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Abstract

The development of sustainable energy technologies has received considerable attention to meet 

increasing global energy demands and to realise organisational goals (e.g., United Nations, the 

Paris agreement) of carbon neutrality. Hydrogen is a promising alternative energy source to 

replace fossil fuels and mitigate corresponding environmental issues. An aspiring method to 

produce hydrogen is to direct energy from intermittent renewable energy sources for water 

electrolysis. However, a major obstacle to practically achieve hydrogen storage is the future 

investment costs of water electrolysis due the energy intensive nature of the reaction. In this study, 

we present an overview of current research interests that produce hydrogen, including different 

types of water electrolysis such as high temperature, low temperature, nuclear-driven, solar-

powered, wind powered, and grid connected water electrolysis. Electrolysis using organic fuels 

and hydrogen production as a by-product of various electrolytic methods are also briefly 

discussed. At the end, we demonstrate economy, sustainability, and challenges of sustainable 

hydrogen production reporting since 2005 onwards. 

Introduction

It is well known that the continued burning of fossil fuels releases greenhouse gases into the 

atmosphere, which poses a major threat to the environment and leads to changes in climate.1 

Additionally, infrastructure of a country that is dependent on the importation of foreign fuel 

sources will display vulnerability as a result of the increase in conventional fuel costs that have 

been forced by the rising energy demand. Future energy sources would ideally be carbon-free and 
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renewable in order to combat climate change on a long-term basis and reduce our reliance on 

foreign oil.2, 3

Hydrogen can be employed in future energy frameworks since it is a carbon-free alternative energy 

source with several benefits, such as environmental friendliness and high energy density. Clean 

and sustainable energy is produced from various energy sources all over globe usinghydrogen 

derived from renewable resources.4

H2 has the highest specific energy of any fuel now in use, with 33.31 kWh/kg. By comparison, 

gasoline has a specific energy of 12.89 kWh/kg and lithium-ion batteries have a specific energy of 

0.1–0.2 kWh/kg.5, 6 Due to the high energy density, 5 kg of H2 is sufficient to propel a typical 

passenger vehicle 500 km in less than 5 minutes.7 This is the key advantage over battery-powered 

cars, which require heavier and larger batteries to travel the same distance and have longer 

refueling intervals.8

To date there are a variety of sustainable and high-purity processes for electrolysis-based hydrogen 

production. There is much interest in, and funding, for this field of study, as seen by the increase 

in the number of scientific publications on the subject of hydrogen synthesis by the electrochemical 

splitting of water.9 In addition to being manufactured as a fuel for transportation, hydrogen can 

also be produced as a feedstock for the chemical industry and as a solution to address the 

intermittent nature of renewable energy sources such as wind and solar energy. The existence of 

economically viable methods for sustainable hydrogen production is essential in making this vision 

a reality. Today, however, with around 96% of the world's hydrogen generation (mostly for 

ammonia production) relying on the steam reforming of fossil fuels, this is not the case.10 Around 

60 million tonnes of hydrogen are produced each year on a global scale.11 Nearly half of this is 

created by the steam reforming of natural gas, 29% through the reforming of oil, and 17% through 

the gasification of coal, all of which emit significant amounts of greenhouse gases. Additionally, 

water electrolysis produces around 4% of the hydrogen.12 At present, annual hydrogen 

consumption growth is 6%.11

There are numerous ways to make hydrogen which have traditionally relied upon electro-, and 

thermochemical processes, in addition to biochemical methods that occur via fermentation, 

biophotolysis, or biological metabolic pathways. Electrochemistry involves the splitting of water 
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into molecular hydrogen and oxygen, primarily through water electrolysis. Through reforming, 

pyrolysis, and gasification reactions of biomass and fossil fuels, hydrogen is produced 

thermochemically (carbonaceous fuels).13 Notwithstanding this, thermochemical processes, 

photobiological water splitting, and biomass fermentation are a few of the potential methodologies 

that are being researched in order to produce hydrogen sustainably.14 The need for sustainable 

energy sources is becoming increasingly important due to the rising global demand for energy and 

the need to reduce carbon emissions and ecological pollution. The current favourable (lower cost) 

generation of hydrogen from fossil fuels, in comparison to alternative technologies based on 

renewables, is the biggest obstacle to the introduction of renewable routes to hydrogen production. 

Other processing techniques, such as the gasification of biomass or the splitting of water using 

external energy sources like sunlight, have the potential to utilise more sustainable methods 

orfeedstock’s, despite the majority of hydrogen generation coming from unsustainable routes using 

carbon-based fuels. In light of this current less-than-optimal nature of hydrogen generation, more 

efficient alternative routes must be developed in conjunction to other energy supply channels. 

