol is fed into a boiler for energy
production. In thermochemical conversion, the lignocellulosic biomass is gasified to
produce syngas (a mixture of carbon monoxide, hydrogen, carbon dioxide, methane,
and nitrogen) and then fermented or catalytically converted to ethanol.

16.2.3.3 Biochemical Conversion

The overall target of biochemical conversion is to provide enzymes better accessi-
bility to the polymeric sugars, thus enhancing the bio-digestibility of lignocellulosic
biomass. The biochemical conversion of bagasse to ethanol can be accomplished by
the following steps: pretreatment, detoxification, hydrolysis, fermentation, and dis-
tillation. A successful biochemical conversion method should improve enzymatic
accessibility by having minimal fermentable sugar losses, reducing the formation of
toxic or inhibitory compounds (i.e., organic acids, furan derivatives, phenolic com-
pounds), generating minimum waste products, having low capital and energy costs,
and being suitable for a wide range of lignocellulosic biomass materials (Sun and
Cheng 2002). The toxic compounds generated from the degradation of cellulose,
hemicellulose, and lignin during pretreatment have shown inhibitory effects on
downstream processes (i.e., enzymatic hydrolysis, microbial fermentation) thus the
need for their removal (Alvira et al. 2010). Biochemical conversion methods can be
classified as physical (e.g., grinding, extrusion, irradiation), chemical (e.g., acid,
alkaline, liquid hot water, ionic liquids), physicochemical (i.e., steam explosion,
AFEX), biological, or a combination of these methods. Although dilute acid, alka-
line, and steam pretreatments are the technologies most commonly used, a variety
of biochemical pretreatments have been used for sugarcane and energy cane bagasse,
each having inherent advantages and disadvantages (Table 16.3).
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Table 16.3 Biochemical processes used for the pretreatment of sugarcane and energy cane

bagasse
Pretreatment
Process Mode of Action Advantages Disadvantages
Physical Milling, er indine, irradiation to Reduces cellulose | High power and
reduce particle size crystallinity energy
Increases surface | consumption
area
Chemical
Liquid hot High temperature (>120 °C) and Causes lignin Partial
water pressure (5 MPa) degradation/ hemicellulose
hemicellulose degradation
solubilization
1-80 min to remove hemicellulose Most cellulose is | Generation of
preserved inhibitory
compounds
Neutralization step | Detoxification is
is not needed needed
No chemicals High energy
corrosion resistant | investment and
materials required | water demand
Acid (e.g., sulfuric) concentrated (18—40% | High sugar yields | High cost
acid, 80 °C, 90 min) or dilute acid Hydrolyze Acids need tobe
1.80-10%, 100-120 °C, 40-120 min) | hemicelluloses recovered
to solubilize hemicelluloses/lignin Equipment
corrosion problems
Formation of
inhibitory
compounds
Neutralization step
is needed
Alkaline (e.g., sodium hydroxide, ammonium | Increases Salts are formed

hydroxide) disrupts ester and
glycosidic chains causing cellulose
swelling, lignin degradation, partial
decrystallization and solubilization of
hemicellulose (53—-160 °C, 1-4 h)

accessible surface
area

and incorporated
into biomass

Removes lignin
and hemicellulose

Decreases cellulose
cristallini tv

Requires low

Requires long
residence times

temperatures
Ionic liquids | Salts with a small anion and a large No inhibitor High cost
organic cation that dissolves the production
cellulose (60-140 °C, 5-360 min) Low sugar Washing required
degradation prior to reuse of
Environmental ionic liquids
friendly

(continued)
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Table 16.3 (continued)
Pretreatment
Process Mode of Action Advantages Disadvantages
Organesolv | (e.g., ethanol, methanol, acetone, etc.) | Hydrolyzes lignin | High cost
to hydrolyze hemicellulose and lignin | and hemicellulose
(150-200 °C, 30-90 min) Recovery-of Cataysts need to be
relatively pure drained and
ligin as byproduct | recycled
Safety, high solvent
volatility
Physicochemical
AFEX Liquid ammonia treatment followed | Increases No efficient in
by sudden pressure release to disrupt | accessible surface | high-lignin content
biomass and decrystallize cellulose area biomass
(60-100 °C, 30-60 min, 1.7-2 Mpa) | Removes lignin Cost of ammonia
and hemicellulose
No inhibitors
produced
Steam Biomass exposed to hot steam and High sugar yield Incomplete
explosion high pressure followed by sudden delignification
release of pressure to disrupt cell wall | Cost effective Partial
structure and hemicellulose (160— hemicellulose
260 °C, 15 min, 0.6-4.3 MPa) degradation
Lower Generation of
environmental inhibitory
impact compounds
Biological Microorganisms (e.g. white-rot, Low energy Slow rate of
brown-rot fungi) produce lignin requirements hydrolysis
peroxides and laccase that causes Degrades lignin Less of sugars as
lignin degradation and hemicellulose | utilized by
microorganisms

Aita and Kim (2011), Fatma et al. (2018), Rastogi and Shrivastava (2017)

16.2.3.4 Detoxification

Hydrolysates that result from the biochemical pretreatment of lignocellulosic bio-
mass may contain by-products other than sugars, including organic acids, furans,
and phenolic compounds. These inhibitory compounds can negatively affect down-
stream processes such as enzymatic hydrolysis and fermentation. The nature and
concentration of the generated inhibitory compounds are directly related to pretreat-
ment conditions and biomass composition (Jonsson and Martin 2016).
Detoxification methods can be categorized into physical (i.e., evaporation),
physicochemical (i.e., liquid-liquid extraction, ion-exchange resins, overliming,
activated carbon, flocculation), microbial (i.e., Issatchenkia spp., Trichoderma
spp.), and enzymatic (i.e., laccases, peroxides) (Canilha et al. 2012; Deng et al.
2018; Deng and Aita 2018; Palmqvist and Hahn-Hégerdal 2000). There might be a
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need to combine several detoxification strategies to reach the target concentration
level for inhibitors as each of these strategies have some inherent shortcomings
(Ranjan et al. 2009). Sugar losses while applying detoxification strategies to pre-
treated biomass hydrolysates should be negligible (Mussatto and Roberto 2004).
According to Sivers et al. (1994), the cost of a hydrolysate detoxification process
can be up to 22% of the total cost of ethanol production.

