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Preface

Sugarcane is the world’s largest crop with respect to total production and is culti-
vated in a wide range of tropical and subtropical climate. It is grown in more than a 
hundred countries of the world, mainly as a source of sugar. Nevertheless, sugar-
cane has recently been endorsed as a source of biofuel and bioenergy also, as its 
sucrose production can be diverted to ethanol production through first-generation 
route and its biomass can be utilized for engendering second-generation biofuels as 
well as bioenergy.

Ever-increasing energy demands of the world, diminishing reserves of fossil-
based fuel resources, environmental pollution, and consequential economic disquiet 
have induced huge interests into renewable, sustainable, and environment-friendly 
sources of energy, such as sugarcane. Since the success of ProAlcool program in 
Brazil, one of the major questions in sugarcane and bioenergy research has been 
whether the same could be replicated in other cane-growing countries as well. This 
is the question which intrigued us to compile this book. Sugarcane exhibits all the 
major characteristics of a promising bioenergy crop including high biomass yield, 
C4 photosynthetic system, perennial nature, and ratooning ability. Apart from 
Brazil, Thailand and Colombia are also significantly exploiting this energy source. 
However, other sugarcane producers including India, China, Pakistan, Mexico, 
Australia, Indonesia, and the United States could also augment the contribution of 
this incredible crop toward their fuel and energy sector.

This book analyzes the significance, applications, achievements, and future ave-
nues of biofuels and bioenergy production from sugarcane in top cane-growing 
countries around the globe. Moreover, we also evaluate the barriers and areas of 
improvement for targeting efficient, sustainable, and cost-effective biofuels from 
sugarcane to meet the world’s energy needs and combat climate change. Despite 
economic and environmental benefits, there are challenges both common and 
unique to each of the cane producers. The agroclimatic conditions, land resources, 
water availability, planting conditions, and capacity of the sugar industry vary from 
country to country. There is a considerable knowledge gap on these issues which 
have been analyzed in this book in order to understand the role sugarcane can play 
as an energy resource.
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The book has been divided into three major sections. Part I summarizes various 
possible routes of energy extraction from cane. Part II deals with the current status 
and future prospects of sugarcane’s role in bioenergy production in major cane-
growing countries, while Part III covers the industrial and technological aspects, 
sustainability issues, and future avenues of energy engenderment from sugarcane. 
Recent developments in energy cane, transgenics and genome editing, second-
generation bioethanol, and biorefinery concept have also been presented as such 
advances will play a preponderant role in energy independence of various countries 
in the future, without impacting the food security.

We are extremely thankful to all the contributors for sharing their erudition and 
for bearing with us during the rigorous editing and review process. We also want 
to thank the authors for enduring editorial suggestions to produce this venture. 
Moreover, we acknowledge the support received from friends and our family 
members to make this happen. Finally, we also wish to express our gratitude to 
Springer International Publishers for cooperation and feedback during the editing 
of this book.

Tandojam, Pakistan	 Muhammad Tahir Khan
Imtiaz Ahmed Khan
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Chapter 1
Sugarcane as a Bioenergy Source

Ghulam Raza, Kazim Ali, Muhammad Aamir Hassan, Mudassar Ashraf, 
Muhammad Tahir Khan, and Imtiaz Ahmed Khan

1.1  �World’s Resources of Energy

There are two types of energy resources for the world’s needs: primary and second-
ary. Primary sources are the main reservoirs from where the energy generates. These 
can be converted into secondary resources which can further be used as input for a 
system. Such energy resources could be renewable (consonants) and non-renewable 
(non-consonants) (Bokor 2016). Major types of non-renewable energy resources are 
coal, hydrocarbons (petroleum and natural gases), and nuclear (Fig.  1.1). Such 
resources have played important role to meet the world’s energy requirements. 
Eighty-four percent of the global consumption is being fulfilled through such 
resources; therefore, they are depleting continuously at a rapid pace. It has been 
forecasted that fossil fuel reservoirs will not extend beyond half of this century 
given the increasing rate of their use (Carvalho-Netto et al. 2014). These sources 
also have various adverse effects on the environment and climate, and ultimately 
long-term implications on the globe. Climatic outcomes of the fossil fuels include 
global warming, smog, air pollution, and increase in atmospheric CO2 (Bokor 
2016).

In recent years, there has been a special research focus on exploration of alterna-
tive energy that could minimize or replace the fossil fuel usage (Waclawovsky et al. 
2010). The most attractive alternate options are renewable energy resources such as 
solar, wind, hydropower, wave/tidal, geothermal, and bioenergy, as described in 
Fig. 1.1 (Bokor 2016). Among these renewable energy resources, bioenergy can be 
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produced from many available feedstocks to satisfy our increasing energy demands. 
Ample bioenergy production in a country can play significant role for secure, sus-
tainable, and economically sound future by providing clean energy domestically, 
reducing oil imports, and creating jobs.

