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Abstract:
Electrolysis is a way to develop sustainable energy through non-spontaneous redox reactions. It plays a crucial
role in advancing eco-friendly practices by utilizing electrochemical processes to split water molecules into
hydrogen and oxygen gases. The process of electrolysis involves the use of an electrical current to drive chemical
reactions, ultimately generating clean energy sources such as hydrogen. This hydrogen can be further utilized for
various purposes in fuel cells, energy storage, and more. This review provides an overview of electrolysis
technologies, explaining their fundamental principles and potential applications by analyzing modern literature.
At the conclusion of this study, it was evident that electrolysis technologies offer an efficient and sustai nable
solution for the production of clean energy, reducing greenhouse gas emissions and promoting a transition
towards a more sustainable future, with a fixable issue of cost.
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I. Introduction:
Electrolysis technologies span various electrochemical differences and technology types. The most

common types of electrolysis technology include alkaline electrolysis, proton exchange membrane (PEM)
electrolysis, and solid oxide electrolysis. These technologies differ in the types of electrolytes used, such as liquid
alkaline solutions or solid oxide materials. Alkaline electrolysis uses a liquid electrolyte, usually potassium or
sodium hydroxide. On the other hand, PEM electrolysis utilizes a solid polymer membrane as a matrix for
hydrogen movement. PEM electrolysis offers higher efficiency and operates at lower temperatures.

Solid oxide electrolysis operates at even higher temperatures, utilizing solid oxide materials such as
ceramics or ceramic-based composites. Each technology type has its own advantages and limitations, influencing
its suitability for different applications. Understanding these electrochemical differences and technology types is
crucial in determining the most appropriate electrolysis technology for eco-friendly practices.

Furthermore, electrolysis has found numerous applications in various industries, including aerospace,
portable power, carbon capture, and green steel production. In the aerospace sector, electrolysis is utilized for the
generation of hydrogen, which is then used as rocket fuel for propulsion systems. Aerospace companies use
different types of electrolysis for specific goals and uses. This clean and efficient method offers the potential for
reducing the environmental impact of space travel, which produces 900 million metric tons of CO2 (Zhang et
al.2022).
Portable power solutions, such as fuel cells, also rely on

electrolysis to produce hydrogen or other gasses

that can be used to generate electricity. This enables the creation of lightweight and compact power sources for
laptops, mobile devices, and other portable electronics.

Additionally, electrolysis plays a vital role in carbon capture technologies. It can be employed to
separate carbon dioxide (CO2) from flue gasses, the gas emitted from industrial processes, and emitted by powe r
plants and other industrial processes, facilitating the sequestration or conversion of CO2 into valuable products.

Furthermore, electrolysis is instrumental in the production of green steel. By using renewable electricity
to power the process, electrolysis can directly reduce iron ore, producing high-quality steel without the associated
carbon emissions of traditional steelmaking methods. These applications underscore the versatility and potential
of electrolysis in promoting eco-friendly practices across various sectors.

Electrolysis, while offering numerous eco-friendly benefits, also faces challenges that need to be
addressed for widespread adoption. One such challenge is the energy intensity associated with electrolysis
processes. Electrolysis can require significant amounts of electricity, leading to high energy consumption. To
overcome this challenge, researchers and companies are exploring ways to increase energy efficiency and reduce
the overall energy demand of electrolysis systems.

Additionally, cost considerations are crucial in evaluating the feasibility of electrolysis technologies. As
electrolysis currently relies on expensive catalyst materials and equipment, cost reduction strategies are being
explored, including the development of more efficient and affordable catalysts. Strategic investments are vital to
drive the advancement and deployment of electrolysis technologies. Governments, research institutions, and
private companies are actively investing in the research and development of electrolysis systems, infrastructure,
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and technological improvements. These strategic investments play a pivotal role in addressing the challenges
associated with energy intensity and cost considerations, paving the way for a sustainable and economically
viable adoption of electrolysis technologies in various industries and applications.

