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Open Access Abstract

Bioethanol has emerged as a viable alternative energy source in response to
the growing worldwide need for sustainable energy. Largely an underutilized
resource, agro-industrial waste offers bioethanol as a sustainable and affordable
supply. Residues, such as agricultural leftovers, food processing by-products
and lignocellulosic materials, are a substantial amount of fermentable sugars,
can facilitate bioethanol production. The pre-treatment of available substrates,
followed by hydrolysis to break sugars into fermentable form, fermentation to
convert carbohydrates to alcohol and distillation to purify the end product,
will allow rapid and sustainable production of bioethanol. Using these wastes
efficiently generates eco-friendly power and helps to solve major problems with
waste management and its environmental effect. Improvements in technology
turning agro-waste into bioethanol mark a turning point towards a circular
economy and the realisation of world energy goals.
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Introduction management solution. Recent progress has enhanced
ethanol recovery and reduced energy use through new
process enhancements, such as implementing residual
thermal energy during the distillation stage (Cutzu and
Bardi, 2017). Moreover, the use of closed-loop systems along
with thorough life cycle studies has shown a decrease in
greenhouse gas emissions and an improvement of resource
efficiency, therefore highlighting the environmental and
economic advantages of bioethanol produced from agro-
industrial waste (Guddaraddi et al., 2023). While evidence
of progress is propelling bioethanol utilization, significant
challenges to an efficient production process must be
addressed including high production costs, complicated

Agro-industrial waste includes every leftover material
generated throughout the entire agricultural farming
operations, ranging from production to food processing
and manufacturing. From several phases of the agricultural
supply chain, waste might range from field residues
post-harvest to processing wastes from the food sector.
Fermentation producing bioethanol uses organisms
including Saccharomyces cerevisiae. This yeast has the
potential to produce environmental friendly products
through the transformation of agricultural waste substrates
that are currently being wasted. The conversion of large

quantities of agricultural organic waste by bioethanol
production enables the creation of various useful modern
products including biochemicals, biofuels, biofertilizers and
others. Therefore, evaluating and recycling agro-industrial
organic waste enables better environmental quality which
leads to sustainable management of waste products into
valuable sustainable resources. Bioethanol production from
agro-industrial waste represents opportunities to substitute
fossil fuels while creating sustainable green solutions.

Research on agricultural residue valorization for bioethanol
production emerged due to increasing interest in sustainable
energy that enhances energy security alongside waste
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pretreatment requirements and the need for more legislative
support and continued innovation to fully exploit the
potential of bioethanol produced from agricultural residues
(Perdana, 2024).

What is Agro-Industrial Waste?

The agricultural waste includes the materials leftover from
the process or production of agricultural goods. Agricultural
waste can also be thought of as abandoned or underutilized
products including, agricultural residues, materials from the
food industry and animal manure. Various categories of agro-
industrial waste, along with their attributes and examples,
are presented in table 1 below.
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Table 1: Types of Agro-industrial waste

Type Characteristics

Examples

Crop Residues
crop processing

Fruit and Vegetable
Waste

Food Processing Waste Waste generated from food processing

Animal Waste

Leftover parts of crops or by-products from

During fruit and vegetable processing
Peels, seeds and pulps are discarded

Manure and other wastes from livestock

Rice straw, wheat straw, corn stover, sugarcane
bagasse, corn husks, coconut shells

Banana peels, orange peels, tomato pulp

Potato peel waste, apple pomace, spent grains

Cattle manure, poultry litter

Starch-based and Non-Starch-based Waste Sources

Production of bioethanol can rely on both starch-based and
non-starch-based waste sources, both of which have their
own advantages and disadvantages. Waste mostly consisting
of starch from food and agricultural by-products has more

fermentable sugars, making it suitable for bioethanol
production. Conversely, non-starch-based trash classed as
lignocellulosic materials calls for more complex processing.
The biomass contents in agro-industrial waste are listed in
table 2 below.

