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Introduction

ABSTRACT

The increasing global demand for clean and sustainable energy sources has sparked interest in
biomass-to-hydrogen conversion as a viable alternative to traditional fossil fuels. The quest
for sustainable energy sources has led to extensive exploration of biomass-to-hydrogen
conversion methods. This paper provides a comprehensive overview of various techniques
employed in this conversion process, including thermochemical, biological, and
electrochemical methods. Thermochemical conversion, particularly biomass gasification,
emerges as a promising approach for hydrogen production, with different gasification
techniques offering unique advantages and challenges. Biological processes such as dark
fermentation and microbial electrolysis offer environmentally friendly alternatives but face
challenges in scaling up production. Electrochemical methods, including electrolysis and steam
reforming, provide efficient means of hydrogen generation but require further technological
advancements for cost-effectiveness. Moreover, challenges such as feedstock availability,
production costs, market demand, policy support, and environmental considerations are
discussed. Addressing these challenges through technological innovation, policy incentives,
and interdisciplinary collaboration will be crucial for realizing the full potential of biomass-to-
hydrogen conversion as a sustainable energy solution.

Key words: sustainable energy sources, biomass gasification, thermochemical methods,
elecrochemical methods, biological methods, microbial electrolysis, biomass gasification

The energy crisis is currently the biggest barrier preventing human civilization from progressing
(Ahmed S. F. et al., 2021). There have been concerns expressed about the way solid waste is finally
treated, how quickly energy is produced and consumed, and how greenhouse gas (GHG) emissions
are increasing (Mahlia et al., 2020). Furthermore, the fast-exhausting fossil fuel resources pose a
severe danger to global energy security and are also a major cause of surface air temperature rise,
ocean acidification, and climate change. It is apparent that organizations such as governments,
universities, and research centers are becoming more and more involved in putting conservation
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measures into practice these days. Many companies and chemical processing facilities have
recently shown interest in using sustainable development concepts (Ahmed S. F. et al., 2021). A
sustainable and environmentally friendly future is possible when fossil fuels are replaced by
renewable energy sources.

Biofuels are considered a smart substitute for fossil fuels in the search for ecologically friendly and
sustainable energy solutions (Naira et al. 2020). A viable substitute is hydrogen, which has a high
mass energy density (122 kJ/kg) and a safe combustion product (water). Hydrogen has proven to
be a viable fuel platform as long as it can operate as a high-energy, clean, and environmentally
friendly fuel that can be used to produce electricity in fuel cells. Development of technology and
procedures that could make the manufacturing of this fuel more sustainable is required because
the high production costs of H2 negatively impact its commercial distribution. The two primary
uses of hydrogen produced annually from fossil fuels are the synthesis of ammonia and the
refining of oil (Navarro 2007). The development of new technologies to meet growing demand
while reducing capital costs, production costs, and greenhouse gas emissions is necessary for the
hydrogen economy to become a reality(Xu et al., 201 3).

Rekindled interest in utilizing biomass resources has been sparked by the urgent global concerns
of climate change, depleting fossil fuel stocks, and the need for cleaner alternatives. The most
abundant renewable resource is biomass, which is also far more evenly distributed globally than
fossil fuels (Rollin et al. 2015). Biomass, derived from organic materials such as agricultural
residues, forestry waste, and organic municipal waste, offers a renewable and abundant feedstock
for hydrogen production. Various conversion methods, including thermochemical, biological, and
electrochemical processes, have been developed to harness the energy potential of biomass and
generate hydrogen efficiently.

Renewably sourced feedstock and adaptable energy sources are combined in the production of
biomass and hydrogen. Only water is released as a byproduct when using hydrogen, a high-
energy-density fuel, to power various devices and activities, including fuel cells, transportation,
and industrial operations. Utilizing the current infrastructure for distribution and utilization is one
benefit of the symbiotic interaction between biomass and these energy carriers, which also has the
potential to lower carbon emissions. The objective of this research is to provide insight into the
changing biomass-to-hydrogen environment by analyzing the most recent methods, obstacles,
and sustainability consequences.

Various conversion methods, including thermochemical, biological, and electrochemical processes,
have been developed to harness the energy potential of biomass and generate hydrogen efficiently.
Thermochemical conversion techniques, such as biomass gasification, involve the high-
temperature decomposition of biomass in the presence of oxygen or steam. Gasification processes
offer flexibility in feedstock selection and produce a syngas rich in hydrogen, carbon monoxide,
and other combustible gases. However, challenges such as tar formation, reactor design
optimization, and syngas purification need to be addressed for widespread adoption (P. Basu 2010,
Tezer et al., 2022).

