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Preface

At the United Nations Climate Conference (COP21) that took place in Paris in
December 2015, 195 governments agreed to adopt a global action plan aimed a
long-term maintainence of the global average temperature increase to be well below
2 °C above preindustrial levels.

Improving the global policy for the stimulation of the research and the con-
sumption of green fuels can contribute to a quick reduction of CO, emission of
fossil fuels in next decades.

This book comprises 22 chapters, providing an extensive overview about the
state of the art regarding to the current technological developments in green bio-
fuels. Chapter “History and Global Policy of Biofuels” provides a generalized
overview of the history of biofuels production and the global policies related to
their development and brings to the fore the problem of emissions greenhouse gas
(GHG) and the sense that energy is an essential input for global economic growth.
In Chapter “Feedstocks for Biofuels” the most important vegetal feedstock and
agroindustrial wastes utilized in the production of green biofuels are presented.
Chapters “Oil Crops in the Context of Global Biodiesel Production” and “An
Overview of Production, Properties and Uses of Biodiesel from Vegetable Oil”
present the global market of the main vegetal oils used in the biodiesel production
and an overview about their production, properties, uses of biodiesel from vegetable
oil, and various technical and economic aspects that require to be made for
increasing the production and consumption of this biofuel.

The pretreatment technologies of lignocellulose biomass available to date, with
emphasis on those that are already closed to or have eventually reached pre-
commercial scale such as steam explosion and/or dilute acid hydrolysis are pre-
sented and discussed in Chapter “Pretreatment Processes for Cellulosic Ethanol
Production: Processes Integration and Modeling for the Utilization of
Lignocellulosics Such as Sugarcane Straw”.

The main enzymes involved in cellulose degradation include the classical gly-
coside hydrolases, namely endoglucanases, cellobiohydrolases, and B-glucosidases,
as well as oxidative enzymes, among which cellobiodehydrogenases and the newly
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discovered lytic polysaccharide monooxygenases are introduced and explored in
Chapter “Fungal Enzymatic Degradation of Cellulose”. In Chapter “Principles and
Challenges Involved in the Enzymatic Hydrolysis of Cellulosic Materials at High
Total Solids” the new challenges involved in the production of enzymatic hydro-
lysates with high sugar concentrations (180-200 g L"), signaled as the most
important factor to economically produce second generation ethanol, are argued.

In Chapters “First Generation Bioethanol” and “Second Generation Bioethanol”
the currently technology developed for the production of first- and second gener-
ation bioethanol is presented. Chapter “Bioethanol from Soybean Molasses”
focuses on the production of bioethanol from soybean molasses at laboratory, pilot,
and Industrial scales. Soybean molasses is the main by-product generated during
the industrial processing of soybean to produce the soy protein concentrate. It is a
rich source of carbohydrates, proteins, and lipids and demonstrated to be a suitable
fermentation medium to produce bioethanol, either with Saccharomyces cerevisiae
or Zymomonas mobilis.

Chapter “Bioethanol Wastes: Economic Valorization” describes the most
promising technology for the reuse and valorization of the solid, liquid, and gaseous
wastes generated during the production of ethanol through the fermentation of
sugarcane.

Chapters “General Assessment of the Currently Available Biodiesel Production
Technologies”—“Biodiesel and Bioethanol from Microalgae” present a general
discussion about available technologies, with a special focus on hydroesterification
and biodiesel production from algae. Chapter “Microbial Oil for Biodiesel
Production” is a description of biodiesel production (at bench and pilot scale)
from oleaginous microorganisms cultivation in alternative substrates for microbial
oil production and extraction of lipids. Also, a promising example of microbial oil
production from sugarcane juice by yeasts and microalgae and its use as raw
material for biodiesel production is presented as a case study.

The research development in biohydrogen is presented in a chronological order
in Chapter “Biohydrogen”, and anaerobic digestion for biogas production as an
evolutionary perspective in the Indian context are discussed in Chapter “Biogas: An
Evolutionary Perspective in the Indian Context”.

Chapter “Bio-butanol—“A Renewable Green Alternative of Liquid Fuel” from
Algae” describes briefly, biobutanol as a fuel and its biochemical production and
challenges and a particular emphasis is given on their production from algae as
potential substrate.

Pyrolysis process is the thermal degradation of biomass under an inert atmo-
sphere leading to three different products: solid char, liquid biofuel, and fuel gas.
This thermochemical process involves complex and multiple reactions. In
Chapter “Pyrolysis of Biomass for Biofuel Production”, the biomass pyrolysis is
studied using the thermogravimetric analysis (TGA) coupled with mass spec-
trometry (MS), one of the main analytical tools to evaluate the potential of a
feedstock.

Life cycle assessment is a powerful tool to analyze the economic efficiency and
the environmental impacts of a product, processes, or human activity on the
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environment. In Chapter “Life-Cycle Assessment of Biofuels”, the theory of life
cycle assessment, scope and objectives, besides some of the commonly used
parameters to evaluate and compare efficiency of different processes are briefly
discussed. Then some specificities of biofuel’s life cycle are focused, and finally
some case studies concerning the most important biofuels such as biodiesel,
bioethanol, and biohydrogen, among others, are presented.

The statistics of patent applications is used as indicator for evaluating the
technological development in different knowledge areas. Chapter ‘“Patents on
Biofuels” covers every aspect of the production process of biofuels, focusing on
biotechnological aspects and its most recent trends.

Finally, Chapter “Economic and Environmental Aspects of Biofuels” inspects
the economic and environmental impacts of the first generation biofuel, which is
the only largely available fuel in the market today. Based on this experience, the
process of continuous improvement for the future generations of biofuels is
evaluated.

The book would be of special interest for academic, researchers, graduate stu-
dents, and industry scientists that are working in the area of biofuels.

We would like to thank the authors and the reviewers of the chapters for their
cooperation and also for their preparedness and revising the articles in a timed date.
We also thank the team from Springer, especially, Dr. Antony Doyle and Vani
Gopi, for their collaboration in editing this book.

Curitiba, Brazil Carlos Ricardo Soccol
Québec, Canada Satinder Kaur Brar
Marseille, France Craig Faulds

Curitiba, Brazil Luiz Pereira Ramos
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History and Global Policy of Biofuels

Mariem Ayadi, Saurabh Jyoti Sarma, Vinayak Laxman Pachapur,
Satinder Kaur Brar and Ridha Ben Cheikh

Abstract The increasing cost of crude oil, concerns about energy security,
greenhouse gas (GHG) emissions, and the realization that energy is an essential
input for economic growth have resulted in renewed focus on biofuels. In the last
decade, their development has been driven by various governments’ policies. Laws
and regulations linked to renewable energy were legislated in several countries.
Financial supports, tax policies, and the mandatory blending of some biofuels with
fossil fuels in transportation sector are the major policies. Thus, the present chapter
provides a generalized overview of the history of biofuels production and the global
policies related to their development.

Keywords Bioethanol - Biohydrogen - Biogas - Biobutanol - Biooil - History -
Policy

1 Introduction

Many countries have started searching for energy stability, especially after the oil
crisis in the 1970s which put an end to an abundant and low-cost fuel. In this
context, biofuels are considered an attractive alternative from economic, social, and
environmental points of view (Cremonez et al. 2015). For the European Union, the
primary motivations of biofuels development are to ensure the energy security, to
reduce the greenhouse gas (GHG) emissions, and to promote the rural agricultural
development (Su et al. 2015). Biofuel is a term used for liquid, gas, and solid fuels
which are predominantly produced from biomass; they include biomethanol,
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2 M. Ayadi et al.

bioethanol, biohydrogen, biodiesel, vegetable oils, biooil, bio-char, biogas,
bio-synthetic gas named also bio-syngas and Fisher—Tropsch liquids (Demirbas
2008). During the last 10 years, biofuels production has increased in a remarkable
way passing from 6.4 in 2003 to 23.4 billion gallons in 2013 (Su et al. 2015). The
world leaders in biofuels development and use are Brazil, United States, Germany,
France, and Sweden (https://en.wikipedia.org/wiki/Biofuel). The present chapter
summarizes the developments of global biofuel initiatives in a chronological order
and the policies backing such developments.

2 History of Biofuel Production
2.1 History of Biodiesel Production

Biodiesel is a renewable alternative fuel produced from vegetable oils, animal fats,
or waste vegetable oils (Bergmann et al. 2013). The story began in 1890 when the
German “Rudolf Diesel” invented the diesel engine. In 1900, one of these engines
was powered by peanut oil (http://www.extension.org/pages/27135/history-of-
biodiesel#.VhbgAfl_Oko). After Diesel’s death in 1913, petroleum fuels became
available and cheap reducing the importance of vegetable fuels (http://www.
biodiesel.com/biodiesel/history/). After the oil crises of the 1970s, the interest in
using vegetable oils increased significantly; however, the problem was that the
newer diesel engine could not run on traditional vegetable oils due to their high
viscosity in comparison to petroleum diesel fuel (http://www.biodiesel.com/
biodiesel/history/). Many methods were proposed including pyrolysis, blending
with solvents, and emulsifying the fuel with water or alcohols in order to decrease
their viscosity to a level they could be burned properly in the diesel engine (http://
www.biodiesel.com/biodiesel/history/); unfortunately, none of these solutions was
suitable. Actually, biodiesel patent was granted to the Belgian Charles Chavanne
from the University of Brussels who proposed in 1937 the use of ethyl esters
derived from the acidic transesterification of palm oil. However, the term biodiesel
was mentioned for the first time in 1988 in a Chinese research paper (Cremonez
et al. 2015).

2.2 History of Bioethanol Production

Bioethanol is a fuel produced from natural sources or feedstock, e.g., wheat, wood,
corn, straw, and sugar beet; it is a way to reduce environmental pollution and crude
oil consumption (Demirbas 2008). Figure 1 shows bioethanol production in different
countries during 2005 and 2006; where, America is the world’s leader of its pro-
duction (Balat et al. 2009). In the year 2014, global ethanol fuel production was
24,570 million gallons, where USA (14,300) and Brazil (6190) were the two leading
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producers  (http://www.chemistryviews.org/details/ezine/7841381/Alcohol__Not_
Just_for_Drinking.html). Bioethanol can be produced by sugars fermentation, in
this process, sugar is converted with water into ethanol, carbon dioxide, and water as
described in the following equation: (http://fr.scribd.com/doc/21260/The-History-
and-Development-of-Bioethanol-as-an-Alternative-Fuel#scribd)

C6H1206 + H2O — 2C2H5OH + 2C02 + H20

Brazil has successfully produced bioethanol as a fuel for automobile use since
the 1970s and it has been produced almost exclusively from sugarcane. Indeed, 1
ton of sugarcane affords 72 1 of bioethanol (http://fr.scribd.com/doc/21260/The-
History-and-Development-of-Bioethanol-as-an-Alternative-Fuel#scribd). It should
be indicated that bioethanol production from sugarcane has been known since 6000
BC. Sugars fermentation into ethanol is one of the oldest organic reactions that
mankind learned. Ethanol has been used as an intoxicating agent in the preparation
of alcoholic beverages for a long time. Dried ethanol residues were found in China
on a 9000-year-old pottery, their isolation as a relatively pure compound was
achieved by the Persian Zakariya Razi. In order to increase ethanol yield in bev-
erages, ancient people resorted to distillation, this process was known by the Greeks
working in Alexandria, and then Arabs learned it from Alexandrians. In 1796,
Johann Tobias Lowitz obtained successfully the pure ethanol by filtering the dis-
tilled one, finally, its chemical formula was determined by Nicolas Théodore De
Saussure in the early nineteenth century (http://www.aber.ac.uk/en/media/
departmental/ibers/pdf/innovations/07/07ch8.pdf).

2.3 History of Biogas Production

Biogas is a combustible mixture of gases formed from the anaerobic bacterial
decomposition of organic matter; it consists of essentially 50-70 % methane (CHy,),
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30-50 % carbon dioxide (CO,) and may contain small amount of other gases. It has
a calorific value around 21-24 MJ/m’.

As an alternative energy source, biogas is generally used for heating, cooking,
lighting, or electricity generation. (Bond et al. 2011). It was suggested that biogas
was used for bath water heating in Assyria as early as the tenth century BC and that
anaerobic digestion of solid waste was applied in ancient China (He 2010).
However, it was reported that harnessing anaerobic digestion of biomass, a process
by which microorganisms break down biodegradable material in the absence of
oxygen, has started from the nineteenth century when digesters were built in New
Zealand and India with a sewage sludge digester built in Exeter, UK to fuel street
lamp in 1890 (Bond et al. 2011). In China, commercial use of biogas was attributed
to Guorui Luo, as in 1921 he constructed an 8 m? biogas tank fed with household
waste (He 2010). In Germany, the first sewage treatment plant for biogas feeding
was constructed in 1920, thirty years later; the first agricultural biogas plant began
operating. During the first half of the 1980s, Chinese government installed more
than 7 million digesters in order to overcome the high cost of oil. However, only 4.7
million household biogas digesters were reported. Early in this century, there was a
rapid increase in the number of plants especially in 2007 when 26.5 million biogas
plants were created in China (Bond et al. 2011).

2.4 History of Biohydrogen Production

Biohydrogen (H,) offers a clean and renewable energy source. Upon utilization, it
does not generate carbon-based emissions responsible for environmental pollution
and climate change (Levin et al. 2004). Moreover, its energy yield is about 2.75
times greater than hydrocarbon-based fuels (Magnusson et al. 2008). There are
different methods to produce biohydrogen including: direct biophotolysis, indirect
biophotolysis, photo-fermentation, and dark fermentation (Levin et al. 2004). Dark
fermentation is considered the best method for producing H, thanks to its ability to
produce it at higher rate; in addition, this promising technology can treat a variety
of waste streams (Magnusson et al. 2008). In 1939, Hans Gaffron, a German
researcher, obtained photochemical and fermentative hydrogen from Algae
(Gaffron and Rubin 1942); he reported with his coworker that the green microalgae
Scenedesmus developed molecular hydrogen under light after being kept in
anaerobic and dark conditions (Gaffron and Rubin 1942). Gest et al. studied the
photochemical production of molecular hydrogen by growing cultures of photo-
synthetic bacteria (Gest and Kammen 1949). Aiba et al. (1973) reported that
hydrogen gas could be generated from mixing acid fermentation of Esherichia coli
the butylene glycol fermentation of aerobacter and the butyric acid fermentation of
Clostridium spp. In 1973, when Benneman et al. studied the hydrogen evolution
from water using Clostridium kluyveri hydrogenase, he revealed that such evolution
could be employed in solar energy conversion (Demirbas 2009). Since 1980s,
hydrogen production has been investigated with different anaerobic bacteria, after
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that, it was integrated with agricultural and industrial activities for the future
renewable energy demand (Demirbas 2009).

2.5 History of Biobutanol Production

Biobutanol production via biochemical process is known as acetone—butanol—
ethanol (ABE) fermentation. It was Pasteur who discovered the biobutanol pro-
duction via anaerobic bacteria fermentation in 1861. Between 1912 and 1914, Chaim
Weizmann isolated Clostridium acetobutylicum which is responsible for the pro-
duction of acetone and butanol; their yield was greater than that given by the pre-
vious species (http://www.abercade.ru/en/materials/analytics/339.html). ~ The
industrial production of butanol by this species flourished from the first half to the
second half of the twentieth century until cheaper butanol was produced from
petrochemical derivatives.

After the World War I, butanol demand increased significantly, therefore, many
large-scale industrial plants were created in Canada and USA. After 1936, ABE
fermentation industries were founded in Egypt, South Africa, China, Japan, and
Soviet Union. In 1945, Japan started the butanol production from sugar plants as
biofuel for airplanes (Ndaba et al. 2015). By 1960, most of ABE fermentation
industries were closed due to the decrease in oil prices which supported petro-
chemical syntheses (Ndaba et al. 2015). However, Petrochemical route did not
resist for a long time when ABE fermentation facilities had spread again in China
and Brazil. Nowadays, there are many plants in different countries including USA,
UK, Slovakia, and France producing biobutanol for several industrial applications
(Ndaba et al. 2015).

2.6 History of Biooil Production

Palm oil, an alternative energy source, is the second most widespread oil in the
world. It is widely used for biodiesel production and electricity generation in power
stations. Moreover, this biooil is largely produced in Malaysia and Indonesia (Oil
world 1999). Palm oil is originated from West Africa where it has been used as a
principle food crop since 5000 years. Ancient Egyptian tombs indicate that people
were buried with palm oil which reflects the prestigious status of this product. With
the expansion of the trade across the sea and the industrial revolution in Europe,
palm oil commerce expanded dramatically in the international markets leading to
industrial lubricants production and candle-making. In addition, with the increase of
its demand, Europeans started investing in palm oil production in West Africa and
Southeast Asia where the first commercial planting was founded in Malaysia in
1917 (http://theoilpalm.org/history-and-origin/). Then, the cultivation rapidly
increased especially in the 1960s under the government agricultural policy which
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was applied to mitigate dependence on tin and rubber (http://theoilpalm.org/history-
of-the-industry/).

Sales et al. produced biodiesel from sunflower oil and ethanol by base catalyzed
transesterifiication (Sales 2011). History shows that this plant was cultivated in
North America by American—Indian tribes in about 3000 BC. Oil extracted from
sunflower was patented in England in 1719 and it was later commercialized in the
national market (http://www .botanical-online.com/english/sunflower_history.htm).

Jatropha oil was used for many centuries by crushing seeds to produce basic oil
lamps which were then marked in Portugal. However, this oil was abandoned for a
long time with the appearance of cheaper paraffin oil. In the nineteenth century,
Jatropha reappeared as a key energy plant; crude oil was extracted from the seeds
and refined into a biodiesel (http://www.jatropha-bio-fuel.com/jatropha-curcas-1/).

3 Global Policies for Biofuel Production and Use

3.1 Climate Change and GHG Emission Reduction Targets

Fossil fuels are accused of the GHGs released in the atmosphere such as CO, CO,,
CH,4, and NO,. Vehicles, especially those associated with diesel engine, has caused a
rapid growth of GHG emissions resulting in a number of health diseases and a harm
to the environment; there are about 22 % of global GHG emissions coming from
transport sector. In addition, The International Energy Agency (IEA) estimated that
carbon dioxide (CO,) emissions from this sector will increase by 92 % between
1990 and 2020, moreover, its release in the atmosphere is expected to reach 8.6
billion metric tons from 2020 to 2035 resulting in an increase of the global
temperature by 2 °C which may involve the death of hundreds of millions of people
(Mofijur et al. 2015).

Biofuel is an alternative which can reduce enormously the dependence on oil in
several industrial sectors. Many countries have put their target to exploit biofuels as
they have potential to reduce more than 80 % of GHG emissions (Mofijur et al.
2015). This alternative has already covered 2 % of the total transportation fuels and
it is expected that it will be more promoted in the near future with technology and
researches development (Su et al. 2015).

In America, since the energy consumption is expected to grow 50 % by 2030,
there is a big interest in biofuels which become essential to reduce dependence on
oil and to ensure a clean energy. In this context, The U.S. Department of Energy
(DOE) announced over $1 billion to finance biofuel projects. Integral to this work is
the ongoing examination of reducing GHGs (http://www.fanrpan.org/documents/
d00533/US_DOE_Biofuels_Myth-v-Fact.pdf). Researches show that biofuels can
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Table 1 Variety of GHG emissions by feedstock and type of energy used in processing (Wang
et al. 2007)

Fuel Gasoline | Corn ethanol Sugarcane | Cellulosic
ethanol ethanol
Energy used Fossil Current Natural |Biomass | Biomass Biomass
fuels average gas
GHG emissions - 19 28 52 78 86
reduction (%)

emit the same amount of emissions or more as gasoline; but the difference is that
biofuels burn cleaner than gasoline resulting in fewer GHG emissions. Table 1
shows that GHG emissions of fuels depend on the type of feedstock and energy
used during the processing. Advanced biofuel is a term identified by The Energy
Independence and Security Act of 2007 (EISA 2007) in USA; it presents a biofuel
produced from non-corn feedstock generating 50 % lower life cycle GHG emis-
sions of gasoline. Among its acts, EISA 2007 supplied $550 million funding for
reducing GHG emissions (Su et al. 2015).

In 2003, the Directive on the Promotion of the Use of Biofuels or Other
Renewable fuels for Transport (2003/30/EC) set goals that the use of biofuels in
vehicles should reach 2 % in 2005 and 5.75 % in 2010 and only Germany, France,
Sweden Austria, and Czechoslovakia achieved successfully these goals (Su et al.
2015).

3.2 Carbon Credit

According to the ‘Collins English Dictionary’ carbon credit is defined as “a cer-
tificate showing that a government or company has paid to have a certain amount of
carbon dioxide removed from the environment”. One carbon credit is equivalent to
one ton of carbon dioxide. This term presents a national and international attempt to
mitigate GHG emissions, indeed, countries or groups receive credits once they are
able to reduce their GHGs below their emission quota (https://en.wikipedia.org/
wiki/Carbon_credit#cite_note-ced-1).

Carbon credits are widely traded in Europe and United states (http://www.
biodieselmagazine.com/articles/1874/carbon-credits-offer-opportunity-for-biodiesel-
producers/). As emissions reduction in Europe is costly, many companies in Africa are
engaged in renewable energy projects such as “biofuels program in Madagascar”.
This project aims at producing biofuel from Jatropha plant with fewer emissions than
fossil fuels; the African company certifies its emission reductions and sells them to a
European company to get an additional income stream for the project.
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3.3 Policy on Biofuel Feedstock

Feedstock is a term referred to crops or products which can be converted into
biofuels or bioenergy or other such products. Their advantages depend on their
production, water content, and energy yield (http://www.bioenergywiki.net/
Feedstocks). Biomass-based feedstock has three principal elements which are
Carbon, Oxygen, and Hydrogen with small percentages of Nitrogen, Sulfur, and
ashes. They vary in basic components including cellulose, lignin, hemicellulose,
proteins, and triglycerides. In addition, they are characterized by heating value,
water content, and specific volume (Churubini et al. 2009). Biomass feedstock is
divided into two groups as illustrated in Table 2. Many researchers have classified
feedstock into two generations; first feedstock generation includes those which are
largely used for biofuel production, the majority of these crops are simultaneously
harvested for feed production which presents a real threat for the food security by
creating, in another expression, “food versus fuel” conflicts. This category includes
sugar, starches, oils, fats, or traditional biomass feed like bamboo stems.

The second generation refers most commonly to cellulose feedstock. Such crops
are not widely cultivated or not cultivated as bioenergy source; they are charac-
terized by high potential yields of biofuels. This generation includes grasses and
trees. Algae and halophytes, a saltwater plant, are also belonging to the second
feedstock generation (http://www.bioenergywiki.net/Feedstocks#Other_second_
generation_feedstocks).

In the United States, all the biofuels are currently produced from soybeans and
corn. But now, there is an increasing interest in developing new feedstock sources
that will not be competitive with food resources. Large quantities of vegetables are
left in fields or lost in food processing facilities instead of ending up on consumer’s
plate. In the United States, it is estimated that the rate of food loss is ranging between
15 and 35 % with a worth of $25-30 billion. This case has brought researchers to
think about the exploitation of crop and food wastes for biofuels production (Hacker
et al. 2009). Wastewater, rich in organic substance such as starch, is derived from

Table 2 Types of feedstock (http://www.bioenergywiki.net/Feedstocks)

Dedicated feedstock Residues
(agriculture, aquaculture, foresty) (industries and households)
+ Sugar crops (e.g., sugar beets, sugarcane) + Oil based residues (e.g., animal fat, waste
+ Strach crops (e.g., corn, wheat, cassava) vegetable oil)
+ Lignocellulosic crops (e.g., wood, + Lignocellulosic residues
switchgrass) * Organic residues (e.g., manure, organic
+ Oil based crops (e.g., palm oil, Jatropha, soy urban wastes)

beans, rapessed)

» Grasses (e.g., prairie grasses, plants shoots,
grass silage)

» Marine biomass (e.g., seaweed, micro and
macro algae)
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food processing with large quantities. Anaerobic digestion was suggested in the
presence of a processing plant to produce biogas by capturing methane and hydrogen
released from fermentation process. Another study suggested a method to convert
starch-rich wastewater into hydrogen gas with a cost of 5 million $ each year (http://
www.sciencedaily.com/releases/2003/05/030521092358.htm).

In 2008, 88 % of yard waste and table scraps, 31 % of municipal wastewater,
and 26 % of paper mill sludge were landfilled in Quebec. These materials, when
landfilled, can decompose and create damage for the environment by the increase of
GHG emissions (http://www2.publicationsduquebec.gouv.qc.ca/dynamicSearch/
telecharge.php?type=3&file=/Q_2/Q2R35_1_A.HTM). However, recycling these
wastes can help in preventing these undesirable effects, creating jobs and energy.
Quebec has started banning organic wastes from its landfills, by 2020; it will be
prohibited to dispose compostable materials in landfills. Pierre Arcand, the sus-
tainable development minister announced $4 million to support industrial, com-
mercial sectors, and municipalities to manage wastes and to develop biological
treatment procedures which help in GHG emissions mitigation. In addition, the
government wants to make sure that bioenergy can be produced from organic waste
treatment. In July 2012, biocycle.net discussed some challenges such as the pos-
sibility of gaining the public attention for organics separation and increasing
research linked to organics management (http://www.biocycle.net/2012/10/22/
compostingorganicsincanada/).

3.4 Global Policy of Biodiesel Production

Biodiesel, an alternative biofuel, was mostly produced in EU before 2005; later the
share started to decline especially with the appearance of United States and Brazil
as two important producers in 2013 Fig. 2. Germany is nowadays the largest
biodiesel producer with an output of 2.8 million tons in 2011 which presents 35 %
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of the total European production, and United States is the second largest biodiesel
producer with the output of 1100 million gallons as of 2012 (Su et al. 2015).

In last decades, biodiesel production has been driven by government policies. In
Argentina, this promising biofuel is granted a financial support once it is sold to the
internal market (Sorda et al. 2010). In addition, since 2010, it has been required that
gasoline or diesel must contain at least 5 % of biofuel such as biodiesel or bioe-
thanol. The same regulation has been almost applied in Germany since 2009:
Biodiesel content in transport diesel has been set at 4.4 % (Sorda et al. 2010). China
also provides tax reliefs for biodiesel production in order to promote its develop-
ment (Su et al. 2015). Many countries in the world have invested in non-food
energy plants such as Jatropha as a raw material for biodiesel production. Jatropha
oil was developed in 1995 in Brazil and Zimbabwe by the GTE program funded by
the German government and Rockefeller foundation (Su et al. 2015). The Indian
government has set ambitious biodiesel target: By 2017, 20 % of biodiesel share
should be blended with mineral diesel and gasoline. In order to reach this goal,
non-edible oil seeds are aimed to be cultivated in marginal lands (Altenburg et al.
2009).

3.5 Global Policy of Bioethanol Production

Brazil is accounted the leadership of bioethanol production and sales in the world.
In transport sector, more than 80 % of vehicles are using bioethanol blended fuels
(Soccol et al. 2010). The National Ethanol Fuel Program was launched by the
Brazilian government in 1970s at the time of oil crisis; series of measures were
introduced to improve bioethanol production in order to reduce the oil import and to
deal with the decrease of the national sugar price (Su et al. 2015). Three important
stages have been experienced by this program. Between 1970 and 1990, to cope
with the situation of oil crisis, the government started to encourage the developing
of aqueous ethanol. The period ranging from 1990 to 2000 was characterized by the
stability in oil prices, Brazil succeeded in developing anhydrous ethanol with initial
volume ratio of 20 % ethanol mixed with gasoline, then 22 % in 1993, and 25 % in
2002. From 2000 to today, about 98 % of ethanol is used in transport sector,
therefore, ethanol-gasoline cars are emerged in Brazilian market without forgetting
that sugarcane and ethanol industry have created 3.6 million jobs and account for
3.5 % of the national GDP (Su et al. 2015).

In Colombia, biofuel policies include mandatory blending a 10 % bioethanol in
cities whose population is above 500,000 inhabitants (Sorda et al. 2010). The law
was applied in 2005; the aim came true 4 years after when 75 % of total consumed
gasoline had 10 % ethanol content (Rutz et al. 2009). By 2020, Colombian gov-
ernment aims to increase the ethanol content up to 25 %. Colombia offers many
facilities to support and to encourage bioethanol production: prices of sugarcane
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from which derived the bioethanol are fixed by the government on the basis of
international sugar prices, in addition, bioethanol is exempted from the VAT (Sorda
et al. 2010).

3.6 Global Policy of Biogas Production

Biogas is paid more and more attention; it is considered a carbon-neutral energy
source. It can be exploited for household use and can be used as vehicle fuel or as a
combustible to produce heat and electricity in a combined heat and power
(CHP) plant (Engdahl 2010).

Some European countries have taken measures to promote the biogas devel-
opment. In August 2010, Swedish Energy Agency suggested a strategy for the
future biogas production in cooperation with the Swedish Board of Agriculture and
the Swedish Environmental Protection Agency. Biogas production was estimated to
range between 3 and 4 TWh, out of which, 2.5 TWh could be generated from
sludge digestion and waste streams from society, 700 GWh could be achieved from
manure digestion (Engdahl 2010). The target of the government is to put an end to
GHGs by 2050. As a first step, 40 % of GHG emissions will be reduced by 2020.

Germany is known as the largest producer of biogas in Europe. In 2008, there
were about 3891 units of biogas plants which produce about 10 W. The smaller
farm-scale plants are used to produce the majority of biogas (Poeschl et al. 2010).
German government has set up goals related to energy use. One of them is to
exploit 30 % of renewable energy to produce electricity and 14 % to produce heat
by 2020. Consequently, biofuels utilization is estimated to reduce 7 % of the total
GHGs (Engdahl 2010). The government is encouraging young farmers to invest in
biogas sector; many of them see that the future of biogas production is better than
the dairy-cattle industry. Projects of community plants occur once a single
farm-scale seems not suitable (Holland 2010). In these recent years, there has been a
political desire to introduce CHP produced from biogas in the district heating
network; many grids remaining from the Soviet period and located in Germany
Eastern will be reactivated for heat production (Holland 2010).

Biogas production and consumption is increased significantly in China from
2005 to 2012 (Fig. 3). Chinese government has believed that biogas investment can
bring economic benefit and reduce environment pollution, according to statistics, it
has invested about 3.8 billion Euros to support biogas development between 2003
and 2012 and now there are more than 91,000 biogas projects in China. By the end
of 2020, it is estimated that 80 million household biogas will be set up. The target of
government is to build 8000 large-scale biogas projects, consequently, the annual
production could reach 45 billion m® (https://www.dbfz.de/fileadmin/user_upload/
Vortraege/BiogasWorld2014/02_Jiming.pdf).
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3.7 Global Policy of Biohydrogen Production

The total annual worldwide hydrogen consumption is ranging between 400 and 500
billion Nm® (Demirbas 2009). Currently, most hydrogen is generated from non-
renewable resources in particular natural gas, this orientation is not sustainable and
generates at least the same amount of carbon dioxide as direct combustion of fossil
fuels. Hydrogen can be also produced from biomass by gasification; this method
depends strongly on the feedstock cost consequently, and it can be a low-cost
method for many countries (Balat et al. 2009).

Hydrogen as a clean energy carrier has a great potential to be an alternative fuel,
it is nonpoisonous gas and does not generate pollutants. It can be produced from
abundant biomass such as cellulosic materials, starch-based wastes, food or dairy
wastes (Chong et al. 2009). Therefore, demand on hydrogen production has been in
considerable increase in recent years; European energy policies has showed a great
interest for biohydrogen and fuel cell development since they are able to reduce
GHG emissions. Consequently, in most European states, hydrogen is exempted
from any taxation or taxed at low rates. In March 2007, EU has agreed on the
objective to save “20 % of its energy consumption compared to projections for
2020”. It is predicted that legislation on energy efficiency (EE) can enhance the
development and market introduction of fuel cells which are relatively energy
efficient in comparison with gasoline powered by the internal combustion engines
(Bleischwitz et al. 2010). Thanks to investment in research, hydrogen-related
technologies has increased significantly; many companies in EU, USA, Canada,
and Japan are involved in commercialization of biohydrogen technologies (Balat
et al. 2009). It is believed that hydrogen production from biomass is economically
competitive; however, it presents some challenges as this technology needs a large
amount of cooperation and planning at international levels to be more competitive
with the other renewable energies.
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4 Conclusions

Energy is a fundamental input for economic growth and social progress. To ensure
their energy stability, governments have taken measures and designed strategies to
support bioenergy development by investing in research or building plants for
biofuel production. This chapter presents an overview of the history of biofuels.
Likewise, it focuses in their low environmental impact compared to that generated
by fossil fuels and summarizes policies of governments towards biofuels which
include legislations in feedstock, organic wastes, and issues of clean energy pro-
duction, trading, distribution, and consumption. However, achieving large-scale
changes in energy development requires cooperation at national and international
programs.
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1 Introduction

In recent decades, many countries have promoted actions for the development of
renewable energy; the biofuel have had significant participation in their energy
matrixes. The main motivation for the biofuel policies include, for example, reduce
dependence on fossil fuels, greenhouse gases reducing and increasing agricultural
commodities demand (Ziolkowska 2013). To achieve these goals, besides the
economic, environmental, and social conditions, the availability of raw materials
production and the potential to produce biofuels must be analyzed.

Considering the alternative technologies involved in renewable energy genera-
tion and those commercially viable, only the use of biomass as feedstocks in
processes with high efficiency, has the flexibility to supply both the electricity
generation sector and the biofuels for transport.

Different biomass has been used in the production of biofuels comprising crop
plants, lignocellulosic materials and also organic waste, which include agricultural
residues, municipal, and industrial (Table 1). Microalgae and algae is a considered a
third-generation feedstocks for biofuels (Sinha and Pandey 2014) .

2 Sugar-Containing Plant Crops

2.1 Sugarcane

The sugarcane is a semi-perennial plant of family grasses originally from Southeast
Asia that has long thin stem of the genus Saccharum L. The sugarcane cultivated is

Table 1 Different feedstocks used for biofuel production

Feedstocks Biofuel Country Reference

Corn, soybean oil, Ethanol, biodiesel EUA Kogar and Civas (2013)
sorghum

Sugarcane, soybean, palm Ethanol, biodiesel Brazil Kogar and Civas (2013)
oil

Rapeseed, sunflower, Ethanol, biodiesel, EU Kogar and Civas (2013)
wheatsugar beet, barley, biogas

sewage, manure, food
wastes, landfill

Corn, cassava, sweet Ethanol, biodiesel China Kogar and Civas (2013)
potato, rice, jatropha

Corn, wheat Ethanol Canada Kogar and Civas (2013)
Wheat, sugarcane, Ethanol, biodiesel Australia | Kogar and Civas (2013)
molasses, palm oil,

cotton oil

Vinasse wastewater Biohydrogen - Fernandes et al. (2010)

Cheese whey wastewater Biohydrogen - Azbar et al. (2009)
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Fig. 1 Sugarcane mass balance (%). Source Adapted from Silva (2012)

a hybrid multispecies named Saccharum spp. It has a high concentration of sugar in
the stalks, which makes up the aerial part of the plant while the sugarcane straw is at
their tips and leaves (BNDES and CGEE 2008) is considered the main raw material
for the manufacture of sugar and alcohol (ethanol).

The chemical composition of sugarcane varies widely, depending on weather
conditions, the physical, chemical, and microbiological soil, variety, maturation
stage, and others. In general the stalks are composed 65-75 % water, 8—14 % ashes
and 10-17 % sugars (BNDES and CGEE 2008). A more detailed flowchart com-
position is shown in Fig. 1.

It fits easily in tropical climates, since it requires good amount of rainfall and
sunlight. The tropics is privileged from the energy point of view, it presents better
conditions for biomass production. In this sense, Brazil is the largest single pro-
ducer of sugarcane with about 27 % of global production. As for the yield, Peru is
first with 32 dry Mg/ha followed by Brazil with 18 dry Mg/ha (Kim and
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Dale 2004). The Brazil should achieve average rate of increase in production of
3.25 % until 2018/19, and reap 47.34 million tons of sugarcane. For exports, the
estimated volume for 2009 is 32.6 million tons (MAPA 2016).

Different by-products and residues are obtained by ethanol production and are
used for energy, animal feed and as fertilizer. Sugarcane bagasse is the major
subproduct and is obtained from juice extraction after the crushing of sugar cane.
The production of ethanol from sugarcane is more energy efficient than others fonts
(corn, sugarbeets, vegetable oils), mainly if sugarcane bagasse is used to produce
power for the process and transport (IEA 2007; Lora and Nascimento 2004).
Furthermore, using highly efficient boilers, up to 52 % of the bagasse would
become available for other uses, such as biofuel production (Botha and Blottnitz
2006).

Sugarcane bagasse is composed essentially of cellulose, hemicellulose, lignin,
and extractives. Several research groups studies technologies for sugarcane bagasse
use with second-generation biofuels, for example, aiming the selection of sugarcane
varieties or to down-regulate lignin biosynthesis in transgenic plants (Petersen et al.
2015). The process normally uses a pretreatment to biomass deconstruction to
overcome recalcitrance and conversion to biofuels by enzymatic hydrolysis and
subsequent fermentation (Jung et al. 2010).

2.2  Sugarbeet

The beets used in the ethanol production are sugar beet (B. vulgaris) also known as
white beet originally from Europe. It is a plant whose tuber contains a high con-
centration of sucrose, and although these nonfood beets would not be efficient
feedstock for the production of sugar for human consumption, it is one of the main
raw materials for the production of biofuel.

Sugar beets are generally grown in the high-altitude region and in temperate
climate but due to genetic enhancement, the crop has proven to adapt to various soil
and climatic conditions (I¢oz et al. 2009). It is recommended that these beets are
grown in 3-5 year rotation with other crops to improve soil fertility and manage
diseases and nematodes (Ali 2004).

Sugar beets are composed of about 75 % water, 18 % sugar, and 7 % insoluble
and soluble materials. Because they have high sugar content beets, they are being
considered for biofuels production. Most of the sugar beet is in the form of sucrose
but other sugar as maltose, glucose, fructose are present, though these does not
interfere with fermentation and distillation for the ethanol production (Haankuku
et al. 2015).

Many countries have adopted bioethanol inclusion policies and sugar beet for its
high content of sugars and not compete with food, it has been considered with
potential for ethanol production. Theoretical ethanol yield gal/ton for sugar beet is
24.8-26.9 competing with other saccharide crops such as sugarcane (15.5-18.6)
(Szulczyk et al. 2010). Besides, that could potentially double ethanol production per
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hectare compared to other feedstocks (corn, cellulose) (Shapouri and Salassi 2006;
Panella and Kaftka 2010). Although the sugar beet area has decreased around 20 %
between 2007 and 2010 in the EU (Eurostat 2011), USA Energy Independence and
Security Act (EISA) of IEA (2007), was considered that sugar beets may be an
eligible feedstock for advanced biofuel (NREL 2014).

2.3 Sweet Sorghum

Sweet sorghum is a perennial plant of Andropogoneae tribe and sub-family
Panicoidae, Polaes order, Poaceae family, genereo S. Sorghum species (Ratnavathi
et al. 2010); is a native of tropical grass countries Africa, the Sudan, Ethiopia.
Sorghum saccharine size is high, more than three meters, featured mainly due to its
sweet and juicy stem as the sugarcane. The panicle (bunch) is open. It produces few
grains (seeds).

Sorghum 1is a versatile crop, since their grain from the stalks and different
products can be obtained, such as sugar, ethanol, paper, and other chemical com-
pounds (Ratnavathi et al. 2010). The chemical composition of the juice obtained
from stalks may result (Sipos et al. 2009) high ethanol productivity depending on
the cultivar. Pereira Filho et al. (2013) noted that most of the characteristic value for
the cultivar BR 506, reached 24. 895 L hafl, followed by BR 505, with
23.286 L ha '. However, in relation to the other cultivars (BR 505, 507, 501, and
601), the differences in relation to cultivate more productive were, respectively
1.609, 3.846, 4.609, and 8.194 L ha "

Sweet sorghum cultivars are characterized by the accumulation of high levels of
fermentable carbohydrates (15-23 %) within the stalk (Sarath et al. 2008; Smith
et al. 1987). Total fermentable carbohydrates are comprised of three main sugars;
sucrose (70 %), glucose (20 %), and fructose (10 %) variation in percentages
depends on variety and environmental conditions (Prasad et al. 2007). Sweet sor-
ghum requires less water and contains higher FC levels than corn, making it a
favorable biofuel crop for semiarid temperate climate regions (Reddy et al. 2007).
Sugar content in the juice increases with maturity, and is low prior to seed
development. Sweet sorghum is typically seeded in widely spaced rows (30-40
inches). The ideal seeding rate for most sweet sorghum varieties is 3—4 seeds per
linear foot of row with a final stand of 2-3 plants per linear foot of row. If plant
populations are too high, the stalks will be spindly and contain less juice
(Shoemaker and Bransby 2010).

Because of its agronomic flexibility and productivity, shorter growing cycle and
percentage sugars of the same order of sugarcane,(Cunha and Severo Filho 2010)
sweet sorghum is viewed as a viable feedstock option for ethanol production in
some regions of the world (Davila-Gomez et al. 2011). In addition to industrial and
agronomic characteristics, it can be used in the same system for the production of
sugarcane, since it has the same physical characteristics (stalks), not requiring
handling or to modify the facilities. In some countries (USA and Brazil), it is
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already being used in conjunction with sugarcane to increase the production of
ethanol (Pereira Filho et al. 2013).

3 Starchy Crops

Among biofuels feedstocks, there are the starchy materials such as corn, cassava,
wheat, and barley (Balat et al. 2008). However, corn is the most employed feed-
stock that is significantly used for bioethanol production. Starch materials must pass
through an acid and or enzymatic pretreatment so as to produce a high sugar
concentration for biofuel production. The following flowchart (Fig. 2) illustrates the
main steps of the starchy materials till biofuel production.

3.1 Corn

In the 2013/2014, USA’s corn production reached nearly 13.8 billion bushels
(351.3 million metric tons) of corn. More than one-third of USA’s corn crop is
used to feed livestock, 13 % is exported and 40 % is used to produce ethanol.
The remainder goes toward food and beverage production (Carter and Miller
2012; EIA 2013).

Corn stover, the residue left in the fields after harvesting corn, has been iden-
tified as a near- to mid-term agriculture residue feedstock for the lignocellulose-to-
ethanol process. Corn stover has high carbohydrate content, can be collected in a
sustainable fashion, and provides economic benefits to the farm community. Corn
kernels have starch, which is an a-linked glucose polymer that can be easily broken
down to glucose monomers and fermented to ethanol. It has fiber, which encases

Starch hydrolysis Starch hydrolysis
Starch feedstock
(Liquefation) (Saccharification)
Biofuel Yeast Fermentable
(Bioethanol) fermentation sugars

Fig. 2 Schematic diagram of bioethanol production by fermentation process of starch feedstock
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Table 2 Corn kernel and corn stover compositions

Corn kernel % Dry basis Corn stover % Dry basis

Starch 72 Cellulose 37.3

Hemicellulose/cellulose 10.5 Galactan/mannan 14

Protein 9.5 Xylan 20.6

Oil 4.5 Arabinan 2.1

Sugars 2.0 Lignin 17.5

Ash 1.5 Ash 6.1
Acetate 2.0
Extractives 13.0

% Humidity % Humidity

Source Watsom and Hamstad 1987

the starch, and about 15 % moisture. The comparative composition of corn kernel
and corn stover is presented in Table 2 (Watsom and Hamstad 1987).

Currently, the maximum amount of pure ethanol that can be made from a bushel
of corn is 2.74 gallons (98 gallons per ton at 15 % moisture or 115 gallons per dry
ton). Yield is primarily dependent on the starch content, which may vary
considerably.

Corn stover contains considerable quantities of cellulose, a beta-linked glucose
polymer, which is more difficult to break down to glucose monomers than the
o-linked polymer in starch. In addition, it contains hemicellulose, which is a more
complex polymer of several sugars. The predominant sugars in hemicellulose are
xylose and arabinose. These five-carbon sugars can also be fermented to ethanol
with the proper microorganism. The maximum theoretical yield from corn stover
with the composition is 107 gallons per dry ton (or 91 gallons per ton at 15 %
moisture). Around the two sugar polymers is lignin. Lignin has an interesting
by-product value and can be sold for different applications.

It is known that 1 acre yields about 130 bushels (3.65 tons at 15 % moisture) of
corn, (USDA 2015) and about 1 ton of harvested corn yields 1 dry ton of stover.
With an estimated 240 million dry tons of stover produced, the 80 million dry tons
available for harvesting is equivalent to 6 billion gallons of ethanol (Glassner et al.
1998).

The U.S. Department of Agriculture (USDA) has a program devoted to the corn
ethanol industry. Areas of scientific research address the establishment of new
higher-value ethanol coproducts, the development of microbes capable of con-
verting various biomass materials into ethanol, improved processes for the enzy-
matic saccharification of corn fibers into sugars, and various methods of improving
corn ethanol process efficiencies (McLoom et al. 2000).

Fuel ethanol production from corn can be described as a five-stage process: raw
material pretreatment, hydrolysis, fermentation, separation and dehydration, and
wastewater treatment. The production of bioethanol from starch includes the break-
down of this polysaccharide to obtain an appropriate concentration of fermentable



22 A.L. Woiciechowski et al.

sugars, which are transformed into ethanol by yeasts. After washing, crushing, and
milling the corn grains (dry milling process), the starchy material is gelatinized in
order to suceptilize the amylose and amylopectin for enzymatic attack in the following
liquefaction step. This step is considered as a pretreatment process because of the
partial hydrolysis of the starch chains using thermostable a-amylase. The hydrolyzate
obtained has reduced viscosity and contains starch oligomers called dextrins. Then,
the fermentation process occurs where sugar is immediately assimilated by the yeast
Saccharomyces cerevisiae in the same reactor and converted into ethanol. The culture
broth containing 8—11 % (w/w) ethanol is recovered in a separation step consisting of
two distillation columns (Quintero et al. 2008).

