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4.1 INTRODUCTION

The constant and growing interest in cleaner, more secure, and lower cost
energy systems has increased the attention on biofuels production worldwide.
Ethanol, one of the main sustainable biofuels, has been used for more than
50 years. The use of bioethanol reduces the levels of carbon monoxide and
carbon dioxide emissions relative to fossil fuel, and has been classified by the
US Environmental Agency as an advanced biofuel, once it can reduced green-
house gas emissions up to 61% when compared to gasoline (UNICA, 2011).

A wide range of renewable feedstocks can be used for ethanol production,
including: (1) fermentable sugars (sugar cane, sugar beets, sweet sorghum);
(2) starches and fructosans (corn, potatoes, rice, wheat, agave); and (3) cellu-
losics (stover, grasses, corn cobs, wood, sugarcane bagasse) (Amorim et al.,
2009). Despite the potential of various feedstocks, due to regional availability
and technological challenges, 87% of the 101,380,178 m> of ethanol produced
worldwide in 2015 was produced from corn and sugarcane (based on Fig. 4.1
data). These feedstocks are employed by Brazil and the United States, which
produced 75% of the ethanol in the world (Balat et al., 2008; OECD-FAO
Agricultural Outlook, n.d.).

Despite the biggest production of ethanol being based on starch derived
from corn in the United States, ethanol produced from sugarcane presents
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FIGURE 4.1 Ethanol production in 2015: main producing countries and feedstocks employed.
OECD Stats. Data viewed on 06.03.16.

higher net energy and greenhouse gases balances (Cerqueira Leite et al.,
2009). Sugarcane presents very high biomass productivity, amounting to
80—120 ton/ha/year, with an industrial ethanol production of 8000 L/ha,
compared to 3000 L/ha from corn (McLaren, 2009). Thus, the sugarcane
crop has drawn global interest as a raw material for the production of energy.
Indeed, sugarcane is used as feedstock in many different countries (Fig. 4.1).

In Brazil, sugarcane is the first source of renewable energy, and it
accounts for 18% of the national energy matrix (Empresa de Pesquisa
Energética-EPE, 2015). The production of sugarcane in the country increased
8.6 times in the last 40 years, reaching 642,118,352 tons of sugarcane in
2015—16 (Fig. 4.2) (MMA, 2016). The increased production of sugarcane
resulted from the expansion of cultivated areas to the south and middle west
regions, as well as by the increment in the productivity of the crop.

The success of sugarcane in Brazil may be explained by the possibility
that many mills produce both ethanol and sugar (Basso and Rosa, 2010).
This flexibility allowed industrial development, even when ethanol or sugar
prices where low in national and export markets. Indeed, sugar production
increased considerably from 1994 to 2004, while ethanol production
remained at similar levels by that time. Brazil has been a world leader in
sugar exportation for several years, with a production of 38,069,510 tons in
2010—11 (Brasil, 2016). However, its manufacture slightly decreased
to 32,745,169 tons in the last 3 years, due to the increased profitability of
ethanol (UNICA, n.d.; USDA, 2015) (Fig. 4.2).

Ethanol production in Brazil increased considerably with the Pré-alcool
Program in 1975, going from a production of 59,499 m’> in 1974—75 to
12,765,910 m> in 1994—95 (Brasil, 2012, 2016) (Fig. 4.2). A second period of
high increments in ethanol production took place between 2004 and 2011, due
to a big increase in the Brazilian fleet of flex fuel cars (running with ethanol
and/or gasoline). This growth was directly influenced by the fluctuation of
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FIGURE 4.2 Brazil’s ethanol, sugar and sugar cane production along the years. Black circle:
sugarcane production area; Gray circle: sugarcane milled; White circle: sugar production; Bars:
total ethanol production; Area: sugarcane bagasse production.

petroleum prices, tax incentives, and subsidized credit lines given by the gov-
ernment to the sector. In the last 5 years, ethanol production stabilized
(Fig. 4.2), due mainly to a drought that affected sugarcane crop productivity
and the absence of political incentives for ethanol production (CONAB, 2015).

Brazil has used sugarcane as feedstock for large-scale bioethanol produc-
tion for more than 30 years in a biorefinery model. The biorefinery concept
embraces a wide range of technologies to process and convert biomass or
biomass-derived components to energy, chemicals, and other materials. Its
purpose is analogous to a petroleum refinery, which produces multiple fuels
and products (Dias et al., 2011; Kamm and Kamm, 2004) and has the poten-
tial to settle the growing demand for energy, fuels, chemicals, and materials
worldwide. In the process, sucrose from sugarcane juice is converted to
ethanol and sugar, and the sugarcane bagasse is burnt to generate steam and
power (Mariano et al., 2013). In addition, yeast and vinasse can be used as
animal feed and fertilizers, respectively.

4.2 TECHNIQUES IN ETHANOL PRODUCTION
FROM SUGARCANE

The ethanol production process improved considerably over the years.
Initially, production of ethanol was established to process molasses from the
sugar industry (annexed distilleries), but with the increasing importance of
ethanol in the 1980s, many mills began to run as autonomous ethanol plants
(i.e., autonomous distilleries, which only produce ethanol). The main steps in
the ethanol production process, which are similar in both type of distilleries,
are summarized in Fig. 4.3, and briefly described below.
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FIGURE 4.3 Ethanol production process from sugarcane and coproducts generated.

