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Abstract. The global shift towards sustainable energy resources
highlights the importance of biomass as a promising path for generating
green, renewable energy. This study synthesizes modern research and
technological improvements in biomass feedstocks, bioenergy conversion
approaches, and integrated biorefinery systems. It explores the multifaceted
position of biomass in addressing power safety, mitigating climate change,
and fostering financial improvement, in particular in emerging economies.
The paper evaluates diverse biomass resources, along with lignocellulosic
materials, dairy waste, and microalgae, and discusses their conversion into
biofuels and biochemicals via tactics including fermentation, anaerobic
digestion, and biochemical conversion. It similarly delves into the
environmental and monetary implications of biomass usage, highlighting
the challenges and opportunities in enhancing efficiency, reducing fees, and
making sure sustainability. By supplying a comprehensive evaluate of the
modern country and future instructions of bioenergy research, this paper
pursuit to make contributions to the development of low-carbon, renewable
fuel options and advance the global transition towards a more sustainable
and varied energy portfolio.

Keyword-: Renewable Energy, biomass, feedstock, biofuels, energy
generation.

1 Introduction

Bioenergy, a kind of energy from renewable sources derived from biomass as shown in Fig.1,
is a major international contributor to the generation of clean energy mainly because of its
cheap power infrastructure needs and high effectiveness [1]. It covers substances that are
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chemically based, gaseous, fluid, and solid. Energy produced from biomass through forest
clearance is being advocated in the western United States as a way to reduce fire hazards and
replace fossil fuels. But these ideas must be validated in order to be considered ecologically
viable and carbon neutral [2].
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Fig.1. Different types of Biomass

Concerns about the decreasing availability of fossil fuels and a vast quantity of greenhouse
gas (GHG) emissions are created by the usage of fossil fuels; the necessity for substituting
them with alternative sources of clean and environmentally friendly sources of energy from
biomass and bio-products has grown. Plants use photosynthetic to produce biomass, an
environmentally friendly form of solar energy that contains carbon, hydrogen, oxygen, and
nitrogen [3]. Its usage in biofuel production decreases reliance on fossil fuels, which is critical
for addressing the effects of global warming. Biomass fuels are critical for long-term growth,
particularly in emerging economies. They offer energy for a variety of purposes, includes
power generation, nutritious food, clean water, and transportation [4]. The Net Zero Scenario
increases bioenergy consumption by just 20% in 2030 compared to 2021. More than 2.7
billion people utilize biomass for cooking and heating, accounting for 10% of total primary
energy use worldwide. The cultivation of subsistence crops and a lack of access to basic
requirements are common in underdeveloped nations.

2 Biomass Feedstocks for Bioenergy Conversion

The burning of fossil fuels releases large amounts of greenhouse gasses, which fuels like
ethanol and biodiesel may be able to mitigate. With 25,600 million gallons produced
worldwide in 2015, ethanol has the potential to be used as a biofuel. With corn and sugarcane
serving as the main biosources and non-edible lignocellulosic biomass serving as the source
for second-generation biofuels, nations such as the US, Brazil, China, and the EU want to
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mix ethanol with gasoline. Biofuel generation pathways, biochemical and thermochemical
processes, and biorefinery products are all examined in [5] with regard to biomass.
Scientists are becoming more interested in renewable energy sources, such biomass energy,
which is a renewable type of organic matter, as a result of growing energy use, pollution, and
global warming. Grown in a variety of contexts, including agriculture, industry, and
residential buildings, biomass resources may be transformed into energy by thermal or
biochemical processes such fermentation, gasification, pyrolysis, combustion, and digestion.
Specialized conversion methods can be used separately or in combination to produce
bioenergy from different kinds of biomass, providing the effective use of biomass resources
to support local energy economy goals [6]. The various study found that bioenergy is a clean
energy source and is very efficient despite being renewable and eco-friendly. The
development of technology sectors can be achieved by replacing the current fossil fuels by
biomass that require strategic implementation and administration in the technology field.
The bioenergy offer multiple benefits that includes improved soil fertility, and
providing sustainable energy storage and materials for effluent treatment. There is a need to
identify the relevant feedstocks and analyse their potential, viability, and efficiency so that it
is helpful in selecting applications and assessing the financial benefits of char production and
transformation. Researchers found that biomass from agriculture, forestry, and food
processing industries, as well as specialised crops, are the primary resources. Because of the
possible financial advantages, aquatic biomass—which includes agricultural, animal
husbandry, city and industrial waste, and the macro- and microalgae—has drawn attention.
The function and destiny of biochars in soil fertilization, energy recovery, and pollution
absorption are examined in [7], with an emphasis on their adaptability and conversion
operating conditions to lower costs and environmental effect.