Thermochemical methods

Thermochemical conversion is an advanced method for generating hydrogen from biomass
(Lepage et al. 2021). The three primary thermochemical mechanisms are gasification, pyrolysis,
and aqueous phase reforming (Huber et al. 2006). Gasification is a thermochemical process that
produces hydrogen by operating at high temperatures and low pressures. Carbonaceous solids like
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biochar, ash, and tars are gasified to produce syngas, a gaseous byproduct that is combustible in
nature and mostly consists of CO, COz, H;, and CHs(Mohanty et al. 2024).

Numerous factors, including the kind of biomass and reactor design, need to be optimized in order
to control the composition of gases. The process can be classified as steam gasification, oxygen
gasification, or air gasification based on the oxidizing agent used (Xu et al. 2018). Syngas has also
been shown to contain trace amounts of organic and inorganic pollutants. The organic components
include tar, a viscous liquid made of condensable organic compounds, and light hydrocarbons
(LHC), such as CH4. The inorganic molecules include HzS, HCI, NH3, and alkali metals. Gasification
can be classified into three categories based on the setup of the process: direct blown, indirect
gasification (Hannula & Kurkela 2010), fluidized bed gasification, steam/oxygen or air, dual
fluidized bed (DFB) steam blown gasification (Thunman et al. 20), and entrained gasification flow
[Weiland et al. 2013]. Using steam as the gasification medium is preferred when the targeted end
product is hydrogen because it shifts the equilibrium to a higher share of hydrogen in the final gas
[Nipattummakul et al. 2010].

The separation of the gasification process from the combustion required to sustain the process's
heat is the fundamental idea of Dual fluidized bed (DFB) steam blown gasification. Materials are
moved between the two processes in two separate reactors via a circulating bed material stream. If
the gas is meant for fuel synthesis, this method allows the biomass to be burned with air instead
of pure oxygen, which is typically the case with other technologies. Therefore, there is no need for
an energy-intensive air separation unit (ASU). Compared to its predecessors, DFB gasification
typically occurs at a lower temperature (700°C to 900°C), producing a gas with higher hydrocarbon
contents but also tars that require downstream processing. Several studies on the production of
hydrogen and hybrid systems based on DFB gasification have been carried out (Tock and Maréchal
2012).

Direct blown gasification of biomass can be done using air; however the resulting product gas is
diluted and not appropriate for synthesis because nitrogen makes up the majority of air's
composition. As a result, the gasification medium in direct blown gasification is often steam and
pure oxygen. The benefits of this procedure include a considerably simpler design process than
the DFB gasification process and the potential to pressurise the gasification reactor, which may
eliminate the need for compression later on and allow for the use of a smaller, possibly more
economical gasification reactor (Kraussler et al.2016; Fail et al. 2014). The disadvantage is that
maintaining the oxygen process requires an air-separation unit (ASU), which is expensive and
energy-intensive (Salkuyeh et al. 2018; Kraussler et al. 2017; Yao et al. 2017).

In contrast to the first two gasification processes, entrained flow gasification uses a distinct design
and operation for the gasification reactor. As the name suggests, the feedstock is entrained with
the gasification medium as it is introduced into the reactor's top. Because of this, processing the
feedstock—which needs to be pulverised into a fine powder before being sprayed into the
reactor—becomes quite difficult. Entrained flow gasification produces a clean gas with reduced tar
and hydrocarbon content and high conversion rates due to its higher temperature (about 1300°C)
than the previously mentioned techniques (Qin et al. 2012). Consequently, the process design can
be made more intense and straightforward. The drawbacks of the technique include high feedstock
preparation costs and expenses associated with the ASU. Low hydrogen content is one of the
disadvantages of larger-scale biomass gasification (Lepage et al. 2021). This results in a variety of
pollutants, such as tar and char, and is caused by the low hydrogen concentration (3-11 wt%) and
compositional heterogeneity in the raw biomass (Adamovics et al. 2018). According to Ji et al.
(2009), the process additionally has to incorporate carbon dioxide collection techniques, water-gas
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shift (WGS) processes to increase hydrogen concentration, and further separation steps for syngas
purification to improve hydrogen generation.