4.2.1 Crop Production, Harvesting and Transportation

The first step to produce ethanol is to obtain sugarcane fields with high produc-
tivity. Sugarcane is a semiperennial plant that requires crop rotation with other
crop types to maintain the stability of the soil, which is usually employed every
5 or 8 years. Between cycles, leguminous plants are planted with the purpose
of recycling nutrients and adding nitrogen by biological fixation in the soil.
Sugarcane is usually harvested every 2 years from the same canebrake. Most
of the harvesting is done mechanically nowadays, due to investments from the
sector and legislation that prohibits straw burn. After harvesting, the cane is cut
into smaller pieces and transported by trucks to the mills as soon as possible
(not more than 8 hours), to avoid degradation of the cane (CGEE, 2008).

4.2.2 Cleaning, Grinder and Juice Extraction

Once sugarcane arrives in the mill, it passes through a cleaning process to
wash impurities and other residues. The cleaning can be wet or dry; dry
cleaning is more ecologically friendly as it does not waste water, and does
not lead to sucrose loss. After that, sugarcane is ground to crush the fiber
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and to increase the density of the material from 175 to 450 kg/m’ (CGEE,
2008; Pacheco et al., 2013).

The juice extraction process is made by a crusher (some mills use a diffu-
sion process) to release sucrose. The milling process extracts the juice using
4—7 mill suits with 3—4 pressure rollers each, while hot water (around
70°C) is passed through the bagasse to improve extraction yield. The remain-
ing bagasse, with a humidity of 50%—52%, is sent to boilers to generate
high-pressure steam. The steam turbine converts thermic energy to mechani-
cal or electrical energy (Pacheco et al., 2013).

4.2.3 Sugar Production and Molasses Generation

In annexed distilleries, the amount of juice that is going to be directed to
produce sugar, usually, depends on the market demand. Due to quality rea-
sons, only the sugarcane juice extracted in the first mill suit is used for sugar
production. The juice obtained in following mill suits, which accounts for at
least 30% of the total reduction sugar, is directed to ethanol production.
After extraction, the juice is sieved and clarified by decanting of impurities
to prevent the undesired sugar inversion. Clarification uses chemical com-
pounds such as sulfate (sulfuric gas) and liming, followed by heat and
decanting (Pacheco et al., 2013). The clarification process generates a sludge
that is used as a fertilizer in the sugarcane crops (CGEE, 2008).

During clarification, the juice is heated to 105°C to lower microbial con-
tamination, and to facilitate the coagulation of colloids and emulsification of
grease and wax. At sugar processing, high temperatures are used to concen-
trate the juice through evaporation and to crystallize sucrose. After sugar
production, the residual sugar solution is called molasses (or honey), which
contains high amounts of glucose (5%—20%) and sucrose (45%—60%)
(CGEE, 2008). In annexed sugarcane distilleries, molasses can be mixed
with sugarcane juice (originating must) to produce ethanol. This is advanta-
geous, because the juice has some nutritional deficiencies, whereas molasses
has inhibitory compounds for yeast fermentation. In some plants, only one or
the other is used as a substrate to produce ethanol (Basso et al., 2015).

4.2.4 Fermentative Processes

As discussed above, sugarcane goes through cleaning, extraction, and physi-
cal and chemical treatments (Fig. 4.3). After that, sugars are fermented to
ethanol by yeasts. Fermentation starts by mixing sugarcane juice or must
(molasses and sugarcane juice), which contains 18%—22% (w/w) total reduc-
ing sugars, to a yeast cell suspension. Different types of fermentation pro-
cesses were developed over time, such as: batch process, fed-batch process,
and continuous process. Fed-batch process is commonly used in 70%—75%
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of the ethanol distilleries, the feeding time normally lasts for 4—6 hours, and
fermentation is finished within 6—10 hours.

In the batch process, the fermentation vat is loaded with a carbon source
(must or sugarcane juice) prior the addition of yeast (Saccharomyces cerevi-
siae). The yeast suspension (with 30% of yeast cell, on a wet basis) repre-
sents 25%—30% of the total volume of fermentation, which is performed in
tanks of 300—3000 m>. This method is not used in industrial ethanol plants,
since it can lead to low productivity of ethanol due to the presence of con-
taminants once the process takes place under aerobic conditions (Basso and
Rosa, 2010; Cheng et al., 2009), being used only on a laboratory scale, in
small distilleries, or in yeast propagation.

In the fed-batch process, yeast is added to the fermentation vat and the juice
is added continuously during the fermentation process until the maximum
volume of the vat is reached (Cheng et al., 2009). This process is performed in
serial fermentation vats, where the must is added with constant feed flow rate or
intermittently. After the vat reaches its maximum volume, the fermentation
continues until the total reduction of the sugar is complete, and the product is
collected followed by a cleaning and sterilization process of the fermenter for
the next batch. This fermentation method has some advantages, such as mainte-
nance of the maximum concentration of viable cells, prolongation of cell life-
time, and less inhibition of yeast by the high substrate concentration (Zabed
et al., 2014). The fed-batch system is widely used in Brazilian industry, being
employed in approximately 75% of the mills, due to a higher ethanol yield at the
end of fermentation and being less subject to contamination (Basso et al., 2015).