16.2.3.5 Hydrolysis Technologies

Hydrolysis is the process that comes after biochemical pretreatment and detoxifica-
tion, and it involves breaking down the polymeric sugars into their monomeric
forms. This process is often catalyzed by an acid or enzymes, and it is critical in the
production of ethanol since the quality of the hydrolysate will affect the subsequent
fermentation process. This strategy not only offers the possibility of substrate speci-
ficity but reduces processing time from weeks to hours without the need of carbo-
hydrate consumption as seen with biological pretreatment methods (Moreno et al.
2015). Hydrolysis represents 25-30% of the operational costs (Valdivia et al. 2016).
Acid hydrolysis involves the use of dilute or concentrated acids, and it is only appli-
cable to lignocellulosic biomass that has been pretreated with dilute acid technolo-
gies. Dilute acid (0.4%) at 215 °C with 3 min residence time are employed for
converting cellulose to glucose (Hamelinck et al. 2005). A drawback is the recovery
of the acid in high yields. However, two US companies, BlueFire Renewables and
Virdia, claim to have overcome this challenge at pilot scales using concentrated
sulfuric acid (Arkenol process) and hydrochloric acid (cold acid solvent extraction
process), respectively (Hayes 2016).

Compared to acid hydrolysis processes, enzymatic hydrolysis is the preferred
method due to its effectiveness, mild pH (4-5) and temperature (45-55 °C), and
non-corrosive properties (Aditiya et al. 2016; Mohapatra et al. 2017). The highest
glucose yields that can be achieved with untreated biomass using excessive amounts
of enzymes will not exceed 20% (Mosier et al. 2005). Despite the improvement in
the digestibility of lignocellulosic material after pretreatment, the complex structure
of lignocellulosic biomass still requires the use of enzymes, e.g., cellulase, to yield
maximum carbohydrate conversions. Enzymatic hydrolysis strongly depends on
microbial species, biomass chemical composition, pretreatment method, and
enzyme mode of action (Pothiraj et al. 2014). Enzyme loadings, the use of acces-
sory enzymes (xylanase, feruloyl esterase, pectinase, laccase), and the presence of
inhibitory compounds (phenolic compounds, furan derivatives, organic acids) can
also affect carbohydrate conversion yields during enzymatic hydrolysis (Bussamra
et al. 2015). Enzymes used for lignocellulosic biomass hydrolysis can be produced
by both bacteria such as Clostridium cellulovorans and fungi such as Trichoderma
reesei, Aspergillus niger, and Pycnoporus spp. (Mohapatra et al. 2017; Talebnia
et al. 2010).

The availability of cost-effective commercial enzymes to produce second-
generation ethanol remains a challenge, and innovative bioprocesses to produce a
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new generation of enzymes are still needed. Current commercially available
enzymes include Accellerase®1500 (DuPont), a mixture of exoglucanase, endoglu-
canase, xylanase, and p-glucosidase. Accellerase® XP (DuPont), Accellerase® XC
(DuPont), and Accellerase® BG (DuPont) are accessory enzymes with cellulose
and hemicellulose activities which can be wused in combination with
Accellerase®1500. Cellic® CTec2 (Novozymes®) and HTec2 (Novozymes®) con-
tain cellulase, f-glucosidase, xylanase, and endoxylanase, respectively. Celluclast®
1.5 L (Novozymes®) has cellulase activity.

16.2.3.6 Fermentation

The hexose (mostly glucose) and pentose (mostly xylose) sugars released during the
hydrolysis of bagasse or lignocellulosic biomass are subsequently converted into
ethanol via anaerobic or aerobic fermentation by a variety of microorganisms. The
yeast Saccharomyces cerevisiae has been historically used for the fermentation of
glucose into ethanol. However, this organism cannot ferment pentose sugars, a sig-
nificant limitation since pentose sugars account for at least 25% of the mass balance
of many lignocellulosic biomass materials (Hayes and Hayes 2009). For lignocel-
lulosic ethanol to be economical, fermentation of both hexose and pentose sugars
must result in high yields. Theoretically, each kg of glucose and xylose can produce
0.45 kg carbon dioxide and 0.51 kg ethanol (Hamelinck et al. 2005). A way to over-
come this obstacle is to use microbial genetic engineering tools. Common targeted
organisms include Zymomonas mobilis, Escherichia coli, and Saccharomyces cere-
visiae (Lawford and Rousseau 1991). However, in some cases, the genetically mod-
ified strains of these conventional fermentative microorganisms are not sufficiently
robust to function in large-scale industrial environments (Hahn-Hagerdal et al.
2007). Several integrated technologies have been proposed to increase the efficacy
of ethanol production such as separate hydrolysis and fermentation (SHF), simulta-
neous saccharification and fermentation (SSF), simultaneous saccharification and
cofermentation (SSCF), and consolidated bioprocessing (CBP).

Separate Hydrolysis and Fermentation (SHF)

SHF is a classic two-step process configuration where lignocellulosic biomass
hydrolysis and fermentation are carried out separately thus allowing each step to be
performed at its optimal operating conditions (pH and temperature) and at relatively
shorter times (Sarris and Papanikolaou 2016). Substrate concentration at 10% (w/w)
solid loadings are defined as the most adequate considering arising mixing difficul-
ties and the accumulation of sugars which inhibit enzyme activity (end-product
inhibition), thus ultimately affecting ethanol yields (Jambo et al. 2016; Sdnchez and
Cardona 2008). The following ethanol concentrations have been reported with
steam pretreated sugarcane bagasse (26 g L=!), liquid hot water pretreated sugar-
cane bagasse (25 g L"), phosphoric acid pretreated sugarcane bagasse (25 g L),
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sulfuric acid pretreated sugarcane bagasse (20 g L'), dilute ammonia pretreated
sugarcane bagasse (20 g L") or energy cane bagasse (23 g L"), and ionic liquid
(1-ethyl-3-methylimidazolium acetate) pretreated energy cane bagasse (18 g L")
(Aita et al. 2011; Bezerra and Ragauskas 2016; Cao and Aita 2013; Neves et al.
2016; Qiu et al. 2014; Torres da Silva et al. 2016).

Simultaneous Saccharification and Fermentation (SSF)

Hydrolysis and fermentation are combined in a single reactor so that glucose is
fermented (separately of pentoses) or cofermented to ethanol as soon as the sugars
are released by enzymes, thus overcoming the accumulation of hydrolytic end prod-
ucts (glucose and cellobiose) which are inhibitory to cellulolytic enzymes (Ferreira
et al. 2010). Benefits of this process include ease of operation, low equipment
requirement than SHF, and the presence of ethanol in the medium which reduces the
contamination risk of external microflora (Vohra et al. 2014). SSF also allows for
high solid loadings (30% w/w) (Mohapatra et al. 2017). Major drawbacks include
difficulty in optimizing process parameters for both enzymes and microorganisms,
such as incompatible hydrolysis (45-50 °C) and fermentation (28-30 °C) tempera-
tures, ethanol toxicity to microorganisms, and enzyme inhibition by ethanol (Rastogi
and Shrivastava 2017). The use of protein engineering to lower the optimum tem-
peratures of enzymes would be a challenge so the alternative is to use thermotoler-
ant strains that could grow well and produce ethanol at higher temperatures
(Hasunuma and Kondo 2012). SSF still requires the microorganism to be grown in
a separate reactor where 9% of the sugars from hydrolysates are used to grow cel-
lular mass (Hayes 2016). A study conducted with 10% sugarcane bagasse pretreated
with sodium hydroxide/hydrogen peroxide combination resulted in 25 g L~! ethanol
using Kluyveromyces maxianus DWO0S as the ethanol-fermenting yeast (Cheng et al.
2008). Other ethanol concentrations reported include liquid hot water pretreated
sugarcane bagasse (19 g L"), sulfuric acid pretreated sugarcane bagasse (18 g L),
and phosphoric acid pretreated sugarcane bagasse (17 g L") (Bezerra and Ragauskas
2016; Neves et al. 2016; Torres da Silva et al. 2016).

