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Abstract:

Hydrogen production is influenced by various factors, including durability, charge/discharge rates, refilling time, storage
duration without loss, faster response, transient response, fuel quality, efficiency, safety, confirmability, weight, and
volume. Several methods contribute to hydrogen production, such as the utilization of TiO, nano material as a photo
catalyst in the hydrogen evolution process, leveraging its commendable physical and chemical properties. Graphene,
with its excellent thermal, mechanical, and physical properties, also plays a crucial role in hydrogen production and
storage. Other methods encompass autothermal reforming, steam methane reforming, partial oxidation, electrolysis for
water splitting, gasification of coal, natural gas reforming, employment of nano materials, nuclear power, solar energy,
wind energy, lithium-ion and sodium-ion batteries, biomass, algae, and advanced natural gas conversion plants.
Hydrogen serves as a clean fuel alternative for transportation, mitigating environmental pollution compared to
conventional petrol usage. Storage of hydrogen occurs through physical and chemical means. The statement that
"storing hydrogen at pressure will not cause any more significant safety issues than liquid fuel" is supported,
highlighting the intrinsically safe design of storage systems even in the face of ballistic penetration or explosion events.
This paper provides an in-depth review of various hydrogen production methods, emphasizing the generation of
substantial quantities of hydrogen, and explores diverse storage approaches.
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Introduction:

The escalating growth in global population has led to a surge in energy demand. Hydrogen, serving as a potent energy
carrier, plays a pivotal role as a fuel for transportation. It can be derived from both renewable and non-renewable
resources. Renewable sources encompass air, water, soil, wood, solar energy, wind energy, among others. On the other
hand, non-renewable sources include fossil fuels like coal, petroleum, natural gas, and rare minerals often found in
meteorites.

The utilization of non-renewable fossil fuels for energy production has resulted in the significant release of CO2 gas,
exacerbating environmental concerns. In addressing this issue, hydrogen emerges as an ideal solution to mitigate
greenhouse gas emissions, offering a cleaner alternative to conventional energy sources.

2.Production Methods of Hydrogen:

2.1 TiO2 as a Catalyst for Hydrogen Production:

Since the 1970s, TiO2 has served as a photo catalyst in hydrogen production, boasting attributes such as low cost,
abundance in the Earth's crust, stability, excellent optical and electronic properties, high photo catalytic activity,
chemical stability, non-toxicity, and environmental friendliness. Studies have demonstrated the effectiveness of TiO,-
based photo catalysts, showcasing a hydrogen production rate of 11400 umol/gh. Research suggests that modifying
TiO2 with different materials can enhance its photo catalytic activity.

Given TiOy's need for increased surface area, it exists in two distinct phases: anatase and rutile. In comparison, the
anatase phase proves more efficient for the hydrogen evolution reaction due to its band gap between the conduction and
valence bands. The band gap of the anatase phase is eg: eV, while that of the rutile phase is eg: eV. Combining TiO;
with graphene further improves its catalytic properties, as graphene exhibits favorable optical and electrical
characteristics with a zero band gap between the valence and conduction bands.

2.2. Photocatalysis Process for Hydrogen Production:

The photocatalysis process for hydrogen production involves the following steps in the splitting of water through UV -
visible radiation:

1. The photocatalyst absorbs solar energy, producing excitons that are equal to the band gap between
TiOy'svalenceandconductionbands.

2. From the valence band to the conduction band, electrons are transferred.
3. The liberated electrons are absorbed by TiO2, which produces hydrogen. Through the oxidation of water, photons
received on the TiO; surface help produce oxygen.
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Equations:
2H+2e —»H3(Eo=0.00 V)
(Eo=1.23¢V)

2.3 Steam Methane Reforming:

In the steam methane reforming process, hydrogen, carbon monoxide, and a negligible amount of carbon dioxide are
produced when methane and steam react at 3 to 25 bar pressure (1 bar = 14.5 psi) in the presence of a Ni and Pt catalyst.
For this endothermic process to continue, heat must be supplied.

Around the world, steam reforming produces about 95% of hydrogen, making it the least expensive process in terms of
capital costs. It is now the most advanced technology for producing hydrogen. The emission of greenhouse gases into
the atmosphere, namely carbon dioxide and carbon monoxide, is a significant disadvantage of steam methane reforming.
Steam methane reforming is still commonly used since it is inexpensive and produces hydrogen with a high purity, even
with this shortcoming. This approach yields hydrogen that is pure enough to be used in fuel cells and large-scale
industrial processes.