1.2  �Bioenergy

Bioenergy is the energy produced from biological material (including plants, ani-
mals, and their by-products), called biomass. Bioenergy can be utilized to generate 
heat, electricity, and transportation fuels. In 2015, 10% of the total global energy 
consumption and 1.4% of global power generation were shared by bioenergy 
(International Renewable Energy Agency [IRENA] 2017). Globally, North America 
contributes maximum toward biofuel production (~50%) followed by South 
America and Europe, while contribution from other regions is very small. Apart 
from reducing dependency on fossils-based resources, utilization of bioenergy 
would also decrease the negative effects on environment by limiting the release of 
greenhouse gases (GHG). Considering socioeconomic and environmental benefits 
of renewable sources of energy, several countries are mandating the share of bioen-
ergy in their national energy matrix.

Till now, many crops have been identified and others are being explored for mar-
ketable energy farming, for instance, corn, soybean, willow, and switch grass in the 
USA; rapeseed, wheat, sugar beet, and willow in Europe; palm oil and miscanthus 
in Southeast Asia; sorghum and cassava in China; and hemp in India (Cho 2018; 

Fig. 1.1  Different sources of energy

G. Raza et al.
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Davis et  al. 2013). In broad spectrum, features of the most ideal bioenergy crop 
would be high dry matter production per unit area, small input costs, simple diges-
tion, and low level of contaminants in the produce (McKendry 2002). Among vari-
ous bioenergy options, sugarcane is one of the most efficient energy crops as it 
converts sunlight energy into stored chemical energy with huge efficiency. Sugarcane 
has C4 photosynthetic system which results in enormous biomass production per 
unit area (Tew and Cobill 2008; Furtado et al. 2014). It exceptionally fulfills all the 
basic requirements to serve as a potential energy source including excellent yields, 
low inputs for growth, less competition against food crops, and good processing 
efficiencies.

1.3  �Economic Importance of Sugarcane in the World

Sugarcane is mainly a crop of tropical and subtropical regions, and it is being culti-
vated since pre-historic period. Being a source of 70% of world’s sugar production, 
it is a very important cash crop for cane-growing countries. Sugarcane has a wide 
range of adaptability and is grown in more than 100 countries. Worldwide, it is 
grown on an area of 26.8 million ha, and its total production is ~1.9 billion tons with 
a fresh cane yield of 70.9 tons ha−1 (Hoang et al. 2015; FAOSTAT 2016). Gross 
production value of sugarcane is US$92.2 billion for the globe (FAOSTAT 2016). 
Sugarcane is source of a number of industrial products and by-products, which have 
transformed the local and international trade in many countries. Its production has 
played significant and dominant role in changing the economic and fiscal position 
of sugarcane-farming countries. From its domestication to date, sugarcane has 
remained an important crop and a role player for the betterment of socioeconomic 
status of growing regions.

1.4  �Sugarcane: As an Agricultural Commodity

Sugarcane (Saccharum officinarum L.) is a perennial grass, classified as tribe 
Andropogoneae, family Poaceae, genus Saccharum, and species officinarum 
(Hodkinson et al. 2002). Commercial sugarcane is the cross of Saccharum officina-
rum with wild Saccharum spp., i.e., S. spontaneum, S. robustum, S. barberi, S. 
sinense, and S. edule (Talukdar et al. 2017). Previously commercial sugarcane was 
designated as Saccharum officinarum; however, Saccharum sp. hybrid has been 
adopted as the prioritized term to refer to commercial sugarcane (Tai and Miller 
2001). Due to high pollen sterility, viable seed production is scarce, and therefore, 
it is grown through vegetative cuttings. Because of its vegetative mode of cultiva-
tion, sugarcane is among the plants which require great human intervention (Allsopp 
et al. 2000).

1  Sugarcane as a Bioenergy Source
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Sugarcane was identified as a cash crop in early ages of its farming (Price 1963). 
Being a crop of tropical region, it was mainly grown in the southern states of 
Americas initially and then spread to the USA (Hawaii, Louisiana, Florida, and 
Puerto Rico). Afterward, its production has continuously increased over time 
(Fig. 1.2) (FAOSTAT 2017; Ham et al. 2000; Hammond 1999; Price 1963, 1965). 
The primary use of sugarcane is to produce sucrose sugar; moreover, carbohydrates 
of sugarcane are employed as a preservative as well as bonbon agent for foods and 
in the manufacture of confectionary items and alcohol (Aoki et al. 2006; Wu and 
Birch 2007). Miller and Tai (1992) reported that more than 70% of the world’s sugar 
demand is fulfilled through sugarcane, ranking it as the chief source of sugar supply 
to the world.

1.4.1  �Origins and Distribution

Sugarcane is a C4 monocotyledonous plant. Cultivated sugarcane is an interspecific 
hybrid primarily evolved through crosses between Saccharum officinarum L. and S. 
spontaneum L. (Allen et al. 1997; Jeswiet 1929).