Biological methods

Biological processes, including direct and indirect photolysis, photofermentation, dark
fermentation, and microbial electrolysis, utilize microorganisms to convert biomass into hydrogen
through anaerobic digestion or electrochemical reactions. These methods offer environmental
benefits and can utilize diverse biomass sources but face challenges in scalability and efficiency
(Farrell et al. 2006).

Direct photolysis is the process by which green algae and other photosynthesizing microbes
convert sunlight into chemical energy that can be used later. Cyanobacteria can participate in
indirect photolysis and use a two-phase process of photosynthesis to create and synthesise Hz. In
nitrogen-deficient conditions, it uses light energy and reduced organic acids and catalyse the
photo-fermentation of hydrogen in purple non-sulfur bacteria (Zagrodnik and Laniecki 2015).
Dark fermentation is a biological process that involves the anaerobic breakdown of organic
materials by bacteria to produce hydrogen (tukajtis et al. 2018). This method is favored over
photo-fermentation due to its lower energy consumption. Nonetheless, a number of studies have
been conducted on the dark fermentation of lignocellulosic biomass to create hydrogen, employing
a range of earlier treatment techniques to get rid of the problems brought on by the lignin
component of the biomass. Biological, chemical, mechanical, or combinations of those three
pretreatment procedures include size reduction, acid treatment, and enzyme therapy (Manish and
Banerjee 2008; Ren et al. 2016; Chong et al. 2009). Significant amounts of H2 can be produced in
conventional bioreactors utilising anaerobic bacteria that can only use cellulose as a carbon source
when combined with cellulosic feedstocks (Islam et al. 2006, ; Levin et al. 2006; Magnusson et al.
2009; Ramachandran et al. 2008).

Microbial electrolysis is a biological process where microorganisms facilitate the electrolysis of
water to produce hydrogen gas. This method shows potential for biomass-to-hydrogen conversion.
Anaerobic digestion is another biological method that holds promise for biomass-to-hydrogen
production, as it involves the breakdown of organic matter by microorganisms in an oxygen-free
environment to generate biogas containing hydrogen.This process not only produces hydrogen but
also yields valuable byproducts such as methane, making anaerobic digestion a versatile and
efficient method for biomass-to-hydrogen production.Moreover, anaerobic digestion can be
integrated with wastewater treatment plants to harness the organic waste streams for sustainable
hydrogen production, showcasing its potential for decentralized energy generation.

Electrochemical methods

Electrochemical methods, such as electrolysis and steam reforming, utilize electricity or heat to
split water or oxygenated hydrocarbons into hydrogen and oxygen. These processes offer high
efficiency and purity of hydrogen but require energy-intensive operations and cost-effective
catalysts.

Recent advancements in electrolysis technology have focused on improving efficiency and reducing
costs through the development of high-performance catalysts and novel electrolyte materials.
Generally speaking, 60-65% of the electrical energy input is converted into chemical energy stored
in hydrogen gas via electrolysis devices, which have an efficiency of 60-65%. These advancements
aim to make electrolysis a more competitive and sustainable method for hydrogen production.

A promising "biorefinery technology" for BDPM (biomass and its derived platform molecules)
valorization is electrocatalysis, which allows for the gentle and environmentally friendly production
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of a variety of high-value chemicals and fuels. However, due to a lack of knowledge about the
reaction processes, the progress of electrocatalytic upgrading of BDPMs is incredibly uneven (Fan
et al., 2022).

When an electric current is passed via an alkaline or polymeric conducting electrolyte in water,
water molecules split into Hz2 and Og, resulting in the production of H2 by water electrolysis. The
hydrogen obtained from the electrolysis of water is relatively high-quality because no carbon,
sulphur, or nitrogenous compounds are produced. As a result, fuel cells require much less
expensive hydrogen purification than solid metals. Even though electrolysis doesn't produce any
emissions by itself, Levin and Chahine (2010) found that the process's power source directly
affects the emissions over its lifetime.

Biological electrolysis is similar to water electrolysis except that biomass is used as the major fuel
and the reaction takes place at the anode rather than at the cathode. One advantage is that
biological electrolysis requires less energy than water electrolysis. The feedstock (water/biomass)
is much more expensive, which is the main drawback. For the feedstock to yield organic acids or
alcohols, it must ferment before handling. It becomes increasingly difficult to commercialise the
technology as a result of the process being more costly and complex (Liu et al. 2016). The
Microbial Electrolysis Cell (MEC) and the Proton Exchange Membrane Electrolysis Cell (PEMEC) are
the two technologies that are currently being used for this purpose(Azwar et al. (2014).

