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Abstract: The earth natural carrying capacity is being
surpassed, and there is an urgent need to develop new
alternatives, notably in regards to energy supplies, carbon
dioxide emissions, and nitrogen supplies to the ecosystem.
Hydrogen gas, produced from renewable energy by water
electrolysis, may serve as a platform molecule for the 21st
century low-carbon economy and electrification. The
ability to utilise hydrogen metabolic processes is quite
diverse, and this offers up a vast array of avenues for
innovative biotechnological advancements and applica-
tions. A strategy focusing on the major role of hydrogen
throughout the production of bio-based foundational
element compounds through the hydrocarbon pathway
would avoid the inherent low economic value of hydro-
carbons in favour of products with greater value.
Furthermore, hydrogen could serve as a crucial carbon-
neutral source for the manufacture of third-generation
proteins while allowing carbon capture and nutritional
recovery immediately at the site of emission. Using these
methods to deal with the seasonal changes in renewable
energy sources makes the use of alternative energy as
efficient as possible. The outcomes demonstrated the
production technologies of bio-hydrogen is a good way to
make renewable hydrogen that is both cost-effective and
good for the environment compared to other ways of
making hydrogen.
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Introduction

With rising urbanisation, industrialization, and population
expansion, it is anticipated that the world energy demand
would rise by 56% between 2010 and 2040, from 553
quadrillion KkJ to 855 quadrillion k] (Hosseinzadeh et al.
2020). As the predominant sources of energy, fossil fuels
such as coal and petroleum are considered nonrenewable.
In addition, fossil fuel combustion in energy production
and transportation releases numerous contaminants into
the atmosphere, which would include greenhouse gases,
monoxide, nitrogen oxides, particulate matter, and
organic contaminants such as polycyclic aromatic hydro-
carbons (Khlaifat et al. 2020). On all continents, the global
warming caused by greenhouse gases emissions has had a
variety of negative effects on human well-being, such as
malnutrition and mental effects on health from flooding
and droughts in China, South Africa, Bangladesh and
Ethiopia, as well as respiratory and cardiovascular impacts
of extreme weather events in Australia, western North
America and western Europe (Huang et al. 2019a). A long-
term changing climate has become a hazard to several
pillars of well-being and human health (Watts et al. 2021).
Not only are the released pollutants harmful and even
carcinogenic, but they may also create hydrocarbon par-
ticulates with adverse health effects (Hassan et al. 2022a).
These negative consequences are felt most strongly in
metropolitan areas with a high population density, since it
is projected that automobile emissions caused 387,000
premature deaths and $1 trillion in health damage world-
wide in 2015 (Hassan 2022).

Currently, nearly 65% of the European Union total
domestic consumption of renewable energy is bioenergy
(Huang et al. 2021). It is anticipated that by 2040, renew-
able energy generation would supply roughly 51% of the
world total energy demand and become the dominant
energy source (Huang et al. 2021). In addition, freshwater

3 Open Access. © 2024 the author(s), published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0 International

License.


https://doi.org/10.1515/ehs-2022-0117
mailto:qusayhassan_eng@uodiyala.edu.iq

2 —— Q. Hassan et al.: A review of hydrogen production from bio-energy

deficiency is recognised as a significant issue around the
globe today (Abbas et al. 2022). Moreover, waste materials
and wastewater are now considered the most important
environmental challenges; nonetheless, they may serve as
good sources of biomass for energy recovery (Hassan and
Jaszczur 2021). There are numerous technologies available
to address each of these challenges separately, such as
crop residues and municipal wastes for sewage disposal
(Chen et al. 2020), advanced oxidation procedures for
sewage water and water as a function, and electricity
production from renewable energy resources such as solar
and wave (Hassan et al. 2022b). Nevertheless, the creation
of techniques that simultaneously address water and
energy limits, as well as the health and environmental
issues associated with municipal solid waste, is both
exciting and crucial (Hosseinzadeh et al. 2021).

Hydrogen is a particularly intriguing energy carrier
since its energy output is 2.75 times that of fossil fuels or
122 kJ/g. Hydrogen is clean energy since its combustion
produces no CO, or other hazardous pollutants, just
water. In reality, the use of hydrogen as a fuel satisfies
the zero-emissions goal that is now being pursued inter-
nationally. Increased interest has been shown in the
generation of hydrogen from wastewater and waste, as
well as from biomass and other renewable resources
(Assawamongkholsiri et al. 2018). Some processes for pro-
ducing hydrogen from bio-energy include photo, dark, and
solid-state fermenting (Ceran et al. 2021), microbial desali-
nation cells (Dessi et al. 2020), pyrolysis (Foong et al. 2021),
incineration (Chen et al. 2020), and plasma (Byun et al.
2011). Many different types of waste and sewage have been
investigated using these approaches. However, there is still
a lack of information about which method, based on the full
techno-economic evaluation and its influence on the inter-
nal and external factors, is the best option for hydrogen
production and processing efficiency. Many articles have
talked about different ways to make hydrogen, but techno-
economic and environmental footprint analyses have not
paid as much attention to new ways to make hydrogen, like
shadowy and steady carbonation, microbial desalination
cells, and erythrocytes. Also, do not know enough about
the techno-economic assessment and environmental effects
of more developed processes like pyrolysis and gasification
to be able to choose the best way to make hydrogen from
different types of bio-waste.

Figure 1 depicts the hydrogen energy system
(Al-Alawi 2008). Currently, technology connected to the
generation, storage, and transportation of hydrogen
energy has grown fast throughout the globe, contributing
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Figure 1: Hydrogen energy system (Hassan and Jaszczur 2021).

to the shift towards clean and decarbonized future energy
systems (Xu, Zhou, and Yu 2022).

This article provided a complete review of biomass-
to-hydrogen synthesis using a variety of unique and
environmentally friendly production pathways, high-
lighting their strengths and shortcomings. When it comes
to small-scale, dispersed facilities, the best way to make
hydrogen depends a lot on the economic potential and
distribution of raw materials.