Many renewable-based technologies have efficiency restrictions, thus in practice, a variety of 

technologies will need to be made commercially viable in order to meet the demand for a 

significant increase in sustainable hydrogen generation.15 When compared to the usage of fossil 

fuels and biofuels, hydrogen offers some advantages that could be deemed favorable.16 Table 1 

demonstrates brief summary of principles of various high performance hydrogen production 

methods.

In this article, we give an overview of the several types of water electrolysis being researched 

today, including solar-powered, grid-connected, high temperature, low temperature, nuclear-

assisted and wind-powered water electrolysis. Hydrogen production as a by-product of several 

electrolytic processes and electrolysis utilizing organic fuels are also slightly explored. We 

conclude by highlighting the cost, sustainability, and difficulties of sustainable hydrogen 

production.

Page 3 of 79 Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

0/
24

/2
02

3 
3:

00
:0

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D3GC02849F

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3gc02849f


4

Table 1: Summary of principles of Green Hydrogen production methods17

Hydrogen production methods Material 

resources

Process 

driving 

energy

Brief description

Thermolysis Water Steam is heated to over 2500 K, where 

water molecules thermally disintegrate.

Gasification Biomass Syngas is produced from biomass, and H2 

is removed.

Water 

splitting Water

Chemical reactions are carried out, 

whether or not they involve redox 

reactions.

H2S 

splitting

H2S Cyclical processes to break the hydrogen 

sulfide molecule

Thermochemical 

processes

Reforming Biofuels Conversion of liquid biofuels into 

hydrogen

Biomass 

conversion

Biomass Conversion of biomass to hydrogen by 

thermocatalysis

Thermocatalysis H2S 

cracking H2S

Thermal 

energy

Thermo-catalytic H2S is broken down 

from seawater or other industrial 

processes.

Coal gasification

Water

Syngas is created from coal, and 

subsequently H2 is removed and CO2 is 

separated and sequestered (using 

electricity).

Fossil fuels reforming

Fossil 

fuels

With CO2 capture and isolation, fossil 

hydrocarbons are transformed to H2 

(electricity used).

High temperature electrolysis Water

Splits water in solid oxide electrolyte cells 

using both an electrical and thermal 

source.

Thermo-catalytic fossil fuels 

cracking

Fossil 

fuels

Electrical + 

thermal

Fossil hydrocarbons are split into H2 and 

CO2 via a thermo-catalytic process, while 

CO2 is separated or sequestered to make 
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the method green.

Hybrid thermochemical cycles Water

Utilize thermal and electrical energy to 

cycle through chemical reactions, which 

will ultimately lead to the splitting of 

water.

Plasma arc decomposition Natural 

gas

Hydrogen and carbon soot are formed 

when cleaned natural gas (methane) is 

pushed through an electrically generated 

plasma arc.

Electrolysis Water

Electrical 

energy

An electrochemical process that generates 

a direct current leads water to decompose 

into oxygen and hydrogen gas.

Dark fermentation Biomass Biochemical 

energy

Without light, anaerobic fermentation

Thermophilic digestion

Biomass Biochemical 

+ thermal

Uses thermal energy helped by biomass 

digestion to heat at low grade temperature.

Photo-electro-chemical method Water

The water electrolysis process is powered 

by photovoltaic electricity produced by a 

hybrid cell.

PV-electrolysis Water Electricity from solar panels powers the 

electrolyzer.

Bio-photolysis Water

Utilizing cyanobacterial-based biological 

systems, hydrogen is produced under 

controlled conditions.

Photo-catalysis Water

Photonic 

energy

Hydrogen is produced from water using 

sophisticated homogeneous catalysts or 

molecules with photo-initiated electron 

collecting.

Photo-fermentation Biomass By exposing the fermentation process to 

light, it is facilitated.
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Bio-photolysis

Biomass,

Water

Uses bacteria and other microorganisms to 

photogenerate hydrogen.

Artificial photosynthesis Biomass, 

water

Photonic + 

biochemical To simulate photosynthesis and produce 

H2, chemically modified molecules and 

related systems are used.

Photo-electrolysis Water Electrical + 

photonic

Photo-electrodes and external source of 

electricity are required.

1. Electrochemical Production of Hydrogen

As the most prevalent element in the universe, hydrogen is easily accessible in the form of biomass 

from plants, water, hydrocarbons, and other organic substances. Hydrogen is currently produced 

more for use as a chemical or reducing agent than as a fuel. As energy carrier or energy vector 

rather than an energy source, hydrogen produced from renewable resources can offer an energy 

pathway that is both clean and sustainable.18 Fig 1 gives the certain primary energy sources and their 

routs to hydrogen production.10 

Fig 1: The primary energy sources considered and their routs to hydrogen. Reproduced from ref.10 with 

permission from [Elsevier], copyright [2005].