Saccharum officinarum produces high sucrose content; therefore, it is named as 
“noble cane.” Nevertheless, it has poor attributes of tolerance against biotic and 
abiotic stresses. S. officinarum is premised as an outcome of introgression between 
S. spontaneum, Erianthus arundinaceus, and Miscanthus sinensis (Daniels and 
Roach 1987; Sreenivasan et al. 1987). Polynesia is contemplated to be the center of 
origin of S. officinarum. The species was later transported to Southeast Asia, Papua 
New Guinea, and Irian Jaya (Indonesia) in the late 1800s (Daniels and Roach 1987). 
Sugarcane is now grown in a wide range of altitudes covering more than 100 
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countries of tropics and temperate regions from latitude 80S to 40N (Fig.  1.3) 
(Daniels and Roach 1987; Tai and Miller 2001).

Sugarcane is a mainly cultivated for disaccharide sugar. Sugar production starts 
with juice extraction by crushing cane at the mills. The juice is then clarified at high 
temperature in the presence of lime [Ca(OH)2], which forms complexes with phos-
phorus in the juice and precipitates as calcium phosphate, and allowed to settle 
down taking other impurities with it. Flocculants (substances added to solutions to 
produce woolly looking masses of particles which assist in settling down suspen-
sions) are added to speed up this process (Mackintosh 2000).

1.4.2  �Modern Commercial Hybrids

Breeding for sugarcane improvement has mainly emphasized on the sugar contents; 
however, now sugarcane is being recognized as an excellent source of fuel energy 
as well (Besse et al. 1997; Sreenivasan et al. 1987). Improvement in sucrose per-
centage along with maintaining tolerance against biotic and abiotic stresses has 
been achieved through a number of back-crosses to several different cultivars of S. 
officinarum (Bull and Glasziou 1979). Approximately 80% of the chromosomes in 
these commercial hybrid cultivars are derived from S. officinarum and 10% are from 
S. spontaneum, with remainder being chromosomes from the two species produced 
by the natural process of synapsis during meiosis (D’Hont et al. 1996).

D’Hont et al. (1996) and Sreenivasan et al. (1987) elaborated that for accumula-
tion of more S. officinarum genome in genotypes, interspecific hybridization 
between S. officinarum and S. spontaneum resulted in triploid chromosome number 
(2n  +  n  =  100 to 130). Commercial sugarcane spreads vegetatively; hence, it is 
highly heterozygous in nature (Kimbeng et al. 2001). Pollen sterility and uneven 

Americas Asia Europe Oceania Africa

Fig. 1.3  Worldwide share of sugarcane production by different cane-growing regions (FAOSTAT 
2017)

1  Sugarcane as a Bioenergy Source
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distribution of chromosomes during anaphase stage restrict selfing in sugarcane; 
therefore, pure lines do not exist (Milligan et al. 1990). Uneven chromosome pair-
ing of sugarcane also results in aneuploidy and euploidy during chromosomal trans-
mission (Tai and Miller 2001).

1.5  �Sugarcane as a Bioenergy Crop: Advantages over Other 
Options

Industrial revolution of the seventeenth and eighteenth centuries resulted in escala-
tion in petroleum prices. Consequently, high demands of fuels and the aims of cur-
tailing petroleum usage pushed fuel industries to look for feasible substitutes 
including biofuels. Moreover, advances in fermentation technology and improve-
ment in process efficiencies enhanced prospects for using crops for biofuels 
production.

Sugarcane, as a feedstock, has potential to become a major bioenergy source as 
it has highest yield per unit area among the agricultural commodities, thus offering 
possibility of excellent energy balance than other bioenergy options (Waclawovsky 
et al. 2010). As a C4 plant, sugarcane yields higher biomass than maize, miscanthus, 
and switch grass (Heaton et al. 2008). Its per hectare yield is also far greater than 
that of sugar beet, thus surpassing all other options in this context. High-yielding 
biofuel feedstocks are preferred as they offer less competition for the land to be used 
for food crops otherwise (Peskett et al. 2007).

Sugarcane and energy cane have good potential for cultivation on non-fertile 
agricultural lands as well (Waclawovsky et al. 2010). Furthermore, first-generation 
sugarcane bioethanol engenderment does not need expensive pretreatment steps, 
which are the major monetary barriers in case of other crops. Additionally, sugar-
cane already has a well-set milling industry established in many cane-growing 
countries of the world, most of which are developing nations—in urgent need of 
alternative energy sources.

Sugarcane industry is not only limited to sugar, ethanol, and bioelectricity pro-
duction, but numerous other products can also be manufactured using the same 
feedstock hinting toward sustainability and cost-effectiveness of this industry, as 
biorefinery concept of sugarcane is rapidly evolving (Fig. 1.4). Moreover, the poten-
tial of sugarcane for its energy parameters has been widely unexplored yet, thus 
offering more likelihood of breakthroughs for any breeding program targeting the 
same. Even more, sugarcane feedstock can excellently deal with the food vs. fuel 
issues when its second-generation processing is matured, as second-generation 
route will be providing additional incentives in the form ethanol which won’t offer 
any competition against sugar engenderment (Khan et al. 2017a). Hence, sugarcane 
is one of the most suitable options for bioenergy production.