The global carbon-neutral plan shows that using
hydrogen is becoming more and more important.
A detailed understanding of hydrogen generation, stor-
age, and transportation is essential for creating efficient
and environmentally friendly hydrogen use methods. The
first step in this work was to determine the properties of
various hydrogen generation systems, including both
fossil and renewable non-fossil pathways. The merits,
drawbacks, and future possibilities of each renewable
hydrogen production technique were then clarified by
further examining the categorization and research
developments of bio-hydrogen production techniques.
The current paper provides a short overview of the most
cutting-edge methods for producing hydrogen, with a
focus on biomass high-efficiency properties. It has been
discovered that bio-hydrogen technological improve-
ments offer a number of benefits and promising futures in
advancing hydrogen energy economy realisation and
environmental degradation reduction. This article will
provide a thorough analysis of biomass-to-hydrogen
synthesis using a variety of cutting-edge, environmen-
tally friendly production methods, with a focus on their
advantages and disadvantages. The most efficient way to
produce hydrogen, particularly for those tiny, dispersed
facilities, relies significantly on the distribution of raw
materials and production capacity.
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Adaptation to bioenergy

The impending environmental crisis and climate warming
concerns, along with rising oil prices and diminishing
fossil fuel resources, have attracted significant global
interest in the creation of alternative, sustainable energy,
carbon-neutral, and environmentally friendly fuels to meet
the escalating energy demand. Bioenergy is an innovative
and sustainable substitute for fossil fuels that can fight
against the energy crisis and preserve the globe from
environmental disaster. Bioenergy is believed to have the
ability to offer carbon-free and renewable energy through
sustainable means. It is a strategy to diversify energy
sources to mitigate associated costs and to also help
support the local regional economy, (International
Energy Agency 2021). Due to its renewability, bioenergy
generated from microbes is of tremendous relevance in
the current global energy landscape. Bacteria possess
adaptable and diversified metabolic machinery for
converting and synthesising a number of organic com-
pounds into numerous kinds of bioenergy. Establishing a
feasible connection between an electron acceptor
microbe and an electron sink is the fundamental princi-
ple behind the majority of bioenergy generating methods
(Kumar, Kumar, and Pal 2021). Globally, considerable
and intensive research is now being conducted on bio-
energy production using renewable energy resources.

Origins of biological hydrogen production

Biohydrogen is a natural and transient byproduct of
several metabolic activities mediated by microorganisms.
Biohydrogen refers to the production of hydrogen gas by
microbiological mechanisms or thermochemical pro-
cessing of biomass. In addition to being referred to as
biohydrogen, thermochemically generated hydrogen is
also referred to as biohydrogen owing to the use
of biomass as a substrate or feedstock. On the other
hand, biohydrogen generation may occur through
anaerobic/fermentation, chemiluminescence, enzymatic,
and the following hypothesis: developed pathways,
among others. In the last two decades, the scientific
community throughout the world has shown a substantial
interest in the biological pathways of hydrogen genera-
tion. During the preceding decade, hydrogen production
research, both fundamental and applied, saw significant
progress.

Biological hydrogen production mechanisms may
be further subdivided into light-independent fermenting
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and light-dependent processes. The chemiluminescence
process can be classified as either photosynthesis or
fermentation, depending on the carbon source and devel-
opment and manufacturing techniques used. Biophotolysis
of water employing macroalgae and phytoplankton through
both direct and indirect photosynthesis or photo-
fermentation facilitated by photosynthetic organisms are
examples of energy mechanisms. Dinoflagellates and di-
atoms produce hydrogen via both direct and indirect bio-
photolysis by consuming inorganic carbon dioxide in the
presence of sunlight and water, whereas cyanobacteria
generate hydrogen via photofermentation by consuming a
wide range of substrates from inorganic to organic acids
in the absence of light. However, the fermentative process
is limited to anaerobic metabolism, in which anaerobic
bacteria (mainly acidogenic bacteria) produce hydrogen
via an acidogenesis process, coupled with volatile fatty
acids and carbon dioxide-fermentation results in the for-
mation of hydrogen in the absence of oxygen. In the lack
of oxygen, both obligatory and aerotolerant bacteria are
able to produce hydrogen. Microbial electroplating is an
in-situ approach in which an external potential is given to
microbial cells in order to increase biological hydrogen
production. In vitro hydrogen synthesis is mediated by
a synthetic enzyme system, which is one of the exciting
approaches envisioned by scientists. The biochemistry and
metabolism associated with biological pathways vary
considerably according to the biocatalyst used, the oper-
ating parameters adapted, the environment utilised, and
the potting medium utilised.

Hydrogen production from biomass

Bio-hydrogen generation is a method of generating
hydrogen via chemical or biological processes, including
solar energy absorption and transformation by living
organisms (Kumar, Kumar, and Pal 2021). Bio-hydrogen
mass production could be derived from a variety of sus-
tainably sourced natural sources, including biomass
feedstocks, agricultural leftovers, forestry wastes and
leftovers, industrial and municipal trash (Kumar, Kumar,
and Pal 2021). Typically, biomass fuel sources fall into
five groups (Wang et al. 2018), which are outlined here.
The first group is vegetation grass materials, such as rice
husk, wheat crop residues, trees and shrubs, and energy
vegetation (Zhang et al. 2020a); the second group is ani-
mal droppings, along with cow, pig, the third group is
digestate generated by the food business, such as
pomace, lees, oilseed rape cake, and groundnut cake; the
fourth group is rubbish, including liquid waste and
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kitchen waste (Peng et al. 2017); and the fifth group con-
tains other materials, such as biogas Some basic sources
for biohydrogen generation are shown in Figure 2.

The carbon in biomass is not derived from fossil
fuels but rather from carbon dioxide absorbed in the
environment by plants. Carbon dioxide created during
the biohydrogen generation process is a dioxide emis-
sions method that involves the recycling of carbon
components. As a result, bio-hydrogen generation is
nearly carbon neutral when compared to traditional
hydrogen manufacturing techniques (Hassan et al.
2022c). Therefore, hydrogen generation via biomass
will finally meet the goal of environmentally friendly
clean energy (Hassan et al. 2022d), and therefore, the
accompanying technologies will have a high productive
capacity and hence a bright future. In the next part, the
features and research accomplishments of bio-hydrogen
generation will be examined in detail, and its underlying
concepts and methodologies will be contrasted.

Producing bio-hydrogen by renewable
biomass

At present, 97% of the globe hydrogen is derived by
fossil fuels, with steam methane reformation being the most
prevalent technique of synthesis. Other renewable-
energy-based alternatives, such as water electrolysis and
hydrogen generation from bioenergy, namely hemicellulose
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feedstock, are now being evaluated in pilot-scale pre-
sentations or in the direction of commercialisation. The
sources of lignocellulose (Jaszczur et al. 2020) include
agricultural food wastes, marine byproducts, crop residues,
and forest residues. An estimated 4.6 billion tonnes of
hemicellulose agricultural residues are produced annually,
of which 25% are used, and roughly 8 billion tonnes of
grassland used to create energy (Hassan et al. 2022e). The
affordability and quantity of biomass have drawn interest.
The generation of hydrogen from biomass enhances pro-
duction volume, adds to economic capacity, improves
source flexibility, and decreases emissions of greenhouse
gases. Carbon-neutral biomass is possible if maintained
natural cycle. The carbon dioxide generated during the
creation of hydrogen from biomass is used for plant growth
during photosynthesis. Researchers are looking into a
number of ways to make hydrogen from biomass, including
biological conversions, thermochemical processes, and
possibly biosynthesis with the help of an electrochemical
reaction (Jaszczur and Hassan 2020).