Energy-dense biomass may be processed using a variety of techniques, including
gasification, anaerobic digestion, hydrolysis, fermentation, and hydrogenation, to produce
added value fuels and chemicals [8]. Globally, there is increasing potential for using biomass
for producing electricity, bioethanol, which is biodiesel, and biogas. Better research and grew
availability are opening the door to cost-effective production of hydrogen. Cleaner fuels for
transportation and power generation, such as hydrogen, biogas, alcohols, and biodiesel, may
be produced through the development of biomass conversion technologies, which include
chemical, thermochemical, and biochemical procedures. Different companies can use
biomass as fuel, which might lead to the establishment of at the biological economy in the
future [9]. The study in [10] addresses the shift to renewable energy sources, especially
biomass, as rising fossil fuel consumption is a major public health risk. The discourse will
delve into the relationship between the use of biofuels and the surrounding environment and
climate, classifying organic feedstocks and examining their chemical attributes and various
forms of energy generation. This addresses methods for transforming raw materials,
emphasizing biomass economy as a workable option for a more environmentally friendly
future in a range of uses.

First-generation biomasses especially are perfect for producing bioenergy because of their
energy-rich qualities, capacity to manage waste, ability to recycle nutrients, and alignment
with the circular economy. The study in [11] examines government incentives for the
bioenergetic industry and the development of biofuels worldwide, highlighting the role
played by these programs in boosting the output of energy from biomass alternatives. The
topic of discussion is the commercial generation of biofuels from biomasses, and the
literature on the subject is reviewed in the given study [12]. As the world's energy needs rise
and greenhouse gas emissions increase, nature is being greatly harmed by the increasing
consumption of sustainable fossil fuels like coal, natural gas, and oil. The demand for low-
carbon, renewable fuels to manufacture different products and lower emission of greenhouse
gases has resulted in a fast expansion of the biofuels business. An extensive summary of the
situation of the major biofuel production strategies is given in [13].
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Even though it is routine practice to reform fossil fuels, the decreasing supply of fossil
gasoline and diesel, climate change, and increased demand for methanol have spurred interest
in biomethanol synthesis from sources of renewable energy. Methods of producing biosyngas
from biomass resources via pyrolysis, gasification, plasma processing, and anaerobic
digestion procedures, and then translation to methanol, are the two primary categories of
biomethanol production methodologies. The conversion of biomass to biomethane,
technological advancements, obstacles, and factors influencing the commercialization of
these biomethane conversion methods are all covered in [14].

3 Biochemical Conversion Processes

The generation of fuel and chemicals at a cheap cost and without direct rivalry with food
consumption is made possible by lignocellulosic biomass, which includes wood, agricultural
leftovers, and energy crops. The biochemical conversion of biomass in a sugar platform
biorefinery is described in [15], encompassing pretreatment, enzymatic hydrolysis of
cellulose, and fermentation of microorganisms to target molecules. Since second-generation
fuel ethanol production has gotten a lot of attention from research and development thus far,
this analysis concentrates on its technology, commercial position, and potential futures. For
large-scale competitive lignocellulosic ethanol production, high enzyme prices continue to
be a barrier; however, by combining enzyme production, consolidation bioprocessing (CBP)
may be able to overcome this. Using genetically modified microbes or synthetic co-cultures,
enzymatic hydrolysis and fermentation are coupled in a single step to provide insights on
CBP techniques for the manufacture of advanced fuels, commodity chemicals, and ethanol
[16].