Different Types of Electrolysis (PEM, AEM, Alkaline):
There are many different types of electrolysis including alkaline, PEM, AEM, molten salt, and solid

oxide electrolysis. They all produce hydrogen through a nonspontaneous reaction including redox reactions while
using an electrical current. The reaction includes reduction at the cathode where the hydrogen is produced, and
oxidation at the anode where the oxygen is produced. It is the process by which a material, usually an electrolyte,
breaks down at the electrodes into its component parts or ions. This process is frequently used to create gasses,
electroplate objects, and extract metals from their ores. Faraday's laws of electrolysis, which measure the
correlation between the amount of material deposited or produced and the amount of electric charge carried
through the electrolyte, control the process (Okolie et al., 2021).

The most basic form of electrolysis is alkaline electrolysis. It typically uses a potassium hydroxide
(KOH) solution as the electrolyte. Alkaline electrolysis is a method of water electrolysis using an alkaline
solution like KOH. This alkaline medium allows for higher electrical conductivities, due to its high concentration
of hydroxide ions, which results in a larger number of charge carriers. This process is commonly employed for
large - scale hydrogen production, offering an efficient and cost-effective way to generate clean energy for
applications like fuel cells or industrial processes (Vincent et al., 2018).

Figure 1: Showcasing an electrolyzer that was made for industrial purposes. (McPhy)

The second type of main electrolysis is proton exchange membrane (PEM) Electrolysis. It utilizes a solid
polymer electrolyte membrane. PEM electrolyzers are more compact and responsive, making them suitable for
small to medium-scale applications. The reaction involves the use of a solid polymer electrolyte membrane, often
composed of materials like Nafion. The process takes place in an electrolytic cell where water (H₂O) is subjected
to an electric current. The membrane selectively allows the passage of protons (H⁺) while blocking the movement
of other ions (Carmo et al., 2013). PEM electrolysis has gained attention in the field of hydrogen production
because of its ability to operate at relatively low temperatures, allowing for faster start-up and response times
compared to some other electrolysis methods. It is considered a promising technology for producing clean
hydrogen for various industrial and energy applications. Similarly, anion exchange membrane (AEM) electrolysis
is another type of water electrolysis, similar to PEM electrolysis but with a different type of membrane. In the
context of electrolysis and fuel cells, an AEM is a type of ion-conductive membrane that selectively allows the



passage of anions while blocking cations. When the AEM comes into contact with a solution containing both
anions and cations, the cations are repelled by the positively charged polymer chains and are unable to pass
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through the membrane. AEMs are used in certain electrolyzers (such as anion exchange membrane electrolysis)
and fuel cells (such as anion exchange membrane fuel cells). They play a crucial role in separating and facilitating
the movement of ions during electrochemical processes (Vincent et al., 2018).

Moreover, molten salt electrolysis involves the use of a high-temperature molten salt, such as sodium
hydroxide (NaOH) or potassium hydroxide (KOH), as the electrolyte. At elevated temperatures, water is
dissociated into hydrogen and oxygen gasses. This method is commonly employed for the extraction of metals
from their ores or for the production of certain chemicals. The high temperature allows the salt to exist in a
molten state, enabling the flow of electric current through the electrolyte. Operating at elevated temperatures,
typically above the melting point of the salt, this method facilitates ion mobility and electrical conductivity. For
instance, in aluminum extraction, the reduction of aluminum ions at the cathode results in the deposition of
aluminum metal, while oxidation of oxide ions at the anode produces oxygen gas (Economics Week).
Solid oxide electrolysis is an electrochemical process that employs a solid oxide ceramic as the electrolyte. This
method operates at high temperatures, typically above 600 degrees Celsius, allowing for efficient ion conduction.
The solid oxide electrolyzer cell consists of an anode, cathode, and a solid oxide electrolyte. When an electri c
current is applied, oxygen ions migrate through the solid electrolyte, reacting with water vapor to produce oxygen
gas at the anode and hydrogen ions at the cathode. Solid oxide electrolysis is a promising technology for high -
temperature hydrogen production and energy storage applications. Oxygen ions migrate through the solid oxide
electrolyte, and at the cathode, they react with water vapor to produce hydrogen gas (Nielsen et al., 2023).