Simultaneous Saccharification and Cofermentation (SSCF)

A simplified process where the pretreated lignocellulosic biomass material is com-
bined with different enzymes and microorganisms in the same reactor with the pur-
pose of hydrolyzing both the hexose and pentose sugars and fermenting them into
ethanol (Lynd 1996). However, SSCF has been slow to develop commercially
because optimal conditions required for hydrolysis and fermentation are different,
and improved microbial strains are needed for the cofermentation of all sugars
(Chandrakant and Bisaria 1998; Koppram et al. 2013). Saccharomyces cerevisiae
TMB3400, a xylose-fermenting recombinant strain, and P. stipitis CBS6054, a
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naturally xylose-fermenting strain, were compared in SSF of non-detoxified hydro-
lysate from steam pretreated sugarcane bagasse previously impregnated with sulfate
(Rudolph et al. 2007). The highest ethanol concentration (26.7 g L™') was obtained
with S. cerevisiae TMB3400, whereas P. stipitis CBS6054 resulted in 19.5 g L~!
under aerated conditions.

Consolidated Bioprocessing (CBP)

CBP represents the ultimate simplification of the enzymatic hydrolysis and micro-
bial fermentation process where a fungus (i.e., Trichoderma reesei, Fusarium oxys-
porum, Neurospora crassa, Aspergillus spp., Rhizopus spp., Paecilomyces spp.), a
yeast (i.e., Candida shehatae, Pachysolen tannophilus, Saccharomyces cerevisiae,
Pichia stipitis), or a bacterium (i.e., Clostridium thermocellum, Escherichia coli,
Klebsiella oxytoca, Zymomonas mobilis) is capable of both hydrolyzing the poly-
saccharides and fermenting them into ethanol in a single reactor (Aditiya et al.
2016; Taherzadeh et al. 2000). CBP has the potential to offer the lowest production
cost for ethanol but current limitations include low yields and long periods for fer-
mentation by up to 12 days (Koutinas et al. 2014). Thermophilic microorganisms,
e.g., Clostridium spp., have an advantage over conventional yeast in that they can
withstand high temperatures, but a major obstacle for their industrial application is
their low ethanol tolerance (<2% v/v) (Rastogi and Shrivastava 2017). No microor-
ganisms or compatible combinations of microorganisms are available that exhibit
the whole combination of features required for the development of CBP (Kazi et al.
2010). The success of this approach relies heavily on genetic and metabolic engi-
neering for the development of CBP-enabling microorganisms for the industrial
production of second-generation ethanol.

16.2.3.7 Thermochemical Pretreatment

Gasification involves the thermal (600-1000 °C) decomposition of both lignin and
polysaccharides into a syngas in the presence of an oxidizing agent (oxygen or
steam) (Kumar et al. 2009). Syngas is mainly a mixture of carbon monoxide, carbon
dioxide, hydrogen, water, and short-chain hydrocarbons which can then be con-
verted into fuels and chemicals (e.g., ethanol, methanol, higher alcohols, gasoline)
by either fermentative microorganisms or metal catalysts (Sutton et al. 2001). The
quality of syngas depends on the type of biomass (i.e., chemical composition, mois-
ture, particle size, tar content), design of the gasifier (i.e., updraft or downdraft fixed
bed reactors, bubbling or recirculating fluidized bed reactors), and operational con-
ditions of the reactor (Kennes et al. 2016). A challenge of current gasification tech-
nology is the presence of large amounts of tar (a mixture of unconverted organic
materials and ash) in the syngas, which results in plugging of downstream equip-
ment (compressors and gas engines) (Watson et al. 2018). Other limitations facing
this technology include separation of gaseous products and the poisoning of
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catalysts by gasification products (hydrogen sulfide, thiophene, carbonyl sulfide)
(Kochermann et al. 2015; Yin et al. 2016).

Anaerobic bacteria (i.e., Clostridium spp.) can ferment syngas into ethanol; how-
ever, the composition of syngas should be optimized so that it has reduced impuri-
ties including tar, ash, nitrogen oxides, and hydrogen sulfide and it mainly contains
carbon monoxide, carbon dioxide, and hydrogen (Brown 2005). Advantages of the
biological route over the use of catalysts include the use of lower processing tem-
peratures and pressures, and higher ethanol yields, thus reducing the energy and
capital cost of conversion (Farzad et al. 2016). Limitations involve providing opti-
mum growth conditions (levels of nutrients and impurities) for microorganisms and
microbial sensitivity to both impurities and high concentrations of end products
(Mohammadi et al. 2011). In catalyst-based ethanol production, syngas is mixed
with water and methanol to improve yields of higher alcohols, and the mixture is
passed through a catalyst to obtain not just ethanol but methanol, higher alcohols,
and other hydrocarbon products (Dwivedi et al. 2009). Natural catalysts (dolomite,
hematite, trona) and transition metal catalysts (Ni-Mg-Al, Ni, NiO) are preferred
due to their ease of recovery at the end of gasification (Guan et al. 2009; Wu et al.
2006). Inexpensive, large-scale biomass gasifiers have yet to be demonstrated as
well as the successful commercial-scale production of fuels from syngas.