2.4: Gasification of Coal:

Gasification converts coal into a very hot synthesis gas, also known as Syn gas, which may reach temperatures of up to
1800 degrees Celsius. Syn gas is mostly made up of carbon dioxide, hydrogen, and minor amounts of other gases and
particles. Pulverized coal is combined with an oxidant—typically steam, air, or oxygen—to achieve this. By reacting
steam and carbon monoxide from the syngas mixture in the presence of iron and chromium as catalysts, one can
enhance the amount of hydrogen produced during coal gasification. Direct hydrogen production from coal is possible
with carbon capture and storage, resulting in almost no greenhouse gas emissions. Growing biomass removes carbon
dioxide from the environment, and using biomass gasification to produce hydrogen results in almost zero net greenhouse
gas emissions without carbon capture and storage.

Since gasification produces fewer emissions of CO; and other pollutants than incineration, it is frequently regarded as
the most environmentally beneficial technique of turning garbage into energy. Because of this, it is a sustainable choice
for producing energy and managing trash. Three different types of ash can be produced by coal gasification: fly ash,
bottom ash, and slag. The majority of the solid waste is converted into slag for use in gasifies at high temperatures. The
byproducts of non-slagging gasification are fine fly ash and course bottom ash. The fact that coal gasification releases a
lot more carbon dioxide than other processes is a drawback.

One benefit of gasifying coal is that it makes it easier to exploit its chemical characteristics, which are useful for
producing chemical feedstocks and power. Chemicals like urea and ammonia, as well as methanol, can be produced by
the gasification process. They are regarded as the foundation for numerous fertilizers. Gasification is also useful in the
production of fuel from biomass, coal, oil, and sands for transportation. A fuel gas rich in CO and H2 is the primary
byproduct of coal gasification; other byproducts may include carbon dioxide (CO2), methane (CH4), water vapor
(H20), and nitrogen (N2), depending on the feedstock. The product gases undergo additional separation and purification
in accordance with the needs of the various applications.

When biomass gasification is employed, which consumes carbon dioxide from the atmosphere, Gasification raises the
temperature of coal to up to 1800 degrees Celsius, generating syngas, a high-temperature synthesis gas. Hydrogen,
carbon dioxide, carbon monoxide, and trace amounts of other gases and particles make up this syngas. Pulverized coal is
combined with an oxidant usually steam, air, or oxygen during the process. By reacting the carbon monoxide in the
syngas mixture with steam in the presence of a catalyst, such as iron and chromium, the production of hydrogen from
coal gasification can be improved. Nearly zero greenhouse gas emissions can be achieved by directly producing
hydrogen from coal using carbon capture and storage.

Even without carbon capture and storage, this technique of producing hydrogen results in almost zero net greenhouse
gas emissions. Compared to incineration, gasification is said to be a more environmentally beneficial method of turning
trash into energy because it releases less CO, and other pollutants. Because of this, it is a sustainable choice for
producing energy and managing trash.

Fly ash, bottom ash, and slag are the three types of ash produced by coal gasification; in high-temperature gasifiers, slag
is the majority of the solid byproducts. Both fine fly ash and coarse bottom ash are produced by non-slagging
gasification. Coal gasification is advantageous because it uses the chemical characteristics of coal to produce chemical
feedstocks and generate energy, even though it emits more carbon dioxide than other processes. Methanol and other
compounds that are essential to the production of several fertilizers, such urea and ammonia, can be produced by the
gasification process. Moreover, gasification makes it easier to produce biomass, oil sands, and coal into transportation
fuels.

Depending on the feedstock, the main byproduct of coal gasification is a fuel gas that is primarily rich in CO and H»,
along with carbon dioxide (CO,), methane (CHa), water vapor (H20), and nitrogen (N>). To satisfy particular application
needs, the product gases go through additional separation and purification.

907



Journal of Survey in Fisheries Sciences 10 (3) 906 - 911 2023

2.5 Hydrogen from Biomass:

On the other hand, enzyme-based biochemical processes, resembling "digesters,” are currently The two different
processes for producing hydrogen that are included in biomass technologies are the thermochemical process and the
biochemical process. Because the thermochemical process operates at high temperatures, leading to increased reaction
rates, it is thought to be a cost-effective method. With this process, biomass is cooked without the presence of oxygen,
resulting in the production of a hydrogen-rich gas stream called "syngas" (which is made up of hydrogen and carbon
monoxide). One possible approach is gasification or pyrolysis.