3.2 Cassava

Cassava is a shrub with tuberous roots. World production of cassava is around 281
million tones (Mt) a year. Africa contributes to more than half of global supply.
Asia encourages the development of cassava crops for industrial and energy pur-
poses. This continent contributes to around a third of world production, with 26 Mt
produced by Thailand and 28 Mt by Indonesia. In Latin America, production is
around 35 Mt where Brazil dominates with around 70 % of regional production and
in third place in world production (Conab 2013).

Cassava is primarily grown for its roots but all of the plant can be used: the wood
as a fuel, the leaves and peelings for animal feed and even the stem as dietary salt
(UNCTAD 2015). Cassava is used in both human and animal food, in many
industrial sectors, particularly in the form of starch, and more recently to produce
ethanol. The current market price for fresh cassava roots is based on the food
market price. Revenues are based on farm gate prices for fresh cassava roots that
fluctuate due to seasonal influences and supply and demand (Van Eijck et al. 2014).

Cassava has starch 59-70 % of starch in its composition (Table 3), which is a
polysaccharide comprising solely of glucose monomers that are linked together by
glycosidic bonds. It is composed of two types of glucan namely amylose, a linear
glucose polymer having only a-1,4 glycosidic linkage and amylopectin, a branched
glucose polymer containing mainly o-1,4 glycosidic linkage in a linear part and a
few a-1,6 at a branch structure (Sriroth et al. 2012).

Table 3 Cassava

- Cassava %
composition -
Moisture 59-70
Starch 77-94
Fiber/cell wall materials 1.5-3.7
Protein 1.7-3.8
Lipid 0.2-1.4
Ash 1.8-2.5

Source Breuninger et al. (2009)
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Starch granules are less susceptible to enzyme hydrolysis. Upon cooking in
excess water, the granular structure of starch is disrupted, making glucose polymers
become solubilized and more susceptible to enzyme attacks. At the same time, the
starch slurry becomes more viscous. This process is known as gelatinization and the
temperature at which starch properties are changed is named as gelatinization
temperatures. Different starches have different gelatinization temperatures that lead
to different thermal treatment conditions (Swinkels 1998; Thirathumthavorn and
Charoenrein 2005).

Cassava is still a small player on the biofuel scenario. In effect, with one ton of
cassava, which has a starch content of 30 %, around 280 L can be produced of
96 % pure ethanol (Sriroth et al. 2012). The starch hydrolysis by enzymes is a
two-stage process involving liquefaction and saccharification. Liquefaction is a step
where starch is degraded by a-amylase, which hydrolyzes only a-1,4 and causes
viscosity reduction of starch. Liquefying enzymes usually work at high tempera-
tures (>85 °C) so that the enzyme can help reduce starch paste viscosity during
cooking. Dextrins, which are obtained after liquefaction, are further hydrolzyed to
glucose by glucoamylase enzyme. These enzymes can hydrolyze both o-1,4 and
a-1,6 glycosidic linkage. Glucose is then converted to ethanol by yeast. After
fermentation, approximately 10 % (v/v) ethanol are obtained and subjected to
distillation and dehydration to remove water and other impurities, yielding anhy-
drous ethanol (Sriroth et al. 2012).

Nowadays, the production process of bioethanol from starch feedstock is
developed to significantly reduce processing time and energy consumption by
conducting saccharification and fermentation in a same step. This process is called
“Simultaneous Saccharification Fermentation”, or SSF process (Sriroth et al. 2012).
In this SSF process, the liquefied slurry is cooled down to 32 °C, afterward glu-
coamylase and yeast are added together. While glucoamylase produces glucose,
yeast can use glucose to produce ethanol immediately. No glucose is accumulated
throughout the fermentation period (Rojanaridpiched et al. 2003).

4 Oil Seeds

Oilseeds are among the most important crops in international trade. Annually,
world consumption of vegetable oils and fats exceeds 300 Mt (USDA 2015d).
According to the FAO database (Faostat 2015), world production of vegetable oils
increased more than 600 % in 40 years, jumping from 23.6 Mt in 1972/1973 crop
season versus 180 Mt in the 2014/2015 crop season being produced mainly in
United States (USA), China, Brazil, India, Argentina, and Indonesia. The oil pro-
duced is used mainly in nutrition, but also at industry application, fine chemistry,
and energy.

There are hundreds of species with potential to provide oil for domestic use or as
a raw material for oil chemistry or biodiesel industry. However, few of them have
characteristics such as high oil content, well-structured supply chain and production
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Fig. 3 Vegetable oil and petrol prices on the international market, adjusted to Sept, 2015

technology that justify their large-scale farming. About 80 % of vegetable oil
produced worldwide comes from only four oil crops: palm (pulp + almond), soy-
bean, rapeseed (canola), and sunflower. Four other crops account for the next 11 %
share: peanut, cotton, coconut, and olive much suitable for nutrition application.
Completing the world oil production dozens of other oil producing plants includes
corn, castor, flaxseed, sesame, jatropha, jojoba, peanut among others.

As for biodiesel production, with a global production of about 35 billion liters
(GL) (REN21 2015), and which demands annually over 30 Mt of vegetable oil and
animal fat, four aspects are crucial for a given crop to be considered as a feedstock
(Gazzoni et al. 2012): (a) large production; (b) well-organized value chain; (c) in-
sertion as a commodity in the international market; and (d) competitive price, as
compared to other oils, but specially against petrol, the fossil energy paradigm.

Figure 3 shows the evolution of market prices of the internationally traded
vegetable oils, compared to international petrol prices. Each 1 % biodiesel added to
mineral diesel results in the creation of 45,000 jobs, according to estimates of the
Ministry of Agrarian Development of Brazil (Abreu et al. 2012).

4.1 Feedstock for Biodiesel Production

Depending on the oil content, yield and harvest of the seeds, the resulting oil
volumes obtained from each hectare is variable according to the crop. Figure 4
presents the consolidated world oil production for the last 54 years, representing an
eightfold increase.
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Oils have different characteristics, according to the crop. Oils are used for dif-
ferent purposes at industrial level (nutrition, oilchemistry, bioenergy, etc.). Its
average composition included mainly saturated and unsaturated fatty acids. The
four most important oil crops cultivated and traded in the international market,
representing over 90 % of the global biodiesel feedstock are analyzed below.

4.1.1 Soybean (Glycine Max (L.) Merrill)

Soybean is one of the most important crops in the world, especially due to the high
quality of its protein meal. Oil content (18-20 %) in the seed is lower than protein
(36-40 %), but due to the large amount of soybean meal demanded to feed meat
animals, the resulting oil volume is significant (EMBRAPA 1994).

In 2014, about 45 Mt of soybean oil was produced worldwide, being second
only behind palm oil. In fact, soybean oil leads the vegetable oil production until
last decade, and might be the leader again, in the near future. In 2013, Argentina
cultivating 19.42 Mha with productivity of 2539 kg/ha produced 49.31 Mt, Brazil
in 27.91 Mha, with a productivity of 2929 kg/ha produced 81.72 Mt and USA in
30.7 Mha, yielding 2915 kg/ha produced 89.48 Mt of soybeans. (FAOSTAT
database).

Nowadays, in addition to the food market for humans and pets nutrition, new
markets like bioenergy and oil chemistry, extend the horizons of soybean demand,
increasing annual growing rates since 1990, when global production (108 Mt) was
just one-third of the current (315 Mt) production. The mean annual growth during
the last 20 years surpassed 8 Mt (Faostat 2015).
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4.1.2 Oil Palm (Elaeis Guineensis)

Originally from the Gulf of Guinea, west central Africa, it is also known as African
palm (dendé, in Brazil). Even known and used for millennia, its commercial cul-
tivation started on the first decade of the twentieth century, in Malaysia. Palm is
recognized as the oil crop that produces the largest amount of oil per hectare, and is
responsible for 57 Mt of the global production of 170 Mt of vegetable oils
(www.statista.com). Along with soybean oil, it accounts for over 60 % of the world
vegetable oil production, but, considering the 2015 average oil yield of each crop,
one hectare of palm oil yields the same amount of oil as 10 hectares of soybeans.
(Corley and Tinker 2003)

The high oil yield allow palm oil to occupy only 8 % of the world area cultivated
with oil crops, but providing almost a third of vegetable oil produced globally
(Faostat 2015). Due to its tropical origin, palm oil is cultivated at humid tropics, as
well as Southeastern Asian, Northwestern South America, and part of Central
America. Presently, Asian countries account for nearly 90 % of its cultivated area.
Indonesia, Malaysia, and Thailand are the major producers (FAOSTAT 2015). The
largest importers are also located in Asia (China and India). In 2013, according to
FAOSTAT database, Indonesia, Malaysia, Thailand, Nigeria, and Colombia pro-
duced, respectively, 26.9, 19.22, 1.97, 0.96, and 0.95 Mt of palm oil fruit.

The palm oil is used for bioenergy production, but the largest use is in the nutrition
segment (industrial frying, chocolates, pasta, margarine, vegetable creams, cookies,
ice cream), and in cosmetics industry (beauty products, shampoos, detergents, and
soaps). The energetic balance (input/output) of biodiesel from palm oil is very
favorable, sometimes reaching up to 1:8, according to Gazzoni et al. (2008).

The area presently used for palm oil cultivation in Southeastern Asia countries
was formerly occupied by native forest, causing intense deforestation, collapsing
the rainforest in countries like Indonesia within a decade.

In contrast, Brazil has the world largest reserve of suitable land for palm cultiva-
tion, estimated to be around 50 Mha (Miiller 1980), but cultivates only 0.16 Mha
(Faostat 2015), due to the restrictions imposed by the Brazilian environmental leg-
islation for Amazonian lands, which restricts to 20 % the amount of area of a given
farm, preserving 80 % of the biome (Miiller and Furlan Junior 2001). So, Brazil is the
nineth palm oil producer (0.37 Mt), resulting in continuous import of palm oil.

Palm oil is a perennial and huge oil production plant. However, its residues after
oil extraction have only marginal or no commercial value. The main uses for palm
oil residues are organic fertilizer or electricity generation by burning the waste.
Palm oil fruits produce the palm oil itself, extracted from the pulp; and palm kernel
oil, extracted from the fruit kernel. The oil fraction constitutes about 22 % of the
weight of the palm bunch, and only 3 % is palm kernel oil. Lauric acid is almost
absent in palm oil, the predominant component of palm kernel oil (Ramos et al.
2009). In 2013, Indonesia, Malaysia and Thailand produced 26.9, 19.22, and
1.97 Mt of oil palm, respectively, and 3.06, 2.27 and 0.18 Mt of Kernel oil. Then
Nigeria and Colombia produced 0.96 and 0.95 Mt of palm oil and 0.51 and 0.08 Mt
of kernel oil, respectively (FAOSTAT database).
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4.1.3 Canola (Rapeseed) (Brassica Napus L.)

Rapeseed belongs to the Brasscicaceae family (formerly Cruciferae), the same
family as mustard, broccoli, or cauliflower. The canola name results from a con-
traction of “CANadian Oil Low Acid”, a variety of rapeseed modified in the 1970s
by traditional breeding, by Canadian scientists from the University of Manitoba
selected varieties, which oil has low erucic acid (toxic for humans and animals).
The rapeseed differs from canola due to high levels of erucic acid and glucosinolate
present in the grains.

Brassica oilseed varieties are among the oldest plants cultivated by humanity,
with documentation of its use in India 4000 years ago, and in China and Japan
2000 years ago. Because of its lubricant properties, there was a high demand for
rapeseed oil during World War I to supply the increasing number of steam engines
in naval and merchant ships. After the war, the lubricant demand declined sharply,
and other uses for the oil were developed (USDA 2015a).

Presently, canola is the leading group of varieties grown worldwide as rapeseed.
The oil is the main product of canola, although its meal is also highly valued for the
formulation of animal feed, because of the high protein content. According to De
Mori et al. (2014), the oil content of canola seeds is high (38—45 %) and the volume
of oil produced worldwide is surpassed only by palm and soybean oil.

Low amounts of unsaturated fatty acids are found in canola oil, being palmitic
(16:0) the one with higher content (4 %). The major fatty acid found in canola is the
mono-unsaturated oleic (18:1) (63 %), followed by polyunsaturated linoleic (18:2)
(20 %) and linolenic (18:3) (9 %) (Ramos et al. 2009). High prices of canola oil
make biodiesel from canola costly for the market and for supporting public policies.
As for energy balance of biodiesel from canola oil, considering meal utilization, it
was concluded that for each input energy unit along the life cycle 2.9 energy units
are obtained; when considering only oil production (not computing energy on the
meal) this relationship decreases to 1:1.4 (Gazzoni et al. 2009).

In 2014/15, world production of canola was 72 Mt of grains allowing the
extraction of 26 Mt of oil, representing 16 % of global vegetable oil production
(Faostat 2015). The leading production region is the European Union (24.0 Mt),
followed by China (14.7 Mt), Canada (14.45 Mt), India (7.5 Mt) and Japan
(2.0 Mt). Canola grain contains around 40 % of oil; Canola is more adapted to mild
temperature regions, distant from the Equator (USDA 2015a). In 2013, according to
FAOSTAT database, Europe, Canada, and China produced 9.91, 2.83 and 5.6 Mt
of canola oil.

4.1.4 Sunflower (Helianthus Annuus L.)

The center of origin of sunflower is the region comprising Southwest USA and
Northern Mexico, from where it disseminated to the rest of the continent. Its most
likely domestication occurred in that region, where there is evidence of its culti-
vation by North American Indians over 3000 years ago (Lentz et al. 2001).
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Russia was largely responsible for the spread of sunflower as a worldwide
economically important crop. The importance of sunflower as edible oil source,
only emerged by the 1920s. However, it was after World War II that sunflower
aroused to the front line of oil crop production (USDA 2015b).

The global sunflower cultivated area in 2014 was, approximately, 18 Mha, with
an overall production of 40 Mt of grain, 16 Mt of oil, and 17 Mt of meal (Faostat
2015), ranking fourth among the most important oils and meal production, globally.
Sunflower vegetable oil is about 7.5 % of world production, behind palm (34 %),
soybeans (30 %), and canola (16 %). The oil content of the seeds is about 45 %,
consumed almost completely as edible oil for its excellent quality, while protein
content situates on the range of 28-32 % (Leite et al. 2005; USDA 2015b).

According to Ungaro (2000), sunflower requires insensitive photoperiod and can
be cultivated from the vicinity of the equator to latitudes above 40°. The optimum
temperatures for proper plant growth are between 27 and 28 °C, but develops quite
satisfactorily from 8 to 34 °C, being a good second summer crop (off-season) and
an agronomic important option for rotation with soybeans, corn, and wheat.

The oil is rich in unsaturated fatty acids, like the monounsaturated oleic (18:1),
with 16 % and the polyunsaturated linoleic, with 72 %; major saturated fatty acids
are palmitic (16:0), with 6 % and stearic (18:0), with 4 % (Ramos et al. 2009).

Sunflower is used as ornament plant and its meals are used for feeding domestic
bees, and sillage (animal fodder). The nutritional quality of sunflower oil is similar
to the canola oil, being highly suitable for biodiesel production (Leite et al. 2005)

Regarding to energy efficiency of biodiesel production from sunflower oil,
Gazzoni et al. (2005), using Life Cycle Analysis techniques, determined that with
the whole grain destination (meal for nutrition, oil for biodiesel), 2.69 units energy
were obtained from each energy unit input to the system. This relation was reduced
when meal was not considered then each unit of input energy represented 1.61 units
obtained from biodiesel use.

4.1.5 Minor and Potential Qil Crops

A series of species are used locally, even regionally, for oil production in small
scale. Some are directed for self-consumption, either for human or animal nutrition,
for soaps or energy production. Represents less than 5 % of the world oil pro-
duction are restricted to commercial or purposes niches many of them based on
native production and extractive systems but with median to high oil content, and a
theoretical potential for oil production. Its commercial development depends on
(a) possibility of production of over 500 kg/ha of oil, in order to compete with
major oil crops; (b) domestication of the species; (c) establishment of production
systems; (d) organization of the productive chain connecting growers, suppliers,
processors, industry, and consumers. Among others, besides cotton and peanut,
potential oil crops include, castor, oil radish, flaxseed, sesame, safflower, crambe,
tucuman, oiticica, tung, pequi, jatropha, jojoba.
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5 Lignocellulosic Wastes

Second-generation biofuels produced from (larger) feedstocks from lignocellulosic
materials include cereal straw, forest residues, bagasse, and purpose-grown energy
crops such as vegetative grasses and short rotation forests (Demirbas 2009). Among
these sources for biofuel production, the percentage of sugar is variable, as well as
the conversion processes used in the production of biofuel. A few companies in
European Community (Gnansounou 2010) and USA have operated pilot plants to
make cellulosic ethanol but no commercial amounts of the fuel are being made
(Banerjee et al. 2010).

The main routes for obtaining bioethanol from lignocellulosic sources comprise
several steps: pretreatment for delignification and release the cellulose and hemi-
cellulose fractions; hydrolysis of cellulose and hemicellulose to fermentable sugars
obtained (glucose, xylose, galactose, mannose, arabinose) (Sarkar et al. 2012).
Furthermore, due to the high cost of enzyme, the current fuel grade ethanol pro-
duced from lignocellulosic material is still not able to compete with gasoline. In a
contemporary process of lignocellulosic ethanol which is being worked out for
more than 2-3 decades is not yet materialized into a viable technology. The per-
missible cost of enzymes is 15-30 cents/gallon of ethanol which is still not a reality
(Menon and Rao 2012). Lignocellulosic materials could produce up to 442 billion
liters per year of bioethanol (Balat 2011).

Among the main waste generated in the world and Brazil is sugarcane bagasse,
rice hulls, oat hulls, straw and cob and corn husks, which have in their chemical
pulp composition, hemicellulose, lignin, and other compounds (Sarkar et al. 2012).

5.1 Sugarcane Bagasse

The solid waste generated after processing the sugarcane is called bagasse. The
chemical composition is 40 % cellulose, 25 % hemicellulose, 20 % lignin, and
10 % of other chemical compounds; it can be estimated that a ton of the pulp to
produce approximately 300 L of ethanol (Halling and Simms-Boore 2008).

Sugarcane planted area in Brazil grew by 7.56 % per year during the last decade.
The state of S@o Paulo was responsible for 55.3 % of all Brazilian sugarcane
planted area in 2010, appreciating even more arable land values (Meyer et al. 2013).

The Brazilian Energy Plan scenarios estimate a mass sugarcane bagasse offering
to be used only for second-generation ethanol around 7.0 x 106 tons year-1 for
2015, and 25.9 x 106 tons year-1 for 2030 (Hofsetz and Silva 2012).

Average productivity of sugarcane in Brazil is 85 tons per hectare; each ton of
processed cane generated about 140 kg of straw and 140 kg of bagasse (dry basi),
i.e., 12 tons of straw and 12 tons of bagasse. Assuming that the conversion of
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glucose to ethanol is complete, then full use of sugarcane (thatched, straw, and
bagasse) can significantly increase ethanol production per hectare, from the current
7000 L to about 14,000 L. Sugarcane straw is 15 % of the weight of the stalks of
sugar can ripe, or 12 % when seca. 13.29. In energy terms is the straw that is
one-third of the potential energy of sugarcane that is currently underutilized (Santos
et al. 2012)

Currently, 6000-7000 L of ethanol is produced from one hectare of sugarcane—
not including the bagasse. When bagasse can be utilized for ethanol production, the
output is likely to double to 12,000-15,000 L per hectare (Halling and
Simms-Boore 2008).

5.2 Rice Husk

Rice (Oryza sativa) is a herbaceous plant included in the class Liliopsida
(Monocotyledon), order Poales, Poaceae family, genus Oryza. It is one of the
cereals produced and consumed in the world, characterized as staple food for over
half the world’s population. The annual rice production is approximately
606 Million tons. In this scenario, Brazil participates with 13.140.900t (2.17 % of
world production)) (FAO 2015). Global production for 2015/16 is up from last
month due to larger crops in China, the Philippines, and Mali, but remains at its
lowest level in 4 years (FAO 2015).

Rice husk (RH), which is part of the rice paddy (rice grain), is a by-product of
the rice milling process that involves the separation of the husk and bran (the outer
layer of the rice grain) from the edible portion. Global production of RH is very
significant and falls in the range of tens of millions of tons per annum. This presents
an attractive opportunity to utilize such waste material for further processing par-
ticularly for the conversion into bioethanol. Typically about 50 % of the husk
produced in a rice mill is burnt onsite to produce steam to drive the mechanical
milling machinery (Abbas and Ansumali 2010)

Rice husk is composed mainly of cellulosic sugars. Being a lignocellulosic
material, RH also contains lignin, which is present in up to 20 % of the husks. After
gasification, RH ash is produced containing a useful secondary product—silica
(Si0y). Silica has been shown to be present in RH ash in high quantities varying
from 15.30 to 24.60 % (Abbas and Ansumali 2010)

Rice straw is one of the abundant lignocellulosic waste materials in the world. It
is annually produced about 731 million tons which is distributed in Africa (20.9
million tons), Asia (667.6 million tons), Europe (3.9 million tons), America (37.2
million tons), and Oceania (1.7 million tons). This amount of rice straw can
potentially produce 205 billion liters bioethanol per year, which is the largest
amount from a single biomass feedstock (FAO 2015).
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5.3 Corn Stover

Corn (Zea mays L.) is a plant belonging to the family Gramineae/Poaceae. It is a
monocotiledone slender stem, which can reach two meters in height (Thompson
and Tyner 2014).

Corn stover consists in the different parts of the plant, which are the cobs, husks,
stalks, leaves, and tassel (Thompson and Tyner 2014; Qureshi et al. 2010). Corn
stover was reported as an average level of pulp (33-43 %), hemicellulose
(20-34.5 %), lignin (8—14.1 %), protein (5 %), ash (4 %) (Aguiar and Ferraz 2011).

The potential amount of bioethanol derived from corn stover could replace 42:1
GL of gasoline used in a midsize passenger vehicle fueled by E85 (a mixture of
85 % ethanol/15 % of gasoline by volume), or about 3.8 % of world annual
gasoline consumption (Kim and Dale 2004).

The United States is predominantly a producer of bioethanol derived from corn.
Feedstock availability is not expected to be a constraint for bioethanol production
over the next decade. Corn is expected to remain the predominant feedstock in the
United States, although its share likely will decline modestly by 2015 (Balat 2011).
In US, corn ethanol is currently the predominant biofuel, and is already using over
30 % of the corn produced (ERS 2010) though over 90 % of waste (corn stover) are
left in the field (Kim and Dale 2004).

The current US stover yield (average from 2006 to 2010) was 7.3 Mg ha™'. The
annual total production was 237 Tg at present (2006-2010) and is projected to be
261 Tg in 2022 and 303 Tg in 2050 with an assumption of no changes in the total
harvested area. Of the stover production, the cobs account for about 18 % (Tan
et al. 2012).

5.4 Wheat Straw

Wheat (T. aestivum) is the world’s most widely grown crop, cultivated in over 115
nations under a wide range of environmental conditions (Talebnia et al. 2010). Over
the past 100 years, the yields of wheat have been increased and annual global
production of dry wheat in 2008 was estimated to be over 650 Tg.

The overall chemical composition of wheat straws could slightly differ
depending on wheat species, soil, and climate conditions. Cellulose, hemicellulose,
and lignin content of wheat straw are in the range of 33-40, 20-25, and 15-20
(%w/w), respectively (Prasad et al. 2007).

The straw produced might be left on the field, plowed back into the soil, burned or
even removed from the land depending on the decision made by landowner. Disposal of
wheat straw by burning has been practiced for a long time. In recent years however, this
practice has been challenged due to increased concern over the health effects of smoke
from burning fields. Thus, finding an alternative way for disposal of surplus wheat straw
is of high interest and an immediate necessity (Kerstetter and Lyons 2001).
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6 Other Solid and Liquid Wastes

The organic waste from urban activity, rural, and mostly agricultural industry has
been submitted to anaerobic digestion process. While reducing the pollution
potential of waste, these processes provides end products as biogas or hydrogen.
The production of biohydrogen and biogas from these sources is considered a
promising solution for the energy demand (Lin et al. 2012).

Many studies have been conducted and projects have been developed at different
scales to the development of the digestion process (Cortez et al. 2011). The kind of
feedstocks is one of the factors related to the biodigester performance. The volatile
solid content, the lignin content, and the C/N ratio of the waste influence the level
of biological activity and consequently the production rates.

6.1 Wastewater

The wastewater from sewage or resulting from industrial processes is traditionally
discarded by the industry as waste but can be used as feedstock to produce bio-
hydrogen and biogas.

Many kinds of wastewaters are being studied in order to establish the process
and performance parameters of fermentative biohydrogen production. Due to its
low productivity and yield, the biohydrogen production on commercial scale is still
developing and needs studies to become viable (Lin et al. 2012).

6.1.1 Vinasse

Vinasse is the main liquid stream from the first-generation ethanol production
process. It is collected from the bottom of ethanol distillation columns. Due to its
high level of organic compounds and nutrients, vinasse is a potential pollutant. In
Brazil, sugarcane processing plants generally generate from 10 to 15 L of vinasse
per liter of produced ethanol. More than 320 billion m® of vinasse were produced in
2014/2015 (UNICA 2015).

This residue has been tested as feedstock for biohydrogen and biogas. Fernandes
et al. (2010) found vinasse as the highest potential feedstock for hydrogen pro-
duction among other wastewater tested. The hydrogen yield was 25 mmol H,/g
COD.

The vinasse characteristics are dependent on the raw material. In the case of
sugarcane vinasse, its composition also varies according to the fermentation feed-
stock. Bioethanol are mainly produced from sugarcane juice and/or molasses or
corn (Moraes et al. 2015). The sugarcane vinasse characteristics are presented in
Table 4.
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Table 4 Physicochemical Characteristic

f]lill?;zg;enstlcs of sugarcane oH 3850
Total solids (g/L) 21-85
Soluble solids (g/L) 4-31
Non-soluble solids (g/L) 3-13
COD (mg/L) 15,000-27,000
Water (%) 89-96
Organic matter in total solids (%) 70
Nitrogen (g/L) 1.0-3.5
Phosphorus (g/L) 0.4-4.0
Potassium (g/L) 9.0-13.0
Magnesium (g/L) 0.8-1.5

6.1.2 Glycerol

Adapted from Sydney (2013)

Glycerol is a feedstock for the industrial production of many products with com-
mercial interests. However, when it comes from the production of biodiesel, the
generated glycerin has a very low commercial value, primarily due to the impurities
it contains.

Glycerol has become one of the most inexpensive and abundant carbon sources
for microorganisms, since this is the main residue of the biodiesel production
worldwide. Many workers have used crude glycerol from biodiesel process as a
feedstock for biohydrogen production (Table 5). The conversion of glycerol to high
energy fuels, such as the biohydrogen is an interesting and innovative alternative. It
has been reported higher yields than those obtained with the conversion of sugars
(Gonzalez et al. 2008).

Table 5 Biohydrogen production using crude glycerol as feedstock in different bioreactor

systems

Bioreactor type

Hydrogen yield

Reference

120 mL serum bottles
containing 40 mL media

2.73 £+ 0.14 mol-H,/mol
glycerol

Ngo et al. (2011)

500 mL serum bottles
with 250 mL of media

0.31 mol-H, mol/glycerol

Priscilla et al. (2009)

Packed-bed reactor of
60 mL working volume

63 mmol-H,/L. h

Tto et al. (2005)

2 L glass flasks, with 1 L
of liquid volume

200 ml-H,/g COD

Bruna et al. (2010)

Bio-electrochemical
two-compartment reactor

0.77 mol-H,/mol glycerol

Sakai and Yagishita (2007)

Single-chamber
membrane reactor

0.41 £+ 0.1 m*-Hym®. d

Selembo et al. (2009)

125 mL serum bottles

4 mol-H,/mol glycerol

Guillaume and Patrick (2009)

Adapted from: Sarma et al. (2012)
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Table 6 Characteristics of Parameter Values

palm oil mill effluent
pH 4-5
BOD (mg/L) 25,000
COD (mg/L) 55,000-60,000
Total Solids (mg/L) 40,500
Oils and grease (mg/L) 4000
Alkalinity (CaCOj3) (mg/L) 50-150

Source Ahmad et al. (2003)

6.1.3 Pome

POME (palm oil mill effluent) is the aqueous effluent from the production of
biodiesel from palm oil and can be used for the production of biogas in anaerobic
digester (Poh et al. 2010). The extraction process of oil from palm required 5-7.5
tons of water for each ton of oil. About 50 % of this water result as palm oil effluent
(Ahmad et al. 2003). Due to its high content of phosphorous, carbon and nitrogen,
this wastewater has highly negative environmental impact, and must be properly
treated before disposal in water bodies (Poh et al. 2010).The anaerobic digestion of
POME to produce biogas or biomethane has been studied (Table 6).

6.2 Urban Solid Wastes

The conversion of municipal solid waste to biofuel has become increasingly pop-
ular in recent years as a sustainable technology. In many industrialized countries
around the world many facilities have operated in industrial-scale. In Edmonton, a
Canadian city, 100,000 tons of municipal waste per year are converted into biofuels
and chemicals. Also in San Francisco and Portland, in North America, 80—-85 % of
the residential organic waste is collected and composted (CleanTechnica 2014).

Different components of municipal solid waste determine the biogas and
methane production potential. Getahun et al. (2014) found the highest biogas and
methane yield with a mixed waste composed with fruit waste (15 %), food waste
(12 %), yard waste (23 %), and paper waste (4 %). They attributed this due to its
optimum C/N ratio (25:1) and good nutrient composition for the growth of
methanogenic bacteria.

7 Conclusion and Perspectives

The diversity of renewable raw materials and residues used as feedstocks for biofuel
production, combined with new technologies that have been developed, enable the
future of this renewable energy source.
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Biofuels include a very wide range of products, including bioethanol, biodiesel,
biogas, biomethanol, biohydrogen, among others. The most common are bioethanol
and biodiesel. Biodiesel is produced mainly from oil plants. For bioethanol pro-
duction, the most interesting feedstocks are plants of rapid growth and annual
collection, rich in simple sugars or easily hydrolysable. Sugar cane, beets, sweet
sorghum, and cereals (corn, wheat, maize, cassava, etc.) are the most used.

Actually, microbial lipids, particularly single cell oils produced by oleaginous
microorganisms have been used as potential raw material for biodiesel production
due to their similar fatty acids compositions to vegetable oil. There is much interest
in fuels produced from algae and a number of facilities are in the demonstration
stage or commercial scale (Janssen et al. 2013). The process facility is generally
colocated with a ethanol facility and utilizes carbon dioxide from the ethanol
facility in its algae production process.
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Oil Crops in the Context of Global
Biodiesel Production

Decio Luiz Gazzoni and Amélio Dall’Agnol

Abstract There are hundreds of plants with potential to produce oil for biodiesel
industry but only a few are largely cultivated, being the same that have been used
for other purposes, especially for nutrition. Along the last 10 years, palm, soybean,
canola, and sunflower accounted for 80 % of the world vegetable oil production, or
90 % if peanut, cotton, coconut, and olive are also included. Similarly, almost all
countries are potential producers of oil but USA, China, Brazil, India, Argentina,
and Indonesia account for about 70 % of the 180 Mton produced worldwide, and
for almost all of the vegetable oil traded in the international market. In order to
consider an oil crop as a trusty supplier of raw material for the biodiesel industry, it
must fulfill the following criteria: (a) must be produced on a large scale; (b) should
belong to a well-organized supply chain; (c) be considered a commodity in the
international market and its oil be competitive in price with not only other vegetable
oils but also with petrol; (d) its by-products obtained besides the oil should also
have a steady demand on the domestic and international market. The world bio-
diesel production strongly accelerated within 2000-2009, reducing the rates of
expansion after 2009 because of the world financial crisis (2008—2010). Currently
(2016), biodiesel global production is estimated to be slightly over 35 Mton,
awaiting new stimuli to reaccelerate considering the well-known environmental and
social benefits of biodiesel, which can overcome the disadvantage of the higher cost
as compared to mineral diesel.
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1 Introduction

Oilseeds are among the most important crops in international trade. Annually,
world consumption of vegetable oils and animal fats exceeds 300 Mton (USDA
2015d). According to the FAO database (FAOSTAT 2015), world production of
vegetable oils has grown dramatically in recent decades, increasing more than
600 % in roughly 40 years, jumping from 23.6 Mton in 1972/1973 crop season to
180 Mton in the 2014/2015 crop season. More than 70 % of the world production
of vegetable oil is concentrated in just six countries: United States (USA), China,
Brazil, India, Argentina, and Indonesia. Nutrition is by far the major market, but
general industry application, fine chemistry, and energy are also demanding
increasing amounts of vegetable oils in recent years.

There are hundreds of species with potential to provide oil for domestic use or as
a raw material for oil chemistry or biodiesel industry. However, few of them have
characteristics that justify their large-scale farming, chiefly: high-oil content,
well-structured supply chain, and production technology at the cutting edge. Many
oilseeds are only economically viable because their coproducts after oil extraction
(ex., soybean meal and cotton fiber) are highly demanded in the market, sometimes
even higher than the oil itself.

Currently, about 80 % of vegetable oil produced worldwide comes from only
four oil crops: palm (pulp + almond), soybean, rapeseed (canola), and sunflower.
Four other crops account for the next 11 % share: peanut, cotton, coconut, and
olive. Then, dozens of other oil producing plants share less than 10 % of the world
oil production. Among which it is worth mentioning some with different potential
degrees for future expansion, depending on the availability of adequate production
technology and a well-structured production chain: castor, flaxseed, sesame, saf-
flower, forage turnip, crambe, tucuman, rubs, buriti, macauba, indaid, acai, geriva,
pataua, cotieira, oiticica, nhandiroba, tung, pequi, jatropha, jojoba, tingui, among
others.

As for biodiesel production, which demands annually over 20 Mton of vegetable
oil and animal fat, four aspects are crucial for a given crop to be considered as a
feedstock, according to Gazzoni et al. (2012): (a) large production; (b) well-
organized value chain; (c) insertion as a commodity in the international market; and
(d) competitive price, as compared to other oils, but specially against petrol, the
fossil energy paradigm.

Figure 1 shows the evolution of market prices of the internationally traded
vegetable oils, compared to international petrol prices. Usually, vegetable oils do
not compete with petrol prices, but other advantages should be taken into account,
like being more environmentally friendly, the creation of additional jobs evenly
distributed, and more business opportunities, among others.

In some oilseeds, the protein fraction is more important to the market than the
oil, as for soybeans. Others, such as cotton, are grown primarily for the production
of fiber, being oil clearer a byproduct; peanuts, sesame, coconut, and agai are
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cultivated to meet demands for direct human consumption, and only marginally for
oil extraction.

The global biodiesel production is about 35 billion liters (GL), according to
2015 statistics (REN 21 2015). The major feedstocks for its production are palm,
soybeans, and rapeseed (canola), with some participation of animal fat and sun-
flower. As a rule, each country uses its more abundant raw material to produce
biodiesel, so that USA, Brazil, and Argentina largely relies on soybean oil;
Indonesia and Malaysia use palm oil; and the European Union counts on rapeseed
(canola). Animal fat also constitutes an important source of raw material for bio-
diesel production, being the main raw material in China (pork fat). In Brazil, about
20 % of the biodiesel is obtained from animal fat (mainly tallow), usually blended
with biodiesel obtained from vegetable oil, to meet legal and technical
specifications.

Biodiesel global production increased dramatically in the first decade of the
present century, when oil prices hovered around US$100.00/barrel, with a peak of
US$142.00/barrel in 2008," surfing the wave of the pursuing of a more sustainable
energy matrix. As an average for all locations and raw materials, biodiesel yields
93 % more energy than invested on its production (Hill 2006), not accounting for
solar radiation energy captured by plants through photosynthesis.

During the first decade of the twenty-first century, the Land Use Change/Indirect
Land Use Change theory(LUC/ILUC) was very popular, blaming biofuels as

1 . .. .
www.commoditycharts.com/commodities/Energies.
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responsible for carbon debt and for competition with food production (Fargione
et al. 2008; Searchinger et al. 2008), leading to higher food prices. A review by
Gazzoni (2014a) concluded that the model described by the LUC/ILUC theory did
not fit to actual agricultural production data, according to the most recent studies
and FAO statistics.

A case study of the Brazilian biofuels production and use demonstrated that from
2007 to 2011 the use of biodiesel in Brazil accounted for avoided emissions up to
16 Mton of CO, (Gazzoni 2014b). Due to the uncertainty in the scientific literature
regarding the ecological benefits of biofuels, Davis et al. (2009) proposed that
providing new information on biogeochemistry and plant physiology, ecologists,
and plant scientists could increase the accuracy of Life Cycle Analysis for biofuel
production systems.

As for the moment, the vegetable oil for biodiesel production cost exceeds that
of mineral diesel (see Fig. 1). Following the financial crisis of the end of last
decade, and the recent reduction on petrol prices, biodiesel production has stabi-
lized, waiting for new stimuli to resume former production increase rates, which
includes public policies supporting its production and use. Nevertheless, besides
environmental benefits, it should be considered that social gains partially help
offsetting its higher costs, as biodiesel production generates much more jobs than
the petrol chain. Each 1 % biodiesel added to mineral diesel results in the creation
of approximately 45,000 jobs, according to estimates of the Ministry of Agrarian
Development of Brazil (Abreu et al. 2012).

2 Feedstock for Biodiesel Production

Even though several plants can produce oil, stored on grains or fruits, only a few of
them are actually commercially important, traded in the international market and
constituting important feedstock for industrial purposes. Table 1 presents the global
area cultivated with oil crops while Table 2 details the area cultivated with the most
important oil crops worldwide, including ones that are not used for biodiesel pro-
duction due to unsuitable oil characteristics.

The competitiveness of any crop, including the oil crops, largely relies on its
yield. Table 3 shows the evolution of the average global yield of several oil crops,
including the ones not suited for the biodiesel industry, whereas the Table 4 pre-
sents the grain production of those oil crops. It is important to consider the different

Table 1 Worldwide cultivated area and grain production of the major oil crops

1960 | 1965 | 1970 | 1975 | 1980 | 1985 | 1990 | 1995 |2000 |2005 |2010 |2014
Area (Mha) | 98 108 116 127 145 155 164 185 198 224 | 239 |265

Production | 106 126 145 174 201 253 282 | 328 373 | 468 536 | 634
(Mton)

Source FAOSTAT database
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uses of the vegetable oil, which include the most important one—gastronomy and
nutrition industry—but also other industrial (not food), lubricants, fine chemistry,
cosmetics and hygiene, besides the energy industry.

Depending on the oil content of the seeds, the resulting oil volumes obtained
from each hectare is variable according to the crop, but also depends on the total
grain harvest of a given crop.

The world vegetable oil production since 1960 with a projection to 2020 is given
in Fig. 2, while the percent share of each one of the major feedstocks of the world
vegetable oil production, in 5-year time scale between 1960 and 2015, is shown in
Fig. 3.

Table 5 illustrates the evolution of world oil production of different oil crops and
Table 6 states the characteristics of the major vegetable oils.
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By far, gastronomic and nutritional uses (salad dress, industrial food, cooking,
etc.) is the largest market for vegetable oil, followed by other industrial uses,
including fine chemistry. In spite of being used as fuel since the beginning of the
twentieth century, only during last decade the energy market expanded its share,
specially based on public policies incentivizing its production and use.

It is noteworthy to observe that soybeans led the global vegetable oil production
up to the beginning of the twenty-first century, when it was surpassed by palm oil
production. The high oil yield by unit of area obtained from palm oil plantations is
the major drive for the expansion of this crop, especially in Southeastern Asia.

Oils have different characteristics, according to the crop. Depending on the range
of its use, oils can be considered as multipurpose or have a narrow market, with
quite specific purpose (nutrition, oil chemistry, bioenergy, etc.).

The major oil crops, in the sense of being the most cultivated and traded in the
international market, and representing over 90 % of the global biodiesel feedstock,
are analyzed below.

2.1 Soybean (Glycine max (L.) Merrill)

2.1.1 Soybean History

Soybean has been cultivated in China since 5000 years BC, considered the most
important legume in ancient Chinese culture (Merril 1931). By the first century BC to
the Age of Discovery (fifteen and sixteenth centuries), soy was introduced in several
Asian countries (Japan, Indonesia, Philippines, Vietnam, Thailand, Malaysia, Burma,
Nepal, and northern India). These regions are considered today as the secondary
center of soybean dispersion (Hymowitz 1983). Although considered a sacred grain
and extensively used in the diet of the East for thousands of years, its introduction in
the West happened only during the eighteenth century (Bretschneider 1882).

The first report on soybean crops in the United States dates from 1765, having
first been tested for use as silage and green manure (Piper and Morse 1910). Until
1941, the area cultivated as a forage crop or green manure was greater than the one
dedicated to grain production. At the peak of its use as forage, more than 2 million
hectares were grown in the USA for that purpose. However, since the 1950s, the
main use toggled from fodder to grains, and by the early 1960s the “soy fodder” had
disappeared from the USA fields (USDA 2015e).

During the first three decades of the twentieth century, soybean production on a
large scale, was still confined to the East (China, Indonesia, Japan, and Korea), in
latitudes near or above 35°N. China continued to be the major global producer until
the mid-50s, when it was surpassed by the USA. Since the 1960s, the area and soy
production increased dramatically, not only in the USA but also in Brazil and
Argentina (Myasaka and Medina 1981; Dall’Agnol et al. 2007).
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China, once the largest world producer (up to mid-1950s), nowadays is the
largest soybean importer, absorbing in excess of 60 % of the soybeans interna-
tionally traded in 2015. Brazil is the largest nonprocessed grain exporter and
Argentina leads the sales of meal and oil, as well as biodiesel (Gazzoni 2013).

2.1.2 Soybean Expansion in Latin America

The exceptional high price of soybeans in the world market in the mid-70s—when
soybeans reached the highest value of all time (US$1249/ton of grains in 1973,
adjusted price to 2015%) was the main driver of the rapid expansion of its cultivation
in the Mercosur (regional common market) region. Since 2010, countries of this
economic block are leading the world soy production, with a market share of 53 %,
and a total production of 168 Mton. These countries are Brazil (95.5 Mton),
Argentina (60.5 Mton), Paraguay (8.5 Mton), and Uruguay (3.5 Mton) (FAOSTAT
2015).

Soybean production started showing socioeconomic importance in Brazil from
the mid-50s, in Argentina and Paraguay from the 1970s and Uruguay only recently
gained importance as a soybean producer. Even though, it is already the main item
on the export basket of this country, as also happens in Brazil, Argentina, and
Paraguay.

While the crop was confined to temperate and subtropical regions, Brazilian
pioneer growers depended on soybean cultivation technology imported from the
USA, especially, the varieties. However, when the cultivation of soybean shifted to
Brazilian tropical regions, the imported varieties did not grow properly. It was
necessary a comprehensive program for developing local technology, mainly
varieties adapted to low latitude conditions, as well as other techniques like soil
management and fertilization or pest management (Myasaka and Medina 1981;
Camara 2000; Dall’Agnol et al. 2007). Nowadays, soybean is grown with similar
efficiency from the south to the extreme north of the South America, with con-
sistently higher yields in the tropics than those obtained in the subtropics, even
higher than the ones obtained in the traditional cropping area of the USA
(Congresso Brasileiro de Soja 2006). Such facts brought economic development
and social well-being to a previously poor and under habited regions, largely
because land was undervalued, as there was no adequate technology for extensive
cropping, according to Gazzoni (2013).

Soybean is a milestone in the agro-industrial development of Mercosur coun-
tries. Its influence is so deep that two phases of regional agriculture are clearly
differentiated, before and after 1970. Until that date, the prevailing cropping system
in the region was the subsistence agriculture, for own or local consumption. When
growers started cropping soybeans, they were obliged to face modern agriculture

2http://archives.chicagotribune.com/1973/02/15/page/58/article/soybean-prices-surge-to-peaks.
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strategies and to be connected to the international market, which led to a chain of
unprecedented changes in regional agriculture.

Extensive soybean fields were largely responsible for accelerating mechanization
of the farms; the transport system had to quickly modernize; the growing demand
forced agriculture to open a new agricultural frontier; growers had to profession-
alize their farm management; private organizations had to enhance their interna-
tional trade skills; an overall and accelerated process of development covered all
soybean regions. Due to soybean influence, other crops, like corn, wheat, and
cotton, also experienced a quick revolution on their cultivation and management, as
well as created solid new big business on animal production, like the modern
poultry and pork value chains (Dall’Agnol et al. 2007; Gazzoni 2013).

2.1.3 Soybean Grain and Oil Production

Soybean is one of the most important crops in the world, ranked among the four top
producing and traded grains, which also include corn, wheat, and rice. While the
other grains are important due to its carbohydrate content (especially starch), the
demand of soybean is driven by the high quality of its protein meal, consisting a
key raw material for meat production. In this sense, the soybean oil can be con-
sidered a byproduct of the soybean processing.

Oil content (18-20 %) in the seed is lower than protein (3640 %), but given the
large amount of soybean meal demanded to feed meat producing animals, the
resulting oil volume is significant (EMBRAPA 1994). Soy scientists, especially
breeders, refer the difficulties to increase the oil content on soybeans, as a result of
inappropriate cross links with protein content as well as with the crop yield.
Considering present average soybean yield and oil content, ca. 600 kg of oil can be
obtained out of each hectare of cultivated with soybean.

Oil represents 18-20 % of the soybean seed weight. Triacylglycerols represent
over 94 % of the lipid fraction, followed by phospholipids (3.7 %), unsaponifable
matter (1.5 %), sterols (0.24 %), tocopherols (0.12) and free fatty acids (0.5 %),
referred by Hammond (2005) as a typical soybean oil composition.

In order to extract the oil, the soybean is crashed, adjusted for moisture content,
heated to between 60 and 88 °C, rolled into flakes, and solvent-extracted with
hexanes. The oil is then refined, blended for different applications and, sometimes,
hydrogenated. Soybean oils, both liquid and partially hydrogenated, are traded as
vegetable oil or are constituents for a wide variety of processed foods.