Bio-hydrogen production
technologies

The synthesis of bio-hydrogen involves biological
and chemical processes. Essentially, it is based on
photosynthesis-produced biomass and offers the benefits
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Figure 2: Raw biomass materials.



DE GRUYTER

of enormous storage of raw materials, energy savings, and
outstanding environmental performance. As a result, it has
become a subject of significant study interest in the area
of hydrogen production. The exact categorisation of bio-
hydrogen generation is shown in Figure 3.

Thermal technology

The most contemporary method of creating hydrogen from
biomass is known as the thermal process. Complementary
biofuel technologies, such as biomethane, were borrowed
from steam methanol reformation to create the technology
(Lepage et al. 2021). The three primary thermochemical
processes are combustion, decomposition, and aqueous
solution reformation (Stenberg et al. 2018).

Water photolysis technology

Producing hydrogen via water photocatalytic degradation
refers to a technique of manufacturing hydrogen and
oxygen by decomposing water through photosynthesis
using microorganisms (Shi et al. 2019). Both blue and
green microalgae have been investigated extensively in
this field (Ghirardi et al. 2014). These two bacteria have
modest dietary needs because they create hydrogen
immediately by photocatalytic degradation using just
air, water, simple inorganic ions, and light.

Water photolysis has attracted a lot of interest since
it has long been thought of as an ecologically beneficial

Production of Bio- Hydrogen
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way to produce biological hydrogen. Scenedesmus obli-
quus, a kind of green algae, has been known to create
hydrogen during metabolism since 1939, as indexed in
(Gaffron and Rubin 1942). They found that microalgae fix
carbon dioxide and absorb hydrogen under anaerobic
circumstances. On the other hand, hydrogen may be
created under light circumstances, but the process only
takes a brief time (Greenbaum 1982). Some studies have
revealed that a variety of green algae, including Chlamy-
domonas reinhardtii (Llama et al. 1979; Maione and Gibbs
1986) and Chlorellafiscal (Kessler 1973), may produce
hydrogen. Simple prokaryotes called cyanobacteria may
manufacture oxygen via photosynthesis and come in a
variety of shapes and sizes (such as single cells, filamen-
tous and colonies). In the genera Nostoc and Anabaena,
cyanobacteria ability to produce hydrogen has been
extensively explored (BEIKIN 1978). In order to raise the
hydrogen enzyme resistance to oxygen and extend the time
it takes to produce hydrogen while simultaneously
increasing hydrogen production, much research is now
being done in this area (Melo and Silva 2011). The primary
advantage of producing hydrogen from water via water
photolysis is that it can be done in an aqueous environment
at room temperature and pressure (Akhlaghi and
Najafpour-Darzi 2020).

Electrolysis technology

Electrolysis is a well investigated electrochemical process
that breaks water molecules to produce hydrogen.
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The process occurs on a low-temperature fuel cell and
relies on an electrical current flowing through water via a
conductive electrolyte. This separates water into oxygen
and hydrogen (Kothari, Buddhi, and Sawhney 2008). After
separation, a speedy conversion produces pure hydrogen.
In addition, there are no carbon, sulphury, or nitrogen
byproducts, which reduces cleaning costs compared to
gasification processes. The constraint on water splitting is
based on thermodynamic features, since the usage of at
least 45 kWh/kg of hydrogen necessitates acceptable
hydrogen production (Show, Lee, and Zhang 2011).

Photo-fermentation technology

Under anaerobic and light circumstances, hydrogen
is typically produced through photo-fermentation. A
photosynthetic bacteria-initiated anaerobic fermentation
process is catalyzed by employing light energy and the
diminished ability to retrieve tiny molecular organic
materials (Su et al. 2010). Currently, cyanobacteria often
employ soybean waste, dairy waste, and starch waste as
substrates for the generation of hydrogen (Show, Lee, and
Zhang 2011). Rhodospillum rubrum, Rhodopseudomonas,
RhodoDseudomonas capsulate, Thiocapsa Roseopersicina,
etc. are the most frequently investigated hydrogen-
producing photosynthesis microorganisms (Ren et al. 2011).
Numerous investigations have shown that nitrogen
fixation hydrolysis reactions drive photosynthetic bacteria
generation of hydrogen (Argun and Kargi 2011a). Only one
photosynthetic system is present in photosynthetic bacte-
ria, and organic molecules often serve as the electron
donor. As a result, oxygen is often not used to generate
hydrogen (Hassan et al. 2022f). The lack of oxygen release,
as compared to producing hydrogen by water photolysis,
reduces the problems associated with separating hydrogen
from oxygen, considerably simplifying the manufacturing
process (Li et al. 2007). All metabolic steps for photo-
hydrogen fermentation generation may be stated as:

(CH,0)x — Ferredoxin — Dinitrogenase — H, (1)

Cyanobacteria often employ amino substances as
substrates to create hydrogen in anaerobic and ammonia
circumstances (Kapdan et al. 2009). The following diagram
illustrates the hydrogen generation process using lactic
acid as a material:

C3H603 + 3H20 d 3C02 + 6H2 (2)
For the creation of hydrogen, cyanobacteria may also

use oligosaccharides like sucrose and polysaccharides
like starch. The related chemical process is depicted below:
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C3H1206 + 12H20 d 6C02 + 12H2 (3)

The change in the pH of the fluid, substrate content,
type of fermentation microbe, light levels, etc. all have an
impact on how quickly hydrogen is produced during
photo-fermentation (Kapdan et al. 2009).

Local organic acids are produced by Clostridium and
other aerobic microbes during metabolism, and organic
acids are helpful for increasing the effectiveness of
hydrogen synthesis. To increase the efficiency of
hydrogen generation, several scientists have thus far
grown composite formulations that combine clostridium
and photosynthetic bacteria (Lu et al. 2012). Kawagoshi
ultimately produced Rhodobacter Sphaeroides KUPB, a
salt-tolerant photosynthetic bacterium, by continuous
illumination, isolation, and purification (Kawagoshi et al.
2010) using combined acid as the substrate in his work.