To fulfil its role in the future, hydrogen production must meet three key criteria:
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i. It needs to follow sustainable routes;

ii. It ought to make use of plentiful and renewable feedstock’s;

iii. High purity hydrogen must be produced because contaminants are hazardous in most fuel 

cell and other applications. High purity hydrogen must be produced because contaminants 

are hazardous in most fuel cell and other applications.

Hydrogen may only be regarded as sustainable if both the process's feedstock and the energy 

source for its electrical input are renewable.28 The options for producing hydrogen sustainably are 

elaborated in this study. Fuel cells that use hydrogen to produce energy can be employed with ease. 

Additionally, hydrogen has a high energy yield of 122 kJ/g, which is 2.75 times higher than fuels 

derived from hydrocarbons.29 As a technical and policy problem, the use of hydrogen as a fuel for 

mobile and stationary applications is getting a lot of positive attention.30 The estimated total annual 

hydrogen consumption for the entire planet is 400–500 billion Nm3.31 The current use of hydrogen 

accounts for 3% of global energy consumption, with a growth rate of 5–10% each year.32 There 

are numerous ways to manufacture hydrogen, and Table 2 lists them along with their benefits and 

drawbacks for producing hydrogen energy.21, 24-27 Electricity is used in electrolysis to divide water 

molecules into hydrogen and oxygen, and the price of electricity is a major factor in the cost of 

producing H2 energy.21, 33, 34
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Table 2: Hydrogen production from various sources and related mechanisms, efficiencies, costs as 

well as advantages/ disadvantages.21, 24-27

In Table 3, the environmental effects of the various electrolysis procedures are described together 

with the current and projected costs of producing hydrogen through electrolysis utilising various 

electricity sources.34, 35 Table 3 shows that the most dependable and economically efficient way 

to currently produce hydrogen is through electrolysis utilising hydropower, although nuclear 

Source Mechanism Benefits Drawbacks Hydrogen 
cost

($ kg−1)

Efficiency 
(%)

References

Water 
electrolysis 

2H2O → 2H2 + O2

Proven technology.
Zero emission.
Only by-product is O2.
Existing infrastructure 
already developed.

Storage problems.
Applicable only to 
special purposes.
Transportation issues.

10~23 40~60 19, 20

Hydrogen 
from biomass 

Biomass + H2O + 
Air → H2 + CO2

Dependent on renewable 
sources.
Other useful products can 
be obtained such as 
adhesives, polymers, 
fertilizers.
Less expensive.

Inefficient when 
compared to fossil fuels. 
Not entirely a clean 
source because of 
methane gas produced 
as a by-product.
potential contribution to 
deforestation.

2.05 35~50 21

Steam 
methane 
reforming 
(SMR) 

Biogas + steam 
→ H2 + CO2

Existing infrastructure. 
Most developed of these 
technologies.

Unstable supply. 
Geopolitical tension. 
Pollution (CO, CO2). 

2.27 74~85 20

Nuclear 
energy 

C1H2(Synthetic 
crude) + 2H2O 
+nuclear heat → 
CO2 + 3H2

Less carbon production. Disposal of radioactive 
waste.
Mining and processing 
of uranium.
Potential for accidents.

4~7 45~50 22

Gasification 
of coal C2H4 + O2 → 2CO 

+ 2H2

Less CO2 emitted than 
conventional fossil fuel 
burning.
Syngas can be easily 
collected and used to 
produce carbon neutral 
fuels.

Along with H2, the 
production of heavy 
oils, petroleum and coke 
can occur.
Large amounts of CO2 
are still produced.
Energy and water 
intensive.

1.48 60~75 22, 23
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power is looking to capitalise in the future. Despite being a viable replacement for fossil fuels, 

hydrogen still faces several difficulties. Due to hydrogen's inability to liquefy at room temperature, 

these difficulties mostly relate to the high cost of production and the difficulty in storage.16, 35, 36

Table 3: Comparison of various electricity sources for water electrolysis 34, 35

Electricity 
source

Present cost 
($ kg−1)

Future cost 
($ kg−1)

CO2 emission 
(kg CO2 kg−1 H2)

Efficiency 
(%)

Hydro 1.4 3~4 0 25
Wind 7~11 3~4 0 21

Nuclear 4.15~7 2.45~2.63 0 45
Solar 10~30 3~4 0 20

Using a strategy based on distinct colours, hydrogen generating technologies are increasingly 

being stated.37-39 Grey (or brown/black) hydrogen is created by fossil fuels (mostly coal and natural 

gas), which results in the release of carbon dioxide.20 Blue hydrogen prevents the majority of the 

process's GHG emissions by combining grey hydrogen and carbon capture and storage (CCS). 