16.2.3.8 Distillation

One of the main issues associated with ethanol production from lignocellulosic bio-
mass (biochemical and thermochemical conversion platforms) relies on the cost-
effective recovery of ethanol from the hydrolysates or fermentation broths. Ethanol
recovery through common distillation methods is not technically challenging but it
requires significant amounts of energy to yield concentrations of up to 85 wt% etha-
nol (Huang et al. 2008). The energy required to separate ethanol from water by
distillation methods amounts to 10% of the energetic content of the recovered etha-
nol, with an exponential increase for ethanol concentrations below 10% (Vane
2008). Only anhydrous ethanol (>99 wt% ethanol) can be blended with gasoline and
be used in conventional gasoline-burning engines. Ethanol and water form an azeo-
trope at 95 wt% ethanol thus making it impossible to recover pure ethanol through
simple distillation; hence, the need for a special dehydration process to recover
anhydrous ethanol (Haelssig et al. 2012). The most commonly used techniques for
ethanol dehydration include adsorption distillation, azeotropic distillation, chemical
dehydration, diffusion distillation, extractive distillation, and membrane distillation
(Aditiya et al. 2016). Liquid (water, unutilized fermentable sugars, process chemi-
cals) and solid (mostly lignin) wastes are generated at the end of the ethanol process
and are collectively known as stillage, which can neither be sent to the sewer system
nor be discharged into a water body or soil (Sheehan and Greenfield 1980). Several
stillage utilization techniques have been developed to recover energy (heat and
power generation) and process water, as well as its potential use as animal feed,
fertilizers, and road-building materials (Baral et al. 2017).
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16.2.4 Stress Management During Fermentation

The stress factors for yeast which affect fermentation efficiency include concentra-
tions of sugar and ethanol, bacterial infection, temperature, nutrient levels, and
mycotoxins (Bleoanca and Bahrim 2013). Yeast can normally tolerate one stress at
a time to some extent. However, simultaneous two or more stresses appear to be
deleterious for yeast. Lactic and acetic acids are the spin-off produced by the con-
taminating bacteria (lactobacilli, acetobacter, and gluconobacter), which may hin-
der the fermentation process at higher concentrations.

Before rectification, some aldehydes produced in the process of fermentation are
detached at aldehyde column. The stream in columns accumulates aldehydes at the
top, fuselol-containing ethanol in the middle, and water at the bottom. The middle
stream is fed to rectification column to relent 95% pure ethanol.

16.2.5 Uses of Ethanol as Biofuel

e Gasoline is blended with ethanol for petrol engine vehicles for environmental
benefits. Routine fuel additives like tetraethyl lead is environmentally unsafe,
MTBE is water pollutant while toluene and benzene are also deleterious to
health. Ethanol, due to structural oxygen, lessens the release of damaging GHGs,
like unburnt hydrocarbons and carbon monoxide.

e Gasoline can be blended with anhydrous ethanol from 100 to 5% or less. In
Brazil the flex-fuel vehicles (FFV) can use all the blends of ethanol. In countries,
like Sweden, a maximum of 85% ethanol blend (E85) is used while in some
countries E10 is used.

e FEthanol is also used to make ethyl tertiary butyl ether (ETBE) retaining 44%
ethanol, an oxygenated octane used as gasoline blend.

* Diesel engines are also being tested for ethanol use.

16.2.6 Cost of Ethanol Production

The cost of first-generation ethanol production using different feedstocks is given in
Fig. 16.3. The cost estimates are based only on estimated costs of feedstock, sugar-
cane market prices, and processing cost but exclude capital and transportation costs.
The data indicates that cost of production varies with change in feedstock. The total
cost of converting sugarcane into ethanol in Brazil appears the lowest as it has been
estimated approximately US$2.14 dal~! (per decaliter), while maximum cost

incurred on refined sugar conversion into ethanol is in the United States
(US$10.49 daL ™).
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Fig. 16.3 Estimated ethanol production cost with different feed stocoks in different countries
*USA, #*Brazil, *++E.U. (USDA 2006)

Some feedstocks are cheaper than the processing costs while the others are costly.
Hence refine and raw sugars are dearer feedstocks compared to sugarcane, corn, and
molasses feedstocks. The cost of converting sugar beets into ethanol was estimated at
US$5.07 daL! in the European Union (EU) that is the maximum cost among all the
feedstocks. Molasses obtained from sugarcane or sugar beets as well as corn appear
to be cost-competitive feedstock for ethanol production. Hence, different feedstocks
have variable cost-effectiveness for ethanol production in different countries.

16.3 Bioelectricity Production at Sugar Mills
Through Cogeneration

Cogeneration, meaning a joint heat and power production, is the concurrent creation
of electricity, heat, and/or cooling with a single source of fuel at or near the sink.
The most common fuels for cogeneration are natural gas, coal, plant materials
(bagasse, rice husk, sugarcane trash, etc.), and gas from sludge or landfill material,
liquid fuels, and renewable gases. Bagasse can be fired against coal, oil, or natural
gas in a power plant to heat the boilers. The steam produced in the boilers can be
used as a heat source for industrial (process heat) and domestic purposes. It can also
be used in steam turbines for bioelectricity generation.

Bagasse cogeneration was initiated in Mauritius and Hawaii where about 26 and
10% of grid electricity were obtained from sugar mills in 1926-1927, respectively
(International Sugar Organization [ISO] 2009). Cogeneration improved efficiency
of the sugar plants to the tune of about 50% than separate electricity and power
production. Traditional sugar mills generate their own heat and power but with low
steam and temperature installation systems, whereas in high-efficiency cogenera-
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tion systems effective boilers permit spare electricity and economical heat basis for
sugar processing. Traditional sugar mills generate 10-20 kW electrical energy per
ton of cane for internal use, while modern sugar mills can have the efficient cogen-
eration systems of up to 115-120 kW per ton of cane (Kamate and Gangavati 2009).

Many countries have inadequate renewable energy resources and oil, gas, or coal
reserves and hydropower supplies. Sugarcane bagasse signifying 30% of cane is
commonly used incompetently to fulfil the factory’s energy requirement for cane
processing (Deepchand 2005), the competency of which can further be used to cre-
ate surplus energy. In Mauritius, more than 90% sugar factories export 318 Gigawatt
bagasse-made bioelectricity (40% of total) to the national grid in crushing season
(Deepchand 2005). In the late 1980s, an annual increase in electricity use and
demand in Mauritius was estimated to be 11 and 9.5%, respectively. Although
Mauritius offers a successful demonstration of bagasse energy for other countries, it
produces 60 kW of electricity per ton of cane that is less than 125 kW ton™! made
through Centrale Thermique de Belle Vue (CTBV) operated with 2 x 35 MW power
plants at about 82 bars (Deepchand 2005).

Bagasse is burnt in furnaces to make steam for power production. Its value as a
fuel depends mainly on its calorific value that is sequentially affected by its water
content. A good milling process occurs at 45% bagasse moisture content, whereas
the milling efficiency is reduced at 52% moisture. Mostly the boilers are designed
to work at about 50% bagasse moisture content. Cogeneration with bagasse is
among one of the most successful energy projects and is being established in several
sugarcane-producing countries like Mauritius, the United States, India, Brazil, and
Pakistan. Simultaneous heat and power generation from sugarcane bagasse presents
arenewable energy alternative to uphold sustainable growth, boost sugar industry’s
income, and climate resilience through production of carbon-neutral electricity (De
Rosa and Salvadori 2007).