Table 2: Lignocellulosic biomass contents in agro-industrial waste

Agro-industrial Wastes Lignin (%) Starch (%) Hemicellulose (%) Cellulose (%)
Cassava stem 221 15.0 28.8 22.8
Cassava leaves 20.1 24 27.7 17.3
Cassava peels 1.5 81.4 NR NR
Potato peels 6.07 20 10 4.03
Pumpkin waste NR 65.3 NR NR
Non-starch-based wastes

Corn cobs 6.32 - 39.08 34.21
Corn stover 7-19 - 24-26 38-40
Sugarcane leaves 9.39 - 27.38 44.78
Rice straw 12-14 - 23-28 28-36
Wheat straw 17-19 - 26-32 33-38

Process of Bioethanol Production

Bioethanol production necessitates a progressive process
comprising pretreatment, hydrolysis, fermentation and
distillation. The conversion steps are essential in biomass-
to-bioethanol production as both approaches facilitate the
efficient utilization of sustainable resources. The technique
of producing bioethanol is described in figure 1.

1. Pre-treatment

In bioethanol production, pretreatment is a first vital
stage including size reduction techniques including
milling, chipping and grinding. This method enhances the
particular surface area and facilitates material handling,
hence enhancing enzyme or chemical access to cellulose,
hemicellulose and lignin. Common methods are milling
for exact size distribution, grinding for finer particles and
chipping for coarse particles. Although energy-intensive,
mechanical pretreatment improves digestibility, hydrolysis
efficiency and sugar yield, hence enhancing later bioethanol
generation techniques. Pretreatment techniques increase
the accessibility for enzymatic hydrolysis of cellulose by
separating it from the polymer matrix, hence improving
sugar yields. Other benefits include preventing pentose sugar
degradation, supporting bioethanol production, reducing
heat and energy needs and limiting the creation of inhibitory
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chemicals that could interfere with hydrolysis and following
sugar fermentation into ethanol (Seidl and Goulart, 2016).

2. Hydrolysis

The hydrolysis phase with water addition involves
enzyme-catalyzed depolymerization of the cellulose and
hemicellulose components into their monomer units,
glucose from cellulose and a mix of pentose and hexose;
enzymes such as cellulase, amylase, pectinase or acids drive
this process. The total productivity of ethanol depends
on this stage in the manufacturing process. To maximize
bioethanol production from several biomass sources, various
techniques, including enzymatic and acid hydrolysis, have
been investigated. This synthesis emphasizes the various
methods and their efficacy in bioethanol generation (Table
3).

3. Fermentation

The conversion of the monomer units (glucose and xylose)
into ethanol depends on the fermentative process. Usually,
during fermentation, the hydrolyzed sugars are combined
in water and the monomer units of sugar are converted to
ethanol by microbes. Because of great ethanol yield and
excellent environmental stress tolerance, yeast particularly
Saccharomyces cerevisiae is the most often employed
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microorganism. While xylan, derived from hemicellulose
hydrolysis, is transformed into xylose, Saccharomyces
cerevisiae converts monosaccharides like glucose, mannose,
or fructose to ethanol.

Temperature, concentration, pH, fermentation duration and
stirring speed - all these influence the overall yield and quality
of bioethanol, so they are considered to be the important
elements guiding this process (Mupondwa et al., 2017). The
technologies employed for the fermentation of monomeric

units of sugar to ethanol such as batch fermentation,
continuous fermentation, fed-batch fermentation, separate
hydrolysis and fermentation (SHF) are discussed (Table 4).

Microorganisms involved in this process are:

e Yeasts: Often, Saccharomyces species are employed as they
generate high ethanol and tolerate alcohol concentrations.

¢ Bacteria: Using the Wood-Ljungdahl pathway, Acetogenic
bacteria can convert syngas into bioethanol.