The study in [17] examines the several ways that the dairy industry treats pollutants, with a
particular emphasis on the potential of biotechnology to valorize dairy waste using biological,
physicochemical, and biotechnological means. The microbial methods that may produce bio
gas, bio ethanol, bio Hydrogen, the recovery of substances and energy from dairy waste is
examined in [ 18], which also highlights different treatment methods and how they could grow
the market for fermented functional beverages in the dairy business.

Organics material (OSW) must be disposed of safely since inappropriate disposal might result
in the loss of stored nutrients. This is why the green economy places such a premium on
OSW disposal. Employing biological technology, [18] investigates the recycling of macro-
and micronutrients in agricultural areas with the goal of preserving soil fertility and
recovering lost nutrients. The nutrient enrichment, earthworm impacts, and quality evaluation
of composts and vermicomposts are the main areas of focus for [19], which investigates the
composting and vermicomposting of OSW for the manufacture of fertilizer. When used
properly, compost is an excellent organic fertilizer with a high nutritional content that
provides something extra over composts. The high nutritional content of vermicompost might
be the result of microbes carried by earthworms combining with organic waste as they move
through their intestines

The significance of comprehending earthworm activity in vermi-technology and its
nutritional enrichment techniques is emphasized in [20]. It urges more investigation into the
metabolism of magnesium and sodium as well as other trace elements in vermicomposting
procedures.

The oldest energy source utilized by people is biomass, mostly wood. It is used for heating,
producing electricity, and industrial activities. In advanced countries, biomass currently
makes up only 3% of primary energy use. The yearly output of biomass, mostly from wild
plant growth, is estimated to be 146 billion metric tons. Through chemical breakdown and
ecological digestion routes, biomass is utilized in the pulp and paper, timber, wood-related
goods, and electric utility industries. Direct combustion fuel biochemical, and agrochemical
processes are the several types of biomass conversion technologies. Microbic digestion and
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fermenting are part of the biological processes. The idea of "bio-based molecules," which are
produced from biomass via a variety of transformation processes to produce fuels and value-
added substances has gained prominence since the late 20th century. Researchers are looking
at using biomass as a starting point to make biofuels and phase out fossil fuels. The
application of the integrated biorefinery concept is examined in this study [21]. The research
in [21] includes a technical, economic, and environmental examination of the suggested
biological refineries in addition to discussing the transformation of biomass into bio-derived
chemicals and bio fuels.

Microalgae biomass has promise for producing bioenergy such as biomethane, biohydrogen,
and bioethanol. Growing energy consumption, the depletion of fossil fuels, and global
warming all drive interest in renewable energy sources. The research in [22] highlights the
possibility of microalgae biomass in the emerging bio fuel industry by examining several
chemical conversion mechanisms for converting it into different bio fuel products. Despite
limits in process viability, effectiveness, scalability, and sustainability, recent biochemical
conversion techniques, such as the synthesis of biomethane and bioethanol, are being
investigated for the commercialization of microalgae-based bioenergy in the future. Low
recovering energy efficiency and high production costs are obstacles to the
commercialization of microalgae-based bioenergy. Research on integrated biorefineries, cost
reduction, and Al tools should be prioritized in the future.

The current technologies for turning lignocellulosic biomass into energy are thermochemical
or bio chemical, and their efficiency varies depending on the nature of the feedstock,
especially the amount of lignin in the biomass. The work in [23] highlights the potential of
lignin as a fuel source in spite of its resistance to biochemical conversion by examining its
effects on the thermochemical and biochemical conversion of alfalfa stems. When comparing
pyrolysis product yield to biochemical conversion, lignin content had no effect; nevertheless,
in culture gas generation strongly reacts negatively to lignin content. According to [24],
lignin has a major effect on alfalfa stems' capacity for biological conversion. As a result, the
composition of lignocellulosic biomass for bioenergy feedstock should be managed
appropriately. The study in [25] examines the micro algae biofuel manufacturing process,
with an emphasis on biochemical conversion, as a viable and sustainable substitute for fossil
fuels that still needs further study before being used on a wide scale. The composition of
microalgae biomass, thermochemical, chemical, and biochemical conversion, as well as the
impacts of anaerobic digestion, digester designs, and operation conditions on the generation
of methane, bioethanol, and biohydrogen are all covered in [26].

