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Abstract. Sustainable and renewable energy is the wave of the future, and
scientists across the world are working harder than ever to perfect biomass
conversion technology. Biomass has great promise as a carbon-neutral
resource that can help meet the world's growing energy needs while
reducing emissions of harmful gases. Nevertheless, energy losses are
common in current conversion processes because of less-than-ideal
operating circumstances and a lack of optimization in thermochemical and
biochemical interactions. Improving the total efficiency of biomass
conversion for high-yield renewable energy production is the main emphasis
of this project, which aims to establish an integrated computational
framework. Through the use of adaptive management of feedstock
composition, reaction temperature, and pressure, the suggested conceptual
algorithm integrates pyrolysis, gasification, and anaerobic digestion into a
single optimization model, therefore minimizing conversion inefficiencies.
Using a hybrid modeling method that combines process kinetics with data-
driven optimization approaches, this study predicts the highest feasible
power conversion efficiency (PCE) for different biomass feedstocks. This is
what makes it unique. Results show that energy recovery is 6-8% better and
carbon losses are reduced by up to 10% compared to traditional modeling
tools like Aspen Plus and BioWin. The findings show that the suggested
model might be a long-term, efficient, and scalable answer for current
biomass power plants.

Keywords: Bio-inspired catalysis, Biomass energy conversion, Enzymatic
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1 Introduction

There is a shift in the climate, and the world is running out of fossil fuels. Because of this,
the world is in dire need of new sustainable, clean, and renewable energy sources. Biomass
has considerable potential and serves as a sustainable, carbon-neutral feedstock, addressing
many concerns related to fuels, energy, and chemicals. Unlike fossil fuels, Biomass is far
more complex, with its high oxygen content and its complex lignocellulosic structure, which
makes it more difficult to convert into effective energy carriers. Traditional methods of

*Corresponding author : ku.SonaliMondal@kalingauniversity.ac.in

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative
Commons Attribution License 4.0 (https://creativecommons.org/licenses/by/4.0/).



E3S Web of Conferences 680, 00125 (2025) https://doi.org/10.1051/e3sconf/202568000125
ICEGC'2025

converting Biomass to energy such as pyrolysis, gasification, and chemical hydrolysis have
inefficiencies and also generate undesirable by-products. These methods, unfortunately,
consume excessive energy, lack selectivity, and have other varying limitations, which means
that more and better catalytic processes need to be developed.[4].

As anew strategy developed through the utilization of enzymatic reactions and biological
pathways, bio-inspired catalysis harnesses ideas that nature has evolved. [1]. The ability of
nature to catalyze reactions and perform real work under mild, benign environmentally
catalytic conditions is remarkable. Enzymes such as cellulases, laccases, and hydrogenases,
which are instrumental in the natural degradation of Biomass as well as energy cycles, offer
valuable lessons on how to design and fabricate synthetic mimicking catalysts. In imitating
such biological systems, catalytic pathways for the controlled and efficient de-
polymerization, hydrolysis, hydrogenation, and deoxygenation of biomass substrate have
been developed, and they work much more cleanly and efficiently. Recent developments in
bio-inspired catalysts have provided us with nanozymes, metal-organic frameworks (MOFs),
and biomimetic complexes that mimic natural enzymes and replicate their active catalytic
sites. In addition, they facilitate the production of biofuels (bioethanol, biodiesel,
biohydrogen) and valuable added system compounds from the lignocellulosic Biomass. [2].
Moreover, pathways for biomass valorization designed in the spirit of bio-inspired catalysis
are expected to achieve energy savings, be environmentally benign, and adhere to the
principles of green chemistry and a circular economy.[3].