In conclusion, the wide potential of hydrogen
manufacturing technologies via photo-fermentation is
boosting the efficiency of hydrogen generation by either
applying gene technology or combining photosynthesis
bacteria with other microbes. Additionally, a range of
organic materials, including waste water and organic acid,
may be used in the hydrogen manufacturing process
(Argun and Kargi 2011b). Numerous sources are readily
accessible, and no oxygen is used throughout the synthesis
process (Asada et al. 2006a). But since light is needed for
photo-fermentation to work, it is hard to do amplification
studies (Rai and Singh 2016).

Dark-fermentation

The fermentation process is another name for biological
hydrogen synthesis, which occurs during dark fermenta-
tion. The fundamental process is the fermentation of
organic wastes by heterotrophic anaerobic bacteria in
anaerobic environments (Brennan and Owende 2010; Lin
et al. 2012). During the fermentation process, bacteria can
break down many different types of base species to make
hydrogen (Kumar et al. 2016; Kumar et al. 2017).
Aerotolerant and obligatory bacteria make up the
majority of the anaerobic microorganisms that produce
hydrogen from organic materials (Nandi and Sengupta
1998). In general, facultative anaerobic bacteria mostly
consist of Enterobacter, Escherichia, and Klebsiella, while
obligatory anaerobic microorganisms include Clostfidium,
Desulfovibrio, and other bacteria (Delavar and Wang 2021).
The four types of bacteria with the most research and
the best ability to produce hydrogen at this time are
Clostridium, Acinetobacter, Enterobacter escherichia, and



DE GRUYTER

Bacillus (Chen and Lin 2003; Xu, Mi, and Ren 2016). Under
the influence of nitrogenase or hydroenzymes, shadowy
bacteria may convert a wide range of substrates (etoac,
lactic, cellulosic saccharides, disulfide, etc.) into hydrogen.
The chemical process that uses glucose as a starting point to
make hydrogen is shown below:

C6H1206 + 2H20 4H2, 2C02, and, 2CH3COOH (4)

This technique of producing hydrogen has been the
subject of several studies. According to Fang and Liu
(2002), the amount of phosphorus in the reaction mecha-
nism had a substantial impact on E. harbinenseB49 ability
to grow and produce hydrogen. The results showed that
at a phosphate concentration of 50 mmol/L, the potential
for hydrogen generation may be maximized. For example,
maltose was utilized as a matrix by Kumar and Das (2000)
in reactor to create hydrogen, and after 8 h of hydrody-
namic residence time, the hydrogen outcomes about
5.32 mol. Using glucose, Zhang et al. (2015) carried out
fermentation at a ranged temperature and various pH
levels. They discovered that when the pH hit 5.5, the
rates of hydrogen generation and glucose uptake were at
their maximum. When Oh et al. (2003) investigated the
effects of pH adjustment and acid control on the effec-
tiveness of dark fermentation in producing hydrogen,
they discovered that acid injection might boost hydrogen
production rate by 50%. It suggested that controlling
acid levels might have a big impact on how much
hydrogen is produced and how well dark fermentation
works.

Currently, a reasonably advanced technique for pro-
ducing biological hydrogen is dark fermentation. It bene-
fits from a variety of substrates supplied; continuous
synthesis of hydrogen requiring light; stable producing
hydrogen, gentle reaction conditions, cheap cost, etc.
However, this approach has certain drawbacks, including
a poor rate of input material utilisation, blatant product
inhibition, tail fluid that contaminates the climate (Yue
et al. 2012). Furthermore, the shady hydrogen generation
method has yet to be thoroughly evaluated economically
(Pareek et al. 2020).

Dark-photo co-fermentation

A technique for manufacturing hydrogen by combining the
benefits of hydrogen-producing bacteria from photo which
is known as dark-photo co-fermentation (Ren, Guo, and
Liu 2010). This method improves both the efficiency of
producing hydrogen and the efficiency of converting
substrates (Zhang et al. 2020b). The manufacturing process
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typically consists of two steps: Prior to dark fermentation,
the biomass raw materials underwent pretreatment and
some tail liquid was released. This process produced
hydrogen. Furthermore, under the activation of a nitrogen
enzyme, tiny organic in the dark-fermentation were
employed as electron donors to create hydrogen by portrait
(Dawood, Anda, and Shafiullah 2020; Momirlan and
Veziroglu 1999). This technique is seen in Figure 4.

This shadowy founder method is very effective and
inexpensive since it may considerably enhance the overall
quantity of hydrogen (Hawkes et al. 2002; Nath and Das
2004). It has been extensively investigated how dark-
photo founder might produce hydrogen. When Nath et al.
(Nath, Kumar, and Das 2005) attempted to establish a
picture using Arthrobacter sphaeroides 0.U.001 on the
compounds ontaining of Enterobacter, they discovered
that the concentration was much greater than single pro-
cess. In the dark-photo co-fermentation two-step of
experiment, Tao et al. (2007) presented that utilizing
sucrose as the substrate may greatly boost hydrogen pro-
duction, with the highest producing hydrogen reaching up
to 7.12 mol sucrose. After enzymatic hydrolysis of starch,
Lo et al. (2008) combination of dark-photo founder and
processes generated hydrogen (It is difficult to degrade).
Indicating that the approach of two-step could enhance
material efficiency using inexpensive raw ingredients
for hydrogen production, the hydrogen production was
capable of reaching 4.01 mol glucose. The two strains
used in this procedure, however, need different growth
and nutrient conditions, which suggests that each strain
rate of hydrogen synthesis is variable, resulting in a
bottleneck in producing hydrogen (Mishra et al. 2019).
This method approach, which combines the benefits of
dark-and photo-fermentation processes, can produce
hydrogen from a variety of substrates, and as a result, it
has some advancement potential and usage prospects in
the advertising manufacturing of large amounts of
hydrogen (Dinesh et al. 2020) and ecological sustain-
ability (Asada et al. 2006b).