The residue remaining from oil extraction (soybean meal) is used in the nutrition
industry for animal feed. Soybean is one of the most important protein sources (36—
40 %). According to Hammond et al. (2005), lysine (2.6 %), threonine (1.5 %),
cysteine (0.7 %), and methionine (0.6 %) are the most common amino acids found
on soybean meal.
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As an average, soybean oil has 17 % of saturated fat, 24 % of monounsaturated
fat, and 59 % of polyunsaturated fat (Poth 2001). According to Ivanov et al. (2010),
the major unsaturated fatty acids in soybean oil triglycerides are the polyunsaturated
alpha-linolenic acid (C-18:3), with 7-10 %, and linoleic acid (C-18:2), with 51 %.
The monounsaturated oleic acid (C-18:1) represents 23 %. Soybean oil also con-
tains saturated fatty acids like 10 % palmitic (C-16:0) and 4 % stearic (C-18:0).
Hammond et al. (2005) mention lineolate (54.5 %), oleate (22.9 %), linolenate
(23 %), palmitate (10.6 %), and stearate (4.1 %) as being the most common methyl
esters found on typical soybean oils, while myristate, palmitoleate, arachidate,
gondoate, behenate, and lignocerate are also present, but at lower concentrations.
According to the same authors, the average values for saponification and iodine are
190.4 and 132.7, respectively. Other components of soybean seeds are carbohy-
drates and ashes, with 29.4 and 4.6 %, respectively, expressed on dry weight basis.

Gazzoni et al. (2005), using Life Cycle Analysis methodology, determined that
the relationship between input and output energy, considering the whole soybean
grain (oil for biodiesel plus meal for other uses) was 1:3.38. Considering only the
oil fraction for biodiesel production the relation was 1:1.12.

Global soybean area and production for the last 53 years are shown on Fig. 4. In
2014, about 45 Mton of soybean oil was produced worldwide, being second only to
palm oil. In fact, soybean oil led the vegetable oil production until last decade, and
might be the leader again, in the near future. In 1960, the world production was
roughly 25.5 Mton, 92 % concentrated in the USA (59 %) and China (33 %).

Currently, the USA remains at the forefront of soy production, with 108 Mton
(34.3 %), but Latin America, led by Brazil (98.6 Mton) and Argentina (60.5 Mton)
overcome with great advantage (49.3 vs. 34.3 %) the USA production, turning the
region the main center of global soybean production. These three countries account
for about 84 % of the global harvest of 2014/15 season, meaning 264 Mton out of
the world total of 315 Mton. Detailed statistics regarding soybean area, yield, and
production for the major producing countries, are shown in Table 7.

Fig. 4 Global soybean area 300 -
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2.1.4 Soybean in the Near Future

Demand for soybean remains strong chiefly because of the continuous growing
need for protein meal, both for human consumption and animal feed. Nowadays, in
addition to the food market for both commercial animal production, humans, and
pet’s nutrition, new markets like bioenergy and oil chemistry, extend the horizons
of soybean demand, leveraging breakneck annual growing rates since 1990, when
global production (108 Mton) was just one third of the current (315 Mton) pro-
duction. The mean annual growth during the last 20 years surpassed 8§ Mton
(FAOSTAT 2015).

A close look into the future make it clear that a growing world population, as
well as the increasing in longevity and income per capita of this population, with
consequent changes in food habits and consumption patterns, will keep the demand
growing at a steady pace, similar to the process of the last 50 years (Dall’Agnol
et al. 2007). This forecasted continuous growing for soybean meal demand result in
increasing soybean oil production, helping to assure the supply of vegetable oil for
the biodiesel industry.

Prospective scenarios for soybean in the medium term (Fig. 5) show that Brazil
and Argentina will capture most of the incremental market for the next two decades,
given the depletion of the North American, Chinese, and Indian agricultural fron-
tier. Among current competitors, Brazil is the one with the best comparative
advantages, like abundant land, favorable climate to produce throughout the year,
technology in state of the art, modern businesspersons, and entrepreneurs, but needs
satisfactorily solve the issues encompassed in the so-called “Brazil cost” to ensure
market leadership. Among the Brazil cost restrictions, ones linked to storage,
transportation, and ports are the most challenging ones.

Fig. 5 Forecast of the major 300 _, ysa
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2.2 0Oil Palm (Elaeis guineensis)

2.2.1 Origin and Highlights

Originally from the Gulf of Guinea, west central Africa, it is also known as African
palm and dendé (only in Brazil). Although known and exploited for millennia in
Africa, its commercial cultivation is relatively new, starting on the first decade of
the twentieth century, in Malaysia. Palm is recognized as the oil crop that produces
the largest amount of oil per hectare, which supports its leadership on the world
vegetable oil production (Corley and Tinker 2003).

Palm oil is responsible for 57 Mt of the global production of 180 Mt of vegetable
oils. Along with soybean oil, it accounts for over 50 % of the world vegetable oil
production but, considering the 2015 average oil yield of each crop, one hectare of
palm oil yields approximately the same amount of oil as 10 ha of soybean.

The high oil yield allows palm oil to occupy only 8 % of the world area cul-
tivated with oil crops, while providing almost a third of vegetable oil produced
globally (FAOSTAT 2015).

According to Cornet (2001), due to its tropical origin, palm oil is quite suitable
for cultivation in the humid tropics of the original region, as well as southeastern
Asia, northwestern South America and part of Central America. Presently, Asian
countries account for nearly 90 % of its cultivated area, being Indonesia, Malaysia,
and Thailand the major producers, according to the FAO database (FAOSTAT
2015). As well as the major producers, the largest importers are also located in Asia
(China and India).

Indonesia, given its monumental production, is using part of its oil to produce
biodiesel, with mandates for adding 5 % palm oil biodiesel in petrodiesel in 2006,
10 % in 2010, and 25 % in 2025 (REN 21 2015). The energy balance (input/output)
of biodiesel from palm oil is very favorable, sometimes reaching up to 1:8,
according to Gazzoni et al. (2008). The palm oil is used for bioenergy production,
but the largest use is found in the nutrition segment (industrial frying, chocolates,
pasta, margarine, vegetable creams, cookies, ice cream), and in cosmetics industry
(beauty products, shampoos, detergents, and soaps).

2.2.2 Palm Oil Production

Figure 6 illustrates the evolution of the palm oil production worldwide, and the
major palm oil producing countries are shown in Table 8.

Besides the leading Southern Asia countries (Indonesia, 26.9 Mton; Malaysia,
19.2 Mton; and Thailand, 1.97 Mton), Nigeria (0.96 Mton), and Colombia (0.95
Mton), plus over 40 other countries produce palm oil (Fig. 6). Up to the 1970s,
Malaysia was the major producer of palm oil, with more than half of world pro-
duction. In the last 40 years, Indonesia’s production has skyrocketed from 0.7
Mton, in 1980, to 31 Mton, in 2014.
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A significant proportion of the area presently used for palm oil cultivation in
Southeastern Asia countries was formerly occupied by native forest, causing intense
deforestation. Environmentalists advert that if deforestation proceeds at this pace,
there will be no rainforests in countries like Indonesia within a decade, which
would jeopardize the survival of Sumatra tiger, Asian rhino and orangutan.
According to the environmentalist NGO Greenpeace, every year Indonesia loses
620,000 ha of rainforest, making it one of the largest emitters of greenhouse gases
on the planet. This fact, associated with the loss of biodiversity could undermine the
future of millions of Indonesians who depend on the forests for their food, shelter
and livelihoods (Greenpeace 2015).

In contrast, Brazil has the world largest reserve of suitable land for palm cul-
tivation, estimated to be around 50 Mha (Miiller 1980), but cultivates only 0.16
Mha (FAOSTAT 2015). Largely, this is due to the restrictions imposed by the
Brazilian environmental legislation for Amazonian lands, which restricts to 20 %
the amount of area of a given farm that can undergo any kind of economic
exploitation, imposing that more than 80 % of the biome should be preserved
(Miiller and Furlan Junior 2001). As a consequence, in spite of having the largest
potential area for oil palm cultivation, Brazil is 9th among palm oil producers (0.37
Mt) and such a small production does not meet the country’s needs, resulting in
continuous import of palm oil, reason why the amount dedicated to biodiesel
production is very small.

As for the future palm oil production, it should be taken into account that vast
areas of the Brazilian tropical rainforests were cleared in the 1960s and 1970s, for
the establishment of national integration highways. These areas are currently
occupied by degraded pastures with low nutrition levels, and might be reinserted on
profitable and sustainable business through the palm cultivation (Miiller and Furlan
Junior 2001). This land use change could provide new opportunities for employ-
ment and income to thousands of poor small farmers established on the banks of
these highways, given adequate market and government incentives are put in place.
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Palm oil is a huge oil producing plant and Table 9 shows the evolution of the
palm oil and kernel oil from major producing countries. However, unlike most of
the major oil crops, its residues after oil extraction have only marginal or no
commercial value. The main uses for palm oil residues are organic fertilizer or
electricity generation by burning the waste. Two types of oils are obtained from the
palm oil fruits: the palm oil itself, extracted from the pulp; and palm kernel oil,
extracted from the fruit kernel. The oil fraction constitutes about 22 % of the weight
of the palm bunch, and only 3 % is palm kernel oil. Lauric acid is almost absent in
palm oil, being the predominant component of palm kernel oil (Ramos et al. 2009).

Palm oil is composed almost by 50:50 saturated:unsaturated fatty acids. Major
saturated are palmitic (44 %), followed by stearic (4 %), while oleic (monounsat-
urated, 37 %), and linoleic (polyunsaturated, 9 %) are the major unsaturated fatty
acids found on palm oil (Ramos et al. 2009).

2.2.3 Special Requirements

Miiller and Furlan Junior (2001) point out that the establishment of a palm plan-
tation is expensive, being an investment of long maturity and late paying back,
taking 4—6 years for the first harvest. During this period, the crop does not generate
income, unless it is consortiated with other food or fiber crops, in between palm
lines, like cassava, pineapple, papaya, banana, or even pastures. This is important
not only to ensure food for self-consumption, but also to allow an extra income
from the sale of the remaining production.

For this reason, small growers need official or private support to withstand the
heavy crop establishment costs and to survive during the initial period of the project
(Miiller and Furlan Junior 2001). Moreover, it is paramount the existence of a
processing industry in the surroundings of the crop plantation, because the fruit
demands rapid processing after harvest, and the low value of the fruit does not
allow transport over long distances (Miiller 1980).

2.3 Canola (Rapeseed) (Brassica napus L.)

2.3.1 History and Highlights

Rapeseed belongs to the Brassicaceae family (formerly Cruciferae), the same family
as mustard, broccoli, or cauliflower. Brassica napus is the result of an interspecific
cross between Brassica campestris and Brassica oleracea. The canola name results
from a contraction of “CANadian Oil Low Acid,” a variety of rapeseed modified in
the early 1970s by traditional breeding, through which Canadian scientists from the
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University of Manitoba selected varieties, which oil has low erucic acid (toxic for
humans and animals). Its bran has very low glucosinolates content (antinutritional
components), making both excellent alternatives for humans (oil) and animals
(cake) consumption (Downey and Harvey 1963). The rapeseed, in turn, differs from
canola because high levels of erucic acid and glucosinolates are present in the
grains (Cultura da colza 1980).

Brassica oilseed varieties are among the oldest plants cultivated by humanity,
with documentation of its use in India 4000 years ago, and in China and Japan
2000 years ago, but B. napus use is more recent, and first records are restricted to
the Mediterranean region (Prakash and Hinata 1980). Its use in northern Europe for
oil lamps dates to the thirteenth century (Snowdon 2007), but a larger use was
limited until the development of steam power, when machinists found rapeseed oil
clung to water- and steam-washed metal surfaces better than other lubricants.
Because of its lubricant properties, there was a high demand for rapeseed oil during
World War I to supply the increasing number of steam engines in naval and
merchant ships. The war demand used all the European and Asian rapeseed oil
available, creating a critical shortage, giving the opportunity for Canada to expand
its rapeseed production. After the war, the lubricant demand declined sharply, and
other uses for the oil were developed (USDA 2015a).

Presently, canola is the leading group of varieties grown worldwide as rapeseed.
The oil is the main product of canola, although its meal is also highly valued for the
formulation of animal feed, because of the high-protein content. According to De
Mori et al. (2014), the oil content of canola seeds is high (38-45 %) and the volume
of oil produced worldwide is surpassed only by palm and soybean oil, and the meal
is second only to soybeans.

Low amounts of unsaturated fatty acids are found in canola oil, being palmitic
(16:0) the one with higher content, normally 4 %. The major fatty acid found in
canola is the mono unsaturated oleic (18:1) with 63 %, followed by polyunsaturated
linoleic (18:2) with 20 %, and linolenic (18:3) with 9 % (Ramos et al. 2009). Due
to its favorable fatty acid profile, doctors and nutritionists indicate canola and
sunflower oils as the best composition of fatty acids for people interested in healthy
diets.

In canola oil are found high amount of omega-3, vitamin E, monounsaturated
fats, and the lowest saturated fat content of all vegetable oils. Perhaps this is the
reason why the demand exceeds supply and the market value exceeds the price of
soybean oil. High prices of canola oil make biodiesel from this source rather costly
for the market and for supporting public policies. As for the total energy balance of
biodiesel from canola oil, considering the utilization of its meal, it was concluded
that for each energy unit input along the life cycle (from feedstock production to
biodiesel consumption), 2.9 energy units are obtained; when considering only oil
production (not computing energy on the meal), this relationship decreases to 1:1.4
(Gazzoni et al. 2009).
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2.3.2 Canola Production

World area production of canola is shown on Fig. 7, and Table 10 details the canola
production parameters for the leading producing regions or countries

In 2014/15, world production of canola was 72 Mton of grains, allowing the
extraction of 26 Mton of oil, representing 16 % of global vegetable oil production
(FAOSTAT 2015). The leading production region is the European Union (24.0
Mton), followed by China (14.7 Mton), Canada (14.45 Mton), India (7.5 Mton),
and Japan (2.0 Mton).

Canola is more adapted to mild temperature regions, distant from the Equator. In
these locations, the cropping window is very narrow, not favoring crops such as
soybean or corn. In regions of more severe climates, canola is seeded previously to
the formation of snow and remains dormant until the spring when germinates after
soils thawing, completing the cycle with approximately 85 days (USDA 2015a).
This system is more profitable (20-30 % higher yields) than the canola seeded in
the spring, after the melting of the snow.

Canola grain are rich in oil content (around 40 %; USDA 2015a), leading to
large amounts of oil produced worldwide, as demonstrated on Fig. 8, being the
aggregated data detailed by each producing region or countries on Table 11.

In regions where canola is cultivated during the spring either corn, soybeans, or
cotton may result more profitable. Canola would be an excellent crop rotation
alternative for soybeans and corn, but as it is very susceptible to the attack of a
disease known as sclerotinia, the rotation is not recommended because the pest
inoculum is build up during canola cycle and negatively affect soybean yield (De
Mori et al. 2014). Furthermore, producing canola requires appropriated machines,
especially harvesters and seed machines, due to the very small size of its grains, in
order to provide adequate sowing and avoid harvesting losses.
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Fig. 8 World production of 30
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Tal:lle 1; bOﬂhOf canola Year Europe | Canada |India |Japan China
produced by the major
countries or regions, in Mton 1961 0.34 0.01 0.40 0.12 0.11
1965 0.53 0.02 0.44 0.10 0.30
1970 0.68 0.07 0.48 0.14 0.29
1975 0.91 0.14 0.69 0.29 0.42
1980 1.38 0.42 0.42 0.41 0.80
1985 2.37 0.50 0.94 0.59 1.58
1990 3.37 0.58 1.37 0.75 2.14
1995 3.61 1.15 1.76 0.79 2.73
2000 4.51 1.30 1.79 0.91 3.64
2005 5.79 1.29 2.35 0.93 4.65
2010 9.37 2.50 2.05 0.99 5.39
2013 9.91 2.83 2.31 1.04 5.60

Source FAOSTAT database

2.4 Sunflower (Helianthus annuus L.)

2.4.1 History and Highlights

The center of origin of sunflower is the region comprising southwest USA and
northern Mexico, from where it disseminated to the rest of the continent. Its most
likely domestication occurred in that region, based on evidences of its cultivation
by North American Indians over 3000 years ago (Lentz et al. 2001).

Upon the discovery of America, the Spaniards introduced sunflower in Spain as
an ornamental plant, from where it spread to the rest of Europe. In the eigh-
teenth century, the sunflower reached Eastern Europe, presently the main world
producing region, led by Ukraine (10.0 Mton) and Russia (9.0 Mton), followed by
the European Union (8.8 Mton), Argentina (2.5 Mton), and Turkey (1.2 Mton)
(FAOSTAT 2015).

Russia was largely responsible for the spread of sunflower as a worldwide
economically important crop. By 1880, after being improved by Russian
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agronomists, the sunflower was reintroduced into the USA, where it was initially
used as fodder. The importance of sunflower as an edible oil source only emerged
by the 1920s. However, it was after World War II that sunflower aroused to the
front line of the international oil crop production worldwide (USDA 2015b).

2.4.2 Production and Use

The global sunflower cultivated area in 2014 was, approximately, 18 Mha, with an
overall production of 40 Mton of grain, being 16 Mton of oil, and 17 Mton of meal
(FAOSTAT 2015), ranking fourth among the most important oils and meal pro-
duction, globally. Sunflower accounts for about 7.5 % of world production of
vegetable oil, behind palm (34 %), soybeans (30 %), and canola (16 %).3 The oil
content of the grains is about 45 %, consumed almost completely as edible oil for
its excellent quality, while grain protein content range from 28 to 32 % (de Leite
et al. 2005; USDA 2015b).

Figure 9 displays the evolution of sunflower area and production worldwide,
while Table 12 details the history of sunflower area, yield, and production, for the
major producing countries. In this Table, data for Russia and Ukraine are absent
until 1995, as they were aggregated under the common name of Soviet Union on
the FAO database.

According to Ungaro (2000), sunflower requires soil with good content of
potassium and phosphorus, being more tolerant to drought than other major grains,
because of its deeper root system. It is insensitive to photoperiod and can be
cultivated from the vicinity of the equator to latitudes above 40°. Temperatures
around 27 °C are considered optimum for proper plant growth, but it develops quite
satisfactorily from 8 to 34 °C, reason why can be grown as a second summer crop
(off-season). The crop is also an agronomic important option for rotation with
soybeans, corn, and wheat.
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3www.statista.com.


http://www.statista.com

D.L. Gazzoni and A. Dall’Agnol

68

asequiep LY.LSOVA 224108

SOTT|  oLIT| 60°S 1| sevT| 190 €501 |  0SST| 089 ore| 9161 | T9T| €10C

LL9 96h1 | €SF TET| 80T | ¥9°0 PeS 656 86°S €CT|  €6v1 | 0ST| 010

Ly 9Ll | 69°€ 86'0| €TLI| LSO 79 0611 | 1t°S 99°¢|  S061| TET| S00T

o'e LITI | ¥8T 080 9LYI| ¥S0 16°¢ 968 LEY LO9|  9FLY| 8¥'E| 000T

98°C SThl | 10T 060 6EST| 650 0Tt 8101 | €I¥ 08'S| €961| S6T| S661

09|  9LET| SOt 98°0| ¥OTI| T1L0 06¢| ISPI| 69T| 0661

9Ts|  86TI|  SOF 080 SvTl| +90 oFe|  TvPl|  9€T| 861

9| S901|  vEY SLO|  FOET| 850 9T | 068 98°T | 0861

66| veTI| SOF 6v0| 8911 | TvO €L0|  8TL 10T | SL6T

PI9| 98T | 8LY 80| THOT| 9€0 PIT| 9p8 SET| 0L6l

Sv's| 6IIT|  L8Y 9I'0| 200 | 910 9L0| 9vL 20T | S961

SLy|  Lein| Ty 01°0 8| Tro 650 | 159 060 | 1961
(U | (eu/3y) | (eyn) (oA | (eu/BY) | (eyN) (UOIA) | (eu/3Y) | (eyn) (oI | (ey/SY) | (eyN) (oA | (eu/3y) | (eyn)
uononpold PISIA BAIY | uOnONpoid PIRIA BAIY | uononpoid PISIA BAIY | uononpoid PISIA BAIY | uONONpoid PIRIA BAY

ASSN auren|) Kosang, evIssny eUNUASIY | IBOX

saLunod juepodwr jsowr ay) 1oy uononpoid pue pRAIA ‘Bare MOpUNS 7T dqeL



Oil Crops in the Context of Global Biodiesel Production 69

Fig. 10 World sunflower oil 14 -

production
12 A

10 -

-]

Mton
[-,%

1965
1970
1975
1980
1985
1990
1995
2000
2005

1961
2010
2013

From sunflower grains, it is extracted high-quality oil and the remaining meal is
excellent for animal nutrition. The oil is rich in unsaturated fatty acids, like the
monounsaturated oleic (18:1), with 16 % and the polyunsaturated linoleic, with
72 %; major saturated fatty acids are palmitic (16:0), with 6 % and stearic (18:0),
with 4 % (Ramos et al. 2009).

The sunflower meal contains about 50 % protein and is rich in sulfur amino
acids, allowing a perfect integration with soybean meal, which is rich in lysine and
low in sulfur amino acids. A mixture of both would provide ideal balanced food for
animal nutrition (de Leite et al. 2005). According to these authors, besides oil and
meal production, sunflower is an important feeding source for domestic and native
bees (honey production), as well as an ornamental plant and for silage (animal
fodder). Sunflower seeds are great for feeding birds and for edible oil production,
and used as a lubricant. The nutritional quality of sunflower oil is similar to the
canola oil, being highly suitable for biodiesel production. Figure 10 displays the
historical series of the world sunflower oil production.

Regarding energy efficiency of biodiesel production from sunflower oil, Gazzoni
et al. (2005), using Life Cycle Analysis techniques, determined that when the whole
grain destination was considered (meal for nutrition, oil for biodiesel), 2.69 energy
units were obtained from each energy unit input to the system. This relation was
reduced when meal was not considered, and then each unit of input energy gen-
erated 1.61 units released by biodiesel combustion.

2.5 Cotton (Gossypium hirsutum L.)

2.5.1 History and Uses

Igbal et al. (2001) refers cotton as one of the oldest plants domesticated by man,
known for more than 8000 years, with records of its use to about 4000 years ago.
The most likely center of origin of cotton is India, although some kind of cotton is
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found on all continents (Igbal 1997), including 40 native species found in sub-
tropical and tropical regions, some of which are used for commercial production of
textile fibers. The most common species used for fiber production are Gossypium
hirsutum (USA and Australia), Gossypium arboreum and Gossypium herbaceum
(Asia), and Gossypium barbadense (Egypt) (USDA 2015¢).

Cotton is a tropical crop, but has broad adaptation and can be grown on latitudes
ranging from 0° to 40° (Cia et al. 1999), growing well in various soil types, but the
plant root needs a well-oxygenated environment, for what the cropped area cannot
be compacted. It is considered quite tolerant to median water deficit, requiring good
soil moisture during the growing season and relatively dry weather during ripening
and harvesting (Beltrdo 1999).

The cottonseed contains medium levels of oil (15-18 %), used both for indus-
trial purposes (hygiene/cosmetic industry and bioenergy) and for domestic con-
sumption (fried foods and margarine) (USDA 2015c). Cotton oil contains both
saturated fatty acids like palmitic (20 %) and stearic (2 %), and unsaturated ones as
oleic (35 %) and linoleic (42 %) (Ramos et al. 2009). The meal resulting after
cottonseed processing contains from 20 to 25 % protein and is directed to animal
feed, preferably mixed with other proteinaceous cakes, because of the presence of
gossypol, a toxic substance found in cottonseed meal (Cia et al. 1999).

2.5.2 Cotton Production

Cotton is a crop favored by a well-structured production chain, with extensive
technological expertise and comprehensive coverage of research institutions and
networks, readily available to solve any technological problem (Cia et al. 1999).
Cotton varieties differ in the size of fiber (short, medium, and long), plant height
(tall and short), and the cycle length (early: 120/150 days or late: 150/180 days).
The perennial cotton—which is a tree—depends on manual harvest, being restricted
to small farms. Approximately, 90 % of world production corresponds to annual
cotton with early cycle (Beltrdo 1999).

The cotton production cost is high because the plant is a suitable host for several
pests, demanding a large number of pesticide applications, turning its production
cost one of the most expensive among the major crops.

Cotton is widely grown, being present in over 80 countries, occupying an area in
excess of 30 Mha (2014/15 season), producing 45 Mt of cottonseed (Fig. 11) and
26.3 Mt of cotton lint (total of 71.3 Mt).

The major driver for cotton production in the world is the fiber, used mainly for
textile applications, besides other minor industrial uses. It should be taken into
consideration that cotton market is quite unstable and competitive, partially because
of the limited demand of its fiber, which competes with other natural, but chiefly
with synthetic fibers.

The large number of producing countries contributes for an unstable market,
making it easy to replenish low global stocks as a reaction to the stimulus of good
market prices. This is one of the reasons why, despite the large number of
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Fig. 11 Global cotton area 80 -
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producing countries, not all of them are present on the market every other year, due
to production problems, mainly climatic and phytosanitary constraints, increasing
production costs. So, the competition status of the countries changes, depending on
the production amount and its costs and on the market price.

Table 13 details the cotton area, yield, and production for the most important
producing countries, while Fig. 12 presents the recent history of cotton oil pro-
duction. According to the FAO database (FAOSTAT 2015), the major producers of
cotton lint are India (6.51 Mton), China (6.48 Mton), USA (3.55 Mton), Pakistan
(2.31 Mton), and Brazil (1.51 Mton). The plume international trade, amounting
7.67 Mton, are led by the USA (2.33 Mton) and followed by India (0.98 Mton),
Brazil (0.87 Mton), Australia (0.63 Mton), and Uzbekistan (0.61 Mton). China,
despite being the second largest producer, is also the number one cotton fiber
importer, followed by the East Asian countries, Europe, Bangladesh, and Pakistan.

2.6 Peanut (Arachis hypogea L.)

2.6.1 History and Highlights

Wild peanuts are common plants along South America (mainly Brazil, Paraguay,
Bolivia, and northern Argentina), between latitudes 10 and 30°S, with its most
probable center of origin located in the Chaco region (Kochert et al. 1996). It
belongs to the botanic family Fabaceae, the same as beans, peas, and soybean.
Peanut plants are classified into four groups, according to differential characteris-
tics: Runner, Spanish, Valencia, and Virginia, being the first three upright and early
types; the latter is creeping and have a longer cycle (Beasley and Baldwin 2015).

According to archaeological documentation referred by Jones (2007), there is
evidence of its consumption since 3800 BC. The cultivation and dispersion of
peanut began with the Indians, spreading it to various regions of Latin America. In
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the eighteenth century, it was introduced in Europe. In the nineteenth century, it
was introduced to Africa, from Brazil, and to Asia, from Peru.

Peanut is one of the oil crops with highest oil fraction, ranging from 45 to 50 %
(Mercer et al. 1990). It is highly prized in the market and appreciated for human
consumption, and can be used in the pharmaceutical, cosmetics, and in the pro-
duction of biodiesel. The meal quality is comparable to soybean meal making it
highly valued for animal feed (dos Santos et al. 2013).

2.6.2 Production

The peanut plant grows well at temperatures between 20 and 30 °C, throughout the
cycle. The plant prefers loamy sandy soil, well fertilized. Like all legumes, peanut
does not tolerate high soil acidity, requiring liming when appropriate. It requires
good availability of calcium for the formation of pods, as well as phosphorus, for
grain formation. Nitrogen can be made available by the inoculation of grains with
N-fixing bacteria of the Bradhyrizobium genus prior to sowing. There are limita-
tions of appropriate machinery for the harvest process, normally carried out man-
ually (dos Santos et al. 2013).

Peanut is highly susceptible to the attack of microorganisms-producing myco-
toxins, particularly aflatoxin, depreciating its commercial value (Pitt and Hocking
2006). The inadequate management of humidity and temperature during peanut
harvest, transport, and storage favors this attack. These microorganisms can survive
in plant debris and infect subsequent crops. For this reason, it is recommended to
avoid continuous peanut cultivation in the same area. Rotation with other crops is
highly desirable. In addition to providing a good meal to feed pigs and poultry from
the beans, its shoots can provide hay or quality silage for feeding cattle.

Peanut world area has been stable around 30 Mha for the last 55 years, while the
production jumped from less than 30 Mt to over 70 Mt (Fig. 13). The largest
producers are China, India, Nigeria, USA, and Brazil (Table 14). Major uses of
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Fig. 13 Global peanut area 80 -
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peanut are for oil production, human food, and animal feed (dos Santos et al. 2013).
World peanut oil production is displayed on Fig. 14.

2.7 Minor Oil Crops

A series of species are used locally, even regionally, for oil production in small
scale. Some are directed for self-consumption, either for human or animal nutrition,
for elaborating soaps or producing energy. Those minor crops represent less than
5 % of the world oil production, and are restricted to commercial or purposes
niches. Two species of minor oil crops are described below.

2.7.1 Castor (Ricinus communis L.)

The center of origin of the castor bean is undefined, as both India and Ethiopia are
mentioned as its center of origin (Anjami 2012). It belongs to the family
Euphorbiaceae, the same of cassava, rubber, and jatropha. The plant shows broad
adaptation, being cultivated or naturally occurring on latitudes from 0° to 40°, with
prevailing temperatures between 20 and 30 °C, requiring annual rainfall between
500 and 1500 mm (Abreu et al. 2012). It is recognized as a suitable crop for
semi-arid regions, because of its relative tolerance to drought (Carvalho 2005).

According to Azevedo and Beltrdo (2007), under dry conditions, castor yields
are very low, but there are situations where castor is the only cash crop for peasants
living on semi-arid regions, even though the plant is more productive on
well-drained, deep, non-compacted and fertile soils, with pH on the range 6.0-7.0
(Rodrigues Filho 2000).

The area and the world production of castor beans is approximately 1.5 Mha/Mt,
being India responsible for over 50 % of this production, followed by China and
Brazil, and the castor oil production is around 0.5 Mt (FAOSTAT 2015). Its market
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is narrow and limited, reason why a production much higher than this amount can
lead to exaggerated stocks and low market prices.

Severino et al. (2006) mention that castor yields are low when compared to
major oil crops, but the seeds are rich in oil (45-52 %). Although there are cultivars
of annual cycle, the most commonly cultivars grown worldwide are late ripening
(180-240 days), requiring manual harvest, which is one of the limitations for the
crop expansion. Ogunniyi (2006) mention that ricinoleic, a monounsaturated (18:1)
omega-9 fatty acid, represents up to 90 % of the seed oil obtained from mature
castor beans. It differs from oleic acid due to the presence of a hydroxyl radical
linked to the 12th carbon of the chain. Ricinoleic is not an edible fatty acid, but has
multiple uses in the industry (manufacturing of paints, varnishes, soaps, detergents,
insecticides, fungicides, bactericides, candles, synthetics, plastics, pharmaceuticals,
specialty greases, etc.), according to Ogunniyi (2006).

The high proportion of ricinoleic acid on the castor oil is largely responsible for
its low viscosity and for the formation of polymers on the combustion chambers of
engines, limiting its use for biodiesel production, unless blended with biodiesel
obtained from feedstocks with oils of higher viscosity. It is a much sued oil to
lubricate high-speed engines (aircraft, rockets, ships), not changing its character-
istics whether used in high or low temperatures. Castor meal has no commercial
value because it is toxic to animal feed, being generally used as organic fertilizer,
due to its effectiveness in controlling soil nematodes.

2.7.2 Oil Radish (Raphanus sativus L. var. oleiferus Metzg)

Originally from Asia, it is one of the oldest species exploited for oil production
(Wang et al. 2015). Although the oil radish is a plant whose seeds are rich in oil, its
major use is as a winter cover plant, for crop rotation and for feed. The plant
belongs to the family Brassicaceae (formerly Cruciferae), the same as crambe,
canola and mustard.
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According to Hernani and Henn (1995), this species shows large adaptability to
different climates and soils, being a very vigorous plant, with pivoting and
aggressive root system, able to break through extremely dense soil layers and/or
compacted, at depths greater than 2.50 m. It grows fast, exerting high suppressive
effect on weeds. Sixty days after sowing, the oil radish covers about 70 % of the
land surface; its biomass has easy and rapid decomposition due to the low
carbon/nitrogen ratio (C/N), providing, instantly nutrients to subsequent crops
(CATI 2001). Produces between 20 and 35 t/ha of biomass, 3-8 t/ha of dry matter,
and 500-1500 kg/ha of seeds, resulting in 150-500 kg/ha of oil.

Oliveira et al. (2011) stated that the oil radish is a rustic plant that grows well in
poor soils, either in cold or hot places, indifferent to low (0 m) or high (1000 m)
altitudes. The plant requires the presence of moisture in the soil during implantation
and early development, but during the rest of the cycle shows median tolerance to
drought and frost, being adequately cropped during fall and winter. It is quite
resistant to pests and diseases and does not demand soil preparation. Despite its
tolerance to soils with aluminum saturation and high acidity, the plant increases the
green mass and grain production when cultivated on fertile soils.

The oil content of the seeds is relatively high (32—42 %) but, due to its low grain
yield, the oil production is small and is not edible (Wang et al. 2015). The oil
market is restricted to industrial uses and its production chain is deficient.

2.8 Potential Oil Crops

There are innumerous plant species with median to high oil content, with a theo-
retical potential for oil production. Some are source of oil on extractive systems,
based on native formation. Its commercial development depends on (a) possibility
of production of over 500 kg/ha of oil, in order to compete with major oil crops;
(b) domestication of the species; (c) establishment of sound production systems;
(d) organization of the productive chain connecting growers, suppliers, processors,
industry and consumers (Gazzoni et al. 2012). Among others, potential oil crops
include flaxseed, sesame, safflower, crambe, tucuman, rubs, buriti, macatba, indaia,
acai, gerivd, pataud, cotieira, oiticica, nhandiroba, tung, pequi, jatropha, jojoba, and
tingui. Two examples of potential oil crops are described below.

2.8.1 Crambe (Crambe abyssinica)

This species is native from the Mediterranean region and has been cultivated on
several regions as central and west Asia, Europe, USA, and South America (Weiss
2000). The plant belongs to the family Brassicaceae (formerly Cruciferae), the same
as turnip, mustard, and canola. Until recently, it was only used as fodder. However,
given its rusticity, precocity (90—120 days) and high potential to produce oil
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(26-38 % content in seeds) (Meier and Lessman 1971), it has been investigated as a
potential oil crop, aiming biodiesel production, in spite of its low productivity.

Weiss (2000) describes crambe as an annual, herbaceous plant, about one meter
high. The oil is inedible because of the presence of erucic acid (60 %), being useful
as a raw material for the manufacture of plastic films, nylon, adhesives, anticor-
rosive, and lubricating products, which are traditionally dependent on rapeseed oil.

According to Dalchiavon et al. (2012), crambe shows lower production costs
when compared to soybean, sunflower or canola, and potential for winter cultiva-
tion as it can withstand temperatures as low as 4 °C below zero, being relatively
tolerant to drought. Crambe grows better on well-drained soil with a pH between 6
and 7 (White and Higgins 1966).

The oil extracted from crambe seeds is used as an industrial lubricant, a cor-
rosion inhibitor, and as an ingredient in the manufacture of synthetic rubber. The oil
contains 50-60 % erucic acid, a long chain fatty acid, which is used in the man-
ufacture of plastic films, plasticizers, nylon, adhesives, and electrical insulation
(Oplinger et al. 2015). The authors refer that crambe is being promoted in the USA
as a new domestic source of erucic acid, primarily obtained from imported rapeseed
oil. Supplies of industrial rapeseed are less-plentiful since the development of
varieties (canola) that have no erucic acid content, in contrast with crambe oil that
contains 8-9 % more erucic acid than industrial rapeseed oil.

Crambe meal contains 25-35 % protein when the pod is included and 46-58 %
protein when the pod is removed, with a well-balanced amino acids content
(Hesketh et al. 1963). Defatted crambe meal is a protein supplement for livestock
feeds (Oplinger et al. 2015) and its use has been approved by the FDA for beef
cattle rations for up to 5 % of the daily intake. Nevertheless, the meal has not been
approved for nonruminant feeds due to the presence of glucosinolates, broken down
during digestion to harmful products that depress the appetite and can cause liver
and kidney damage.

Untreated oil-free crambe meal may contain up to 10 % thioglucosides (McGhee
et al. 1965), which is toxic to nonruminant animals, such as hogs and chickens (Van
Etten et al. 1965, 1969). However, subjecting whole seed to moist heat before
processing can deactivate the enzyme, and the glucosinolates remain intact through
the oil extraction process, according to Oplinger et al. (2015).

2.8.2 Jatropha (Jatropha curcas)

This plant belongs to the family Euphorbiaceae, the same as the castor bean and
cassava, and its center of origin is located in Mexico (Dias et al. 2012). It is a tree of
rapid growth, whose average height is two to three meters, but can reach up to five
meters, under special conditions of climate and soil. It takes 3—4 years for com-
mercial harvesting and production may extend from 40 to 100 years.

The plant has been traditionally used as a living fence, from where fruits are
harvested for oil extraction (Carvalho et al. 2009). Jatropha seeds contains 25-40 %
oil (average of 37.5 %) and its use has been restricted to self-consumption on
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production sites (farms), for energy purposes or for soap production. As it happens
with castor, the meal resulting from oil extraction is highly toxic to animals, and
cannot be used as feed, unless it is detoxified (Dias et al. 2007).

During the 1990s and up to the first decade of the twenty-first century, there was
a global wave of incentives for using jatropha seeds as feedstock for biodiesel
production, with several private and public initiatives aiming to establish large
commercial jatropha plantations in Asia (mainly China, India, Indonesia, Malaysia,
and others), Africa and Latin America. All these initiatives failed, due to the
absence of feasible production systems (commercial varieties, recommendations for
plant nutrition and for controlling several pests hosted by the plant), low produc-
tivity, large period until first commercial harvest, and the high demand for labor
force, especially for harvesting.

The fruit ripening of jatropha does not occur at the same time, but extends for 3—
4 months, exacerbating the requirement of manpower. In addition, the high toxicity
of the jatropha meal prevents its use as animal feed and even its use as organic
fertilizer may pose environmental hazards. In this case, only the jatropha oil would
have commercial value, making it impossible to compete with major oil crops, like
soybean, canola or sunflower, whose meal is highly demanded in the market, or
cotton oil, supported by the commercialization of the lint.

References

Abreu YV, Oliveira HR, Leal JE. C (2012) Biodiesel no Brasil em Trés Hiatos: Selo Combustivel
Social, Empresas e Leildes. Eumed, Univ. Malaga (Esp), 213 p

Anjami K (2012) Castor genetic resources: a primary gene pool for exploitation. Ind Crop Prod 35
(1):1-14

Beasley J, Baldwin J (2015) Peanuts cultivars and description. The University of Georgia College
of Agricultural & Environmental Sciences. Available at http://www.caes.uga.edu/commodities/
fieldcrops/peanuts/production/cultivardescription.html. Retrieved on 27 Sept 2015

Bretschneider W (1882) Botanicum Sinicum. Notes on Chinese botany from native and western
sources. J Roy Astron Soc N China Br NS 16-17:18-23

Camara GMS (ed) (2000) Soja: tecnologia da produgéo II. Piracicaba, ESALQ/LPV 450p

Carvalho BCL (2005) Manual do cultivo da mamona. EBDA, Salvador, 65 p (il.)

CATI (2001) Nabo forrageiro: adubagdo verde para inverno. CATI, Campinas. 1 folder (CATL
Responde, 25)

Cia E, Freire EC, dos Santos WJ (eds) (1999) Cultura do algodoeiro. Piracicaba: POTAFOS, 286 p

Congresso Brasileiro de Soja 4 (2006) Londrina. Resumos. Londrina: Embrapa Soja, 202
p- Organizado por Odilon Ferreira Saraiva, Simone Ery Grosskopf

Corley RHV, Tinker PB (2003) The oil palm, 5th edn. Blackwell Science Ltd., Oxford, 627 p

Cornet D (2001) Oil Palm—Elaeis guineensis Jacq. In: Raemaekers RH (ed) Crop production in
Tropical Africa. Directorate General for International Cooperaction, Brussels, pp 769—-797

Cultura da colza (1980) Fert Informa 3(28):4-5

Dalchiavon MP, Santos RF, de Souza SNM, Bassegio D, Rossetto C, Bauerman HB (2012)
Growth analysis of Crambe abyssinica according to the variation in planting density. Acta
Iguazu 1(3):33-43

Dall’Agnoll A, Roessing AC, Lazzarotto JJ, Hirakuri MH, Oliveira AB (2007) O complexo
agroindustrial da soja brasileira. Circular Técnica, 43, Embrapa Soja, Londrina, PR, Brasil, 11 p


http://www.caes.uga.edu/commodities/fieldcrops/peanuts/production/cultivardescription.html
http://www.caes.uga.edu/commodities/fieldcrops/peanuts/production/cultivardescription.html

80 D.L. Gazzoni and A. Dall’Agnol

Davis SC, Anderson-Teixeira KJ, Delucia EH (2009) Life-cycle analysis and the ecology of
biofuels. Trends Plant Sci 14(3):140-146

de Azevedo DMP, de Beltrao NEM (eds) (2007) O Agronegocio da mamona no Brasil. 2 ed. rev.
amp. Campina Grande: Embrapa Algodao; Brasilia, DF: Embrapa Informagdo Tecnologica.
506 p

de Beltraio NEM (Org.) (1999) O agronegocio do algoddo no Brasil. Brasilia, DF: Embrapa
Comunicagdo para a Transferéncia de Tecnologia; Campina Grande: Embrapa Algodao, 2:1-2,
491p

de Carvalho BCL, Oliveira EAS, Leite VM, Dourado VV (2009) Informagdes técnicas para o
cultivo do pinhdo-manso no estado da Bahia. EBDA, Salvador, p 79

de Leite RMVBC, Brighenti AM, de Castro C (eds) (2005) Girassol no Brasil. Embrapa Soja,
Londrina, 613 p

De Mori C, Tomm GO, Ferreira PEP (2014) Aspectos econémicos e conjunturais da cultura da
canola no mundo e no Brasil. Embrapa Trigo, Passo Fundo, 36 p (html) (Embrapa Trigo.
Documentos online, 149)

Dias LA, Leme LP, Laviola BG, Pallini A, Pereira OL, Dias DCFS, Carvalho M, Manfio CE, AS,
de Sousa LCA, de Oliveira TS, Pretti LA (2007) Cultivo de pinhdao manso (Jatropha curcas L.)
para produgdo de 6leo combustivel. L. A. S. Dias, Vicosa, MG, 40 p

Dias LA, Missio RF, Dias DC (2012) Antiquity, botany, origin and domestication of Jatropha
curcas (Euphorbiaceae), a plant species with potential for biodiesel production. Genet Mol Res
11(3):2719-2728

dos Santos RC, Freire RMM, de Lima LM (eds) (2013) O agronegécio do amendoim no Brasil. 2.
ed. rev. e ampl. Brasilia, DF: Embrapa, 585 p. il. color. Autores: Alessandra Pereira Favero,
Ana Cristina Miranda Brasileiro, Ana Heloneida de Araijjo Morais, Ana Maria Rauen de
Olvieira Miguel, Bill Jorge Costa, David John Bertioli, Denizart Bolonhezi, Francisco José
Alves Fernandes Téavora

Downey RK, Harvey BL (1963) Methods of breeding for oil quality in rape. Can J Plant Sci
43(3):271-275

Embrapa (1994) Tropical soybean improvement and production. Food and Agriculture
Organization of the United Nations (FAO), Rome 253 p

FAOSTAT (2015) FAOSTAT database. Available at www.faostat.fao.org

Fargione J, Hill J, Tilman D, Polasky S, Hawthorne P (2008) Land clearing and the biofuel carbon
debt. Science 319(5867):1235-1238

Gazzoni DL (2013) A sustentabilidade da soja no contexto do agronegdcio brasileiro e mundial.
Embrapa Soja Série Documentos 344, 50 p

Gazzoni DL (2014a) O impacto do uso da terra na sustentabilidade dos biocombustiveis. Embrapa
Soja Série Documentos 347, 82 p

Gazzoni DL (2014b) Balanco de emissdes de CO, por biocombustiveis no Brasil: histérico e
perspectivas. Embrapa Soja Série Documentos 334, 107 p

Gazzoni DL, Felici PHN, Coronato RMS, Ralisch R (2005) Balanco energético das culturas de
girassol e soja pra producdo de biodiesel. Biomassa e Energia 2(4):259-265

Gazzoni DL, Avila MT, Felici PHN, Ralisch R (2008) Balango energético do biodiesel de dendé.
In:  CONGRESSO BRASILEIRO DE  AGROENERGIA, 1., SIMPOSIO
INTERNACIONAL DE BIOCOMBSTIVEL, 1., Uberlandia. Anais. UFU, Uberlandia

Gazzoni DL, Borges JLB, Avila MT, Felici PHN (2009) Balanco energético da cultura da canola
para a produgdo de biodiesel. Espago Energia 11:24-28

Gazzoni DL, Azurdia I, Blanco G, Estrada C, Macedo IC (2012) Sustainable energy in Latin
America and the Caribbean: potential for the future. Available at http://www.icsu.org/latin-
america-caribbean/publications/reports-and-reviews/sustainable-energy/energy_english.pdf.
Retrieved on 15 Sept 2015

Greenpeace (2015) Indonesia forest threats. Available at http://www.greenpeace.org/international/
en/campaigns/forests/asia-pacific/threats/. Retrieved on 26 Sept 2015


http://www.faostat.fao.org
http://www.icsu.org/latin-america-caribbean/publications/reports-and-reviews/sustainable-energy/energy_english.pdf
http://www.icsu.org/latin-america-caribbean/publications/reports-and-reviews/sustainable-energy/energy_english.pdf
http://www.greenpeace.org/international/en/campaigns/forests/asia-pacific/threats/
http://www.greenpeace.org/international/en/campaigns/forests/asia-pacific/threats/

Oil Crops in the Context of Global Biodiesel Production 81

Hammond EG, Johnson LA, Su C, Wang T, White PJ (2005) Soybean oil. In: Bailey’s industrial
oil and fat products. Available at https://pharosproject.net/uploads/files/cml/1360080729.pdf.
Retrieved on 12 Sept 2015

Hernani LC, Henn R (1995) Nabo forrageiro. Dourados: EMBRAPA-CPAO (1 folder)

Hesketh HR, Creger CR, Crouch JR (1963) Crambe abyssinica meal as a protein source for
broilers. Poultry Sci 42:1276

Hill J, Nelson E, Tilman D, Polasky S, Tiffany D (2006) Environmental, economic, and energetic
costs and benefits of biodiesel and ethanol biofuels. PNAS 103(30):11206-11210

Hymowitz T (1983) History of soy—soybeans: the success story. Available at http://www.nsrl.
uiuc.edu/aboutsoy/history3.html. Retrieved on 11 July 2015

Igbal MJ, Aziz N, Saeed NA, Zafar Y, Malik KA (1997) Genetic diversity evaluation of some elite
cotton varieties by RAPD analysis. Theor Appl Genet 94(1):139-144

Igbal MJ, Reddy OUK, El-Zik KM, Pepper AE (2001) A genetic bottleneck in the evolution under
domestication of upland cotton Gossypium hirsutum L. examined using DNA fingerprinting.
Theor Appl Genet 103(4):547-554

Ivanov DS, Jovanka D, Sredanovi¢ A (2010) Fatty acid composition of various soybean products.
J Inst Food Tech Novi Sad 37(2):65-70

Jones J (2007) Earliest-known evidence of peanut, cotton and squash farming found. Anthropoly.
net. Available at http://anthropology.net/2007/06/28/earliest-known-evidence-of-peanut-
cotton-and-squash-farming-found/. Retrieved on 27 Sept 2015

Katragadda HR, Fullana AS, Sidhu S, Carbonell-Barrachina AA (2010) Emissions of volatile
aldehydes from heated cooking oils. Food Chem 120:59-65

Kochert G, Stalker HT, Gimenes M, Galgaro L, Lopes CR, Moore K (1996) RFLP and cytogenetic
evidence on the origin and evolution of allotetraploid domesticated peanut, Arachis hypogaea
(Leguminosae). Am J Bot 83(10):1282-1291

Lentz DL, Pohl ED, Pope KO, Wyatt AR (2001) Prehistoric sunflower (Helianthus annuus L.)
domestication in Mexico. Econ Bot 55(3):370-376

McGhee JE, Kirk CD, Mustakas GC (1965) Methods for determining thioglucosides in Crambe
abyssinica. J] Am Oil Chem Soc 42:889-891

Meier VD, Lessman KJ (1971) Estimation of optimum field plot shape and size for testing yield in
Crambe abyssinica Hochst. Crop Sci 11(5):648-650

Mercer LC, Wynne JC, Young CT (1990) Inheritance of fatty acid content in peanut oil. Peanut Sci
17(1):17-21

Merrill ED (1931) The phytogeography of cultivated plants in relation to the assumed
pre-Columbian-Eurasian-American contacts. Am Anthropologist 33:375-382

Miyasaka S, Medina JC (eds) (1981) A soja no Brasil. ITAL, Campinas, 1062 p

Miller AA (1980) A cultura do dendé. Belém. EMBRAPA-CPATU, PA, 24 p (il.)
(EMBRAPA-CPATU. Miscelanea, 5)

Muller AA, Furlan Junior J (eds) (2001) Agronegocio do dendé: uma alternativa social, econdmica
e ambiental para o desenvolvimento sustentavel da Amazonia. Embrapa Amazonia Oriental,
Belém, 288 p (il.)