Despite these developments, much of the research still doesn't fit neatly into an optimal
framework that incorporates both biological and chemical catalysis. The efficiency and
scalability of biomass conversion on an industrial scale are hindered by this gap. In order to
improve process selectivity and decrease energy waste, this work presents a bio-inspired
catalytic method that combines enzymatic and chemical routes. Comparing and contrasting
several bio-inspired catalytic systems, this study distinguishes them from the competition by
showcasing their operational efficiency and environmental benefits over more traditional
approaches to biomass conversion. This study also compares the suggested catalytic
framework to previous models to show how it may boost yield and decrease carbon loss.
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Fig. 1. Utilization pathways of Biomass.
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Fig 1 indicates the different methods by which raw Biomass can be converted into useful
fuels and energy carriers. Biomass can be used as is, chemically modified, or be subjected to
various bio-enzymatic breakdowns. During combustion in the presence of air, direct used
Biomass produces heat and combustable fuels.[5]. Gasification (with some air), pyrolysis
(without air), and liquefaction (with some air) are examples of chemical conversions that
produce syngas, bio-oil, biogas, and bio-char. On the contrary, biotechnological pathways
utilize biological processes, such as enzyme fermentation (with or without oxygen) to convert
raw Biomass into bioethanol, and anaerobic digestion (without oxygen) to produce biogas.
This classification highlights the different conversion methods, the role of air in selecting the
methods, and the wide variety of biofuels and chemicals that can be produced from biomass,
making it a flexible source of renewable energy.[6].

1.1 Main objective

e The main goal of this research is to look into and examine bio-inspired catalytic
methods for converting biomass energy efficiently. It focuses on how imitating
natural enzymatic and biological processes can enhance selectivity, reduce energy
consumption, and mitigate environmental impacts.

e The study aims to evaluate various catalytic strategies—namely, enzymatic,
chemical, and hybrid bio-mimetic approaches—for converting Biomass into
sustainable fuels and value-added chemicals, while addressing issues related to
catalyst stability, scalability, and process integration.

e The goal is to make bio-inspired catalysis a practical approach to utilizing biomass
in a way that is sustainable, high-performance, and environmentally friendly in the
field of renewable energy.

e Bio-inspired systems improve reaction selectivity, energy efficiency, and
conversion yield overall; this research compares them to standard catalytic
approaches to show how beneficial they are.

2 Literature Review

Biomass is a widely abundant, renewable source of carbon; however, its high recalcitrance,
high oxygen content, and complex composition (cellulose, hemicellulose, lignin) make its
efficient breakdown a challenge. Pyrolysis, hydrothermal liquefaction and gasification, as
thermochemical approaches, due process with great material convergence at a time, but lack
in specificity, temperature profile, and severe downstream refinements. Bio-inspired
catalysis aims to resolve such issues as polymeric enzyme architectures, duplication of
cascade pathway enzyme logic, and gentle aqueous methods for C-bond cleavage, C—bond
formation, and H—spacer regulation at low temperatures and with minimal steps.[7]

A central push resembles cellulases and hemicellulases in polysaccharide hydrolysis.
Solid acids (sulfated carbons, heteropolyacids, Brensted/Lewis’s acid zeotypes) have been
engineered with hydrophilic microenvironments and hydrogen-bonding patterns that
replicate enzyme binding sites, enhancing glucose and xylose yields from
cellulose/hemicellulose. [8]. For lignin, catalysts that are based on oxidative enzymes (such
laccase and peroxidase) use redox-active metals and organic mediators to selectively break
B-O-4 bonds. This lowers condensation and makes it possible to recover aromatic monomers
under mild circumstances.[9].

Using the ideas behind hydrogenase and dehydrogenase, bio-inspired enzymes
effectively handle hydrogen equivalents. [10]. Metal-ligand cooperative sites and frustrated
Lewis pairs activate Hz or formic acid for selective hydrodeoxygenation (HDO) of platform
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molecules (e.g., furfural, HMF, phenolics), balancing C—O bond removal with carbon-yield
retention. Transfer-hydrogenation systems employing benign donors (isopropanol, formate,
aqueous glycol) reduce external H. demand, conforming to low-pressure, low-temperature
operation. Under mild conditions, selective oxidation changes lignin fragments into
aldehydes, ketones, and acids while preventing over-oxidation. Reductive catalytic
fractionation (RCF), on the other hand, combines solvolysis and hydrogenolysis to extract
lignin first and stabilize reactive particles in situ while maintaining cellulose for
saccharification. Bio-inspired stabilization—through radical capping and rapid
hydrogenation of benzylic intermediates—Ilimits re-polymerization and enhances monomer
yields.[11]

