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Abstract This chapter briefly explains the anaerobic digestion system to optimize
biogas production and integrate digestion stabilization in rural semi-lot digesters,
using agro-industrial waste mixtures to establish C/N ratios; with and without the
inclusion of methanogenic inoculants. A second topic refers to obtaining second
generation bioethanol from lignocellulosic wastes. General concepts of biogas and
bioethanol production, related parameters and typical production schemes are
described. On the other hand, it will focus on the application of fermentative
processes as an activity of three different bacterial communities in biogas production
and on induction systems using microorganisms to obtain bioethanol. The symbiosis
between microorganisms will be presented, in the sense that in fermentation pro-
cesses, metabolic actions of several microorganisms act together. In the final part,
some practical applications related to the installation and start up of rural
biodigesters are presented. In the case of lignocellulosic materials, pre-treatments,
and processes for obtaining second generation bioethanol will be presented, as well
as the current market trend. Similarly, it seeks to show the benefits for users, society
and the environment, in the sectors of energy production, transformation of organic
waste into high quality fertilizers, improvement of hygienic conditions, reduction or
elimination of wood consumption and environmental advantages.
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1 Biogas Production

Biogas is understood as the combination of gases originating from the decomposi-
tion of organic matter (fermentation process) by microorganisms under anaerobic
conditions (Kapoor et al. 2020). This process is called anaerobic digestion or
biomethanization and the oxidizing bacteria: methanobacteria (Röske et al. 2014).
The proportion of mixed gases depends on the digested substrate, being generally
formed by 50–70% of CH4, 30–40% of CO2, and small proportions of H2S, N2, H2,
and others. These methane agents can be found in cow manure, in wastewater and in
the sheep rumen (Budiyono et al. 2013; Kivaisi and Eliapenda 1994; Taherzadeh and
Karimi 2008).

1.1 Operation Process of a Biogas Production Plant

A brief description of the operation process and general functioning of a biogas
production plant is presented (Atelge et al. 2020; Lee et al. 2017; Taherzadeh and
Karimi 2008; Wardani et al. 2020). Prior to the entry of the raw material into the
plant for the biogas production process, the following steps must be followed:

Step 1: Elimination of contaminating components
The organic fuel to be fed to the plant must be analyzed for contaminants. The

organic material (OM) used in anaerobic digestion (AD) should be biodegradable
material such as food waste, vegetable waste, market waste, crop residues, sludge
and sewage, animal excrement from pigs and cows, etc. (Daza Serna et al. 2016).

Step 2: Treatment of organic material
Once screened, the fuel must be treated to ensure a smooth consistency; this is

because many AD units are fed by continuous flow reactor to achieve a better
cost-benefit ratio. Once screened and treated as needed, the fuel is fed to a
digestion unit for further decomposition by microorganisms (Aristizábal-
Marulanda et al. 2020).

Step 3: At the Biogas production plant. The digestion units are expressed as a
function of the temperature range in which the microorganisms grow (mesophilic
or thermophilic) (Bouallagui et al.

Step 4: The different stages of decomposition. The decomposition of OM
begins and involves four stages of chemical processes that are responsible for
converting matter into usable biogas. DA is carried out in four steps, which occur
partly simultaneously (Al-Zuahiri et al. )2015

– Hydrolysis: The first step is hydrolysis, and it is the slowest step, where
bacteria convert the most complex organic materials such as carbohydrates
and proteins (long chain chemicals), into sugars and amino acids (individual
molecules) (Dererie et al. ).2011

.

2003, 2005).
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The waste is inside the sealed module and is sprayed with partially
degassed percolate. The percolate is drained with fatty acids and pumped
into the tank for gasification.

– Acidogenesis: The second step is acidogenesis, microorganisms break down
individual molecules of sugars and amino acids into ethanol and fatty acids, in
addition to producing CO2 and H2S as byproducts (Ylitervo et al. 2013).

– Acetogenesis: The third step is acetogenesis, in this third stage, ethanol and
fatty acids are converted into H2, CO2 and CH3COOH (Aristizábal-Marulanda
et al. 2020).

– Methanogenesis: The last step is methanogenesis where methanogenic bacte-
ria convert H2 and CH3COOH into CH4 gas and CO2 (de la Torre et al. 2019).

he gas mixture also contains H2S, N2, O2 and H2. As a percentage by volume,
ethane (Biogas) is approximately 60%, while carbon dioxide is 40%. Sulfhydric
cid is usually less than 2% (Ituen et al. 2009).

1.2 Feeding Materials

Biogas plants can work with different renewable raw materials. With the help of a
loader, the solid raw material can be poured into a cement or metal tank, which
allows it to be filled approximately once a day. The raw materials are energy-rich and
due to their high degree of reduction are suitable for use in biogas plants. The storage
container can be equipped with a hydraulic unloader that continuously feeds the raw
material through a conveyor belt. A scale under the conveyor registers the weight of
the raw material.

Liquid manure is the most important basic substrate that some biogas plants can
use. After storage, it is pumped through pipes directly to the mixing pump installed
next to the conveyor belt. At the same time, the feedstock falls from the conveyor
belt into the separators, which are equipped with two mixing rollers. In this way, the
raw material is mixed just before the fermentation process (Fig. 1) (Leite et al. 2015).
One or more fermentation tanks can be fed with fresh substrate according to the
design requirements, even if they are not close by (Janke et al. 2015). Liquid waste
from the food industry can be another substrate used, however, since the availability
of this waste varies considerably, a storage tank must be installed for this purpose.
Integrating the entire system serves to reduce odors and prevent epidemics.

The liquid waste is then heated to 240 �C in a tubular heat exchanger using a
countercurrent process. After heating for 1 h, the hydrogenation of the substrates is
completed, so that they can be poured into the fermenter, where the biogas is formed
(Mirahmadi et al. 2010). The substrates are continuously agitated, to avoid the
formation of layers of material on the top or bottom. A hot water heater brings the
substrate to a temperature between 35 and 55 �C, to accelerate the formation of
biogas (CH4). The substrate remains in the fermenter for a period of 30 days before
moving to fermenter for another 30 days to complete the biogas formation process
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Fig. 1 Basic biogas production process

(Kotarska et al. 2019). When the fermentation is complete, the thin liquid substrate
(digestate) is pumped into reinforced concrete tanks where it is stored until it can be
taken to the field to be used as fertilizer.

1.3 Gas Produced

The controlled fermentation of biomass in biogas plants produces a gas that can be
used to generate thermal-electric energy due to its high percentage of methane. The
raw materials (substrates) used in biogas plants are products of agricultural liquid
manure, agro-industrial waste, and liquid waste from the food industry (Kapoor et al.
2020).

If the fermenters are regularly filled with biomass, heated and shaken, the biogas
is formed in a matter of days. The formation of gas is a complex and delicate process,
the fats or organic carbohydrates contained in the substrates are what feed the
fermenter to be digested by different types of bacteria (Wardani et al. 2020). This
is the starting point to produce biogas, the contents are continuously mixed, the
biogas rises slowly to the top of the digester. It consists of approximately 50–70%
methane (green color), carbon dioxide, water vapor, H2 and H2S (Hagman et al.
2018). Because water vapor and H2S are problematic, for the further utilization of
the biogas, it is necessary to treat the biogas. First the gas is released from the water,
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the condensed water is collected and pumped to another location. It is expected that
the biogas will be accompanied by an aggressive hydrogen sulphide gas stream and
will now be directed to a biological desulphurisation plant. By introducing air into
the container, certain bacterial cultures to establish colonies on a metal chain placed
inside the container (Moraes et al. 2015a, b).

There they break down the hydrogen sulfide into harmless sulfur, thus almost
infertilizing the biogas. Finally, the biogas is fed to a compressor where it is brought
to a pressure of 70 mbar required to burn it in order to completely condense any
remaining water vapor and free the biogas from any suspended matter. The biogas is
subjected to a washing and drying process, which is carried out with a steam at the
freezing point, cooling the biogas to a temperature below 5 �C (Ben Yahmed et al.
2016).

In order to control the purification of the gas, it is constantly tested with an online
measurement system which records the amounts of CH4, H2S, CO2 and all this will
guarantee a high degree of efficiency and safety. In case of an overproduction of
biogas, it is necessary to operate a burner, to burn the methane preventing it from
escaping into the atmosphere. Up to 30% of the waste heat from the water used for
cooling the machines in the plant is used for heat exchange in the fermenter so that
no additional heat is required (Dererie et al. 2011; Goshadrou et al. 2013; Ituen et al.
2009; Kotarska et al. 2019; Moshi et al. 2015). Once the production of CH4 is stable
and of high quality, it can be used in a gas engine to produce electricity, or the gas
can be arranged for distribution. The electrical power generated by the generator in
the case of using the biogas for electricity generation is converted to the main voltage
level in the transformer, then the electricity can be fed into the grid.

2 Instrumentation and Control

There is a general agreement that the usual control parameters in biogas production
plants in anaerobic digestion systems (e.g. pH control), are not sufficient or their
measurement is not reliable. So far, none of the usual control loop systems provide a
direct link to the biochemistry related to the microbiology of the anaerobic digestion
system. Therefore, the design of a successful control strategy that is more closely
related to the biochemistry of the digester with an analytical approach and evaluation
of variables is necessary. Obtaining a model that relates all the biochemical and
microbiological variables related to the anaerobic digestion process would provide
the opportunity to tune controllers into control loops that can be implemented at the
industrial level (Jiménez-Castro et al. 2020).

