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Abstract

Biomass conversion represents a vital solution in the global transition to sustainable energy systems. This report
centers on enzymatic processes for biomass conversion, emphasizing their role in producing renewable energy
products such as biofuels, biohydrogen, and bioelectricity. Enzymes, as biocatalysts, enable the efficient breakdown
of complex biomass polymers like cellulose, hemicellulose, and lignin into fermentable sugars, which are then utilized
in energy production pathways. These processes are characterized by eco-friendliness, operating under mild conditions
while avoiding the use of toxic chemicals, making them superior to traditional thermochemical methods. The study
explores advancements in enzyme engineering, including thermostable and multi-functional enzymes that enhance
reaction rates and scalability. Agricultural residues, forestry byproducts, and organic waste are identified as sustainable
feedstocks, reducing dependency on fossil fuels and addressing environmental pollution. Key biochemical pathways
such as glycolysis, fermentation, and methanogenesis are discussed, showcasing their contributions to energy
generation and carbon footprint reduction. Despite challenges like high enzyme production costs and biomass
recalcitrance, innovations in synthetic biology, immobilized enzyme technologies, and integrated biorefineries are
paving the way for cost-effective applications. Case studies and global initiatives illustrate the economic viability and
environmental benefits of enzymatic biomass conversion. By aligning with international climate action policies and
advancing technological innovations, enzymatic biomass conversion is positioned as a cornerstone in achieving energy
security, mitigating climate change, and fostering a circular bioeconomy. This report emphasizes the urgent need to
harness enzymatic technologies for a sustainable and renewable energy future.

KEYWORDS: Biomass, Enzymes, Renewable Energy, Biofuels, Waste Materials


mailto:jnasr@iuokada.edu.ng
mailto:erifeta.georgina@iuokada.edu.ng

(JNASR) Journal of Natural and Applied Sciences Research

Erifeta et al., (2025). 1(1): 47-59. Available online at https://www.jnasr.iuokada.edu.ng. jnasr@iuokada.edu.ng

Introduction

The increasing demand for alternative and sustainable
sources of energy, chemicals, and materials has led to the
exploration of biomass conversion technologies
(Demirbas, 2007). Biomass, derived from organic
materials such as plants, agricultural residues, and waste,
offers a renewable and abundant feedstock for the
production of biofuels, biochemicals, and biomaterials
(Tripathi et al., 2016). The utilization of biomass not only
addresses environmental concerns associated with fossil
fuels but also promotes the development of a circular
bioeconomy (Cherubini, 2010). Biomass conversion
involves various processes, including thermochemical,
biochemical, and physicochemical methods, each
tailored to specific feedstocks and desired products
(Mohan et al., 2006). Thermochemical processes, such
as pyrolysis, gasification, and combustion, involve the
application of heat to decompose biomass into valuable
products like bio-oil, syngas, and biochar (Bridgwater,
2012). Biochemical conversion, on the other hand, relies
on enzymatic and microbial actions to transform biomass
into bioethanol, biogas, and other bio-based chemicals
(Sanchez & Cardona, 2008).Recent advancements in
biotechnology have further enhanced biomass
conversion efficiency through genetic engineering of
microorganisms and development of robust enzymes
capable of degrading complex biomass components
(Mosier et al., 2005). Moreover, the integration of
biomass valorization approaches enables the extraction
of high-value compounds, thereby improving the overall
economics and sustainability of biorefineries (Clark &

Deswarte, 2015).