Ogunniyi DS (2006) Castor oil: a vital industrial raw material. Biores Tech 97(9):1086-1091

Oliveira AdS, de Carvalho MLM, Nery MC, Oliveira JA, Guimaraes RM (2011) Seed quality and
optimal spatial arrangement of fodder radish. Sci Agricola 68(4):417—423

Oplinger ES, Oelke EA, Kaminski AR, Putnam DH, Teynor TM, Dolll JD, Kelling KA,
Durgan BR, Noetzel DM (2015) Crambe. In: Altenative crops manual. Available at https:/
www.hort.purdue.edu/newcrop/afcm/crambe.html. Retrieved on 17 Oct 2015

Piper CV, Morse WJ (1910) The soybean: history, varieties and field studies. USDA Bur PI Ind
Bull 197:1-84

Pitt JI, Hocking AD (2006) Mycotoxins in Australia: biocontrol of aflatoxin in peanuts.
Mycopathologia 162:233-243

Poth U (2001) Drying oils and related products. Ullmann’s encyclopedia of industrial chemistry.
Wiley-VCH Verlag GmbH & Co. KGaA


https://pharosproject.net/uploads/files/cml/1360080729.pdf
http://www.nsrl.uiuc.edu/aboutsoy/history3.html
http://www.nsrl.uiuc.edu/aboutsoy/history3.html
http://anthropology.net/2007/06/28/earliest-known-evidence-of-peanut-cotton-and-squash-farming-found/
http://anthropology.net/2007/06/28/earliest-known-evidence-of-peanut-cotton-and-squash-farming-found/
https://www.hort.purdue.edu/newcrop/afcm/crambe.html
https://www.hort.purdue.edu/newcrop/afcm/crambe.html

82 D.L. Gazzoni and A. Dall’Agnol

Prakash S, Hinata K (1980) Taxonomy, cytogenetics and origin of crop Brassicas, a review. Opera
Bot 55:1-57

Ramos MJ, Fernandez CM, Casas A, Rodriguez L, Pérez A (2009) Influence of fatty acid
composition of raw materials on biodiesel properties. Bioresour Tech 100(1):262-268

REN 21 (2015) Global status report. Available at www.ren21.net. Retrieved on 7 Oct 2015

Rodrigues Filho A (2000) Cultura da mamona. Belo Horizonte, EMATER, MG, 18 p (il.)
(Agricultura: culturas)

Searchinger T, Heimlich R, Houghton RA et al (2008) Use of US croplands for biofuels increases
greenhouse gases through emissions from land-use change. Science 319:1238-1240

Severino LS, Nobrega MB de, Gongalves NP, Eguia MTJ (2006) Viagem a India para prospeccio
de tecnologias sobre mamona e pinhdo manso. Campina Grande, Embrapa Algodao, 56 p
(Embrapa Algodao. Documentos, 153)

Snowdon R, Liiths N, Friedt W (2007) Oilseed rape. In: Kole C (ed) Genome mapping and
molecular breeding in plans, vol 2. Springer, Berlin, pp 55-114

Ungaro MRG (2000) Cultura do girassol. IAC, Campinas, 36 p (IAC. Boletim Técnico, 188)

USDA (2015a) Canola. Available at http://www.ers.usda.gov/topics/crops/soybeans-oil-crops/
canola.aspx. Retrieved on 26 Sept 2015

USDA (2015b) Sunflowerseed. Available at http://www.ers.usda.gov/topics/crops/soybeans-oil-
crops/sunflowerseed.aspx. Retrieved on 26 Sept 2015

USDA (2015c) Cotton. Available at http://www.ers.usda.gov/topics/crops/cotton-wool/
background.aspx. Retrieved on 26 Sept 2015

USDA (2015d) Oilseeds. Available at http://www.fas.usda.gov/data/oilseeds-world-markets-and-
trade. Retrieved on 11 Oct 2015

USDA (2015e) Soybeans & Oil crops. Available at http://www.ers.usda.gov/topics/crops/
soybeans-oil-crops/background.aspx. Retrieved on 13 Oct 2015

Van Etten CH, Daxenbichler ME, Peters JE, Wolff IA, Booth AN (1965) Seed meal from Crambe
abyssinica. J Agric Food Chem 13:24-27

Van Etten CH, Daxenbichler ME, Wolff IA (1969) Natural glucosinolates (thioglucosides) in
foods and feeds. J Agric Food Chem 17:483-491

Wang Q, Zhang L, Zheng P (2015) Genetic diversity and evolutionary relationship analyses within
and among Raphanus species using EST-SSR markers. Mol Breeding 62:35-62

Weiss, EA (2000) Oil seed crops. World Agriculture Series, Cab Direct, 373 p

White GA, Higgins JJ (1966) Culture of crambe: a new industrial oilseed crop. Agricultural
Research Service, USDA. ARS Production Research Report. 95


http://www.ren21.net
http://www.ers.usda.gov/topics/crops/soybeans-oil-crops/canola.aspx
http://www.ers.usda.gov/topics/crops/soybeans-oil-crops/canola.aspx
http://www.ers.usda.gov/topics/crops/soybeans-oil-crops/sunflowerseed.aspx
http://www.ers.usda.gov/topics/crops/soybeans-oil-crops/sunflowerseed.aspx
http://www.ers.usda.gov/topics/crops/cotton-wool/background.aspx
http://www.ers.usda.gov/topics/crops/cotton-wool/background.aspx
http://www.fas.usda.gov/data/oilseeds-world-markets-and-trade
http://www.fas.usda.gov/data/oilseeds-world-markets-and-trade
http://www.ers.usda.gov/topics/crops/soybeans-oil-crops/background.aspx
http://www.ers.usda.gov/topics/crops/soybeans-oil-crops/background.aspx

An Overview of Production, Properties,
and Uses of Biodiesel from Vegetable Oil

Arindam Sinha Roy, Akoijam Chingkheihunba
and Kannan Pakshirajan

Abstract The search for alternative fuels is continuously increasing owing to the
ever growing energy demand worldwide. Vegetable oils and their derivatives
(particularly methyl esters), commonly referred to as biodiesel, are prominent
candidates as alternative to diesel fuel. In addition to its advantages as a renewable
and domestic fuel resource, biodiesel use reduces emission of environmental pol-
lutants. Moreover, engine performance and fuel economy due to biodiesel are
nearly identical compared to those with conventional fuels. It can even be used
directly in most diesel engines without requiring extensive engine modifications.
Recent research studies have shown that it has advanced from being a purely
experimental fuel to initial stages of commercialization. However, large scale
application of this biofuel is still limited due to its economics, combustion value,
emissions and low-temperature properties. This chapter presents an overview of
history, different sources, properties and uses of biodiesel. Besides, this work deals
with vegetable oil as an efficient feed stock for biodiesel production and different
factors influencing the production of biodiesel from vegetable oil. Also, the eco-
nomics of biodiesel as a transportation fuel is discussed and compared with that of
the conventional petro-diesel.

Keywords Biodiesel - Vegetable oil - Biofuel - Production - Properties
Economics

1 Introduction

The demand for robust supply of energy from various sources is a result of high
economic growth for several decades in most of the developing countries across the
globe. The main drivers of increasing primary oil demand are ever-increasing
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growth of industrialization and population, the need for mobility and peoples’
aspirations for improved living conditions (Goldemberg and Johansson 2004). For
example, the transport sector relies almost entirely on oil supplies for fuel. In the
last 30 years, global energy use has increased almost 70 %, but this growth is
uneven, because developing countries have almost tripled their energy consump-
tion, while in industrialized countries it has increased by 21 % (Brown et al. 2000).
The oil requirement is projected to rise by about 1.0 % per year, reaching
approximately 105 million barrels per day (mb/d) level by 2030 (Fulton et al.
2004).

Several factors, such as in increase energy prices, increased market volatility
(particularly during 2008-2009 and 2012-2013), growing energy demand, political
crisis in the oil rich middle east countries, heavy dependence of many countries on
imported oil, growing concerns about the environmental impact of fossil fuels have
created an energy crisis (Goldemberg 2007). This has led to the search for alter-
native sources that allow a diverse offering and increased life span of existing
resources (Fulton et al. 2004; Wang et al. 2000). In this background there is a
growing strong interest and support for the biofuels in many parts of the world.
Hundreds of scientific articles and various other reports from around the world
dealing with vegetable oil-based alternative diesel fuels (“biodiesel”) have appeared
in print. They have advanced from being purely experimental fuels to initial stages
of commercialization (Shay 1993). Nevertheless, various technical and economic
aspects require further improvement of these fuels. The development of alternate
energy such as bioethanol and biodiesel has allowed the energy crops gain
importance every day, with greater strength in agricultural and energy policies in
both industrialized and developing countries, and even contributed to the research
and development activity of cars and engines that run on such biofuels (Alternative
Fuels Committee of the Engine Manufacturers Association 1995).

The contribution of biofuels as an alternative energy source is currently very
small, but this may change as the global production of biofuels has been growing
rapidly in recent years, more than tripling from about 18 billion liters [10 million
tons of oil equivalent (MToe)] in 2000 to about 60 billion 1 (42 MToe) in 2008.
Supply is dominated by bioethanol, which accounted for approximately 84 % of
total biofuel production in 2008 (Mandil and Shihab-Eldin 2010). But the major
controversy for bioethanol is the diversion of food crop and crop land for pro-
duction biofuel which causes shortage of food as well as increase in the food prices.
Also the moral and ethical aspect of the use of food crops for ethanol production is
into much controversy (Goldemberg 2007). In contrast, the biodiesel can be pro-
duced from alcoholysis of any oil or fat through the transerterification process,
employing a catalyst which can be homogeneous, heterogeneous, or enzymatic. The
biomass source for biodiesel can be edible oils like rapeseed, coconut, soybean,
palm, etc., nonedible oils like Jatropha, Pongamia, etc., low-cost waste products
such as waste cooking oil, soapstock, grease, etc. It is also important to note that
from the transesterification process of biodiesel synthesis, value added by-product
glycerol is derived (Fulton et al. 2004). Despite this, it is important to recognize that
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biofuels such as ethanol and/or biodiesel will not be able to end the petroleum oil
dependency of developed/industrialized countries, because there will not be enough
land and water to meet the energy requirements of the automotive industry.

2 Biodiesel

2.1 History

The use of vegetable oils in diesel engines is nearly as old as the diesel engine itself.
The inventor of the diesel engine, Rudolf Diesel, reportedly used groundnut
(peanut) oil as a fuel for demonstration purposes in 1900. Though his initial engine
experiments were not successful, but by the time he showed his engine at the World
Exhibition in Paris in 1897, his engine was running on 100 % peanut oil. Much
earlier to this discovery in 1853, scientists E. Duffy and J. Patrick, conducted the
transesterification of a vegetable oil (Nitske and Wilson 1965). Diesel’s ideas on
agriculture and his invention provided the foundation for a society fuelled with
clean, renewable, locally grown fuel. The inventors expected their invention to run
on fuel derived from plants, but cheap petroleum proved to be more popular at that
time.

Looking into the origin of biodiesel fuel, the earlier engines worked so smoothly
on earthnut or peanut oil that only a few people were aware of it. These engines
were then worked on vegetable oil without making any alterations. The French
government at the time was toying with the idea of testing the applicability to power
production of the Arachide or earthnut. Diesel himself was supportive of the idea as
he had conducted related tests. During the 1920s, diesel engine manufacturers
decided to alter their engines utilizing the lower viscosity of the fossil fuel, best
known as petrodiesel, rather than such biomass vegetable oil fuel. Some further
modifications were carried out on the use of vegetable oils in diesel engines during
the third and fourth decades of twentieth century.

During these times vegetable oils were used occasionally as diesel substitutes in
some cases, but usually only in emergency situations for instance, shortage of
petrodiesel. In 1937, G. Chavanne in Belgium was granted a patent for a “Procedure
for the transformation of vegetable oils for their uses as fuels” Belgian Patent
422,877. This patent described the alcoholysis of vegetable oils using ethanol. This
probably is the first account of the production of what is known as “biodiesel” today
in the biodiesel fuel history (Meher et al. 2006). Since then there has not been much
work on the improvement of biodiesel-based fuel engines, all researches were
confined only in for the academic purpose. The fuel and energy crises of the late
1970s and early 1980s as well as accompanying concerns about the depletion of the
world’s nonrenewable resources provided the incentives to seek alternatives to
conventional, petroleum-based fuels (Friedrich 2004). In this context, vegetable oils
as fuel for diesel engines were remembered. Again recently, there has been a
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renewed focus on vegetable oils and animal fats to make biodiesel. Researchers are
focusing on improving transesterification process, use of different regenerable
catalyst, low-cost alternative sources of oil/fat, etc.

Numerous different vegetable oils have been tested as biodiesel. Often the
vegetable oils investigated for their suitability as biodiesel are those which occur
abundantly in the country of testing. Therefore, soybean oil is of primary interest as
biodiesel source in the United States while many European countries are concerned
with rapeseed oil, and countries with tropical climate prefer to utilize coconut oil or
palm oil. Other vegetable oils, including sunflower, safflower, etc., have also been
investigated. Furthermore, other sources of biodiesel studied include animal fats
and used or waste cooking oils. Sources of biodiesel with some emphasis on
developing countries have been discussed (Shay 1993).

2.2 Different Sources of Biodiesel

The different sources of biodiesel can be grouped into mainly three categories; they
are (i) vegetable oil feedstock (edible and nonedible), (ii) animal fats, and (iii) waste
sources. Vegetable oils as raw materials for production of biodiesel have the fol-
lowing advantages, such as: liquid in nature, portability, availability, renewability,
higher heat value (about 88 % of no. 2 diesel fuel), lower sulfur content,
biodegradability. But there are certain disadvantages as well such as: higher vis-
cosity, lower volatility, the reactivity of unsaturated hydrocarbon chains, etc.
(Demirbas 2006). To overcome these disadvantages, vegetable oils are converted to
biodiesel fuel by transesterification with methanol.

Vegetable oils like soybean, rapeseed, canola, rice oil, safflower, groundnut,
coconut, oat, sorghum oil are edible oils that have been successfully tested to
produce biodiesel. Due to higher prices of these edible vegetable oils, compared to
diesel fuel, and their uses in dietary, they have restricted use in biofuel applications.
Because of this, the focus has been shifted to waste vegetable oils and nonedible
crude vegetable oils as biodiesel sources. In this regard, nonedible oils such as these
form Jatropha curcas, neem, palm, mahua, Castor, Pongamia glabra, tobacco seed,
tall, etc., have shown great potential in biodiesel production. Table 3 summarizes
the type of feedstock for biodiesel production and their current status in detail.

Geography and climate have played an active role in the selection of feedstock
for biodiesel production. For example, palm oil is used dominantly in tropical
countries like Malaysia, rapeseed/canola oil is primarily used in Europe, and soy-
bean oil is used in the United States (Bajpai and Tyagi 2006). In India, jatropha,
neem, pongamia have great potential as they are natural habitat of India, grows on
infertile lands, it can withstand severe conditions, and can be cultivated as a part of
the approach for reclaiming the spoiled lands.

Animal fats such as lard, tallow, fishoil, poultry fat, etc., are lesser explored as
biodiesel sources. Animal fats are also triglycerides like vegetable oil, but there is a
subtle difference between oils and animal fats, fats are generally unsaturated



An Overview of Production, Properties, and Uses of Biodiesel ... 87

(carbon—carbon double bonds), whereas fats are saturated (all single bonds) (Nelson
and Schrock 2006). Generally, animal fats are solid at room temperature and due to
their chemical structure and physical property animal fats are less suitable for
biodiesel application. But due to their high availability and low cost they should be
explored further for biodiesel production.

Waste cooking oil is another source for biodiesel production; the easy avail-
ability and cheap price of waste cooking oils makes biodiesel from this source
highly competitive in price with petroleum fuel. They are basically vegetable oil or
derived from animal fat and hence conventional transesterification processes can be
used for biodiesel production from used cooking oil. Waste cooking oil and trap
grease contain 5-30 % and 40-100 % of free fatty acids, respectively, making it a
good alternative source (Fan and Burto 2009). Large quantity of waste cooking oil
is generated worldwide; for example, restaurants in the US alone produce about 300
million US gallons of waste cooking oil annually, in China the amount of waste
cooking oil is around 4.5 million tons each year. The major problem with waste
cooking oil is its water content, most biodiesel production processes can tolerate up
to 1 % water in the feedstock, even this small quantity of water will increase soap
formation and measurably affect the transesterification process (Zheng et al. 2006;
Ma and Hanna 1999).

2.3 Properties and Uses

The physical and chemical properties of biodiesel varies greatly depending upon the
feedstock used, catalyst, and type of alcohol (methanol, ethanol, propanol, etc.)
used for production (Fulton et al. 2004). The important properties based on which
biodiesel is characterized are: kinematic viscosity, specific gravity, cold flow
properties, flash point, cetane number, iodine value, lubricity, and oxidative sta-
bility. Other than these properties, water and sediment content, total ash, total
glycerin, ester content, phosphorous content, sulfur content are also considered for a
given biodiesel (Bajpai and Tyagi 2006; Dmytryshyn et al. 2004). Among these
properties kinematic viscosity, specific gravity, and flash point are related to fuel
efficiency and determine the power output of biodiesel. Depending upon these
properties the blending of biodiesel is decided. The water content and amount of
contaminant also determine the heating value of biodiesel as a fuel. The net heating
value for biodiesel is 118,296 Btu/gal which is 8.5 % lower than no. 2 diesel
(petrodiesel), and its density is about 0.880 g/cm?, 3.5 % more than no. 2 diesel
(Anonymous 2004).

Other properties though directly impact the fuel efficiency and combustion
characteristic of biodiesel are important to determine the nature of biodiesel as a
clean fuel by measuring its emission characteristic. Ash content, sulfur content,
phosphorous content, etc., are such aspects of biodiesel important to determine the
environmental impact of biodiesel. Typically, ash content for biofuels is lower than
for most coals and petrodiesel, and sulfur content is much lower than for many



88

A.S. Roy et al.

fossil fuels (Anonymous 2002). Unlike coal ash, which may contain toxic metals
and other trace contaminants, biomass ash may be used as a soil amendment to help
replenish nutrients removed by harvest, and hence biodiesel is considered as a
cleaner fuel compared to fossil fuels or coal-based fuels (Alternative Fuels
Committee of the Engine Manufacturers Association 1995). Table 1 describes the
specification for biodiesel as a transportation fuel.

Table 1 Specification of biodiesel for transportation purpose in the US and EU (Demirbas 2009;
Jadskeldinen 2009; ACEA 2009; ASTM 2002)

Property US specification (ASTM EU specification (EN 14214:2012)
D6751-12)
Limits Units Test Limits Units Test
Kinematic 1.9-6.0 mm?%s | D445 3.5-5.0 mm?/s EN ISO 3104
viscosity
Density - - - 860-900 kg/m® EN ISO 3675
EN ISO 12185
Flash point 93, min °C D93 101, min °C EN ISO 2719
Cetane number 47, min D613 51.0, min EN ISO 5165
Water and 0.050, % vol D2709 500, max mg/kg EN ISO 12937
sediment max
Total - - - 24, max mg/kg EN 12662
contamination,
Ester content - - - 96.5 %, EN 14103
min
Distillation 90 %: % D1160
temperature (% 360 °C,
vol recovered) max
Sulfur, (by mass) | Two ppm D5453 10.0 mg/kg EN ISO 20846
‘;’flasdisg EN ISO 20884
$500 EN ISO 13032
0.05 %,
max
Sulfated ash 0.020, % D874 0.020, % mass ISO 3987
max mass max
Carbon residue 0.050, Towt D4530 - - -
on 10 % max
distillation
residue
Acid number 0.50, max | mg D664 0.50, max | mg KOH/g | EN 14104
KOH/¢g
Iodine value - - - 120, max | Glod/100 g | EN 14111
EN 16300
Oxidation 3, min h min EN 8, min h min EN 14112
stability 14112

(continued)
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Table 1 (continued)

Property US specification (ASTM EU specification (EN 14214:2012)
D6751-12)
Limits Units Test Limits Units Test
Phosphorous 0.001, Jowt D4951 4.0, max mg/kg EN 14107
max prENT
Free glycerin 0.020, Towt D6584 0.02, max | %wt EN 14105
max EN 14106
Total glycerin 0.240, Jowt D6584 0.25, max | %wt EN 14105
max
Group I metals: 5, max mg/kg | EN 5.0, max mg/kg EN 14108
(Na + K) 14538 EN 14109
EN 14538
Group II metals: |5, max mg/kg | EN 5.0, max mg/kg EN 14538
(Ca + Mg) 14538
Monoglycerides, | MG Jowt D6584 MG 0.70, | %wt EN 14105
diglycerides and | 0.40, max max
triglycerides DG 0.20,
max
TG 0.20,
max
Alcohol content | 0.2 Jowt EN14110 | 0.20 Powt EN 14110
methanol, methanol,
max max

Biodiesel can be used in similar way like petrodiesel as transport fuel, for
heating purposes or to run generators. Biodiesel is generally used in pure form
(named B100) or may be blended with petroleum diesel; 2 % biodiesel (B2), 5 %
biodiesel (BS), and 20 % biodiesel (B20) (Wang et al. 2006). The use of biodiesel
in pure or blended form to run vehicles is well reported. Though some car man-
ufacturers have instructed their customers not to use biodiesel, there are a large
number of manufactures either upgrading or modifying their engine configuration
to suit biodiesel (Anonymous 2014). Biodiesel has also been used even to fly
aircraft with a growing number of airlines conducting trials or flying commercial
flights using biodiesel (Anonymous 2009; Air Transport Action Group 2009).

3 Biodiesel from Vegetable QOils

A lot of efforts are currently being made worldwide to find alternative fuels to meet
the present and future demands of energy, without causing further global warming
effects. Such an alternative fuel should be comparable to the conventional fuels with
respect to various desired fuel characteristics and properties. Currently, a variety of
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substances and their natural sources are being investigated as potential alternatives
for fossil fuels, especially petroleum-derived fuels.

Vegetable oil in the pure form also called “straight vegetable oils” (SVOs), or in
blends with conventional fuels have attained significant importance as an alternative
to the conventional fuels. Use of pure vegetable oils in low-speed diesel engines,
such as those of large ships neither produce net carbon dioxide nor generate sulfur
oxides (Espadafor et al. 2009). At present appropriate engine modifications are
required to minimize its high NOx emissions. Pure sunflower oils preheated at 75 °©
C give the same heat release curve and gas cylinder pressures as those of diesel in a
direct injection engine with a reduced emission of carbon and smoke opacity by
2.05 and 4 %, respectively (Canakci et al. 2009). Re-refining crude sunflower oil
improves fuel performance and appears more promising than raw sunflower oil.
However, there are problems associated with the long-term use such as car-
bonization in the engine (Canakci et al. 2009).

An alternative to conventional fuels or pure vegetable oils is the use of appro-
priate blends of vegetable oils and diesel. A 30 % blend of putranjiva oil (oil
obtained from the seeds of Putranjiva roxburghii) with diesel when used in Ricardo
Variable Compression Diesel Engine gives a performance equivalent to that of pure
diesel with significant reduction in the emission of CO, NOx, and smoke particulate
(Haldar et al. 2009). Deccan hemp oil blends with diesel at 25 and 50 % can be
used as a substitute for diesel without any engine modification, although it has a
disadvantage of larger emissions than diesel alone (Hebbal et al. 2006). Pyrolysis
oil obtained from castor oil seeds can be blended with diesel in diesel engines
(Figueiredo et al. 2009). A blend of diethyl ether (DEE) with orange oil has a higher
brake efficiency, peak cylinder pressure, and heat release rate in comparison to
diesel or blends of orange oil and diesel. In addition, the DEE and orange oil blend
has lower emissions of hydrocarbons (HCs), CO, and smoke, but leads to higher
emissions of NOx (Purushothaman and Nagarajan 2009).

Biodiesel is one of the most promising future fuels, comprises of mono alkyl
esters of long chain fatty acid derived from vegetable oil, waste frying oils, animal
fats, etc. One of the major advantages of biodiesel is that it can be used in an
internal combustion engine without any engine modification(s). Biodiesel use can
result in a substantial reduction in unburned hydrocarbon, CO, and particulate
matter.

3.1 Characteristics of Vegetable Oil Affecting Their
Suitability for Use as Biodiesel

A number of physical and chemical characteristics of plant oil, such as heating
value, pour point, cloud number, flash point, iodine number, viscosity, density, and
cetane number influence their suitability as a fuel. Table 2 describes the produc-
tivity and the fuel characteristics of some common biodiesel feedstock. Heating
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value or the heat of combustion is the amount of heat energy released by the
combustion of a unit value of fuels, and is a measure of the energy content of a fuel.
It is determined in a standard bomb calorimeter, and its value for most plants range
from 39,310 kJ/kg for linseed oil to 40,480 kJ/kg for crambe oil, which is com-
parable to that of diesel fuel (45,340 kJ/kg) (Filemon 2010; Atabani et al. 2012).
Flash point is the minimum temperature at which the fuel will ignite on application
of an ignition source, and can predict their possible fire hazards during trans-
portation, handling, and storage. The flash point of plant oil ranges from 240 °C for
linseed oil to 277 °C for corn, which are much higher than that of diesel oil, which
is only 52 °C (Filemon 2010; Atabani et al. 2012). Iodine value indicates the degree
of saturation of oil, and is measured in grams of iodine absorbed by 100 ml of a
given oil sample. Lower the iodine number, the fuels are more combustible and
more efficient, but has the disadvantage of having higher melting point and are
usually solid at ambient temperature. Therefore, biodiesel produced from low
iodine value oil might only be suitable for use in warm tropical countries. In
contrast, biodiesel made from oils with high iodine value, such as linseed oil,
soyabean oil, and sunflower o0il, should be stored appropriately and used quickly to
avoid its oxidation and polymerization. Further due to its lower melting point, they
are suitable for use in cold weather.

Viscosity or the measure of the thickness of the oil is another important
parameter since it affects injector lubrication and fuel atomization (Filemon 2010;
Atabani et al. 2012). Highly viscous oil tends to form larger droplets on injection
which can cause poor combustion, increased exhaust smoke and emissions, and
may not provide sufficient lubrication for the precision fit of the fuel injection fit
and can cause leakage and increased tear (Filemon 2010; Atabani et al. 2012). Since
the viscosity of a fluid decreases with increasing temperature and plant oils have
kinematic viscosities ranging from 31 mm?%s for safflower oil to 54 mm?s for
crambe oil, preheating and proper processing are required to reduce the kinematic
viscosity to a level close to that of diesel fuel (3-5 mmz/s) (Filemon 2010; Atabani
et al. 2012).

Cetane number is the relative measure between the beginning of injection and
autoignition of the fuel and is generally specific to a particular engine being used.
Therefore, fuels with higher cetane number will have a lower ignition delay period
than the fuel with a lower cetane number and diesel engines operate better with
fuels with a cetane number of about 50 or higher (Filemon 2010; Atabani et al.
2012). Vegetable oils, such as linseed oil and rapeseed oil have relatively low
cetane number compared to that of palm stearine, palm kernel oil, and palm olein,
and, therefore lead to difficulty in engine starting and produce noise and thick
exhaust smoke.

Other important characteristics of plant oil, which affects the suitability of its use
as a fuel, are ash content, which is the measure of the amount of metal contained in
the fuel; and biofuels usually have lower ash content than most coals (Filemon
2010; Atabani et al. 2012). The ash content is important for the heating value, as
heating value decreases with increasing ash content; sulfur percentage is the per-
centage by weight of sulfur in fuel and in biofuels it is much lower than in many
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fossil fuels; potassium percentage which is the percentage by weight of potassium
in fuel; cloud point and melt point are the measure of the temperature at which the
fuel solidify and melts, respectively, are important parameters while operating any
engine to prevent waxing of fuel in fuel lines and fuel tanks.

The major component of vegetable oils is triacylglycerol (TAG) or triglyceride
(TG), which is a molecule, composed of three esters of fatty acid chain (acyl group)
attached to the glycerol backbone (glycerol group). The major difference between
various vegetable oils is the type of fatty acids attached in the triglyceride molecule.
Fatty acid composition is of utmost importance as it determines fuel properties of
biodiesel derived from corresponding vegetable oils. Fatty acid composition also
determines the degree of saturation/unsaturation and molecular weight of vegetable
oils. The most common fatty acids in vegetable oil are lauric acid (C;,H405),
myristic acid (C14H,50,), palmitic acid (C,¢H3,0,), stearic acid (C;gH360,), oleic
acid (C;gH340,), linileic acid (C,gH3,0,), and linolenic acid (C;gH3¢0,) (Filemon
2010; Atabani et al. 2012).

3.2 Feedstock for Vegetable Oil

Lipid feedstock, such as vegetable oil, animal fats and from microalgae, including
cyanobacteria, is currently used for the production of biodiesel. The important
parameters to consider a biodiesel feedstock is the amount of oil that can be
produced or extracted per unit area of land planted to the oil containing
crop. Among various plant oils yield per unit area of cultivated land, oil palm
produces the highest amount of oil per hector of cultivated land, yielding 5000 kg
oil per hectare, followed by coconut with 2260 kg oil per hectare, jatropha typically
produces 1590 kg oil per hectare (Filemon 2010). In addition to the oil productivity
per hectare, overall productivity must be assessed taking into consideration other
needed agricultural inputs such as water, fertilizer, labor, and energy requirement
particularly for harvesting and processing. Therefore, in practice, soybean and
rapeseed dominate the world oilseed production with oil content of 21 and 35 %,
respectively (Issariyakul and Dalai 2014).

The availability and production of vegetable oil as lipid feedstock also depends
on the climatic conditions with the use of rapeseed oil feedstock in European
countries and Canada, soybean oil in the United States, and palm oil in tropical
countries such as Indonesia and Malaysia (Issariyakul and Dalai 2014; Sharma and
Singh 2009). The ability of brassica crop (rapeseed, canola, mustard) to tolerate low
temperature allows them to be cultivated in cold climate regions. These seeds have
high oil (40 %) content and the dominant fatty acids include oleic acid (C18:1),
linoleic acid (C18:2), and erucic acid (C22:1) (Roébbelen 1990; USDA-FAS 2016;
Williams 2005; Wang 2002).

In terms of total production and international trade, soybean is the world’s
largest oilseed and its oil content range from 15 to 22 % depending on environ-
mental conditions during seeds maturity and the dominant fatty acids are oleic acid
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(C18:1) and linoleic acid (C18:2) (Rébbelen 1990; USDA-FAS 2016). Although
palm is the most efficient oil-producing plant per area per year but due to lesser
availability they have received considerable attention, except in tropical countries.
Palm oil is either derived from mesocarp or palm kernel inside the seed (palm
kernel oil) and is more saturated than soybean oil and rapeseed oil (Pantzaris and
Basiron 2002; Lin 2002). The dominant fatty acids in palm oil and palm kernel oil
are palmitic (C16:0), stearic (C18:0), oleic (C18:1), and linoleic (C18:2) lauric
(C12:0), myristic (C14:0), oleic (C18:1) acids (Robbelen 1990; USDA-FAS 2016;
Williams 2005). Fractionation of palm oil at ambient temperature (25-30 °C) yields
palm olein or oleic-rich oil (liquid fraction) and palm stearin or stearic-rich oil (solid
fraction).

Sunflower is one of the most ancient oilseed species as its cultivation can be
traced back to 3000 B.C. Sunflower was once the world top-rank oil-producing
plant prior to the advent of soybean boom after World War II. The oil content in
sunflower seeds range from 40 to 50 % with a yield of 280-700 kg/hector/year.
Oleic (C18:1) and linoleic (C18:2) are the major fatty acid constituents of sunflower
oil (Robbelen 1990; USDA-FAS 2016).

Rice oil are extracted from rice bran using extruder, expander, and expeller to
form a bran flakes or pallet followed by solvent extraction and contains triacyl-
glyceride (TAG) with palmitic (C16:0), oleic (C18:1), and linoleic (C18:2) as the
major fatty acids (Orthoefer 2005). Diacylglyceride (DAG), monoacylglyceride
(MAG), and sterols are present as minor constituent. Due to their ability to be
grown on noncultivable and degraded wasteland they are considered as one of the
most promising feedstocks for biodiesel production.

Although jatropha plant has low nutritional requirements, cultivation of Jatropha
under acidic soil requires additional nutrients such as calcium and magnesium due
to its preference for alkaline soil. Oil derived from jatropha is nonedible due to
curcin, a toxic compound, found in the seeds. Oil content ranges from 35 to 40 % in
seed and 50-60 % in kernel with oleic (C18:1) and linoleic (C18:2) as its major
fatty acids (Misra and Murthy 2011).

Karanja is an oil seed-bearing tree native to humid and subtropical environ-
ments. It is highly tolerant to salinity and can be cultivated on degraded wasteland
on a variety of soil types ranging from clay to sandy or stony. The oil droplets
extracted from karanja appear yellowish orange to brown and are not edible due to
the presence of toxic flavonoids. Oil content varies from 9 to 46 % with oleic
(C18:1) and linoleic (C18:2) as its major fatty acids (Kumar and Sharma 2011;
Meher et al. 2006).

There are large numbers of plants that produces oils, that can be processed to
produce biodiesel, which can be used as a diesel substitute or blend. Most of this
oil, such as soybean oil, coconut oil, and palm oil are also used as human or animal
food or in the production of various types of cosmetics and pharmaceuticals, but
increasing amount are now being processed for the production of biodiesel.
Detailed list of different feedstocks for biodiesel production and their current status
is presented in Table 3.
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Table 3 Different feedstock categories for biodiesel production and their current status (Atabani

et al. 2012; Issariyakul and Dalai 2014; Moka et al. 2014)

Feedstock Feedstock Current status as biodiesel
categories feedstock
Edible Soybeans, rapeseed, safflower, rice | Edible vegetable oil accounts for

vegetable oil

bran, barley, sesame, groundnut,
sorghum, wheat, corn, coconut,
canola, peanut, palm and palm
kernel, sunflower

95 % of the world’s biodiesel
feedstock

Relatively high oil content and
gives the highest oil yield per area
per year as compared to other oils

Creates food versus fuel crises and
the destruction of ecosystem of
arable land

Rise in the price of vegetable oil
affects the economic viability of
biodiesel industries

Currently, edible oil is not feasible
for the long-term supply as
biodiesel feedstock

Nonedible
vegetable oil

Jatropha curcas, Mahua,
Pongamia, Camelina, Cotton seed,
Karanja, Cumaru, Cynara
cardunculus, Abutilon muticum,
Neem, Jojoba, Passion seed,
Moringa, Tobacco seed, Rubber
seed tree, Tall, Coffee ground,
Nagchampa, Croton
megalocarpus, Pachira glabra,
Aleurites moluccana, Terminalia
belerica

Nonedible oil plants are gaining
worldwide attention due to their
wide occurrence and adaptability

Cultivable in wasteland not suitable
for food crops thus eliminates the
competition for food and are
eco-friendly

Jatropha is considered as one of the
most promising feedstocks for
biodiesel production

Waste or
recycled oil

Use of waste or recycle oil can
reduce the feedstock cost reaching
up to 45 % of direct production in
addition to various environmental
benefits

Although waste cooking oil has a
great potential for the production of
biodiesel, their collection
infrastructure and logistics is a
problem

Animal fats

Pork lard beef tallow poultry fat
fish oil chicken fat

The use of animal fats eliminates
the need to dispose them but they
are not plentiful to satisfy the
global energy demand

(continued)
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Feedstock Feedstock Current status as biodiesel
categories feedstock
Microorganisms | Photosynthetic microalgae and Represents a very promising

cyanobacteria

feedstock because they are more
efficient than conventional crop
plants and the oil yield can be 25
times higher than the yield of oil
palm and 250 times the amount of
soybean

Can provide a source of renewable
biodiesel to meet the global
demand for transport fuels

Ability to sequester carbon from
flue gas gives the opportunity to
use greenhouse gases as feedstock
for the growth of algae

High production cost and the
requirement of desirable strains
with high oil productivity and
effective large-scale bioreactors

3.3 Factor Affecting the Production of Biodiesel

Biodiesel production involves a number of different types of physical and chemical
steps depending on the kind of feedstock. The first step is the extraction of the crude
oil from fruits, seeds, or parts of oil containing plants, and usually involves
mechanical press extraction and solvent extraction. Crude plant oil extract is much
more viscous than conventional diesel fuel (11-17 times thicker) and has very
different chemical properties and combustion characteristics to those of conven-

tional diesel fuel and is not suitable for direct use.

Biodiesel is produced either by the transesterification of TAG or the esterification
of free fatty acid, which also reduces the viscosity of vegetable oil (Figs. 1 and 2).
These reactions consume one mole of alcohol for every mole of ester produced, i.e.,

CH,-COO -R

CH,-COO -R

CH,-COO -R
Vegetable Oil

Catalyst
+ 3R'OH —_—
Transestreification
Alcohol

CH,OH
3R-COO-R" + CHOH
CH,0OH
Biodiesel Glycerol
(FAME)

Fig. 1 Transesterification reaction for vegetable oil conversion to biodiesel
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Palm
Corn Algae

Canola “" Other Plants

ﬁ Catalyst

Vegetable Oil Methanol

ﬁ Glycerol

-

Crude Biodiese . 1} E 'J
Fem 10

Fatty acid
methyl ester

Fig. 2 Schematic of biodiesel production process from vegetable oils

three moles of alcohol to produce three moles of ester and one mole of glycerol for
every mole of TAG consumed. The efficiency of transesterification reaction is
influenced by various parameters, which includes the type of alcohol, alcohol to oil
molar ratio, water content, reaction temperature, reaction duration, and the type of
catalyst (Isariyakul and Dalai 2014). The type of catalyst used in transesterification is
the most important parameters, which determine the outcome of the biodiesel
production.

Selection of catalyst depends on the type and quality of feedstock, and base
catalyst is the most commercially used due to high yield, short reaction time, and
low reaction temperature requirement, whereas acid catalyst is used when the
feedstock contains a high concentration of free fatty acids and water. Solid catalyst
and enzymatic catalysis are also subjected to investigation, and further research and
development is needed to realize their potential applications.

Transesterification under supercritical conditions involves the use of extreme
temperature and pressure, and, therefore, are susceptible to polymerization, thereby
purification of the desired product becomes difficult (D’Ippolito et al. 2007).
Commercially, homogeneous base catalysis is most commonly used and offers a
high reaction yield (97 % or more) in a short time (10 min to 1 h) with mild
reaction temperatures (25-70 °C) (Isariyakul and Dalai 2014). The most common
homogeneous base catalysts are hydroxides and alkoxides of alkali metals such as
NaOH, KOH, NaOCH;, KOCH;. Homogeneous base catalysis is limited to
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anhydrous feedstock with acid value lower than 1 and acid catalyst is more suitable
if the feedstock contains a high amount of free fatty acid and water.

Homogeneous acid catalysis reduces saponification by the esterification of the
free fatty acid but has the disadvantage of requiring a high reaction temperature and
a long reaction time. H,SO,4, H;PO,4, HCI, BF;, and CF;CO,H are the commonly
used homogeneous acid catalysts. In contrast to homogeneous catalysis, hetero-
geneous catalyst can be regenerated and reused, rendering continuous production of
biodiesel. Heterogeneous acid catalyst is most promising for biodiesel production
due to simple biodiesel purification step and their ability to handle low quality
feedstock with high FFA content and water.

Due to the reversible nature of the transesterification reaction an excess of
alcohol is usually used in order to shift the reaction to the product side. The
optimum ratio of alcohol to oil to achieve a maximum conversion for an alkali
catalyzed depends on the quality of oil and the type of vegetable oil. A maximum of
92-98 % conversion was reported using alcohol to oil ranging from 6:1 to 15:1
with various biodiesel feedstocks in an alkali-catalyzed reaction (Karmee and
Chadha 2005; Leung and Guo 2006; Enciner et al. 2002; Rashid and Anwar 2008).
Acid-catalyzed reaction, however, requires higher alcohol to oil molar ratio (30:1—
245:1) when compared to alkali-catalyzed reaction (Freedman et al. 1986; Canakci
and Van Gerpen 1999; Bhatti et al. 2008; Zheng et al. 2000).

Increasing the alcohol used in transesterification above the optimum ratio
increases the polarity of the mixture and the solubility of glycerol promoting the
reverse reaction, thereby reducing the ester yield. The most commonly used alcohol
for transesterification reaction is methanol due to its economical benefit although
TAG is sparsely soluble in methanol. This immiscibility behavior referred to as
mass transfer resistance or mass transfer limitation can be overcome by rigorous
mechanical stirring, an aid of cosolvent, the use of super critical conditions, and the
use of other techniques such as microwave and ultrasonic (Isariyakul and Dalai
2014). Other alcohols such as ethanol, propanol, and butanol are also explored to
improve the mass transfer of TAG. The use of ethanol alleviates the initial mass
transfer hereby increasing the initial rate of reaction but with a reduce rate of
reaction due to lower reactivity of ethoxide compared to methoxide (Sridharan and
Mathai 1974).

The nature of the starting materials also affects the ester yield and glyceride
conversion in alkali-catalyzed process. Soap formation results from the reaction
between the catalyst and FFA, and also from the hydrolysis of glycerides to form
soaps and glycerol when FFA and water are present in the feedstock. The
hydrolysis of ester to form FFA is also enhanced in the presence of water, thereby
reducing the ester yield. Comparison of the different oil extraction methods and
description of various transesterification reactions are presented in Tables 4 and 5,
respectively.
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Table 4 Comparison of various oil extraction methods (Achten et al. 2008; Mahanta and
Shrivastava 2012; Atabaniab et al. 2012)

Methods Characteristics Advantages
Mechanical Achieved with the use of manual ram The cost conventional method
extraction press or an engine driven screw press. with minimum capital investment

Requires filtration and degumming of
the extracted oil. Oil yields range from

60 to 80 %
Solvent Particle size, the type of liquid chosen, Economical for large-scale
extraction temperature, and agitation of the solvent | production of biodiesel. Highest
affects the process of leaching oil yield
Enzymatic Oil extraction achieved by used of Environmental friendly and limits
extraction suitable enzyme in a controlled reaction | the production of volatile organic
temperature, pH, and reaction time compounds

3.4 Economics: An Estimate of Biodiesel Production Cost

There are several reports that estimate the cost and feasibility of industrial scale
production of biodiesel taking into account various feedstock and operation scales.
The construction and the expansion of existing knowledge has estimated a total
production of 1.7 X 10° L (US) and 114 million L (Europe) of biodiesel by the
leading biodiesel producers of the world (European Biodiesel Board 2004).
Globally, biodiesel production increased from 8.4 million ton in 2007 to 20 million
ton in 2010. It is expected to reach 150 million ton by 2020 (Moka et al. 2014).