Like all living things, methanogens need an environment to live and thrive. Since
in the process of acidogenesis acid (acidogenic bacteria) is produced, leading to a
decrease in the pH in the digestion tank (Larsson et al. 2015), it is crucial to
constantly measure the pH throughout the process to ensure the continuous well-
being of the microorganisms and thus the production of methane (Mao et al. 2015).
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A biogas production plant with an annual production capacity of 15,000 tons per
year requires between 3 and 5 h of work per day. To reduce the amount of work, to a
minimum, the use of effective measurement systems and process control technology
is recommended. Thanks to a secure data exchange, it is possible for a person outside
the plant to monitor and control the unit. For example, agitators can be started or
stopped, container levels can be checked, or solids supply equipment can be
monitored from remote locations (Mussoline et al. 2012; Shafiei et al. 2011).

As in other chemical processes, if the temperature is controlled during the
digestion process, and is maintained at the top of the given specific range, the
reaction rate will be at its highest value producing more gas in the same amount of
time (Barta et al. 2010). While higher temperatures produce higher gas yields, they
are also more difficult and expensive to maintain, making temperature a vital aspect
to measure throughout the entire anaerobic digestion process (Holm-Nielsen et al.
2009).

It is vital to constantly measure biogas emissions (methane, carbon dioxide, small
amounts of siloxanes, hydrogen sulfide, ammonia, hydrocarbons, and water), as
production levels are good indications of production abnormalities, biomass quan-
tities and microorganism welfare (Mladenović et al. 2018). The gases emitted should
indicate the amount of biomass that remains to be decomposed. If a batch system is
used, the measurement of gas emissions will provide a schedule for the complete
digestion of the biomass and indicate when new biomass should be added to the
digester. If a continuous system is used, the measurement of biogas production will
indicate how efficiently the entire process is running (Sommersacher et al. 2013).

Monitoring for trace gases and volatile fatty acids can provide some measure of
the metabolic state of an anaerobic system. In contrast to liquid phase sampling, gas
analysis is susceptible to real time data acquisition. Monitoring both hydrogen and
CO together, and volatile fatty acids, can provide significant insight into the meta-
bolic state of the digestion process and has the potential to indicate process distur-
bances in real time. The entire process can be controlled locally through a PLC
(programmable logic controller) system (Jouzani 2018; Shafiei 2018; Smajevic et al.
2012) or with a SCADA (supervisory control and data acquisition) system with
support available through the internet (Werther et al. 2000).

3 Conversion of Organic Waste into Biogas and Fertilizer

The following materials are generally considered organic and can be processed in a
digester:

Animal Manure

– Food waste
– Fats and oils
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– Industrial organic waste
– Biosolids

Below is a summary of the process that must be performed on organic waste before it
is sent to a biogas production plant:

– Collect organic waste
– Processing waste with standard machinery
– Previous classification
– Separate plastics and large impurities from the organic fraction
– Make a good mix, first of the green structural material
– Then several pre-selected waste loads
– Finally, thick structural material
– Load the mixture into the process module
– The module is closed and sealed

If the plant accepts more than one agricultural raw material, it is called a co-digestion
plant. The organic compounds that feed the anaerobic digestion process are com-
posed of carbon (C), nitrogen (N), oxygen (O). The microorganisms use these
organic compounds as a substrate for growth and combine them with water (H2O)
to form carbon dioxide (CO2) and methane (CH4). The actual decomposition of the
organic compounds into methane is not done by one microorganism alone but occurs
in three stages through the teamwork of several microorganisms. The first microor-
ganisms convert the organic compounds into an intermediate substance that other
microorganisms can convert into organic acids. Anaerobic methanogenic (methane
producing) bacteria convert the organic acids into methane (Akbulut 2012; Ren et al.
2006).

4 Anaerobic Digestion (AD)

Anaerobic digestion is sometimes referred to as methanogenesis. Composting is a
treatment option for organic solid waste and is a process of controlled aerobic (in the
presence of oxygen) degradation. The anaerobic digestion process is used in the
treatment of domestic and industrial wastewater. Within this process primary (solid)
and secondary (liquid) organic waste can be anaerobically digested. In simple terms
AD is the decomposition of organic materials into gases (CH4 and CO2), with some
water as a by-product (Cakir and Stenstrom 2005; Holm-Nielsen et al. 2009; Khalid
et al. 2011; Marin et al. 2010).

Anaerobic digestion is the group of processes where microorganisms degrade
biodegradable organic matter in the absence of oxygen. This can occur in swamps or
even in the stomach of ruminants. Its importance in solid waste management lies in
the fact that microorganisms can produce biogas, which is a mixture of methane and
carbon dioxide. In practice, what is interesting in this process is the production of
methane, because it is flammable and can be used for energy generation (heat and
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electricity) and on the other hand, a nutritious digestate (wet mixture that is generally
separated into a solid and a liquid and is rich in nutrients) is obtained that can be
reused to apply to crops as fertilizer. The interesting thing is to use this process
applying engineering and design of control systems, in a reactor(digester) without air
influence, to produce biogas (by means of anaerobic bacteria) and digestate (Izumi
et al. 2010; Kabouris et al. 2009; Kivaisi and Eliapenda 1994; Linke 2006).

4.1 Benefits of Anaerobic Digestion (AD)

Firstly, this is a renewable energy source, which reduces greenhouse gas emissions.
On the other hand, subway reactors can be designed and built, requiring little space,
eliminating the use of wood, reducing the volume of solid waste, avoiding disposal
costs and finally, recovering value from solid waste, biogas and nutrients
(Karagiannidis and Perkoulidis 2009; Kim et al. 2006).

4.2 Disadvantages of Anaerobic Digestion (AD)

The DA process is more sensitive, less stable and slower, and no energy is generated
inside the reactor, because the energy is contained in the produced methane, which
means that there is no heat generation. DA is a more technically complex process
requiring higher levels of skill and investment. Finally, obtaining models that
represent the dynamics of the process and can be used for control purposes is not
an easy task (Ariunbaatar et al. 2015; Banks et al. 2011; Forster-Carneiro et al.
2008a, b).

4.3 Practical Parameters and Operational Conditions
of Anaerobic Digestión

It is possible to start with the raw materials (input materials), but a distinction must
be made between the solid content and the water content. The dry matter is also
called total solids (TS), some of them are biodegradable and others not. The relevant
fraction is the biodegradable organic fraction and is called volatile solids (SV:
biodegradable fraction of total solids). The levels of total solids and volatile solids
in solid waste differ depending on the type of waste. For example, for vegetable
waste, the total solids content is between 5 and 20% of the organic solid waste, while
the amount of volatile solids is between 76 and 90% of the total solids (Bouallagui
et al. 2005; Chen et al. 2008; Gómez et al. 2006; Sawayama et al. 1997).
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Depending on the type of solid waste, different amounts of methane produced can
be expected, for example, lignin-rich organic waste has a methane yield of 200 L/kg
of SV, while fruit and vegetable waste has a yield of 420 L/kg of SV. Lignin does not
degrade under anaerobic conditions, so anaerobic digestion is not suitable for
treating garden waste or wood waste (Bouallagui et al. 2009).

An important parameter in anaerobic digestion is the organic load rate (OCR),
which quantifies the amount of substrate per reactor volume and time. Organic
loading rate ¼ mass of volatile solids, SV/reactor volume and time
(kg SV/m3dia). A good daily loading rate for unshaken reactors is TCO � 2,
while with a shaken reactor this can be higher, and can be increased to a loading
rate of 8, i.e. <2 kg SV/m3dia without shaking and 4–8 kg SV/m3dia with shaking.
The pH range for anaerobic digestion is between 6.5 and 7.5. There is a risk of
acidification of the reactor by acidogenic bacteria when the OCT is very high.
However, in the acidic phases, the pH is low, while in the methanogenic phase it
is a little higher. Methanogenic bacteria are rather sensitive to these parameters and
will therefore be inhibited. In order to react to this situation the organic load rate
must be reduced or lime or sodium hydroxide can be added to increase the pH level
(Moraes et al. 2015b; Zuo et al. 2012).

Another factor that influences the process of anaerobic digestion is temperature.
Temperatures below 15 �C are not ideal (not much activity occurs) and the organ-
isms decrease their activity. Subterranean buildings or installations can buffer this
temperature variation, but the anaerobic process is more comfortable in two temper-
ature zones (ideal range): the mesophilic temperature between 30 and 40 �C and the
thermophilic temperature between 45 and 60 �C. Operations in the mesophilic range
are more stable and can tolerate large changes in parameters and consume less
energy, however, they are slower in degradation and need more time. Thermophilic
organisms are faster but the system is more sensitive to changes. Mesophilic units
operate between 20 and 45 �C, with an optimal temperature of 37 �C. These are more
common, because they are cheaper to build and maintain due to their lower operating
temperature (Bouallagui et al. 2009; Forster-Carneiro et al. 2008b; Linke 2006;
Wardani et al. 2020).

The hydraulic retention time (HRT) is another parameter that influences the
anaerobic digestion process, and corresponds to the amount of time the input
material remains in the reactor. An ideal time is between 10 and 40 days, the
lower values correspond to the higher temperatures in the thermophilic range,
because the process is faster (HRT ¼ reactor volume/input volume per day) (Khalid
et al. 2011).

Here is a confrontation with an optimization process. If for already defined input
materials the volume of the reactor is small, then the HRT is low, which means that
little biogas will be obtained, since there is little time for the process. If the reactor
volume is large, then the HRT increases and you will have a higher biogas produc-
tion, but at the cost of having a large reactor (more space and higher investment
costs). Another parameter is the C/N (Carbon/Nitrogen) ratio, ideally a value
between 16 and 25. A higher value implies limited nitrogen supply, which means
food for the bacteria and therefore less biogas production. A lower value of the C/N
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ratio can cause an accumulation of ammonia which can inhibit the anaerobic process
(Bouallagui et al. 2003; Mel et al. 2015; Westerholm et al. 2012).