G. Raza et al.
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1.6  �Deriving Biofuels and Bioenergy from Sugarcane: 
History, Status, Approaches, and Potential

Sugarcane’s fibrous stalks are rich in sucrose, which is accumulated in its inter-
nodes. Sugarcane industry and distilleries extract this sugar and subject it to fermen-
tation to generate ethanol (Talukdar et al. 2017). Cane-derived ethanol is being used 
as a first-generation biofuel predominately in Brazil, where half of the total crop is 
used to produce ethanol (Pessoa et al., 2005). Worldwide, sugarcane is source of 21 
million m3 ethanol (Renewable Energy Policy Network for the 21st Century 2016). 
Average sugarcane varieties yield 85–100 kg sugar and 35–45 kg molasses (as by-
product) from 1 ton of cane biomass, whereas 22–25% ethanol recovery is obtained 
from molasses through fermentation (Sukumaran et al. 2017). About 80% of the 
world’s molasses is used for alcohol production through biochemical process, 
whereas the remaining finds applications as animal feed. Bagasse, the other major 
by-product of sugarcane processing, is mainly used as a source of bioelectricity and 
also for paper, board, and xylitol production purposes (Wolf 2012).

Fig. 1.4  Different products and by-products from sugarcane

1  Sugarcane as a Bioenergy Source
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Sugarcane is being extensively used for biofuels production in Brazil, while the 
crop has significant unexplored potential for other cane-growing countries as well 
(Fig. 1.5). It has emerged as an excellent source of biofuels since the 1930s, when 
Brazil launched a policy requiring industrial-scale production of ethanol as an auto-
mobile fuel (Alagoas 2000). Brazil regularized the sugarcane production under the 
umbrella of the Institute of Sugar and Alcohol (Instituto do Açúcar e do Álcool). In 
1973, first oil crisis drove the Brazilian administration to launch the ProAlcool pro-
gram for realizing the possibilities of commercial and large-scale biofuel produc-
tion from sugarcane. Through this program, the country launched a number of 
bioethanol units in existing sugarcane industry. The primary purpose was to gener-
ate ethanol for blending with gasoline in different ratios, for using as a biofuel in 
automobiles. In parallel, the automobile industry focused on modification of car 
engines, and the cars having ability to use bioethanol as fuel were introduced. After 
2003, flex-fuel cars were developed in Brazil. Engines of these cars were modified 
to either completely replace gasoline or use a mixture of bioethanol and gasoline in 
any certain ratio. Presently, in Brazil, it is mandatory for gasoline business to mix at 
least 22% bioethanol.

Brazil also ranks at top globally in terms of efficiency of its biofuel sector. During 
1980–1998, sugarcane culm yields improved from 73 to 90 tons ha−1 year−1, sugar 
extraction efficiency increased from 90% to 96%, and fermentation output enhanced 
from 84% to 90.7%, whereas sugar conversion also reached 90%. During 2017–
2018, Brazil produced 511 million tons of sugarcane and 26.7 billion liters of bio-
ethanol (FAOSTAT 2016; STATISTA 2017). Xavier (2007) evaluated that ethanol 
produced from sugarcane accounts only 1% of the existing land in Brazil, and the 
current increase in sugarcane production for biofuels is not bulky enough to 
enlighten the shift of small farmers into deforested zones. Although efficiency of 
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sugarcane crop and its processing industry is quite up to the mark, still, there is a 
gap for improvement of sugarcane productivity and industrial processing.

Sugarcane ethanol and biomass, an ample carbon-neutral renewable energy 
resource, offers a promising prospect as an alternative of non-renewable fuels (Lynd 
et al. 2008). Apart from vehicle fuels, Ragauskas et al. (2006) proposed that the 
combination of bioenergy crops and establishment of bioenergy industries would 
help in sustainable power production that may lead to a new industrial paradigm. 
This road map incited the launching of a number of biomass energy centers in dif-
ferent countries across the world.

Presently, first-generation bioethanol is being produced from sugarcane, which 
involves sucrose concentration and extraction from juice, followed by fermentation 
and distillation. This ethanol fraction corresponds to only a third of the cane energy, 
and the other plant residues correspond to the remaining two thirds. So, by utilizing 
bagasse, straw, trash, and tops, the other portion (66%) of sugarcane biomass, pro-
duction of bioenergy from this crop can be enhanced. It has been predicted using 
simulation studies that reasonable outcomes could be achieved from sugarcane bio-
mass for ethanol production through biochemical and/or thermochemical conver-
sion methods (de Souza et al. 2014).

In the past, sugarcane research has been focused on the development of new 
sugarcane cultivars which could have high sucrose contents to generate more sugar 
and first-generation bioethanol. However, recently, focus has also been shifted to 
high-fiber/high-biomass “energy cane” varieties for the production of second-
generation bioethanol (Landell and Bressiani 2008; Knoll et al. 2013). This type of 
cane varieties is endowed with two distinguishing agronomic traits, viz., high tiller-
ing capacity and excellent ratooning ability. Such cultivars are further classified into 
two types: Type I contains sugar >13% and has fiber content >17%, while Type II 
energy cane is exclusively developed for higher biomass and contains low sugar 
(<5%) and high fiber (>30%) (Tew and Cobill 2008). Energy cane also contains 
marginally higher lignin than the conventional type (Knoll et al. 2013). Moreover, 
total biomass and fiber contents of energy cane are also significantly higher, i.e., 
138% and 235% more than the conventional cultivars, respectively (Matsuoka et al. 
2012). Such cane type easily meets all the requirements of a renewable biomass 
resource (Matsuoka and Stolf 2012).