COz+H, N COz+H;

Dark-fer Photo-fermentation

Biomass

(anaerobism, PH, temperature, etc.) (anaerobism, PH, temperature, etc.)

l f

Tail liquid

Figure 4: The dark-photo co-fermentation technology for producing
hydrogen.
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Chemical methods

The main non-living activity involved in biohydrogen
generation is the chemical and thermochemical processing
of biomass. Thermo-chemical processes use either com-
bustion or decomposition to generate a hydrogen-rich
stream of gas, sometimes described as a mixture of carbon
monoxide and hydrogen (Lipman 2011). Thermo-chemical
techniques for hydrogen generation use chemical reactions
aided by heat to liberate hydrogen from hydrocarbons
or water (Yildiz and Kazimi 2006). The thermochemical
method is compatible with an extensive variety of mate-
rials. Gasification of biomass at temperatures of over
1000 K in the presence of oxygen and/or steam produces
gas and char by partial oxidation and/or thermochemical
conversion processes (Navarro et al. 2009). This method
is superior to pyrolysis for hydrogen production. There
has been combustion by partial oxidation for nearly
150 years (de Jong 2008). Low-temperature (1000 °C)
gasification provides a substantial quantity of hydrocar-
bons, but high-temperature combustion yields essentially
no hydrocarbons (Navarro et al. 2009). Pyrolysis enables
the thermal degradation of biomass at 650-800 K in the
absence of oxygen to produce liquid oils, solid carbon,
and gas chemicals (Navarro et al. 2009). Hydrogen may
be created immediately by rapid or flash decomposition
if the maximum temperature and enough volatility
phase retention time are present (Navarro et al. 2009).
Gasification and pyrolysis followed by reformation of
the carbohydrate component of the bio-oil are the
two primary thermochemical processes employed for
hydrogen generation (Balat 2010). In addition to pyrolysis
and gasification, a water—gas shift is utilised to transform
the reforming gas into hydrogen, and pressure-driven
membrane absorption is used to purify the product
(Saxena et al. 2008). In the absence of oxygen, a super-
critical water state may convert biomass into fuel gases,
which can be readily extracted from the water phase by
cooling to room temperature (Navarro et al. 2009). The
cost of hydrogen production through steam reforming
combustion of wet biomass was several times that of
hydrogen production via steam methane reformation
(Saxena et al. 2008).

Gasification of biomass

The technique of pressing and producing biomass obscene
resources in a gasification additive and then turning them
into hydrogen-containing flammable gas via gasification is
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referred to as hydrogen generation by gasification (Karellas
2015; Zhang et al. 2019a). Tar and charcoal are byproducts
of the gasification process that are unavoidable. Research
on catalysts, such as natural ores and alkali metals, is
currently under way to accelerate coke gasification and
decrease the concentration of tar (Cummer and Brown
2005). The gasification of biomass used to produce
hydrogen is seen in Figure 5.

Gasifying reagents (air, water vapor, oxygen, etc.) are
necessary for biomass gasification in order to produce
hydrogen (Puig-Arnavat, Bruno, and Coronas 2010). We
may acquire a high hydrogen content by using water vapor
as a gasification agent, however doing so results in sig-
nificant energy consumption and gas generation with a
high calorific value. The cost might be reduced by using air
as the gasification agent, but at the expense of an un-
workable low rate of hydrogen generation (Uddin et al.
2008). The process of creating hydrogen via biomass
gasification involves several processes. The following is a
list of the major replies (Uddin et al. 2008):

C+ 2H20 i C02 + ZHZ (5)
CO + H,0 — CO, + H, (6)
CH4 + H20 — CO + 3H2 (7)

These processes suggest that throughout the hydrogen
generation process, in addition to other small-molecule
carbides. The typical temperature range for chemical
reactions is 450-1000 °C (Huang et al. 2019b). When
employing waste material as a raw resource in a fixed
bed, Turn et al. (1998) examined the synthesis of hydrogen
from biomass using a benchscale fluidized bed gasifier.
Parametric experiments were conducted to assess the
mpacts of heating rate, equivalency ratio, and steam to
biomass ratio. The hydrogen highest yield, the capability of
the gaseous state for hydrogen synthesis by moving carbon
dioxide and steam reforming upper hydrocarbons, was
calculated based on experimental observations of oxygen
content and yield. Over the research conditions studied,
the hydrogen yield potential demonstrated an equivalency
ratio of 0 and a steam-to-biomass proportion of 1.7. This
corresponds to 78% of the maximum possible output of
165 g hydrogen per kilogramme of dry, ash-free biomass for
this fuel. A series of tests were conducted by Hamad et al.
(2016) to study the impact of various operational variables
on the effectiveness of the gasification. These were the
oxygen-to-fuel equivalency ratio (0.12-0.4), the reaction
temperature (707-850 °C), the response retention time
(45-120 min), and the kind of catalyst. The results indicate
that the produced hydrogen from the gasification of crop
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Biomass pretreatment . .
Gasification reaction

(drying, adding gasification agent

(pyrolysis, oxidation)
etc.)

Gas separation

(tar removal, reforming)

Figure 5: Illustrates the gasification of biomass to produce hydrogen.

residues with calcium hydroxide has a higher ratio of
hydrogen and CO (45 and 35%, respectively).

The observations shown in the table above show that
the rate of hydrogen production rises as the temperature
rises, causing the component concentration to vary
significantly. The choice of the biomass natural resources,
the gasification and catalyst as well as the temperature
and gasification residence time, all have a significant
impact on the rate of producing hydrogen utilizing
biomass chemical combustion (Sikarwar et al. 2017;
Zhang et al. 2019b). But getting the gaseous agent to a very
high temperature and cleaning it would take a lot of
energy, which means it would be expensive (Guo et al.
2022; Jalan and Srivastava 1999a).

Electrochemical technology

Electrolysis is a well investigated electrochemical process
that breaks water molecules to produce hydrogen. The
process occurs on a low-temperature fuel cell and relies
on an electrical current flowing through water via elec-
trolyte. This separates water into oxygen and hydrogen
(Gallagher et al. 2017). After separation, a simple and
speedy conversion produces pure hydrogen. In addition,
there are no carbon, sulphury, or nitrogen byproducts,
which reduces cleaning costs compared to gasification
processes. The constraint on water splitting is based
on thermodynamic features, since the usage of at least
46 kWh/kg of necessitates acceptable hydrogen produc-
tion (Ganzoury and Allam 2015).

Pyrolysis-reforming

Biomass is cooked to a high temperature without the need
for a gasification agent during the complicated process
known as pyrolysis, which produces gas, solid and liquid
via a sequence of chemical reactions and heat transfer
(Jalan and Srivastava 1999b). The pyrolysis method of
producing hydrogen is shown in Figure 6.

Pyrolysis needs additional reforming to produce
hydrogen because the high temperature that is maintained

throughout the process encourages the development
of tar, which is sticky and challenging to evaporate
(Zhang et al. 2022). There are currently five ways of
reforming fuels: steam reformation, water phase mod-
ernising, production of hydrogen reforming, chemical
reforming, and photocatalyst reforming. One of them,
chemical reformation, can separate hydrogen on-site and
is a new way to make hydrogen that is good for the envi-
ronment (Zeng and Gong 2015).