The microbial electrolysis cell (MEC), uses an adjustable and sustainable procedure to create
biohydrogen from wastewater (Mona et al. 2020). In the MEC architecture, an ion exchange
membrane divides the cathode chamber from the anode chamber. The MEC's anode uses
electrogenic bacteria, whilst the cathode is anaerobic. These cells work as factories of bio-
electrochemistry, with the anode reducing organic acids and the cathode producing hydrogen. At
the anode, electrogenic bacteria emit electrons, which combine with protons to create hydrogen in
an anaerobic environment. There needs to be an external power source present in order to transfer
the electrons to the opposing cathode. The microbial population, which can have many effects,
may be impacted by competing microorganisms present in the wastewater. Hydrogen production
may be decreased by competition between the acetogenic and electrogenic bacteria for the
substrate. Similarly, methanogens require hydrogen and carbon dioxide in order to produce
methane, indicating a limitation on the production of hydrogen. Inhibitors such as lumazine and 2-
bromomethanesulfonate (BES) have been suggested as a way to overcome this constraint. The
cathode needs to be selected carefully because it is the main location where hydrogen evolution
occurs. The anode must be conductive and free of corrosion. Monitoring factors like pH,
temperature, applied voltage, and substrate is crucial for achieving a greater yield. The anode's pH
ought to be higher than the cathode's. Temperature variations affect the ways in which certain
microbial species thrive. Applying a potential of at least 0.2 V is advised, and more hydrogen will
evolve as the voltage is increased. Direct current sources, dye-sensitized solar cells, or MFCs are
used to power the MECs. MECs have the ability to produce not just hydrogen but also biohythane,
which is a combination of hydrogen and methane. Biohythane can be used as an alternative fuel to
produce ethanol by means of microbial electron reduction. Furthermore, MECs have the capacity to
recover ammonia and desalinate water. Sustainable and renewable sources of biohydrogen are
being developed by MECs (Varanasi et al. 2019).

The Proton Exchange Membrane Electrolysis Cell (PEMEC) is seen to be a viable technique for
producing pure hydrogen; it provides the opportunity for biomass degradation without the high
pressures and temperatures required for biomass thermal conversion (Kumar and Himabindu,
2019; Xie et al. 2022). A proton exchange membrane (PEM) in a PEMEC helps protons (H*) get to
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the cathode quickly. High-purity hydrogen is produced as a consequence of this procedure (Hz).
This method's primary benefit is that it does away with the requirement for a second separation
step to purify the hydrogen (Ayers, 2021). Lewis acid (FeCls) can be used to create hydrogen from
biomass feedstock, such as glucose, starch, lignin, and cellulose at room temperature, according
to research by Umer et al. using a 100 mL h-type proton exchange membrane electrolysis cell.
This process has a greater production rate than water electrolysis while using less electricity
(Umer et al., 2024).

Biohydrogen is also produced in a double compartmentalised electrochemical photobioreactor
(EPBR). The anode generates protons at low voltage, and the cathode generates hydrogen. In this
reaction, both systems remove oxygen from the cathode chamber and make hydrogen. The
Spirulina strain is known as "biohydrogen" because of its capacity to manufacture hydrogen in both
the light and dark phases. It was found that by employing EPBR in the anode, the cathode was
utilised for electrochemical hydrogen generation. The voltage applied has an impact on how
quickly hydrogen is created in both chambers. Furthermore, because it produces hydrogen with
the least amount of voltage possible, it is thought to be better than previous attempts on MECs
(Hasnaoui et al. 2020).

Advances in reforming technologies, such as Steam methane reforming (SMR) and Auto-thermal
reforming (ATR), have been geared towards enhancing process efficiency, increasing hydrogen
yield, and minimizing carbon emissions. Integration of carbon capture and utilization (CCU)
techniques is also being explored to mitigate environmental impacts.