The conversion of biomass into value-added products

involves thermochemical, biochemical, and

physicochemical processes, each with distinct

advantages depending on the feedstock and desired end-

products (Bridgwater, 2012; Mohan et al., 2006). Among

these, biochemical processes, such as enzymatic
hydrolysis and microbial fermentation, are particularly
attractive due to their mild operational conditions and
potential for specificity (Alvira et al., 2010).
Biotechnology has significantly advanced the efficiency
of biomass conversion by improving enzyme
formulations and microbial strains capable of breaking
down complex lignocellulosic structures (Sanchez &
Cardona, 2008; Mosier et al., 2005). These innovations
have enhanced the yield and cost-effectiveness of
producing biofuels and biochemicals from renewable
sources. Furthermore, the valorization of biomass into
industrially relevant compounds aligns with global
sustainability goals and circular economy principles
(Clark & Deswarte, 2015; Cherubini, 2010).
Thermochemical conversion processes, including
pyrolysis, gasification, and combustion, decompose
biomass at high temperatures to produce syngas, bio-oil,
and biochar (Bridgwater, 2012). Pyrolysis, which occurs
in the absence of oxygen, produces liquid bio-oil and
solid biochar, both of which can be used as fuel or soil
amendments. Gasification partially oxidizes biomass to
create a combustible gas mixture that can be utilized for
power generation. Combustion, the most direct method,
involves burning biomass in the presence of oxygen to
generate heat or electricity (Mohan et al., 2006).
Biochemical conversion, on the other hand, utilizes
microbial or enzymatic processes to convert biomass into
biofuels like biogas, ethanol, and butanol. Anaerobic
digestion, for instance, involves the breakdown of
organic material by microorganisms in the absence of
oxygen to produce biogas primarily composed of
methane and carbon dioxide (Appels et al., 2008).
Fermentation processes, often used with carbohydrate-
rich biomass, convert sugars into ethanol using yeast

strains (Sanchez & Cardona, 2008).
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Cellulose, hemicellulose, and lignin are major

components of lignocellulosic biomass. Effective
biomass conversion, particularly for biofuel production,
often requires pretreatment to break down the complex.
Therefore, the current study seeks to investigate the
efficiency, scalability and environmental impact of
enzyme based processes for biomass conversion into

renewable energy.
Methods

This study investigates innovative bioprocesses that uses
enzymes to convert biomass into renewable energy.
Electronic searches of the literature, primarily in
databases such as PubMed, Google Scholar, Scopus, and
ScienceDirect were used to gather published articles for
the development of the manuscript. Keywords such as
biomass conversion, bioenergy and biofuels were used.
A total of 50 scholarly items, including research articles,
reviews, books, and other publicly accessible internet
sources, were returned by the search procedure. The
shortlist included about 15 items and the criteria for
selection was based on the use of enzyme for biomass
conversion. Due to the scarcity of contemporary studies
and their relevance to the chosen topic, articles published
before 2010 were also considered. The selected articles
were thoroughly studied and critically analyzed for this
study.

Result/discussion
Climate Change and the Need for Renewable Energy

Climate change remains one of humanity's most pressing
challenges. The increasing concentration of greenhouse
gases, primarily from burning fossil fuels, has led to
rising global temperatures, extreme weather events, and
significant biodiversity loss (IPCC, 2021). A sustainable

energy transition is essential to mitigate these effects.
Renewable energy

Renewable energy refers to energy derived from natural
processes that are continuously replenished, such as
sunlight, wind, water, and biomass. Unlike fossil fuels,
which are finite and contribute to greenhouse gas
emissions, renewable energy sources are sustainable and
environmentally friendly, making them essential in
combating climate change (IEA, 2022). Biomass
includes plant materials, agricultural and forestry
residues, municipal waste, and algae. It is widely
available across different regions, making it an attractive
and equitable energy source. Biomass energy can be
harnessed through direct combustion, anaerobic
digestion, biochemical conversions, and thermochemical

processes (IEA, 2022).

However, lignocellulosic biomass primarily composed
of cellulose, hemicellulose, and lignin is naturally
resistant to microbial degradation, a feature known as
biomass recalcitrance. Effective conversion requires
innovative treatment strategies to overcome this

challenge.
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Enzymes in biomass conversion
Role of Enzymes in Biomass Conversion

Enzymes are biological catalysts that accelerate chemical

reactions without being consumed. In biomass
conversion, they are essential for breaking down
complex organic materials into simpler molecules,
enabling the production of biofuels, biogas, and other

renewable energy products.