Based on sugar and fiber contents, energy cane has been grouped as a potential 
energy source (Matsuoka et  al. 2014). Cultivation of energy cane varieties is 
expected to increase as the advanced methods to convert lignocellulosic biomass 
into bioethanol become available (Carvalho-Netto et al. 2014). Sugarcane growers 
may use marginal and less fertile land to produce lignocellulosic biomass by culti-
vating energy cane in the areas where conventional sugarcane cultivation is not 
feasible (Sandhu and Gilbert 2014). Recently, Matsuoka et al. (2014) reported that 
private breeding companies have developed both Type I and Type II energy canes in 
Brazil, which were proposed for expansion beyond tropical and subtropical areas 
due to their wide range of adaptability and tolerance to low temperature (Knoll et al. 
2013; Van Antwerpen et al. 2013).

1  Sugarcane as a Bioenergy Source



12

Sugarcane cell wall is the most important factor dictating the efficiency of 
second-generation cane biofuels production. On the basis of structure, chemical 
composition, and biosynthesis, the cell wall is divided into two types: (1) primary 
cell wall (PCW) and (2) secondary cell wall (SCW) (Carpita 1996). PCW is formed 
by the deposition of complex carbohydrates mainly cellulose, hemicellulose, and 
pectin (Cosgrove 2005). Cellulose and hemicellulose work as the bones of plants 
and are supported further by lignin and phenolic cross-linkages (Carpita 1996). 
Sugarcane SCW is made up of 50% cellulose, 25% lignin, and 25% hemicellulose 
(Loureiro et al. 2011). Production of second-generation bioethanol from plant bio-
mass is not only linked with cellulose content, but also depends upon the cell wall 
quality. Buckeridge et al. (2010) obtained 40% increase in sugarcane-based bioetha-
nol production by exploiting the potential energy in sugarcane cell wall. In this 
perspective, de Souza et  al. (2014) indicated that distribution of carbon between 
non-structural carbohydrates (sucrose, glucose, fructose, and starch) and structural 
carbohydrates (cellulose, hemicelluloses, and pectin) is very important to determine 
an optimal balance between bioethanol-producing processes of first and second 
generations. The stability between structural (cell wall) and non-structural polysac-
charides (typically consisting of sucrose and starch) varies among the feedstocks.

Significant variations exist in starch and sucrose contents of the cell wall among 
different crops and even within species and cultivars. It is an established fact that 
breeding for higher sucrose contents is strongly associated with the decline in cel-
lulose content. Carbon distribution between non-structural and structural carbohy-
drates is generally controlled through the variations in metabolism of nucleotide 
sugars. However, the process involved in the completion of plant cells’ fluxes 
between ADP and UDP-glucose is unclear (de Souza et al. 2014). The complex cell 
wall structure and biosynthetic processes of the cell wall polysaccharides indicate 
that it is not easy to take on the methods which could help in changing cell wall 
composition without affecting other biological systems or pathways (Pauly and 
Keegstra 2010). Yet, it has been discovered that sugarcane cell wall is composed of 
remarkably high magnitude of mixed-linkage β-glucan, which increases the possi-
bility for improvement of sugarcane for higher bioenergy production (de Souza 
et al. 2013).

In 2013, detailed analysis of sugarcane cell wall was done using various tech-
niques. Glycomic profiling was employed to determine the monosaccharide compo-
sition of sugarcane cell wall, while structural analysis of oligosaccharides was 
examined by hydrolysis with endo-glucanases and separation by liquid chromatog-
raphy (de Souza et al. 2013). As mentioned earlier, major components of lignocel-
lulosic substrate include cellulose (40–50%), hemicellulose (25–35%), and lignin 
(15–20%). Cellulose is a polymer of glucose and hemicellulose (consisting of 
xylose and arabinose), whereas lignin is a complex poly-aromatic compound. In 
sugarcane, cellulose contents of 43– 49% were found in dry biomass and energy 
cane varieties (Sanjuan et al. 2001; Kim and Day 2011), while in wood and forage 
grass, the contents are about 45% and 30%, respectively (Theander and Westerlund 
1993; Smook 1992). Development of efficient cell wall digestion approaches is 
expected to enhance fuel and energy yields of sugarcane by manifolds.
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13

1.7  �Sugarcane Improvement for Bioenergy

There have been strenuous research efforts for genetic improvement of sugarcane 
(Hoang et al. 2015). In countries having mandated ethanol blends already, sugar-
cane crop has gained vital importance as a fuel source. However, its expansion as a 
bioenergy system has been slow due to less understanding of its physiological 
aspects of photosynthesis and intricate source-sink relationships. Two routes of fuel 
production are being exploited: the first one involves the conversion of sugar or 
molasses into ethanol, while the second one considers biomass conversion into eth-
anol—for ultimate blending with gasoline. It is anticipated that, in recent future, 
sugarcane will be extensively grown as a fuel feedstock also, rather than as a sugar 
crop only (de Souza et al. 2014).