The continuous fermentation process is characterized as a system that can
operate for long periods at steady state. The fermentation vat works with a
constant high volume and flows feed of must, while the juice is withdrawing
at the same flow rate of the inlet flow. Continuous fermentation is a process
that requires greater knowledge of the microorganism’s behavior in the envi-
ronment in which it operates. Operating factors such as pH, temperature,
substrate concentration, ethanol, and biomass influence the system productiv-
ity, requiring greater control of the process. The biggest disadvantage is that
the continuous fermentations are more susceptible to bacterial contamination
for long exposure times (Cysewski and Wilke, 1978).

When fermentation ceases, the resulting broth (called wine) has about 6% —
12% (v/v) of alcohol. Yeast cells are separated from wine by centrifugation,
resulting in a concentrated yeast cell suspension (the yeast “cream”) with
60%—70% (wet weight basis/volume) of cells (Basso et al., 2015). As the yeast
suspension is recycled, the yeast cream is diluted with water and treated with
sulfuric acid for 2 hours to reduce contamination (Basso et al., 2015).
Remaining wine is sent to a distillation vat, and ethanol is recovered in a
hydrated form (96° GL), producing stillage or vinasse as a by-product. This
by-product is usually sent to cane fields to be used as fertilizer (Fig. 4.3). The
hydrated ethanol can be stored, or sent to a dehydration vat where cyclohexane
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is added to produce anhydrous ethanol. Another way to produce anhydrous eth-
anol is through molecular sieves that consume less energy (CGEE, 2008).

4.3 NEW TECHNOLOGIES INVOLVED
IN THE PRODUCTION OF ETHANOL 1G

In the first 20 years of industrial ethanol production in Brazil (1975—94)
there was a very significant improvement in several variables of the process,
since the process was maturing. In the 20 subsequent years, the most signifi-
cant improvement was in the alcohol content present in the wine, and conse-
quent lower vinasse production (Table 4.1). Among others factors, this was
possible due to the characterization, selection, and development of more
tolerant yeast strains, with higher ethanol yields and implantation capability
in the distilleries. Thus, in next section we discuss the main topics on yeast
and sugarcane research that allowed this improvement.

4.3.1 Yeast Research

4.3.1.1 Selection and Genetic Improvement of Yeasts

In Brazil, S. cerevisiae, including industrial and wild yeast strains, is the
most common microorganism used in industrial bioethanol production from
sugarcane juice and molasses (Marques et al., 2016).

TABLE 4.1 Technological Evolution of Sugarcane Ethanol Production
Process

Indicators Initial Phase of 1994 2013
Pro-Alcohol
Program (1975)

Fermentation time (h) 24 6 6—8
Alcohol content (°GL) 6.5 10 Up to
167
Fermentation efficiency (%) 80 91 92
Distillation yield (%) 98 99 99.5
Ethanol yield (I hydrated 66 86 87
bioethanol/t cane)
Bagasse surplus (%) Upto8 Up to 78 Upto78
Vinasse produced/bioethanol (L/L) 13 = 10—15/1

“Value obtained using perfect fermentation conditions and tolerant strains.
Dedini S.A. Industrias de Base (2005, 2012, 2013); Abarca (2005).
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Investigations of the yeast population from distilleries by karyotyping
analyses have shown that starter cultures (brewing or baker’s yeast) could
not survive over the crop season (Basso et al., 2008; Lopes et al., 2015). As
the ethanol production is carried out without complete asepsis, contaminant
microorganisms are able to enter in the process and replace the initial
cultures. Indeed, studying yeast population dynamics in industrial alcoholic
fermentations, Basso and coworkers (2008) observed that baker’s yeast was
replaced by wild strains in a period of 20—60 days, despite 250 days of recy-
cling during the season. In an extensive study, covering a period of 12 years
(1993—2005) and approximately 70 distilleries, approximately 340 contami-
nant strains were isolated and identified. Most of them showed undesirable
traits like excessive foam formation, flocculation, and incomplete fermenta-
tion, regardless of their dominance and persistence, and only 14 strains pre-
sented desirable fermentation features and performances. Of them, PE-2,
CAT-1, and BG-1 were the best performing strains, with higher implantation
capability (Basso et al., 2008). Due to their interesting traits, PE-2 and CAT-
1 have been used as selected starter cultures in more than 200 Brazilian
distilleries that account for 60% of the entire national ethanol production
(Basso et al., 2015). Application of selected strains such as PE-2 represents
a yield gain of ~3%, compared with baker’s strain. In a distillery, this dif-
ference generates an impact in ethanol production of approximately
2,000,000 L of ethanol per crop season (Basso et al., 2008).

Following dynamic populations of yeast in their own distilleries has
allowed the selection of new strains, with improved capabilities and more
adapted to their microenvironment (Lopes et al., 2015). Using a process-driven
selection strategy, FT858 (2007) and FERMEL (2014) yeast strains were
recently selected. The first one shows high dominance and persistence rates,
tolerance to aluminum, pH changes, and high alcohol conversion, while the
former strain was selected for molasses-based musts, molasses, or sugarcane
juice fermentation, demonstrating robustness, higher tolerance to acid treat-
ment, and alcohol content and high fermentation speed (‘“Fermentec,” 2016).

