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Abstract

Alternative fuel and greenhouse emissions are always a keen focus for researchers aiming
to cater to energy demands. There is an urgent need to find new clean and inexhaustible
energy sources. In the past few years, hydrogen has gained attention from researchers
as a green fuel. The scientific and policy maker circles have now widely recognized the
practicality of hydrogen as an energy carrier through the due to its clean combustion, ease
of transportation, distribution, and utilization. Different ways of its production and its use
in different applications have also been widely studied. In this study, a review is carried
out on how to produce hydrogen using the electrolysis process by renewable energy and
its potential for application in different industries. Hydrogen gas can be used as a fuel
to power catalytic boilers, gas-powered heat pumps, and direct-flame combustion boilers
that are more or less the same as natural gas boilers. A large variety of district heating
techniques can be repurposed to employ hydrogen cost-effectively. The use of hydrogen
gas is not limited to combustion engines and industrial applications but is also applicable
for house heating purposes. Finally, it is suggested that an alkaline electrolyzer could
be energized with renewable sources to produce hydrogen which could be used as an
alternative auxiliary fuel for the incineration system in managing municipal solid waste.
This could be a step towards a green environment in terms of alternative clean fuel and
municipal solid waste management.

Keywords: hydrogen; renewable energy; electrolysis; combustion

1. Introduction

The high demand for energy is mostly dependent on non-renewable sources of energy
due to their maturity in technology. There is an urgent need to find both sustainable and
scalable energy sources as a solution to cater to these high demands [1]. The focus is on
using alternative sources of energy in an effort to reduce carbon emissions by 40% by 2030,
with an ambition for them to decrease by 70% by 2050, compared to 2008 [2]. Hydrogen is
seen as a promising fuel among prospective alternative energy sources, particularly due to
its environmental impact. On burning, hydrogen emits no carbon dioxide. Also, the carbon
dioxide released into the environment during its production can be controlled depending
on the method of production. It was anticipated that the hydrogen market would increase
from 70 million tons in 2019 to 120 million tons in 2024 [3,4]. Hydrogen is categorized as
grey, blue, or green depending on the basic ingredients and production method. About
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half of the hydrogen produced globally comes from the steam reforming of natural or shale
gas [3]. Hydrogen is categorized as blue when carbon emissions are caught, stored, or
utilized [5], whereas green hydrogen refers to the utilization of a renewable feedstock and
a renewable source of energy for raw material conversion and processing facility operation.
The environmental impact of producing grey and blue hydrogen is extremely severe. This
can result in emissions of 830 million tons of carbon dioxide per year [6]. On the other
hand, a variety of renewable energy sources, including wind, solar, nuclear, hydropower,
geothermal, and biomass, can be used to create green hydrogen [7]. As of now, wind and
solar energy are the most often employed renewable sources for hydrogen production.
The majority of processes for creating green hydrogen focus on either dehydrogenating
hydrogen carrier molecules or water splitting reactions (such as water electrolysis, water
thermolysis, photocatalytic water splitting, and thermochemical water splitting) [8].

2. Methods for the Synthesis of Hydrogen

Hydrogen is progressively emerging as an efficient replacement for fossil fuels as a
clean, sustainable new energy source, helping to reduce greenhouse gas emissions and
the rate of global warming. The sustainability of hydrogen is dependent on choosing the
appropriate way for its production (shown in Figure 1). Although studies on hydrogen
from more environmentally friendly sources have received much attention, fossil fuels still
account for the majority of hydrogen production. Due to its maturity and the addition
of a membrane reactor, SMR (Steam Methane Reforming) is currently the most dominant
technology in producing hydrogen. On the other hand, some areas may be more suitable
for CG (coal gasification) due to the distribution of local resources for the production of
hydrogen. Hydrogen produced from SMR is categorized as grey hydrogen because of the
direct emission of carbon dioxide. Different ways of capturing this carbon dioxide before
it is disseminated in the environment were introduced using carbon capture and storage
(CCS) technology [9]. When CCS is used for hydrogen production, the resulting product
is labelled blue hydrogen. Although CCS devices prevent carbon dioxide from being
emitted into the environment, they add an additional cost to the procedure. Renewable
energy-based hydrogen production is becoming increasingly significant and is continually
being technologically improved. Among all means of green hydrogen production, water
electrolysis is the most practical method [10].

Carbon Emission

Raw Material: Water
Method: Water Splitting
Technology: Selar Thermochemical

Advancement in Technology

Figure 1. Hydrogen production technologies based on their nature and environmental aspects.
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Green hydrogen produced using water electrolysis is progressively becoming the
recommended alternative for future hydrogen production. Rapid advancement in electrol-
ysis technology helps in transitioning from alkaline electrolyzers to flexible and efficient
polymer electrolyte membrane electrolyzers. Another technology for hydrogen produc-
tion that is considered as environmentally friendly is the solar thermochemical splitting
of water, the product of which is classified as white hydrogen [11]. On the other hand,
aquamarine hydrogen is produced through the pyrolysis of methane, performed using
solar thermochemical phenomena [12]. This procedure involves no direct carbon emission.