To generate more ethanol per unit area of sugarcane, it is necessary to improve 
sugarcane varieties to produce higher sucrose and biomass. Development of elite of 
sugarcane varieties is an extremely arduous task when compared to other crops’ 
breeding, mainly due to its complex genome and hindrance in viable fuzz produc-
tion. Improvement of sugarcane varieties through biotechnological tools is a feasi-
ble option, but it has yielded limited success yet. Targeting bioethanol-related traits 
through integrated conventional and biotechnological approaches will enhance the 
viability and suitability of sugarcane for biofuel and bioenergy production.

There is huge unexplored potential in sugarcane regarding its energy parameters, 
as earlier cane-breeding efforts have only focused on sugar yields. Thus, sugarcane 
breeding offers greater chances of success for any breeding program prioritizing 
biomass instead of sugar potential since a plateau is supposed to have been reached 
regarding sugar parameters (Khan et  al. 2017a). Energy cane varieties, recently 
introduced, are an example of the dramatic improvement of sugarcane for biomass 
production which can find applications as a source of second-generation ethanol.

1.8  �Possibilities of Enhancing the Potential of Sugarcane 
for Biofuels and Bioenergy Production

Industrial and molecular approaches are anticipated to play substantial role in 
improving the process efficiencies and making the sugarcane bioenergy production 
process even promising. Various energy-related traits can be introduced/manipu-
lated in sugarcane crop for the same purpose.

One of the major problems in the production of second-generation bioethanol 
from plant cell walls, as in sugarcane, is the presence of large amounts of pentoses 
in cell wall polysaccharides. With advancements in biotechnology and genetic engi-
neering, now it has become possible to identify and discover the candidate genes 
which may be used successfully for developing structural and architectural changes 
in the cell wall. Sugarcane’s cell wall engineering is one of most promising options 
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to make the second-generation bioethanol production economical, reducing the 
need of expensive pretreatment steps.

In many studies, modification in cell wall properties has been successfully 
accomplished and evaluated in the field with encouraging results. Jung et al. (2013) 
reported that caffeic acid O-methyltransferase (COMT) can be lowered in trans-
genic sugarcane plants using RNAi, which resulted in transcript reduction by 
80–91%. A total lignin content reduction of 6–12% was observed in different genet-
ically modified sugarcane lines. The lignin reduction improved 19–23% saccharifi-
cation efficiency with non-significant effect on biomass yield and other useful 
agronomic characters. It was also recorded that biomass from transgenic sugarcane 
lines having modified cell wall characteristics required almost one third of the 
hydrolysis time and three- to fourfold less amount of enzymes to release an equal or 
greater amount of fermentable sugar than the wild-type plants (Jung et al. 2013).

The enzymes involved in lignin synthesis such as Cinnamyl Alcohol 
Dehydrogenase (CAD) have also been manipulated to change the cell wall compo-
sition. Moreover, transgenic sugarcane lines have been seen to produce higher 
sucrose and fiber contents in immature internodes by down regulating pyrophos-
phate (fructose 6-phosphate 1-phosphotransferase) (Groenewald and Botha 2008; 
van der Merwe et al. 2010).

A reduction in lignocellulosic recalcitrance of biomass to carry out saccharifica-
tion through modification of lignin biosynthesis is expected to greatly benefit the 
economic competitiveness of sugarcane as a biofuel feedstock (Jung et al. 2013; 
Kandel et  al. 2018). However, 100% saccharification efficiency has not been 
achieved till date. Hence, cell wall characteristics render some constraints for the 
hydrolysis which need to be tackled to make the second-generation cane biofuel 
more cost-effective and profitable.

Moreover, for success of 2G bioethanol production, along with cell wall modula-
tions, numerous other approaches can also be considered. Regarding industrial con-
version, identification and characterization of efficient hydrolytic enzymes may 
speed up the conversion of sugarcane cell wall polysaccharides into fermentable 
sugars. The cell wall organization and the complexity of cross-linked domains do 
not permit cellulases alone to release all of the fermentable sugars present in the 
sugarcane cell wall. Ultimately, for complete digestion of cell walls, large amounts 
of enzymes are required. Extra proficient hydrolysis could only be attained by using 
efficient and improved hydrolases.