Hydrogen can also be produced via steam reformation or water reformation of oxygenated
hydrocarbons such as fructose, glycerol, methanol, and ethanol, utilising a variety of temperatures
and catalysts.Breaking C-C bonds, C-H bonds, and/or O-H bonds is necessary for the catalytic
method for the production of hydrogen and carbon dioxide from oxygenated hydrocarbons in
aqueous phase in order to generate adsorbed species on the catalyst surface. Oxygenated
hydrocarbons can form in the aqueous phase and produce hydrogen gas when a platinum-based
catalyst is present (Amoretti et al. 2002). In order to avoid the production of steam and guarantee
that the reaction sequence takes place in the aqueous medium, the conversion happens at
pressures between 27 and 54 bar and at a moderate temperature of around 223-264 9C. In the
presence of Ir, Co, and Ni catalysts supported on ceria, hydrogen can be generated by Steam
reforming oxygenated hydrocarbons. At temperatures about 500 K (227°C), (Huber et al. 2003)
reforming of oxygenated hydrocarbons (ethanol, glycerol) derived from biomass is employed in
aqueous phase over tin- or alumina supported Ni catalysts. Ir, Co, and Ni catalysts supported by
cerium oxide (CeOz2, ceria) were employed by Zhang et al. (Zhang et al. 2007). At low temperatures
(<220°C) and pressures, alkaline enhanced reformation (AER) can be used to transform aqueous
hydrogenated organic molecules to gaseous H: at an alkaline pH, which makes conditions that are
thermodynamically more approving than traditional steam reforming (Reichman et al. 2007). As a
result, the reforming process occurs at much lower temperatures, and the carbon produced by the
reforming reaction precipitates rather than the CO and CO2 gases that are typically produced as a
solid salt (Na2CO3) byproduct of steam reforming. This simplifies the AER reactor and offers the
opportunity to produce renewable H2 without simultaneously producing greenhouse gases.

Carbon monoxide (CO) and hydrogen (Hz) are produced when steam reacts with methane (CH4) at
temperatures as high as 800°C in steam methane reforming (SMR) processes. To create more
hydrogen and carbon dioxide, the carbon monoxide (CO) and vaporised water react again.
Traditionally, SMR has used natural gas to make hydrogen, however steam reforming methane
from landfills is becoming more and more common (Muradov and Smith 2008).
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The Conversion of Biomass to Hydrogen: Challenges and Considerations

However, each of the H: manufacture technologies is coupled with a set of technological
challenges, including feedstock kinds, conversion efficiency, and the requirement for production
systems to be securely interconnected with storage and purifying technologies (Levin et al. 2010).
Biomass gasification can employ renewable feedstocks derived from forestry and/or agricultural
residues (Guoxin and Hao 2009); however, these processes also yield a range of gaseous and
occasionally liquid phase co-products (Milliken 2008). The primary barrier to producing hydrogen
by steam reformation of oxygenated hydrocarbons is the requirement for low-cost catalysts with
extremely high conversion efficiencies. This also holds true for reforming in alkaline media,
although there is an additional difficulty in that catalyst fouling results from the carbon that is
sequestered as a precipitate of sodium carbonate during the reforming processes. Supercritical
water partial oxidation is a method for producing clean hydrogen, but it requires a lot of energy to
raise a mixture's temperature and pressure over its thermodynamic critical point. Fermentation-
based biological hydrogen production has a lot of potential, particularly for systems that use
cellulosic feedstocks and/or waste streams from food processing that are high in sugar. To be
competitive in the market, biological hydrogen systems must, however, be able to create H: at
rates high enough for practical application. Two examples of research and development aimed at
boosting H: yields and synthesis speeds include genetic modification of hydrogen synthesising
bacteria and bioreactor designs optimised for rapid removal of CO; and H: to maintain low
hydrogen partial pressures. But whether they use biological or thermocatalytic processes,
renewable hydrogen systems all have to deal with the same issue. Both biological fermentation
systems and thermocatalytic processes, such as the reformation of organic compounds in aqueous
medium, produce gas mixtures of hydrogen and carbon dioxide. For example, equal amounts of
CO2 and H2 are produced at low density and pressure by anaerobic bacteria that ferment sugars,
starches, or cellulose; also, a significant amount of water vapour is present in the gas stream. For
this reason, all renewable hydrogen generation systems require the contemporaneous
development and integration of hydrogen storage and purification technologies.
The tremendous optimism that automobiles with hydrogen fuel cells will someday replace those
with petrol and diesel engines is currently illusory for a number of reasons, including the slower
development of the infrastructure needed for hydrogen storage, transportation, and recharging. It
follows that the car industry is most likely to be the last to adopt hydrogen technology. It is now
more likely that the development of hydrogen fuel cells will come from specialised applications,
that the number of techniques required to support various fuel cell applications will expand
gradually as hydrogen storage techniques evolve, and that the development of hydrogen fuel cells
will come from specialised applications. Implementing CCU technologies in biomass-to-hydrogen
conversion processes can significantly reduce greenhouse gas emissions. Future plans include
developing more efficient carbon capture methods and exploring the utilization of captured CO: in
various industrial applications.
Although generating hydrogen from biomass is a potential approach to sustainable energy, there
are certain financial issues that need to be resolved. The availability, cost, and market demand of
feedstock are some of the economic factors that affect the production of hydrogen from biomass.
e The availability of biomass feedstocks varies by region and is influenced by elements including
soil quality, climate, and agricultural methods. It is essential to provide a steady supply of
biomass without diminishing natural resources. Crop rotation and ethical forestry are two
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examples of sustainable practices that must be implemented. Transporting biomass to the
production site can have a big effect on total costs. One important economic aspect is proximity
to sources of biomass.