The last parameter corresponds to the size of the particles in the input material.
The smaller the size the better, sizes smaller than 5 cm are ideal. What this does is
increase the surface area of the material and allow microorganisms to degrade the
material faster. For operations this means that generally the input material is
fragmented using a crusher to get smaller particles. All anaerobic digestion systems
adhere to the same basic principles, whether the raw material is food waste, animal
manure or sludge from a wastewater treatment plant. Systems may have some
differences in design, but the process is basically the same (Jeihanipour et al.
2013; Salehian and Karimi 2012).

4.4 Use of the Products of Anaerobic Digestión

The main products of anaerobic digestion are biogas and digestate. The substrate
chain corresponds to different organic wastes, the collection and transport and the
pre-treatment stage. Using an appropriate digester and with good operational con-
ditions, the reactor will produce a good amount of biogas, which is saturated with
water vapour and in the first instance the water vapour that moves through the pipes
will condense and the humidity will be collected as water in the pipes and must be
removed (process called dewatering).

Water can be removed at the lowest point in the pipes, if it is not removed it can
block the pipes making the flow of biogas difficult. Because of this a siphon (water
trap) should be installed at the lowest point in the gas pipes (Cesaro and Belgiorno
2015a).

There are different types of siphons that can be installed, Fig. 2 shows a simple
elbow used to drain condensate into a biogas line. There are different types of traps
that can be installed, they can be automatic or manual. Both have a T-shaped
connection where the condensate can flow. The automatic trap empties when it is
full, using a U-shaped drain, while the manual trap empties with the opening of a
manual valve. The biogas produced in the reactor varies during the day according to
the feeding models and according to the changes in ambient temperature
(Jeihanipour et al. 2010).

Biogas production also continues during the night when less gas is used and
therefore there are periods when the gas must be stored. This can be done in the same
digester at the top of the fixed digesters, or in bags or balloons. Biogas can also be
stored at high or medium pressure in gas tanks, through the use of compressors,
requiring the use of energy, in three steps: conditioning, cleaning of the biogas and
compression. In its uncompressed form, the energy content of one cubic meter of
biogas corresponds to about half a liter of diesel. As a general rule, about 10 kg of
organic solid waste (in wet weight) is needed to produce one cubic meter of biogas
(Casaretto et al. 2019).
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Fig. 2 Process flow diagram of bioethanol production from rice husks

As an example, the calorific value of diesel is 12 kWh/kg, it is needed to burn half
a liter (0.5 kg) of diesel to generate the same amount of energy as one cubic meter of
biogas (6 kWh/m3). This means that burning half a liter of diesel generates the same
energy as burning 1 m3 of biogas (Silva et al. 2019).
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For all its uses in machinery, engines or generators, the biogas needs to be
conditioned or cleaned. The objective is to remove water vapor, and hydrogen
sulfide which is very corrosive, and carbon dioxide which has no energy value.
The removal of hydrogen sulfide is called desulfurization and can be done with
ferrous oxide, which then transforms the hydrogen sulfide into iron sulfide. This can
also be done with water purifiers, which at the same time can remove carbon dioxide.

If you think about the usefulness and use of biogas, the simplest way is to use the
biogas near the anaerobic digestion facility for direct combustion, without the need
for conditioning. The household ovens for cooking only need 200–450 L/h of
biogas. Often when the direct use of biogas is not obvious, methane is introduced
into the gas generators to produce electricity. However, with transformation losses
only about 30% of the energy can be retained as electricity, the rest is lost as heat.

In addition to the gas, another production from anaerobic digestion is the
digestate. In wet digestion systems, these are a kind of nutritive sludge with nitrogen,
phosphorus, potassium and traces of other elements. Fifty percent of this nitrogen is
available as ammonia that can be directly assimilated by plants and in general terms
is a good fertilizer that can be used in agriculture. But if the operation is in the
mesophilic range, you will not have high temperatures and if you have pathogenic
substances these will not be sanitized. If it is not possible to use these digests in
agriculture, then they must be treated before disposal, because they still have a high
organic load and based on the regulations they are not allowed to be disposed of in
surface waters (Atelge et al. 2020).

In a biogas system it is necessary to regularly check for leaks, using for example a
pressure test, to see if the gas pipes are in good condition. The pipes also need to be
checked and released if necessary. The siphons must be emptied and the sludge level
in the outer compartment must be also regularly observed. The digester should not be
overloaded, as this can lead to a process of acidification. From time to time the
sludge must be removed from the digester (every 5–10 years), most of it will be
found gravel and sand that accumulate at the bottom of the digester.

To undertake anaerobic digestion projects, it is necessary to have access to a good
source of organic waste that is well sorted and accessible. Similarly, local skills and
experience in the construction and operation of digesters need to be considered.
Then, another requirement is the need and demand for gas or a small network that
can be powered (institutional-state environment that allows power to be fed into the
electricity grid). Likewise, the opportunity to compete with other energy sources is
needed. Finally, there is a demand for digestate for use in agriculture.

4.5 Anaerobic Digestion Technologies and Practical
Operation

There is a classification of the different types of anaerobic digestion technologies. A
distinction can be made between dry and wet systems, between a batch and a
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continuous system, between thermophilic and mesophilic operating systems, and
between single-stage and multi-stage technologies. Wet reactors (operating with a
low total ST solid content of 16% or less), continuous (the system is fed at a regular
interval and at the same time an equivalent volume enters, an equivalent volume
leaves the reactor), mesophilic and single-stage will be discussed (Bouallagui et al.
2003; Wardani et al. 2020).

Figure 3 shows a fixed dome reactor, which is a watertight gas structure built of
bricks and covered with plaster and is often installed underground. It has an inlet
pipe through which solid waste enters the digester, a digester with a volume of
sludge and a space at the top to store the biogas produced. There is a compensation
chamber (outlet) and a drainage system. The gas pipe is located in the highest part,
with a valve to open or close the biogas passage. There are several designs of fixed
dome digesters and sizes may vary. This is the most common type of reactor in
developing countries (Bouallagui et al. 2009).

When the reactor is first started up, it is important to inoculate it with
metonogenic bacteria. The easiest way to do this is to add cattle manure and water
in a ratio of 1:1, or somewhat easier to use the digestate from another reactor that is
already in operation. As a rule, about 10% of the reactor volume is needed with
livestock manure to start the process, although more than 10% is good or even better
(Bouallagui et al. 2009).

Operation The solid waste is mixed with water and introduced into the reactor and
mixed with the material that was already inside the reactor, being subsequently
degraded. The biogas is generated in the sludge by means of anaerobic digestion, the
gas bubbles are moved to the top of the reactor, where they accumulate and begin to
generate pressure. If the gas outlet valve is closed, the gas pressure will continue to

Mesophilic continuous wet fixed dome reactor

Mixing 
tank

Material loading Pipe

Gas

discharge
Biogas

digestion 

chamber

Sludge

Fig. 3 Fixed dome reactor
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increase and push the sludge down into the reactor and up into the dewatering
chamber, where it is recovered as Biol (Yin et al. 2008).

When the gas is used, the pressure of the gas inside the digester decreases and the
level of the sludge will be equalized generating a new balance.

Advantages Long life, no moving components, space-saving subway construction,
low construction cost, easy to operate.

Disadvantages Need for specific technical skills (specifically at the construction
stage), special sealing is required to ensure hermiticity of the structure, fluctuation of
gas pressure depending on the volume of gas stored and its use.

It has similar characteristics to the previous reactor (inlet, digester to accumulate
the sludge, outlet and drainage), the gas container is not a fixed unit, but a mobile
unit, floating on a water jacket or in some cases floating directly on the sludge. When
the gas pressure increases, the gas collection vessel (dome) moves upwards, and
when the gas is used the weight of the hood pushes it back down. The hood is made
of metal (painted to protect it from corrosion), fiberglass, plastic reinforced or
galvanized sheet metal. In this design there is a guide rod, to ensure its stabilization
while moving up and down. There is also a dividing wall that helps prevent
circulation of the sludge from the inlet to the outlet directly. The digester is often
positioned underground, while the gas container is located above ground (Duan et al.
2014; Khan et al. 2009).

Advantages Simple and easy to operate, the gas volume is directly visible (it is
possible to see if the system is working or not), it has a constant gas pressure, or it is
possible to increase it by adding some kind of weight to the gas tank or container
(dome), relatively easy to build.

Disadvantages High material costs for the steel bell, and the steel parts are suscep-
tible to corrosion, There are regular maintenance costs that increase when
performing preventive maintenance against corrosion.

They are common in Latin American regions. They are long horizontal plastic
and rubber tubes or balls (Fig. 4). The inlet and outlet lines are attached directly to
the ball’s shell. These balls need some kind of protection from the top (to avoid
damage to its structure), as well as from the bottom, which is usually a compacted
filling. A biogas accumulation system can be installed in the upper part of the
biodigester.

Advantages Low construction cost, very simple to install, easy to build, easy to
transport, higher digester temperatures in hot climates, easy emptying and
maintenance.

Disadvantages Relatively short service life (5–10 years, depending on the material
used for construction), susceptible to mechanical damage.
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Fig. 4 Digestor tubular

5 Practical Applications in Biogas Production

Figure 5 shows a tubular type biodigester, 10 m long by one meter in diameter,
located in the municipality of “Anzoategui” (Department of Tolima-Colombia)—
Vereda Berdun high part and fed with pig excrement (28 pigs). The biogas is used
for cooking food. The equipment used for measuring the parameters is a Multitec
540, reporting volume concentrations of 46.2%v for methane (CH4) and 0.2 for
hydrogen sulfide, %v (H2S) (Mladenović et al. 2009; Xiang et al. 2018).