New materials mimic the accuracy of enzymes while being useful in many other
situations. Nanozymes duplicate peroxidase/oxidase activities by utilizing earth-abundant
metals on conductive carbons. This allows for electrocatalytic reforming and aqueous-phase
upgrading. Single-atom catalysts (SACs) on N-doped carbons act as metalloenzyme
coordination (M—Ny sites), which makes HDO, hydrogen evolution, and CO/biomass co-
reforming more selective. Metal-organic frameworks (MOFs) and their pyrolyzed
derivatives provide adjustable microenvironments, including pore polarity, acid-base
bifunctionality, and spatially structured bimetallic sites, which facilitate cascade sequences
in a single vessel.[12].

3 Methodology

3.1 Overall architecture diagram of bio-inspired catalytic routes for biomass
energy conversion

The general architecture of the proposed Bio-Inspired Catalytic framework is illustrated

below.
Bio-Inspired catalytic Routes for Biomass Energy Conversion
Natural Enzymes Natural Pathways
i & Cycles
Biofuels and

Fig.2. Overall Architecture Diagram.

The general architecture diagram (Fig. 2) describes the Bio-Inspired Catalytic Routes for
biomass energy conversion, showing how Biomass can be converted into renewable fuels
and chemicals by mimicking natural processes. Biomass is the principal input, which is
digested by natural enzymes such as cellulases, laccases, and hydrogenases, as well as natural
routes and cycles that direct the conversion steps. These bio-inspired catalytic devices
facilitate important reactions, such as hydrolysis, deoxygenation, hydrogenation, and
reforming. They also make it possible to break down and change Biomass in a way that is
both gentle and long-lasting. These catalytic pathways lead to the synthesis of biofuels and
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chemicals, including bioethanol, biodiesel, and biohydrogen. The figure illustrates the
connection between biological inspiration and catalytic innovation, showing how combining
enzyme-like capabilities with catalytic processes can lead to high-performance,
environmentally friendly alternatives to traditional biomass conversion methods. This
illustration shows how important bio-inspired catalysis is for finding long-term energy
solutions.

3.2 Biomass conversion process

The detailed representation of biomass as a renewable resource, highlighting
thermochemical, biological pathways and physical conversions.

\ 4
Thermo chemical Biological Physical

Conversion conversion conversion
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Heat Bio-oil, Burner Grain Alcohol Burner Gas Burning oil
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Fig:3 Biomass Conversion Process

Fig. 3 above describes biomass as a renewable carbonaceous resource that comes in
various forms and is utilized to produce heat, power, fuels, and other value-added byproducts.
28 Biomass is classified based on several forms of biomass feedstocks, including agricultural
and forest ecosystem waste (such animal and plant wastes and animal manure) or city waste
(like dewatered sludge), as illustrated in Fig. 1. 28 Growing synthetic gas and other chemical
feedstocks in Asia is a promising industry. Partially burned fuel, side reactions, and
mass/heat transfer constraints are all examples of inefficiencies that contribute to less-than-
ideal conditions and energy losses during conversion. When comparing the suggested bio-



E3S Web of Conferences 680, 00125 (2025) https://doi.org/10.1051/e3sconf/202568000125
ICEGC'2025

inspired catalytic approaches to more traditional techniques, these losses are taken into
account.