Restricted mostly to sugar-based, moist feedstocks. However, these processes might eventually use cellulosic feedstocks
due to continuous improvements in systems and methodologies.

2.6 Hydrogen Production from Wind Energy:

Wind is a plentiful although erratic energy source that can power hydrogen production through water electrolysis. This
hydrogen can be stored for use in fuel cells at a later time or utilized to power cars, especially in times when wind
resources are scarce. Green hydrogen, in contrast to grey and blue hydrogen, is created by splitting water molecules
through the electrolysis process utilizing renewable energy sources like solar and wind power.

Hydrogen is produced by electrolyzers using surplus solar and wind energy. Tanks and subterranean caves can be used
to store the dispersed hydrogen, creating a network capable of energizing industries and serving as a backup for electric
grids. An innovative approach involves offshore wind turbines with integrated electrolyzers, where hydrogen is
produced at the base of each turbine and then transported to shore through dedicated pipelines. This integration
maximizes the utilization of renewable energy and contributes to the sustainable production and use of hydrogen.

2.7 Hydrogen from Oil:

There are two approaches to hydrogen production based on the pyrolysis of hydrocarbons: one involves implementing
the process close to the equilibrium state at elevated temperatures (around 800 degrees Celsius), while the other employs
a non-equilibrium process at lower temperatures with an appropriate catalyst. In both cases, heat is used to "crack™ the
long hydrocarbon chains in oils into smaller fragments, yielding small amounts of hydrogen. 82—87 percent carbon and
12-15 percent hydrogen are commonly found in crude oil.

Partial oxidation is an ideal process for obtaining hydrogen from heavy oil, although the most prevalent method
currently employed is steam reforming. In steam reforming, a light hydrocarbon, typically natural gas, serves as the
feedstock. In the ensuing decades, fossil fuels—such as oil and natural gas—are anticipated to continue to be the
primary sources of hydrogen generation. Almost half of all hydrogen produced worldwide comes via steam methane
reforming, which is clearly the most economical industrial hydrogen generation technique. In this procedure, the gas is
heated to temperatures between 700 and 1100 degrees Celsius while steam and a nickel catalyst are present.

India has ambitious plans to build electrolyser capacity ranging from 60 to 100 gigawatts to facilitate the production of
green hydrogen. Government incentives aim to make green hydrogen more affordable, with the goal of reducing its
production cost, currently estimated at 300-400 rupees per kilogram.

2.8 Hydrogen from Graphene:

Graphene serves multiple roles in hydrogen-related processes. It is utilized as a photocatalyst in the hydrogen evolution
process owing to its effective physical, thermal, and mechanical properties. Additionally, graphene acts as a
photocatalyst in the water-splitting process due to its high electron mobility property. In hydrogen storage, graphene
nano-material is employed due to its porous nature, high surface area, and environmentally friendly properties. The
versatility of graphene makes it a valuable material in various aspects of hydrogen production and utilization.

Hydrogen Storage:

Hydrogen storage employs two distinct methods: Physical storage and Chemical storage.

Physical storage:

1. Compressed Storage: In this method, hydrogen is kept as a gas in high-pressure tanks, usually with a pressure
range of 350 to 700 bar (5000t010,000psi).

2. Liquid Storage: Since hydrogen has a boiling point of -252.8 degrees Celsius at 1 atmospheric pressure, liquid
hydrogen storage requires cryogenic temperatures.

3. Adsorption-Based Storage:
2. Pressurized stationary or portable tanks and specialized hydrogen gas pipeline infrastructure can be used to store
gaseous hydrogen in smaller volumes. Gaseous hydrogen storage is currently the most widely used technique for a
variety of energy applications.

Chemical storage:

1.Metal Hydrides: These materials are useful for compactly and safely storing huge volumes of hydrogen. Transition
metals make up reversible hydrides that function at room temperature and atmospheric pressure, which keeps the
gravimetric hydrogen density below 3 mass percent.

2. Chemical hydrides: Involves chemically bonding hydrogen to specific compounds.
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3. Liquid organic hydrogen carrier: Involves chemically binding hydrogen to organic compounds for storage and
release.