Currently, on the Brazilian market for fuel ethanol, few yeast strains are
being produced on a large scale for commercialization. In addition to the
above-mentioned yeast strains (CAT-1, PE-2, BG-1, FT-858, FERMEL),
there are other strains also widely used in the distilleries, such as VR-1,
SA1, and JP1. All of them can be used alone, or even in combination, to start
the fermentation processes (Della-Bianca et al., 2013; “Fermentec,” 2016;
“LNF,” n.d.).

4.3.1.2 Genetics Behind Yeast Robustness and Dominance

Understanding the mechanisms of stress tolerance and dominance of natural
isolates is a prerequisite to exploit desirable features for directed evolution
and genetic engineering of yeasts in first-generation bioethanol production.
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Whole-genome sequencing and other genetic approaches revealed impor-
tant traits of bioethanol yeasts, such as CAT-1 and PE-2 strains, and a hap-
loid derivative of the YJS329 (Argueso et al., 2009; Babrzadeh et al., 2012;
Stambuk et al., 2009; Zheng et al., 2012). The copy number amplification of
genes related to the metabolism of vitamins B1 (thiamine) and B6 (pyridox-
ine) was observed in five industrial strains (BG-1, CAT-1, PE-2, SA-1, and
VR-1) compared to baker’s yeast and S288C laboratory strain (Stambuk
et al., 2009). Besides the role of these cofactors in the amino acid metabo-
lism and other biochemical pathways, they are also required for sugar catab-
olism and oxidative stress tolerance, which could explain the competitive
advantage and positive effect in the predominance of these strains in a fer-
mentation industry that uses high sugar concentration broth (Argueso et al.,
2009; Babrzadeh et al., 2012; Stambuk et al., 2009).

4.3.1.3 Increasing Ethanol Yields by Reducing By-Product
Formation

Glycerol is one of the major by-products obtained during bioethanol indus-
trial fermentation. Approximately 4—8% of the substrate is converted to this
compound (Gombert and van Maris, 2015). In this way, a reduction in the
quantity of glycerol produced during fermentation could positively affect the
ethanol yield. Adjusting feeding rates in fed-batch processes, or selecting
low glycerol-producing strains, are strategies to increase the ethanol produc-
tion (Basso et al., 2015).

Recently, an approach for reducing glycerol formation has been
described. Studying yeast natural biodiversity, Hubmann et al. (2013a,b)
applied pooled-segregant whole genome sequence analysis to identified
major and minor Quantitative trait loci (QTLs) related to low glycerol and
high ethanol yields in yeast fermentation. Multiple alleles of regulatory and
structural genes of glycerol metabolism were identified as causative of a low
glycerol formation phenotype in CBS6412 strain. Introduction of these
mutants in an industrial-derived strain reduced the glycerol/ethanol ratio,
without compromising the osmotic stress tolerance or ethanol productivity.

Another strategy employed to minimize the glycerol formation was the
direct modification of central reactions associated with the formation of the
by-product, as deletion or regulation of genes encoding glycerol-3-phosphate
dehydrogenase GPDI1 and/or GPD2 enzymes. Despite decreased glycerol
production in the case of a single deletion, or even eliminating it when the
double deletion is present in the strain, these modifications are also impli-
cated in negative effects on growth, fermentation, and osmotolerance
(Bjorkqvist et al., 1997; Gombert and van Maris, 2015). Fine-tuned reduction
in GPD activity by promoter engineering showed improved ethanol yields,
but also led to loss of productivity and stress tolerance (Pagliardini et al.,
2013). In an attempt to solve this problem, Guadalupe-Medina et al. (2014)
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applied evolutionary engineering to obtain an evolved osmotolerant gpdi A
gpd2 A acetate-reducing S. cerevisiae strain, which already carried an alter-
native redox sink, coupling NADH reoxidation to the reduction of acetate to
ethanol. Although further improvements are required for industrial imple-
mentation, the strain showed 11% higher ethanol yields, and at least 10-fold
lower glycerol production compared to the reference strain. The mentioned
advances were not yet implemented in Brazilian industries; however, they
show the potential of engineered yeast strains to increase the efficiency in
bioethanol production.

4.3.1.4 Tolerance to Ethanol, High Temperatures
and High Osmotic Pressure

The implementation of Very High Gravity (VHG) fermentation, in which the
initial sugar concentration can reach 250—400 g/L, represents a challenge to
increase the efficiency of first generation fuel ethanol. Using this technology,
the ethanol content in the fermentation broth will increase, then, less energy
will be necessary for ethanol distillation, and less waste will be produced.
VHG affects directly the overall production cost, causing a reduction of it,
and contributing to environmental sustainability (Basso et al., 2015).