Among all green hydrogen production methods, biomass gasification currently ex-
hibits the highest energy and exergy efficiencies, at 53.6% and 49.8%, respectively [13],
significantly outperforming solar PV- and geothermal-based electrolysis. However, envi-
ronmental concerns and feedstock limitations can constrain its sustainability.

3. Potential of Green Hydrogen

The affordable supply of hydrogen is the key pillar of the low-carbon hydrogen econ-
omy. However, green hydrogen is expensive compared to other means of production. Due
to the need for a sophisticated and expensive multi-component system, green hydrogen
production technology is currently not mature in terms of efficiency and cost. The cost of
green hydrogen that is produced using renewable electricity sources can be in the range of
$ 2.28-7.43/kg [14]. This cost is much higher than that for grey or blue hydrogen. Different
renewable energy-based hydrogen production methods which include solar PV, biomass
gasification, and geothermal power generation were analyzed in terms of thermodynam-
ics based on energetic and exergetic approaches [13]. It was reported (summarized in
Table 1) that a solar PV-based hydrogen system has overall energy and exergy efficiencies
of 16.95% and 17.45%, which is lower than the values of biomass gasification, which are
53.6% and 49.8%, respectively. On the other hand, a geothermal energy-based hydrogen
production system has the lowest energy and exergy efficiencies at 10.45% and 10.2%,
respectively. These three renewable energy-based hydrogen production systems, based
on solar PV, biomass gasification and geothermal power, were found to be capable of
producing 2.26 g/s, 106.9 g/s and 32.02 g/s hydrogen, respectively. Performance evalua-
tion of different renewable resources including solar, wind and biomass was carried out
for the production of hydrogen. These performances are analyzed in Figure 2 based on
energy and exergy efficiency, cost, global warming, the acidification problem, and also
the social cost of carbon [15]. Although biomass gasification technology showed better
technical efficiency, solar and wind electrolysis systems showed better results in terms of
environmental aspects.

Table 1. Energy and exergy comparison of different renewable technologies for the production

of hydrogen.
Technology Energy (%) Exergy (%) Production Capacity (g/s)
Solar PV 16.95 17.45 2.26
Biomass Gasification  53.6 49.8 106.9
Geothermal Power 10.45 10.2 32.02

Hydrogen-based energy systems offer distinct advantages over conventional renew-
able sources like solar or wind, primarily in storage, transportation, and energy density.
Hydrogen can store surplus renewable electricity in chemical form, allowing for dispatch-
able energy supply even during periods of low generation. With a high calorific value
(150,000 KJ /kg), hydrogen exceeds traditional fuels, offering more compact energy stor-
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age and facilitating use in sectors hard to electrify, such as high-temperature industries,
shipping, and aviation.
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Figure 2. Comparison of renewable resources for the production of hydrogen.

Potential Usage of Hydrogen

Different green and renewable sources are being studied as an alternative. Recently,
researchers have become interested in using hydrogen as an alternative fuel for a variety
of purposes. It is regarded as a renewable synthetic fuel. In terms of carbon dioxide and
carbon monoxide emissions, hydrogen is a possible source of renewable energy [16]. It
is seen as being environmentally beneficial and is thought to be a future green fuel with
zero emissions because, in contrast to fossil fuels, all that is released is water vapour when
it burns with oxygen. The calorific value of hydrogen is another aspect that gives it an
advantage over other fuels, as shown in Table 2.

Table 2. The calorific value of different types of fuel.

Calorific Value
Sr. Type of Fuel (K)/kg)
1. Kerosene 43,124
2. Diesel 42,600
3. Natural Gas 38,000-50,000
4, Charcoal 33,000
5. Hydrogen 150,000

Studies are also being done on the usage of hydrogen fuel for rail industries. A
major difficulty is storing hydrogen so that a locomotive can run on some hydrogen fuel.
However, statistical analyses suggest that it might be a practical alternative fuel [17].
Reduced greenhouse gas (GHG) emissions from maritime transportation are becoming
a challenge. The most effective way to reduce emissions is the use of alternative fuels
instead of conventional fuel. Green hydrogen is a promising alternative for the shipping
industry [18]. Long-distance rail networks that cannot afford to provide high electricity
may use hydrogen-powered trains. Because of their advantages of (i) greater temperature
tolerance and (ii) faster rate of recharge than conventional vehicles, hydrogen-powered
forklifts can compete with battery-electric vehicles (BEVs) in a variety of applications.
Likewise, high-capacity mining equipment, trucks, and airport support services could also
use hydrogen.
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Techno-economic analysis shows that hydrogen technically has great potential in this
industry but still research is highly required to reduce its cost and make this alternative an
economically feasible solution. For example, manufacturing cement demands high temper-
atures of above 1000 °C. The direct electrification of this heat may be a good alternative.
Fossil fuels are used with a combination of electrification to achieve high temperatures.
This could cause an increase in GHG emissions. Hydrogen has the potential to achieve such
high temperatures due to its high calorific value while helping in the decarburization of the
process. Co-feeding hydrogen into refineries, ammonia plants, and steel blast furnaces can
greatly accelerate the initial phases of green hydrogen commercialization. Low-level hydro-
gen merging in the grid would significantly impact industrial consumers of natural gas
(e.g., the petrochemical sector) since it reduces the quality of the natural gas raw material.