Qinglan et al. (2010) conducted the catalytic decom-
position of biomass production using a dual-particle
powder fluidised bed reactor in order to generate
hydrogen-rich gas. The impact of key operating parameters
on the yield and dispersion of gas products at low pressure
and temperature were investigated. Ansari et al. (2014)
used a twin bed reactor system, bagasse may be used
efficiently as an alternative source of combustible gas and
for the generation of hydrogen and syngas. Utilizing a
catalyst in the second bed improves the efficacy of bagasse
pyrolysis. Through microencapsulation synthesis of nano-
catalysts, a gas containing more hydrogen and carbon
monoxide and less hydrocarbons and carbon dioxide was
created. Compared to the single bed post-transcriptional
method, the microemulsion-made catalyst increased gas
production from 0.4 m?/kg to 0.8 m’/kg and decreased
yield (%) from 0.5 to 0.3 g. However, the heating value
of the output gas stayed almost the same at 10-11 MJ/ m’,
Luo et al. (2017) presented a technique for concurrently
producing glassy slag and reusing the heat for biomass
pyrolysis processes to create hydrogen-rich gas. The
impacts of a number of factors, including waste tempera-
tures, mass ratio of waste to bioenergy, particle size, and
angular velocity on pyrolysis extraction yield and gas
properties were investigated. In addition, the photo-
catalytic efficiency of blast-furnace slag for enhancing tar
cracking was investigated. Under the circumstances of
1000 °C waste heat and 0.6%, the biomass was completely
pyrolyzed. At a ratio of 0.8%, biomass may be completely
pyrolyzed at a slag temperature of 700 degrees Celsius. Ata
rotor speed of sixteen rpm/min, when slag particles in the
reactor displayed a movement, the maximum gas output
was achieved. During the pyrolysis process, blast-furnace
waste displayed catalytic properties in tar cracking and
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reforming. In addition, lowering the particle size of the
waste encouraged the production of more light gases and
less char and condensation. During the later catalytic
reforming process, however, the effect of slag particle size
was no longer clear. Barbarias et al. (2019) developed,
characterised, and studied the effectiveness of a series of
two catalysts in relation to hydrogen production and
tar reduction during combustion in a two-stage reaction
mechanism. The results demonstrate that catalysts made
by the sol-gel approach show more catalytic activity
in relation to the formation of hydrogen and gas than
catalysts prepared via insemination. Furthermore, fila-
mentous graphene was more likely to form on the surface
of reacted sol-gel catalysts than unstructured carbon
on the interfaces of reacted saturated catalysts. Both
types of carbon were made by the enhanced catalysts, but
it depended on the type of metal and how it interacted
with the phase. The catalyst is replenished between
operations by coke ignition in the presence of the refor-
mation reactor, utilising a series of air concentrations and
a temperature ramping between 600 and 700 °C, as
described by Barbarias et al. (2019). Due to the sintering of
the catalyst surface, the catalysts do not completely
regain their original activity during coke combustion, as
shown by a number of analytical tests. In a subsequent
oxidative pathway, this hardening process is gradually
decreased, and the catalyst reaches a stable state.
Waheed, Wu, and Williams (2016) investigated the effects
of catalytic cracking temperature, steaming flow rate, and
biomass particle size on syngas and hydrogen yields
during the two-stage pyrolysis/catalytic reformation of
coconut husk in a fixed-bed batch reactor. It may be
deduced that the hydrogen yield per gramme of rice husks
increased dramatically as the reformation temperature
increased from 850 °C to 1050 °C, from 20.03 to 30.62 mmol
hydrogen. The increased gas output was attributed to the
endothermic production of a product reaction, the water
gas reaction, and the steam reforming process. Oxidation

Figure 6: The pyrolysis of biomass to
produce hydrogen.

and reduction, depolymerization, and thermal decom-
position all played a big role in the increase of hydrogen
from 53.95 to 65.18 vol% in the resultant gas.

Converting supercritical water

The term “production of hydrogen by steam reforming
conversion” refers to a process that uses superheated water
(p = 22.1 MPa, T = 374.2 °C) to create hydrogen-rich gases,
including CH4, hydrogen, CO,, and CO and through raw
material carbonization and steam reformation (Sheikhda-
voodi et al. 2015). With this approach, the volume con-
centration of hydrogen gas products may surpass 60%, the
rate of exchange of biomass can reach 100%, and the
reaction does not produce tar or any other byproducts.
The following is a list of the reaction equations for the
hydrogen manufacturing process (Sheikhdavoodi et al. 2015):

CHnOm + (1/m)H,0 — (n/2 + 1/m)H, + CO (8
CO + H,0 - H, + CO, )

CO +3H, —» H,0 + CH, (10)

CO, + 4H, — 2H,0 + CH, (11)

Existing research shows that the duration of reaction,
pressure, temperature, biomass content, oxidant concen-
trations, and type of catalysts all have an impact on the
hydrogen generation efficiency via supercritical conver-
sions of water (Kipcak and Akgiin 2015; Reddy et al. 2014).
The method of catalytic biomass saturated water combus-
tion was optimised by Kang et al. (2016). By evaluating
catalysts utilising both lignin and cellulose as biomass
models, the most effective catalysts were determined.
Then, using waste biomass as feedstock, a Taguchi
experimental design-based optimization study was con-
ducted using wheat bran, canola powder, and American
citizen grass. The effects of various factors are investigated.
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The proportional relevance of these factors for hydrogen
generation is as follows: heat > catalytic load > catalyst
type > feedstock category. For the synthesis of hydrogen,
high temperatures (650 °C) and high catalyst loadings
(100%) are advantageous. The average output of hydrogen
from various waste biomass was as follows: majority of
grass > canola powder > grain straw. Pine and wheat straw
were pretreated using the catalytic impregnation technique
of Hossain, Chowdhury, and Charpentier (2019), who
subsequently converted supercharged water to hydrogen.
The outcomes demonstrated that the pretreatment of raw
materials had a positive impact on hydrogen generation.
According to previous research, using the right catalysts to
produce hydrogen from supercritical water may consider-
ably increase the effectiveness of hydrogen production and
gasification in an environment with low temperatures
(Li and Guo 2019; Nanda et al. 2016). The catalysts utilized
in this technique of hydrogen generation typically fall
into one of several categories (Yanik et al. 2008). Huang
et al. (2019b) discovered that the generation of hydrogen
was greatly boosted. Because of their affordability and
strong catalytic activity, which catalysts have been used
in the majority of recent investigations. However, due to
sintering and carbon deposition, the majority of catalysts
are often rendered inactive during the creation of
hydrogen (Guo et al. 2012; Kruse and Dinjus 2005). One of
the most promising methods for producing hydrogen
is the transformation of supercritical conditions. Wet
materials may be fed straight into the hydrogen genera-
tion process. Additionally, it produces a lot of hydrogen
and has a high reaction efficiency (Ge, Guo, and Jin 2020;
Zhang et al. 2019c). The product is very simple to trans-
port and store. But because of the high equipment
requirements, it will cost a lot to invest in and maintain.
Therefore, there are certain restrictions on its commer-
cialization (Pei et al. 2008; Xu et al. 2019a).