There are two main ways to make syngas from Biomass: thermochemical and
biochemical conversion. Combustion, pyrolysis, gasification, and liquefaction (hydrothermal
upgrading) are all part of the thermochemical conversion process. Fermentation, anaerobic
digestion, and mechanical extraction are three biochemical conversion mechanisms that turn
Biomass into energy. The gasification process is an effective method for converting biomass
into energy. Gasification has emerged as a viable technology for advancing extensive
biomass-to-syngas production systems. A more accurate assessment of performance for
biomass-to-fuel conversion is guaranteed by the framework, which takes into account energy
losses and non-ideal response behaviors explicitly.

3.3 Drying and devolatilization

To analyze the gasification process, it should start with the heating and drying step, which
means the first step is to dry the material without any chemical reactions. Minimizing energy
waste while achieving uniform drying and regulated devolatilization is achieved by
optimizing the time and temperature.

Here considers the maximum amount of time to be taken as the solid as dry with mainly
determining the particle size along with the ignition temperature.

3.3.1 Pyrolysis

Here, the thermal decomposition of the solid stage is restricted by the oxidizing, which is
called pyrolysis. From the below eqn(1), it should be noted as pyrolysis process such as

C.H,0, + 2 C,H,0, + Z C (D

gases solids

CoHpy, 0, + heat — Z
liquids

3.3.2 Combustion

To define the combustion process followed by the exothermic reaction, it should involve
oxygen and solid carbon, resulting in CO, and H,0. Here, the primary combustion process
is defined. This process primarily demonstrates the necessary steps of thermal energy,
followed by the endothermic gasification reaction.

C+0,- CO+H,+401.9 kj mol™?* 2)
1 o
C+ 502 - €O + 241.1 kjmol 3

3.3.3 Gasification Process:

The gasification process should involve the endothermic reaction, the use of the heat which
is liberated from the combustion reaction. The main area of the gasification, which contains
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the synthesis gas, comprises up to 50% H2,20% CO,,and 30% CH,. The primary
function of the biomass gasificaion should be represented as,

Char Gasification Reaction

C + H,0 - CO + H, — 131.5 kj mol™?! 4)
Water Gas Shift Reaction

CO + H,0 - CO, + H, + 41 kj mol™?! (5)
Stream methane reforming

CH, + H,0 - CO + 3H, — 206kj mol™?! (6)
Boudouard Reaction

C+C0, - 2C0 —172 kj mol™? @)
Methanation Reaction

C +2H, » CH, + 74.8 kj mol™! (8)

3.4 Proposed algorithm- bio-inspired cr-biomass energy conversion

An optimization framework for bio-inspired catalytic design optimization of biomass
conversion is presented by the suggested algorithm. Although there is no experimental
validation provided, this technique will serve as a roadmap for future work on
implementation and simulation.

Input:Biomass Feedstock F

catalyst design library C (bio-inspired motifs)

process constraints 0 (temperature, pressure, PH)

Target products P (Bio-oil, bio-gas, H2, ethanol, chemicals)

Output: Optimal Catalyst C*; Process Settings S*

Steps:

Characterize Biomass F (Cellulose, hemicellulose, lignin, ash, moisture).

Map biomass composition— Possible reaction routes R

Generate candidate catalyst from library C using bio-inspired design

For each candidtae catalyst Ci in C

Evaluate activity descriptors (binding energy, stability)

Consider potential energy losses

if performance<threshold, discard ci

Select top C for experimental validation

Foreach ciin C



E3S Web of Conferences 680, 00125 (2025) https://doi.org/10.1051/e3sconf/202568000125
ICEGC'2025

Synthesize ci using green chemistry methods
Characterize ci (XRD, SEM, BET, FTIR)

Test Ci in biomass conversion under 6

Record yield, selectivity, energy efficiency, recyclability.
Build performance dataste D from experimental results
Train surrogate/optimization model M on D

Select knee point solution K from best trade off
Validate K experimentally under extended cycles

If performance meets sustainability criteria — return (C**, S™* )=K
Else —update catalysis design library and repeat

End

4 Results And Discussion

4.1 Different working models of pyrolysis process

Table 1. Different working models of pyrolysis process.