All applications of boilers that resemble natural gas burners can use hydrogen gas
as an alternative fuel. This involves gas-powered heat pumps, combustion boilers, and
catalytic boilers. The deployment of carbon capture and storage (CCS) technology or
contemporary turbines that can use 100% hydrogen will be required to fully decarbonize
the energy sector. It is possible to modify a wide range of district heating methods such that
hydrogen can be used as fuel [18]. Due to its high heating value, it is much more feasible to
use hydrogen in cutting and welding applications [16]. It not only prevents the emission of
toxic gases but also makes processing easier due to its high temperature and focused flame.

Applications for hydrogen gas go beyond industrial and combustion engine use
(Figure 3). It can also be in a vast application for heating homes [19]. Burning hydrogen
fuel could be a decarbonization solution in areas where direct electricity is unavailable and
natural gas is typically utilized for heating. However, this would necessitate updating or
replacing current natural gas grids and would be very expensive in a dedicated hydrogen
power system. A new technology of incinerators was exploited recently to manage the
challenge of municipal solid waste using hydrogen as fuel [20]. Based on a study [14]
whose results are shown in Table 3, it was concluded that hydrogen gas has the potential to
be the cheapest source used for heating purposes.
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Figure 3. Potential use of hydrogen in different applications.

Despite its significant potential, hydrogen-based energy generation faces several
limitations that must be addressed before it can be widely adopted. One of the primary
challenges is hydrogen storage, as it requires high-pressure compression, liquefaction at
cryogenic temperatures, or complex chemical carriers—all of which add considerable cost
and complexity [9]. Additionally, hydrogen has a low volumetric energy density, which
necessitates larger storage volumes compared to conventional fuels, making it less practical
for certain applications [3]. The distribution and transportation infrastructure for hydrogen
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is also underdeveloped, as existing natural gas pipelines are generally not suitable without
modifications due to hydrogen’s small molecular size and associated embrittlement risk [21].
Safety concerns also persist because hydrogen is highly flammable and prone to leakage,
requiring stringent containment and handling protocols [4]. Moreover, the initial capital
costs of hydrogen production systems, especially those based on electrolysis powered
by renewables, remain high, and their overall efficiency can be lower than other direct
electrification methods [14]. These limitations highlight the need for continued research and
technological advancement, particularly in storage materials, safety systems, and scalable
infrastructure, to make hydrogen a truly viable and competitive clean energy carrier in the
global transition to sustainable energy systems.

Table 3. Value of heating per hour at different energy sources.

No. Energy Sources Energy Requirement Efficiency %  Cost of Heating

1 Hydrogen gas 1.49 kWh 55 0.16 €/h
2 Electricity 9.29 kWh 95 1.00€/h
3 Wood pellets 1.76 kg 75 0.45€/h
4 Agro pellets 2.79 kg 70 0.36€/h
5 Natural gas (CNG) 0.94 m3 90 041€/h
6 LPG 0.67 kg 88 0.73€/h
7 Gas oil 0.70L 85 77€/h

4. Conclusions and Recommendations

With the increasing demand for energy, there is an urgent need for both short- and
long-term solutions based on clean and green energy to support life on earth. Due to
its ease of manufacturing, cheap cost of capital and maintenance, and environmental
friendliness, hydrogen could contribute to the development of green energy solutions for
a variety of combustion applications. The use of hydrogen gas as an alternative fuel in
the transportation industry has enormous potential. This can help in reducing 30% to
40% of the total carbon emissions that the automobile industry is responsible for. Also,
the use of hydrogen fuel in industrial applications could help protect the environment
from greenhouse gas emissions. As a strategic technology to reach the carbon-free goal,
hydrogen and hydrogen energy systems are well-established. According to the findings of
this comprehensive research, hydrogen energy systems could result in mutually beneficial
outcomes for both the public and private sectors. More green hydrogen is the answer to
sustainable and environmentally friendly systems. This involves hydrogen production
from the electrolysis of water energized by renewable energy sources. However, there are
challenges associated with the transportation, distribution, and storage of hydrogen that
hinder its broad use as an energy vector and transmitter.
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