Pretreatment

Steps involved in
Agro-industrial
waste conversion

Hydrolysis

Fermentation \
Sugars to ethanol

Breaking down complex
carbohydrates

Converting carbohydrates
to sugars

process
Distillation
Purification of ethanol
Figure 1: Process of bioethanol production
Table 3: Methods of hydrolysis
Method Application Advantages Disadvantages

Acid Hydrolysis Uses strong acids to break

down carbohydrates

Enzymatic Hydrolysis  Uses enzymes to break down
carbohydrates under milder

conditions

Fast and efficient

Environmentally friendly,
high sugar yields, no
harmful byproducts

Corrosive, produces harmful
byproducts and can degrade sugars

Expensive, process can be slower

Table 4: Process involved in fermentation

Process

Description

Batch Fermentation
Continuous Fermentation
Fed-batch Fermentation

Separate Hydrolysis and Fermentation (SHF)

All components added at once, products removed at end
Substrates added, products removed continuously
Combines batch and continuous, substrates added gradually

Hydrolysis and fermentation in separate reactors

4. Distillation

The separation and purification of ethanol from fermentation
broth depends on the distillation process in bioethanol
production. The distillation process elevates fermentation
broth ethanol concentration from 6 to 12% to attain a
pure ethanol content of approximately 95%. Heating the
fermentation broth in a distillation column begins the
process. Ethanol vaporizes first because its boiling point,
78.37 °C, is lower than water. Rising ethanol vapour travels
through a column packed with fractionating plates or packing
material enhancing separation efficiency by means of
continuous condensation and vaporization cycles. The vapor
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is then run through a condenser that cools and condenses
it back into a liquid gathered as pure ethanol. Residues
are gathered separately from water or contaminants in
the fermentation broth. Dehydration technique including
molecular sieves helps to further purify bioethanol, hence
producing fuel-grade ethanol with over 100% purity.
Making bioethanol depends on distillation since this step is
absolutely necessary to clean the end product.

Recent Advances and Future Perspectives in Bioethanol
Production

Incorporation of Residual Thermal Energy in Distillation

Studies showed that significantly improving energy efficiency
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and ethanol production results from incorporating residue
thermal energy from cogeneration plants into the distillation
process. Cutzu and Bardi (2017) found that using vacuum
distillation at lower temperatures, specifically at 80 °C under
a 200 mbar vacuum, can produce a recovery of up to 93.35%
(v/v) of ethanol. By lowering energy use and promoting
sustainable processing techniques, this technology offers a
feasible solution for current bioethanol plants.

Innovative Closed-Loop and LCA Approaches

A recent study by Guddaraddi et al. (2023) emphasized
the need of using thorough life cycle assessments
(LCA) and closed-loop systems in the manufacture of
bioethanol from agricultural remnants. Their study
showed that while improving resource management and
economic sustainability, such policies can significantly lower
greenhouse gas emissions. These ideas provide a thorough
design of conversion and fermentation processes maximizing
environmental and economic advantages.

Policy Support and Technological Challenges

Contrary to its complex processing requirements and
elevated manufacturing expenses, Perdana (2024) revealed
substantial adoption possibilities for bioethanol from
agricultural waste as sustainable energy fuel. Wider adoption
of effective policy measures that combine incentives
for research with technological innovation support and
intersector collaboration will help overcome production
challenges to facilitate sustainable bioethanol manufacturing
processes. The bioethanol industry needs these crucial
measures to boost its competition levels.

Conclusion

Bioethanol production from agro-industrial waste provides
an energy-efficient solution to conventional fossil fuels
as because the worldwide energy demands are growing
while environmental sustainability becomes critical. The
multi-stage method enables biomass transformation
into sustainable fuel through effective utilization of
underutilized biomass starting from pretreatment to
hydrolysis, fermentation and distillation stages. Recent
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technological developments, such as energy-efficient
distillation techniques and system-wide closed-loop
operations, increase even more the environmental and
economic viability of bioethanol generation. Still, constant
development will depend on strong legislative support and
ongoing innovation helping to overcome the cost-intensive
challenges and complicated technical restrictions. As
research in this field progresses, bioethanol production from
agro-industrial waste will help to significantly influence the
circular economy and global energy sustainability.
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