Companies That Work With Electrochemistry:
There are various companies that work with electrochemistry and electrolysis. The main ones include

ITM, Enapter, Plug Power, and NEl Hydrogen. The marketing strategies employed by these companies play a
crucial role in positioning their respective electrolysis technologies in the market.

ITM focuses on building a strong brand presence by showcasing the advantages of its electrolysis
solutions, such as their scalability, efficiency, and ability to integrate with existing infrastructure. Through
targeted advertising campaigns, ITM highlights the cost-effectiveness and environmental benefits of their
technology, aiming to attract both commercial and industrial customers. Furthermore, they emphasize the
reliability and durability of their electrolysis systems, assuring customers of the long-term benefits and
performance of their products (ITM)

Enapter, on the other hand, adopts a customer-centric approach by emphasizing the simplicity and
versatility of their electrolyzers. With a focus on user-friendliness and ease of installation, Enapter aims to cater
to a wide range of customers, including individual households, small businesses, and even large enterprises. They
also invest in creating customizable solutions, allowing customers to tailor their electrolysis s ystems based on
their specific needs and requirements (Enapter).

Plug Power stands out with its comprehensive market approach, offering integrated solutions that
combine hydrogen generation, storage, and fuel cell systems. Their marketing strategy revolves around
showcasing the value proposition of end-to-end solutions to potential customers in various industries, such as
automotive, material handling, utilities, and even residential applications. In addition, they highlight the
flexibility and scalability of their solutions, enabling customers to easily adapt and expand their hydrogen
infrastructure as needed (Plug Power)

NEl Hydrogen focuses on differentiation through innovation, emphasizing the cutting-edge technology
behind their electrolysis systems. By highlighting the efficiency, reliability, and safety features of their products,
NEl Hydrogen targets customers looking for high-performance and future-proof solutions that can meet their
growing energy demands. They also invest heavily in research and development to continuously improve their
electrolysis technology and stay ahead of the competition (NEl Hydrogen).

Aerospace:

II. Applications of Electrolysis:

Electrolysis can contribute to the aerospace industry by providing a clean and efficient source of
hydrogen for propulsion systems, including hydrogen fuel cells for aircraft. Innovative aircraft designs rely
heavily on hydrogen produced through electrolysis, as demonstrated by initiatives like Airbus ZeroE and Boeing's
investigation of liquid hydrogen-powered aircraft (Thomas et al.2020).

Robust engineering solutions are required for the storage of hydrogen, controlled release, and smooth
integration of electrolysis-based hydrogen fuel cells into aircraft systems. Electrolysis emerges as a major enabler,



representing a technological frontier that holds promise for a sustainable future in aviation, as the industry looks
for environmentally friendly alternatives. The continuous advancements in electrolysis research and development
demonstrate a dedication to bringing cleaner, more effective solutions to aerospace technology, opening the door
to a more environmentally friendly and sustainable aviation industry (Khan, 2022).
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Portable and Backup Power:
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Electrolyzers can be used to provide portable and backup power solutions. Again, electrolyzers split
water into hydrogen and oxygen using electrical energy, and hydrogen fuel cells convert this hydrogen back into
electricity through an electrochemical process. On a larger scale, stationary fuel cells provide backup power for
critical facilities, with real-life applications seen in data centers and hospitals. These systems are engineered to
efficiently store and convert hydrogen into electricity, ensuring reliability during power outages. Advancements
in materials and component optimization enhance overall system efficiency and durability. Moreover, ongoing
research and development focus on economic viability and grid integration, exemplified by projects like the
installation of hydrogen fuel cells in municipal power systems. The synergy of scientific understanding and
engineering prowess is driving the adoption of electrolyzers and hydrogen fuel cells, positioning them as integral
components in the current energy landscape (Ahmad et al., 2023).