Reformation of tiny organic compounds by
catalysis

The biomass can be transformed into specific molecular
precursors and then the molecules can be directly
dispersed to each hydroformylation station because the
production of bio-hydrogen for hydroformylation stations
includes many technical issues (Okolie et al. 2020). This
process may make transporting hydrogen less expensive.
Gas-phase reformation and water-phase reforming are
two ways that small-molecule reforming may produce
hydrogen. The categorization of hydrogen generation by
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the reforming process of tiny organic compounds is shown
in detail in Figure 7.

Biofuel extraction from bioenergy appears as a
potential option for resolving the current environmental
disaster and ushering in a carbon-free future. Additionally,
since this reaction is a highly endothermic process, heat
from outside is needed (Xu et al. 2019b). The temperature of
partial oxidation processes, which may reach more than
1000 °C, can typically be reached in fixed-bed tubular
reactors operating under atmospheric pressure.

Numerous studies typically employed catalysts to
lower the reaction temperatures (Brown 2001; Wang et al.
2009; Yurum 1996). According to Musso et al. (2022),
hydrogen created by hydrogen production a biofuel
obtained from biomass, including bio-oil, is an intriguing
energy vector. The objective of this study is the synthesis
of hydrogen by steam distillation of tiny organic modeling
compounds found in the alkaline solution of bio-oil and,
for the accuracy that is critical of a real system, the
emulation of this culture supernatant by a representative
combination of these compounds. Ternary combined
oxides for Ni-La-Me catalysis were synthesised, charac-
terised by X-ray diffraction, chemisorption isotherms,
differential thermal, electrochemical impedance, and
scanning electron microscopy, and then evaluated in
steam reforming processes. Due to its inherent H,O
adsorption process as well as a greater number of oxygen
vacancies in its catalytic composition, the results show
that it provides intriguing qualities for its possible use as
an industrial catalyst for hydrogen generation through
steam reforming. On the other hand, the hard metal
interaction led to a decrease in catalytic activity as a result
of less crystallite segregation from the nanocomposites

Steam reforming

Partial oxidation reforming

Gas-phase reforming

1 1

Autothermal reforming

T

Catalytic-reforming of small
organic molecules

Water-phase reforming

Figure 7: Catalytic-reforming of tiny organic compounds is
classified.
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structure. For autothermal reforming, pressure differ-
ences and temperatures ranging from 400 to 1200 °C are
commonly used (Chen et al. 2010; Dauenhauer, Salge, and
Schmidt 2006). Due to the Cu has high activity in water gas
conversion reactions and potent anti-carbon deposition
properties, it is used as a catalyst in the majority of studies
(Vagia and Lemonidou 2008). Without extra heating,
the autothermal reforming process may start up fast
and continue indefinitely (Gallucci, Annaland, and
Kuipers 2010). A number of requirements must be met for
the water-phase haber process to produce hydrogen,
including maintaining the raw material in an aqueous
solution below 280 °C and maintaining a saturated vapor
pressure just above that of water (Liu et al. 2008). Since
evaporation is not required, hydrogen synthesis through
the water phase is appropriate for biomass materials that
are challenging to vaporize (Luo et al. 2010; Tanksale et al.
2007).

Commercialization challenges of
bio-hydrogen

Hydrogen has been utilized in the refineries and indus-
trial applications for many decades and has recently
gained attention. From 2020 to 2030, the demand for
hydrogen is projected to increase by around 5.48% yearly
(Arun et al. 2022). To secure and keep the sustainability of
hydrogen with minimal environmental effect, the gener-
ated hydrogen should include no or substantially low
carbon emissions. One kilogramme of hydrogen contains
the same amount of energy as one gallon of gasoline,
which when burned generates 9.1 kg of carbon dioxide.
Therefore, it was determined that the emissions from
hydrocarbon fuels were more than those from hydrogen
synthesis and the same was recommended (Jarunglumlert
et al. 2018). The density of hydrogen generated from
substrates is greater. The commercialisation and deploy-
ment of biofuel production on a wide scale are beset by
formidable obstacles (Baeyens et al. 2020). Biohydrogen
lack of distribution channels is the biggest obstacle to its
commercialisation. Production, storage, transportation,
distribution, and ultimate usage would be obstacles to
biohydrogen commercialization.

Storage of biohydrogen

Typically, biohydrogen is maintained by decompression,
cooling, or a hybrid approach. In addition to solids,
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liquids, and surface-based materials, material-based bio-
hydrogen storage systems have been created. Additionally,
biohydrogen may be stored locally or in bulk. Due to its
low gravity, keeping biohydrogen presents difficulties
since it demands a great deal of energy for compression.
When storing biohydrogen in a stable state, pressure
and temperature are required, and consideration must be
given to design, social responsibility, legal difficulties, and
economic effectiveness. Low material durability and its
reactivity with chemicals pose safety risks. If biohydrogen
is stored in large quantities, it could get dirty and need to be
cleaned before it can be used.

Distribution and transportation

Typically, biohydrogen is carried through pipelines, high-
pressure tube trucks, and liquified hydrogen tankers.
When compared to other modes of transportation, pipeline
transport was shown to be the least costly. Existing
hydrogen transportation pipelines are inadequate to meet
the demand for biohydrogen (Singh, Sarma, and Lal 2014).
Due to biohydrogen inherent brittleness, existing gas pipes
cannot be repurposed for its transmission. In addition,
even a 5% concentration of biohydrogen in natural gas
has an effect on the pipes durability (Hemmati et al. 2020).
lack of hydrogen flow regulation at refuelling stations,
which has an effect on absorption and system losses.
Changes in temperature while transporting compressed
hydrogen and the lack of recharging stations for bio-
hydrogen are two big problems.

The use of hydrogen

Biohydrogen has various uses in the provision of energy,
heating through combined heat and power units, power-
ing telecom towers and automobile industries, etc. It is
necessary to minimise the weight, quantity, and cost
of pressurised hydrogen gas for cars and fuel cell
installations (Walsh 2000). The efficiency, degradation
problems, durability, and initial concentration of fuel
cells must be enhanced, and the performances and health
monitoring system must be optimised. It is necessary to
increase the short run duration of fuel cells for portable
electronics without altering their original dimensions.
The exergy efficiency, effective energy, production
cost, of several hydrogen generation systems are compared
in Table 1 (Tukenmez, Yilmaz, and Ozturk 2021). Values
are standardized from O to 10, with 10 representing perfect
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Table 1: Comparison methods for producing hydrogen (Tukenmez
et al. 2021).