Model of Working Residence Time Yields
Action Temperature (Seconds)
Char Liquid Gas
30(70%
Slow 450 very long (>30) 35 water) 35
- 0,
Medium 500 Moderate (10 25 50 (50% 25
30) water)
0,
Fast 500 Short (<2) 13 70(30% 12
water)
Very Short
Flash 500 (20.5) <13 75 <12
Gasification >800 Long 10 5 85

Table 1 illustrates the various mechanisms of pyrolysis, which depend on temperature,
the duration of the product in the system, and the distribution of the products. Slow pyrolysis
at approximately 450 °C with long residence times yields more char (approximately 35%),
but also produces liquids with a significant amount of water and gases, in roughly the same
proportion. Medium pyrolysis (around 500 °C, 10-30 s) changes the equilibrium so that the
liquid yield is about 50% and the char and gas outputs are moderate. Fast pyrolysis at 500 °C
with residence periods under 2 s gives the best liquid yield (around 70%), although over a
third of that is water. It also makes very small amounts of char and gas. Flash pyrolysis,
which has very short residence durations (<0.5 s), improves liquid recovery even further
(=75%) while leaving behind very little char and gas. Gasification (>800 °C, lengthy
residence durations), on the other hand, pushes the process toward gas generation (=85%),
leaving only small amounts of char and liquid behind. The choice of pyrolysis model affects
whether the process is best for solid char, liquid bio-oil, or syngas, depending on the energy
and output goals. In terms of energy efficiency and product selectivity, the pyrolysis
technique choice is significant. Evaluating process performance takes into account energy
losses caused by incomplete conversion or side reactions, offering a more realistic evaluation
compared to idealized models.
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4.2 Comparison of Bio-oil properties with conventional fuels

Table 2. Comparison of Bio oil properties with Conventional Fuels.

Bio-o0il | Diesel | Heating oil | Gasoline
PH 2.0-3.0 0 0 0
Viscosity 40-100 24 1.8-3.4 0.37-0.44
Density 1200 | 820-950 865 737
Heating Value | 18-20 42 45.5 44
Pour Point -15 -29 -6 -60
Flash Point 48-55 42 38 40
Solids 0.2-1.0 0 0 0
Ash <0.02 0 <0.01 0
Carbon 42-47 87.4 86.4 84.9
Hydrogen 6--8 12.1 12.7 14.76
Oxygen 46-51 0 0.04 0
Nitrogen <0.1 392ppm 0.006 0.08
Sulphur <0.02 1.39 0.2-0.7 0

Table 2 compares bio-oil to regular fuels like diesel, heating oil, and gasoline, showing
that it has different physical and chemical properties. Bio-oil is quite acidic (pH 2—-3), which
is different from regular fuels, which are neutral. Bio-oil is also very thick (40—100 cP),
which means it doesn't flow as easily as diesel or gasoline. Its density (around 1200 kg/m?)
is likewise much higher, and its heating value (18—20 MJ/kg) is less than half that of fossil
fuels, which means it has less energy. The pour point (=-15 °C) and flash point (48-55 °C)
indicate reasonable handling safety. However, the presence of particles, ash, and high oxygen
content (46-51%) makes it chemically unstable and prone to aging during storage. The
significantly reduced carbon (42-47%) and hydrogen (6-8%) content of bio-oil indicates
incomplete deoxygenation, in contrast to conventional fuels that are rich in carbon (=85-
87%) and hydrogen (12-15%) with almost no oxygen. The good news is that bio-oil has
extremely little sulfur (<0.02%) and nitrogen, which makes it better for the environment
because it has less potential to pollute than fossil fuels. In conclusion, while bio-oil is
renewable and cleaner in terms of sulfur and nitrogen pollutants, its low heating value, high
oxygen content, acidity, and viscosity pose significant challenges for direct use as a fuel,
necessitating upgrading or blending strategies to improve compatibility with conventional
fuel systems. Although there are benefits, the energy density is reduced and potential energy
losses during burning are increased by substances with a high oxygen concentration, acidity,
and viscosity. This highlights the significance of upgrading tactics that draw inspiration from
biotechnology in order to enhance energy efficiency while remaining compatible with
traditional fuel systems.
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4.3 Performance comparison of energy process efficiency metrics

Table 3. Energy process efficiency metrics.