16.3.1 Potential for Cogeneration in Sugarcane-Growing
Countries

Table 16.4 shows Food and Agriculture Organization’s statistics (FAOSTAT 2017)
regarding the cogeneration potential of different countries. A significant amount of
bioelectricity can be exported to the grids using two profitable technologies of
steam pressures (44 and 82 bars) from the sugar mills having a minimum cane
crushing of 200 to 300 ton per hour. It also emphasizes coupling of less capacity
plants into larger units. There are about 107 countries producing sugarcane,
whereas 85 countries are producing sugarcane more than 100,000 tons per year
(FAOSTAT 2017). This table also summarizes the overall estimates for electricity
production from sugarcane in the countries having annual production of 1.5 million
tons of cane.
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Table 16.4 Bagasse cogeneration capacity of different countries
Sugarcane Estimated Cogeneration potential
production: bagasse? (GW)
Serial no. | Countries “000” ton “000” ton at 44 bars® at 82 bars®
1 Brazil 768678.4 215229.9 53807.5 84554.6
2 India 348448.0 97565.4 24391.4 38329.3
3 China 123059.7 34456.7 8614.2 13536.6
4 Thailand 87468.5 24491.2 6122.8 9621.5
5 Pakistan 65450.7 18326.2 4581.5 7199.6
6 Mexico 56446.8 15805.1 3951.3 6209.2
7 Colombia 36951.2 10346.3 2586.6 4064.6
8 Australia 34403.0 9632.8 2408.2 3784.3
9 Guatemala 33533.4 9389.4 2347.3 3688.7
10 United States of 29926.2 8379.3 2094.8 3291.9
America
11 Indonesia 27158.8 7604.5 1901.1 2987.5
12 Philippines 22370.5 6263.8 1565.9 2460.8
13 Argentina 21990.8 6157.4 1539.4 2419.0
14 Cuba 18891.0 5289.5 1322.4 2078.0
15 Vietnam 16313.1 4567.7 1141.9 1794.4
16 Egypt 15760.4 44129 1103.2 1733.6
17 South Africa 15074.6 4220.9 1055.2 1658.2
18 Myanmar 10437.1 2922.4 730.6 1148.1
19 Peru 9832.5 2753.1 688.3 1081.6
20 Ecuador 8661.6 2425.3 606.3 952.8
21 IR Tran 7687.6 2152.5 538.1 845.6
22 El Salvador 7202.1 2016.6 504.1 792.2
23 Kenya 7094.6 1986.5 496.6 780.4
24 PS Bolivia 6910.8 1935.0 483.8 760.2
25 Nicaragua 6815.1 1908.2 477.1 749.7
26 Paraguay 6708.0 1878.2 469.6 737.9
27 Eswatini 5583.3 1563.3 390.8 614.2
28 Sudan 5525.1 1547.0 386.8 607.8
29 Honduras 5355.7 1499.6 374.9 589.1
30 Dominican Republic 4717.5 1320.9 330.2 518.9
31 Nepal 4346.8 1217.1 304.3 478.1
32 Zambia 4285.8 1200.0 300.0 471.4
33 Bangladesh 4207.6 1178.1 294.5 462.8
34 Costa Rica 4158.4 1164.3 291.1 457.4
35 Mauritius 3798.4 1063.6 265.9 417.8
36 Uganda 3723.0 1042.4 260.6 409.5
37 Zimbabwe 3483.0 975.2 243.8 383.1
38 BR Venezuela 3331.3 932.8 233.2 366.4

(continued)
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Table 16.4 (continued)

Sugarcane Estimated Cogeneration potential
production: bagasse? (GW)
Serial no. | Countries “000” ton “000” ton at 44 bars® at 82 bars®
39 Madagascar 3005.6 841.6 210.4 330.6
40 UR Tanzania 2994.1 838.4 209.6 329.4
41 Malawi 2915.4 816.3 204.1 320.7
42 Mozambique 2761.5 773.2 193.3 303.8
43 Panama 2419.6 677.5 169.4 266.2
44 Guyana 2394.6 670.5 167.6 263.4
45 DR Congo 2191.3 613.6 153.4 241.0
46 PDR Lao 2019.0 565.3 141.3 222.1
47 Cote d’Ivoire (Ivory 1982.7 555.1 138.8 218.1
Coast)
48 Réunion Island 1820.1 509.6 127.4 200.2
49 Japan 1574.0 440.7 110.2 173.1
50 Fiji 1556.7 4359 109.0 171.2
51 Others 18599.5 5207.8 1302.0 2045.9
Total 132441.7 208122.7

*Source: FAOSTAT (2017)

“Estimated at 280 kg per 1000 kg of cane having 50% moisture
"Based on 70 kW ton~! of cane

‘Based on 110 kW ton~"! of cane

16.3.2 Mechanism of Cogeneration

The sugar industry entails heat, electric, and mechanical energy to execute the mill-
ing process. Generally, the energy production in a factory is designed merely to
furnish the sugar plant requirements where a range of machines and processes are
taking place (Colombo et al. 2014).

Bagasse is fired in boiler house to generate heat and dispensing water steam. The
boilers are large cylindrical chambers containing lower smaller part for burning of
bagasse while the upper big part contains water in tubes that is in immediacy to the
lower part for receiving heat (Fig. 16.4). Boilers are tied with backpressure or
condensing-extraction steam turbines which deliver steam and electrical energy to
the system (Khatiwada et al. 2012; Purohit and Michaelowa 2007). The steam is
used either for mill processes or at high pressure for revolving turbines of electricity
generation system. The general schematic view of bagasse-based power plant is
described in Fig. 16.4. A sugar mill crushing ~2000 ton sugarcane per day is able to
generate ~14,000 kW of bioelectricity daily including about 6000 kW for the
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Fig. 16.4 Cogeneration system in sugar factory (Colombo et al. 2014; Ensinas et al. 2006)

industry’s internal consumption. The major steps involved in production of electric-
ity using bagasse as raw material are as follows:

(i) Bagasse storage in a moisture-free area of sugar mill.
(i1) A railing system transfers bagasse from storage to boilers.

(iii) The water in the tubes passes through economizers to make it warmer, and
blazing of bagasse converts water into high-pressure steam that is partly used
in sugar manufacturing process.

(iv) The high-pressure steam flows through controlled tubes to the turbines that
rotate them to operate connected generators.

(v) Consequently, electricity is generated that is used in sugar industry while
excess is provided to the grids.

In a sugar mill’s cogeneration systems, the general parameters of concern have
been reported by many researcher (Colombo et al. 2014; Ensinas et al. 2006;
Hassuani et al. 2005), which include:

* Moisture in wet bagasse: 50%

e Wet bagasse low heat value (LHV): 7500 kJ kg~!

* Bagasse mean LHV: 7984 kJ kg~!