Among the different types of reaction configurations, the choice of chemical
technology to employ for the production of biodiesel depends on the choice of
feedstock and its quality which in turn influences the overall cost and feasibility.
The cost of production including the cost of feedstock and its conversion to bio-
diesel is estimated from US$0.30/L ($1.14/gal) to US$0.69/L ($2.62/gal) for fuel
produced from soybeans and rapeseed, respectively (Haas et al. 2006).
A production cost of US$0.42/L ($1.58/gal) was estimated from refined, bleached,
and deodorized soy oil in a small pilot scale plant (190/L, batch process), excluding
the cost of feedstock and the profit from the sale of coproduct glycerol and the
capital cost of production (Canakci and Van Gerpen 2001).

In the overall economics of commercial biodiesel production, the cost of feedstock
comprises a very substantial portion and in case of biodiesel from soy oil it constitutes
about 88 % of the overall production cost (American Biofuels Association &
Information Resources, Inc 1994; Bender 1999; Graboski and McCormick 1998).
This highlights the need for the development of technologies to allow the use of lower
value feedstock. Contemporary process simulation software designing could assist in
choosing appropriate feedstock, chemical process, plant capacity, and design thereby
determining the overall economic feasibility of a proposed operation.

The current price of bulk petroleum diesel is considerably lower than the cost of
biodiesel production, and this substantial price difference contributed largely by
cost of feedstock highlight the potential value of low cost alternatives in improving
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the economic viability of biodiesel. Although biodiesel has a number of advantages
over the conventional fuels, they still have a long way to go before they can be
considered as economically viable alternatives to the conventional fuels. In addi-
tion, the use of oil seeds as raw materials for the production of biodiesel requires a
large acreage of land to meet demand, whereas in case of animal fats a large capital
is required to feed animals, which will be used for raw oil production.

The use of oleaginous microorganisms to produce raw materials is also con-
sidered, and is attracting a number of researchers for the development of a feasible
biofuels technology. Notwithstanding the above limitations, the use of biodiesel is
gradually catching up with conventional diesel and petrol although it has yet to
reach its full commercial potential in the developing countries. Comparative
techno-economic analysis shows that the cost of biodiesel from waste cooking oils
is lower than that of fresh oils. Life cycle cost analysis for 50,000 ton of palm
biodiesel production plant is likely to bring the palm oil derived biodiesel cost at par
with the fossil fuel cost, but to achieve that an even marginal subsidy should be
provided by government.

4 Biodiesel Versus Diesel as a Transportation Fuel:
Advantages and Disadvantages

The transportation sector has been the focus of economic analyses and cost com-
parison studies for conventional versus alternative fuels. Biodiesel has the advan-
tages of being portable, readily available, renewable, higher combustion efficiency,
lower sulfur and aromatic content, higher cetane number, and biodegradable (Moka
et al. 2014; Haas et al. 2006; Canakci and Van Gerpen 2001; American Biofuels
Association & Information Resources, Inc 1994; Bender 1999; Graboski and
McCormick 1998; Park et al. 2010). Compared to diesel, biodiesel has a higher
viscosity, lower energy content, high cloud point and pour point, higher NOx
emission, lower engine speed and power, injector coking, engine compatibility,
high price, and higher engine wear (Balat and Balat 2010). Biodiesel offers safety
during transportation, handling, and storage due to their higher flash point, which in
turns requires higher temperature to ignite the fuel on application of an ignition
source. The presence of electronegative element oxygen makes biodiesel slightly
more polar and viscous than diesel fuel. This in turn lowers the heating value of
biodiesel, and it generally has a lower heating value (LHV), (12 % less than
No. 2 diesel fuel) (Ohadi and Garis 2005).

Preheating palm oil methyl ester significantly improves the brake power output
and exhaust emission and studies on soy oil methyl ester in a direct injection diesel
engine shows relevant combustion parameters such as ignition delay, peak pressure,
and rate of pressure rise was close to those observed for diesel combustion at the
same engine load, speed, timing, and nozzle diameter. Soy oil methyl esters also
exhibited comparable ignition delay to that of diesel fuel with drastic reduction in
the emission of NOx and slightly lower CO emission (Balat and Balat 2010; Ohadi
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and Garis 2005). The emission of sulfate is negligible due to the near absence of
sulfur in biodiesel thus helps to reduce the problem of acid rain due to trans-
portation fuels. Biodiesel reduces unregulated emissions of aromatic hydrocarbons,
smoke, and particulate matter due to oxygenated nature of biodiesel where more
oxygen is available for burning and reducing hydrocarbon emission in the exhaust.

Biodiesel blends up to 20 % with petroleum-based diesel can be used in nearly
all diesel engine, and the most common blends are B2 (2 % biodiesel and 98 %
petroleum diesel), BS (5 % biodiesel and 95 % petroleum diesel), and B20 (20 %
biodiesel and 80 % petroleum diesel). Some of the drawbacks for using biodiesel
blends include the problem with fuel freezing in cold weather; reduced energy
density and degradation of fuel under prolong storage. Biodiesel also has higher gel
point and cloud point than petrodiesel, thus require heating of storage tank, espe-
cially in cooler climate. Biodiesel also produces higher NOx emission due to the
higher cetane rating and oxygen content of the fuel. Another challenge in using
biodiesel is the hydrophobic nature of the fuel, and the presence of water can cause
a number of problems such as:

e reduces the heat of combustion leading to more smoke and harder starting,

e corrosion of fuel pumps, injector pumps, and fuel lines,

e formation of ice crystal in cold climates and gelling of the fuels thereby
decreasing the flow properties,

e plugging of fuel system by microbial growth due to the presence of water.

5 Conclusions

With the depletion of fossil fuels and the rising levels of GHGs contributed sub-
stantially from the transportation sector, biofuel provides a renewable and
environmental-friendly alternative to the conventional fossil fuels. Among the
several alternatives that can be used as transportation fuels, methyl esters of veg-
etable oil have several advantages and are recommended for use as a substitute for
petroleum-based diesel. Although the use of biodiesel has gone up drastically
during the last decades, in order to successfully compete with conventional fuels,
improvement in terms of their proprieties, production efficiency as well as end user
suitability is needed. Since the use of particular vegetable oil feedstocks affects the
overall cost and the characteristics of the resulting biodiesel, selection of appro-
priate vegetable oil and the production technology is vital for the advancement of
biodiesel industries. At present, biodiesel derived from vegetable oil is not eco-
nomically feasible because it is more expensive than petroleum fuels but the
demand for biodiesel as conventional diesel additive will likely increase in the
coming years with an increase in petroleum prices and uncertainties concerning
their availability. With the magnitude of resources and efforts being put in the
development of an economically feasible biodiesel technology, biodiesel derived
from vegetable oil will ensure a clean and green environment in the future.
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Abstract Pretreatment is the key step for a viable and efficient cellulosic ethanol
production process and, for this reason, it must be very selective in avoiding
polysaccharide degradation and inhibitors formation. This work provides a brief
overview of the leading pretreatment technologies available to date, with emphasis
on those that are already closed to or eventually reached commercial scale such as
steam explosion and/or dilute acid hydrolysis. Details are also given with regard to
the fundamental effects of pretreatment on the chemical composition and organi-
zational structure of the plant cell wall. Furthermore, the impact of steam explosion
and enzymatic hydrolysis on the overall capital cost of cellulosic ethanol production
has been determined in light of the following process integration approaches using
sugarcane straw as the reference material: simultaneous saccharification and
co-fermentation (SSCF), separated hydrolysis and co-fermentation (SHCF) and
separated hydrolysis and fermentation (SHF). As a result, cellulosic ethanol pro-
duced from SSCF, SHCF, and SHF processes resulted in capital cost estimates of
$1.66, $1.75, and $2.23 per liter of ethanol produced. The difference among these
values is related to the easiness with which different unit operations are harmonized
in a sustainable and fully operational biorefinery unit.
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1 Biomass Structure

The constant increase in the world energy demand and the on-going environmental
concerns about the use of fossil fuels has led many countries and research institutes to
investigate and implement the production and use of liquid biofuels. In this scenario,
lignocellulosic biomass has emerged as an option for several industrial applications
such as in the case of cellulosic ethanol. However, it is well known that the plant cell
wall has a very well-organized structural arrangement that complicates its use for the
production of fuels and chemicals through chemical or biological processes.

Biomass recalcitrance relies primarily on the close interaction that exists among
the three main components of the cell wall: cellulose, hemicellulose, and lignin.
Lignin is a noncellulosic polyphenolic material whose biosynthesis results from the
oxidative combinatorial coupling of several resonant forms of radicals that are
generated from p-hydroxy-cinnamic alcohols with different degrees of methoxy-
lation and these originate the following lignin substructures or building blocks: the
hydroxyphenyl or H units (from p-coumaryl alcohol), the guaiacyl of G units (from
coniferyl alcohol), and the syringyl or S units (from sinapyl alcohol) (Fig. 1a). The
ratio among these building blocks varies in the plant kingdom, as well as among
species of the same genus and among individuals of the same species. As result, its
structure contains a great variety of chemical bonds, characterizing a rather diverse
and nonuniform hydrophobic structure whose properties depend on several factors
including the experimental conditions used for extraction and purification (Fig. 1b).
This complex polyphenolic biopolymer can be fractionated or chemically modified
in many ways to produce fuels, chemicals, adsorbents, and polymeric materials. For
this reason, lignin represents a promising alternative feedstock for the development
of sustainable biorefineries (Laurichesse and Avérous 2014). Besides, lignin is the
most abundant natural macromolecule after cellulose, representing 20-30 % of
lignocellulosic biomass produced on Earth.

Differently from lignin, hemicelluloses correspond to a great family of
heteropolysaccharides that are often highly acetylated and covalently linked to lignin.
Most hemicelluloses are either branched or fully decorated along the main chain by
different side groups including organic acids, carbohydrate residues, and cinnamic acid
derivatives. Hence, compared to cellulose (see below), hemicelluloses have a lower
molecular mass and a lower molecular organization, resulting in polymeric matrix
with a greater amorphous character. In general, these biopolymers are more suscep-
tible to thermal, chemical, and biological degradation than cellulose.

Hemicellulose chains are strongly associated to cellulose by hydrogen bonding
and contain cinnamic acids linked to the main backbone that may or may not be
directly connected to lignin. When hemicelluloses are submitted to acid hydrolysis,
different monosaccharides are released depending on their chemical composition.
These include D-mannose, D-galactose, D-xylose, D-glucose, D-glucuronic acid,
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Fig. 1 a Structure of the alcohol precursors of lignin; b 3D model of the lignin structure as
proposed by Fengel and Wegener (1989)

L-arabinose, 4-O-methyl-D-glucuronic acid (Ramos 2003). These biopolymers are
more flexible and prone to fill empty spaces in the cell wall aggregate, therefore
contributing to the strength and cohesiveness of the plant cell was architecture.
Figure 2 shows a structural model of grassy hemicellulose with the main chain
composed of -(1—4)-xylan.

The most important polysaccharide of the plant cell wall is cellulose, which
represents 40-50 wt.% (dry basis) of all biomass found on Earth (Pérez and
Mazeau 2005). Differently than hemicelluloses, cellulose is a linear B-(1—4)-glu-
can that is able to establish a hydrogen bonding network with adjacent chains,
forming planar and/or lamellar structures of great cohesiveness (Fig. 3). Such
interactions result in highly ordered crystalline regions that are interrupted by
regions of lower molecular organization (amorphous regions) (Matthews et al.
2006). Because of their high level of molecular organization, the resulting
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Fig. 2 Structural representation of an acetylated arabino-feruloyl-xylan fragment, with anhy-
droxylose in black, anhydroarabinose in red, 4-O-methylglucuronic acid in green and acetyl
groups in blue (color figure online)

Fig. 3 Structural model of cellulose, with inter-chain hydrogen bonds in red and intra-chain
hydrogen bonds in black and blue (color figure online)

composite is a very stable aggregate whose interaction with external agents is
limited to its available surface area (Ramos 2003).

In association with the major components of the biomass, minor components are
also present in lignocellulose matrix. These components are collectively referred to
as extractives and are often responsible for certain plant characteristics, such as
color, smell, natural resistance to rot, flavor, and abrasive properties, which are
attributed to the presence of ash that may or may not be originated from soil
contamination during harvesting (D’Almeida 1988). The organic fraction of bio-
mass extractives may contain fats, waxes, fatty acids, alcohols, steroids, low molar
mass hydrocarbons, terpenes, lignans, stilbenes, and flavonoids, among others.

2  Cellulosic Ethanol Production

Because of the high level of chemical association that is exists in the lignocellulosic
matrix, a pretreatment step is required to increase its accessibility to hydrolases
(Silveira et al. 2015a). By doing so, these materials become suitable for the
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production of second generation biofuels, particularly ethanol and other oxygenated
compounds. In this case, at least four main steps must be carried out in optimal
arrangement: (1) biomass pretreatment; (2) enzymatic hydrolysis; (3) monosaccha-
ride fermentation; and (4) ethanol distillation. Therefore, the integration of such
processes is of utmost importance to mitigate processing costs.

The most usual routes to achieve high accessibilities in plant biomass are
through hemicellulose and/or lignin removal. Pretreatment technologies based on
acid hydrolysis promote hemicellulose removal and, with this, a C5 liquid fraction
is generated, leaving a solid substrate with relatively high cellulose and lignin
contents. As a result, the cellulosic material acquires high susceptibility to enzy-
matic hydrolysis even in the presence of high lignin contents of 30-40 %
(Tomas-Pejo et al. 2008).

When both enzymatic hydrolysis and fermentation steps are carried out at their
optimal conditions, the process is referred to as separated hydrolysis and fermen-
tation (SHF). The advantage of this strategy is that both processes are carried out at
their optimal conditions but both capital and operational costs are higher due to the
need of carrying out both hydrolysis and fermentation separately (Zhu et al. 2015).
However, the integration of these two steps can lead to a considerable reduction in
process costs (Palmqvist and Hahn-Héagerdal 2000). In this case, four integration
approaches can be adopted: (1) simultaneous saccharification and fermentation
(SSF); (2) co-fermentation of pentoses and hexoses (CF); (3) simultaneous sac-
charification and co-fermentation (SSCF); and (4) the consolidated bioprocess
(CBP) (Taherzadeh and Karimi 2007).

In the SSF approach, the monosaccharides released by enzymatic hydrolysis are
rapidly consumed by fermentation and their inhibitory effects on enzyme perfor-
mance are considerably reduced if not eliminated. However, hydrolysis must be
performed under nonoptimal conditions unless a thermotolerant or thermophilic
organism is used for fermentation (Karimi et al. 2006). The CF approach takes
place when the C6 fraction coming from enzymatic hydrolysis and the C5 fraction
coming from an acid-catalyzed pretreatment are fermented together using either a
genetically modified organism or a mix culture containing both C5 and C6 fer-
menting organisms. However, the co-fermentation of C5 and C6 is still a challenge,
even though great progresses have been achieved in the last decade. The SSCF
process is a combination of SSF and CF, meaning that the fermentation step must
be carried out by a C5/C6 fermenting organism. Finally, the CBP was initially
defined as the direct one-pot biological conversion of native biomass into fuels and
chemicals. In this case, the employed organism secretes a powerful enzyme cocktail
that is able to deconstruct the plant cell wall architecture, producing reducing sugars
that are immediately metabolized to produce ethanol by co-fermentation (Horisawa
et al. 2015).

Pretreatment is considered the key step for the biochemical production of cel-
lulosic ethanol. Besides, pretreatment responds for a considerable share of the
overall process production cost (Singh et al. 2015).
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3 Biomass Pretreatment Technologies

Efficient pretreatment technologies for cellulosic ethanol production must be able to
operate at high total solids, release highly digestible solids, minimize sugar losses,
generate reduced amounts of hydrolysis/fermentation inhibitors, and operate in low
to moderate cost reactors employing appropriate construction materials that are able
to withstand highly corrosive chemical environments (Yang and Wyman 2012).
A variety of pretreatment processes have been developed to date and these can be
classified as physical, chemical, biological, or two or more combinations of these
(Silveira et al. 2015a). Table 1 shows an overview of the winner pretreatment
technologies, with their main characteristics and effects on the biomass chemistry
and process yields.

Recently, ionic liquids (ILs) have been applied as solvents for cellulose disso-
lution and also as an option for biomass pretreatment. In this case, the biomass is
dissolved and lignin and hemicelluloses are partially or totally removed after the
addition of an anti-solvent that precipitates cellulose (Swatloski et al. 2002). This
pretreatment technology results in a very susceptible substrates for hydrolysis,
normally requiring very low enzyme loadings for achieving high glucose yields (da
Costa Lopes et al. 2013). Also, low chemical modifications in lignin are observed
and no inhibitors are formed. However, care must be taken with the inhibitory effect
that ILs may have on hydrolysis and fermentation. On the other hand, green sol-
vents such as ILs are still too expensive for industrial applications, therefore
requiring efficient strategies for their recovery and reuse, particularly when high ILs
to biomass ratios of 10:1-20:1 are used for pretreatment (Dibble et al. 2011).

Likewise ILs, supercritical fluids, such as carbon dioxide (scCO,) increase
substrate accessibility without modifying the lignin component or generating
hydrolysis and/or fermentation inhibitors. Another positive aspect of scCO, is that
xylooligosaccharides are produced as water soluble extracts and this can improve
the economics of the overall pretreatment process since these are valuable chemi-
cals for several industrial applications (Morais et al. 2014). However, this tech-
nology operates at high pressures and temperatures and both capital and operational
costs are very high.

A new pretreatment technology has been developed by combining ILs with
scCO; (Silveira et al. 2015b). By doing so, it was possible to reduce the usual 20:1
IL to biomass ratio to 1:1 or less by introducing ethanol as a pretreatment
co-solvent. High pretreatment efficiencies were obtained with regard to delignifi-
cation (around 40 %) and susceptibility to hydrolysis at very low enzyme loadings.
Besides, high IL recoveries were obtained in the ethanol extract at the optimal
pretreatment conditions. Although promising for green chemistry applications, this
technology was only tested in bench scale and its viability in large scale has yet to
be demonstrated.

Another alternative for a selective biomass pretreatment is the use of microor-
ganisms for lignin degradation (Lee et al. 2007). Although positive in many ways,
particularly due to its low energy requirements, less corrosion issues, and high
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selectivity for delignification, long pretreatment times is are needed, extra care must
be taken with biological contamination and some polysaccharide may be lost
together with lignin (Silveira et al. 2015a).

Lignin removal is the probably the ideal way to produce substrates with high
glucan contents and high susceptibility to enzymatic hydrolysis. Alkaline washing
has been the most widely pretreatment method used for this purpose (Silveira et al.
2015a). Developments with sodium hydroxide and lime have led to pretreatment
processes with a relatively low capital cost, low inhibitors formation and high
glucose yields after enzymatic hydrolysis (Wyman et al. 2005; Cheng et al. 2010;
Aita et al. 2011). However, such alkaline pretreatments complicate the recovery of
lignin in useful form and generate substrates that need to be washed extensively
until the pH is adjusted for enzymatic hydrolysis and/or fermentation. Also, there is
a need for recycling chemicals in a similar way to what is currently done in kraft
mills for pulp and paper. By contrast, other alkaline pretreatment processes are
ready for industrial application and these may have a strong impact on the viability
of biorefineries. One of such methods is named AFEX for ammonia fiber expan-
sion. This pretreatment increases biomass surface area, produces a very low amount
of inhibitors (if any), modifies the crystalline structure of cellulose, and generates a
lignin stream with great potential for its conversion to fuels, chemicals, and
materials. Another advantage is the easiness with which ammonia can be recovered
and recycled. However, AFEX requires the use of large amounts of ammonia at
high pressures as well as the use of expensive unit operations such as an ammonia
compressor that increases the total capital cost for implementation. For this reason,
AFEX is still not a fully deployable commercial technology. Nevertheless, a
commercial Dupont Cellulosic Ethanol unit in USA utilizes a mild alkaline pre-
treatment process based on dilute ammonia (NREL 2015).

Acids have been often applied for biomass pretreatment and these generate
highly accessible substrates for hydrolysis on the basis of hemicellulose removal
(Palmgvist and Hahn-Hagerdal 2000). However, depending on the pretreatment
severity, high polysaccharide losses are achieved with the subsequent formation of
furan compounds that are inhibitory to hydrolysis and fermentation (Ramos 2003).
Pretreatment technologies based on acid hydrolysis are leading the first pilot scale
trials and demonstration plants for cellulosic ethanol production but other tech-
nologies such as AFEX represent promising solutions to debottleneck this impor-
tant step of the production process. The use of concentrated mineral acids does not
require enzymes for hydrolysis but severe detoxification treatments are required for
optimal fermentation (Von Sivers and Zacchi 1995). Besides, corrosion and the
inevitable formation of hazardous residues are immediate consequences of this
pretreatment technology. As a result, high capital and operational costs are usually
attached to the development of such acid pretreatment. For this reason, dilute acid
pretreatments have been intensively studied to lower these capital costs (Vancov
and Mclntosh 2012). With this process, enzymatic hydrolysis is facilitated and less
chemicals are required in the process, producing less inhibitory compounds and
increasing the sustainability of the overall pretreatment process.
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In order to mitigate capital costs and reduce the use of harsh chemicals, auto-
catalytic processes (hot water extraction, auto-hydrolysis, and hydrothermal pre-
treatments) have emerged as the most promising alternative technologies for
biomass pretreatment (Ehara and Saka 2005). However, to compensate the absence
of chemical catalysts, higher operating temperatures, and residence times are
required for optimal performance. Besides, by performing a simple biomass
cooking, higher enzyme loading are usually required for enzymatic hydrolysis and
higher amounts of water are consumed compared to some other pretreatment
technologies (Knez et al. 2014). Hot water pretreatment is economically attractive
because no exogenous catalyst is required and the reactor construction has a rela-
tively low capital cost, such as in the case of horizontal tubular pretreatment vessels.
Although it results in high recovery of pentose sugars and in the generation of low
inhibitory chemicals, the hot water pretreatment is a water and energy demanding
process that is difficult to reach out to commercial scale.

The combination of physical and chemical pretreatment processes is recognized
as the most effective strategy to meet the cost and performance requirements of a
suitable pretreatment technology (Balat et al. 2008; Li et al. 2011). For this reason,
steam explosion is the most widely investigated pretreatment method for biomass
deconstruction. In this case, biomass is cooked under high-pressure steam priori-
tizing hemicellulose removal by acid hydrolysis and this is followed by an adiabatic
expansion when the reactor content is released to and subsequently collected from a
stainless-steel cyclone. By doing so, sheering effects are promoted that decrease the
substrate particle size and improve the rheology of the substrate slurry (Ramos
2003). Other positive aspects of this technology include its ability to remove
hemicelluloses and redistribute lignin without impeding the successful enzymatic
hydrolysis of the steam-treated substrate at high total solids and relatively low
enzyme loadings. Also, the hemicellulose component is recovered in the water
soluble C5 stream but mostly in the oligomeric form. However, the addition of an
acid catalyst may reduce the accumulation of oligosaccharides while decreasing the
temperature and time requirements for optimal pretreatment (Aguiar et al. 2013).
On the other hand, being an acid-catalyzed pretreatment process, steam explosion
inevitably releases inhibitory compounds from the chemical modification of lignin
(mostly phenolic acids) and from the hydrolysis and dehydration of hemicellulose
sugars (mostly acetic acid and furan compounds, respectively) and these must be
controlled and/or overcome to ensure the achievements of high hydrolysis and/or
fermentation yields at the end of the process.

The use of a two-step pretreatment process can maximize sugar recovery by
pretreating biomass at low temperature to solubilize hemicellulose sugars in the first
step and then subject it to higher temperatures in the second step to improve the
cellulose accessibility to enzymes. Even though it may offer advantages such as
hydrolysis at low enzyme loadings and high ethanol yields through CF or SSCF
technologies, a techno-economic evaluation is necessary to determine the real
benefits of including an additional steam explosion step (Galbe and Zacchi 2007).
POET-DSM in Emmetsburg (Iowa, USA), Beta Renewables in Crescentino (Italy),
Granbio in Alagoas (Brazil) and Abengoa in Hugoton (Kansas, USA) utilize
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variations of the steam explosion technology (Abengoa 2011; Evans 2014;
LuxResearch 2014).

The alkaline version of steam explosion consists in the use of liquid anhydrous
ammonia instead of steam. Differently from steam explosion, this technology
provides cellulose swelling and reduction of crystallization as well as a sheering
effect. Besides, no hemicellulose removal occurs and substrates with high total
solids are generated (Harun et al. 2013).

By contrast to chemical pretreatments, where the main goal is to increase the
accessibility of cellulose to cellulases via the partial removal of lignin and hemi-
celluloses, mechanical pretreatments preserve the majority of the biomass compo-
nents. Mechanical milling has a very high energy demand and this represents the
main barrier for its scale-up (Da Silva et al. 2010). As the main effects, milling
reduces the substrate crystallinity while increases its accessibility to the enzymes
without formation of inhibitory compounds to hydrolysis and fermentation.
Nonetheless, because of the high degree of lignin retention, the pretreated solids
typically require very high enzyme loadings to achieve effective saccharification of
both cellulose and hemicelluloses (Mooney et al. 1998; Batalha et al. 2015).
Consequently, a ‘“chemi-mechanical” approach involving the treatment of corn
stover with sodium hydroxide prior to mechanical treatment in the form of disk
refining has been the subject of a recent study (Chen et al. 2014).

In the same vein, the Canadian research institute FPInnovations has recently
developed a proprietary process known as the TMP-Bio process, which converts
lignocellulosic biomass into various value-added bioproducts (Yuan et al. 2015).
Briefly, the process includes a unique mild biomass treatment technology composed
of a mild chemical treatment and mechanical refining followed by enzymatic
hydrolysis to produce a sugar solution composed of glucose and xylose and a solid
fraction composed primarily of near-native lignin (hydrolysis lignin). Advantages
of this process include ease of implementation into the existing thermomechanical
and chemi-thermomechanical (TMP and CTMP respectively) pulp mill infrastruc-
ture and the ability to ferment the solution without detoxification.

Over the past 2 years, a TMP-Bio pilot plant able to operate at the 200 kg per
week scale was successfully started in Pointe-Claire (Quebec, Canada). This pilot
plant allows researchers at FPInnovations to conduct enzymatic hydrolysis at
greater than 20 wt.% biomass total solids, and to obtain carbohydrate conversion
yields exceeding 90 %. Moreover, during a 3-month pilot plant campaign, sugar
solutions at concentrations of 120140 g/L (as well as 1.5 tons of hydrolysis lignin)
were produced. Current work is focused on developing novel applications for the
hydrolysis lignin fraction.

Most if not all of the pretreatment technologies presented so far require biomass
conveying from unpressurized to pressurized environments and this may be rather
costly and energy intensive. Hence, the development of simple but effective
large-scale equipment to transfer biomass in such conditions is extremely necessary
for facilitating the scale-up of pretreatment technologies to a commercial scale.
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4 Biomass Feeding for Pretreatment Reactors

Feeding is critical for biomass utilization processes such as cellulosic ethanol
production in modern biorefineries. Biomass properties, such as mean size, distri-
bution, shape, density, moisture content, compressibility, and content of abrasive
materials can affect adversely the feeding operation hindering the uniform and
continuous flow of the feed material (Basu 2010). Plant operation at high pressure
leads frequently to biomass feeding failure and further challenges in establishing
reliable feeding (Elliot 1989; Cummer and Brown 2002). A variety of conveyors,
feeders, and storage vessels have been utilized in this industry to achieve smoothly
feeding and accurate feed rate control; biomass feeders such screw feeders, rotary
valves, slurry pumping, batch reactors and piston feeders are commonly employed
for pressurized reactor systems (Rautalin and Wilen 1992; Berglin et al. 2012).
In this context, screw feeders have been widely used to transfer biomass to
pressurized systems. As screw feeders are volumetric devices, pliable and com-
pressible feedstocks such as sugarcane bagasse result in different mass delivered per
unit time. Other factors affecting the screw feeder volumetric capacity are screw
speed, screw flight diameter, shaft diameter, and the fullness of the screw (Rautalin
and Wilen 1992). Although the solid friction on screw flights and casing surface
determine the equipment efficiency, frictional effect of abrasive materials present in
the biomass leads to equipment erosion. In addition, biomass plug formation
(necessary to seal the feeder system) and excessive accumulation inside a section
beyond the screw flight result in clogging. Companies such Raizen and Granbio
reported difficulties related to feeding due to the utilization of biomass with a high
content of abrasive materials (Mizutani 2015; Scharr 2015). For instance, Granbio
faced erosion problems in pretreatment equipment systems related to inorganic
impurities presented in sugarcane straw. According to the company, debugging and
debottlenecking processes are still required in order to identify pretreatment
problems and troubleshooting. Raizen reported 30 wt.% nameplate capacity in the
first 6 months after its cellulosic ethanol unit start-up as well as pretreatment
equipment erosion and corrosion. To be cost effective and technically viable,
feeding systems should handle appropriate biomass types (size, shape, moisture
content, and presence of impurities, among others), ensure seal, resist back pres-
sure, and avoid bridging and blockage in the feeder. For example, short pitch
screws result in better mixing and higher screw fullness (Tsai and Lin 1994).
Besides that large internal clearance results in efficiency loss while small clearance
leads to jamming and severe mechanical wear between screw flight and casing
surface, especially, if abrasive material is present in the biomass. Many adjustments
are necessary to adapt screw feeders to modern biorefineries and although screw
feeders have worked in pilot scale processing units, they are difficult to handle in
industrial operations, being sometimes inefficient and economic unfeasible, par-
ticularly for herbaceous feedstocks in pressurized systems (Dai et al. 2012).
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Other systems used for transferring pressurized biomass are rotary valves, slurry
pumping and batch reactors. Rotary valve transfers material from unpressurized to
pressurized pockets located between the rotor and the feeder case, sealing the system
and resisting back pressure. The feeder pocket is discharge by blowing with steam
(Rautalin and Wilen 1992). Recently, modified rotary valves have been used to
convey biomass at high pressures in biorefineries because of processing advantages
such as easy flow rate control and less contact between biomass and valve casing,
which is achieved by controlling the position of the conical rotor resulting in less
erosion and maintenance (IEA 2014). However, disadvantages are associated with
incomplete pocket discharge caused by sticky materials, steam leakages by wear and
clearance between the rotor and the rotary valve frame (Rautalin and Wilen 1992).

Slurry pumping is a viable method to transfer biomass to a pressurized pre-
treatment vessel using commercial off-the-shelf equipment. Biomass feedstocks
such as pine wood chips and corn stover particles are mixed with water to form
paste-type non-Newtonian slurry at 15 wt.% total solids and pumped up to 150-200 bar
(Berglin et al. 2012). However, robust and energy demanding pumps are
required as well as large amounts of water to reduce the biomass total solids
coming out of pretreatment to around 15 wt.%; nevertheless, erosion in pump and
other moving parts may be frequent. Batch reactors operating in parallel can be used
to transfer biomass in pressurized system. Such reaction systems require no special
equipment and keep the same level of production of a continuous process; however,
it requires higher capital costs as mentioned before. Once the biomass is conveyed
to the feed system it may not be fed directly into the pretreatment equipment
because of the presence of foreign abrasive materials. Biomass may be screened or
washed prior feeding and major drawbacks are, however, the high capital cost,
energy demand, and utilities consumption that are involved in these unit operations.

S Enzymatic Hydrolysis of Pretreated Lignocellulose

Once a substrate with high accessibility is generated, the enzymatic hydrolysis takes
place using a cellulolytic complex acting in synergy as exposed in Fig. 4. In this
case, the main enzymes involved in saccharification are endo-p-(1—4)-glucanases
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(EnG), the exo-B-(1—4)-glucanases (ExG), or celobioidrolases, and B-(1—4)-
glucosidases (BG) (Vinzant et al. 2001). However, other auxiliary enzymes are
involved in this process, such as xylanases, pectinases. and feruloil esterases
(Decker et al. 2009). Specifically, the cellulose biodegradation starts by the random
break down of amorphous cellulose by the action of EnG that leads to the formation
of a new reducing and nonreducing chain ends. These ends are the starting loci for
ExGs that are able to progressively solubilize cellulose releasing cellobiose as the
main reaction product. As a final step, fGs break-down cellobiose to fermentable
glucose (Silveira et al. 2014). Furthermore, it is important to mention the contri-
bution of family 61 of glycosyl hydrolases (GH61) that are able to act on crystalline
cellulose by an oxidative mechanism promoting amorphogenesis and boosting the
enzyme synergy involved in cellulose conversion (Eibinger et al. 2014). In addition,
swollenins and expansins are also known as auxiliary proteins for their amorpho-
genesis effect on the cellulose structure (Arantes and Saddler 2010).

6 Economic Analysis of Cellulosic Ethanol Production

There are several economic analyses in the literature for lignocellulosic ethanol
process from different feedstocks and conversion technologies (Wooley et al. 1999;
Aden et al. 2002; Eggeman and Elander 2005; Kazi et al. 2010b; Dias et al. 2011;
Albarelli et al. 2014). Various studies indicate that feedstock cost and ethanol price
are the main economic drivers for cellulosic ethanol projects and both variables are
correlated. Other variables that affect the economic feasibility of biomass conver-
sion are pretreatment technology, solid contents of enzymatic hydrolysis and pro-
cess streams, onsite production or the use of commercial off-the-shelf enzymes,
segregated or simultaneous saccharification and co-fermentation, co-generation,
wastewater treatment, vinasse concentration, and maturity of different technology
scenarios.

Reports from National Renewable Energy Laboratory (NREL) (Wooley et al.
1999; Aden et al. 2002; Kazi et al. 2010a; Humbird et al. 2011) provided process
models that included all details of major cellulosic ethanol unit operations.
Indeed NREL developed process models that provide a base case for many further
techno-economic studies and cost estimates of ethanol production. While several
researchers have developed process models for cellulosic ethanol using different
methodologies to calculate capital and operational cost, NREL studies are presented
here because only results from similar process modeling frameworks can be
compared on a consistent basis (Table 2).

Depending on its complexity (technology or multistep process), pretreatment can
easily represent one of the most costly unit operation in the cellulosic ethanol
biorefinery. According to Table 2, the cost of all four pretreatment scenarios are in
the range of 4-29 % of the total installed equipment cost with hot water pretreat-
ment being the lowest and two-stage dilute acid pretreatment being the highest. For
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instance, acid pretreatment utilization results in effective conversion of hemicellu-
lose into pentose sugars but also formation of inhibitory compounds, equipment
corrosion, and high operational and maintenance costs (Wyman 1996). In addition,
the dilute acid pretreatment process requires long retention time for detoxification
by overliming, which requires large and expensive reaction vessels. Nevertheless,
the two-stage dilute acid pretreatment reduces the need of enzymes for sacchari-
fication, one of the major operational costs in other pretreatments. Companies like
Arkenol (now BlueFire) and Massada Corp utilize concentrated acid pretreatments
and no commercial use of dilute acid pretreatment has been noticed in modern
biorefineries (Taherzadeh and Karimi 2007; Silveira et al. 2015a).

Many researchers have used simulation process models for cellulosic ethanol
production and integration. Wooley et al. (1999) developed a process model using
Aspen Plus for cellulosic ethanol production from wood chips using dilute acid
pretreatment that provided a base case for many other techno-economic studies.
Aden et al. (2002) provided an updated version of the process model developed by
Wooley et al. (1999) utilizing co-current dilute acid pretreatment and enzymatic
hydrolysis of corn stover; this process model included details of operations, such as
feed handling, product recovery, wastewater treatment, and cogeneration from this
non-forest agricultural residue.

Sugarcane biorefinery has been extensively studied (Dias et al. 2011; Furlan
et al. 2012; Macrelli et al. 2012; Albarelli et al. 2014). Dias et al. (2011) concluded
that cellulosic ethanol production competes with electricity generation if sugarcane
straw and efficient biomass conversion technologies are available. Furlan et al.
(2012) stated that sugarcane biorefinery in Brazil is currently not economically
feasible for ethanol production due to the local electricity market prices, even
though a sugar mill and cellulosic ethanol biorefinery selling ethanol are closer to
feasibility than the conventional sugar mill selling electricity to the grid.

7 Simulation of Processes Integration

This study compares the techno-economic performance of a cellulosic ethanol
biorefinery operating as a stand-alone unit and located in a sugarcane straw biomass
hub. Process models recently developed (Murphy et al. 2013) using the software
Superpro Designer were adapted to reflect the sugarcane straw feedstock compo-
sition and different saccharification and fermentation processes were used to esti-
mate the cellulosic ethanol production cost. A brief description of the simulation
used and main modeling assumption are described below. Flow diagrams repre-
senting the proposed cellulosic ethanol production processes are shown in Figs. 5, 6
and 7.

Sugarcane straw is an abundant agricultural residue in Brazil. A typical variety
of sugarcane harvested in Brazil generates around 140 kg dry basis of straw and its
composition is show in Fig. 8.
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Fig. 5 Flow diagram representing the SSCF (simultaneous saccharification and co-fermentation)
cellulosic ethanol production process
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Fig. 6 Flow diagram representing the SHCF (separated hydrolysis and co-fermentation)
cellulosic ethanol production process

Sugarcane straw used in the simulation process is initially cleaned in order to
remove undesirable biomass fractions, such as sugarcane chunks, trash, and inor-
ganic impurities, such as soil, stones, and other debris. The removal of biomass
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chunks is necessary to select and transfer to the pretreatment unit only the fraction
that is effectively useful while inorganic impurities must be removed because they
affect the equipment by erosion and abrasion. In the next step, biomass has its size
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reduced by a shredding machine (knife mill) in order to form a uniform biomass
sample.

The pretreatment is performed immediately after the feedstock handling step. As
steam explosion is the pretreatment technology most widely used by commercial
players today, it has been adopted in this work as well. Kumar and Murthy (2011)
developed simulation modeling of dilute acid, dilute alkali and hot water pretreatment
methods. High-pressure steam is injected into the pretreatment reactor loaded with the
sugarcane straw and pretreated under the desired experimental conditions of pressure
and residence time; then, the system is suddenly depressurized to a flash tank. After
steam explosion, the unwashed pretreated material may be directly sent to (1) simul-
taneous saccharification and co-fermentation (SSCF), (2) separated hydrolysis and
co-fermentation (SHCF), or (3) to a filter press to remove the pentose liquor (C5
stream) to be fermented in a separated vessel, with the remaining solid stream being
hydrolyzed and then fermented to fuel ethanol (hexose sugars only). Enzymatic
hydrolysis is adopted in this study because it is favored over acid hydrolysis due to
mild operating conditions, high sugar yields, low capital investment and low main-
tenance cost. Pretreated sugarcane straw was hydrolyzed using commercial enzymes at
an enzyme loading of 15 FPU/g cellulose while the engineered yeast Zymomonas
mobilis was used to ferment hexoses and pentoses into ethanol.

The fermented slurry was stored in beer well and sent to a continuous distillation
process consisting of a combination of columns and molecular sieves. The first
distillation column separates ethanol as overhead vapors and the bottom effluent
containing lignin, proteins and other non-fermentable materials, which is filtered to
result in two separate streams: the solids containing lignin are combusted in flui-
dized bed combustor for steam generation and the liquid stream is treated in the
wastewater treatment unit. The ethanol enriched vapor stream is transferred to
further downstream processing (rectification and stripper columns, molecular
sieves) to produce anhydrous ethanol, which is then denatured by addition of
gasoline. In Table 3 the process conditions and efficiencies used in this study are
presented in detail (Kumar and Murthy 2011).

Costs of all equipment, utilities, and other consumables were taken from Kumar
and Murthy (2011). SuperPro Designer estimates the additional cost of installation,
piping, electrical, insulation, design work, and buildings for the industrial facility
(direct costs). Other costs, such as engineering costs and construction costs (ac-
counted as indirect costs), contractors’ fees, contingency costs, and start-up costs as
well as project life and depreciation followed the same methodology proposed by
Kumar and Murthy (2011). Equipments added for SHCF (hydrolysis vessels) and
SHF (filter belt press, hydrolysis, and fermentation vessels) were designed and had
their capital cost estimated by SuperPro Designer. Currency used for this simulation
was the US dollar.

Cellulosic ethanol production capacities using 200,000 metric tons/year of
sugarcane straw were calculated as 53.2, 53.2 and 43.5 million litres for plants
using SSCF, SHCF and SHF, respectively. However, the SHF approach was
restricted to hexose fermentation with non-genetically modified microorganisms.
Although this is a simple process that allows sugar conversion into ethanol in short
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Table 3 Process conditions
and efficiencies used in this
study for a biomass feed rate
of 771.8 dry ton/day (adapted
from Kumar and Murthy 2011
and Dias et al. 2011)
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Parameters Value Unit
Pretreatment

Temperature 180 C
Pressure 11 bar
Residence time 15 min
Solids loading 30 %
Cellulose to glucose 5 %
Xylan to xylose 70 %
Lignin to soluble lignin 5 %
Xylose to furfural 15 %
Glucose to HMF 15 %
SSCF

Temperature 35 C
Enzyme loading 15 FPU/g cellulose
Time 5 days
Cellulose to glucose 70 %
Xylan to xylose 80 %
Glucose to ethanol 95 %
Xylose to ethanol 70 %
SHCF and SHF

Hydrolysis

Temperature 50 C
Enzyme loading 15 FPU/g cellulose
Time 2 days
Cellulose to glucose 70 %
Xylan to xylose 80 %
Fermentation

Time SHCF days
Time hexose SHF hr
Time pentose SHF days
Glucose to ethanol* 90 %
Xylose to ethanol* 80 %
Ethanol recovery 98.8 %

*For SHCF fermentation yields were the same as SSCF

periods of time using yeasts such as Saccharomyces cerevisiae, pentose sugars (C5)
are not converted to any value added-products. Hence, the C5 stream should be sold
as by-product but this scenario was not considered in the SHF approach adopted in
this work. SSCF and SHCF consisted in hexose and pentose co-fermentation
resulting in higher ethanol outputs.

Ethanol produced from SSCF, SHCF, and SHF processes resulted in capital cost
estimations of $1.66, $1.75, and $2.23 per L of cellulosic ethanol produced. Kumar
and Murthy (2011) obtained $1.71 per L using SSCF and tall fescue as feedstock.
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Fig. 10 Effect of solids loading on the cost of different cellulosic ethanol production processes

SHCF required additional hydrolysis reactors compared with SSCF and this
resulted in higher capital expenditure. SHF requires much higher capital cost due to
the need of a filter press to separate the pentose liquor from the pretreated solid
stream; thus, an additional hydrolysis reactor is necessary to convert cellulose into
glucose as well extra fermentation vessel to ferment pentoses.

The pentose liquor stream may require detoxification but this was not considered
in this study because non-catalyzed steam explosion was used for hemicellulose
solubilization. In the SHF process, both yeast and enzymes can work at their
optimal temperature and biological contamination is mitigated. In addition, the
conventional yeast Saccharomyces cerevisiae can ferment hexoses and minimize
risks. However, SHF is an intensive capital cost process and the investment
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required to carry it out may not compensate the risks. The break-down of installed
equipment costs and the operational expenditure (OPEX) are shown in Fig. 9.

A sensitivity analysis was performed for the biomass feeding (Fig. 10). As
described previously, this is an important aspect of modern biorefineries as many
companies are reporting technical complications when attempting to feed biomass
into the pretreatment vessel. While Kumar and Murthy (2011) modeled pretreat-
ment at 30 wt.% total solids, the sensitivity analysis on ethanol cost was performed
in this study by changing the pretreatment feeding from 5 to 50 wt.% total solids.
As biomass is washed to remove trash and others debris, equipment erosion is not
analyzed in this sensitivity study.

By increasing the total solids from 5 to 25 wt.%, the ethanol production cost
decreased by 56, 52, and 51 % for processes using SSCF, SHCF, and SHF,
respectively (Fig. 9). However, above 25 wt.% total solids, the ethanol production
cost reduced at a slower pace. Steam explosion pretreatment reactors operate at
solid loading around 35 wt.% and any variation in biomass moisture content can be
adjusted directly into the pretreatment system (water addition/drainage). However,
solid loadings below 25 wt.% are not usual for this kind of pretreatment and higher
capital expenditures are necessary because of the need larger equipment designs.
Finally, pumping at 15 wt.% total solids as described before may not be eco-
nomically viable to be implemented in cellulosic ethanol biorefineries.
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Abstract In nature, filamentous fungi are potent degraders of cellulose as they are
able to produce a high number and broad variety of cellulases with complementary
catalytic activities. These enzymes include notably classical glycoside hydrolase
activities, i.e., endoglucanases, cellobiohydrolases, and B-glucosidases. Oxidative
enzymes are also involved in cellulose deconstruction, such as the newly discov-
ered lytic polysaccharide monooxygenases (LPMOs), and auxiliary nonenzymatic
proteins are involved in substrate targeting and loosening. In this chapter, the
actions of the enzymatic partners are described, as well as their kinetics and the
interactions between cellulases and with non cellulase enzymes (i.e., synergism).
Because recalcitrant cellulose is still a challenge to date, strategies to discover new
efficient biocatalysts from fungal biodiversity are also presented here.
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1 Introduction

Lignocellulosic biomass is the largest renewable source of carbohydrates on Earth
and cellulose is its main component. Cellulose is a homopolymer of B-1,4 linked
glucose, organized in linear microfibrils that form very recalcitrant crystalline-like
structures. In the plant cell wall, cellulose is tightly intermeshed with the other
components, hemicellulose, lignin and pectin, making the whole structure extre-
mely recalcitrant to microbial attack.

In the past decades, the deconstruction of the plant cell wall has become a major
challenge for many industrial applications, including production of biofuels, bio-
materials, and high value products. In particular, the access to cellulose and its
hydrolysis into monomers and oligomers is still a bottleneck that has been mobi-
lizing research efforts.

In nature, microorganisms are potent degraders of lignocellulose which they use
as energy source. In particular, filamentous fungi play a key role in recycling
nutrients in forest ecosystems. They are extremely well adapted for the degradation
of biomass and as such are able to produce a high number and broad variety of
enzymes with complementary catalytic activities to degrade cellulose-rich
materials (Couturier et al. 2012; Sigoillot et al. 2012). Such enzymes include the
classical glycoside hydrolases, namely, endoglucanases, cellobiohydrolases, and
B-glucosidases, as well as oxidative enzymes, among which cellobiodehydrogenases
and the newly discovered lytic polysaccharide monooxygenases (LPMOs).
Filamentous fungi have adopted different strategies to perform efficient degradation
of cellulosic biomass.