The polygenetic nature and complexity of ethanol tolerance make the
rational traditional methods not the most adequate for strain improvement,
thus nontargeted approaches, such as evolutionary engineering, mutagenesis,
and genome shuffling, have shown more successful results (Snoek et al.,
2015; Steensels et al., 2014; Swinnen et al., 2012). Swinnen et al. (2012)
mapped QTLs involved in tolerance to high ethanol levels (up to 18% etha-
nol) in the Brazilian bioethanol strain VR-1. Strategies like that can provide
genes for strain improvement through genetic engineering. The use of
genome shuffling has been applied to generate strains with improved pheno-
types, as performed by Tao et al. (2012) and Zheng et al. (2014). In their
work, the strains obtained showed higher stress tolerance and enhanced etha-
nol titers under VHG conditions. Using large-scale robot-assisted genome
shuffling, Snoek et al. (2015) obtained hybrids with increased ethanol accu-
mulation and tolerance compared to the commercial yeast Ethanol Red. The
hybrids are derived from eight strains initially selected among 318
Saccharomyces isolated in different niches, such as wine, ale, and biofuel
production industry.

4.3.2 Improvement of Sugarcane

Genetic improvements in sugarcane have caused a great impact on the ethanol
production in Brazil. Currently, more than 600 commercial varieties of sugar-
cane are available, derived from traditional genetic improvements developed
mainly by Ridesa and CTC (Center of Sugarcane Technology). New cultivars
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have been developed searching for desirable traits like high productivity,
increased sugar content, adaptation to weather and soil conditions, tolerance
to drought, or resistance to diseases and pests (Matsuoka et al., 2009).

Breeding programs have shown a good potential and effectiveness for
sugarcane improvement. Thanks to them, sugarcane productivity increased
50% in the last 40 years (Matsuoka et al., 2009). However, biotechnology
and genetic approaches have come to accelerate this process, introducing
new genes into the sugarcane genome or developing genetic tools or methods
to identify quickly clones with advantageous characters (CGEE, 2008).

The complete genome sequence of sugarcane is not available yet, due to
the high polyploidy and complexity of the Saccharum genome. Considering
this aspect, different strategies are being used to reveal some genetic infor-
mation. de Setta et al. (2014) constructed and analyzed a set of 317 BAC
(Bacterial Artificial Chromosome) sequences produced from the R570 sugar-
cane cultivar and, more recently, another BAC collection was generated
from a different variety, SP80-3280 (Okura et al., 2016). Both analyses pro-
vide relevant information about the structure and sequence composition of
the sugarcane genome. Furthermore, thousands of sugarcane protein-coding
genes and several noncoding genes were sequenced and annotated, allowing,
e.g., access to important biological information about metabolic pathways,
promoters, and intergenic regions. The SUCEST, a consortium of Brazilian
researchers, produced the largest collection of sugarcane ESTs (expressed
sequence tags). The database contains 237,954 sugarcane ESTs from cDNA
libraries constructed from different organs and tissues sampled at different
developmental stages or conditions (Hotta et al., 2010; Vettore, 2003). This
collection provides important tools for the identification of genes involved in
growth development, sugar accumulation, and response to biotic and abiotic
stresses, and for the development of molecular markers associated with inter-
esting traits in the cultivars (Matsuoka et al., 2009).

Several groups have been working on identification of molecular markers
and genes that can be used in molecular-assisted breeding to develop
improved cultivars in less time and with lower costs (Garcia et al., 2006;
Marconi et al., 2011; Margarido et al., 2015; Pastina et al., 2012). Using sim-
ple sequence repeats or microsatellite markers from the SUCEST database,
Marconi et al. (2011) could detect high levels of polymorphism across 18
sugarcane genotypes tested. Some of them, e.g., those related to bacterial
defense responses or carbohydrate metabolism, can be used efficiently for
genetic mapping studies of segregating populations. In another approach,
Pastina et al. (2012) performed a QTL detection based on mixed models for
multienvironment data to identify QTLs for cane yield, sugar yield, fiber per-
centage, and sucrose content, taking into account two locations and three
consecutive harvest years.

On the other hand, genetic engineering has been employed in many labo-
ratories to generate new varieties of sugarcane, and field trials have been
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conducted to evaluate the incorporated features (da Cunha et al., 2015). In
Brazil, CTC was the pioneer in the creation of transgenic varieties in 1994,
and since then, other studies with transgenic varieties have been conducted
(CTC, 2016). Research groups are focused on the development of genetically
modified sugarcane to increase sugar content (Wu and Birch, 2010), and
biotic and abiotic resistance (da Cunha et al., 2015; Reis et al., 2014). As
well, alternative approaches to use sugarcane expressing heterologous protein
to produce value adding products, such as the biopolymers polyhydroxyalk-
anoate and polyhydroxybutyrate (PHAs and PHBs), or introducing changes
to facilitate second-generation ethanol production or increase biomass pro-
duction (Ferreira et al., 2016; McQualter et al., 2014; Somleva et al., 2013).
However, there is still much to be understood and developed about trans-
genic sugarcane. Sugarcane transformation is not trivial and shows low effi-
ciency. Transgene inactivation (gene silencing and regulation), genetic
instability, somaclonal variation, and the long time required for regeneration
and regulatory approval of the construction for commercial release (Hotta
et al., 2010) are examples of some limitations in the area (Arruda, 2012).