Biogas treated to meet pipeline quality standards can be distributed through the
natural gas pipeline and used in homes and businesses, or it can be cleaned to
produce compressed natural gas (CNG) or liquefied natural gas (LNG), which can be
used to fuel automobiles. The digestate can be applied directly to the soil and
incorporated into soils to improve soil characteristics and facilitate plant growth. It
can also be processed into products to recover nitrogen and phosphorus and create
concentrated nutrient products, such as ammonium magnesium phosphate and
ammonium phosphate fertilizers (Ferella 2020).

If there are many animals on a farm, the resulting manure and wastewater can
have significant environmental impacts if they are allowed to simply run on the land
and into storm drains and surface waters. The waste depletes oxygen from the water
as it degrades, which is harmful to aquatic life. Containment of animal waste is often
required to protect water quality. Anaerobic digestion reduces the volume of this
waste, produces methane and provides a byproduct that can be used as fertilizer
(Ozgen et al. 2021).
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Fig. 5 Biodigestor bag—Vereda Berdun upper part (Anzoategui-Tolima-Colombia)

6 Bioethanol Production

Bioethanol is a clear liquid that looks like water, it is mixed with gasoline (fuel
additive) to produce a cleaner fuel that improves oxygen. Bioethanol is a chemical
compound that can be used in different applications, such as alcoholic beverages,
chemicals, pharmaceuticals and biofuels (Piccolo and Bezzo 2009).

6.1 Process Details for Bioethanol Production

Below is a diagram of the ethanol fermentation process.
The raw material is sent to the production plant and the handling of the material

must be done, then comes the pre-treatment process, followed by the hydrolysis or
fermentation process (Fig. 6) and then goes to the distillation process and finally
through the evaporation process the ethanol is separated (Aruwajoye et al. 2020;
Schläfle et al. 2017). The wastewater that comes out of the pre-treatment process can
be used to produce biogas, which can be used to operate a boiler and the steam can be
used for distillation purposes or to produce electrical energy. The following is the
main equation in the alcohol fermentation process in a plant:

C12H22O11 þ H2O !yeast 4C2H5OHþ 4CO2 ð1Þ



þ ! þ
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Fig. 6 Alcohol fermentation process diagram

sucrose water
yeast

ethanol carbon dioxide

Sucrose reacts with water to produce ethanol and carbon dioxide, with the help of a
yeast that acts as a catalyst in this process. The process can be given in feed-batch
mode, where the diammonium phosphate (essential nutrient for the yeast), is fed
intermittently into the reactor during the process. The stages of the process corre-
spond to mixing, fermentation, and purification. The input consists of sugar syrup,
yeast and nutrient which is fed intermittently into the reactor. The output consists of
carbon dioxide, yeast, and ethanol (Balat 2011; Boluda-Aguilar et al. 2010;
Rodríguez et al. 2010).

There are many crucial steps in the design of a bioreactor, first the type of reactor
(e.g. stirred tank in batch feed), second the size and arrangement (a typical size for an
industrial fermenter is between 50 and 100 m3). The bioreactors use an agitation
system that includes shock absorbers (buffers) and impellers. Using the mass flow
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rate and density the working volume can be found. Smaller fermenters are more
economical, the minimum number of parallel fermenters is 4, to ensure optimum
process efficiency (Plácido et al. 2013; Zuo et al. 2012).

Proceso de operación de una planta de producción de bioetanol a partir de
materia prima lignocelulósica:

Any sugar fermentable by a yeast can act as a raw material for alcohol fermen-
tation. The ethanol manufacturing process depends mainly on the raw material. The
most used steps in the production of bioethanol from raw materials containing
lignocellulose are:

– Pretreatment of cellulose and hemicellulose to make it more accessible in the
subsequent steps.

– Acid or enzymatic hydrolysis of polysaccharides in simple sugars (hexose and
pentoses) to ethanol.

– Separation and concentration of ethanol.

6.2 Fermentation Process of Lignocellulosic Hydrolysates

Different microorganisms (e.g. Saccharomyces serevisiae) are used for glucose to
ethanol fermentation. This microorganism is able to metabolize mono- and disac-
charides (glucose, fructose, maltose and sucrose), but not pentoxes (xylose and
arabinose), moreover it is not able to directly assimilate cellulose and hemicellulose
(Lee et al. 2017; Oyeleke and Jibrin 2009).

There are pentose-fermenting microorganisms (Pichia Stipitis, Pachysolen
Tannophilus and Candida Shehatae), however, they have a production rate of
ethanol at least five times lower than the production of ethanol from glucose by
S. cerevisiae, and on the other hand the tolerance to oxygen and ethanol is 2–4 times
lower.

Zymobacter palmae Gram-negative strain is an anaerobic with potential to
metabolize hexose, di- and trisaccharides bound to α and sugar alcohols (fructose,
galactose, glucose, mannose, maltose, melibiose, sucrose, raffinose, mannitol and
sorbitol). This strain produces approximately two mole of ethanol per mole of
glucose without accumulation of byproducts and shows a productivity like
Z. mobilis which is used to produce glucose alcohol in conjunction with the enzyme
pyruvate decarboxylase and alcohol dehydrogenase (Dias et al. 2013; Nair et al.
2017).

The filamentous fungus Fusarium oxysporum is known for its ability to produce
ethanol, but the conversion rate is low and produces significant amounts of acetic
acid as a byproduct. In a bioethanol production plant, hydrolysis and fermentation
can operate separately (HFS) or saccharification and fermentation can operate
simultaneously (SFS) (Zuo et al. 2012).

HFS hydrolyzes the lignocellulosic raw material pre-treated to glucose and then
ferments it to alcohol using different bioreactors for each process. After
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pre-treatment of the lignocellulosic raw materials, the solid phase is separated from
the liquid phase, which contains mainly sugars (pentoses and some hexose). After
pre-treatment with diluted acid, the residual solid phase contains mainly lignin and
cellulose. The cellulose is hydrolyzed by the addition of cellulolytic enzymes. Here
both hydrolysis and fermentation take place at their optimum temperatures (50 �C
for hydrolysis and 28–32 �C for yeast fermentation) (Carrillo-Nieves et al. 2019;
Jafari et al. 2011; Moraes et al. 2015a).

Special microorganisms perform the fermentation of hexose and pentoses (pre-
sent in the liquid phase) separately, because microorganisms that use pentoses
metabolize pentoses and hexose more slowly than microorganisms that only assim-
ilate hexose and are more sensitive to ethanol and inhibitors. The accumulation of
released sugars (glucose, cellobiose) during enzymatic hydrolysis inhibits cellulase
activity, with the effect of cellobiose being greater than that of glucose (Branco et al.
2019; Mirahmadi et al. 2010; Rastogi and Shrivastava 2017).

During SFS, hydrolysis and fermentation take place in a single bioreactor, with
the sugars released in the enzymatic hydrolysis being used immediately by the
microorganism. Relatively low concentrations of sugar will occur in the culture
medium, and consequently the inhibition of the cellulase enzyme by the released
sugars is reduced. The optimal temperature is 38 �C, with a compromise between
optimal hydrolysis (45–50 �C) and fermentation temperatures (30 �C). Improve-
ments can be achieved by selecting improved enzymes and yeast strains. In this
technology T. reesei and S. cerevisiae are most frequently used (Bernier-Oviedo
et al. 2018).

FSS Advantages increased hydrolysis rate by reducing cellulase inhibition by
released sugars, lower enzyme demand, higher bioethanol yield, lower sterile con-
dition requirement, shorter bioprocess time, reduced process, and separation
equipment cost.

Disadvantages of SFS Incompatible hydrolysis and fermentation temperatures,
microbial tolerance to ethanol, and enzyme inhibition by etanol.

Improvements can be made in order to optimize the process of obtaining
bioethanol. For example, the inclusion of pentose fermentation in the FSS is an
integration alternative; this process is called simultaneous saccharification and
co-fermentation (SCFS). The two producing microorganisms must be compatible
in terms of optimal pH and temperature. The development of microbial strains
capable of growing at elevated temperatures can significantly improve techno-
economic indicators. By co-fermentation of pentoses and hexose in a bioreactor,
capital costs are reduced, as well as the possibility of contamination (Lynd 1996).

A second integration approach for the conversion of lignocellulose-containing
feedstocks into bioethanol is consolidated bioprocessing (CBP). The production of
cellulase and fermentation requires only one microorganism. Therefore, cellulase
production, cellulose hydrolysis and fermentation are performed in one step. BPC
involves four biological reactions in a single step: enzyme production (cellulases and
hemicellulases), hydrolysis of carbohydrates into sugars, fermentation of hexose
(glucose, mannose, and galactose) and fermentation of pentoses (xylose and



502 J. A. Muñoz-Henández et al.

arabinose). CBP has the following advantages compared to other techniques for
bioethanol production: enzymatic and fermentation systems are fully compatible and
therefore bioethanol production costs are reduced, and no capital and operating
investments are required (Aden and Foust 2009; von Sivers and Zacchi 1996).

6.3 Feeding Materials

The different types of biomass have potential as a raw material for bioethanol
production. Due to their chemical composition (source of carbohydrates), they
mostly form three groups: raw materials containing sugar (sugar beet, sugar cane,
molasses, whey, sweet sorghum). Raw materials containing starch (corn, wheat,
yucca). Lignocellulosic biomass (straw, agricultural residues, crop residues and
wood) (Chovau et al. 2013; Hamelinck et al. 2005).