2 Enzymes Involved in Cellulose Degradation

2.1 The CAZy Classification

Enzymes involved in carbohydrate deconstruction are grouped in the
carbohydrate-active enzyme (CAZy) classification based on comparison of their
amino acid sequence, three-dimensional structure and catalytic mechanism [www.
cazy.org; www.cazypedia.org; (Lombard et al. 2014)]. The CAZy database gathers
the enzymes involved in the modification of carbohydrates into several groups,
Glycoside Hydrolases (GH) that cleave glycosidic bonds, Glycosyl Transferases
(GT) which form new glycosidic bonds, Polysaccharide Lyases (PL) which cleave
uronic acid-containing polysaccharide chains, Carbohydrate Esterases (CE) that
allow deacylation of polysaccharide chains (Henrissat et al. 1991). Auxiliary
Activity (AA) enzymes have been added more recently (Levasseur et al. 2013).
Most of AA enzymes are oxidoreductases acting on lignin and carbohydrates and
among them four families have been recently described as LPMOs. Finally,
Carbohydrate-Binding Modules (CBM) are noncatalytic modules appended to
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enzymes which are involved in substrate targeting. In October 2015, the CAZy
database included 135 GH families, 16 CE families, 13 AA families, and 71 CBM
families.

2.2 The Classical Cellulose-Acting Enzymes

Historically, a system of three complementary enzymatic activities has been
described as being in charge of cellulose degradation: endoglucanases, cellobio-
hydrolases, and B-glucosidases (For a review see Payne et al. 2015; Fig. 1). They
are able to hydrolyze the B-1,4 covalent bonds that connect glucose units in the
cellulose chains and act synergistically with different specificities. Accordingly,
their structural organization and catalytic mechanisms allow for the accommodation
of corresponding substrates.

Endoglucanases (EG, endo-1,4 B p-glucanases, EC 3.2.1.4) randomly cleave
B-1,4 bonds in amorphous areas of cellulose chains and generate new reducing and
nonreducing ends. They are classified in several CAZy families, namely, GHS5,
GH6, GH7, GH9, GH12, GH44, GH45, and GH74. Endoglucanases display a
variety of structures, such as B jelly roll as Aspergillus niger family GH12 AnEglA
(1KS4, Khademi et al. 2002) or (B/o)g barrel as Trichoderma reesei TrCel5SA
(BQR3, Lee et al. 2011) as well as two possible catalytic mechanisms with retention
of configuration or with inversion of configuration (Davies and Henrissat 1995).
However, to accommodate cellulose chains, endo-acting cellulase structures have in
common a large cleft containing the catalytic amino acids (Davies and Henrissat
1995).

Cellobiohydrolases (CBHs, cellulose 1,4-B-cellobiosidases, EC 3.2.1.91), are
processive enzymes which release cellobiose from either reducing (GH7 CBHs) or
nonreducing ends (GH6 CBHs) of cellulose fragments released by endoglucanases.
GH6 CBHs display an inverting catalytic mechanism, whereas GH7 CBHs use a

<. Cellobiohydrolase Il
e g

¥ Amouphous region

Crystalline region

Cellobiohydrolase |

B-glucosidase

Fig. 1 Illustration depicting the hydrolysis of cellulosic materials using endoglucanases,
exoglucanases, and B-glucosidases
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retaining mechanism. Three-dimensional structure examples include the
Basidiomycetes Coprinopsis cinerea Cel6A and Cel6C CBHs (3VOG and 3A64,
respectively, Tamura et al. 2012) and Phanerochaete chrysosporium PcCel7D
(1GPIL, Munoz et al. 2001). CBHs harbor cleft- or tunnel-bearing structures which
allow the enzyme to slide on cellulose chain for the next cleavage while the product
is being released.

B-glucosidases are the third partner of the cellulase system and catalyze the
cleavage of cellobiose or cello-oligomers into glucose. They are characterized by a
pocket-containing topology that allows optimal detection of the nonreducing
extremity and leads to the cleavage of a single sugar unit. Because of this topology,
B-glucosidases are nonprocessive enzymes, since the substrate has to be released
after each cleavage event to allow the new glucose unit to exit the pocket. In the
CAZy database, B-glucosidases are grouped in families GH1 and GH3. A few
fungal B-glucosidase structures have been solved, among which the ones of T.
reesei, the family GH1 TrBgl2 (3AHY) and family GH3 HjCel3A (3ZYZ), the
latter being the most abundant B-glucosidase in 7. reesei enzyme cocktails (Jeng
et al. 2011; Karkehabadi et al. 2014). Both exoglucanases and B-glucosidases are
strongly inhibited by their reaction products cellobiose and glucose, respectively
(Teugjas and Viljamde 2013).

2.3 Oxidative Enzymes Involved
in Cellulose Deconstruction

Complementary to their typical hydrolytic cellulases, fungi have developed oxida-
tive degradation enzymes. These enzymes have been recently identified and
described as LPMO enzymes (Quinlan et al. 2011; Vaaje-Kolstad et al. 2010; Harris
et al. 2010). LPMOs are classified into four auxiliary activity (AA) families, AA9
(formerly GH61), AA10 (formerly CBM33), AA11, and AA13 of the Carbohydrate-
Active enZyme database (CAZy; http://www.cazy.org; Levasseur et al. 2013). The
AA10 family contains mainly enzymes of bacterial and viral origin that cleave
cellulose and chitin mostly at the C1 position (Forsberg et al. 2011; Hemsworth et al.
2013). The LPMOs classified in the AA11 and AA13 families, respectively, cleave
chitin and starch and share important structural features with the two previously
characterized families (Vu et al. 2014a; Leggio et al. 2015; Hemsworth et al. 2014).
This section will focus mainly on the AA9 family containing only fungal LPMOs
active on lignocellulose although much of what is known about the fungal cellu-
lolytic LPMOs is likely applicable across the LPMO superfamily.

In fungi, these enzymes have first been classified into the GH61 family after one
member of the family, T. reesei EGL4, was reported displaying a weak endoglu-
canase activity (Saloheimo et al. 1997; Karlsson et al. 2001). However, there was
described as “weak endoglucanases” as the activity was several orders of magnitude
lower than what had been observed in other endoglucanases. In 2008, the first
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reported structure of the T. reseei Cel61B (Karkehabadi et al. 2008) suggested
another activity for those enzymes. Its structure closely resembles to the CBP21
protein (AA10 formerly CBM33), a chitin-binding protein from the bacterium
Serratia marcescens. This enzyme was obtained few years earlier and had been
proposed to enhance chitin degradation through a non-catalytic mechanism (Vaaje-
Kolstad et al. 2005).

In the last few years, GH61 have drawn increasing attention because of their
«stimulating» effect on cellulase cocktails for biomass conversion (Harris et al.
2010). Other structure and biochemical study have revealed their oxidative mech-
anism, described their active site and highlighted some important structural features
(Quinlan et al. 2011; Harris et al. 2010; Vu et al. 2014b; Kittl et al. 2012; Beeson
et al. 2012; Li et al. 2012; Phillips et al. 2011). In August 2015, family AA9
includes 301 members among which 7 members have had their three-dimensional
structure solved (Karkehabadi et al. 2008; Wu et al. 2013; Quinlan et al. 2011;
Harris et al. 2010; Borisova et al. 2015; Li et al. 2012). These analyses revealed a
structural B-sandwich fold of typically 8-10 B-strands with a flat surface where
binding with the substrate occurs mostly via stacking interactions with planar
aromatic residues. A type II copper ion exposed at the surface is coordinated a
“histidine brace” formed by two highly conserved histidine residues, one of which
corresponds to the N-terminal histidine, and one tyrosine (Langston et al. 2011; Li
et al. 2012). Fungal AA9 LPMOs are secreted enzymes and can contain
post-translational modifications. One of the most unusual is the methylation of the
N-terminal histidine at the imidazole Ne. This modification is found only in fungal
LPMOs and its role is unclear and still under debate.

The oxidation of glucose units has been described mostly at the C1 or C4
position (Beeson et al. 2012; Phillips et al. 2011; Bennati-Granier et al. 2015; Li
et al. 2012; Vu et al. 2014b), but a few studies suggested oxidation of the C6
position as well (Bey et al. 2013; Quinlan et al. 2011). AA9 LPMOs are classified
into three groups, depending on their regioselective mode of action: type 1 LPMOs
will oxidize at C1 and release soluble oligosaccharides with an aldonic acid at their
reducing end; type 2 LPMOs will oxidize at C4 and release ketoaldose at the
nonreducing end; and type 3 will oxidize at both C1 and C4 and release a mixture
of alodnic acid and ketoaldose. AA9 LPMOs require a reducing cofactor for
activity, such as ascorbic acid (Forsberg et al. 2011; Quinlan et al. 2011), fragment
of lignins (Dimarogona et al. 2012), or enzymes like the cellobiose dehydrogenase
(CDH) (Langston et al. 2011; Bey et al. 2013; Phillips et al. 2011). CDHs and AA9
LPMOs are often cosecreted in fungal cultures (Poidevin et al. 2014; Navarro et al.
2014). A clear indication of the synergy was obtained when it was shown that the
combination of Thermoascus auranticus AA9 and Humicola isolens CDH greatly
enhanced cellulose degradation (Langston et al. 2011).

Although no structural complex with their substrates is available, binding of the
substrate may occur via aromatic-carbohydrate interactions. Indeed, some aromatic
residues on the substrate-binding surface are conserved and the spacing matches the
spacing between glucose subunits in cellulose (Harris et al. 2010; Li et al. 2012; Wu
et al. 2013). Some structural differences have been observed among the different
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AA9 LPMOs characterized. More AA9 LPMO members need to be characterized in
order to identify the molecular determinants involved in their substrate specificity.
For instance, two AA9 LPMOs have been recently shown to act on soluble
cello-oligosaccharides, i.e., NcLPMO9c and PaLPMO9H (Isaksen et al. 2014;
Bennati-Granier et al. 2015).

2.4 Ancillary Proteins

2.4.1 Carbohydrate-Binding Modules

Cellulolytic enzymes can be associated with non-catalytic modules among which
the CBM are an important group (for an extensive review, see Varnai et al. 2014).
CBMs play a role for substrate targeting and binding and often increase the overall
catalytic activity of the enzyme especially on crystalline substrates. Based on their
topology, CBMs have been grouped in three structural and functional groups by
Boraston et al. (2004): type-A or surface-binding CBMs, type-B or glycan-chain
binding CBMs, and type-C, or small sugar binding CBMs. Cellulose-acting
enzymes are typically associated with type-A CBMs, which present a flat surface
exposing aromatic residues allowing the interaction with cellulose chains. Another
classification of CBMs is found in the CAZy database, in which CBMs are clas-
sified based on structure and binding specificity (www.cazy.org; Lombard et al.
2014). Among the 71 CBM families, three families gather CBMs identified in
fungal cellulases that show binding to cellulose: CBM1, CBM6, and CBM63.
CBM1 family comprises most of the modules associated with fungal cellulose-
acting enzymes. These CBMs are approximately 40 residues long, and can be
located either at the N- or C-terminus of the catalytic module, alone or in a mul-
timodular organization (Guillén et al. 2010).

In fungal genomes, the number of identified CBM1 modules varies, from none
in some brown-rot fungi such as Postia placenta and Fomitopsis pinicola to more
than 30 in some white-rot species such as Phanerochaete chrysosporium and
Bjerkandera adusta. In white-rot fungi, the distribution of CBM1s among the
different families of cellulases is heterogeneous, with some families such as
GH7 CBH and AA9 LPMOs being often found as single modules, whereas GHS
endoglucanase and GH6 CBH are associated with CBM1s. In brown-rot fungi, the
cellulose degradation system does not rely on cellulases and accordingly the
number of associated CBM1s is also smaller, with most GH5 endoglucanases and
AA9 LPMOs being found as single domains.

2.4.2 Expansins

Expansins are another type of non-catalytic proteins that can play a role in cellulose
degradation (For a recent review, see Liu et al. 2015). The presumed mechanism is
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a disruption of hydrogen bonding between cellulose microfibrils or between cel-
lulose and other cell wall polysaccharides leading to an enhanced accessibility of
cellulases to cellulose chains (Saloheimo et al. 2002; McQueen-Mason and
Cosgrove 1994). The expansin-like protein from 7. reesei, TrSwol, revealed a
capability for disruption of cellulose fibers in cotton or filter paper without yielding
any detectable reducing sugars (Saloheimo et al. 2002). The resolution of its
structure revealed that 7rSwol has a CBM1 N-terminal, a linker region, and an
expansin-like C-terminal domain (20 % identity), which in expansins are similar in
structure and sequence to the catalytic site of family GH45 (Saloheimo et al. 2002).
More recently, Andberg et al. (2015) proved the hydrolytic activity of TrSwol. The
mode of action of this enzyme is similar to both endo- and exoglucanases. Hence,
TrSwol could reduce the viscosity of reaction environments containing barley
B-glucan, hydroxyethyl cellulose, and carboxymethyl cellulose (or typical
endoglucanases substrates) at a consistency of 1 %. On the other hand, when the
composition of barley B-glucan hydrolysates were investigated, cellobiose was the
main reaction product with no evidence for intermediates, while for a typical
endoglucanase (Cel5A), cellopentaose and cellohexaose were predominantly
released. TrSwol presented a limited activity on barley B-glucan, since only 1.2 %
of dry mass was solubilized in either 15 s or 24 h of hydrolysis. It was suggested
that the 7rSwol mode of action involved an initial attack in the middle of cellulose
chain and a subsequent processive action along the chain releasing cellobiose.
Hydrolysis of barley B-glucan was probably stopped when TrSwol came across a
B-(1—3) glycosidic bond and possibly stayed permanently bound at this substrate
site. Expansin-related proteins have been identified in both Basidiomycetes and
Ascomycetes and a few have been characterized from Aspergillus fumigatus (Chen
et al. 2010), B. adusta (Quiroz-Castafieda et al. 2011), Schizophyllum commune
(Tovar-Herrera et al. 2015). Studies have investigated the activity of expansins and
expansin-like proteins in cellulase cocktails and they revealed that expansins
enhance cellulose degradation. For instance, Gourlay et al. (2013) observed that the
SWOI addition on a steam pretreated corn stover promoted cellulose and hemi-
cellulose solubilisation primarily to their corresponding oligomers. The authors
attributed this nonhydrolytic effect to the release of preexisting oligomers that were
bound to the substrate surface, but small concentrations of glucose and xylose were
also released in the substrate hydrolysate.

3 Strategies to Improve Cellulose Degradation

3.1 Combination and Synergism of Cellulolytic Enzymes

Although the combination of enzymes from the different families (glycoside
hydrolases and oxidases) is theoretically enough to carry out complete conversion
of cellulose into monomers, complex kinetics, cellulose crystallinity as well as
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product inhibition leads to a limited degradation efficiency in practice. The kinetics
of cellulose degradation by the different enzymatic partners are complex and many
models have been proposed to understand the activity of cellulases on cellulose
over the course of degradation. Bansal et al. (2009), have summarized in a review
the sequence of steps involved in cellulose degradation from the adsorption of
endoglucanase and cellobiohydrolase onto their substrate to detachment from the
chain and hydrolysis of cellobiose into glucose by beta-glucosidases. In this
sequence of events, many factors impact kinetics, causing an overall decreasing rate
of reaction over time. Nonproductive binding of cellulases on other components of
lignocellulosic substrates has been extensively studied, by FPLC (Gao et al. 2014),
colorimetric quantification (Guo et al. 2014), or quartz crystal microbalance
(Rahikainen et al. 2013) such as nonproductive cellulase binding, enzyme deacti-
vation, and mostly substrate depletion, and product inhibition. Substrate cristallinity
is also cited as a factor for decreasing reaction rate, since amorphous regions are
hydrolysed first and the more crystalline regions remain as recalcitrant, resulting in
an increase of crystalline fraction of cellulose over time (Chen et al. 2007). This
model is called the two-phase substrate model and reflects the physical complexity
of the cellulose, which affect both accessibility and reactivity. For an extensive
review of models and parameters involved in cellulose degradation kinetics, see
Bansal et al. (2009).

Cellulolytic enzymes with different specificities exhibit synergistic action on
fibers, simultaneous action of multiple enzyme components resulting in a signifi-
cantly higher hydrolysis yield than the sum of the hydrolysis yields of the indi-
vidual enzyme components. This phenomenon called synergism has been described
more than twenty years ago. Endo—exo and exo-exo synergisms have been dis-
tinguished. An example of endo-exo synergy in fungal cellulases occurs between 7.
reesei endoglucanase TrCel5SA (EGII) and its cellobiohydrolase partner 7rCel7A
(CBHI) (Medve et al. 1998). Different types of CBHs working together can also
lead to a synergetic degradation of cellulose, such as TrCel7A (CBHI) working on
the reducing end of cellulose chains and TrCel6A (CBHII) which acts on nonre-
ducing ends. Real-time visualization of crystalline cellulose degradation by T.
reesei CBHs was performed using high-speed atomic force microscopy (Igarashi
et al. 2011). TrCel7A molecules were observed to slide unidirectionally along the
crystalline cellulose surface but at one point exhibited collective halting analogous
to a traffic jam. Changing the crystalline polymorphic form of cellulose by means of
an ammonia treatment increased the apparent number of accessible lanes on the
crystalline surface and consequently the number of moving cellulase molecules.
Treatment of this bulky crystalline cellulose simultaneously or separately with
TrCel6A resulted in a remarkable increase in the proportion of mobile enzyme
molecules on the surface.

While endoglucanases increase the available sites for exoglucanases,
B-glucosidases decrease the exoglucanase inhibition by converting cellobiose into
glucose (Wood 1985). Multiple factors affect the synergy between cellulases. These
include the specific activity of the enzymes, the ratio between them, the enzyme
loading and the chemical composition and structure of cellulosic substrates.
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Cellulolytic glycoside hydrolases also exhibit strong synergism with their
oxidative counterparts, LPMOs. This synergy was first described in 2010, when the
actual effect of LPMO was still under question (Harris et al. 2010), but their
addition to a cellulase cocktail allowed to significantly decrease enzyme loadings to
hydrolyse cellulosic biomass. AA9 LPMOs seem to exhibit activity on both
amorphous and crystalline cellulose, whereas endoglucanases presents no activity
against the latter. This might be the reason why AA9 LPMOs display a high
synergy with cellulases and may provide half of the enzymatic loading required for
hydrolysis (Harris et al. 2010, 2014).

3.2 Fungal Accessory Enzymes

Another type of synergy involving cellulases and noncellulolytic enzymes can
increase fungal degradation of cellulose: because of the complex structure of lig-
nocellulose, efficient cellulose degradation also depends on accessory activities to
allow access for cellulases to cellulosic fibers.

Cellulose microfibrils are associated with some hemicelluloses which hampers
access for cellulolytic enzymes. In particular, whereas arabinoxylan and (1,3)(1,4)-
B-glucan do not interact strongly with cellulose (Mikkelsen et al. 2015), other
components of the cell wall such as softwood mannan has been suggested being
tightly associated with cellulose fibrils (Akerholm and Salmén 2001). Accordingly,
addition of mannanases to T. reesei cellulolytic cocktails led to a synergistic effect
and an increase of glucose release from nonpretreated softwood in saccharification
assays (Couturier et al. 2011). Such synergies have also been described between
pectinases and cellulases (Zhang et al. 2013) for the hydrolysis of steam-exploded
hemp and confirms the spatial contacts between pectin and cellulose that have been
described in primary cell wall in several studies (Cosgrove 2014; Wang et al. 2015).
Xylanases (Hu et al. 2011) and a xyloglucanase (Benko et al. 2008) have
demonstrated a synergistic effect when employed in combination with cellulases on
specific substrates, leading to improved conversion of cellulose compared to cel-
lulases alone. Gao et al. (2011) demonstrated that, by adding endoxylanases to a
cellulolytic enzyme system, the glucose release from AFEX (ammonia fiber
expansion) pretreated corn stover increased from 56 to 83 % after 24 h hydrolysis.
Selig et al. (2008) achieved an 84 % improvement in the enzymatic hydrolysis of
hot water pretreated corn stover by adding an endoxylanase, a ferulic acid esterase
and an acetyl xylan esterase to a the cellobiohydrolase Cel7A. These authors also
observed that the resulting synergistic effect is more evident when low Cel7A
loadings are used.

Tabka et al. (2006) studied the effects of adding xylanases, feruloyl esterases,
and laccases on the hydrolysis of dilute sulphuric acid impregnated steam-exploded
wheat straw. The addition of hemicellulases caused an enhancement in the substrate
glucose yield. On the other hand, the addition of laccase promoted the cleavage of
covalent bonds in lignin, showing a negative effect that was associated to the



142 M. Couturier et al.

inhibition of cellulases by the accumulation of phenolic compounds in the substrate
hydrolysates.

4 Perspectives in Cellulose Hydrolysis Through
the Exploration of Fungal Biodiversity

The most studied cellulolytic system to date is probably that of the ascomycete
fungus T. reesei, largely used in industry and engineered for decades to be used in
biomass hydrolysis applications. 7. reesei genome was sequenced in 2008
(Martinez et al. 2008) and revealed a relatively reduced set of GHs in general and of
cellulases in particular, with 5 endoglucanase genes, 2 cellobiohydrolase genes, and
15 B-glucosidase genes. Only 3 LPMO genes of family AA9 are also encoded by T.
reesei genome. Despite the presence of all types of cellulase activities, 7. reesei
enzyme cocktails are not able to achieve a complete degradation of cellulose. In the
past few years, the search for novel CAZymes has been expanded to the exploration
of fungal strains from tropical forests (Berrin et al. 2012), marine environment (Arfi
et al. 2013) and pathogens (Couturier et al. 2012). For example, the maize pathogen
Ustilago maydis was identified as a good source of enzymes for improvement of 7.
reesei cellulolytic capabilities. U. maydis genome revealed one of the smallest sets
of genes that encode for CAZymes with only 95 glycoside hydrolases (Kdmper
et al. 2006), but investigation of its secretome highlighted a significant fraction of
putative oxidoreductases that are potentially involved in the depolymerisation of
lignocellulose. The authors suggested that U. maydis oxidoreductases could par-
ticipate in the depolymerisation of lignocellulose via the formation of highly
reactive oxidants.

Classically, cellulolytic systems of white-rot and brown-rot fungi have been
opposed. Cellulose degradation of white-rot mostly rely on GH6, GH7, LPMOs,
and numerous CBMIs allowing anchoring of catalytic modules on crystalline
cellulose. On the other hand, brown-rot fungi system barely contains cellulases and
mostly use nonenzymatic processes based on hydroxyl radical produced by Fenton
reaction (Martinez et al. 2009). However, recent work suggests that the separation
of brown-rot and white-rot fungi in two distinct groups might have been an over-
simplification and that some fungi display intermediate modes of action (Floudas
et al. 2012, 2015; Riley et al. 2014).

A wealth of fungal genomics and postgenomics (transcriptomics and secre-
tomics) information has been generated in the last few years. More than 265 fungal
genomes (more than 90 corresponding to basidiomycetes) are publically available.
These studies constitute a solid basis to identify the main players involved in the
degradation of cellulosic biomass through comparative—omic studies. Complex
portfolios of fungal enzymes are secreted in response to environment and growth
substrates. The study of fungal secretomes from the scope of their different ligno-
cellulosic biomass degradation strategies and lifestyles would facilitate their use in
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the treatment of lignocellulose as carbon feedstock for biofuel production and
further biorefinery processes (Alfaro et al. 2014).
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Abstract The enzymatic hydrolysis of plant polysaccharides is a key unit opera-
tion for the production of cellulosic ethanol. However, hydrolysates with sugar
concentrations as high as 180200 g L™ (18-20 °Brix) must be produced for a
successful ethanol fermentation and this can only be achieved at high total solids.
With this, a significant decrease in both capital and production costs is achieved. In
addition, less water is needed, effluent generation is minimized and the cost of
wastewater treatment is reduced. At high total solids, the rheology of biomass
slurries exhibits large apparent viscosities and yield stresses that increase with the
volume fraction of the insoluble solids, creating both mass and heat transfer limi-
tations at various levels within the body of the fiber suspension. In this context, this
chapter reviews the most recent developments in enzymatic hydrolysis for the
production of high sugar concentrations using high total solids and low enzyme
loadings. This chapter also reviews several strategies to overcome these rheological
problems, such as fed-batch feeding and the addition of chemical additives that are
able to decrease the effects of extremely high initial viscosities, thus facilitating the
substrate liquefaction while decreasing the unproductive binding of enzymes.
Lastly, a brief discussion is given about the impact of different impellers setups on
the hydrolysis rate, since adequate mixing capacity and low energy consumption
are key factors in designing bioreactors for lignocellulose processing.
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1 Introduction

Lignocellulose has been considered one of the most important resources for the
sustainable production of liquid biofuels such as ethanol (Demirbas 2001; Himmel
et al. 2007). For instance, in the case of energy crops such as sugarcane, the average
ethanol production from one autonomous distillery may be boosted by 39 % if the
C6 sugars from cane bagasse are used for fermentation, with additional yields being
expected from the use of C5 sugars as well (Ramos et al. 2015). However, to
achieve this goal, lignocellulosic materials must be submitted to a pretreatment
method to open up the structure of the cell wall, therefore, exposing plant
polysaccharides to the subsequent steps of hydrolysis and fermentation (Silveira
et al. 2015).

The hydrolysis of plant polysaccharides can be carried out by chemical or
biochemical routes involving acids or enzymes, respectively. The enzymatic route
is preferable because, compared to acid hydrolysis, it can be carried out at milder
conditions, usually at 45-50 °C and pH values between 4.8 and 5.2 (Sun and Cheng
2002). Besides, it does not lead to yield losses due to carbohydrate dehydration and
present no corrosion problems to the unit operations involved in the process (Balat
2011). On the other hand, the cost of enzymes still remains as the main obstacle for
the full economic viability of the overall conversion process (Kim and Kim 2014).
Nevertheless, several demonstration plants have been built worldwide and the first
commercial units have started their operations within the last few years. While this
opens up a new era in this field, studies are still ongoing to develop better pre-
treatment methods, advanced enzyme systems, and energy efficient process con-
figurations to reduce costs and increase the profitability of this biofuel production
process.

As shown in Chapter “Fungal Enzymatic Degradation of Cellulose”, three main
classes of enzymes are required for hydrolysis: endo-f-(1—4)-glucanases, exo-§3-
(1—4)-glucanases (or cellobiohydrolases) and B-(1—4)-glucosidases (Ladisch
et al. 1983; Sun and Cheng 2002). At first, endoglucanases breakdown linkages in
regions of low crystallinity, producing new reducing and nonreducing chain ends.
Then, cellobiohydrolases I and II remove mostly cellobiose from reducing and
nonreducing chain ends, respectively. Finally, B-glucosidases convert cellobiose
and other low molar mass oligosaccharides to glucose while decreasing the
end-product inhibition of cellobiohydrolases (Walker and Wilson 1991; Bhat and
Bhat 1997; Arantes and Saddler 2010). As a result, a high degree of synergy is
required among these enzymes if an efficient enzymatic hydrolysis of B-(1—4)-
glucans (mostly cellulose) is to be achieved (Ng et al. 2011).

While B-glucosidases are more active against soluble oligosaccharides, partic-
ularly cellobiose (Serensen et al. 2013), endo and exoglucanases act on cellulosic
substrates (e.g., crystalline and amorphous cellulose) and, for this reason, they are
called “true” cellulases (Sukharnikov et al. 2012). Their mode of action depends on
the progressive adsorption and diffusion over the insoluble substrate surface.
Therefore, some cellulases exhibit a carbohydrate-binding module (CBM) in their
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structures (Mello and Polikarpov 2014). In addition, numerous studies have shown
that non-hydrolytic ancillary proteins such as expansin-like proteins and lytic
polysaccharide monooxygenases (LPMOs) have an essential role in boosting the
enzymatic hydrolysis of cellulose (Saloheimo et al. 2002; Arantes and Saddler
2010; Harris et al. 2010).

Recently, studies on the enzymatic hydrolysis of lignocellulosics have been
oriented to the use of high total solids, defined as the initial concentration at which
little or no free water is present in the reaction environment (Kristensen et al.
2009b). This way, high sugar and ethanol concentrations can be obtained by
enzymatic hydrolysis and fermentation, further improving the distillation efficiency
and the productivity of this liquid biofuel (Jorgensen et al. 2007b). However, such
option has several consequences in both hydrolysis rates and yields as discussed
below.

2 Factors Affecting Enzymatic Hydrolysis

The enzymatic hydrolysis of lignocellulosic materials is limited by several factors
and these can be divided in two groups: enzyme-related and substrate-related
factors.

2.1 Enzyme-Related Factors

Several enzyme-related factors are known to influence the rate and extend of
enzymatic hydrolysis. Enzyme inhibition may arise from the accumulation of
glucose and cellobiose (end-product inhibition) or from the release pretreatment
by-products, such as furan compounds, phenolic acids, aliphatic organic acids, and
xylo-oligomers. Also, the thermal and/or shear denaturation of enzymes and their
nonproductive adsorption on lignin and lignin-carbohydrate complexes are also
highly influential and may partially compromise the overall hydrolysis yield
(Ramos et al. 1992; Tengborg et al. 2001b; Xiao et al. 2004; Rosgaard et al. 2007,
Wang et al. 2009). Needless to say, all of these effects are even more critical when
operating at high total solids.

It is widely known that glucan conversion decreases when enzymatic hydrolysis is
carried out at high total solids and this phenomenon has been referred to as “the solids
effect” by Kristensen et al. (2009a). Cara et al. (2007) observed this effect during
hydrolysis of hydrothermally treated olive tree prunings using 15 FPU (filter paper
units) g~ ' of dry substrate. The conversion at 72 h decreased linearly from 76.2 to
49.9 % when the substrate total solids were increased from 2 to 30 wt.%, respectively.
By contrast, the final glucose concentration increased from around 5-60 g L™',
respectively.
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Kristensen et al. (2009a) investigated the factors that are responsible for the
solids effect, such as changes in substrate chemical composition, end-product
inhibition, low availability of water, and cellulase adsorption. This study was
conducted with filter paper (a pure cellulose substrate) to avoid the influence of
lignin adsorption or lignin-derived inhibitors. Compared to lignin-containing cel-
lulosic materials, similar trends in reaction conversion were observed when
hydrolysis was carried out at high total solids.

High levels of glucose and cellobiose accumulation are probably the most
important reason for a gradual loss in enzyme performance (Andri¢ et al. 2010; Puri
et al. 2013). For instance, Kristensen et al. (2009a) observed different conversions
of 64.5 and 38.6 % after 48 h of enzymatic hydrolysis at 5 and 20 wt.% total solids,
respectively. However, when 50 g L' of glucose were added in the reaction
beginning, both reaction systems resulted in similar glucose yields after 48 h of
hydrolysis (29.7 and 26.3 % for 5 and 20 wt.% total solids, respectively). These
authors suggested that enzymes are inhibited to a similar extent once a certain
glucose concentration is reached in the reaction medium.

The water content is also influential at high total solids due to its role as reagent
and solvent (Zaccai 2004). Kristensen et al. (2009a) investigated the effect of
water-to-enzyme ratio by replacing 25 % of the buffer by oleyl alcohol to keep
almost the same sample viscosity and, by doing so, the solids-to-water ratio was
increased from 20 to 25 wt.%. After 40 h of hydrolysis, a 5.6 % decrease in total
glucose release was observed when the corresponding increase in solids-to-water
ratio usually promotes a yield loss of about 12 % or more. Hence, there was no
direct correlation between the reduction in water content and the corresponding
decrease in reaction conversion.

It is known that the enzyme performance is strongly associated with their
adsorption rates onto the surface of the cellulosic material (Kyriacou et al. 1988). In
addition, the presence of accumulated end-products such as glucose and cellobiose
influences the enzyme adsorption profile (Kumar and Wyman 2008). In this way,
the last factor investigated by Kristensen et al. (2009a) was the correlation between
different initial total solids and cellulase adsorption, which was determined by
changes in the total substrate nitrogen content. A negative linear correlation
between the initial total solids and total cellulase adsorption was observed after
24 h of hydrolysis.

The degree of synergy is another important parameter that affects the enzymatic
hydrolysis of cellulosic materials. Studies with purified cellulases have shown that
synergy is dependent on the relative proportion and activity of key enzyme com-
ponents as well as on the enzyme-to-substrate ratio and some substrate
physical/chemical properties. At high total solids, the supplementation of cellulase
preparations with other enzymes such xylanases and B-glucosidases can promote
higher levels of synergy among enzymes. Another way to improve the yield of
enzymatic hydrolysis at high total solids is the use of higher enzyme dosages but
this inevitably reflects in higher production costs (Modenbach and Nokes 2013).
Even so, one must keep in mind that these variables do not have a linear correlation;
hence, doubling the dosage will not produce the same effect on hydrolysis yields.
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On the basis of these factors, the complexity of performing enzymatic hydrolysis
at high total solids was clearly evidenced, as well as the need for more detailed
optimization studies of such biomass conversion process. Several strategies have
been used to improve both substrate and enzyme performances at high total solids.
For instance, a number of methods have been developed to reduce enzyme inhi-
bition. Hydrolysis can be carried out while soluble sugars are removed by ultra-
filtration or simultaneous saccharification and fermentation (SSF). In the SSF
process, the end-product inhibition is decreased because the amount of sugars that
is released by enzymatic hydrolysis is immediately fermented to ethanol. However,
if a thermotolerant yeast is not available, hydrolysis cannot be carried out in its
optimal temperature of 45-50 °C (Antil et al. 2015) and ethanol production may be
limited by its inhibitory effect on yeast growth (Bisson 1999; Muller et al. 2007).

2.2 Structural Features

The substrate-related factors refer to properties such as porosity, surface area,
particle size, degree of polymerization, hemicellulose content, lignin content,
lignin/hemicellulose chemical composition, and crystallinity, as well as to how
these propertied change during a time-course hydrolysis. Moreover, by performing
enzymatic hydrolysis at high total solids, both mass and heat transfers are com-
promised as a result of the high viscosity of the fiber suspension, particularly at the
early stages of hydrolysis (Yun et al. 2001).

Several authors have suggested that amorphous cellulose, due to its looser
molecular organization and larger porosity, is more susceptible to enzymatic
hydrolysis than its crystalline form. Enzymatic hydrolysis of cellulose is typically
3-30 times faster for amorphous cellulose compared that of crystalline cellulose
(Zhang and Lynd 2004). However, several enzyme complexes are reported to
catalyze the hydrolysis of both amorphous and crystalline cellulose to soluble
sugars such as glucose and cellobiose (Chandra et al. 2007).

The degree of crystallinity has been considered one of the most important factors
to explain the apparent recalcitrance of lignocellulosic materials to bioconversion
(Puri 1984; Rivers and Emert 1988; Chang and Holtzapple 2000). When pre-
treatment is able to reduce cellulose crystallinity and increase the available surface
area, it will most certainly have a positive effect on the rate and extent of enzymatic
hydrolysis (Zhang and Lynd 2004). For instance, Yoshida et al. (2008) observed
that higher crystallinities led to lower hydrolysis yields of cellulosic substrates
derived from Miscanthus sinensis, indicating that amorphous cellulose hydrolyses
faster than crystalline cellulose.

Lignin can also inhibit hydrolysis by blocking the access of cellulases to the
cellulose component and by irreversibly binding enzymes by hydrophobic inter-
actions. However, the distribution and composition of lignin is as important as the
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concentration of lignin in terms of enzyme accessibility and digestibility (Mooney
et al. 1998). The lignin distribution over cellulose fibers prevents their swelling and
compromises the substrate recognition by the hydrolytic enzymes. Different types
of lignin, particularly after pretreatment, present different reactivities and their
hydrophobicity is critical for the overall substrate accessibility as well. For instance,
guaiacyl lignins from conifers (softwoods) usually have a higher degree of con-
densation that restricts substrate accessibility and swelling, compared to herbaceous
and hardwood lignins (Ramos et al. 1992; Mooney et al. 1998). Therefore, lignin
removal often cause a dramatically increase in hydrolysis rate (McMillan 1994; Sun
and Cheng 2002).

Delignification and hemicellulose deacetylation remove barriers to enzymatic
hydrolysis. Therefore, an effective pretreatment process must result in the complete
deacetylation of plant polysaccharides and the reduction of at least 10 % of the
biomass lignin content (Chang and Holtzapple 2000). Kim and Holtzapple (2006)
studied the effect of these structural features on the enzyme digestibility of corn
stover. Oxidative lime pretreatment lowered the acetyl and lignin content to pro-
duce substrates with high digestibility, regardless of their crystallinity index.

Cellulosic substrates with low lignin content usually present high accessibilities,
therefore requiring less enzyme dosages for optimal hydrolysis. However, a com-
plete delignification of biomass is difficult due to the distribution of highly
hydrophobic lignin in the cell wall. Also, depending on the reaction conditions,
lignin fragments tend to react with one another and with carbohydrate derivatives to
produce compounds of high molecular mass that are detrimental to enzymatic
hydrolysis (Balat 2011). To overcome this limitation, proteins (albumin), nonionic
surfactants (Tween 80), and polymers (polyethylene glycol) have been added to the
reaction mixture in order to minimize the unproductive adsorption of enzymes,
particularly those that are caused by hydrophobic interactions with lignin and
lignin-carbohydrate complexes (Kaar and Holtzapple 1998; Kim et al. 2003; Qing
et al. 2010).

The relationship between substrate concentration and enzyme loading can also
affect the rate and extent of hydrolysis of plant polysaccharides (Ramos et al. 1992).
High substrate concentrations directly interfere with the efficiency of the process by
obstructing the mass transfer phenomena and maximizing the loss of catalytic
activity by shear effects. Also, the concentration of hydrolysis products (cellobiose
and glucose) is increased in the reaction medium, and this excels the limits of
end-product inhibition as mentioned before (Huang and Penner 1991; Penner and
Liaw 1994; Sun and Cheng 2002). Ramos et al. (1992) demonstrated that such
effects are real at increased substrate concentrations even when the ratio between
substrate and enzymes is kept constant. Also, the relationship between enzyme
loading and hydrolysis efficiency is not linear but, in general, the greatest the
enzyme loading, the highest the reaction conversion up to a limit when substrate
saturation is reached. Hence, the use of high enzyme loadings not only results in
competition for the most accessible substrate sites but also increases the nonspecific
and/or unproductive binding of cellulase enzymes (Xiao et al. 2004).
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3 Process-Related Factors Affecting the Enzymatic
Hydrolysis at High Total Solids

When operating at high total solids, a significant decrease in both capital and
production costs can be achieved by reducing the size of critical equipment (re-
actors, storage tanks, and distillation column) and minimizing the energy require-
ment for heating and cooling during distillation (Mohagheghi et al. 1992; Jorgensen
et al. 2007a; Roche et al. 2009b; Yang et al. 2011). In addition, less water is needed,
effluent generation is minimized and the cost of wastewater treatment is reduced
(Modenbach and Nokes 2013).

In general, the distillation is viable if the fermentation broth contains more than
4 wt.% of ethanol. Hence, the concentration of fermentable sugars must be at least
80 g L™". Considering that most pretreated lignocellulosic materials contain 60 wt.%
of glucans, this would require the use of at least 15 wt.% total solids, a 90 % glucan
conversion during enzymatic hydrolysis and a final ethanol yield of 95 % after
fermentation (Zhao et al. 2013). Economic evaluations suggested that an increase
from 5 to 8 wt.% in total solids may reduce the total ethanol production cost by about
20 % (Galbe et al. 2007; Zhao et al. 2011). However, cellulosic slurries are highly
hygroscopic and difficult to handle at solids concentrations exceeding 10-15 wt.%
(Lynd 1996). Zhang et al. (2010) found that the energy required for mixing slurries of
pretreated corn stover increased one order of magnitude when the total solids was
increased from 15 to 30 wt.% (from 79.5 to 1009.2 MJ t' slurry, respectively).
Table 1 illustrates the wide variety of operating conditions that have been studied for
enzymatic hydrolysis at high total solids.

When pretreated substrates are present at total solids below 4 wt.%, the fibrous
materials are suspended in the abundance of free water and the resulting suspension
is easy to be mixed and transferred. There is a minimum amount of fiber flocs or fiber
network formation at low total solids, and pulps dispersed as single fibers or small
fiber aggregates facilitate the even and thorough distribution of enzymes on the fiber
surface (Osawa and Schuerch 1963; Nutt et al. 1993; Switzer and Klingenberg
2004). However, once the substrate consistency increases up to 8 wt.%, a greater
degree of fiber interactions occurs and this leads to a substantial increase in the
strength of the fiber network. At consistencies even higher (20-40 wt.%), the liquid
volume is lower than or equal to the interparticle void volume. Dense suspensions
are formed and multiple body interactions prevail in these systems (Coussot 2005).

A further complicating aspect of biomass slurries is that biomass can absorb
water. As the total solids approach 20 wt.%, the liquid fraction becomes fully
absorbed into the biomass and may cause the bulk to become unsaturated (i.e.,
absence of a free bulk water continuous phase) (Hodge et al. 2009). At this point,
portions of the void volume contain air instead of liquid and the biomass now
behaves as a wet granular material. Once there is no free water in the system, the
apparent viscosity of the mixture increases and both mixing and handling of the
fibrous material becomes much more difficult (Modenbach and Nokes 2013). In this
case, the enzymes can only reach the inter-floc spaces but not the intra-floc voids
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where most of the substrate is located and this affects the enzymatic hydrolysis
efficiency considerably (Viamajala et al. 2009).

Mixing problems are very difficult to solve during enzymatic hydrolysis at high
total solids. Therefore, reactors with different impellers setups, such as peg mixer,
helical, Rushton, plate-and-frame, double-curved-blade, pitched-blade, and anchor
have been tested to address some of these problems. For instance, some studies
have been conducted at 15 wt.% total solids or higher and the resulting hydrolysis
yields were significantly improved by exploiting different reaction designs (Fan
et al. 2003; Humbird et al. 2011). Roller bottle reactors have been used to cir-
cumvent the challenging rheology problems of thick fiber slurries and these are able
to give 2.4 times higher biomass conversion than shake flasks at 30 wt.% total
solids under otherwise identical hydrolysis conditions (Mohagheghi et al. 1992; De
Bari et al. 2002; Varga et al. 2004; Roche et al. 2009a).

3.1 Mass Transfer Considerations

Water content is essential to the hydrolysis of lignocellulosic materials as it is the
medium through which enzymes and reaction products diffuse, as well as being a
reactant in the hydrolysis of glycosidic bonds. The enzyme transfer to the fiber
surface involves three steps: (i) convection in the liquid phase in which most fibers
are dispersed, (ii) dissolution in the water layer surrounding the individual fibers,
and (iii) diffusion to the reaction site. According to the Osawa and Schuerch (1963)
model (Fig. 1), enzymes are transported to the fiber reaction site by convection
across the mobile water layer (d1) and by diffusion across the immobile water layer
(d2) immediately surrounding the fibers (Osawa and Schuerch 1963; Bouchard
et al. 1995). At low consistency and under the external force of shaking or agitation,
the mass transfer resistance associated with forced convection across the d1-layer is
negligible, and the diffusion across the d2-layer is then the controlling step.

As the substrate total solids is increased, the mobile layer is gradually reduced
and it can be assumed that, at medium consistencies (about 10 wt.%), no mobile
water is present anymore. Therefore, the thickness of the immobile water layer is

Fig. 1 Mass transfer process | d, d,
model (adapted from Osawa
and Schuerch 1963)

Mobile Immobile
water water
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controlling the mass transfer rate in accordance to the film theory, where the mass
transfer rate is inversely proportional to the layer depth, k. = D/J. It has been
suggested that, in a high-intensity mixing system, fluidization of a fiber suspension
effectively sets the d2 layer in motion and changes the environment so that the mass
can be transported by convection instead of through the more sluggish diffusion
process. In the high consistency range (above 20 %), most of the water is stored
within the fiber and only a thin mobile water layer covers the fiber, thus decreasing
the enzyme diffusion path length toward the fiber. However, due to the disap-
pearance of the mobile layer, enzymes cannot freely disperse to all fiber sites and
the enzyme may end up being concentrated in a smaller area of the fiber aggregates
(Reeve and Earl 1986; Laxen et al. 1990; Kappel et al. 1994).

Dispersion of enzymes at high total solids is accomplished by high shear mixing,
where the particle-liquid mass transfer depends on the thickness of the fiber sus-
pension as well as on the turbulence structure of the stirring tank reactor (STR).
Thus, an increase in biomass total solids also increases the suspension viscosity (see
next section), leading to mass transfer and mixing limitations. Unfortunately, mass
transfer in pulp suspensions have been examined only for gas-liquid mixing
(Rewatkar and Bennington 2000). The convective coefficient k; for liquid-particle
mass transfer in stirred tanks can be calculated by an empirical equation (Eq. 1)
given by Pangarkar et al. (2002):

N —0.53
ky =531 x 1075 ) ( HL (1)
NS pLDm

where N is the impeller speed, Ng is the minimum impeller speed for complete
suspension of the particles, u; is the viscosity of the liquid, p; is the density of the
liquid, and D, is the molecular diffusivity of solute in the liquid. A correlation
proposed by Zwietering (1958) for Ng is given by Eq. 2:

0.45
N = §y0-1 d[()).z (gAp) K013

oL DOs5 (2)

where S is a function of type of impeller, v is the kinematic viscosity (m*/s), dy, is de
particle diameter (m), g is the gravitational acceleration (m/s?), x is the particle’s
weight percentage, and D is the impeller diameter (m).

At high total solids, the suspension can be considered as a porous medium in
which the species transport is controlled by diffusion. Accordingly, the effective
diffusion of enzymes and products can be determined by Eq. 3:

&
Deff = ;Dm (3)

where D.g is effective diffusivity, ¢ is suspension porosity, and 7 is tortuosity given
by Eq. 4 (Roberts et al. 2011):
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Thus, as the solid content increases, a decrease in porosity is observed, leading to a
decrease in the effective diffusion (Roberts et al. 2011).