Method Exergy Energy Cost
efficiency efficiency
Electrolysis 2.5 5.3 7.34
Plasma arc decomposition 3.2 7 9.18
Thermolysis 4 5 6.12
Thermochemical water splitting 3 4.2 8.06
Biomass conversion 4.5 5.6 8.1
Biomass gasification 6 6.5 8.25
Biomass reforming 2.8 3.9 7.93
PV electrolysis 0.7 1.24 4.5
Photocatalysis 0.1 0.2 5.19
Photoelectrochemical method 0.15 0.7 0
Dark fermentation 1.1 1.3 7.52
High-temperature electrolysis 2.6 2.9 5.54
Hybrid thermochemical cycles 4.8 5.3 7.41
Fossil fuel reforming 4.6 8.3 9.28
Biophotolysis 1.3 1.4 7.27
Photo-fermentation 1.4 1.5 7.61
Artificial photosynthesis 0.8 0.9 7.54
Photoelectrolysis 0.34 0.78 7.09

performance and O representing subpar performance
(zero cost and zero emissions).

The information may be summed up in accordance
with the pertinent data in Table 1 and related studies:
Plasma arc breakdown and hydrogen generation from
fossil fuel reforming have the highest efficiency. The
efficiency of producing hydrogen by means of long-term
photocatalytic degradation, photocatalysis, and solar
photovoltaic is generally low. However, bio-hydrogen
generation has significantly increased energy efficiency.

Techno-economic evaluation of biohydrogen
production

Economic analysis foretells the widespread economic
demand for any technology (Hrbackova et al. 2019). Using
cost analysis, economic demand, and climatic data, is
often done to assess the viability of the project (Hosseini
2022; Javaheri 2023; Zavadsky et al. 2019). The decision-
making process for any project is straightforward when
using the findings from these studies (Ondra, Tucek,
and Rajnoha 2018). According to published research,
the techno-economic assessment of each process was
determined based on many assumptions, including
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degradation, income tax cost, ideal annualised, deflation,
foundation discount rate, selling price, and consumables
cost (Han et al. 2016; Zhang et al. 2013). Although there
are various methods for predicting analytical studies,
Aspen has lately attracted a lot of attention for its method
of calculating the costs of capital, operations, accumu-
lated cash flow, and profitability (Dokulil, Popesko, and
Kadalova 2022). In addition to the aforementioned, the
sensitivity evaluation was also carried out depending on
the cost of the raw materials, the discount rates, and the
biohydrogen minimum selling price (Edou and Onwudili
2022). The cost of producing biohydrogen may be used to
establish the minimum selling price of any technology.
For example, the processing cost is regarded as the least
cost after subtracting a few allowances if the biohydrogen
was produced by a thermochemical process. Based on the
current pricing, the total cost must be comparable with
the lowest-priced procedure on the market. Given that
the cost of the raw materials constantly varies depending
on the worldwide market, there needs to be some toler-
ance in the computation. Typically, they will maintain the
tolerance at 20% while calculating. According to some
notable research, anerobic fermentation and combustion
are two processes that could be used to generate bio-
hydrogen at a low cost (Hassan 2020). Additionally, the
use of nanomaterials and the creation of CO, have had an
impact on the price of hydrogen (Abdulateef et al. 2021;
Hassan 2021; Mahmod et al. 2021; Wagner et al. 2021).
Additionally, there are certain influences on costs brought
on by inflation. Feed cost increases, equipment and
supplies, and labour costs are all impacted by inflation.

Conclusions

Although it is plausible that biomass gasification could
result in the generation of hydrogen, the local biomass
optimisation management approach based on the industry
sector has received little attention. This paper presents
an integrated optimization approach based upon this
premise. The constitution of various biomasses paired
with the gasifier at varying temperatures may have a
significant effect on hydrogen generation. Consequently,
it is required to anticipate their production under various
gasification circumstances based on knowledge about
the available biomass, which forms the basis for cost
estimation. Considering the influence of local biomass on
the environment and the ecology, this research also
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examined the return of various biomass products to the

field and a generally steady supply of mixed supply

circumstances using the procurement model. The

inventory model was used to manage the inventory of a

range of mixed biomass products in order to optimise the

advantages of hydrogen generation. Due to the repetitive
nature of biomass, fresh choices must be made each year
for each region. As the generation of biomass hydrogen
is associated with a range of byproducts, the related
model for fine management should also take the costs
and advantages of treating these gases into account.

The key bullet points of this review are as follows:

— The manufacture of hydrogen from fossil fuels is more
energy and energy efficient, but at the expense of
substantial environmental pollution. Despite poor
energy and exergy efficiency, the electrolysis-based
hydrogen manufacturing process has little environ-
mental effect. The technique for producing hydrogen
from biomass offers both benefits, namely adequate
energy efficiency and reduced environmental effects.

— The manufacture of bio-hydrogen may be fueled by
a variety of raw sources and simultaneously create
fewer pollutants. The chemical process provides a high
hydrogen yield but requires a higher temperature and
incurs a cost of hydrogen. The biological technologies
are reliable and can make a lot of hydrogen at a high
rate. It can also help meet goals for sustainable green
energy.

— The conventional manufacturing of hydrogen from
fossil fuels creates more pollutions. The cost of pro-
ducing hydrogen by electrolysis of water is significant.
Bio-hydrogen generation is good for reducing carbon
emissions and getting rid of carbon, but it also has a
lot of room for growth.

— The costs associated with liquefaction and compres-
sion for hydrogen storage are considerable. The
physical hydrogen storage technique is hampered by
a lack of appropriate materials and a poor level of
efficiency. The bio-hydrogen storage techniques, have
the benefits of high hydrogen storage effectiveness,
low cost, and little environmental effect.

— The fulfillment of the hydrogen economy requires the
resolution of transportation concerns. The economic
advantage will be enhanced if the hydrogen convert-
ing device can be installed at the hydrogen plants
terminals in order to eliminate the hydrogen direct
transit stage. Consequently, introducing biomass
technologies into all facets of hydrogen consumption
has increased economic consequences.
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Future perspectives

There is broad agreement across numerous studies that
using nanoparticles may greatly speed up the Kkinetics
and yield of (bio)hydrogen generation, which provides a
huge potential to lower production costs. Although
there are still many obstacles to overcome, nanoscience
continues to develop in a manner that will eventually
make (bio)hydrogen a dependable replacement for fossil
fuels. The complicated refinement of biowaste into a
variety of high-value-added products and the recupera-
tion of waste heat are prerequisites for it though.
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