Table 1. Different feedstock used for energy production

Study Focus Replacement Enhanced Sustainability | Applications Benefits
Material Properties Benefits
Lignocellulosic Wood, Production of Reduction of Biofuel and Consolidated
Biomass Agricultural Second- Enzyme Costs, Chemical Bioprocessing,
Conversion Residues, Generation Lower Carbon Production Reduced Waste
Energy Crops Fuel Ethanol Footprint
Dairy Waste Dairy Waste Biogas, Waste Bioenergy, Extended Dairy
Valorization Bioethanol, Reduction, Biochemicals Industry
Biohydrogen Energy Production Applications,
Production Recovery Environmental
Protection
Organic Solid Organic Solid Nutrient-Rich Soil Fertility Agriculture, Value Addition
Waste Waste Fertilizers, Maintenance, Fertilizer to Waste,
Recycling Enhanced Nutrient Production Sustainable
Recycling Agriculture
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Nutrient
Content
Biomass Wood, Animal Electricity Reduction of Electric Utilization of
Energy and Plant Generation, Primary Energy Utility, Abundant
Utilization Wastes Heating, Consumption Industrial Natural
Fueling Facilities Resources,
Energy
Diversity
Bio-Based Biomass Renewable Replacement of | Biorefinery, Integrated
Molecules Fuels, Value- Fossil Fuels, Biofuels Biorefinery
Production Added Carbon Concept,
Chemicals Neutrality Environmental
Analysis
Microalgae Microalgae Biomethane, Renewable Bioenergy Large-Scale
Biomass for Biohydrogen, | Energy Source, Products Biofuel
Bioenergy Bioethanol High Production,
Production Biochemical Cost Reduction
Composition
Lignocellulosic | Lignocellulosic Ethanol, Reduction of Biofuel, Suitable for
Biomass Biomass (e.g., Biofuel via Lignin Content Ethanol Various
Energy Alfalfa Stems) Pyrolysis Obstacles Production Conversion
Conversion Methods,
Feedstock
Flexibility
Biofuel Microalgae Methane, Sustainable Biofuel Advanced
Production Bioethanol, Alternative to Production Research for
from Biohydrogen Fossil Fuel Cost-
Microalgae Production Effectiveness,
Sustainable
Energy

Table 1 provides the utilization of lignocellulosic biomass to convert wood, crop leftovers,
and renewable energy crops into second-generation ethanol for combustibility while
lowering enzyme costs and carbon impact. It also examines the value of dairy waste, organic
solid waste reuse and recycling, biomass energy usage, the manufacture of bio-based
compounds, and the generation of biofuels using microalgae [27-30]. The study's goal is to
develop low-cost, long-term alternatives to fossil fuels while also encouraging the utilization
of energy and environmental diversity.

4 Fermentation and Anaerobic Digestion

Although there has been much research on the fermentation and anaerobic digestion of
organic waste and wastewater, comparisons to eliminate deficiencies in nutrients in observed
process dynamics, a uniform technique for defining growth media for anaerobic digestion
and mixed culture ferment is recommended. This will allow for comparison of findings [31].
The functions of macro- and micronutrients, growth medium formulation techniques,
requirements for mesophilic and thermophilic systems, significance of trace metals, and
possible needs for vitamin supplementation are all covered in this study. The study in
examines the toxicity and bioavailability of trace metals and finds that, at optimal
temperatures, mesophilic and thermophilic enzymes are similar, with thermophilic systems
requiring greater levels of trace metals [32].