Their specificity, efficiency, and eco-friendliness make
them a cornerstone of modern biomass conversion

technologies (Bhat & Bhat, 1997)).

Types of Biomass Components Targeted by Enzymes

* Biomass is composed of complex polymers that

enzymes act upon:

*  Cellulose: A polysaccharide forming the primary

structural component of plant cell walls.

. Hemicellulose: A heterogeneous polysaccharide

surrounding cellulose fibers.

* Lignin: A complex aromatic polymer providing

rigidity and resistance to degradation.

(Kumar et al., 2008).
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Key Enzymes in Biomass Conversion

» Amylases

* Lipases

plant cell walls.
Convert starches into
fermentable sugars.

Hydrolyze fats and oils
into glycerol and fatty
acids, aiding biodiesel

production

Enzyme Function Subtypes Application References
Cellulases Break down cellulose into | * Endoglucanases: Cleave | Ethanol and  biogas | (Lynd et
glucose, which can be | internal bonds in cellulose | production al.,2002).
fermented into biofuels. chains.
. Exoglucanases
(Cellobiohydrolases):
Remove cellobiose units
from chain ends.
. B-Glucosidases:
Hydrolyze cellobiose into
glucose
Hemicellulases Degrade  hemicellulose | * Xylanases: Break down | Enhancing fermentable | (Wong et
into  pentoses  (e.g., | xylan into | sugar yield. al., 1988).
xylose) and hexoses xylooligosaccharides.
* Arabinofuranosidases:
Remove arabinose side
chains.
Ligninases Degrade lignin, a major | * Laccases: Oxidize lignin | Delignification for biofuel | (Martinez
barrier to  accessing | and phenolic compounds. | production. et al.,
cellulose and | ¢ Peroxidases (e.g., lignin 2005).
hemicellulose. peroxidase, = manganese
peroxidase): Break
aromatic  structures in
lignin
Auxiliary Enzymes: (Kuhad et
* Pectinases Break down pectin in al.,. 2011)
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Enzymatic Biomass Conversion Processes

1. Enzymatic Hydrolysis: Converts cellulose and
hemicellulose into fermentable sugars using cellulases
and hemicellulases. Mild conditions (e.g., pH 4.5-5.5, 45-
50°C) make the process eco-friendly (Sun & Cheng,

2002).

2. Pretreatment Enhancements: Ligninase enzymes are
used during pretreatment to remove lignin and improve

enzyme

accessibility to cellulose. Pretreatments include steam
explosion, dilute acid hydrolysis, and alkali treatments.

(Mosier et al. 2005).

3. Fermentation: Sugars produced from enzymatic
hydrolysis are fermented into biofuels (e.g., ethanol,

butanol) by microorganisms.

4. Biogas Production: Enzymes enhance anaerobic
digestion efficiency by breaking down complex polymers

into smaller, digestible molecules.
Biochemical Pathways in Biomass Conversion

Biomass conversion into energy products involves

several biochemical pathways:

e  Glycolysis: Breaks down glucose to pyruvate,
yielding ATP and NADH (Berg et al., 2002).

e Fermentation: Converts pyruvate into products

like ethanol or butanol under anaerobic
conditions (Ingledew, 1999).
e  Methanogenesis: Archaea convert carbon

dioxide and hydrogen into methane during
anaerobic digestion (Weiland, 2010).

e  Transesterification: Conversion of lipids into
biodiesel using chemical or enzymatic catalysts

(Ma & Hanna, 1999).

Each pathway offers distinct energy products and can be

optimized through biotechnological innovations.
Biofuel Production from Biomass

Biofuels represent a major product of enzymatic biomass
conversion. They are categorized into four generations
based on feedstock type and production technology (Naik
etal.,2010):

e  First-Generation Biofuels: Derived from food
crops such as corn and sugarcane (e.g., corn
ethanol, sugarcane ethanol).

e Second-Generation Biofuels: Produced from

non-food biomass like agricultural residues,

forestry waste, and energy grasses

(e.g.
cellulosic ethanol).

e  Third-Generation Biofuels: Focus on algae and
other microorganisms capable of high-yield
biofuel production.

e  Fourth-Generation Biofuels: Involve genetically
engineered organisms that produce biofuels

directly from CO., often integrated with carbon

capture technologies (Chisti, 2007).