Raw materials containing sugar and cotton (first generation), compete with their
use as food or fodder, which influences their supply. Therefore, lignocellulosic
biomass (second generation), represents an alternative raw material for bioethanol
production due to its low cost, availability, high distribution and is not competitive
with food crops. Microalgae can accumulate starch as a reserve polysaccharide that
can be used for bioethanol production (third generation), after the pre-treatment
process, the residual biomass can be used as fertilizer. In the alcoholic fermentation
process, there are three types of raw material (Azaizeh et al. 2020; Kumari and Singh
2020).

6.4 Raw Materials Containing Sugar (Sucrose)

Saccharin materials (mostly comprise sugar materials: they need little or no
pre-treatment other than dilution (sugar cane, beet sugar, molasses, and fruit juices).
Sugar cane and beet are the most important sugar producing plants in the world, they
can be easily hydrolyzed by the invertase enzyme that is synthesized by most
Saccharomyces species. Pretreatment for bioethanol production is not necessary,
which makes this bioprocess more feasible than using starchy raw materials (Lu et al.
2011).

Sugar cultures only need a milling process for the extraction of sugars from the
fermentation medium, and here bioethanol can be produced directly from juice or
molasses. Total residual sugars in molasses can amount to 50–60%(m/V), of which
approximately 60% corresponds to sucrose, making this substrate suitable for
bioethanol production on an industrial scale. Sugarcane is less expensive than
other raw materials used for bioethanol production (rapid processing and greater
productivity) (Aden and Foust 2009; Jeihanipour et al. 2010).

The beet is used for the production of sugar, obtaining a fine and thick raw juice,
as an intermediate product formed during the processing of sugar beet, as well as
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crystalline sugar of high purity, which could be converted into bioethanol and/or
bio-based products. Another sugar-containing material that can be used for
bioethanol production is whey, a by-product of cheese making, which contains
about 4.9% (m/V) lactose. Due to the relatively low sugar content a moderate size
bioethanol plant requires a considerable volume of whey.

6.5 Raw Materials Containing Starch

Materials with starch, need treatment to decompose starch into glucose (corn, malt,
barley, rice, oats, rye). Grain crops (corn, barley, wheat, or sorghum), and root/
tubular crops (cassava, potato), contain large amounts of starch. Pretreatment of
cassava tubers for bioethanol production includes the following operations:
cleaning, peeling, chopping, and drying. Dry cassava chips are used for bioethanol
production. The crucial enzyme for the hydrolysis of starch is α-amylase active at α
�1.4, but not in links α �1.6 in amylopectin (Budiyono et al. 2013; Cesaro and
Belgiorno 2015b; Ferreira et al. 2018; Safarian and Unnthorsson 2018; Sarkar et al.
2012).

To produce bioethanol from starch-containing raw materials, it is necessary to
perform starch hydrolysis (mainly through α-amylase and glucoamylase), into
glucose syrup, which can be converted into ethanol by Saccharomyces cerevisiae
yeast. This step is an additional cost compared to the production of bioethanol from
raw materials containing sugars. Bacillus licheniformis bacteria and genetically
modified strains of the bacteria Escherichia coli and Bacilus subtilis produce
α-amylase. Aspergilus niger and Rhizopus sp. produce glucoamylases. Under anaer-
obic conditions the Saccharomyces cerevisiae yeast metabolizes glucose into etha-
nol (Branco et al. 2019; Carrillo-Nieves et al. 2019; Rastogi and Shrivastava 2017).

The maximum conversion efficiency of glucose to ethanol is 51% by mass. Since
yeast also uses glucose for cell growth and synthesis of other metabolic products, the
maximum conversion efficiency is reduced. In practice, 40–48% by mass of glucose
is converted to ethanol.

6.6 Raw Materials Containing Lignocellulose

Cellulosic material, requires pre-treatment, to decompose cellulose into glucose
(wood, residual sulfite liquor, cane bagasse). First the lignin is removed, then the
cellulose is hydrolyzed, and glucose is produced, which is finally fermented and
converted into bioethanol. Lignocellulosic biomass is renewable and not competitive
with food crops, and a considerable reduction in greenhouse gas emissions is
achieved. It can be obtained from different residues or harvested directly from the
forest and its price can be lower than that of previous raw materials. They form six
main groups: crop residues (sweet sorghum cane and bagasse, corn residues,
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different types of straw, rice husks), hard wood, soft wood (pine), cellulose waste
(paper waste and recycled paper sludge), herbaceous biomass (grasses), municipal
solid waste (Jafari et al. 2011; Moraes et al. 2015a; Zuo et al. 2012).

Lignocellulosic biomass contains 43% cellulose, 27% lignin, 20% hemicellulose
and 10% other components. The heterogeneous structure of this biomass requires
more complex chemical processes than uniform and consistent raw materials.
Pretreatment and Hydrolysis: Hydrolysis of lignocellulosic biomass into monomeric
sugars is necessary before microorganisms can metabolize them. This process is
performed by acids, alkaline substances, or enzymes. The alkaline pre-treatment
stage is necessary to obtain the conditions for efficient enzymatic hydrolysis
(Chovau et al. 2013).

Pretreatment methods are divided into four groups: physical, chemical, physico-
chemical and biological. In pretreatment, reduction of the degree of polymerization
and of the crystallinity index, breaking of lignin-carbohydrate bonds, removal of
lignin and hemicelluloses and increase in the porosity of the material must occur to
ensure effective enzymatic hydrolysis of the lignocellulosic biomass. The choice of
pretreatment depends on the nature of the raw material and the formation of
by-products during the selected pretreatment. The harsh conditions used during
pretreatments lead to the synthesis of toxic compounds, such as furans
(2-furaldehyde: furfural) and 5-hydroxymethylfurfural, carboxylic acids (acetic,
formic and levulinic acids) and phenolic compounds (aldehydes, ketones) (Dias
et al. 2013; Lee et al. 2017; Nair et al. 2017; Oyeleke and Jibrin 2009).

Because these compounds are potential inhibitors of yeast, the following methods
can be used to reduce their impact on process performance: removal of inibitors by
solvent extraction, ion exchange, use of zeolites, use of highly tolerant inhibitor
yeast strains, selection of an effective pre-treatment method that causes minimal
degradation of sugars and subsequent inhibitor formation. Most detoxification
methods only partially remove inhibitors, but they also contribute to sugar loss,
which also increases the costs of the final process (Balan et al. 2013).

6.7 Conversion of Organic Waste into Bioetanol

The following is a brief description of the different processes that take place during
the conversion of organic waste to bioethanol.

6.7.1 Pre-treatment Methods for Starches

– Acid Hydrolysis: Starches can be chemically treated by hydrolyzing in the
presence of acid to obtain a saccharified starch.
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Starch material !H2SO4 Saccharified starch

In the acid hydrolysis of starch, high pressures and high temperatures are used,
resulting in the formation of brown compounds due to the polymerization of
sugars.

– Enzymatic hydrolysis: amylolytic enzymes are used for the conversion of
starches to sugars.

Starch material !Sprouted barley grains

Amylolytic enzymes
Fermentable Sugar

Cellulose can be degraded to sugars using concentrated HCL.

að Þ cellulose !30�35 �C

concentrated HCL
Sugars Glucoseð Þ&Brownian Reactions

bð Þ cellulose !150�160 �C

HCL diluted
Sugars Glucoseð Þ&Brownian Reactions

7 Fermentation Process

It is a biological process that converts sugars such as glucose, fructose and sucrose
into cellular energy, producing ethanol and carbon dioxide as products, also known
as alcoholic fermentation process. Molasses is a raw material that contains 50% of
sugars and is suitable for the process of bioethanol fermentation and in the presence
of enzymes is converted to glucose and fructose. Glucose passes through a pathway
that produces pyruvic acid, and this when subjected to a decarboxylation reaction,
produces acetaldehyde (Branco et al. 2019; Kotarska et al. 2019).

Yeast carries out this conversion in the absence of oxygen, so this is considered
an anaerobic process, here the sugar is converted to bioethanol (Taherzadeh and
Karimi 2008). The alcohol is named to indicate the source of the raw material from
which it is made or to indicate the general purpose for which it is to be used. Grain
alcohol (made from grains such as corn, wheat, and rice), molasses alcohol (pro-
duced from sugar cane molasses), industrial alcohol (used for industrial purposes),
and fuel alcohol (used in combination with gasoline or other motor fuel) (Karimi
et al. 2013).
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7.1 Microorganisms Used in Alcohol Fermentation

The microorganisms used in the alcoholic fermentation process are the yeast, widely
used in the industry to ferment the sugars present in the raw materials to form carbon
dioxide and ethanol and the bacteria (Zymomonas mobilis) (Batista Meneses et al.
2020). Examples of yeasts are Saccharomyces cerevisiae (has a hard cell wall and is
easy to multiply) and Saccharomyces carlsbergensis. Microorganisms are used to
produce the product of interest, and in this way only the organisms of interest need to
be present in the space that produces the product (the bioreactor), however, the
organisms are present everywhere for example in the space where the bioreactor is
installed, for this reason the surroundings must remain clean and only the microor-
ganisms of interest are added to the bioreactor and this is done to multiply and
produce the product of interest (Zhang et al. 2010).

In the surroundings there may be organisms with concentrations of 104 cells/ml
in the air, there may be many types of organisms and it is not desired that they be
present in the bioreactor which is designed to produce a particular product
(bioethanol). What happens is that, if other microorganisms arrive, they may grow
much faster than the organisms of interest, and they will compete for the food that is
available in the bioreactor, and this results in a failure called bioreactor contamina-
tion (Koike et al. 2009).

All microorganisms should be removed from a bioreactor, for example, using
very high temperatures (120 �C), for about 15 min. Liquid chemicals or vapors can
also be used to sterilize the spaces. The characteristics of alcoholic fermentation
yeast are

– The organism can tolerate high concentrations of sugar and alcohol.
– High sugar fermentation power: higher fermentation rate, the characteristics of

the organism can be determined with respect to Ks and μmax: (kinetic parameters
of the Monod equation: maximum growth rate, see application example 1).
Alcohol is the product associated with growth, which means that the rate of
alcohol formation is proportional to the rate of cell mass formation.