CCU:
Electrolysis could also be integrated into carbon capture

processes to convert captured carbon dioxide

(CO2) into valuable products. The captured CO2 is then transported and stored, preparing for the next step.
Electrolysis, powered by renewable energy sources, is employed to split water into hydrogen and oxygen. The
generated hydrogen becomes a crucial component for the subsequent synthesis. CO2 and hydrogen are combined
in controlled environments, leading to the production of valuable products through chemical processes.
Synthesized products from CCU, like methane and methanol, find applications in energy, chemicals, materials,
and construction, fostering sustainability (Ran et al., 2020).

Green Steel Production:
In terms of steel production, the high temperatures in the blast furnace cause the carbon in the coke to

react with oxygen, forming carbon dioxide (CO2) as a byproduct. Electrolysis may be employed in the production
of green steel by using hydrogen produced as a reducing agent in the steelmaking process. By utilizing the
hydrogen-CO2 mixture as a reducing agent in the steelmaking process, it replaces traditional carbon-based
reducing agents like coke. In contrast, when hydrogen is used as the reducing agent, the reaction with iron ore
produces water vapor (H2O) instead of carbon dioxide (Suer et al., 2020).

What Are The Downsides/Restrictions?
Electrolysis is known to have a high energy intensity, which refers to the amount of energy required to

carry out the process. This is primarily due to the need for a significant amount of electricity to drive the chemical
reactions involved. The energy intensity of electrolysis can be attributed to factors such as current effic iency, cell
voltage, and the type of electrolyte used. Higher current efficiencies and lower cell voltages result in less energy
consumption during electrolysis. However, overall, electrolysis remains an energy-intensive process, which can
be a significant drawback when considering its widespread implementation for various applications–especially
those related to sustainable development (Grigoriev et al., 2020).

When considering the cost of electrolysis, there are several factors to take into account. First, the cost of
the equipment and infrastructure needed for electrolysis can be substantial. Electrolysis involves the use of
expensive materials such as electrodes, membranes, and catalysts. Additionally, the energy intensity of
electrolysis means that a significant amount of electricity is required, further increasing costs.

Another cost consideration is the maintenance and operation of electrolysis systems. Regular
maintenance, replacement of parts, and monitoring can lead to additional expenses over time . It is important to
assess all these cost factors when evaluating the viability of electrolysis as a technology (Grigoriev et al., 2020).

Further on, one of the challenges in electrolysis is the selection and durability of materials used in the
process. The materials used in electrolysis cells need to be able to withstand the harsh conditions of the
electrolytic environment, including high temperatures, corrosive electrolytes, and electrical currents. These
conditions can cause degradation and wear on the materials over time, leading to decreased efficiency and
performance of the electrolysis system. Furthermore, the materials used should also be chemically compatible
with the electrolyte to avoid unwanted reactions or contamination. Finding materials that meet these criteria and



provide long-term stability can be a complex task. Researchers and engineers are continuously working on
developing and testing new materials with improved durability and performance for electrolysis applications.

Moreover, electrolysis feedstocks, such as water or salt brines can have significant environmental
impacts. For example, the extraction and use of certain electrolysis feedstocks, like salt brines, may lead to
environmental concerns such as habitat disruption and resource depletion.

One particular concern is the release of greenhouse gasses during the production of feedstocks. The
extraction and processing of certain feedstocks may lead to habitat destruction, water pollution, and other
negative impacts on ecosystems. It is crucial to carefully consider the environmental implications of sourcing
feedstocks
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for electrolysis and explore ways to minimize these impacts through sustainable
feedstock production methods (Grigoriev et al., 2020).
However, competition plays a significant role in the adoption and success of electrolysis
as a hydrogen production method. Currently, there are multiple competing technologies
in the market such as steam methane reforming and natural gas reforming, which offer
high production rates and lower costs. These established technologies have
well-established infrastructure and supply chains, making it difficult for electrolysis to
compete on a large scale. Scaling up electrolysis operations to meet the growing
demand for hydrogen requires significa nt investments in infrastructure, including
dedicated power sources, electrolyzer manufacturing facilities, and distribution
networks. Without a robust infrastructure, electrolysis may not be able to achieve the
economies of scale necessary to be cost-competitive with other hydrogen production
methods.