Among these, cellulosic ethanol has gained significant
attention due to its ability to utilize agricultural and
forestry residues, minimizing food-versus-fuel conflicts.
Biodiesel is another important product, made through
transesterification of fats and oils. While traditional
biodiesel production uses chemical catalysts like NaOH
or KOH, enzymatic biodiesel production uses lipases,
offering a more environmentally friendly alternative
(Meher et al., 2006). Overall, enzymatic conversion
pathways offer several advantages of Improved
selectivity, Lower energy consumption and Minimal

generation of side-products.
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Case studies and global initiatives stover (agricultural waste) as a feedstock and focused on
enzymatic hydrolysis technologies (DuPont, 2016).
Case studies
However, high enzyme costs and feedstock logistics

1. DuPont Cellulosic Ethanol Plant (USA) posed challenges, leading to the eventual sale of the plant.

DuPont established one of the world’s largest cellulosic 2. Novozymes and Raizen (Brazil)

ethanol plants in Nevada, lowa. The facility utilized corn

SOOM OINOORYIU
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Novozymes partnered with Raizen to produce second-
generation ethanol from sugarcane residues (bagasse and
straw). This collaboration highlights Brazil’s leadership
in bioethanol production and shows the viability of
enzymatic biomass conversion at commercial scale

(Novozymes, 2019).
3. LanzaTech Gas Fermentation (China)

LanzaTech’s technology captures industrial waste gases
(CO and CO:) and biologically converts them into
bioethanol using specially engineered microorganisms.
This approach not only reduces industrial carbon
emissions but also generates valuable biofuels,
embodying circular economy principles (LanzaTech,

2020).
International Policies and Programs

Global initiatives that support biomass and bioenergy

development include:

e Paris Agreement (2015): Commitments to
reduce carbon emissions, fostering renewable
energy transitions (UNFCCC, 2015).

e EU Renewable Energy Directive (RED II):
Mandates minimum renewable energy targets
for member states (European Commission,
2020).

e US Renewable Fuel Standard (RFS): Requires
increasing volumes of renewable fuel to be

blended with transportation fuel.

Such frameworks encourage investment, innovation, and

scale-up of enzymatic biomass conversion technologies.
Future trends and innovations

The enzymatic biomass conversion sector is evolving
rapidly, driven by technological advancements and the
urgent need for sustainable energy alternatives. Several

emerging trends are shaping the future landscape:

1. Development of Thermostable and
Multifunctional Enzymes
Enzymes traditionally operate best under mild

temperatures and pH ranges. However, industrial biomass
conversion demands robustness. Recent research focuses
on engineering thermostable, alkaline-tolerant, and
multifunctional enzymes that can withstand industrial
processing conditions without losing activity (Liu et al.,

2022).

Multifunctional enzymes, capable of acting on multiple

substrates  simultaneously cellulose  and

(e.g.,
hemicellulose), are reducing the need for enzyme

cocktails and simplifying bioprocesses.
2. Integrated Biorefineries

The concept of the integrated biorefinery mimics
petroleum refineries but uses biomass as feedstock.
Integrated biorefineries produce multiple products —
biofuels, bioplastics, biochemicals, and bioenergy —
maximizing value from each ton of biomass (IEA

Bioenergy, 2023).
Key components include:

e  Pretreatment units.
e Enzymatic hydrolysis reactors.
e Fermentation systems.

e Downstream product recovery systems.

This diversification enhances economic viability and

supports circular economy principles.

3. CRISPR and Synthetic Biology for Microbial

Engineering

CRISPR-Cas9 and other genome-editing tools enable the
creation of designer microbes tailored for efficient

biomass conversion. These microorganisms can:

e Secrete improved enzymes.
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e Tolerate inhibitors produced during
pretreatment.
e Directly ferment pentose and hexose sugars to

biofuels (Zhang et al., 2022).

