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of hydrogen technology is driven by
factors such os climate change, population growth,
and the deplefion of fossil fuels. Rather than focusing
on the the
fiiendiness of hydrogen production, fhe primary goal
of the hydrogen economy is to infroduce hydrogen as
an energy carrier alongside electricity. Water
electrolysis is currently gaining popularity because of
the rising demand for environmentally friendly
hydrogen production. Water electrolysis provides a
sustainable, eco-friendly, and high-purity technique to
produce hydrogen. Hydrogen and oxygen produced
by water electrolysis can be used directly for fuel cells
and industial purposes. The review is urgenfly needed
fo provide a comprehensive analysis of the current
state of water ing
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costs, ensure demand, increase lifefime, and improve
performance in a low-carbon energy system that can
contribute fo the provision of power, heat, industry,
fransportation, and energy storage. Issues and
challenges with eleclrolysis techniques, capital cost,
water consumption, rare material utilization,
electrolysis efficiency, envionmental impact, and
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and analysed. The primary objective is fo explicitly
outiine the presentstate of electrolysis technology and
to provide a critical analysis of the modeling research
that had been published in recent literatures. The
outcome that emerges is one of qualified promise:
hydrogen is well-estabished in particular areas, such
as forkifts, and broader applications are imminent. This
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a road map fo did in the commercialization of the
water electrolyser for hydrogen production. Al the
insights revealed in this study will hopefully result in
enhanced effors in Ihe direction of the development
of advanced hydrogen electrolyser fechnologies
towards clean, sustainable. and green energy.

y
concerns for he future of the energy sector, posing the
issue of determining the most efficient approach to
reduce emissions while also supplying the eneray
needed to sustain economies. Fossil fuels are finite;
hence alternative energy sources are required
Carbon piicing is one of the allematives that has an
important role in facilitafing energy fransifions, such as
the transformation from high-carbon energy {coal and

using renewable energy sources. While individual
melhods have been wel documented, Ihere has not
been a thorough investigation of these technologies.
With the fising demand for environmentally friendly
hydrogen production, the review will provide insights
info the challenges and issues with electrolysis
techniques, capital cost, water  rare

oil) fo & bon energy (natural gas) and clean
energy [renewable resources). The carbon market
can minimise the cost of emission reduction in society,
boost invesiment in green and low-carbon indusfries,
and regulate capital flow by allocating carbon
emission reduction resources optimally [8]. Future
energy sources must meet the conditions of being

material utilization, electrolysis efficiency,
environmental impact, and storage and security
implications. The objective is fo identify current control
methods for eficiency improvement that can reduce

27

for the long-term
freatment of climate change and reducing reliance
on ol impors. In terms of cost, electrolyser production
costs vary based on size, materials, and volume, and
have been decreasing, but must decrease further to



in its gaseous form by road or rail in high-pressure
cylinders.

Hydrogen is used in its gaseous form but stored and
transported in liquid form. However, there are also
several applications forliquid hydrogen:

The aerospace industry is one of the maijor users of
liquid hydrogen. As stated earlier, this indushry uses
liquid hydrogen tolaunchrockets.

Currently, there is a growing interest in
superconductivity [the state in which material has

post few decades. Sophisticated sensors now exist that
immediately indicate a leak from a hydrogen
infrastructure. Hydrogen fanks, pipelines, and
applications are also subject fo rigorous fesfing
standards. This equipment is exposed o high pressure
and extreme temperatures before if can be put into
service.

With the proper infrastructure in place, hydrogen can
be safely managed without any problems if the end-
user also handles the gas responsibly. In this respect,
providing correct information plays an important role.
The better the user follows the instructions and is mcde

virtually no resis in aware of  Ihe smaller
which liquid hydrogen plays an \mpom]nt role. This Uiauid hyckogen requies a higher qualiy of insuation
P P The forthisis

Lastly, the development of heavier frucks and
extended-range ships is also considering the use of
liquidhydrogeninthe tanks.

The use of hydrogen, whether in gas or liquid form, is
not without risks. When hydrogen reacts with the right
amount of oxygen gas, a massive amount of energy is
released, causing an explosion. In addition, hydrogen
has a relatively low combustion temperature and is
therefore highly flammable.

Furthermore, because hydrogen s colourless and
doorless, a leak in a system s hard fo defect. Even a
hydrogen flame Is imost invidble, and therefore
difficult Liquid

cold (-252.9 °C) and will cause freezing on contact.
Finally, oxygen can condense if the hydrogen is
insufficiently insulated, forming an increased fire
hazard.

There is some debate as fo how the above risks
compare 1o ofher fuels. In fact, research shows that
hydrogen poses a siightly higher fie risk than gasoline
or natural gas. What this increased risk means for the
future of hydrogen remains o be seen. However, al
other fuels are not without their dangers either, and
with the proper infrastructure and information,
hydrogen can be managed welland safely.

Fortunately. hydrogen has been used in various
indusiries for a long fime, and infrasiructures and
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the exiremely low temperature of the gas. I, for
example, hydrogen is fransporfed through a pipeiine
with foam insulation, & small rupture in the foam may
be the source of oxygen condensafion due to the
exireme cold emitied by the liquid hydrogen. A fre or
explosion will ensue should this condensed oxygen
come into contact with hydrogen or any other
combustiole materiol.