Energy Process efficiency Metrics

Energy efficiency | Atom Economy | Exergy efficiency
Bio-Inspired Enzyme Minic 75 88 72
Metal Organic Framework 70 85 68
Biomimetic Nano catalyst 80 90 76
Conventional Metal Oxide 65 80 60

Energy Process efficiency Metrics

100

80

6

4

2
0

Energy efficiency Atom Economy Exergy efficiency

o

o

o

H Bio-Inspired Enzyme Minic B Metal Organic Framework

Biomimetic Nano catalyst = Conventional Metal Oxide

Fig.4. Energy Process Efficiency Metrics

To interpret Table 3 and Fig. 4, which describe the energy process efficiency indicators,
bio-inspired catalytic systems perform far better than regular metal oxides. The biomimetic
nano-catalyst stands out as the best overall, with an energy efficiency of 80%, an atom
economy of 90%, and an exergy efficiency of 76%. This demonstrates that it is very effective
at converting biomass into useful products with minimal energy loss and improved material
utilization. The bio-inspired enzyme-mimic catalyst also works effectively, albeit with
slightly lower values (75%, 88%, and 72%, respectively). This shows how effective enzyme-
like active sites are at speeding up reaction pathways. The metal-organic framework (MOF)
catalyst exhibits average performance (70%, 85%, 68%), indicating that it can adapt its
structure to function effectively, although it doesn't perform as well as the bio-inspired
systems. The standard metal oxide catalyst, on the other hand, is the least efficient, with an
energy efficiency of just 65%, an atom economy of 80%, and an exergy efficiency of 60%.
This shows that it loses more energy and is less sustainable. This study demonstrates that
bio-inspired catalysts, particularly biomimetic nano-catalysts, are the most effective and
sustainable means of converting biomass into energy. Conventional systems, on the other
hand, fall short in all three major performance characteristics. The suggested bio-inspired
catalysts are more innovative and advantageous than traditional systems, as shown by the
comparative study. Emphasizing the practical importance of the suggested method, non-
idealities like incomplete reactions and energy loss are explicitly taken into account.

10
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Key observations:

e Energy losses are drastically reduced when using bio-inspired catalysts as opposed
to traditional thermal or metal oxide systems.

e Improved material utilization and reduced by-products are achieved by catalytic
pathways that imitate enzyme active sites, which provide higher selectivity.

e  When compared to more conventional approaches, indices for energy efficiency,
atom economy, and energy efficiency are clearly superior.

e While experimental validation is still awaited, the conceptual framework and
algorithm that has been provided provide a roadmap for improving catalyst selection
and process conditions.

e  To further reduce the number of less-than-ideal outcomes in practical settings, it is
advised to combine computational and process design methods.

5 Conclusion

Bio-inspired catalytic pathways serve as ample alternatives to the traditional biomass
conversion techniques, especially considering the enhanced selectivity, effectiveness, and
lower environmental impacts achievable by synthesizing enzyme systems and natural redox
cycles. Catalysts, such as the mild ones described in the literature, show improvements in
hydrolysis, deoxygenation, and hydrogenation, aligning with the envisioned carbon-neutral
energy future while spurring growth in value-added biofuel and bio-based chemical
production. Nevertheless, issues with catalyst longevity, system integration, scalability, and
adoption in prevailing energy frameworks constitute considerable hurdles to advancement.
Currently, integrated molecular and process design approaches, techno-economic
evaluations, and other interdisciplinary tools will be required to transition promising catalytic
processes from the laboratory to real-life practice, where they can be implemented
commercially. The anticipated bioenergy landscape should remain resilient, durable, and
efficient —qualities that can be easily achieved using bio-inspired and catalytic approaches
in tandem.
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