Hydrogen storage materials play a crucial role in achieving higher density compared to gaseous and liquid hydrogen
systems. Systems utilizing hydrogen storage materials are considered suitable for both onboard and stationary
applications.

Metal hydrides, for instance, are effective at safely storing substantial amounts of hydrogen at ambient temperature and
atmospheric pressure. However, the gravimetric hydrogen density is limited to less than 3 mass%.

Different methods can be employed for hydrogen storage, including high-pressure gas cylinders up to 800 bar, liquid
hydrogen in cryogenic tanks at -253 degrees Celsius, adsorption on materials with a large specific surface area at less
than 100 Kelvin, and absorption on interstitial sites in a host metal at ambient pressure. Despite being an excellent
medium for renewable energy storage, hydrogen poses challenges due to its low volumetric energy density compared to
other gases, requiring more space for storage.

Certain metals like platinum and palladium serve as storage media for hydrogen. Hydrogen can be stored in three main
ways: as a compressed gas in high-pressure tanks, as a liquid in tanks or dewars, or as a solid by either absorbing or
reacting with metals or chemical compounds, storing it in an alternative chemical form. Beyond being a fuel, hydrogen
also functions as a storage medium. Various storage technologies with different capacities and discharge times are
available, and underground hydrogen storage, utilizing caverns, salt domes, and depleted oil and gas fields, is considered
the most cost-effective method. However, it's crucial to handle hydrogen with care, as it is an explosive and flammable
gas.

Hydrogen, being colorless, odorless, and tasteless, is stored underground as the most economical method in all cases.
Liquid hydrogen offers advantages over compressed gases for longer storage times. Numerous hydrocarbon fuels, such
as natural gas, diesel, renewable liquid fuels, gasified coal, or gasified biomass, can be reformed to produce hydrogen.
Presently, around 95% of all hydrogen is produced through steam reforming of natural gas.

Metal hydride storage functions by chemically bonding or absorbing hydrogen without the need for compression.
Hydrogen, as an energy carrier, surpasses petrol and diesel in terms of weight. One kilogram of hydrogen contains 33.33
kWh of usable energy, while petrol and diesel only hold about 12 kwWh/kg. Tanks made from composite materials, such
as fiberglass, aramid, or carbon fiber with a metal liner (aluminum or steel), are used for storing hydrogen. This stored
hydrogen can be retrieved as a backup energy supply when needed and can complement batteries in the transport sector.
Various metal hydrides, including magnesium hydride, sodium aluminum hydride, lithium aluminum hydride, lithium
hydride, lanthanum nickel hydride, titanium iron hydride, ammonia borane, and palladium hydride, serve as sources of
stored hydrogen. Cryogenic hydrogen storage, involving cooling hydrogen to extremely low temperatures (around -253
°C), faces challenges in maintaining this temperature. Despite lower efficiency and higher losses, hydrogen storage
surpasses batteries in compensating for longer-term fluctuations, making it a versatile option for almost all sectors.
Tanks have a life cycle of 10 years, requiring a midterm inspection for safety reasons. The emissions from tank
production can be spread over a significant quantity of hydrogen, depending on the frequency of filling and emptying
events.

The levelized cost of hydrogen storage in depleted gas reservoirs, salt caverns, and saline aquifers with large-scale
storage capacity is approximately $1.15, $2.50, and $3.27 per kg of H2, respectively.

One notable advantage of hydrogen is its high gravimetric energy content, with a lower heating value (LHV) of 119.9
MJ/kg. Additionally, hydrogen is non-toxic, and its complete combustion produces only water (H20). However, as a
gas, hydrogen has a low energy density (0.089 kg/m3), and its storage is expensive. Despite this, hydrogen enables the
storage of vast quantities of clean energy for extended durations, making it suitable for peak demand and seasonal
energy balancing. Hydrogen can be generated from electrolysis using excess renewable electricity during peak
production hours.

Currently, hydrogen is transported from the production point to the usage point via pipelines or over the road using
cryogenic liquid tanker trucks or gaseous tube trailers. Pipelines are typically deployed in regions with substantial and
stable demand, often exceeding hundreds of tons per day, and expected to remain consistent over decades.

Solid State Storage: Absorption-Based Storage — Metal Hydrides:

Integration of electrolyzers, metal hydride-based storage, and fuel cell systems has already reached cost
competitiveness, even without economies of scale.

Further economies of scale are expected to reduce costs significantly.

The primary costs associated with electrolyzers, fuel cells, and storage systems are minimal.