* Process mechanical energy demand: 16 kW per ton of cane

* Process electricity demand: 12 kW per ton of cane

* Boiler’s thermal efficiency: 85%

» Steam turbines isentropic efficiency: 80%

* Boilers and turbines operate at 15-105 bar pressure with analogous temperature
of 300-525 °C

* Pump isentropic efficiency: 80%

» Electric generator efficiency: 96%

» Mill electric engines efficiency: 89%



16 Source-Sink Relationship of Sugarcane Energy Production at the Sugar Mills 373

Table 16.5 Difference in surplus electricity generation with different setups in sugar mills

Power Temperature | Surplus electricity (kW ton™' of
Country | Turbine system | (bar) °C sugarcane)
Brazil BPST 22 300 0-10
Brazil BPST 42 440 20.0
Brazil BPST 67 480 40-60
India CEST 67 495 90-120
India CEST 87 515 130-140
Brazil CEST (50% 65 480 139.7
trash)
Brazil CEST (50% 105 525 158.0
trash)
Mauritius | — 45 440 60-90
Mauritius | — 82 525 110-130

Source: BNDES and CGEE (2008), Khatiwada et al. (2012), Rosillo-Calle et al. (2015)

16.3.3 Cogeneration Efficiency Perfection

Generally low-efficiency cogeneration systems like Rankine steam cycles and old
back pressure steam turbines (BPST) have been used for cogeneration, but recently
superior cogeneration systems are being focused (Dias et al. 2013; Macedo et al.
2001; Pellegrini et al. 2013), which upshot more surplus electrical energy. As sug-
gested by Banco Nacional de Desenvolvimento Economico e Social (BNDES) and
Centro de Gestdo e Estudos Estratégicos (CGEE), surplus energy per ton of sugar-
cane processing is practicable with higher-pressure condensation-extraction steam
turbines (CEST) than with BPST as shown in Table 16.5 (BNDES and CGEE 2008;
Khatiwada et al. 2012; Purohit and Michaelowa 2007). Hence, conventional sugar
mills are able to generate only 10-20 kW of electrical energy by spending about
500 kg steam and process 1 ton of cane (Deshmukh et al. 2013). Advanced sugar
mills having dexterous cogeneration systems, on the other hand, can yield electrical
energy of about 120 kW with 1 ton of cane processing (Kamate and Gangavati
2009). A further enhancement in power generation is also attainable by following
process steam saving techniques with modifications in sugar mills. Such technology
lowers down the steam usage of about 280-300 kg ton~! of sugarcane processing
including ethanol distillation, the surplus of which can be used to enhance the elec-
tricity generation. Fractional use of sugarcane trash further promotes surplus power
generation (ISO 2009).

16.3.4 Efficiency of Cogeneration Systems

Ensinas et al. (2006) studied four configurations of cogeneration systems that could
be applied in sugarcane factories. Configuration system-I comprised steam cycle
with back pressure steam turbine. In this case the sugar process governs the steam
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Table 16.6 Benefits of configurations
Live steam parameter | Configuration-I Configuration-11
Surplus
Surplus bagasse electricity Surplus electricity
Live (%) (kKW ton™' cane) | (kW ton~! cane)
steam Pressure | Temperature Case Case Case
system | (bar) (°O) Case 1* 20 Case 1 2 Case 1 2
LS-1 60 480 9.3 354 |46.0 242 |58.1 70.0
LS-2 80 510 7.5 34.1 532 29.3 633 75.2
LS-3 100 540 5.9 329 1592 33.6 |67.4 79.4
Live Live steam parameter | Configuration-IV Configuration-
steam III¢
system | Pressure | Temperature | Complementary Surplus Bagasse deficit for
(bar) °C) fuel energy input | electricity process steam (%)
(MW) (KW ton~! cane)
Case 1 Case |Case 1 Case |Case 1 Case
2 2 2
LS-1 60 480 406.7 151.0 | 180.7 120.2 | 50 7
LS-2 80 510 415.6 157.3 | 185.5 123.6 | - -
LS-3 100 540 421.5 161.5 | 188.7 1259 - -

*Case 1 (470 kg steam ton~' of cane bagasse)
Case 2 (335 kg steam ton~' of cane bagasse)
‘Only 314 kg steam ton~' of cane bagasse (Ensinas et al. 2006)

formation by the boilers without condensation system. It is the most common
cogeneration system in sugar factories operative during the crushing seasons only
(Table 16.6). About 470 kg saturated process steam at 2.1 bar pressure per ton of
cane is used leaving 9.3% surplus bagasse and producing electricity of 46 kW ton™!
cane for mill processing (LS-1, Case 1). The increase in pressure and temperature
of live steam drops the bagasse saving with higher electricity production. Case 2
appeared non-feasible to generate electricity although it saves more bagasse.
Configuration-II comprised Rankine cycle with extraction condensation turbine
system where condenser has more operation options and flexibility of functioning in
crushing and non-crushing times at 0.085 bar condensation pressure. It works best
at 2.1 bar process steam using 335 kg steam ton~! cane with some modifications,
like vapor bleeding and heating from first to fourth effect of evaporation, repeated
usage of process steam, and addition of sixth effect evaporation station in the fac-
tory layout. This configuration consumes maximum bagasse in the cogeneration
system with surplus electricity of 70-79.4 kW ton~! cane.

Configuration-III relied on a gasifier that converts bagasse into syngas to fuel the
gas turbine (Ensinas et al. 2006). In a sugar factory, around 593 Nm? syngas ton™!
cane could be produced. The exhaust gases from the gas turbine generate 2.1 bar
steam in a HRSG for sugar process. Configuration-IV was a BIGCC cycle that also
worked with a bagasse gasifier as fuel for gas turbine. The steam generated in a
HRSG from thermal energy of exhaust gases is used for sugar process at 2.1 bar, and
high-pressure steam operates turbine to generate electricity.
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Although Configuration-IV generates high electricity of about 185 kW ton™
cane, configurations III and IV were rated inefficient due to low efficiency of gasifi-
cation process and requirements of high complementary fuel energy input (150—
421 MW) than configurations I and II that operate with steam cycles alone (Ensinas
et al. 2006). Hence Configuration-II makes possible the use of all the bagasse for
electricity production and offers the possibility of operation of the system during the
whole year using a complementary fuel like cane trash (Leal et al. 2013).

In some conformations of biomass gasification, bagasse dryer, gasifier, and gas
cleaning system are involved to work for heat recovery steam generator (HRSG) or
biomass integrated gasification combined cycle (BIGCC) with exhaust gases to pro-
duce steam for the process. With these conformations the HRSG can yield about
140 kW electricity per ton of sugarcane, while a BIGCC-operated plant may pro-
vide 200-250 kW surplus energy per ton of sugarcane (Khatiwada et al. 2012;
Pellegrini et al. 2013).