III. Competitors And Further Applications:
Biochar Fuel And Sequestering:
Biochar, when introduced to soil, offers several benefits for soil improvement. It has a
high porosity, which enhances water retention capacity, providing a more favorable
environment for plant growth (Razzaghi et al., 2020). By increasing the surface area,
biochar acts as a habitat for beneficial microorganisms, promoting soil biodiversity.
Additionally, biochar can improve soil fertility by enhancing nutrient retention and
reducing nutrient leaching, leading to better plants' nutrient uptake. As a result,
biochar-amended soil shows increased agricultural productivity, reduced erosion, and
improved soil structure and stability (Alkharabsheh e t al., 2021).
Furthermore, biochar plays a significant role in the reduction of methane emissions.
Methane is a potent greenhouse gas, and its release contributes to global warming. By
incorporating biochar into agricultural soil, methane emissions can be significantly
reduced. Biochar improves soil conditions, creating an environment that promotes the
growth of beneficial microorganisms that consume methane and enhances soil aeration
and drainage, which helps prevent the formation of anaerobic conditions that favor the
production of methane by certain microbes. (Jiang et al., 2021)
Biochar has the ability to sequester carbon in a stable form, preventing the release of
carbon dioxide (CO2) into the atmosphere (Safarian et al., 2023). It can also be utilized
for renewable energy production. When subjected to the process of pyrolysis, biochar
can release energy-rich gasses known as syngas. This syngas can be further purified and
utilized to generate heat, electricity, or even as a feedstock in various industrial
processes. By harnessing the energy potential of biochar, we can reduce our reliance on
non-renewable energy sources and contribute to a more sustainable and environmentally
friendly energy system. The production of renewable energy from biochar not only
helps in reducing greenhouse gas emissions but also provides opportunities for the
development of clean and affordable energy alternatives, making it a strong competitor
against electrolysis (Giannakopoulos et al., 2022 ).
Syngas production is a key aspect of biochar utilization. Biochar can be used as a
feedstock to produce syngas, a valuable gas mixture consisting mainly of hydrogen (H2)
and carbon monoxide (CO). This process, known as gasification, involves heating the
biochar at high temperatures in the presence of a controlled amount of oxygen. The
resulting syngas can then be used for various applications, such as heat and power

generation, as well as in the production of chemicals and biofuels. By utilizing biochar
for syngas production, we can effectively convert carbon-rich waste into a valuable
resource, contributing to a more sustainable and circular economy (Sakhiya et al., 2020)

Using AI To Progress Electrolysis:
Renewable Energy Optimization aims to maximize the efficiency and effectiveness of
renewable energy generation through the use of artificial intelligence (AI) techniques.
By leveraging AI, various strategies can be employed to enhance renewable energy
systems, improve power generation, and reduce carbon emissions. AI algorithms can
analyze and optimize the operation of renewable energy sources, such as solar panels
and wind turbines, to ensure the optimal utilization of available resources. This
optimization can lead to increased renewable energy supply, reduced reliance on fossil
fuels, and a more sustainable energy infrastructure. These techniques involve the
application of machine learning and data analysis to optimize the performance of
renewable energy



systems.

AI algorithms can analyze vast amounts of data
collected from renewable energy sources, weather

patterns, and energy demand to identify patterns, optimize power generation, and predict energy generation levels
accurately. By using AI techniques, renewable energy generation can be dynamically adjusted to match the
energy demand, resulting in increased system efficiency, reduced costs, and a more reliable and sustainable
energy supply (Rangel-Martinez et al., 2021, Rahman et al., 2021).

AI-based energy management and forecasting leverage advanced machine learning algorithms to
optimize energy production, consumption, and distribution. By analyzing historical data, real-time measurements,
and external factors such as weather conditions, AI models can accurately forecast energy demand and supply.
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This forecasting allows for efficient energy management, enabling utility providers to balance the grid, optimize
renewable energy utilization (such as electrolysis), and integrate energy storage solutions effectively.



Additionally, AI-driven energy management systems can assess the viability of different energy sources and make
informed decisions about energy generation, storage, and distribution to minimize carbon emissions and ensure a
reliable and sustainable energy supply (Pawar et al., 2020).