Gasification and pyrolysis are two examples of effective conversion technologies that are crucial
for maximising hydrogen generation and reducing waste. In this field, research and development
can lower production costs. Economies of scale are frequently realised by large-scale production
facilities, lowering the cost per unit of hydrogen produced. Costs are influenced by catalysts,
processing needs, and the type of biomass used. Certain types of biomass might need additional
processing, which would raise overall costs.

Market dynamics are impacted by the need for hydrogen, particularly in industries and sectors
like transportation. Government regulations and incentives encouraging the use of hydrogen can
increase demand. The cost of hydrogen generated from biomass must be competitive with that of
hydrogen obtained from alternative sources, such as electrolysis or natural gas. Gaining traction
in the market requires economic viability. Production can be matched with actual demand by
keeping an eye on market trends, such as the increasing popularity of hydrogen fuel cell vehicles.

Grants, tax breaks, and subsidies can make the production of hydrogen from biomass
economically feasible. Investor confidence depends on long-term policy commitments and
political stability. Carbon pricing mechanisms have the potential to increase the competitiveness
of biomass-based hydrogen in relation to fossil fuels, given the growing emphasis on decreasing
carbon emissions.

Research and innovation spending should not stop in order to spur advances in biomass
conversion technologies that would lower the process's cost. Investing in the newest technologies
to train a competent workforce guarantees effective operations, which lowers operating expenses.

It is crucial to evaluate the entire environmental impact, including carbon emissions. Though it is
thought to be greener, the whole production lifetime needs to be addressed.

Tackling the financial aspects of producing hydrogen from biomass calls for a
comprehensive strategy. It entails maximizing technological advancements, guaranteeing a
steady and sustainable supply of biomass, coordinating production with market demands,
utilizing legislative backing, and stimulating innovation. In order to overcome these financial
obstacles and establish biomass-based hydrogen as a competitive and feasible energy source,
cooperation between governments, businesses, and academic institutions is essential.

Conclusion

The synthesis of hydrogen from biomass has great potential for the development of sustainable
and renewable energy sources. A practical solution to the global challenges of climate change and
the need to transition away from fossil fuels is the production of hydrogen from biomass. These
procedures use biological materials—from algae to agricultural waste—to produce renewable
energy sources.

Advances in hydrogen production are being driven by biological and thermochemical processes,
hybrid systems, and enhanced catalysis. In order to make the conversion of biomass to hydrogen
not only more environmentally friendly but also commercially feasible, researchers are
concentrating on increasing efficiency, investigating the use of waste biomass, and incorporating
renewable energy sources. While comprehensive techno-economic evaluations and life cycle
assessments are ensuring the profitability and sustainability of these approaches, electrochemical
methods and sustainable feedstocks are broadening the possibilities.
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Notwithstanding, several obstacles persist, such as the necessity for additional investigation into
catalyst development, enhancement of conversion procedures, and establishment of expansive,
financially feasible manufacturing infrastructures. It is also essential to address environmental
issues related to the production, harvesting, and processing of biomass. A cleaner future is being
shaped by ongoing research and innovation in biomass-to-hydrogen technologies, despite these
obstacles. These developments offer a window into a future where energy is plentiful and
ecologically benign, while also helping to lower greenhouse gas emissions and paving the path for
a more sustainable energy landscape. Realising the full potential of biomass-based hydrogen
generation will require cooperation between scientists, engineers, and policymakers in order to
make substantial progress towards a cleaner and more sustainable energy future.

Declaration of competing interest: The authors declare that we have no known competing financial
interests or personal relationships that could have appeared to influence the work reported in this

paper.
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