3.2 Rheology of Biomass Slurries

An efficient conversion during hydrolysis at high total solids requires adequate and
uniform distribution of heat and enzymes within the biomass slurry as well as a
good mass transport of products into the bulk phase to prevent localized accumu-
lations that could lead to enzyme inhibition (Viamajala et al. 2009). At high total
solids, the rheology of biomass slurries exhibit strong non-Newtonian flow prop-
erties, with large apparent viscosities and yield stresses that increase with the
volume fraction of the insoluble solids (Knutsen and Liberatore 2009; Roche et al.
2009a; Stickel et al. 2009; Ehrhardt et al. 2010; Wiman et al. 2011; Palmqvist et al.
2015). This creates both mass and heat transfer limitations at various levels within
the body of the fiber suspension. Also, slurries need to be transported to different
unit operations along the process and, at high total solids, these mixing and
transport issues become challenging because slurries are too thick and paste-like to
be pumped through (Hodge et al. 2008, 2009; Roche et al. 2009b; Viamajala et al.
2009; Samaniuk et al. 2011).

The high viscosity is not only due to the presence of relatively high contents of
insoluble materials, but also a result of the high water binding capacity of the
cellulosic substrate. Most lignocellulosic materials must undergo a pretreatment
process to increase fiber porosity by removing part of the hemicellulose and lignin
components, thereby improving the accessibility of the plant polysaccharides to the
hydrolytic enzymes (Thompson et al. 1992; Rosgaard et al. 2007).

Empirically, the rheological properties of slurries undergo dynamic and dramatic
changes as result of cellulolytic activity because various chemical bonds within the
biomass solid phase structure are hydrolyzed while components are solubilized into
the liquid phase (Dasari and Berson 2007; Rosgaard et al. 2007; Viamajala et al.
2009; Samaniuk et al. 2011; Palmqvist et al. 2015). However, the unproductive
binding of cellulases to the lignin component, as demonstrated for Trichoderma
reesei cellulases, may increase at high substrate loadings, especially as the
hydrolysis proceeds and the amount of cellulose decreases in the reaction mixture
(Palonen et al. 2004). Therefore, a fundamental understanding of the rheological
properties of highly concentrated biomass slurries needs to be developed and used
to design appropriate reaction and pumping systems (Viamajala et al. 2009; Wiman
et al. 2011).

Rheology studies were carried out by Viamajala et al. (2009) using
steam-exploded corn stover that was pre-impregnated with dilute sulfuric acid.
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Rheology measurements were made using plate/plate geometry, and each slurry
was subjected to a logarithmic increase in shear rates from 0.1 to 10 s™' to capture
the non-thixotropic flow behavior. The flow curves were obtained under continuous
shear using total solids ranging from 10 to 40 wt.% for small (20 mesh) and large
(80 mesh) particle sizes. The measured apparent viscosities increased with
increasing total solids such that the rheograms obtained at these conditions shifted
upward in the positive y-direction. However, after increasing to a certain level, the
curves appear to “‘stack” on top of each other. For example, in the case of the 80
mesh slurries, significant shifts in the flow curves are seen as the total solids
increase from 12.5 to 22.5 wt.% but the curves almost overlap for concentrations
between 25 and 32.5 wt.%. Hence, an increase in apparent viscosity is observed
with increasing total solids but only up to a certain point after which there is no
further increase. These slurries exhibited a pseudoplastic or shear-thinning behavior
in the range of shear rates tested in this study.

Others studies with pretreated corn stover slurries also reported a similar pseu-
doplastic behavior (Pimenova and Hanley 2003, 2004). While the exact mechanism
leading to pseudoplasticity in biomass slurries is unknown, Sato (1995) suggested
that the substrate particles interact to form a three-dimensional network and the
progressive breakdown of this network under shear results in lowering the apparent
viscosity and shear-thinning behavior. It is expected that many of the principles of
shear-thinning that has been hypothesized for other types of suspensions would also
apply to these biomass slurries.

Similar behavior was observed for steam-treated sugarcane bagasse slurries at
10-30 wt.% total solids. Rheology measurements also were made using the
plate/plate geometry and through an increase in shear rates. The results are shown in
Fig. 2 where the biggest increases in apparent viscosities were observed until
20 wt.% for both substrates produced (authors’ unpublished data).

(a) ——30w% (b) . —— 30 wt%
10° 4
. 10%
W
o
&
= 10° 1
10° — — : -
10° 10° 10" 107 10° 10"
v (s?) v (s

Fig. 2 Apparent viscosity as a function of shear rate for sugarcane bagasse slurries pretreated by
a autohydrolysis and b sulfuric acid-catalyzed steam explosion



Principles and Challenges Involved ... 159

3.3 Process Configurations

A favorable strategy to overcome the rheology problems is to use fed-batch, by
which the pretreated substrate is fed continuously or by scheduled additions to
minimize the nonuniformity of the system. The scheduled addition of the solid
substrate has been referred to as multistep fed-batch to differentiate it from the
continuous fed-batch (Rudolf et al. 2005; Rosgaard et al. 2007; Liu et al. 2010;
Yang et al. 2010; Zhang et al. 2010; Zhao et al. 2013).

Various fed-batch strategies have been applied to the enzymatic hydrolysis
and/or SSF of various pretreated substrates to overcome the effects of extremely
high initial viscosities, to avoid the unproductive binding of enzymes and to achieve
high sugar and/or ethanol concentrations at the end of the process (Borden et al.
2000; Varga et al. 2004; Du et al. 2014). A fed-batch regime also facilitates the
substrate liquefaction and this maintains a level of free water to ensure a fast
diffusion of enzymes and products (Modenbach and Nokes 2013). Table 2 illus-
trates the variety of applications using fed-batch configurations.

Zhang et al. (2012) applied the fed-batch approach for the conversion of sug-
arcane bagasse and wheat straw after alkaline delignification. The pretreated bio-
mass was fed into the reactor at 9, 8, 7, and 6 wt.% total solids over a 48 h reaction
course to achieve final total solids of 30 wt.%. However, the total amount of
enzymes was loaded together with the first step of substrate addition. For wheat
straw, the highest glucan conversion of 60 % was obtained after the first feeding
and this was attributed to the low total solids and high enzyme loading at this
reaction stage. However, the glucan conversion decreased afterwards together with
the enzyme:substrate ratio, reaching a total glucan conversion of only 39 % after
72 h of hydrolysis. A slightly different conversion profile was observed for sug-
arcane bagasse. For this, the glucan conversion continued to increase over the
course of hydrolysis with the exception of the last feeding stage (6 wt.% total solids
at 48 h), when a sharp decrease was observed. Nevertheless, the conversion
increased again 24 h after the feeding, leading to a final glucan conversion of 55 %.
Differences in the effect of pretreatment on the lignocellulose chemistry may have
led to differences in glucose yields between the two substrates. Alkaline deligni-
fication increased the surface roughness in both cases, allowing for a better access
of the enzymes to the glucan (mostly cellulose) component. Sugarcane bagasse
produced substrates with a rougher and more fragmented surface than wheat straw.

Ma et al. (2011) used a fed-batch strategy to achieve a 25 wt.% total solids for
the hydrolysis of dilute acid pretreated cassava bagasse. However, enzymes were
added either all at once at the beginning of the reaction or progressively with each
substrate addition. At total solids of 25 %, the batch reaction reached a glucan
conversion of about 50 %, whereas the fed-batches with a single enzyme addition
and multiple enzyme additions achieved conversions of 75 and 84 %, respectively.
These results are similar to those reported in other fed-batch studies (Hodge et al.
2009; Yang et al. 2011), indicating that, under the right conditions, fed-batch
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systems may be a plausible solution for achieving higher conversion rates when
hydrolysis is performed at high total solids.

Rosgaard et al. (2007) reported different strategies for both batch and fed-batch
hydrolysis of steam-treated barley straw, including variations in the sequential
addition of substrate as well as substrate plus fresh enzyme. Three reactions with
fixed substrate loadings of 5, 10, and 15 wt.% were performed and two reactions
starting at 5 and 10 wt.% were supplied with additional substrate after 6 and 24 h
(“5+5+5wt%”) and 24 h (“10 + 5 wt.%”), respectively, to increase the sub-
strate total solids to a final 15 wt.%. The addition of fresh enzyme with each
substrate addition was used to maintain a constant enzyme:substrate ratio
throughout the whole reaction time, as opposed to fed-batch feeding schemes where
all of the enzyme is added together with the first substrate addition. In these cases,
the effective enzyme:substrate ratio decreases with the subsequent addition of fresh
substrate. Not surprisingly, the fed-batch schemes that received the full enzyme
loading at the beginning produced higher glucose yields during the first few hours
as compared to the fed-batch reactions that received fresh enzyme at each substrate
addition. As result of these high initial enzyme:substrate ratios, the viscosity
decreased in a rate much faster than that of reactions carried out with stepwise
enzyme loading. When the final substrate addition was added at 24 h, the subse-
quent measurement at 48 h showed that the viscosity had increased only slightly in
both reactions: 80 and 240 mPa s for the 5+ 5 + 5 wt.% and 10 + 5 wt.%,
respectively, compared to 90 mPa s for the 15 wt.% total solids. The viscosity of
these samples continued to decrease to levels similar to those obtained with full
substrate loading at the beginning of the reaction, which ranged from 20 mPa s
(5 wt.%) to 85 mPa s (10 + 5 wt.%). However, the extent of the hydrolysis reac-
tion was not affected by the method of enzyme loading as the final glucose con-
centrations (6267 g L") were not different for fed-batch reactions that were
carried out with and without stepwise enzyme loading.

Lower viscosities are often touted as an advantage of fed-batch systems over
batch systems because mixing becomes easier as viscosity decreases. The vis-
cosities of the fed-batch systems reported by Rosgaard et al. (2007) were lower than
those of the batch systems but no benefits were observed with regard to glucose
production because the batch system at 15 wt.% total solids resulted in higher
glucose production (78 g L™") after 72 h of hydrolysis. The hydrolysis performance
of the fed-batch systems was impacted by the stepwise addition of the substrate.
There was a decrease in hydrolysis rates and these were never fully recovered,
resulting in lower final yields than the corresponding batch systems.

Surfactants and polymers are believed to form a hydrated layer on the lignin
surface, presenting a steric hindrance to the unproductive binding of cellulases. As a
result, more enzymes are available for cellulose hydrolysis (Eriksson et al. 2002).
Polymers and surfactants might also disrupt the lignocellulose structure by
removing lignin or amorphous cellulose, reinforcing biomass swelling, and
increasing cellulose accessibility (Helle et al. 1993; Kaar and Holtzapple 1998; Li
et al. 2012). Besides substrate-related mechanisms, an effect on enzyme stability
has been suggested as well. Surfactants and polymers can protect enzymes from
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thermal denaturation, impede macromolecular aggregation, and help enzyme des-
orption from strong binding sites (Helle et al. 1993; Kaar and Holtzapple 1998).

Chemical additives can also modify the rheology of biomass slurries. The bulk
rheological properties of these suspensions are mainly due to frictional forces
between fiber particles and “hooking” between kinked and curled fibers. By gen-
erating steric repulsive forces, these additives reduce the surface friction between
fibers, mitigate the formation of flocs, and reduce the viscosity of fiber suspension
(Beghello and Lindstrom 1998; Kerekes 2006).

Knutsen and Liberatore (2010) investigated the effect of 18 different chemical
additives on slurry rheology and hydrolysis rates for pretreated corn stover. In
general, surfactants added to lignocellulosic slurries at 2 wt.%, including
cetylpyridinium chloride (CPCI), cetyl trimethylammonium bromide (CTAB),
sodium dodecylbenzene sulfonate (NaDBS), and sodium dodecyl sulfonate (SDS),
positively affected the rheological properties of the slurry by reducing the viscosity
by nearly four-fold compared to the viscosity of the unmodified slurry. Tween 20
reduced the yield stress by 30—40 %. However, slight decreases in the extent of
enzymatic hydrolysis were observed but CPCl and CTAB did not affect the
resulting hydrolysis rates.

The effects of lignosulfonates (SXSL) and long-chain fatty alcohols (LFAs) on
the rheology and enzymatic hydrolysis of high total solids corncob slurries were
investigated by Lou et al. (2014). The application of 2.5 wt.% SXSL increased the
72 h substrate enzymatic digestibility from 31.7 to 54.0 % but it also increased the
slurry yield stress, making the slurry difficult to stir and pump. n-Octanol (CgH,50)
and n-decanol (C,oH,,0O) improved the rheological properties of the thick slurry
and were able to counteract the negative effect of SXSL. In addition, CgH;gO and
C1oH2,0 clearly enhanced the enzymatic hydrolysis of thick corncob slurries
regardless of the SXSL addition.

A mechanism was proposed to explain the observed negative effect of SXSL and
the positive effect of LFAs on the rheological properties of biomass slurries.
Initially, water adsorption by hydrogen bonding creates a hydration layer on the
surface of the cellulosic material except on more hydrophobic regions where lignin
is located. Lignosulfonates adsorb on the lignified surface by m — & interactions
involving aromatic rings (Deng et al. 2012) and hydrophobic binding (Lou et al.
2013). The sulfonic acid groups of lignosulfonates remain oriented toward the
aqueous phase, making the surface hydrophilic. Thus, water adsorption is triggered
to form a hydration layer where enzymes do not adsorb unproductively. As the free
water in the slurry is reduced, its rheological properties are aggravated with a
concomitant increment in yield stress and complex viscosity. On the other hand,
lignosulfonate can also be adsorbed on the cellulose surface to disrupt the hydrogen
bonding network of thick fiber slurries. The resulting negatively charged substrate
particles disperse more easily, therefore improving the rheology of the fiber slurry
(Lou et al. 2014).

LFAs are composed of a long alkyl chain and a terminal hydroxyl group that
binds strongly to cellulose, hemicellulose, lignin, and lignosulfonate by hydrogen
bonding. The alkyl chain in LFAs make the lignocellulose surface more
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hydrophobic and destroy the hydration layers around cellulose and lignosulfonate,
freeing water molecules and improving the rheological properties of thick fiber
slurries (Lou et al. 2014).

3.4 Effect of Different Impellers

When high total solids are used, the enzymatic hydrolysis of cellulose becomes
dramatically slower (Lau and Dale 2009). Although the lower process performance
at high total solids is due to several factors, material mixing and mass transfer play a
significant role (Stickel et al. 2009). Approximately 12—15 wt.% total solids rep-
resent the upper limit at which solids can be mixed effectively in stirred-tank
reactors (Hodge et al. 2009). In addition, the use of low enzyme loadings due to
cost considerations excels even further the need for a good material mixing.
Sufficient mixing capacity, low energy consumption, and advanced cellulase sys-
tems are therefore, the key factors for designing bioreactors for lignocellulose
processing (Du et al. 2014).

The power consumption for mixing is determined by the rheology of the material
(Wiman et al. 2011). The mixing energy requirements during SSF can be as high as
60 % of the energy consumption for producing cellulosic ethanol at high total
solids, a figure that would preclude the need for economic feasibility studies of
large-scale processes. In fact, this is an area for further improvements through the
application of advanced engineering principles (Zhang et al. 2010; Palmqvist et al.
2015).

Mixing clearly affects the rate of enzymatic hydrolysis (Tengborg et al. 2001a).
Roche et al. (2009b) verified that the hydrolysis yield increased because the
enzymes were more uniformly distributed when the samples were thoroughly
mixed. Studies carried out in shake flasks with phosphoric acid impregnated
steam-exploded cane bagasse showed that, using 20 wt.% total solids and the same
enzyme loading, there was an increase in the final sugar concentration when the
agitation was increased from 150 to 200 rpm (Ramos et al. 2015).

The method used for mixing the fiber slurry has a substantial impact on the
hydrolysis rate of lignocellulosic materials. For instance, Zhang et al. (2009)
observed a significant reduction in the liquefaction time when hydrolysis at high
total solids (20 wt.%) were performed in a lab scale peg mixer rather than in a shake
flasks. The mixer used in this study was a 9 L reactor fitted with a rotating shaft
with pegs extending out radially (Table 3, entry 1). Peg mixers are commonly used
in the pulp and paper industry, which may utilize solids loadings up to 35 wt.%
(Zhang et al. 2009). Liquefaction occurred after 1 h of hydrolysis in the peg mixer,
whereas shake flasks took much longer to reach the same effect. The decrease in
liquefaction time was attributed to the effective mixing provided by the peg mixer
and the breaking down of the large fiber network that tends to occur at fiber
loadings above 8 wt.%. The hydrolysis performed in the peg mixer resulted in 144
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Table 3 Different types of impellers studied for use with high-solids enzymatic hydrolysis

Entry Impeller Reference

Type Format
1 Peg mixer W IW I Zhang et al. (2009)
2 Helical Zhang et al. (2010)

3 Rushton Zhang et al. (2010)
|
4 Plate-and-frame Wang et al. (2012)
5 Double-curved-blade H Wang et al. (2012)
LI
—
6 Pitched-blade l Palmgqpvist et al. (2015)
7 Anchor fl Palmgqvist et al. (2015)

and 158 g L™ of glucose from unbleached hardwood and organosolv pretreated
poplar, respectively.

The effects of both helical (Table 3, entry 2) and Rushton paddle (Table 3,
entry 3) impellers at solids loadings up to 30 wt.% were investigated by Zhang
et al. (2010). The helical impeller performed better than the Rushton impeller with
regard to every aspect tested. The substrate feeding rate into the reactor was
adjusted so that a liquefied slurry could be maintained throughout the feeding
period. The helical impeller provided a better mixing because the feeding period
was completed more than 2 h sooner than that of the Rushton impeller. The helical
impeller also consumed less power and resulted in higher ethanol concentrations
(51.0 g L' vs. 43.9 g L™") and productivities. At 30 wt.% total solids (prior to
inoculation with the fermentative organism), the Rushton impeller required nearly
40 W kg~ corn stover (CS) before decreasing it to ~29 W kg™ CS after 72 h of
SSFE. The helical impeller required ~8 W kg™' CS and ~1 W kg™ CS prior to
inoculation and after 72 h, respectively. Lastly, the mixing efficiency of the helical
impeller was better than that of the Rushton impeller.
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Other impeller geometries were also tested by Wang et al. (2012).
A plate-and-frame impeller (Table 3, entry 4) and a double-curved-blade impeller
(Table 3, entry 5) were tested at various speeds and 100 rpm resulted in the best
conversion efficiencies for both geometries. However, the plate-and-frame impeller
outperformed the double-curved-blade impeller by nearly 18 %, indicating that the
geometry of the impeller can have an important effect on hydrolysis efficiency.
These authors suggested that the plate-and-frame impeller provides a more con-
sistent mixing regime throughout the deepness of the reaction vessel, whereas the
axial flow induced by the double-curved-blade impeller was a function of the actual
distance from the blades.

Palmgqvist et al. (2015) verified different impeller setups for enzymatic hydrol-
ysis of Norway spruce with the Cellic CTec2 complex from Novozymes. A dual
pitched-blade impeller (Table 3, entry 6) was used in a configuration similar to that
used in demonstration plants, as well as a wide anchor impeller (Table 3, entry 7)
that creates a different flow pattern inside the reactor chamber. The results for three
different agitation rates showed that, regardless of impeller configuration, the
highest level of agitation (200 rpm) achieved the highest glucan conversion by
enzymatic hydrolysis in lab scale.

From the aforementioned reactors used for enzymatic hydrolysis at high total
solids, there are several suggestions to improve the mixing of highly viscous fiber
slurries. Free-fall mixing relies on gravity to effectively mix the slurry, which
consumes less energy than a stirred-tank reactor providing a similar degree of
mixing. An effective mixing regime can greatly depend on the impeller geometry,
as the shape of an impeller can cause large differences in speed and shear effects at
various impeller slurry interfaces throughout the reactor. High shear rates can also
disrupt the adsorption of cellulase onto the cellulosic material or to even cause the
denaturation of the cellulolytic enzymes (Kaya et al. 1996; Cao and Tan 2004).

The use of thick slurries in a biomass to ethanol conversion process is likely to
take place under low shear rates. For example, during dilute acid pretreatment in
pilot scale reactors at the National Renewable Energy Laboratory (NREL), biomass
is fed to a steam pressurized reactor using a screw feeder operating at maximum
speed of 55 rpm (Schell et al. 2003). The downstream enzymatic hydrolysis is also
envisioned to be carried out at a low shear rate because the reaction is slow and
does not require a continuous vigorous mixing to achieve the mass and heat transfer
needed for hydrolysis to succeed (Goto et al. 1986; Sato 1995; Turian et al. 1997;
Goudoulas et al. 2003; Pimenova and Hanley 2003; He et al. 2004; Houchin and
Hanley 2004; Pimenova and Hanley 2004; Stickel and Powell 2005).

Many studies involving enzymatic hydrolysis at high total solids have embraced
the idea of using horizontal rather than vertical reactors. Gravitational or free-fall
mixing provides many advantages over typical vertical stirred-tank reactors and are
used in other industrial processes that require mixing of highly viscous slurries,
such as peanut butter, ketchup, and concrete (Roche et al. 2009a). The horizontal
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orientation minimizes particle settling and local accumulation of reaction products
within the reactor, as well as ensuring a better enzyme distribution in the bulk.
These reactors are also easily scalable from bench to both pilot and industrial scales.
Power requirements are lower for horizontal reactors equipped with paddles over
vertical stirred tanks that provide the same level of effective mixing (Dasari and
Berson 2007).

A horizontally oriented rotating drum was utilized for the enzymatic hydrolysis
of steam pretreated wheat straw at 40 wt.% total solids and an enzyme loading of
7 FPU g~! of dry substrate. This study found that cellulose and hemicellulose
conversion decreased from 90-33 % to 70-35 %, respectively, with the increase in
solids loading from 2—-40 wt.% but the reactor provided adequate mixing as evi-
denced by the high glucose concentration (86 g kg_l) (Jorgensen et al. 2007b).

Hydrolysis studies carried out by Dasari and Berson (2007) utilized an 8 L
scraped surface bioreactor for the hydrolysis of dilute acid pretreated corn stover.
The reactor was constructed from a cylinder made of Pyrex glass with aluminum
lids fitted over the ends to be employed for enzymatic hydrolysis at high total solids
and to facilitate scale-up studies from laboratory-scale shake flasks. An adjustable
speed, rotating shaft with attached rubber-tipped stainless steel blades was inserted
into the reactor. Three sampling ports were located along the length of the reactor.
Compared to shake flasks, the horizontal reactor was able to increase the glucose
yield by approximately 10 % at a 25 wt.% total solids loading.

Du et al. (2014) applied a horizontal rotating reactor (HRR) and a vertical
stirred-tank reactor (VSTR) for the saccharification of pretreated corn stover at high
total solids. The high initial viscosity of the substrate slurry hindered the effective
blending and slowed the yields of enzymatic hydrolysis. To overcome this problem,
a fed-batch enzymatic hydrolysis was performed in both HRR and VSTR by adding
the substrate and/or enzymes gradually so that the viscosity of the fiber suspension
was maintained constant. The glucose concentration was always higher in the HRR
than in the VSTR for the same substrate and enzyme feeding strategy.

Enzymatic hydrolysis in demonstration scale was developed by Jergensen et al.
(2007b) using a reactor with a 280 L total volume. Several features were added to
the pilot scale drum reactor, as well as to the small scale glass reactor, to address
issues associated with high total solids. The horizontal orientation of both reactors
takes advantage of free-fall mixing, eliminating the need for mechanical mixing.
Evaluation of a range of mixing speeds (3.3—11.5 rpm) resulted in no significant
differences in cellulose conversion over the tested range but the energy input for
mixing was significantly reduced as compared to vertically oriented stirred tank
reactors. In addition to free-fall mixing, a rotating shaft affixed with paddles sup-
plied additional mixing capabilities, as the shaft in the pilot scale reactor can be
programmed to change rotational direction twice per minute. The paddles also
provide a scrapping action that removes lignocellulosic materials from the reactor
walls, improving the heat transfer between the biomass and the reactor walls.
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4 Conclusion

A fundamental understanding about the enzymatic hydrolysis of lignocellulosics at
high total solids is crucial to improve the efficiency of cellulosic ethanol production.
The enzyme complex has an important role in this process, particularly due to the
impact of several inhibitory effects on both enzymes and fermenting microorgan-
isms. Increasing sugar and ethanol yields are obtained at high total solids and this
could contribute to a more economically feasible process if compared to operations
at low total solids. However, hydrolysis at high substrate concentrations are limited
by the lack of available water and these high viscosities create both mass and heat
transfer limitation that translate into difficulties with mixing and handling. To
overcome this rheology problem, fed-batch hydrolysis systems and/or the use of
chemical additives can minimize the nonuniformity of these systems. Finally, the
method used for mixing the fiber slurry has a substantial impact on the hydrolysis
rate and different impellers can be applied for this purpose.
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Abstract At the beginning of 2016, first generation bioethanol still contributes to
the majority of the 25 billion of gallons’ bioethanol produced worldwide, with the
United States and Brazil producing approximately 85 % of the global production
predominantly based on corn and sugarcane, respectively. However, concerns over
the long-term sustainability of first generation bioethanol, such as the impacts on
land use, water resource, the potential contamination of soils with the distillation
residues, and the competition for food and feed production is frequently high-
lighted. Current fuel ethanol research and development strives to minimize these
negative externalities. The fundamental role that process design plays during the
development of cost-effective technologies is evaluated through the modification of
the major pathways in first generation ethanol synthesis. In this context, the central
role that better performing enzymes and microorganisms play in the intensity and
integration of the process, such as the typical example of simultaneous sacchari-
fication and fermentation from starchy material in first generation facilities is
acknowledged. Compensating ethanol production costs by the integrated val-
orization of energy and by-products for feed and green chemistry in a typical
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biorefinery concept are striking outputs of the first generation ethanol real scale
experiment. Finally, rather than a mistake, first generation bioethanol should be
considered as the first step that made it possible to gain the necessary experience for
the successful implementation of the future greener generations biofuels from the
field to the tank, starting with second generation lignocellulosic that is now coming
on the market. In this context, integrated biorefineries are a promising way to
diversify the usable feedstocks, leading to reduced facilities size and optimized
supply-chains, to valorize more efficiently bagasse’s from sugarcane and corn
stover or even to exploit the potential of microalgae to capture the carbon dioxide
that is produced during the fermentation steps. Major stakeholders in bioenergy
production are taking advantage of the large-scale successful development of first
generation bioethanol, using the most promising processing schemes for next
generation facilities, although the industry is still facing uncertainties with respect
to its economic viability and longevity.

Keywords Sugarcane - Sugar beet -+ Corn - Cassava + Enzymatic treatments -
Process engineering - High gravity fermentation - Integrated biorefineries

1 Introduction

Global population growth, projected to exceed 9 billion by 2050, will raise the
average calorie intake thus pushing productivity from already scarce arable land to
its limit. At the same time, the energy demand in developing nations is expected to
increase by 84 % over the same period, with nearly one-third of this additional fuel
probably needing to come from alternative renewable sources such as biofuels
(Graham-Rowe 2011; Dutta et al. 2014). First generation ethanol (1G ethanol)
processes utilize either soluble sugars or starch. In 2014 there were more than 200
starch-based bioethanol plants operating in the USA, with an average capacity of
260,000 m® ethanol produced per year from corn (maize) and sorghum (www.
ethanolproducers.com). Figure 1 shows the global ethanol production by country or
region, over the period 2007-2014. The United States is the world’s largest pro-
ducer of bioethanol, producing over 14 billion gallons in 2014 alone with more than
40 % of the US corn crop is being used to produce ethanol. Together, the U.S. and
Brazil produce 83 % of the world’s ethanol, which globally amounts to around 21
million m* ethanol produced from sugarcane and 60 million m® from corn and other
grains (REN21 2012; Dutta et al. 2014; AFDC 2015). The fuels generated from
these raw materials are readily used in today’s petrol engines. However, there are
country-specific mandates for blending biofuels, as there are concerns about pos-
sible food versus fuel conflicts of interest in land use.
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Fig. 1 Global bioethanol production from 2007 to 2014. Source Renewable Fuels Association,
Ethanol Industry Outlook 2008-2015 reports (AFDC 2015)

2 Feedstocks for First Generation Bioethanol

Bioethanol feedstocks can be classified into three types: (i) sucrose-containing
feedstocks (e.g., sugar beet, sweet sorghum, and sugarcane), (ii) starchy materials
(e.g., wheat, corn, and barley), and (iii) lignocellulosic biomass (e.g., wood, straw,
and grasses) (Balat et al. 2008). The availability of feedstocks for bioethanol can
vary considerably from season to season and depending up on geographic locations.
The changes in the price of feedstocks can highly affect the production costs of
bioethanol (Yoosin and Sorapipatana 2007). Another point to consider is that, the
major feedstocks for first generation biofuels are the sources of food, which may
cause certain competition. Only 2 % of world’s arable land is used to grow biomass
feedstock for first generation biofuel production (OECD/IEA 2008), which may
contribute to the increase of commodity prices for food and animal feeds. However,
direct or indirect impact of biofuels on food price hike remains inconclusive.

1G bioethanol production in different producing countries and the main feed-
stock used is described in Table 1. With an increasing instability in petroleum
prices, many countries have decided to direct their energy policy toward the use of
biofuels. This imposes the production of crops such as maize, sugar beet, and others
that can supply the demand for bioethanol, without conflict with food production.
Cereal grains are the most abundant crops used at present for the generation of 1G
ethanol. The infrastructure for growing, harvesting, and processing maize is well
established, and the conversion of corn starch and corn syrups into ethanol is a
relatively simple process. Corn grains contain approximately 65-76 % w/w starch,
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Table 1 World’s first generation ethanol production from different feedstocks

Country/continent | Major feedstock sugar Ethanol production per | Costs (US$/L)
and starchy crops year (billion liters)

Asia -

China Molasses, Sweet Sorghum | — 0.32, 0.29

Thailand Cassava 1.0 0.18

Europe

Belgium Wheat 0.4 -

EU Cereal and Sugar beet 4.5 -

France Sugar beet 1.0 0.60-0.68

Spain Barley, Wheat 0.4 -

Sweden Wheat - 0.40-0.45

Poland Rye 0.2 0.55-0.65

North America

usS Corn/Maize 50.3 0.25-0.40

Canada Wheat/Cereal 1.8 -

South America

Brazil Sugarcane 255 0.16-0.22

Argentina Sugarcane 0.5 -

Oceania

Australia | Sugarcane | 0.3 | -

Source Modified from Gupta and Verma (2015), Haankuku et al. (2015)

while wheat (66-82 %), barley (55-74 %), sorghum (68-80 %), oat (45-69 %),
and rice (74-85 %) are also rich sources of 1G raw materials.

Sugarcane is the second most used raw material for the production of bioethanol.
The majority of the world’s sugarcane is grown in Brazil. Unlike cereals, which
produce starch as the source of fermentable sugars, sugarcane produces directly
sugar, and so does not require an initial heating step prior to fermentation. As with
maize, the infrastructure for the production, harvesting, and processing of sugarcane
is well established.

Palm oil (SE Asia), sugarcane (Brazil), and sweet sorghum (China) appear to be
the most sustainable crop for the generation of bioenergy as these crops make the
most efficient use of land, water, nitrogen, and energy resources (de Vries et al.
2010). In comparison, maize (USA) and wheat (NE Europe) were poor performers
for ethanol production, while rapeseed (NW Europe), cassava (Thailand), sugar
beet (NW Europe), and soybean (USA, S. America) take a more intermediate
position in feedstock sustainability factors. In temperate climates, first generation
ethanol from maize and wheat appear not to be sustainable, as they are not fully
meeting their primary goals of reducing fossil fuel consumption and GHG
emissions.

Biofuels facilities can be broadly separated into two based on the feedstock, and
thus the technologies required to produce the bioethanol. For instance, some of the
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major producers include ADM Hamburg AG (Germany), a subsidiary of Archer
Daniels Midland, producing bioethanol for transportation from food processing.
LS9, Inc (USA), which uses synthetic biology to produce ethanol from sugarcane
syrup, but is also investigating processes for sorghum and lignocellulosic 2G
feedstock. Proalcool (Brazil) is the National State-sponsored company for sup-
porting the production of bioethanol from sugarcane. Jilin Fuel Ethanol and the
Henan Tianguan Alcohol Chemical Group Co (China) have plants with the capacity
to produce 1.3 million tons of ethanol per year.

2.1 Sugarcane 1G Bioethanol

Sugarcane represents two-third of world sugar production and one-third is from
sugar beet (Linoj et al. 2006). They are the most promising sources for bioethanol
production (UNCTAD 2015). Both are produced in geographically distinct regions.
Sugarcane is grown in tropical and subtropical countries, while sugar beet is only
grown in temperate climate countries. (Balat et al. 2008). Unlike cereals, which
produce starch as the source of fermentable sugars, sugarcane produces directly
sugar, and so does not require an initial heating step prior to fermentation. As with
maize, the infrastructure for the production, harvesting, and processing of sugarcane
is well established. Brazil is the largest producer of sugarcane worldwide with 632
billion tons (Unica 2015). The center-south region of Brazil accounts for almost
80 % of its feedstock production (Zarrilli 2006). Sugarcane was chosen as the
substrate for ethanol production due to its great adaptation to the Brazilian soil, the
weather conditions and high sucrose juice composition. Due to this great interest,
agricultural and technological studies were intensified. This fact, led Brazil to a very
favorable position in terms of energy security. The sugarcane yields for 2015 and
2020 are estimated to be 79 and 84 t cane/ha, respectively, with an average increase
rate of 1.3 % per year (Wang et al. 2014).

The National Alcohol Program—ProAlcool, created by the government of Brazil
in 1975 resulted in less dependency on fossil fuels (Rosillo-Calle and Cortez 1998;
Soccol et al. 2005). In this way, the Brazilian government started its policy to
substitute gasoline with sugarcane alcohol. The program saw the participation of
several politicians and military, sugarcane producers, researchers, the alcohol
industry, and the media. The use of a mixture of ethanol and gasoline (gasohol) to
fuel common cars was then intensified. The addition of 25 % ethanol to gasoline
reduced the import of 550 million barrels’ oil and CO, emission by 110 million tons
(Soccol et al. 2010). In March 2003, the introduction of flex fuel vehicles (FFVs)
revitalized the Brazilian car industry. FFVs can use various mixtures of alcohol and
gas, thus allowing the consumers to react to the different prices signals of the two
markets (Hira and Oliveira 2009). Presently, Brazil has more than 90 % of flex fuel
vehicles in its fleet (ANFAVEA 2015).

Nowadays, around 39.4 % of the Brazilian energy matrix is renewable and
157 % 1is derived from sugarcane (Unica 2015). Brazil has a land area of 851
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million hectares, of which 54 % are preserved, such as the Amazon rainforest (350
million hectares). From the land available for agriculture (340 million hectares),
only 2.59 % is used to produce sugarcane, representing 10 million hectares,
showing a great expansion potential for this crop (Udop 2015; Unica 2015). Brazil
ethanol production is entirely based on the fermentation of simple sugars extracted
from harvested sugarcane stem either in autonomous distilleries or in annexed
plants co-located with sugar mills that coproduce ethanol and crystalline sugar
(Seabra et al. 2011; Wang et al. 2014). As one of the worlds’ largest ethanol
producers, Brazil has used sugarcane as feedstock to produce over 28 billion liters
of ethanol in 2014/2015 (Unica 2015), which is destined for fuel. Currently, there
are 403 bioethanol production units installed in the country (Udop 2015). Amongst
these, 392 units are located in the south, southeast, and center-west and only five
units in the Amazon region. However, an expansion of the ethanol production to
104 billion liters in 2025 will necessitate the reduction of production costs to sustain
the transportation from more distant areas within Brazil to internal and external
markets. In addition, advanced technology can provide better environmental per-
formance and greater productivity per unit of land. However, this is also almost
always bringing additional costs. A hectare of sugarcane can produce about 6000
liters of ethanol (Cerqueira Leite et al. 2009). Around 70 % of the ethanol pro-
duction costs correspond to the raw materials (IBGE 2008).

2.2 Sugar Beet 1G Bioethanol

Based on the USA Energy Independence and Security Act (EISA) of 2007, sugar
beets (Beta vulgaris L.) may be an eligible feedstock for advanced biofuel provided
that production and conversion to biofuel meets the 50 % greenhouse gas reduction
threshold required for advanced biofuel designation (Congress U.S. 2007; NREL
2014; Haankuku et al. 2015). The new energy strategy for Europe starting from
2011 to 2020 has been discussed in the European Union institutions (European
Commission 2010; European Parliament 2010). This strategy has to be in line with
the Lisbon Treaty to guide long-term emission- reduction goals, the so-called 20—
20-20. To achieve energy and climate goals, the potential of bioenergy is a key
issue. The main inputs in the production of bioethanol in the EU are sugar beet,
wheat, corn, or barley (Salazar-Ordofiez et al. 2013). Wheat and sugar beet are
frequently used in Northwestern Europe, while corn is employed in Central Europe
and Spain, where barley is also often used. Thirty percent of bioethanol is produced
from sugar beets (Agrosynergie 2011); around 24 % of the total production of this
crop has been destined to bioethanol in the EU for the past three years (Eurostat
2011).

Sugar beets are tuber crops composed of about 75 % water, 18 % sugar (mainly
sucrose), and 7 % insoluble and soluble materials (which are required to be at low
levels). Unlike conventional sugar beets that are bred to produce sugar for table use,
biofuel feedstock industrial beets are specialized nongrade varieties bred for total
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sugar production (Haankuku et al. 2015). Some alternatives are being examined in
order to reduce bioethanol production costs from sugar beet. New sugar beets
varieties and multi-effect evaporation processes were proposed as the major factors
in the future cost reduction. Although the costs of direct fermentation of sugar beet
juice (adjust the sugar content by adding molasses) is lower than the process using
sugar beet juice concentration, the multi-effect evaporation enables a high-sugar
fermentation and saves distillation and equipment costs (Ruan et al. 2001). At the
same time, it also reduces the microbial infection of the squeeze juice. Part of
impregnated water and diluted water are the wastes from the distillation tower.
Water can be recycled in the production process and therefore reduce emissions
(Zhou et al. 2011). In addition, with this method, separating sugar beet pulps before
fermentation improves the equipment utilization of fermentation and distillation,
saves energy consumption and makes the comprehensive utilization of sugar beet
pulps much easier. Enrichment process preserves the sugar, which will be able to
extend the production period in ethanol plants.

2.3 Corn 1G Bioethanol

The U.S. Department of Agriculture (USDA) has a program devoted to the corn
ethanol industry. Areas of scientific research address the establishment of new
higher value ethanol coproducts, the development of microbes capable of con-
verting various biomass materials into ethanol, improved processes for the enzy-
matic saccharification of corn fibers into sugars, and various methods of improving
corn ethanol process efficiencies (McAloon et al. 2000). In the 2013/2014 USA’s
corn production reached nearly 13.8 billion bushels (351.3 million tons) of corn and
roughly 11 % of the production was exported to more than 100 different countries.
More than one-third of USA’s corn crop is used to feed livestock, 13 % is exported
and 40 % is used to produce ethanol. The remainder goes toward food and beverage
production. Federal renewable-fuel standards require the blending of 13.2 billion
gallons of corn ethanol with gasoline in 2012. This required 4.7 billion bushels of
corn, which corresponds to forty percent of the annual crop (Carter and Miller
2012; EIA 2013).

Fuel ethanol production from corn can be described as a five-stage process: raw
material pretreatment, hydrolysis, fermentation, separation and dehydration, and
wastewater treatment. The production of bioethanol from starch includes the
breakdown of this polysaccharide to obtain an appropriate concentration of fer-
mentable sugars, which are transformed into ethanol by yeasts. After washing,
crushing, and milling the corn grains (dry milling process), the starchy material is
gelatinized in order to make the amylose and amylopectin susceptible for enzymatic
attack in the following liquefaction step. This step is considered as a pretreatment
process because of the partial hydrolysis of the starch chains using thermostable
a-amylase. The hydrolysate obtained has reduced viscosity and contains starch
oligomers called dextrins. Then, the fermentation process occurs where sugar is
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immediately assimilated by the yeast Saccharomyces cerevisiae in the same reactor
and converted into ethanol. The culture broth containing 811 % (w/w) ethanol is
recovered in a separation step consisting of two distillation columns (Quintero et al.
2008).

2.4 Cassava 1G Bioethanol

Cassava is a shrub with tuberous roots. It is the third source of food calories in
tropical countries after rice and corn. Cassava is used in both human and animal
food, in many industrial sectors, particularly in the form of starch, and more
recently to produce ethanol. Cassava is primarily grown for its roots but all of the
plant can be used: the wood as a fuel, the leaves and peelings for animal feed, and
even the stem as dietary salt (UNCTAD 2015). World production of cassava is
around 281 million tons (Mt) a year. Africa contributes to more than half of the
global supply. Asia encourages the development of cassava crops for industrial and
energy purposes. This continent contributes to around one-third of the world pro-
duction, with 26 Mt produced by Thailand and 28 Mt by Indonesia. In Latin
America production is around 35 Mt where Brazil dominates with around 70 % of
regional production and in third place in world production (Conab 2013). Cassava
is still a small player on the biofuel scenario. For example, cassava roots, which
have a starch content of 30 % (w/w), can generate 180 liters pure ethanol (96 %)
per ton of raw material (500—4000 liters per hectare per year) (Larkin et al. 2004).

3 Enzymes for the First Generation Bioethanol

The starch hydrolysis by enzymes is a two-stage process involving liquefaction and
saccharification. Liquefaction is a step where starch is degraded by a-amylase,
which hydrolyzes only a-1,4 bonds between glucose units and causes a reduction in
starch viscosity. Liquefying enzymes usually work at high temperatures (>85°C) so
that the enzyme can help reduce starch paste viscosity during cooking. Dextrins,
which are obtained after liquefaction, are further hydrolyzed by limit
dextrins/pullulanases which can hydrolyze both a-1,4 and a-1,6 glycosidic linkage
and then to glucose by glucoamylase. Glucose is then subsequentially converted to
ethanol by yeast fermentation. After fermentation, approximately 10 % (v/v)
ethanol is obtained and subjected to distillation and dehydration to remove water
and other impurities, yielding anhydrous ethanol (Sriroth et al. 2012).

Biotech companies such as Dyadic, Amryis, and Gevo have focused on devel-
oping enzymatic solutions for the high-value steps. While enzyme production is
considered to be an expensive step, accounting for nearly 50 % of the costs of 2G
cellulosic ethanol production, the cost of enzyme production is being driven down
by the manufacturers, such as Novozymes, Dupont, and Dyadic, from $2 per gallon
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in 2010 to approx. $0.30 in 2015, together with much more efficient, feedstock
specific pretreatment process development. This has also led to onsite enzyme
production facilities provided by Dupont, Dyadic, and DSM. Dupont, who opened
the world’s largest bioethanol plant in Iowa (USA) in 2015 have developed enzyme
technologies for the production of more than 68 billion liters of 1G ethanol per year
from corn cobs, stems, and leaves. Enzyme companies are constantly trying to
improve their products for 1G bioethanol production, where even the smallest
improvement in hydrolysis can lead to an extra 1-2 % increase in ethanol pro-
duction. Recent developments in the two main starch-degrading enzymes,
a-amylase and glucoamylase, encouraged by the availability of various fungal and
bacterial genome sequences, are moving in the direction of more robust products
operating at pH 5 or below, and with limited supplementary calcium requirement
(Harris et al. 2014). A number of enzymes, as described below, are required for the
production of 1G ethanol.

3.1 a-Amylases

ao-Amylases (EC 3.2.1.1) are 1,4-0-p-glucan glucanohydrolases that catalyze the
cleavage of internal a-1,4-glycosidic bonds in starch in a random manner, releasing
dextrins and gluco-oligosaccharides with the reducing groups liberated in the
a-configuration. The a-1,4 bonds close to the a-1,6 branch points in amylopectin
are resistant to hydrolysis by a-amylases. Prolonged hydrolysis of the amylopectin
with a-amylases yield limit dextrins. Most a-amylases belong to the CAZy family
GHI13 (Lombard et al. 2014), together with pullulanases, cyclomaltodextrinases,
and trehalose-6-phosphate hydrolase. This classification is based on the direct
relationship between sequence and folding similarities. Some a-amylases belong to
GH Family 57. The sequences of a-amylases from different origins have very few
discernable similarities but the catalytic mechanism requires three catalytic residues
(two Asp and one Glu), as well as residues involved in substrate binding. These
residues are all found in four highly conserved regions. Despite the low sequence
similarity, a-amylases from different sources display remarkably similar tertiary
folding, with a (a/B)g barrel central core. The enzyme contains a calcium-binding
site, similar to that of other amylolytic enzymes, and the removal of the calcium
leads to irreversible inhibition. Cereal a-amylases contain starch granule binding
sites, which interact with a host of different substrates, from granular starch to
cyclodextrin, through two consecutive Trp residues (Lundgard and Svensson 1987).
This feature is not present in animal of microbial a-amylases. The SPEZYME® line
of a-amylases from Dupont claim to offer robust liquefaction of starch and viscosity
reduction over a range of temperatures and pH (http://biosciences.dupont.com/
industries/biofuels/bioethanol-from-starch/). Proteinaceous a-Amylase inhibitors
have been identified in cereal grains, which are implemented in plant defense and
endogenous enzyme regulation (Sancho et al. 2003; Nielsen et al. 2004).
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The presence of such inhibitors in the raw materials utilized for 1G production may
have a serious impact on the efficiency of the process.

3.2 p-Amylases

B-Amylases (EC 3.2.1.2) are exo-acting hydrolases removing successive
B-anomeric maltose units from a-1,4-glucans. such as starch and glycogen. They
belong to the GH 14 family of CAZy. Sweet potato contains a high level of this
enzyme as soluble protein in its tubers, with only trace amounts of a-amylase. As
with a-amylase, B-amylases adopt a large (0/f)g barrel central core, with a catalytic
pocket containing the two catalytic Glu residues, compared to a-amylases which
have their catalytic mechanism in a long cleft open at both ends. Substrate binding
causes a structural shift where a flexible loop moves 11 A upon maltose binding,
effectively closing over the substrate like a hinged lid (Rockey et al. 2000; Kang
et al. 2005). A single enzyme can release several maltose molecules in a phe-
nomenon where the 3-amylase “slides” on the substrate (Ishikawa et al. 2007). Such
enzymes can be used to make maltose syrups for further processing into fer-
mentable sugars for 1G ethanol production. More resistant starch can be formed
through the action of B-amylases (Luckett and Wang 2012).