– High biochemical stability: this means that a uniform alcohol concentration is
achieved, which is highly desirable on an industrial level.

– Tolerate a wide pH range with optimal acid, which makes its fermentation less
susceptible to infection than bacteria

– Can grow under non-sterile conditions (this is the main advantage of the alcohol
fermentation process).

In the mechanisms of the alcoholic fermentation process, two theories have been
established

– Neuberg Theory (mainly theoretical bases)
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There are glucose molecules (1 mol of glucose), then hydrate the methyl glyoxal, this
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is a pathway to pyruvic acid (2 moles), after a dexcarboxylation reaction is produced
acetaldehyde and finally by hydrogenation takes place the reduction and alcohol is
produced. This is one way in which alcohol is produced. Another way is where
glycerol can be produced, and another way is where acetic acid can be produced, and
ethanol is produced (Li et al. 2009).

Stoichiometry of conversion:

C6H12O6 ! 2CH3CH2OH þ 2CO2

Sugar ! Alcohol þ Carbon dioxide gð Þ þ cell mass

Glucoseð Þ Etil alcoholð Þ
100 kg ! 51:1 kg þ 48:9 kg

From the stoichiometric equation, 1 mole of glucose can produce 2 moles of ethanol
and two moles of pure carbon dioxide (Balat 2011; Hoekman et al. 2011). Then
100 g of glucose, produce 51.1 g of ethyl alcohol. At industrial level, this
fementation is carried out in closed vessels so that carbon dioxide can be collected,
and at high pressure it can be converted into dry ice, which can be sent to cold
producing industries. The theoretical yield of ethanol is about 51.1 % g/g. A typical
analysis of the fermentation product is presented in the following Table 1.

7.2 Instrumentation and Control

In the industrial field, the liquid gas chromatograph corresponds to an equipment of
daily use by the operators, as well as equipment for titration, pH monitoring and
microscopes to monitor the yeast. During distillation, the alcohol is sampled and
tested for purity. In the control room the operator can control the whole plant from
the computer, he can start different processes: the pre-treatment process, the hydro-
lysis, the fermentation process, and the distillation process. It is possible to control at
what temperature the process needs to run, how many gallons per minute it needs to
run, or change the flow rates, the pH, and in general any variable that needs to be
changed from the computer. An operator must be in the control room 24 h a day,
7 days a week (Zhang et al. 2010).

In the case of a Feed Batch Fermenter, the objective is to control the flow, the
level, the temperature (at 30 �C), the pressure (from 1 to 1.1 bar), and finally the pH
(from 4 to 5). The control strategies can be ratio control for nutrient flow and feed
back control for the other variables of interest. There are four main objectives that
need to be controlled: the control of the feed liquid entering the top using Feedback
control, control of the flow of carbon dioxide and ethanol entering the bottom using
Feedback control, control of the level of the liquid at the bottom to prevent it from
overflowing and finally control of the pressure at 1 bar using Feedback control
(Oberoi et al. 2011). For process control with centrifuge, the objective is to control
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Table 1 Typical material
analysis in the alcohol fer-
mentation process

Product g per 100 g of glucose

Ethanol 48.4

CO2 46.6

Glycerol 3.3

Succinic Acid 0.6

Cellular mass 1.2

Via Embden-Meyerof parnas: This is based on experimental facts
and corresponds to a pathway for obtaining energy from glucose

the flow and level in the equipment. The flow can be controlled by adjusting the inlet
current, while the level can be controlled by adjusting the outlet current. The
objective of the control and instrumentation of a distillation column is to maintain
the level in the column, the temperature (80 �C) in the column, to maintain the
pressure at 6.1 bar in the column, and to maintain the external reflux ratio and the
level in the reflux balloon.

7.3 Fermentation Process of Alcohol from Broken Rice

The raw material used is broken rice, which is sent to the milling machine, mixed,
liquefied (liquefaction), heated to gelatinize the starch, then the enzyme is added in
the saccharomization tank. The saccharified material, rich in sugar, is placed in the
fermenter where some yeast and nutrients are added and where it undergoes the
fermentation process and finally is sent to the distillation column for distillation
(Mussoline et al. 2012).

The output of the distillation column is sent to the rectification column where the
alcohol is obtained, and the water is removed from the bottom. The bottom distillate
(stillage) coming from the distillation column is sent to a stillage separator, then to a
mixer and finally to a drying unit where a dry green solid distillate is obtained which
can be used by adding other nutrients such as good fodder (Daza Serna et al. 2016).

7.4 Fermentation Process of Alcohol from Rice Husks

The use of biofuels generates a new energy alternative and a solution to the
dependence on fossil fuels, opening new possibilities for the controlled use of
agricultural residues in favour of the environment. In recent years, the way to
degrade and use biomasses, in this case rice husks, has been studied. The rice husk
is suitable for the production of bioethanol, since it is composed of lignin (20–25%),
cellulose (35–40%) and hemicellulose (15–20%), so it is considered a suitable
substrate for the production of this, given its availability and its relatively low cost
(Pellera et al. 2012).
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Worldwide, the largest producers of bioethanol are the United States and Brazil;
the Latin American countries that are producing bioethanol are, of course, Brazil,
Argentina and Colombia. This relatively new fuel market offers great advantages,
since the demand for the product is high, since the country is using a 10% bioethanol
blend and the rest in gasoline, while in countries like Brazil, the blend is up to 27.5%.
Figure 2 shows a block diagram representing the process flow corresponding to the
production of bioethanol from rice husks, and Fig. 7 represents a process flow
diagram to produce bioethanol from rice husks (Jouzani 2018).

7.4.1 Process Description

The process begins with the reception of the raw material that arrives in trucks,
which are weighed in scales, then the rice husk is lifted by an ejector to the storage
hoppers, to be processed the next day (Fig. 7). From the storage hopper it passes
through pipes to the inside of the plant, where it arrives to a conveyor belt, which as
it moves the husk is sprayed with water to wash the raw material. It is then taken to a
hammer crusher, whose objective is to reduce the size of the particle to increase the
exposure area and achieve better results in prehydrolysis and hydrolysis. Once in the
Pre Hydrolyzer, the raw material has gained a percentage of water by washing, there
is added H2SO4 diluted in a percentage of 7.65% and water. The pre-treatment
process is handled at 30 �C and 1 atm. At the time of leaving the stream has already
decomposed some of the cellulose, hemicellulose and lignin (Jouzani 2018).

The filtrate obtained enters a chromatographic separation column, which is
packed with a calcium-based ion exchange resin. In this equipment, the separation
is performed because the resin that is positively charged retains the SO4

� ions from
the sulfuric acid, letting the sugars pass through, therefore, these are part of the first
current that leaves the column, and the acid is retained in the column for a while,
when all the sugars have already passed through it and the column is saturated with
SO4 ions; distilled water is pumped and the acid begins to leave it, thus recovering
more than 90% of the acid used (Taherzadeh and Karimi 2008).

The stream of sugars is sent to the centrifuge where water and lime are added to
neutralize the remaining acid in this stream, this produces a quantity of gypsum. The
acid that is recovered when the distilled water is pumped into the column is
transported to an evaporator where the concentration is raised again and then
recirculated back to the pre-hydrolysis and hydrolysis stages. The stream of sugars
coming from the centrifuge enters the fermenter, where the fermentation is carried
out with the help of the enzyme, Zymomonas mobilis; which are the bacteria in
charge of the transformation of sugars into alcohol, in an efficient way (Zuo et al.
2012). After the fermentation is finished, the system is depressurized in such a way
that the CO2 is eliminated. The outlet stream from the fermenter is passed through
another centrifuge, where the ethanol inoculum is removed, and then transported to a
flash separator in order to obtain the ethanol vapors that are then condensed and
discharged into the distillate stream.
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Fig. 7 Flow chart of the process of bioethanol production from rice husks

Before the flash separator there is a heat exchanger that takes the alcohol-water
solution to the necessary temperature at the entrance to the separator so that the
desired concentration is obtained at the exit. Finally, from the condensate equipment,
the ethanol is passed to a storage tank, and from there it is loaded into the tank cars
that will distribute the final product (Carrillo-Nieves et al. 2019).

7.5 Benefits of Fermentation and the Use of Ethanol

• A complete combustion is carried out (it burns more efficiently). Most of the time
the ethanol is burned completely, to produce carbon dioxide and water. Ethanol
has a lower ignition temperature than petroleum. A 10% ethanol-gasoline blend
burns more quickly which produces less engine stress and less fuel consumption,
while reducing carbon monoxide emissions by up to 30%. In the case of a
hydrocarbon reacting with oxygen, in an incomplete combustion, solid carbon
like graphite will be produced, and this deteriorates the spark plugs of the cars.
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– Ethanol has a higher flammability range (it ignites and burns more easily).
– It produces less toxic emissions
– The by-products of oil combustion are greenhouse gases, which deplete the

ozone layer. In the case of bioethanol use, ozone depletion is reduced.
– It is a renewable source, it is derived from plant material, these raw materials

can grow rapidly to support the demand.
– It has positive implications for sustainable development.
– It is a neutral greenhouse.
– The carbon dioxide emitted is recycled back into the crop through absorption

and photosynthesis

7.6 Disadvantages of Fermentation and the Use of Etanol

– If more than 15% ethanol is used in the mixture, some modifications need to be
made to the machine, because bioethanol is corrosive and also absorbs water, and
gets dirty easily, and will circulate through the parts of the machine such as the
carburetor and the fuel injection system.