In recent past, in-planta enzymes are being targeted to introduce the cane variet-
ies self-producing the enzymes needed for cell wall digestion. Such endogenous 
hydrolases are supposed to be induced at the crop maturity. In this way, the hydro-
lytic activity of in-planta activated enzymes will loosen the cell wall, making it 
vulnerable toward disassembly and release of fermentable sugars in industrial pro-
cessing. Hence, developments in sugarcane research can play a huge role in its 
future as a bioenergy source. Through genetic manipulation and industrial improve-
ments, sugarcane will have an even greater role to play as a promising feedstock for 
bioenergy engenderment.
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1.9  �Challenges and Future Prospects

To fulfill the increasing demands of fuel and energy, in context of growing popula-
tion, depleting fossil fuel resources, and climate change mitigation, it is important 
to explore alternative energy resources. Biological sources can play a paramount 
role in satisfying the world’s energy needs; however, this must not compromise the 
food production—one of the major arguments against bioenergy crops. Sugarcane, 
being a huge biomass and sucrose producer, is an excellent bioenergy crop grown in 
many countries around the world. Nevertheless, using this crop only for energy 
production through conventional approaches will give rise to food vs. fuel issues; 
therefore, only wise expansion should be adopted to make the shift feasible and 
sustainable.

Various routes of extracting fuels and energy can be exploited in case of sugar-
cane. In order to deal with the sustainability and food security issues, enhancing 
crop production in a country and diverting only excess sucrose toward ethanol pro-
duction is one solution, whereas use of only lignocellulosic materials of this huge 
biomass producer is the other one. Additionally, production of energy cane only on 
marginal barren lands also provides an answer to the question of sustainability of 
cane bioenergy production (Khan et al. 2017b). However, to make use of lignocel-
lulosic biomass of sugarcane rather than molasses, pretreatment technologies need 
to be improved and made cost-effective. In spite of current limitations, with the 
advances in crop improvement and processing technology, it is anticipated that sug-
arcane will become an even popular and economical source of energy because of its 
exceptional characteristics (Yuan et al. 2008).

To date, Brazil is the only country which is utilizing the appropriate potential of 
sugarcane crop as a biofuel resource. There are many other  sugarcane growing 
countries, where this crop is being solely employed for sugar production and it is 
not finding applications for the other use(s). Having unique industrial and agro-
nomic advantages over any other crop energy source, sugarcane provides excellent 
opportunities to harvest its energy potential for meeting the fuel and energy needs 
of the long list of cane-growing countries.

Hence, in the future, sugarcane produce will be used as feedstock for bioenergy 
purposes as well in many countries of the world rather than as sugar crop only (de 
Souza et al. 2014). Nevertheless, apart from agronomic and industrial perspectives, 
such role of sugarcane would also face policy challenges, as being a multi-
stakeholders’ industry, adopting any new model in a particular country would need 
government support through apposite policies. Suitable policies are necessary to 
facilitate the small-scale cane growers, launch mandatory ethanol blends, and intro-
duce compatible car engines. Proper planning is also needed for developing sustain-
able cane industry having minimal economic risks and impact on food security and 
biodiversity.
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1.10  �Conclusion

Sugarcane is largest agricultural commodity with respect to total production. Its 
high photosynthetic efficiency, and tillering and ratooning ability make this crop 
extremely attractive to be used as an energy crop. Sugarcane’s excess sucrose can be 
diverted to bioethanol production through first-generation approaches, while its 
bagasse, trash, and leaves can all be subjected to second-generation ethanol and 
bioelectricity production. Very recently, newly developed energy cane varieties are 
also being exploited for production of second-generation biofuel. Sugarcane has a 
wide range of adaptability and is being grown in a number of countries. However, 
its potential as an energy crop has not been explored extensively to date. Adoption 
of sugarcane as an energy crop can offer huge economic incentives to many of the 
cane-growing countries around the world and can help the world mitigate GHG 
emissions to combat climate change.
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Chapter 2
Biofuel Production from Sugarcane: 
Various Routes of Harvesting Energy 
from the Crop

Adônis Moreira, Larissa Alexandra Cardoso Moraes,  
Gisele Silva de Aquino, and Reges Heinrichs

2.1  �Introduction

Global energy supply comes mainly from fossil fuels (oil, natural gas, and coal), 
which contribute by more than 82% to help the world meet its energy needs (Ho 
et al. 2014). Fossil fuels are a polluting form of energy source in terms of green-
house gas (GHG) emissions; 56.6% of all GHG emissions come from burning oil, 
natural gas, and coal (Intergovernmental Panel on Climate Change [IPCC] 2011). 
GHG emissions lead to anthropocentric global warming—the main contributor 
toward climate change (Brazilian Sugarcane Industry Association [UNICA] 2018).

Thus, growing global demand for food, energy, and water is putting pressure on 
the sustainability of the “planetary boundaries,” necessitating actions for sustain-
able production across all sectors (Rockström et al. 2009). Considering that 60% of 
the oil use is for transportation sector (Silva 2009), the alternative and renewable 
fuel production became essential. Bioethanol has become an excellent option for its 
efficiency, energy balance, and cost, causing several countries to compete in its 
production and turning the world’s attention to this source of energy.

Bioethanol can be produced from several types of feedstocks, which are classi-
fied into three categories: (i) sucrose-containing feedstocks, such as sugarcane 
(Saccharum spp.), beets (Beta vulgaris), sucrose sorghum (Sorghum spp.), and 
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fruits; (ii) starch materials such as maize (Zea mays), sorghum (Sorghum spp.), 
wheat (Triticum spp.), rice (Oryza sativa), potato (Solanum tuberosum), manioc 
(Manihot esculenta), sweet potato (Ipomoea batatas), and barley (Hordeum vul-
gare); and (iii) lignin-cellulose materials, i.e., wood, straw, and grass (Balat 2010; 
Leite and Leal 2007; Solomon and Bailis 2014). Bioethanol can be developed in a 
sustainable way and will contribute to promoting the use of renewable sources.