The cost per kilogram of hydrogen (with 2wt% of hydride) is comparable to a 700-bar compressed hydrogen tank.
Solid-state storage is considered safer (low pressure) and offers higher volumetric density.

Absorption-Based Storage — Metal Organic Frameworks (MOFs):

Useful hydrogen weighing 5.6 kg can be stored in a dual-wall tank that has a liquid nitrogen (LNZ2) flow between the
walls.

The tank comprises a 165 L inner aluminum vessel with a hexagonal heat transfer arrangement and 32 kg of MOF, with
a total MOF vessel weight of 96 kg.

Additional Balance of Plant (BOP) peripherals include components for filling and delivery, temperature and pressure
monitors and regulators, filters, connections for fuel cells, and heating.

Assuming the system is fully charged at 100-bar pressure and 77 Kelvin temperature.
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The system costs $6300 (for low-volume production) and $3052 (for high-volume production).
Component costs account for 53% in low-volume production and 39% in high-volume production.

Liquid Hydrogen Storage:

The cost of liquefaction ranges from $50 million for 6000 kg/day to $800 million for 200,000 kg/day.

Cost models estimate approximately $160 million for 27,000 kg/day, covering production, liquefaction, delivery, and
dispensing.

The cost at the pump is $14.25/kg H2.

The energy needed by industrial liquefiers is between 10 and 20 kWh/kg.

There are liquefiers operating in the United States that have capacities ranging from 6000 to 70,000 kg/day.

The Hydrogen Delivery Scenario Analysis Model (HDSAM) of the Department of Energy indicates that the capital
expenses of liquefiers now range from 6000 to 200,000 kg/day, depending on their capacity.

Compressed Hydrogen Storage:

Offers high efficiency and discharge rates, witha readily available fuel or feedstock.

Manufacturing is similar to Compressed Natural Gas (CNG) tanks, with differences in size, pressure, and production
volume.

Hydrogen storage cost, compared to CNG, is primarily influenced by the Balance Of Plant (BOP) and composites.

BOP accounts for 50% of the cost for low production volumes and 25% for high volumes.

Hydrogen is stored at higher pressures (350 or 700 bar) compared to CNG (250 bar), requiring a significant amount of
carbon fiber composite.

Type IV compressed hydrogen tank costs $15 per kilowatt, providing 5.6 kg of usable hydrogen.

There are significant possibilities for cost reduction through the use of low-cost resin, carbon fibers, and a reduction in
BOP costs.

Geological Hydrogen Storage:

Geological storage offers economies of scale, high efficiency, and cost-effectiveness.

Salt caverns are the lowest-cost option at $0.6/kg H2, boasting an efficiency of 98%.

The U.S. possesses the largest salt cavern storage, equivalent to 30 days of Steam Methane Reforming (SMR) output,
ranging from 10-20 thousand tonnes.

Depleted oil and gas reservoirs are larger than caverns but face challenges such as potential contamination.

Water aquifers represent a less mature technology.

Natural barriers, including trapping, reactions with microorganisms, and interactions with fluid and rock, play a crucial
role.

Feasibility needs to be proven, but geological storage can offer seasonal storage solutions where salt caverns are
unavailable.

It is less suitable for short-term and small-scale storage applications.

Overview of Hydrogen:

Hydrogen operations benefit from economies of scale.

Storage and transport play significant roles in the overall cost.

Costs are negligible when hydrogen is used close to its production source.

Ensuring the uninterrupted operation of the hydrogen value chain involves efficient storage solutions.

The choice of storage depends on factors such as volume, duration, cost, discharge rate from storage, and the

availability of different options.

8.  Currently, hydrogen is commonly stored in compressed or liquid forms.

9.  The majority (85%) is produced on-site, with a small amount (15%) being transported.

10. Hydrogen usage can be categorized into short-term (point of export) and long-term (addressing seasonal changes).

11. Storage options include geological storage for large-scale and long-term needs and tanks for small-scale and short-
term applications.

12. The conclusion of the report emphasizes the assessment of costs related to various methods of hydrogen production
and storage, taking into consideration their maturity levels. Top of Form

13. Top of Form

14. Top of Form

15. In light of the intrinsic safety of the storage systems, the concluding statement emphasizes that, in the event of a
ballistic penetration or explosion, storing hydrogen under pressure does not provide more serious safety risks than
liquid fuel.
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