Because it has several benefits over atmospheric approaches, anaerobic breakdown of organic
molecules employs specialist bacteria, such as hydrolyzing, digestive, acetogenic,
homoacetogenic, sulfate-reducing, and methanogenic kinds. The study in [33] explores the
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benefits, processes, transformations, and microorganisms associated with methane digestion,
emphasizing how much less energy is required than in aerobic breakdown.

An anaerobic digestion system with acidic fermentation and pre-treated organic fraction of
trash is used in a pilot-scale urban bio-waste conversion planticipal solid waste (OFMSW)
and waste activated sludge (WAS), both produced inside the Treviso (northeast Italy)
municipality. The effect of temperature on the fermentation of biowaste to produce biogas
was examined in [34]. Without the need for chemical addition, the mesophilic fermentation
process generated some steady stream rich in volatile fatty acids (VFAs), and the solid-rich
bio-waste AD stage shown no discernible variations in temperature. 170,000 Person
Equivalent urban municipality uses the system to show its thermal sustainability, producing
13,03 MWh/d of electricity, 36% of excess thermal energy, and 2,262 kg CODVFA/d for
parallel uses.

Three different anaerobic digestion pathways were examined in [35] using rice straw that had
been alkali-treated; sequential fermentation and AD significantly increased the breakdown
of the fiber while also changing its composition Bio gas, also known and ethanol were
produced throughout fermentation until R2, with R1, R2, and R3 yielding the highest yields.
The biomethane percentage of R3 biogas was 15% and 8% greater than that of R1 and
R2According to the study, the maximum energy conversion efficiency of 75.6% and
bioenergy production of 10.58 GJ/ton—1 were obtained from fermentation that occurred
before AD.

The study in [36] covers the application of mathematical models in anaerobic digestion,
combining contemporary microbiological and biological studies with first-order rate
equations for complicated organic hydrolysis and Monod kinetics for methanogenesis from
acetate. Although bacteria's intermediate metabolism can be better modeled by
thermodynamic simulations, their metabolic versatility is still unexpected. The article
discusses a novel idea for simulating the patterns of volatile fatty acids in anaerobic digesters
during overload and recovery [36-39].

The need for alternative, affordable, renewable, and ecologically acceptable energy sources
has arisen due to the substantial rise in global population, which has also resulted in a scarcity
of traditional resources. Anaerobic digestion is a popular technique for turning biomass into
biofuels, and it works very well with a variety of feedstocks. Biomass may be used as a
sustainable energy source. Residues from anaerobic digestion, which are rich in nutrients and
undigested materials, have been investigated for their possible application in the manufacture
of biofuel and bioproducts, even if there may be problems if used extensively. A viable liquid
biofuel that provides a greener substitute for fossil fuels is bioethanol. Research is looking
into how to produce bioproducts and biogas together to produce zero emissions. waste.
However, discusses mainly an integration approach for Without generating trash, two
potential renewable energy can be used; nevertheless, further research is required to improve
the qualities of biofuels and high-value bio-based goods.

5 Conclusion

Biomass is a key participant in sustainable energy solutions, with improvements in
feedstocks, conversion technology, and biorefinery strategies. However, demanding
situations like feedstock availability, conversion performance, monetary viability, and
environmental impact persist. Multidisciplinary research, technological innovation, and
coverage assist are had to optimize biomass conversion pathways and promote huge-scale
bioenergy adoption, promising ecological sustainability and social equality.

e Advancements in feedstocks, conversion technologies, and biorefinery have developed

efficient, cost-effective, and environmentally friendly bioenergy systems.
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e Biomass conversion into biofuels and bioproducts offers alternatives to fossil fuels.
Challenges include feedstock availability, conversion efficiency, economic viability, and
environmental impact.

e  Multidisciplinary research, technological innovation, and policy support are needed to
optimize biomass conversion pathways. Balancing energy production with ecological
sustainability and social equity is crucial. Ongoing research and development promise a
sustainable and resilient energy future.
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