Colombo et al. (2014) evolved a special mathematical model to elaborate the
energy and material process balances for estimating the effect of different working
environments on cogeneration systems for idealizing the process competence. They
introduced the term “renewable efficiency” to elucidate the extent of green power
that a process plant generates. The new designs may include up to 33 MW of extra
bioelectricity to the grids. Hence, sugar plants are being made efficient either by
augmenting pressure and temperature of boilers or switching to BIGCC systems
(BNDES and CGEE 2008; Khatiwada et al. 2012; Pellegrini et al. 2013). Both plans
involve exchange of steam-driven machines with electrical ones. The electrical
energy generation with superior turbines let better and easy energy conversion that
results in more surplus of electrical energy.

Colombo et al. (2014) proposed two repowering layouts: In the first option
superheated Rankine cycle was placed in conjunction with the boiler C scheme that
works at 2.7 bar of regeneration and condensing pressure. The scheme involves
turbine inlet, regeneration bleeding, process bleeding, turbine outlet, condenser out-
let, process condensed water, addition of regeneration vapor, and pump and boiler’s
inlet. The second scheme was analogous to first option with medium pressure
reheating system. This scheme worked for similar time in a year with immediate
access of 295 MW of fuel energy. In Option II, the expansion was divided into two
blocks of turbines (VHP inlet and VHP outlet) because of the reheating at first place.
These schemes verified 11.0 and 12.7% internal rate of return for Options I and II,
respectively.

16.3.5 Use of Cane Trash as Cogeneration Fuel

Cane trash is the dried leaves in the form of field residue left after harvesting and
cleaning of the cane stalk. It could be one of the most interesting complementary
fuels for the sugarcane factories. It can be recovered from the cane fields to the
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quantity of about 125 kg ton~! sugarcane (Leal et al. 2013; Macedo et al. 2001) and
can be used as fuel in addition to natural gas during off-seasons (Khatiwada et al.
2016; Rodrigues et al. 2003). Its LHV is 12.6 MJ kg~ for which cogeneration plants
have been partially shifted on this fuel in some countries.

16.3.6 Advantages of Cogeneration

Cogeneration’s role is utmost in current climate change scenario where thwart in
global warming by mitigating CO, emissions is a priority in international agenda. It
could also be a fascinating source of income for sugarcane factories in future ben-
efitting from the mechanisms represented in Kyoto protocol, like Clean Development
Mechanisms. The following are the other benefits of cogeneration system
(Table 16.7).

Moreover, cogeneration systems have remarkably superior efficiency as against
conventional thermoelectric electricity generation as presented in Table 16.8.

However, apart from benefits of cogeneration, there are also some challenges
which need to be tackled:

e High internal implementation and equipment costs

¢ Additional maintenance, repair, and operation (MRO) expenses

» Unpleasant price for sales of excess power

e More price of bagasse (Mauritius US$3.70 ton~!, Pakistan US$2.50 ton~!) com-
pared to the price of other electricity fuels

Table 16.7 Benefits of cogeneration systems

Financial Operational Environmental

Reduce primary energy cost Improve the security of electrical | Lessen the fossil fuel

up to 30% supply usage

Reduce energy expenses by up | Remove the utility power purchase | Augment energy

to 20% efficiency

Stabilize the risks linked with | Develop the safety of heat Decrease the greenhouse
fast rising energy prices provision gas emissions

Provide extra revenue by Eliminate the need for valued -

selling surplus power electrical connection upgrades

- Offer electricity, heat, and cooling |-
concurrently

Source: De Rosa and Salvadori (2007)

Table 16.8 System efficiency of thermoelectric and cogeneration systems

System efficiency (%)

Cycle Otto/diesel Rankine Brayton Combined cycle
Thermoelectric 40-50 30-45 34-45 ~55
Cogeneration ~60 50 70-75 70-75

Source: De Rosa and Salvadori (2007)
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For bagasse energy development, it is essential to have sugarcane processing
modernization for efficient bagasse usage, national grid’s transmission lines’ con-
nection with the bagasse/mill power plants, and use of coal, gas, sugarcane trash, or
other renewable sources as off-season fuel to ensure regular power export.

16.4 Biogas from Sugarcane Pressmud, Bagasse, and Vinasse

Domestic and industrial fuel demands are mainly met with oil, coal, natural gas,
forest wood, and woody material which are limited and being exploited constantly,
whereas a lot of industrial, agricultural, and domestic wastes are thrown as such
causing environmental pollution. Biogas generation from the anaerobic digestion
has been revealed to be one of the viable technologies to find an appropriate applica-
tion of these wastes.

Sundaranayagi et al. (2017) described that anaerobic digestion process of solid
wastes convolutedly involves several groups of anaerobes. Methane is a major com-
ponent of biogas (60-65%) followed by carbon dioxide (30-40%) and hydrogen
(0—1%). Anaerobic digestion comprises four biochemical mechanisms called hydro-
lysis, acidogenesis, acetogenesis, and methanogenesis. The anaerobic digestion
results in biopolymers’ conversion to monomers, followed by the conversion of
soluble monomers into short- and long-chain fatty acids by acidogens. Subsequently,
acetic acid production takes place along with small quantities of hydrogen and car-
bon dioxide (by acetogens), and finally, methane and carbon dioxide are generated
through methanogenesis.

Production of biogas from waste and organic residues has been investigated for
decades (Marek et al. 2014). General materials for biogas production are lignocel-
lulosic biomasses, organic compounds, animal wastes, industrial water, and munici-
pal solid wastes (Hadiyarto et al. 2017; Brown et al. 2012; Wilawan et al. 2014). A
combination of water, sheep dung, and hyacinth in a ratio of 84:12:4 can produce
360 L biogas per kg of substrate (Patil et al. 2014). Oleszek et al. (2014) produced
biogas from weeds and grass varieties of walnuts. Similarly, sugarcane residues and
sugar industry’s wastes like bagasse, pressmud, trash, and vinasse have been effec-
tively employed for biogas production alone or in combination with other organic
materials (Rouf et al. 2010; Sathish and Vivekanandan 2015; Talha et al. 2016).

Bagasse, as discussed earlier, is a lignocellulosic residue of sugar mills compris-
ing mainly cellulose, hemicellulose, and lignin (Maryana et al. 2014; Talha et al.
2016). Cellulose and hemicelluloses are long-chain sugar monomers that can be
converted into biogas through pretreatment and hydrolysis (Eshore et al. 2017;
Hendriks and Zeeman 2009). Mechanical, thermochemical, alkali, or acid pretreat-
ments convert complex organic molecules of bagasse and other compounds into
simple sugars, amino acids, and fatty acids (Lépez Gonzdlez et al. 2013, 2014;
Modenbach and Nokes 2014).