4.3.3 Coproducts in the Bioethanol Industry

For the immediate future, the combination of emerging biorefineries with
other industries is a potential solution to mitigate the threat of climate
change, and also provide a means to support the demand for energy, fuels,
chemicals, and materials (Ragauskas et al., 2006). The new challenge is to
develop technologies for more valuable coproducts, and better utilization of
crop residues in biorefineries. In this context, much has been done and con-
sidered regarding the development of the sugarcane industry into biorefi-
neries. Here, we describe the main products of the sugarcane industry, and
the potentially new products in addition to ethanol and sugar.

4.3.3.1 Sucrose

Sucrose is a common, naturally occurring disaccharide formed by
glucose—fructose found in many plants. In sugarcane, sucrose contents can
reach up to 26%. Traditionally, sucrose is used for sugar and ethanol produc-
tion in Brazil (Basso and Rosa, 2010). However, developments in biorefinery
research opened up the possibility of using sucrose for the production
of high value added chemicals (Amyris, n.d.; “SolazymesIndustrial,” n.d.). In
this sense, sucrose could be directed, for instance, to production of oils and
ingredients through genetically modified algae and microorganisms. Even
with new uses, sucrose availability is still not limiting sugar and ethanol
production; however, with the increment in production and release of new
products in the market it could be affected. It is expected that ethanol
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production could be compensated by the use of cane biomass (bagasse and
straw) in a coupled second-generation process.

4.3.3.2 Power Generation

Sugarcane bagasse, one of the main by-products of sugarcane processing
(Fig. 4.3), is used as fuel in cogeneration systems, which provide steam and
electric energy to supply the bioethanol production process. The bagasse
represents 25% of the sugarcane weight (Rezende et al., 2011). According to
Dias et al. (2010), conventional plants can be equipped with boilers for the
production of 22 bar steam. The steam produced in the boilers is used to pro-
duce electricity in steam turbines and thermal energy for the process, besides
being used in mechanical drivers in the sugarcane preparation and juice
extraction systems. However, for the past few years, growing interest in the
production of electricity in ethanol production plants has been observed,
which may improve revenues and the competitiveness of sugarcane ethanol
(Dias et al., 2010). In this way, many sugar factories are presently producing
considerable amounts of electricity for export to the utility grid, while
at the same time meeting on-site energy needs by installing modern
condensing—extraction steam turbines for cogeneration (Dias et al., 2010).

In addition to bagasse, sugarcane is composed of leaves and tops, which
nowadays are left in the field. For the near term it is expected that part of
this can be recovered from the field, to enable further power generation
throughout the year.

In all cases where excess steam is produced, it is condensed in steam tur-
bines, increasing the amount of electricity produced. Considering these com-
mercial steam cycle cogeneration systems, the mills’ electricity surplus could
leap from the current 0—10 kWh/t cane level (pure cogeneration at 22 bar/
300°C) to more than 140 kWh/t cane (CEST, 90 bar/520°C, using bagasse),
and with competitive costs for the current electricity market. Indeed, in
2010, the capacity installed to produce electric energy from bagasse in
Brazil was about 6011.6 megawatts (568,148.76 kW/h of energy), which
corresponded to 5% of the countries energetic matrix (Filho, 2011). In 2015,
10,793 MW was produced from biomass energy, equivalent to 7.7% of the
total power generation energy in Brazil (CCEE, 2015). New technologies
and strategies to increase the capacity of the boilers and power turbines
continue to be developed, with the aim of using bagasse in a more
profitable way (NovaCana, n.d.).

4.3.3.3 Vinasse

Vinasse is a main by-product of the sugar—ethanol industry. It is usually an
acidic (pH 3.5—5) dark brown slurry, with a high organic content (COD:
50—150 g/L), and an unpleasant odor to humans. According to Wilkie et al.
(2000), the production of ethanol from sugar crops, starch crops, and/or
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cellulosic material, generates on average, 10—15 L of vinasse for each liter
of ethanol produced, depending on the distillery equipment (Cortez et al.,
1992). Vinasse was considered highly toxic to animals, plants, microbes, and
microflora from freshwater. In addition, it disturbed marine animals that
came to the coast to reproduce, and had a high pollution potential, approxi-
mately 100 times more than household sewage, due to the high organic
matter content, causing a depletion of oxygen and high levels of biochemical
demand for oxygen (BOD) (Kannan and Upreti, 2008). However, vinasse
use as fertilizer became usual in sugarcane refineries since the beginning of
the 1980s. When applied in nature to the soil, in controlled and small quanti-
ties to avoid the damaging effect, sugarcane vinasse help fertilize the sugar-
cane crop, lowering the costs of chemical fertilizers (Laime et al., 2011).

An alternative that has increasingly been used for vinasse valoration in
the ethanol industry is its anaerobic biodigestion. This process consists of the
biodegradation of the organic load of vinasse to produce biogas. The anaero-
bic process occurs in two phases: acidogenic and methanogenic, with the
action of facultative and obligate anaerobic bacteria. Due to its high methane
content, biogas is mainly used to produce energy. In the sugar—ethanol
industry, biogas can be used to: operate gas turbines combined to an electric
generator; substitute part of the fuels used in the agroindustry during harvest-
ing time; or use in boilers to generate vapors and to mill sugarcane
(Szymanski et al., 2010).