– Contaminants must be filtered out (a molecular sieve can be used) or they will
cause corrosion or damage to the machine.

– Bioethanol has a lower heat of combustion than petroleum, which means that the
energy released per gram of ethanol is lower than that of octane. This means that
if you have two cars, one with an ethanol-gasoline blend and the other with only
high-octane gasoline, and both are supplied with the same volume of fuel, the
high-octane will go further.

– Large areas of land (farmland) are needed to cultivate and produce bioethanol.
This land will be available for fuel production rather than food production and in
most places, there is a shortage of dry land, water and fertilizer.

– Large energy inputs are needed to produce bioethanol. A considerable amount of
energy is used in the production of fertilizers, that is, for the crops that produce
the bioethanol, as well as for the distillation or refining of the ethanol.

– This process will only be effective if more energy is saved than is spent on the
manufacture and use of bioethanol. This is the point where the industry is stuck,
because if you put more energy into the input and you don’t get more energy out,
it would be worthless and very expensive to do the whole process.

– It is difficult to eliminate residual smelly fermentation liquors after the removal of
the alcohol.

7.7 Practical Parameters and Operational Conditions
of Fermentation

The factors that affect the alcohol fermentation process are:
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– The efficiency of the pre-treatment.
– The optimal concentration of sugars: the cost of recovery or purification depends

on the concentration of the product in the fermentation broth, if this is high the
cost of recovery will be lower, if the concentration of ethanol in the fermentation
broth is increased, more sugar will have to be used and a higher concentration of
sugar is used, some kind of osmotic pressure is caused.

– Optimal temperature and pH: Yeast fermentation usually takes place at an
acidic pH: 4.5–5 and at a temperature close to room temperature (30 �C).

– The addition of nutrients: it is necessary to add some magnesium, nitrogen, and
phosphorus.

– The use of a vigorous yeast strain: a highly productive strain
– The maintenance of anaerobic conditions during fermentation: it allows the yeast

to convert the sugars into alcohol. One thing to note is that the process of alcohol
fermentation usually takes place in an open bed, in an acidic environment where
fewer organisms can grow. Yeast can grow under aerobic conditions and produce
cell mass and under anaerobic conditions produce alcohol. Initially, whatever
dissolved oxygen will be used for the growth and metabolism of the yeast cell as
soon as it is consumed the anaerobic condition prevails and the sugar is converted
into alcohol.

– Finally, prompt distillation of the fermented product.

8 Fermentation Technologies and Practical Operation

The reactor is the heart of the bioethanol production process. Let us look at some
types of reactors used in bioethanol production. The reactors can operate in three
different ways, the first is a batch operation, the second is a semi-batch operation and
the last is a continuous form (Cardona Alzate and Sánchez Toro 2006).

8.1 Agitated Tank Reactor (ATR)

It is a vessel, a reactor widely used at industrial level and consists of a cylindrical
tank and can be small (1 or 2 L/reactor), medium (15 L) or very large occupying
large spaces in the industry (Fig. 8). All bioreactors have an agitator to shake the
reactor contents and keep the cells in suspension (Faraco and Hadar 2011; Jafari
et al. 2011).

This reactor has several measuring instruments (temperature, pH, dissolved
oxygen meters) and is highly controlled. The factories that produce the products
(bioethanol) are the cells (culture) in the bioreactor, in this case that manufacture
bioethanol, everything necessary is done by these microscopic cells, whose size
ranges between 2 and 5 microns, although there may be larger (Mtui and Nakamura
2005).
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Batch Operation or Process When the agitated tank is operated in batch mode,
what is done is that everything is dumped into the bioreactor (the medium, the cells,
the inoculum), and then the reaction takes place, and we wait until the bioproducts
are formed and at the end of time everything is dumped out of the bioreactor and
further processing takes place (downstream process steps to separate and purify the
product). Many processes in the industry are carried out in batch mode, as it is very
simple to operate bioreactors in batch compared to other types of bioreactors
(Mahmoodi et al. 2018).

Continuous Operation or Process Here there is a continuous input of the substrate
(nutrient broth), it is not necessary that it contains cells. There is a continuous output
of the bioreactor, with the product produced (Bioetanol). The times are adjusted so
that the product is produced properly, and this operation is called continuous
operation. During the process there is cell growth, product formation, and nutrient
flow, all happening simultaneously within the reactor (van Dyk et al. 2013).

Semi-Batch Operation or Process (Fed-Batch) Between the Batch operation and
the continuous operation, there is something called semi-batch operation. There
could be an intermittent input, and an intermittent output. You probably start with
a batch, and for some well-known reasons, you add substrate may be in intervals (not
continuously), this is a Fed-batch feed. You can remove some part of the reaction
broth intermittently, or you can add or remove it inermittently, this kind of operation
is called a Fed-batch operation (Safarian and Unnthorsson 2018). There are several
reasons to operate in Fed-batch mode, for example, some products that are made by
these cells may be toxic to the cells themselves, as is the case with bioethanol.
Ethanol above 18% is toxic to cells, so it cannot be allowed to continue to grow.
There are other products that can be toxic at much lower concentrations, and to
manage the toxicity, a portion of the culture is removed, and fresh culture is added so
that the concentration of the toxic product is maintained (Casaretto et al. 2019).

Fig. 8 ATR reactor
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8.2 Air-Lift Bioreactor

The main difference with the previous one is that in this bioreactor there is no
agitator, although it is necessary to keep the culture medium of the bioreactor in
agitation, only this way the bioreactor will work properly. The agitation and mixing
nature is caused by air pumped by a compressor (Liguori and Faraco 2016).

The air is lifted through the internal cylinder located inside the reactor and carries
the cells along (the air keeps the cells in suspension) and is then recirculated.

8.3 Packed Bed Biorreactor

This bioreactor has a stationary bed (site where biorreactions take place and where
microorganisms convert the reactant into the desired product) that is packaged and
typically operated continuously. This type of reactor is more used in water treatment,
where the bed can be sand through which the water to be treated flows and at the exit
clean water is obtained. The fluidized bed is a variant of the packed bed, but the bed
is not stationary, but is moving, is jumping (Kumari and Singh 2018).

9 Practical Applications in Bioethanol Production

Application example: A distillery industry produces 100 m3 of rectified alcohol
(containing 92% ethanol %v/v) in a chemostat from cane molasses (containing 50%
sugar %w/w) using S. Cerevisiae. Find the bioreactor volume and the amount of
cane molasses required per day. The characteristics of the yeast are the following
(under anaerobic condition) (Fig. 9).

μ max ¼ 0:05 h�1

Ks ¼ 2g L�1

YX=S
¼ 0:05

Yp=S ¼ 0:5,

y S0 ¼ 350 g=L

Solution:

– For a sterile environment: X0 0
– Concentration of biomass in stationary state:



ð
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X ¼ X0 þ YX=S
S0 � Sð Þ 2Þ

That is, it must be found under steady state conditions, with which dilution rate D,
the maximum cell mass production will be achieved.

That is, it must be found under steady state conditions, with which dilution rate D,
the maximum cell mass production will be achieved.

dP
dt

α
dX
dt

Then the maximum cell growth will give the maximum amount of product formation
(Bioethanol). It must be found under what circumstances the maximum amount of
cell mass is produced.

– Then, the Dmax value is calculated,

Dmax ¼ μmax 1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

KS

KS þ S0

r

� �

¼ 0:05 1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2
2þ 350

r

 !

¼ 0:0462 h�1

– Substrate concentration in steady state

Fig. 9 CSTR for bioethanol
production from sugarcane
molasses

Cane molasses 
300g/L sugar 
sterile feeding

X0=0

Effluent

Base: 100 m3

Rec�fled alcohol
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r
ng

Effluent



Þ
¼

¼

Waste Processes to Obtain Biogas and Bioethanol 517

S ¼ KS � Dmax

μmax � Dmax

¼ 2 � 0:0462
0:05� 0:0462
¼ 24:31 g=L

– Biomass concentration in steady state

X ¼ YX=S
S0 � Sð Þ

¼ 0:05 350� 24:31ð Þ
¼ 16:28 g=L

Calculation basis : 100 m3 ¼ 92 m3of ethanol production per day 92%v=vð
92, 000 L of ethanol=day

– Ethanol Density, ρ 780 g/L
– Calculate the amount of ethanol that is produced

met ¼ ρet�V¼780 g=L�92,000 L¼71:76�106g

¼ 71:76� 103kg de etanol por dia

– Substrate required (sugar required per day)

Yp=S ¼
p
S

S ¼ p
Yp=S

¼ 71:76� 103kg etanol=day
0:5

¼ 143:52� 103 kg sustrato=day

– Volumetric feed flow rate, F

F ¼ S
S0

¼ 143:52� 103 kg sustrato=day
350 g=L

¼ 143:52� 103 kg sustrato=day
350 kg=m3 ¼ 410:057

m3

day
¼ 17:08

m3

h

– Time required by the continuous stirred tank reactor, CSTR

τCSTR ¼ S0 � S
�rs
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�rs ¼ � ds
dt

¼ � ds
dX

dX
dt

�rs ¼ 1
YX=S

μX ¼ 1
YX=S

Dmax X ¼ 1
0:05

� 0:0462� 16:28 g=Lh ¼ 15:04 g=Lh

– Calculate τCSTR

τCSTR ¼ S0 � S
�rs

¼ V
F
¼ 350� 24:31ð Þ

15:04
h ¼ 21:65 h

– Calculate the volume of the reactor, V

V ¼ F � τCSTR ¼ 17:08
m3

h
� 21:65 h ¼ 369:78 m3

– Cane molasses required

Substrate required/day ¼ 143.52 � 103 kg Substrate/day, Sugar content of cane
molasses 50% w/w, Cane molasses required ¼ 287.04 � 103 kg/day. This is the
amount of molasses required to operate the plant and obtain 100 m3 of rectified
ethanol. Most industries use CSTR (Continuous Stirred Tank Reactor) because they
have the highest productivity.