Sumardiono et al. (2017) obtained biogas yield of 51.04 L kg~! with substrate
combination of bagasse treated with 2% NaOH for 24 hours and 20% cow’s
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rumen. Anaerobic codigestion of pressmud and 1 N NaOH treated bagasse
resulted in higher cumulative biomethane yield than untreated substrates or the
substrates alone (Talha et al. 2016). Further, mixing of pressmud with bagasse at
25:75 ratio (C/N ratio 24.70) yielded the best cumulative biomethane and was
considered the efficient method of biogas production. Less C/N ratio (9.86) of
pressmud lowers the biomethanation, whereas mixing it with a higher C/N ratio
(~27) bagasse-like substrates (for optimum C/N ratio of ~25) elevates biometha-
nation. Anaerobic digestion of pressmud starts in a short time of 4-5 hours to
produce biogas and pressmud with bagasse yields biogas containing 52% meth-
ane (Sundaranayagi et al. 2017). In another biomethanation study, maximum bio-
gas yield was obtained as 0.68 m® m=3 of 1:1 pressmud to water ratio resulting in
methane concentration of 67% at 30-35 °C mesophilic conditions (Sathish and
Vivekanandan 2015).

Literature reveals that nickel, cobalt, and iron are desired elements for microbial
activity, which can further be compensated through addition of deficient nutrients in
the substrate for improved biogas yields (Sundaranayagi et al. 2017). Methanation
of pressmud along with cow dung inoculum and trace elements (Ni, Co, and Fe) for
30 days revealed that addition of Fe yielded the maximum biogas (520 mL day™") in
the anaerobic digestion process. Sundaranayagi et al. (2017) also suggested that a
proper anaerobic digestion needs a balance in nutrition especially carbon, nitrogen,
phosphorous, and sulfur. Moreover, too high C:N ratio may also have depressing
effect on microbial functioning.

Vinasse is a sugar distillery’s waste that is environmentally unhealthy if disposed
of or used untreated in agriculture, due to biological oxygen demand (BOD) of
about 25,000 mg L' and chemical oxygen demand (COD) of ~48,000 mg L~!
(Baez-Smith 2006). However, it has high potential for biomethanation with a pos-
sibility of more than 70% conversion of its COD to methane during anaerobic bio-
digestion (Rao 1999). An alcohol distillery producing 500 L ethanol day~' has the
ability to produce 73,000 m® biogas day~!' from vinasse in its allied biodigestion
plants that corresponds to about 14.6 L m= of vinasse (de Souza et al. 2011;
Salomon et al. 2011). The anaerobic biodigestion treatment of vinasse preserves its
fertilization potential (phosphorus, potassium, and nitrogen) and decreases its BOD
and COD up to 90% and 70%, respectively, to make it safer for agricultural use
(Baez-Smith 2006; Salomon et al. 2011).

A biochemical methane potential assay for the energy potential of sugar industry
wastes was performed by Janke et al. (2015). It revealed that methane yield varied
considerably with the nature of substrate, whereas maximum methane yield was
obtained from bagasse and minimum from vinasse on fresh mass basis (Table 16.9).
Such results were mainly attributed to the variation in substrate properties and water
contents. Hence, the energy-related applications of sugarcane industry not only
limit to ethanol and bioelectricity production, but the same industry has great poten-
tial to serve for biogas supplies as well.
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Table 16.9 Biochemical methane potential of the sugarcane waste after 35 days of assay

Methane yield* Methane yield
Substrates (NmL gys~' or NmL geop™) (Nm? tonpy™") K (day™)
Straw 228 +£9.3 129 +5.7 0.089
Bagasse 281 £4.5 150 £2.0 0.111
Pressmud/filtercake 260 £4.3 54+1.3 0.143
Vinasse 274 +7.6 8+1.0 0.243

VS volatile solids, COD chemical oxygen demand, FM fresh biomass (Janke et al. 2015)
“Methane yield of vinasse is given in NmL gcop™

16.5 Bioproduct Production at the Sugar Industry

In addition to first- and second-generation ethanol, bioelectricity, and biogas, the
generation of value-added products and utilization of processed by-products can
help offset the cost associated with sugar and ethanol production. Such is the case
with companies like BlueFire Renewables, Virdia (acquired by Stora Enso), Gevo,
Amyris, Codexis, LS-9 (acquired by REG Life Sciences, LLC), and Virent who
have shifted their research interest from second-generation ethanol to specialty
products.

Inhibitory by-products generated during the processing of ethanol from lignocel-
lulosic biomass can be recovered and used as potential platform chemicals to many
bio-based products including silage and animal feed preservation, food preserva-
tives, catalysts, and plasticizers from formic acid and levulinic acid and in the pro-
duction of biodegradable polymers as in the case of acetic acid (Choi et al. 2015;
Hietala et al. 2016; Le Berre et al. 2014; Ranjan et al. 2009). HMF can be converted
to levulinic acid, dimethylfuran, 2,5-furandicarboxylic acid, and dihydroxymethyl-
furan, which are building blocks in the manufacture of alternative fuels, polymers,
foams, and polyesters (Rosatella et al. 2011). Furfural has several applications as an
additive in anti-acids, inks, fungicides, adhesives, and flavoring agents (Bozzell and
Petersen 2010: Cai et al. 2014).

Furthermore, the effective extraction and recovery of lignin-derived phenolic
compounds (vanillin, phenol, coumaric acid) and lignin by-products (technical lig-
nins) can generate additional revenues, while the remaining lignin is burned for
energy. Lignin-derived phenolic compounds have applications in the food, pharma-
ceutical, and cosmetic industries (Tejado et al. 2007; Zhang et al. 2013). Technical
lignins (complex phenolic polymers) possess antimicrobial, anticarcinogenic, and
antioxidant properties with potential applications in food, medicine, polymers, and
cosmetics (Espinoza-Acosta et al. 2016). Alternative means of utilizing the
hemicellulose sugars could be also explored to produce alternative chemicals such
as lactic acid (for use in packaging, prosthetics, and drugs), furfural, and xylitol (for
use as a sweetener and preservative and in tooth remineralization) (Machado et al.
2016; Martinez et al. 2013; Naidua et al. 2018).
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16.6 Conclusion

Sugarcane is an important source of food and fuel energy. Its molasses and bagasse
have tremendous potential to produce ethanol (through fermentation) and bioelec-
tricity (through cogeneration), respectively. Furthermore, sugar industry can also
serve the provision of biogas utilizing surplus of its wastes, pressmud, and bagasse.
Hence, recycling and renewability of resources of sugar industry can play an utmost
important role in generating various forms of renewable bioenergy, to mitigate the
CO, emissions and contribute toward tackling climate change. Moreover, such
applications are also fascinating for sugarcane factories keeping in view the eco-
nomic benefits. Only a few countries like Brazil are exploiting these resources while
others need to adopt similar models to lessen the reliance on fossil fuels and energy.
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