Initiatives towards the use of vinasse for microalgae mixotrophic cultiva-
tion are also being evaluated. Recently, researchers from Embrapa have
reported the selection of native wild-type Chlorophyta strains capable of pro-
ducing up to 440 mg/L/day of biomass using crude vinasse as the sole
growth media. Among them is a starch-rich Chlamydomonas sp. strain that is
a priority within Embrapa’s research program, given its potential use for
ethanol (carbohydrate fraction) and electricity (residual biomass) production
(Brasil, 2016).

4.3.3.4 Dry Yeast

Generally, fermentation starts by adding must to a yeast cell suspension. As
there is always yeast growth during the fermentation step, an excess of yeast
is generated during alcohol production. Thus, around 20% of yeast is
intended for drying, while the remaining 80% is reused in the process of
fermentation. The yeast cream is sent to a drying chamber (Spray Dryer),
where it comes into direct contact with the hot air. The dried and powdered
form can be packed and marketed as a supplement for animal feed (“Jalles
Machado”, 2016).

The dry yeast is used as a nutritional supplement in feed formulations
due to its high protein content, high concentration of vitamin B complex,
and excellent balance of amino acids. In addition, it also improves the flavor
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of the feed, and has prophylactic effects (acts as a natural antibiotic). It is
indicated for use in feeds for poultry, pigs, cattle, goats, fish, shrimps,
horses, dogs, cats, and others, with indexes of specific inclusions recom-
mended for each case (discretion of the vet/additions in feeds are usually
from 0.1% to 1% in relation to its weight). In the stage of the preparation of
this yeast, there is an increase in protein content and partial reduction of
minerals, acidity, and organic substances that interfere with the color, smell,
and taste of dry yeast (“Jalles Machado,” 2016).

4.3.3.5 Bioplastic

Production of chemicals from renewable sources is essential to mitigate det-
rimental effects of a petroleum-based economy on the environment. In this
sense, there is increasing interest in the production of bioplastics. Bioplastic
is a plastic that is made partly or wholly from polymers derived from renew-
able sources, such as sugarcane, potato starch, or cellulose, straw, and cotton.
There are three main types of bioplastics in commercial scale production: (1)
plastics derived from fossil carbon source but biodegradable; (2) plastics
derived from polymers converted from biomass and biodegradable; and (3)
plastics derived from polymers converted from biomass but not biodegrad-
able (Pei et al., 2011).

Living organisms, such as plants, fungi, or bacteria, produce bioplastics,
derived from bio-based polymers. Some microorganisms are capable of con-
verting biomass into biopolymers employing a set of catalytic enzymes. The
bioplastics available in the market are made from polymers such as starch-
based, polyhydroxyalkanoates (PHAs), polylactic acid (PLA), and others.
Polymers for bioplastics are usually produced in biological fermentation pro-
cesses using sugar, starch, oil, or lignocellulosic biomass-derived carbohy-
drates. For instance, xylose, which is one of the most abundant sugars in
nature, can be converted to lactic acid and acetic acid by an anaerobic
fermentation. These can subsequently be used as feasible feedstocks for PHA
production (Pei et al., 2011).

43.3.6 CO,

Carbon dioxide is produced in significant amounts during sugarcane juice fer-
mentation and bagasse burning. Ethanol and CO, are produced equimolarly
in the fermentation step, thus carbon dioxide (CO,) from ethanol production
facilities increases proportionally as more ethanol is produced. For instance,
90 kg of glucose becomes about 46 kg of ethanol and 44 kg of CO,.

Carbon dioxide released from the ethanol fermentation process can be
captured, stored, and utilized for beverages, oil recovery, refrigerant, fertil-
izer, and food processing (Hunt et al., 2010). For the recovery of CO,,
several combined processes are used, such as washing, liquefaction, com-
pression, and refrigeration (Farla et al., 1995). One common method used for
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the capture and purification of CO, is cryogenic distillation, which is a
physical—chemical process that separates noncondensable contaminants
from the gas of interest. The cryogenic distillation to obtain pure CO, is
advantageous when the feed stream originating from the fermentation step
is relatively pure (not less than 90%, v/v) (MAPA, 2012). Such a highly-
concentrated source of CO, is a potential candidate for capture and
utilization by the CO, industry (Xu et al., 2010).

In food industries, the carbonation process intends to improve organolep-
tic properties, such as taste and texture, and increase the shelf-life of soft
drinks, water, and beer. Additionally, the gas is used in refrigeration systems,
especially in the transport and storage of frozen foods, in the form of dry
ice. The extraction and processing of natural materials with supercritical
CO, can be used as raw materials for pharmaceutical, cosmetic, and food
industries (Filho et al., 2013). Other opportunities for CO, uses are growing
in the industrial sector. Novel chemistry is evaluating opportunities in poly-
mer processing, renewable methanol, and the production of formic acid, all
using CO, as a feedstock.

In the advanced biofuels industry, algal CO, fixation is an excellent
means of utilizing carbon dioxide in renewable energy. Other energy twists
include using the commodity in wind energy projects as a cushion gas,
enhancing the recovery of natural gas in coal bed seams, and in situ uranium
leaching (“Ethanol Producer Magazine”, n.d.).