Carbon Gasoline:
Carbon gasoline is a groundbreaking innovation in the field of energy production. It is created by

converting sequestered carbon into a synthetic gasoline that can power vehicles and machin ery. The science
behind carbon gasoline involves a series of chemical processes.

First, the carbon dioxide is captured from the atmosphere or industrial emissions. Next, the carbon is
extracted and refined using advanced techniques. Finally, the refined carbon is synthesized with hydrogen (made
by electrolysis) to produce gasoline. This approach not only reduces greenhouse gas emissions but also provides
a sustainable solution for meeting our energy needs, making it an alternative to electrolysis.

The science behind carbon gasoline emphasizes the need for effective carbon capture and utilization
technologies to mitigate climate change and develop cleaner energy alternatives (Bassano et al., 2020). Carbon
gasoline, with its revolutionary formulation, offers a significant environmental advantage by completely
eliminating CO2 emissions. Unlike traditional gasoline, which releases substantial amounts of carbon dioxide into
the atmosphere, carbon gasoline effectively prevents any CO2 from being emitted during its combustion. This
reduction in CO2 emissions is crucial in addressing the pressing issue of climate change and global warming. By
using carbon gasoline as a fuel source, industries and individuals can contribute to a cleaner and greener
environment, reducing their carbon footprint and ensuring a more sustainable future. Carbon gasoline offers a
remarkable solution for carbon reduction by removing one million tons of CO2 annually, making it a strong
future competitor to electrolysis.

IV. Results & Discussion:
The consequences of not implementing renewable/green electrolysis technologies are significant and

wide-ranging. From an environmental perspective, the lack of adoption of these technologies can further
contribute to the carbon emissions and climate change, exacerbating the already critical ecological challenges we
face. The economic implications are equally severe, as the failure to invest in renewable electrolysis can hinder
the growth of green industries and limit job creation opportunities. Additionally, the continued reliance on non
renewable energy sources can make countries vulnerable to volatile energy prices and geopolitical tensions,
compromising energy security.

Furthermore, AI's integration into energy management and forecasting supports grid balancing,
renewable energy utilization, and carbon emission reduction. Moreover, the concept of carbon gasoline is
introduced, highlighting its potential to address climate change by converting sequestered carbon into a synthetic,
emission-free fuel alternative. However, electrolysis will still need to be implemented due to the synthesis of
hydrogen with the carbon.

With future developments, a major way to improve is to look into optimization of materials.
Determining whether surface area of material of the electrode will prove to be useful when considering what to
prioritize. Moreover, multiple theories such as the photoelectric effect and magnetic fields can be implemented
through engineering tactics to optimize the current density of the electrolyzers, which is a priority when
considering the integration of electrolysis.

V. Conclusion:
Electrolysis is a useful technology when it comes to providing fuel and synthesizing with different

materials to provide an alternative more sustainable result. Moreover, the various types of electrolysis provide
multiple options depending on the uses. However, while there are some companies that develop and provide
electrolysis as an alternative, the downsides of the technology such as cost and infrastructure show to be an
obstacle when aiming to implement it.

If optimization of electrolysis can be used to lower the costs, then the goal of achieving net zero would
be easier. One of the key areas to focus on is enhancing energy efficiency. By improving the efficiency of the
electrolysis process, less energy is wasted, resulting in lower operational costs.

Additionally, advancements in electrolyzer design and materials can contribute to cost reduction.
Research and development efforts should aim to create more efficient and durable electrolyzers that require less
maintenance and have a longer lifespan.

Furthermore, streamlining the production and manufacturing processes of electrolysis equipment can
help drive down costs. This may involve optimizing supply chains, increasing automation, and finding ways to
scale up production. By addressing these factors, it can effectively optimize electrolysis and make it a more cost-
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effective solution for achieving net zero. While there are various technologies and competitors, there needs to be
a way to fuel the productions, such as the gasoline made from the sequestering of carbon and the green-steel
manufacturing. Electrolysis is a foundation for the fueling of other sustainable technologies, making it a reliable
choice for green fuel.
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