Synthetic biology approaches also allow for the assembly
of artificial metabolic pathways, further optimizing

conversion yields and process efficiencies.
4. Al and Digitalization in Biomass Processing

Artificial Intelligence (Al) and Machine Learning (ML)
are transforming how biomass conversion processes are

designed and optimized:

e  Predicting optimal enzyme combinations.

e  Modeling fermentation kinetics.

e Automating biorefinery operations (Patel et al.,
2023).

e Digital twins — virtual replicas of biorefineries
— allow real-time process monitoring,

troubleshooting, and efficiency improvements.

5. Decentralized Biomass Energy Systems

Decentralized, small-scale biomass systems offer
localized energy solutions, especially in rural and
underserved regions. By installing community-based
anaerobic digesters, mini-biorefinery units, and gasifiers,
communities can achieve energy independence, improve
waste management, and foster economic development

(Kumar & Sharma, 2022).
Conclusion

Enzymatic biomass conversion stands at the forefront of
global efforts to transition toward sustainable, renewable
energy systems. Its eco-friendly attributes, coupled with
technological advancements in enzyme engineering,
bioprocessing, and system integration, make it a
cornerstone solution to address climate change, fossil fuel

depletion, and rural development challenges. While

economic and logistical hurdles remain, the future of

enzymatic biomass conversion appears promising.
Increased investment in research, supportive public
policies, and interdisciplinary collaborations are essential
to unlocking its full potential (Chisti, 2007; Demirbas,
2009). Harnessing the full power of enzymes in biomass
conversion will diversify the world’s energy portfolio and
also contribute significantly to achieving the United
Nations Sustainable Development Goals (SDGs),
particularly those related to clean energy, climate action,

and sustainable industrialization.
Recommendations

To fully harness the potential of enzymatic biomass
conversion and promote a sustainable energy future, the

following strategies are recommended:
e Invest in Enzyme Research and Development

Funding should prioritize the discovery, engineering, and
optimization of robust enzymes that can operate under

industrial conditions (Liu et al., 2022).

Emphasis should be placed on producing enzymes with
broad substrate specificity and resistance to inhibitors

formed during biomass pretreatment.
e Promote Sustainable Biomass Sourcing

Biomass feedstocks must be sourced sustainably to avoid
deforestation, soil degradation, and food-versus-fuel

conflicts.

Policies should support the use of agricultural residues,

forestry waste, and non-edible crops.
e Develop and Expand Integrated Biorefineries

Governments and private sectors should invest in the
development of integrated biorefineries capable of

producing multiple high-value products.
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This approach maximizes economic returns while

minimizing environmental footprints.
e  Support Cost-Reduction Strategies

Cost remains a barrier to commercialization. Innovations
like enzyme immobilization, consolidated bioprocessing
(CBP), and on-site enzyme production should be

encouraged (Sun & Cheng, 2002).
e  Strengthen Policy Frameworks

Governments should enact supportive policies such as tax
credits, feed-in tariffs, renewable portfolio standards, and
carbon pricing mechanisms to incentivize biomass

conversion investments (European Commission, 2020).
e  Foster Public-Private Partnerships

Collaborations between universities, industries, and

governments can accelerate research translation,

commercialization, and public acceptance.
e  Educate and Raise Awareness

Public education campaigns and curriculum integration at
tertiary levels are necessary to build awareness of

biomass energy's potential and benefits.
e Advance Decentralized Rural Energy Systems

Developing decentralized biomass conversion units for
rural communities can provide localized energy, improve
livelihoods, and reduce urban migration pressures

(Kumar & Sharma, 2022).
e  Monitor Environmental Impacts

Life cycle assessments (LCA) should be conducted for all

biomass projects to ensure sustainability across

environmental, social, and economic dimensions (Naik e?

al., 2010).

e Invest in Emerging Technologies

Cutting-edge fields like synthetic biology, CRISPR
genome editing, and Al-driven process optimization
should be leveraged to revolutionize biomass conversion

pathways.
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