Fortunately, there is a form of insulation that provides
optimal insulation. The vacuum technology method is
the solution for safely fransporting, storing, and using
liquid hydrogen. Vacuum insulating is as much as 15
times better than other insulation materials. (for
example, PIR/PUR, or Foamglas, Armaflex, Perlite, and
Misselon] and can be used for pipes as well as fitings,
fanks, and cryogenic equipment.

Vacuum technology uses vacuum or high-vacuum fo
insulate fransfer fines or systems opfimally. A vacuum



t
systems with a double wall and vacuumize the space
between the two walls. The vacuum ensures that heat

fransfer cannot oceur (since most molecules have
been extracted) between the warm outside and the
coldinside.

Vacuum insulation for hydrogen systems is not only
safe but also meets the strict requirements for
hydrogen infrastructures. For example, liquid
hydrogen transfer lines on ships are expected fo be
equipped with o double-containment for exira safety
(should the process line have a leckage, the exra-
containment will be in place). If the pipeiines are
provided with vacuum insulation, the vacuum tube
also functions directly as a double-containment. As
such,

CcH2 is slored in insulated pressure vessels that are
filed with cold H gas at up 1o 400 bar pressure. The gas
is then discharged as the vehicle drives, which cools
thetank.

Cryogeric hydrogen storage, which involves cooling
hydrogen fo extremely low temperatures (around
~253°C), presents the main challenge of maintaining
fhis temperature. Liquitying hydrogen is o fime- and
energy-infensive process, resulling in energy losses of
Up to 40% compared to the 10% energy loss in
compressed hydrogen storage. Cryogenic storage is
primarily used for medium to large-scale storage and
transportation, such as truck deliveries and
intercontinental hydrogen shipping. A cryogenic
tanker can typically hold 5000 kg of hydrogen, five
times the capacity of compressed hydrogen gas fube
railers. The safefy of cryogenic vessels is ensured by

their extra protective layer (v
avent of accidents, and hyes
adiabatic expansion at cryogenic
case of a leak or tanker rupture, the
significant explosion unless the gas
temperatures of leaked hydrogen gas
malfunction and damage to nearby valv
relief devices not designed for such congit
example of his happened in a cryogenic hyroge
in 2016, where a pressure relief valve falled
function because it was in an area that was not rate
for cryogenic temperatures.

Cryogenic insulation has advanced in several ways
r\cludmg
New matericls
New malerials have enabled improvements in
thermal insulation systems for transferring and
storing cryogens.

Multilayerinsulation blankets
Also known as super insulation, these blankets are
widely used for high-performance insulation

Vaporcooled shields
These shields use the boik-off vapor of a cryogenic
fuid fo create temperature zones in a vacuum
space.




- Tesfing and apparatus
New test apparatus and methods have led to new
technical standards for cryogenic insulation
systems.

Understanding heatfransfer

cools an outer 4K heat shield. In sforage dewars it is
more common to heat sink nested heat shields at the
dewar neck. Boiling @ gram of liquid helium at 4.5€
absorbs 21 J of heat. Warming a gram of helium vapor
from 4.5K to 300K requires 1550 J of heat. Effectively
wsing the enthalpy of the cold helium vapor allows
liquid helium vessels fo achieve very low boil-off rates.

i many laboratory liquid hefum cryostats

Abetier heat transfer
hos contributed to advancements in cryogenic
insulafion in @ cryostat with vapor cooled thermal
shields, cold vapor evaporating from the liquid space
is used to cool the thermal shields and thereby reduce
the heat load on the cryogenic liquid. Vapor cooled
hermal shields, or shrouds, are often associated with
fiquid helium Dewars. However, the same principle
can be applied to any cryogenic liquid. Liquid
niftogen Dewars with carefully designed vapor cooled
thermal shields have been used fo achieve very long
holding times in instruments for space fight and
balloon borme appiications. Vapor cooled thermal
shields may be constructed by diverting all or part of
the cryostat boil-off through cooling coils attached fo
thermal shields. In sub-Kelvin cryostats, for example,
vapor from an evaporation stage may be drawn offfo
cool a 1K heat shield while vapor from a separator pot

and magnet dewars have employed liauid nifrogen
cooled thermal shields to intercept heat from
surrounding 300K surfaces. Typically, we would expect
the heat flux from 300K fo an 80K surface insulated with
athick ML blanke! and with a good isolation vacuum
to be about 1W/m2. If this 80K surface surrounds a 4K
surface, which is aiso well insulated, then we typically
expectaheat fluxof about 0.1W/m2on the 4K surface.
The liquid nitrogen cooled thermal shield, in effect.
absorbs 90% of the heat flux at a much lower cost fhan
would ifthe 4K i

The major concem in selection of proper insulation
systemis to minimise Ihe heat inleak from ambient. The
basic objective is always fo minimize the radiative
energy fransfer or heat inleak. Along with fo minimize
the convective heat franster and of course the
conductive heatfranser.
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