4.3.3.7 Other Chemicals

In addition to traditional coproducts that can be generated during bioethanol
production as described above, other innovative products with high benefits
and environmentally friendly appeal can be coupled to the sugarcane agroin-
dustry sector. Many kinds of biofuels and chemicals are created from chemi-
cal building blocks of sugars or alcohols by fermentation pathways or
chemical —physical transformations.

Dehydration of bioethanol can produce ethylene, the largest petroleum-
based chemical commodity used in the production of many other compounds
and plastics (IEA, 2009). Other products, such as polypropylene, ethylene,
and polyvinyl chloride, which are applied in industries using plastic resins,
solvents, and textile fibers, can also be produced from bioethanol.
Acetaldehyde, which can be produced through ethanol dehydrogenation, is
an important chemical intermediate for the production of compounds such as
acetic acid, pentaerythritol, acetic esters, butadiene, and polybutadiene.
Moreover, several other products, such as paints, adhesives, agrochemicals,
and fertilizers, can be produced from alcohol, showing bioethanol as an
alternative for petrochemical products (BNDES and CCGE, 2008). As an
example, the agrochemical company Oxiteno has implemented production
routes for ethylene and green alcohols, such as isoamyl alcohol and isobutyl
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alcohol derived from sugarcane (http://www.oxiteno.com/). Fusel oil is a
by-product obtained during bioethanol production, which is composed of
a mixture of higher alcohols, such as isoamyl alcohol, isobutyl alcohol, and
propanol, where the first one is the major component. Considering the annual
production of bioethanol in Brazil, and that 2.5 L of fusel oil is produced per
1000 L of ethanol (Ferreira et al., 2013), it is estimated that approximately
80,000,000 L of fusel oil can be produced per year in the country. However,
normally the distilleries sell the fusel oil to chemical industries, or burn it to
supply energy to the mill. In order to implement the production of high value
added compounds in distilleries, and recover the waste generated in the pro-
cess, Ferreira et al. (2013) have proposed an integrated process system to
increase ethanol recovery and to purify isoamyl alcohol from fusel oil. This
new proposed process can be integrated independently, or coupled to the
existing plant distilleries (Meirelles et al., 2016). In another approach, fusel
oil was used in the generation of organic carbonates via capture and fixation
of carbon dioxide (CO,), also a coproduct generated in the distillery (Pereira
et al., 2015). Organic carbonates can be used as fuel additives, solvents, and
reagents in the chemical industry and medical chemistry.

Braskem is one of the largest producers of green plastics in the world. It
started polyethylene production derived from sugarcane ethanol on a com-
mercial scale in Triunfo—Brazil, in 2010, and nowadays its annual produc-
tion is estimated at 200,000 m>. The company is also investing in the
improvement of process technologies, quality of products, and in the produc-
tion of other products from renewable raw materials, such as butadiene
(Braskem, n.d.).

In another innovative project, Amyris and Total launched in 2010 ongoing
collaborative research to develop a renewable biodiesel and an aviation jet
fuel made from a hydrocarbon, farnesene. In the process, genetically-
modified yeasts ferment sugars present in the sugarcane syrup to produce
farnesene instead of ethanol. This compound is chemically hydrogenated and
converted to farnesane, which is used in diesel fuel. The first production plant
was built in Sao Paulo, Brazil. In 2014, the jet fuel began to be commercial-
ized, after industry acceptance and regulatory approval (Amyris, n.d.).

4.4 CONCLUSIONS

The sugarcane industry has been in development for decades in Brazil, con-
tributing to one of the most renewable energy matrixes in the world.
Sugarcane alone contributes to 13%—18% of the Brazilian energy matrix, and
allows the country be one of the main ethanol and sugar producers world-
wide. Nowadays, technologies for ethanol production are well-established,
and more than 300 mills work throughout the year producing the fuel, as well
sugar, electric energy, and other by-products. However, the increasing
demand for more sustainable production processes for energy and chemicals
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in a biorefinery context brought new opportunities and challenges for the sec-
tor. Current developments include improvements in biomass, yeast perfor-
mance, and process technologies.

On the biomass side, major advancements in ethanol production from
sugarcane might come from the generation of GMO cultivars and exploita-
tion of energy cane. In the first case, genetic improvement programs of sug-
arcane to increase drought tolerance and resistance to pests are expected to
yield cultivars with increased productivity. Whereas the energy cane planted
area is growing in the country. Energy cane accumulates less sucrose than
sugarcane, however, its higher fiber and productivity will allow increased
ethanol and energy production.

The ethanol fermentation process has yields above 90%, however, yeast
performance may be improved in a variety of ways. Reduction of by-product
formation, increased robustness, and better tolerance to high ethanol contents
are important traits being considered in the genetic improvement of yeast.
High ethanol tolerance allows VHG fermentation, which, in turn, will
increase process efficiency by reducing the energy required for distillation,
and less waste generation.

Other minor improvements in the different steps of the production pro-
cess, such as milling and steam generation, are expected to be included in
the bioethanol industry. Adaptation of the operational units in the mills are
mainly expected due to the new characteristics of the biomass, which has a
higher fiber content. All taken together, these factors will improve ethanol
yield and productivity in Brazilian sugarcane biorefineries.
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