10 Economic Overview of Bioethanol Production

The sustainability of the ethanol and biogas economy is based on four fundamental
pillars: government participation and policies, corporate social responsibility, ven-
ture capital investment and energy conversion costs (Quintero et al. 2012).

Government Participation Governments’ concern about energy dependence on
hydrocarbons has forced them to generate policies to encourage and support projects
that seek to minimize the dependency ratio. Throughout the world, various strategies
have been developed by governments to promote the development of the bioethanol
industry, policies that have had variable effects but that, in one way or another,
contribute to energizing this economic sector. Brazil, the second largest producer of
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bioethanol in the world after the United States, has doubled its agricultural frontier
for the production of sugarcane for bioethanol and has almost tripled its domestic
consumption of fuel alcohol in the last decade (Arora et al. 2019) (Fig. 10).

In the case of Brazil, an outstanding national program was developed that
involved the local sugar production industry, research institutions, the automotive
industry and the government with policies to encourage investment in infrastructure
and regulations for the use and guarantee prices of bioethanol, guaranteeing demand
by establishing minimum quantities of fuel mixture, a situation that links the demand
for fuel alcohol to the consumption and expenditure of motor fuels (Piccolo and
Bezzo 2009). This situation is thought to be favorable, in which the demand for
biofuels is linked to the consumption of fuels by the automotive industry, and
generates a great deal of uncertainty for this agroindustry when the world is
undergoing global dynamics of reduction in the use of traditional fossil fuels or
static demand effects resulting from dramatic changes in consumption, such as those
experienced as of the second quarter of 2020 in reference to the global pandemic that
affected many human activities (Balan et al. 2013; Sari and Ernawati 2019).

In the case of the United States, the world’s leading bioethanol producer, its
promotion policies include the fact that 95% of the gasoline consumed in its territory
contains between 10 and 15% bioethanol, a production based on its large corn agro-
industry, subsidizing bioethanol by between 10.6 and 15.9 US$/L, a condition that
alters competitiveness in favor of national production, although it is estimated that
the subsidies reach the surplus production and reach the export of bioethanol,
affecting the stability of the domestic industry in other countries such as Colombia
(Chovau et al. 2013).

Notes: A more detailed breakdown of fuel ethanol production by country for
2000–2012 can be viewed at the U.S. Energy Information Administration’s (EIA)
International Energy Statistics: Biofuels Production (Sunarno et al. 2020).

Geopolitical The energy sources available in each country will determine the
autonomy and development of the industries that depend on energy sources to

Fig. 10 Global ethanol production. Source: Renewable Fuels Association-2020
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move their gears; the privileged standard of living of a good part of the societies of
industrialized countries is based on the wealth of the subsoil and its hydrocarbons
originated and treasured during thousands of years in it. For any state to talk about
geopolitics will have to see as a prominent issue the production or supply of oil, that
is why being a non-renewable resource or in some cases not available in their
territories for exploitation (Quintero et al. 2008; Yu and Tao 2008). The search for
independence from fossil fuels or to diminish the importance of suppliers is a state
policy that has generated the development of the ethanol and biogas agro-industry,
especially in Western countries such as the United States, Brazil and, incipiently, in
the European Union, which have sought to reduce dependence on oil from the East
and natural gas from Russia (Georgieva and Ahring 2007; Novo et al. 2012).

The importance of the issue is very visible when, for example, the U.S. Congress
passed laws based on the average yield of gasoline, which should be 35 miles per
gallon, an increase in the use of ethanol to 36 billion gallons per year by 2022,
prohibiting the use of fuels that pollute more than synthetic fossil fuel (Quintero et al.
2012).

Corporate Social Responsibility (CSR) CSR is a modern way of doing business
and organizations have identified this strategy to create and preserve market value
and investment. Society is rewarding the efforts of corporations that demonstrate a
focus of responsibility in social and environmental issues, in this direction the
negotiation of energy and environmentally friendly fuels have a general acceptance
from consumers and the state, that is, the profitability of these initiatives are marked
by a consumer demand and subsidies, preferential tax rates that states create to
encourage and energize these economic sectors (Barrera et al. 2016).

Risk Capitals The concept of risk capital is used about investments made in
companies with cutting-edge or innovative concepts or proposals, which are going
to enter markets with the uncertainty of the success of their business models.
According to The Economist Newspaper Limited magazine, green energies, where
ethanol and biogas production is located, have become an outstanding reference for
the interest of large risk capitals and research institutions; ethanol being one of the
green energies of greatest interest for risk capitalists (Brown 2015).

10.1 Used Raw Materials

According to the FAO, it is expected that the ethanol industry will make use of
between 15 and 20% of the world’s corn and sugarcane production by 2026. The
growth and dedication of sugarcane is also projected to contribute 35% to the
world’s ethanol production by 2026, while corn will remain the main source of
extraction, with 58% of its use in obtaining bioethanol (Eggeman and Elander 2005;
Kabir et al. 2015).

Other alternative biomasses for obtaining bioethanol such as vegetable residues,
fibers and cellulose materials are estimated to grow by 8% as contributors of
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bioethanol sources in world trade, a figure that is linked to the reduction of extraction
costs from these sources which, although they do not impact food security, constitute
a different technological challenge (Dabwan et al. 2020; Padi and Chimphango
2020).

In the European Union it is estimated that the production of Bioethanol will
stabilize at 7.3 billion liters, mainly obtained from wheat and sugar beet. In the
United States, it is estimated that by 2020 there will be a demand for 61.6 billion
liters of bioethanol, obtained mainly from corn. As for Asia, China is expected to
reach a production of 1.8 billion liters of bioethanol produced mainly from corn,
cassava, and soybeans (Lohrasbi et al. 2010; Padi and Chimphango 2020).

10.2 How Bioethanol Will Be Used

The growth of this agroindustry has been linked to the demand for gasoline and
automotive fuels, so that the use and growth of its market will depend on the
dynamics of fossil fuels. Until this condition is broken, and massive propulsion
technologies are developed using only bioethanol, the bioethanol agroindustry will
be dependent on the good for which it was developed (Chiaramonti et al. 2012;
Chiranjeevi et al. 2018; Prasara-A and Gheewala 2017).

Figure 11 shows the ethanol production and consumption trend from 2000 to
2019. To the extent that less transport fuel is used, the need for bioethanol will also
decrease; this situation is expected to be very strong in the European Union, Canada
and Japan, which are increasingly generating policies to discourage the use of fossil
fuels and create transport systems that use emission-free energy (He et al. 2014).

The demand for bioethanol will grow mainly due to consumption in developing
countries such as Brazil, China, India and Thailand. Brazil is called upon to be the
main driver of demand with an increase of 6 billion liters, which represents 35% of
the global increase in bioethanol use. Due to the fuel ethanol blending policies of
some provinces in China, demand is expected to increase by 1 billion liters, as well
as Thailand where ethanol’s share in fuel will generate an additional demand of 0.7
billion liters (Cara et al. 2007; Yu et al. 2018).

The bioethanol production process is being developed as a state policy strategy,
as mentioned above, so that demand is met internally in most cases, which means
that international trade in this biofuel has very little growth, with projections of
stagnation after 2020 and setbacks after 2026 (Kumar and Sharma 2017; Martínez-
Patiño et al. 2017; Solarte-Toro et al. 2018, 2019; Sritrakul et al. 2017).

10.3 Costs Associated with Bioethanol Production

The production of ethanol has become a survival strategy for the sugar industry that
has been affected by the drop in sugar prices as a result of regulations and restrictions
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Fig. 11 U.S. production, consumption and trade of ethanol. Source: U.S. Energy Information
Administration (EIA) Monthly Energy Review, Table 10.3

on food as well as cultural changes in consumption that have caused the demand for
sugar as a sweetener to stop growing. The ethanol agro-industry is an integral part of
the business strategy of the old sugar mills that took refuge in the renewable energy
business and through technological reconversion are saving this agro-industrial line
for the time being (Alvira et al. 2010; Chiranjeevi et al. 2018; Náthia-Neves et al.
2018).

Parity prices to define sugar or bioethanol production in this market are hardly
stable, going through relevant variations over time due to climatic aspects, various
production subsidy policies, tariff barriers to bioethanol or sugar imports make, for
example, domestic prices higher than international reference prices and therefore
parity in the definition of production is indifferent in many sugar producing countries
(Manzanares et al. 2017).

Installation scales for ethanol production generate direct production costs that
include such aspects as necessary investments in the distillery and its fermentation,
distillation and auxiliary systems, including biomass treatment and conditioning for
processing, and will vary depending on the scale of the assembly and to a very small
extent on the source of the ethanol (Yu et al. 2018).

Ethanol from sugar cane has a production cost in the range of 0.27 to 0.51 USD/L.
The production costs of ethanol from molasses indicate a production cost in the
range of 0.43–0.64 USD/L. These costs may differ depending on the valorization of
molasses as a raw material, since it is an important factor in the decision of sugar
mills on the use and disposal of this co-product. By August 2020, the market
reference prices for Bioethanol are Brazil*: 0.50, United States*: 0.52, Thailand*:
0.58, France*: 0.81, Sweden*: 1.43, Spain*: 1.71. Therefore, there is a margin for
the agroindustrial business that will vary according to the local conditions of taxes,
incentive policies and controlled demand (Sarto et al. 2019; Solarte-Toro et al. 2019;
Sritrakul et al. 2017; Taherdanak et al. 2016; Venturin et al. 2018).
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