For a certain production line in a mill, comparison of feedstocks includes several 
factors such as biomass chemical composition, availability and soil usage practices 
of the area, energetic balance, logistics’ costs, as well as the feedstock’s direct eco-
nomic value (Aquino et  al. 2018). Through analysis of these factors influencing 
bioethanol production at mills, it is noted that the feedstock availability is the main 
determinant since it can vary from season to season and depends largely on geo-
graphical location of the corporation (Aquino et al. 2017; Balat 2010; Fageria et al. 
2013; Solomon and Bailis 2014).

Sugarcane is not only an excellent source of bioethanol from sucrose fermenta-
tion, but it also has huge biomass potential to provide lignocellulosic material for 
biofuel engenderment (Henrichs et al. 2017). Conversion of lignocellulosic material 
or biomass in to fermented sugars for bioethanol production is considered a promis-
ing alternative to increase the biofuel production in order to attend the global energy 
demands. Bioethanol obtained from sucrose of the sugarcane (Saccharum officina-
rum L.) is called “first-generation.” Whereas, the production of lignocellulosic bio-
ethanol from the plant cell wall is defined as “second-generation.” Moreover, studies 
to obtain third- and fourth-generation bioethanol from other sources are also under-
way (Buckeridge et al. 2010; Carvalho et al. 2013).

Lignocellulosic biomass is considered as the future feedstock for bioethanol pro-
duction because of its socioeconomic benefits and huge availability (Cardona et al. 
2010). Apart from sugarcane, lignocellulosic biomass can be collected from various 
sources which include (i) harvest residues (corn straw), (ii) hardwood (alpine pop-
lar, Populus tremula), (iii) conifer wood (pine tree, Pinus spp.), (iv) cellulose resi-
dues (recycled paper sludge, newspapers, etc.), (v) herbaceous biomass (alfalfa, 
Medicago sativa, reed stick (Phalaris arundinacea), etc.), and (vi) municipal solid 
residues (Cardona et al. 2010; Chemmés et al. 2013).

Bagasse and sugarcane straw have been the most widely used feedstocks for 
second-generation (2G) bioethanol. Bagasse is a leftover lignin-cellulose residue 
obtained after the sugarcane milling process that produces the cane broth. Sugar 
and bioethanol production generate huge amounts of bagasse as by-product, which 
then is employed for energy generation for the boilers and for the national grid. 
Brazil alone milled more than 635 million tons of sugarcane in the 2017/2018, 
generating up to 285 million tons of residues as bagasse and straw (Companhia 
Nacional de Abastecimento [CONAB] 2018). Around 66.6% of the total energy 
that can be produced by sugarcane is available as residues. These substrates can be 
used for cogeneration or to yield bioethanol and other products. Silva (2009) ana-
lyzed the energy contained in basic sugarcane composition and compared it against 
gasoline, reporting that sugarcane has great potential in terms of its energy con-
tents (Fig. 2.1).
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2.2  �Sucrose for Bioethanol Production (First-Generation 
Cane Biofuels)

In order to reduce the dependence on fossil fuels and to mitigate the climate change, 
many countries are adopting mandatory blends of biofuels, expanding the prospects 
for consolidation of a global market for renewable energy sources. At the beginning 
of 2014, the number of countries using mandates for biofuel blending was estimated 
to be around 35 (Dias et al. 2015; UNICA 2018). With an increasing number of 
countries adopting biofuels, world is anticipated to benefit from the consequent 
stability in fuel bioethanol and gasoline prices, as well as environmental benefits 
due to reduction of greenhouse gas emissions (GGE). Moreover, such efforts are 
also expected to contribute toward energy security of many of the countries. These 
factors have already resulted in significant adoption of biofuels in Americas. 
Moreover, European Union’s program called Directive on Renewable Energy 
(DRE) has also proposed that 10% of all energy consumed in the 28 countries 
should be from clean sources by 2020 (Dias et al. 2015; UNICA 2018).

In South America, with addition of 25% bioethanol to gasoline, Brazil is in van-
guard in terms of relative consumption, being the country with the largest substitu-
tion of gasoline for bioethanol in the world. Paraguay ranks next, with 24% mixing. 
Chile and Argentina, more modest, add 5% of biofuel to their fossil fuel. In sum, 13 
Latin countries already use or are in an advanced process to establish the biofuel 
blends—as is the case of Uruguay. With nine provinces using the 10% bioethanol 
blend, China leads the mandates on Asian continent. China also aims to increase the 
blend to 15% by 2020. Philippines is targeting 10%, while India and Vietnam aim 
mixing 5% (Table 2.1) (UNICA 2018).

Fig. 2.1  Comparison of energy contents of sugarcane against gasoline. (Adapted from Silva 2009)
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