3.3 Glucoamylase

Glucoamylase (GA; EC 3.2.1.3), also known as amyloglucanases, is an inverting
exo-acting multi-domain enzyme which attacks starch from the nonreducing end to
produce glucose. The catalytic domain of GA belongs to CAZy family GH15 and
has a (0/a)g barrel structure. The active site is described as a well of ~ 10 A deep by
~ 15 A wide so the substrate must penetrate deep into the well before cleavage can
occur. This means that the cleaved glucose and the remaining chain must leave the
well before the next reaction can proceed. To overcome this, filamentous fungi,
such as Aspergillus sp., produce very large amounts of GA. Hydrolysis occurs via
multichain attacks, but at high glucose concentrations, GA reforms all the glyco-
sidic bonds that it hydrolyses, condensing glucose to form isomaltose, isomal-
totriose, and other derivatives (Nikolov et al. 1989). Purified GA has been used to
make glucose syrups from maltodextrins produced by the action of a-amylases.
A standard industrial saccharification process using GA starts with dextrins of DP
10-15. The most studied GAs are those from Aspergillus awamori and A. niger,
and are composed of three separate structures: a catalytic and a starch-binding
domain separated by a rigid, highly glycosylated linker (Kramer et al. 1993). The
binding domain can be proteolytically cleaved to leave only the catalytic domain,
which is then incapable of acting on granular starch. The intact multi-domain
molecule can degrade the whole starch granule. The starch-binding domain belongs
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to CBM20 family of the CAZy database (Lombard et al. 2014) and is ~ 108
residues long, extending from the C-terminus of the linker. This binding domain
has two binding sites for starch and related substrates, where a Trp in each side has
been implicated in the interaction between the parallel strands of the amylosic
double helix (Morris et al. 2005). Saccharification of liquefied starch-containing
substrates requires addition of glucoamylase (e.g., Spirizyme® from Novozyme) to
ensure maximum conversion of dextrins to glucose. New generation glucoamylase
preparations have been developed to work directly on the corn-fiber matrix to
degrade trapped starches down to glucose. More than 100 glucoamylases with a
huge diversity (40-50 % identity) were recently cloned and characterized by
Novozymes with respect to ethanol stability, activity in high-density solids and
preference for branched dextro-oligosaccharides (Harris et al. 2014).

3.4 Pullulanases or Limit Dextranases

Pullulanases (EC 3.2.1.41) or limit dextranases (EC 3.2.1.142) catalyze the
hydrolysis of the o-(1,6)-p-glucosidic linkage in amylopectin. They are usually
more active on dextro-oligosaccharides than on polymeric starch. This enzyme,
together with the amylases and GA help bring about the complete degradation of
starch to glucose and maltose. They belong to the GH13 family and are distributed
widely amongst microorganisms (mainly thermophilic bacteria and archaea) and
plants. A conformational difference around the active site cleft together with
domain organization determines the different substrate specificities between pul-
lulanases and the other a-1,6-glucan debranching enzyme, isoamylase (Mikami
et al. 2006).

3.5 Lytic Polysaccharide Monooxygenase (LPMO)

Very recently, a lytic polysaccharide monooxygenase (LPMO) specifically acting
on starch has been reported (Harris and Wogulis. 2010; Horn et al. 2012; Lo Leggio
et al. 2015). This enzyme belongs to the AA13 family of the CAZy database, are
metalloproteins with a histidine-ligated mononuclear copper and in one case have
been associated with a starch-binding CBM20 module (Horn et al. 2012; Lo Leggio
et al. 2015). A highly starch-specific AA13 showed moderate activity on retro-
graded starch, degrading it through oxidation at the C1 position to aldonic acids
dependent on the presence of copper and the reducing cofactor cysteine, and acted
in synergy with PB-amylase to release maltose (Lo Leggio et al. 2015). The
starch-acting LPMO has a conserved central f-sandwich core with the active site
common to other fungal LPMOs, such as the AA9s (see Couturier et al. Chapter
“Fungal Enzymatic Degradation of Cellulose” of this book), with the active site
presented to the solution in a shallow groove along the protein surface which leads
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to the bound copper. Lo Leggio and coworkers postulate that this difference in
structure to AA9s is likely to accommodate the more contoured surface of retro-
graded starch.

3.6 Phytases

Phytases can be included in the list of enzymes involved in 1G ethanol production
through its ability to stabilizing the a-amylase by degrading phytic acid that could
detach vital calcium ions from the a-amylase. The phosphate moieties of phytic
acid are able to bind di- and trivalent metal ions such as calcium, magnesium, zinc,
and iron. Phytases (EC 3.1.3.8 and 3.1.3.26) de-esterify the phosphate groups from
phytate, and are most commonly used in animal feed to date. Two main groups of
phytases exist, hence the two EC numbers. Plant-derived enzymes belong to the
3-Phytase (EC 3.1.3.8) group, while most microbial ones belong to the 6-phytase
group (EC 3.1.3.26). The number indicates the position of the ester bond on the
substrate. Fungal phytases are active in the acid-neutral region, while bacterial ones
are more active in the neutral-alkaline range. They hydrolyze phytate and other
phosphoesters in a two-step mechanism (Ping-Pong) involving a covalent phos-
phorylated histidine adduct enzyme intermediate (Ostanin et al. 1992).

3.7 Proteases

Proteases (also called peptidases) have been typically used in the manufacturing of
bioethanol as a way of degrading protein present in the raw material providing free
amino nitrogen for yeast growth, thus replacing the need to add an exogenous source
such as urea during fermentation (Lei et al. 2013; Vidal et al. 2009) but can also be
used to breakdown starch-gluten complexes through weakening the endosperm-
associated protein matrix encapsulating the starch granule (Wang et al. 2009),
thereby providing further accessibility of the starch to the a-amylases and glu-
coamylases (Alvarez et al. 2010). This increased the fermentation rate and ethanol
yield in a dry-grind ethanol production process (Johnston and McAloon 2014). This
in turn increases the specific gravity of the mash and improves germ recovery.
Proteases are of two kinds: exoproteases and endoproteases. The exoproteases
remove one amino acid from the protein chain at a time and can be further sub-
classified into aminopeptidases and carboxypeptidases. Aminopeptidases cleave the
amino acids from their amino (N-) terminus while the carboxypeptidases cleave from
the carboxy (C-) terminus. The carboxypeptidases are further subdivided based on
their active site mechanism, e.g., metallo-carbopeptidases, serine carboxypeptidases,
and cysteine carboxypeptidases. Exoproteases are generally not commercially
available but are present in enzymatic cocktails or culture supernatants.
Endoproteases act randomly along the polypeptide chain and are subdivided into
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four classes differing in their catalytic mechanism: serine proteases (e.g., chy-
motrypsin, trypsin, subtilisins), cysteine proteases (e.g., papain, ficin, bromelain),
aspartic proteases (e.g., pepsin) and metalloproteases (e.g., thermolysin, neutral
proteases). Acidic and metalloproteases activate a water molecule which then per-
forms a nucleophilic attack on the peptide bond resulting in hydrolysis, while serine,
threonine, and cysteine proteases uses a nucleophilic residue and a catalytic triad to
form intermediate complexes between the enzyme and the substrate, releasing one
part of the product, then activated water performs the second catalytic step to release
the second half of the product, regenerating the free enzyme. The addition of and
endoprotease from A. niger (Genencor International/DuPont GC 100) and an exo-
protease from A. oryzae (Novozyme 50045) was shown to result in a higher ethanol
concentration (mean 0.3—1.8 % v/v) and lower DDGS yield compared to a no
protease control (Wang et al. 2009). The addition of an acid protease with or without
urea during the fermentation step was calculated to decrease overall process costs by
$0.01/L (Johnston and McAloon 2014).

Most of these enzymes are present in commercially available blends or as Trade
names from the major enzyme producers. Novozymes attributes 18 % of its US
turnover to selling enzymes for 1G starch-to-ethanol. A recent product, Avantec® is
designed to make more corn starch available for hydrolysis and thus fermentation
through reducing viscosity and so allowing refining plants to run at higher solid
loading or higher run rates. The Liquozyme® ranges are enzymatic preparations
with low pH tolerance and high thermostability, which reduces the starch down to
an optimal dextrin profile. Viscozyme® was designed specifically for cereal crop
utilization to degrade the B-glucan and arabinoxylan and other cereal-specific
components, which can lead to high viscosity in the process. High viscosity limits
the dry feedstock you can add to the process, increasing water consumption, and
affecting downstream processing, such as the efficiency of separation, evaporation,
and heat exchange, and thus lowering ethanol yield. This allows a smoother flow of
the liquefaction process.

Fouling of the bioreactors costs a 1G biorefinery plant time and money. Fouling
reduces the efficiency of the heat exchangers and normally will involve the use of
additional sulphuric acid and/or hydroblasting to remove the material accumulated
in the reactors. Enzymatic treatments have been designed to be added during the
fermentation stage to avoid metal chelation and fouling due to the unfermented
material present after liquefaction and saccharification.

4 Overview of Processes for the First Generation
Bioethanol

Currently, industrial production of first generation bioethanol is made from agri-
cultural products rich in starch or sucrose which are readily fermentable. These
sugars serve as an energy reserve for plants and as such are stored in specific tissues
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for each plant. Two general processes could be highlighted: one using sugar crops
and another based on starchy plants.

4.1 Sugar Beet and Sugarcane Processing

Sugarcane, with its widespread use in Brazil, is the sugar producing plant most used
for the production of bioethanol. In 2010, sugarcane ethanol represented a third of
the ethanol production worldwide (Linoj et al. 2006). But it grows only in tropical
areas. Sugar beet is much better suited to Europe and temperate climate. There is
also a third plant used to a lesser extent, sweet sorghum. It comes from Africa, but
is adaptable to temperate climate and has the advantage of having reduced water
needs to grow. The sugar-containing plants have the drawback of being rich in
water and therefore cannot be stored over time for later use. Indeed, their sugar
content decreases quickly after uprooting or cutting.

Sugarcane contains 12—-17 % total sugars on a wet-weight basis with 68-72 %
moisture (90 % sucrose and 10 % glucose or fructose). The average extraction
efficiency to produce cane juice by crushing is approximately 95 % and the
remaining solid residue is cane fiber (bagasse). In factories that only produce
ethanol, the cane juice is heated up to 110 °C to reduce microbial contamination,
decanted, sometimes concentrated by evaporation and then fermented. In combined
sugar—ethanol plants (annexed distilleries), sucrose crystals that are formed after
cane juice concentration are removed by centrifugation, leaving a syrup (molasses)
that contains up to 65 % w/w sugars. Both sugarcane juice and molasses (after
adjusting the sugar concentration) normally contain sufficient minerals and organic
nutrients to be immediately suitable for ethanol production by fermentation with
Saccharomyces cerevisiae (Wheals et al. 1999). Sugar beets can be used directly in
dedicated plants for ethanol production or processed for sugar production. In such a
case, clear juices, syrups, and molasses obtained from the clarification steps,
evaporation, and crystallization can be used for ethanol production. Table 2 shows
the average compositions of these juices.

The maximum theoretical yield of glucose to ethanol conversion is 0.511 g of
ethanol per gram of glucose corresponding to the so-called Gay—Lussac equation
giving 2 mol of ethanol by mole of glucose. For sucrose, this yield is 0.538 g/g, one
mole of sucrose giving 4 mol of ethanol. The actual yield in industrial units is
around of 90 % of these maxima. Clear juices have the required sugar concentration
to obtain fermented juice with ethanol concentration of 10-15 % (v/v). A high
alcohol content is necessary to limit energy consumption and to optimize ethanol
recovery during the distillation step (Bai et al. 2008). The upper limit depends on
the sugar concentration before fermentation and the greater or lesser adaptation of
the strains to high levels of ethanol. In France, the average production of sugar beet
is around 70 T/ha, with a sugar content of 17 % (on wet basis) representing an
average production of 12 T of sugar/ha (Data from SNSF). Figure 2 illustrates the
process of ethanol production from sugar beet described hereafter.
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Table 2 Composition of different juices produced during sugar beet processing (adapted from
Reiss 2012)

Diffusion juice Clear juice Syrup Molasses
Dry matter (% m/m) 14.70 14.50 58.80 80.80
Sucrose (% m/m) 12.85 13.13 53.00 49.20
Total nitrogen (% m/m) 0.13 0.13 0.14 1.82
Reducing compounds (% m/m) 0.07 0.01 0.47 0.86
Ashes (% m/m) 0.28 0.34 1.85 9.86
pH 6.3 9.25 7.27 6.98

Sugarbeet

Counter current extraction
(diffusion)

Green juice

Alcoholic fermentation |

[
Sugar process | Distillation H Vinasses |

Raw ethanol | Evaporation |

Low purity syrup and
molasses fron sugar v
respyery Rectification and Vinasse syrup
dehydration

Fig. 2 Diagram of ethanol production from sugar beets. Alcohol should be produced directly
from green juice produced by counter-current extraction or from syrups and molasses coming from
crystal sugar production (adapted from Reiss 2012)

Ethanol production from sugar beet begins, as for sugar production, with the
washing of roots and cutting them into chips (thin strips of 5-6 cm long) in a root
cutter. The shape of chips is optimized for good extraction of sugar in water. The
chips are then transported to the diffusion step, a counter-current extraction by hot
water. The enriched water, the “diffusion juice” is recovered at diffuser head and
chips “exhausted” out tail diffuser in the form of pulps. After extraction, pulps
contain about 92 % water. Much of this water is separated from the pulp by
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pressing or dewatering and recycled. Dehydrated pulps are used in animal feed. The
extraction juice called also green juice can be used directly for the fermentation by
Saccharomyces cerevisiae during the sugar campaign (September to January in
Europe). Fermented juice containing 10-14 % v/v of ethanol is called beer or wine.
The next step is the distillation of beer to recover ethanol.

4.1.1 Purification

The purification of diffusion juice aims to remove some of the insoluble impurities
they contain. A lime treatment (liming) results in the precipitation of impurities.
Under the action of the lime, mineral acids and number of organic materials, such as
pectins and proteins are converted into insoluble salts. This is followed by a double
carbonation (adding CO,) which serves to precipitate the lime remaining in the
juice. These insoluble salts and calcium carbonate form a precipitate entraining the
removal of some soluble impurities. Liming leads the virtual elimination of iron.
Iron can catalyze oxidation reactions leading to the color formation and conducing
to the formation of grayish-white sugars (Borges et al. 2012), which is undesirable
for sugar production. The liquid fraction, called clear juice is then recovered.
Carbonated lime and precipitated impurities are filtered off.

4.1.2 Evaporation

The purified juice still contains 85 % water. Evaporation allows the thin juice
concentrate to obtain a syrup with a concentration close to saturation. Evaporation
takes place in a multiple “effects” evaporator (generally four successive evapora-
tors). Every evaporator uses the vapor produced by the precedent and the pressure
in each evaporator is reduced to compensate for the reduction in temperature of
vapors and to decrease correlatively the boiling point. Moreover, the low temper-
ature avoids the cooking of sugar at a stage dedicated to evaporate the juice.

4.1.3 Crystallization

Crystallization involves the separation of sucrose (as crystals) from impurities that
remain in the concentrated juice. The crystallization is carried out in 2 or 3 stages
called “jets.” Each jet is made of a proper crystallization stage, mixing, and cen-
trifugation. The concentrated juice is heated and stirred in large boilers operating
under partial vacuum. Its concentration continues and very fine sugar crystals are
introduced therein to initiate crystallization (coarsening of crystals). The mixture
syrup-crystals obtained then passes into a stirring tank to cool while continuing the
crystallization. Finally, it is centrifuged in turbines or centrifuges to recover crys-
tals. Drains still contain sugar as well as impurities that were not removed during
the purification. Drains from the third jet are molasses, still rich in sugar but hardly
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extractable due to the high glucose and fructose content. Molasses are used in
fermentation industries and in animal feed. Sugar plants with an annex distillery
usually operate only 2 jets and route the drains of the second jet directly at the
distillery. Pulps and vinasses (bottom residues of distillation) produced during the
process can be valued in animal feeding or by anaerobic digestion. They are mainly
recycled at different stages of the process (Reiss 2012).

4.2 Sweet Sorghum Processing

Sweet sorghum is a C4 crop in the grass family belonging to the genus Sorghum
bicolor L. Moench which also includes grain and fiber sorghum and is characterized
by a high photosynthetic efficiency. The average productivity is around 49.7 t/ha of
fresh stem producing roughly 63 % of juice (Gnansounou et al. 2005). The total
dissolvable content of juice is around 17.9 % (°Brix) with 69.5 % of sucrose
(Woods 2001). In addition to sugar, the juice contains other compounds and
impurities, which have to be eliminated before crystallization to obtain white sugar.
Furthermore, sweet sorghum sugars consist of 85 % sucrose, 9 % glucose, and 6 %
fructose—on average—and only sucrose may readily be converted to white sugar
(Woods 2000). Juice purification is operated by liming (addition of lime milk and
precipitation by carbon dioxide). The lime milk precipitates and captures the
impurities in the raw juice. The settled solids (mainly calcium carbonate and
nonsugars) from the clarifier are filtered and sent to the spent lime storage area,
while the filtrate is again saturated in a second carbonation station. The purified
juice obtained after the subsequent filtration is called thin juice and is thickened in a
multi-effect evaporator into thick juice. High-pressure steam produced in the boiler
provides the energy for evaporation, and the condensed steam is returned to the
boiler or used as technical water. The thin juice that has been diluted with water
during extraction and purification enters the evaporating station with an average
sugar content of 15 % while the thick juice leaving the evaporator contains
approximately 70 % sugar.

4.3 Corn and Starchy Grains

Today, most fuel ethanol is produced from corn by either the dry-grind (67 %) or
the wet mill (33 %) process. The two processes differ with respect to complexity,
associated capital costs, the numbers and types of coproducts produced, and the
flexibility to produce different kinds of primary products. The principal differences
between the ethanol dry-grind process and the wet mill process are the feedstock
preparation steps and the numbers and types of coproducts recovered. Once the
starch has been recovered the process of converting it to fuel ethanol and recovering
the ethanol is similar in both wet mill and dry-grind facilities (Bothast and Schlicher
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2004). Production of ethanol from starch needs its depolymerisation to obtain a
glucose syrup suitable for fermentation. The hydrolysis of starch may be considered
as a first and key step in corn and other starchy plants processing for bioethanol
production. The main role of this step is to effectively provide the conversion of two
major starch polymers: amylose, a mostly linear a-p-(1—4)-glucan and branched
amylopectin, a-p-(1-4)-glucan, which has a-p-(1-6) linkages at the branch points,
into fermentable sugars that could subsequently be converted to ethanol by yeasts or
bacteria. Recent advances in the developing of thermostable a-amylases, the starch
liquefying enzymes which catalyze the hydrolysis of internal a-p-(1-4)-glucosidic
linkages in starch in a random manner and effective glucoamylases, the starch
saccharifying enzymes which catalyze the hydrolysis of a-p-(1-4) and o-p-(1-6)-
glucosidic bonds of starch from the nonreducing ends giving glucose as the final
product, have led to commercial establishment of the so called ‘two enzyme cold
process’ (Baras et al. 2002). The traditional thinning agent used in starch tech-
nology was acid (hydrochloric or oxalic acids, pH 2 and 140-150 °C for 5 min).
The introduction of thermostable a-amylases has meant milder processing condi-
tions (Aiyer 2005). The formation of by-products is reduced and the main advan-
tages of this process are lower energy consumption and a lower content of
non-glycosidic impurities and thus much better suitability for ethanol production.

4.3.1 Wet Milling Process

In the wet milling process, illustrated in Fig. 3, grains are dipped into an aqueous
solution containing sulphuric acid, which facilitates the separation of the different
components including starch, fiber, gluten, and germ. A grinding is then realized to
separate these components. The germ is removed from the kernel and corn oil is
extracted from the germ. The remaining germ meal is added to fibers and the hull to
form corn gluten feed. Gluten is also separated to become corn gluten meal, a
high-protein animal feed. A starch solution is separated from the solids and the
starch so obtained is then liquefied and saccharified by enzymatic way to yield corn
syrup that can be processed for ethanol production (Bothast and Schlicher 2004).
However, secondary reactions occur due to the acid used during the stage of
soaking (Sanchez and Cardona 2008). Furthermore, during this process several
compounds of the plant are extracted. The composition of juices is thus very
variable.

4.3.2 Dry Milling Process

In the case of “dry milling,” illustrated Fig. 4, grains are cleaned and crushed in ball
milling apparatus or hammer mill. The flour obtained is hydrolysed in two stages by
enzymatic way. The first stage, realized by means of one o-amylase is called
liquefaction. The second stage is called saccharification and uses a glucoamylase
(GA). This ends in the formation of a syrup of glucose. This syrup will then be used
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Fig. 3 Schematic representation of the wet mill process for starchy materials (adapted from Reiss
2012 and Bothast and Schlicher 2004). After steeping, crushing of hydrated grains gives fiber and
oil from germs, proteins (gluten) and starch. Associated to corn meal recovered after distillation,
these products are known as Distiller’s dry grain with solubles (DDGS)

to produce ethanol by fermentation. Spent grains and cheap wines will be valued in
animal feed. The stages of saccharification and of fermentation can be associated to
decrease the duration of the process. This allows the glucose release at the desired
rate in the medium by the regulation of the amylolytic activity.

4.3.3 Liquefaction, Saccharification, and Fermentation

The ground corn is first sent to a slurry tank along with process water, thermostable
alpha-amylase, ammonia, and lime. After the slurry is prepared, the mixture



194 E. Bertrand et al.

Distiller’s dry l
grains l Stillage syrup | l Milling |

A

i Liquefaction l
w

| ps ; | | Saccharification I
orn mea

| Centrifuge ‘ l Alcoholic fermentation ‘

I

| Whole stillage H Distillation |

| Rectification and dehydration ‘

A 4
| Ethanol |

Fig. 4 Schematic representation of the dry grind process (adapted from Reiss 2012 and Bothast
and Schlicher 2004). All grains components follow the entire process yielding only one coproduct:
Distiller’s dried grains (DDG)

undergoes liquefaction, where starch is gelatinized using a “jet-cooker” (steam
injection heater) and hydrolysed with thermostable alpha-amylase into oligosac-
charides also known as dextrins. During the gelatinization step, there is a sharp rise
in the slurry viscosity that is rapidly decreased as the alpha-amylase hydrolyses the
starch. Liquefaction is done at pH 6.5 and is initially held for 60 min at 88 °C with
agitation. The output from the initial liquefaction step is combined with “backset,” a
recycled stream taken from the liquid portion of the “stillage” separated by cen-
trifugation after the distillation step. The backset provides critical nutrients for the
yeast later in fermentation.

These combined streams are “cooked” (i.e., held at 110 °C for 15 min), cooled,
and then transferred to the saccharification tank. The resulting solution contains
mainly dextrins, shorts oligosaccharides. Addition of glucoamylase converts dex-
trins into glucose. During this incubation at a temperature of 60 °C, almost all of
the dextrins are converted to glucose. Glucoamylase continues to be active and can
further hydrolyse during fermentation if there are any remaining dextrins.
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Following the saccharification reaction, the slurry is transferred to the fermentation
vessel and cooled at the yeast’s optimal temperature (around 30 °C) prior to yeast
addition. Often, ammonium sulfate or urea is added as a nitrogen source for the
growth of yeast. Proteases can also be added. They break down the corn proteins to
free amino acids, which serve as an additional source of nitrogen for the yeast. The
fermentation requires 48—72 h to reach a final ethanol concentration of 10-12 %.
The pH of the beer declines during the fermentation below pH 4, because of the
carbon dioxide formed during the ethanol fermentation. This decrease in pH is
important both for increasing the activity of glucoamylase and inhibiting the growth
of contaminating bacteria. Either batch, fed-batch or continuous fermentation sys-
tems may be used, although batch processing is more common (Bothast and
Schlicher 2004).

4.4 Cassava

After harvesting, the roots are chopped into chips for drying. Chips are usually sun
dried. Dry chips are packed in bags and can be stored for months. Their starch
content is more than 65 % (Sriroth et al. 2012). However, during storage, the starch
yields decreases somewhat, depending on storage temperature: typically, 5 %
reduction of starch yield is observed after 8 months of storage (Abera and Rakshit
2004). Another advantage of chips is the easy transportation. A big advantage of
cassava over many other traditional crops is that it can be grown and harvested
throughout the year. This results in a constant supply of cassava to the ethanol
production facility in contrast to more seasonally crops. As for other starchy
materials, the process described in Fig. 5 is carried out with two distinguishable
technologies: wet milling process and dry-grinding process. Currently, most new
facilities use the dry grinding process. The wet milling process starts with soaking
the cassava chips in an acid to soften the material which results in the separation of
starch from other components. The fibers are recovered in several separation steps.
Next, the starch and protein are separated. In this process the streams are frac-
tionated and several coproducts can be recovered. Most streams are recovered
before the fermentation step. The dry grinding process starts with grinding the
chips. This is done by hammer mills or roller mills. Next the ground material is
mixed with water, cooked and mixed with enzymes. Cassava starch has a lower
gelatinization temperature and offers a higher solubility for amylases in comparison
to corn starch (Sanchez and Cardona 2008). This process produces only one
coproduct that is separated at the end of the whole process, after fermentation,
distillation, and drying: distiller dried grains with solubles. This is mostly used as
animal feed. The use as animal feed is, however, limited due to the high fiber
content.
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Fig. 5 Cassava processing for ethanol production. In a first step, starch-containing roots are
chopped and dried. The resulting chips are further processed in ethanol facilities either by wet or
dry milling

4.4.1 Fermentation

Ethanol fermentation can be realized classically in batch bioreactors of high vol-
umes, typically around 500 m>. These types of cultures have no constant yields
throughout the process because of the change of medium composition during the
fermentation. The cultures in batch impose time-outs during the filling and during
the draining of tanks, their cleaning, and sterilization. The semi-continuous tech-
niques called fed-batch are often used. These processes are said semi-continuous
and allow limiting the sugar concentration in the medium as it is added in a
progressive manner, limiting inhibition by the substrate or by the fermentation
products which can be removed in the same way. Some precursors could also be
added when it is necessary allowing a very precise regulation of the strain meta-
bolism (Echegaray et al. 2000). The continuous systems are opened systems in
which the cellular population is constantly maintained in a stable environment and a
state of balanced growth, by removing continuously a part of the culture and by
replacing it by fresh medium. Classically, they can be operated in chemostat or
turbidostat mode.

To increase the productivity and decrease the cost of the production of ethanol,
many researches are performed on high-density fermentation (Das Neves et al.
2006). These fermentations are said at high density because the fermentation
medium contains more than 250 g/L. of sugar, which in theory allows to obtain
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more than 15 % (v/v) of ethanol instead of 10-12 % generally obtained in most of
the distilleries. The high-density fermentations possess numerous advantages.
Indeed, these fermentations allow increasing production capacities without any
modification of the structure of production (Bvochora et al. 2000; Puligundla et al.
2011). However, high-density cultures are very sensitive to temperature, concen-
tration and cellular viability, medium composition, oxygen concentration.
Furthermore, strains selected for strong concentrations in ethanol must be used
(D’Amore 1992).

Nowadays, the production process of bioethanol from starch feedstock is
developed to significantly reduce processing time and energy consumption by
conducting saccharification and fermentation in a same step. This process is called
“Simultaneous Saccharification Fermentation,” or SSF process (Sriroth et al. 2012).
In this SSF process, the liquefied slurry is cooled down to 32 °C, afterward glu-
coamylase and yeast are added together. While glucoamylase produces glucose,
yeast can use glucose to produce ethanol immediately. No glucose is accumulated
throughout the fermentation period (Rojanaridpiched et al. 2003).

4.4.2 Distillation and Ethanol Recovery

The fermentations presented above allow the obtaining of wines containing
between 10 and 12 % (v/v) of ethanol in the case of sugar plants and until 18 % for
the starchy plants, it is thus necessary to separate the ethanol of the water contained
in beers. The mixture obtained from fermentation is not a water-ethanol binary
system, even if it represents the main part, but a complex mixture containing
volatile secondary products of the fermentation as aldehydes, esters, methanol, or
higher alcohols possessing more than two carbons. The presence of these secondary
products is regulated, for fuel alcohol, by the US or European standards.

The first step in ethanol recovery is the beer column, which recovers nearly all of
the ethanol produced during fermentation in the distillate. An almost equal amount
of water is also distilled that must be separated from the ethanol in the next stage of
rectification/stripping. To obtain anhydrous ethanol, two stages are necessary after
the distillation. The first part of this process is intended to extract the head products
(aldehydes, ethyl acetate). The second part, is intended to concentrate the alcohol
and to eliminate the tails (superior alcohols). Finally, the last part eliminates the
methanol contained in the alcohol. The second stage for the obtaining of the pure
ethanol consists in eliminating the residual water. Indeed, by distillation, one can
obtain only a composition near the azeotrope composition, which is around 96 %
(v/v) of ethanol for 4 % (v/v) of water. The alcohol so produced can serve then
directly as biofuel. But if this one must be mixed with gasoline it is necessary to add
a stage of dehydration to obtain anhydrous alcohol. The solution used in industry is
the use of molecular sieve allowing the separation of ethanol from water according
to the existing size difference between these two molecules.
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5 Microorganisms for the First Generation Bioethanol

Technological development can help to diminish the environmental impact and the
prices of the ethanol fuels. Numerous research has been conducted in order to
obtain better fermentation conditions including organisms, low cost substrates, and
process optimization to achieve optimal environmental conditions (Siqueira et al.
2008). Many microbial species are able to metabolize sugars and convert it into
ethanol. However, only a few have proven sufficient efficiencies to be deployed at
industrial scale. The yeast Saccharomyces cerevisiae and the bacteria Zymomonas
mobilis, are the two main microorganisms traditionally found in first generation
facilities. Although Zymomonas mobilis gave better yields, lower biomass pro-
duction, and does not require any addition of oxygen contrary to Saccharomyces
cerevisiae, it is also more sensitive to the environmental contaminations, it only
uses a limited range of substrates and the produced biomass is not reusable for
feeding purposes. Consequently, Saccharomyces cerevisiae is most of the time the
microorganism of choice for the large-scale bioethanol production.

5.1 Metabolic Pathways Towards Ethanol Production

Three metabolic behaviors can be considered in yeasts. They are depending on the
way the carbon source is used to produce the energy necessary for the cellular
machinery. This type of metabolic behavior is strongly dependent on the envi-
ronmental conditions such as what are the sugars available as a substrate, what is
the local oxygen level available for the yeast and on the yeast itself. Purely
oxidative yeasts will never produce ethanol, yeasts sensitive to the oxygen con-
centration will produce ethanol only in the case of an oxygen limitation and yeasts
sensitive to the glucose content will also produce ethanol in the case of an excess of
glucose even if oxygen is present. This last effect is known as the Crabtree effect.
Saccharomyces cerevisiae is the typical example of a Crabtree positive yeast having
an oxidative metabolism in the presence of oxygen at very low glucose concen-
trations (0.1-0.5 g-L ™" depending on the strain) and a mixed metabolism when the
glucose concentration increases above that threshold. Soluble glucose penetrates
into the yeast cell and is converted by a series of enzymatic reactions into pyruvate
according to two major pathways. Pyruvate is further converted to carbon dioxide,
energy, and eventually into ethanol. Some of the released energy is used by the
yeast cells to support their growth and maintenance reactions during the fermen-
tation. The rest of the energy is converted into heat and must be taken out of the
fermenter or it will cause a temperature increase. Ethanol and carbon dioxide are
taken out of the yeast cells.
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5.2 Conversion of Glucose to Pyruvate

The conversion of glucose (or fructose) into pyruvate inside the cytosol of the yeast
is known as the Embden-Meyerhof-Parnas pathway (EMP). This path is common
for both aerobic and anaerobic conditions and includes 11 individual enzymatic
steps. For instance, Cheng (2009) proposed a detailed description of the EMP
pathway. Besides the EMP pathway, a second carbohydrate breakdown pathway is
widely used among bacteria. It was discovered by Entner and Doudourof in
Pseudomonas saccharophilia. Glucose-6-Phosphate is first dehydrogenated into
6-phosphogluconate by the glucose-6-phosphate dehydrogenase and this is further
converted by the 6-gluconate dehydratase and the 2-keto-3-deoxy-6-phosphate-
gluconate aldolase into one molecule of pyruvate and one molecule of
3-phosphoglyceraldehyde. The 3-phosphoglyceraldehyde can be further oxidized to
pyruvate by the enzymes of the EMP pathway. Zymomonas mobilis degrades sugars
into pyruvate with this pathway.

5.3 Fermentative Pathway

In the absence of oxygen, since there is no other electron acceptor Saccharomyces
cerevisiae has a fermentative metabolism. Under these conditions, the energy is
only produced via the EMP pathway. Pyruvate is then catalyzed by a pyruvate
decarboxylase into acetaldehyde (with the release of one carbon dioxide) and finally
acetaldehyde is handled by the alcohol dehydrogenase and reduced into ethanol.
This further allows the recovery of the reduced cofactors NADH, H into its oxi-
dized form NAD™. In addition to ethanol, other by-products are formed. The most
important is glycerol. The purpose of the glycerol production pathway is to balance
the redox balance in response to the biomass production associated with the fer-
mentation reaction. The theoretical ethanol yield is 0.51 g ethanol per gram of
glucose consumed while the biomass yield is approximately 0.10-0.12 g biomass
per gram of glucose consumed. However, maintenance reactions, synthesis of the
cellular infrastructure and the formation of secondary compounds (glycerol, acetic
acid, reserve substances) limit this efficiency to approximately 90 % of its theo-
retical value.

5.4 Oxidative Pathway

The oxidative metabolism of glucose result in the complete degradation of the
molecule into water and carbon dioxide with the simultaneous production of energy
through the successive involvement of the EMP pathway, the conversion of
pyruvate into acetyl-CoA through the pyruvate dehydrogenase reaction, the
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production of reduced cofactors (NADH,H" and FADH,) into the tricarboxylic acid
cycle (TCA cycle), the conversion of these reduced cofactors into a proton gradient
and finally into adenosine triphosphate in the oxidative phosphorylation pathway.
In this metabolic configuration, the biomass yields for Saccharomyces cerevisiae
are approximately of 0.45-0.50 g biomass per gram of glucose without any pro-
duction of ethanol.

5.5 Crabtree Effect

In order to explain the origin of the Crabtree effect, two main hypotheses have been
considered. However, the exact origin of this saturation mechanism is not clearly
established yet. The respiratory capacity might be limited due to the repression of
some specific enzymes responsible for the transportation of the reducing power
from the cytosol into the mitochondria by glucose. Thus, the decrease in the cell
capacity to reoxidize NADH into NAD" will favor the ethanol production. As the
conversion of pyruvate into ethanol produces little energy in comparison to the
oxidative phosphorylation, the glycolytic flow will increase to meet the cellular
needs. The metabolic saturation might be located at the pyruvate node. A too high
glycolytic flux might progressively induce an over-accumulation of pyruvate and
cause its redirection toward the production of ethanol and the others by-products.
The Crabtree effect is not energetically interesting for the yeast as it has for first
consequence a much lower biomass to glucose yield. However, the secondary
consequence is a drastic increase of the growth rate from 0.08-0.15 h™' to 0.4—
0.45 h™'. This energetic waste tendency turns out to be advantageous in the case of
a competition for the substrate between microorganisms.

5.6 High Gravity Fermentation

The minimal ethanol concentration step that is necessary to achieve an economi-
cally viable process has been estimated at approximately 60 g-L ™" at the end of the
fermentation step. This threshold is due to the high energetic costs for the evapo-
ration and rectification unit operations (Fig. 2) of the ethanol process. In the current
industrial processes, yields were estimated to be around 90-92 % of the maximal
Gay-Lussac theoretical yield (being 0.511 g ethanol produced per g of glucose
consumed). The productivity is approximatively of 2 kg ethanol produced per cubic
meter of fermentation medium per hour. At the laboratory scale, the optimization of
the fermentation conditions such as medium composition, vitamins and nitrogen
feeding strategies, aeration, thermal settings, and strain selection makes it possible
to enhance these performances significantly. For instance, it has been possible to
obtained final concentrations with ethanol content higher than 180 g.L™" (Thomas
and Ingledew 1992) or productivity records equivalent to the production of 3.5 kg
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Fig. 6 Various environmental stresses that are traditionally occurring during the alcoholic
fermentation (adapted from Della-Bianca et al. 2013; Koppram and Olsson 2014)
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ethanol per cubic meter of fermentation medium per hour in a 45 h long fed-batch
process (Alfenore et al. 2004). These high substrate concentration processes
(>300 g-L™") are not only essential for the first generation bioethanol but also for
the successful implementation of a cost competitive second generation. Several
technological advantages have to be taken into consideration such as a drastic
decrease in the water and energy needs (Mussatto and Roberto 2004). However, the
implementation of these conditions causes high loading of raw materials (up to
20 % mass concentration) and implies mixing conditions and increased amount of
fermentation inhibitors. In fact, the environmental conditions found in the industrial
production processes of first and second generation are far from the optimal
physiological condition for yeast. It is therefore necessary that high gravity and very
high gravity fermentations uses robust industrial strains to deal with these unfa-
vorable environments (Koppram and Olsson 2014).

Figure 6 represents the various stresses that a yeast cell can encounter during
single batch fermentation.

According to Della-Bianca et al. (2013), high-sugar concentration at the
beginning of the fermentation and high ethanol concentration during the last stage,
pH variations, high temperature, and the presence of toxic compounds are the most
significant stresses. Furthermore, in the case, of a SSF configuration, the yeast
strains have to be active near to the optimal activity of the amylase (pH 7) or
cellulases (pH 6, 40-50 °C). It is also important to take into consideration the risk
of contamination by bacteria during the fermentation process. In fact, in order to
achieve low costs ethanol yields the fermentation is carried out nonaseptically in
most of the facilities. It can deviate carbon away from ethanol production due to the
bacterial cells metabolites and have detrimental effects on yeast performances
(Basso et al. 2014). In this context, yeasts cells are usually recycled between two
fermentations runs with the addition of sulfuric acid in order to reduce the bacterial
contamination (Della-Bianca et al. 2013). Because they are commonly facing
simultaneously or sequentially, a wide variety of stresses conditions, it is generally
admitted that industrial strains are better and faster to adapt at these stresses (Pizarro
et al. 2008). It is also usually believed that under selective industrial conditions,
fermentation requires the use of industrial wild strains (Albers and Larsson 2009).
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For instance, ethanol plants in Brazil are traditionally using selected baker’s
yeast as a starter. However, these yeasts were unable to survive the many recycling
processes and were progressively replaced by indigenous yeasts strains during the
season (Basso et al. 2014). This has adverse effects on the antifoam consumption,
on the ethanol yield and consequently on the global performance of the whole
process.

5.7 Strain Selection and Improvement

Given the large volumes of ethanol being produced at the facility scale, an
improvement of the fermentation yields of only 1 % will have huge consequences
on the overall profitability and environmental impact of the installation.
Consequently, research efforts are now focusing on the improvement of the fer-
mentation steps, including more resistant strains to the various stresses encountered
during the alcoholic fermentation. Further efforts are also made toward the diver-
sification of the usable carbon sources and on the improvement of the yields. One
last focus is the consolidation of processes making it possible to carry out two or
many unit operations in a single vessel in order to reduce investments and operating
costs. Several strategies such are genome shuffling (Wang et al. 2014; Snoek et al.
2015), transcription machinery engineering, random mutagenesis have been
developed with the aim to modify specific metabolic pathways and substrate
transport systems in laboratory strains (Pereira 2014; Steensels et al. 2014). Results
obtained by Pagliardini (2010) clearly demonstrate that the metabolic engineering
of microorganism for the production of interesting molecules including ethanol is
very difficult to implement as soon as it changes the central carbon metabolism. In
fact, the major interconnections between the different metabolic pathways through
energetics and redox couplings make it almost impossible to change one or the
other pathway without affecting the system as a whole. In addition, certain meta-
bolic pathways are leading to the production of molecules possessing fundamentals
physiological roles. Changing these pathways can consequently affect the behavior
of the mutant strains. The author was able to produce mutants that exhibited a
reduction of up to 80 % in the glycerol production in comparison with the wild
strain. The ethanol to glucose consumptions ratios increased from two to five
percent depending on the mutant strain. For some of the mutants a decrease in the
production of other organic acids and biomass was also observed. However, growth
rates as well as ethanol tolerance and the ability to handle osmotic stresses were
drastically reduced in the mutant strains in particular in anaerobic conditions
making these new strains hardly usable for industrial purposes.

A second strategy aims at gaining and integrating physiological knowledge for
strain improvements. The microflora of traditional and industrial fermentation
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processes is the potential source for discovering natural microbial strains with the
desired physiological properties in order to resist better to the environmental
stresses they are facing. Wild yeasts could be found for example in industrial
alcoholic fermentation processes for beverage or bioethanol production plants.
Once the right host strain is selected, metabolic engineering approaches might be
used in a second step (Pereira 2014).

5.8 Resistance to Ethanol Stresses

Cot (2006) studied the physiological adaptation of yeasts strains to very high
ethanoic content. According to the author, the key toward high ethanol content lies
in the yeast’s ability to maintain a high metabolic activity as long as possible. The
selected yeast should demonstrate the best ability to withstand stressful conditions
induced by ethanol accumulation. Ethanol is known to induce disturbances in the
membranes (Walker-Caprioglio et al. 1990). However, in the case of very high
gravity fermentations, this can be the cause not only of modifications of the
activities of the membrane transporters but also of an irreversible partial or total loss
of the membrane integrity. Lipid analysis clearly shows a correlation between the
phospholipids content and the cellular viability (Cot 2006). The adaptation of yeast
must depend on its ability to maintain its phospholipids content (Alexandre et al.
1994). Monitoring the gene expression reveals the establishment of a general stress
response that has already started during the growth phase and reached its paroxysms
at approximately 100 grams ethanol per litter when ethanol started to be produced
without any production of biomass. Transcription and translation-related genes are
downregulated and some genes necessary to enter the stationary phase are on the
contrary being induced (SSA3, HSP12...). Carbohydrates and lipids reserves are
accumulating, cells are less budding and close to a quiescent physiological state
(Cot 2006). According to Herman (2002), quiescent cells are more resistant to
ethanoic stresses. However, the mechanisms leading to this quiescent state remain
hypothetical. As quiescent states are often found after an essential nutrient defi-
ciency (Gray et al. 2004) and as ethanol is reported to inhibit many active trans-
portation systems (Walker-Caprioglio et al. 1990), a possible mechanism would be
that high ethanoic concentrations are responsible for active transportation systems
damages and therefore causing indirectly nutritional starvation. In the same tem-
poral windows, the overexpression of genes coding for active transportation sys-
tems was also reported. Under high ethanoic pressure, the cell population divides
into two or more subpopulations that have different properties: quiescent and
nonquiescent cells. Quiescent cells are usual daughter cells without any budding
scar; they are accumulating glycogen and have different transcriptomic profiles that
those of the nonquiescent cells (Cot 2006).
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5.9 Resistance to Temperature Stresses

The temperature is known to affect the membrane fluidity (Kim et al. 2006). It may
even cause an increase in permeability and ion leakage (Pipper 1995). It has been
reported that the membrane composition might change in order to preserve its
fluidity (Suutari et al. 1990). The conformation of proteins is also affected and may
cause denaturation and aggregations. A large number of heat-shock genes might be
induced in order to express chaperones proteins activities and prevent the denatu-
ration of proteins (Morano et al. 1998). Postmus (2011) demonstrated that gly-
colytic flux is increased in C- and N-limited chemostats at higher temperatures and
that the energetic cost for maintaining a proper protein folding is higher at 38 C
than at 30 C. He also observed that transient increases of glycolytic flux are
occurring immediately after an increase of the cultivation temperature in order to
restore the balance between growth and maintenance and to produce ATP at a level
that matches with the new energetic needs. The author reported that it might even
cause a metabolic switch from respiratory to fermentative metabolism at high
temperature. According to the author, the morphology of the mitochondria was
severely perturbed. The author hypothesizes that in the 30-37 °C range, the ener-
getic needs for the maintenance increases and at higher temperature, the energetic
yield of the respiratory metabolism was not sufficient to support the investments in
the mitochondria and causes the shift toward fermentative metabolism.

6 Environmental Assessment of First
Generation Bioethanol

Environmental studies on large-scale production of first generation biofuels have
shown that the net energy output is generally favorable to bioethanol. Similarly,
greenhouse gas emissions are reduced in comparison to fossil fuels. This general
assessment must, however, be strongly nuanced when the good agricultural prac-
tices are not respected. The gains expected by the technological process improve-
ments are significant. However, they do not constitute the most promising source
for further environmental savings (Benoist 2009). In the case of ethanol from
wheat, the potential benefit achievable with technical savings is estimated at
+0.24 MJ produced per MJ of fossil fuel consumed (—38 %) and at —11.6 g CO,
equivalent for greenhouse gases emissions (—21 %). A more efficient valuation of
the agricultural coproducts is the key to improve the life cycle analyses balance
sheets whatever the bioethanol production pathway being considered. When these
coproducts are recovered energetically as heat and electricity cogeneration, this
allows an important reduction of greenhouse gas emissions potential. However, this
gain is hampered by the significant decrease in the apparent productivity of the
cultures. It is therefore appropriate to consider the apparent productivity of crops
that can include the effects on land use of the by-products generated by these crops,
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especially their use in the animal feed sector. Consequently, the environmental
evaluations must be considered not only in terms of MJ produced at the ethanol
plant but rather in terms of kilometers traveled per MJ of fuel consumed and ideally
per hectare of crops mobilized.

First generation bioethanol has been pointed out since 2008 because of its
possible competition with food use and because of its impact on the local biodi-
versity (Koh and Ghazoul 2008). It this context, t