Natural gas is converted into blue hydrogen by the steam reforming process. In this process, natural 

gas is broken down into hydrogen (H2) and carbon dioxide (CO2), with some of the generated CO2 

unable to be captured, while the remaining CO2 is captured (85%–95%) and stored underground 

using commercial carbon capture and storage techniques. Leakage can still have a harmful impact 

on ecology and the climate, and the long-term effects of storage are undetermined.40 Solid carbon 

in the form of carbon nanotubes or filamentous carbon is a by-product of the pyrolysis of methane 

to produce turquoise hydrogen.41 Green hydrogen is manufactured by electrolysers powered by 

renewable electricity. It can also be generated via alternative bioenergy-based processes like 

biomethane reforming or solid biomass gasification.42 Through atomic current electrolysis, purple 

hydrogen can be produced. Incorporating a hydrogen producing facility could lessen the need to 

shut down nuclear power facilities.43 The term "yellow hydrogen" is occasionally used in literature 

to refer to purple/ pink hydrogen. However, the more typical definition of yellow hydrogen for 

grid-powered electrolysis is employed. Finally, white hydrogen is hydrogen from its natural form 

or as a by-product of industrial processes.37
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Since its invention in the late 1920s, electrolysis has been used to produce pure hydrogen 

commercially. In this case, water is separated into hydrogen and oxygen using external electricity. 

By the 1960s industrialised hydrogen production had switched to options fuelled by fossil fuels 

which have continued to be the primary source of energy and raw materials for the manufacture of 

hydrogen.11 Only 4% of the total hydrogen supply in the world is now produced by electrolysis.44 

Numerous hydrogen production techniques, including electrolysis, have been thoroughly 

researched from an economic, environmental, technological, and social standpoint in the 

literature.9, 27, 42, 45-58

The electrolyser is the fundamental part of an electrolysis process for producing hydrogen (can be 

connected either in parallel or in series). The by-product gases, typically hydrogen and oxygen, 

are often cooled and compressed before being stored for multiple end uses. Since oxygen is 

typically not a desired result in electrolysis procedures, it is usually immediately released into the 

environment rather than entering storage. Additionally, the water supply to the electrolyser needs 

to be adequately treated to remove contaminants and, by extension, any possibility for unintended 

side reactions. Moreover, due to the absence of moving parts in most electrolysers, routine 

maintenance is not necessary. The silent operation and modular design of electrolysers make them 

suitable for distributing an energy supply to residential, commercial, and industrial units. To 

reduce the costs of electrolyser manufacturing, distribution, and installation, considerable 

technological and material advancements are needed to coincide with efficient function at ambient 

conditions.13 Different technologies have been compared for their energy efficacy in producing 

hydrogen (Fig 2).19
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Fig 2: Different methods of hydrogen production. Reproduced from ref.19 with permission from [Elsevier], 

copyright [2022].

Currently, electrolysis creates pure hydrogen for use in the food, pharmaceutical, electronics, and 

other industries59-62 and is being studied as a potential technique to create hydrogen for use as a 

fuel.63 Potentially, electrolysis can offer a clean and sustainable supply of chemical energy when 

combined with a renewable energy source. In other cases, electrolysis can benefit from off-peak 

energy to lower the cost of electricity. Two commercial electrolyser technologies are alkaline and 

solid polymer electrolysers, while alkaline polymer, solid oxide, and molten carbonate are three 

technologies that are currently being researched and developed.64

Among other operating factors, electrolysers can be categorised based on their operating 

temperature. The most common systems use polymer electrolyte membrane (PEM) and alkaline 

technologies in low-temperature electrolysers, sometimes referred to as "water electrolysers”, 

while molten carbonate electrolysis (MCE) cells and solid oxide electrolysis(SOE) cells are 

examples of high-temperature electrolysers, also referred to as "steam electrolysers".65 Due to two 

primary factors, an increase in the electrolysis temperature is of tremendous interest. Firstly, this 

is because high-temperature technologies often require less energy than low-temperature ones. In 

fact, a portion of the electrical energy required to break down the water molecule can be replaced 

by heat as the temperature rises. Secondly, because of their internal fuel processing capability, 

which is improved by higher operating temperatures and the presence of catalysts, they can process 

hydrocarbon fuels without experiencing severe degradation difficulties. Since losses, including 

ohmic losses, are reduced at higher temperatures.66 Hydrogen may be produced with very low 
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specific electrical consumption of 3–4 kWh/Nm3 by high-efficiency upgrading of hydrocarbon 

streams.67

1.2. Electrocatalysts for Hydrogen Production

Electrocatalysts are required for electrochemical energy conversion and storage techniques in 

order to create environmentally responsible and long-lasting energy systems. Systems that use 

electrochemistry for energy conversion and storage often employ a wide variety of electrochemical 

processes; they generate less carbon dioxide and have high energy densities. The effectiveness and 

affordability of the electrocatalyst are crucial for its broad application. The use of electrocatalysts 

increases the electrolysis system's energy efficiency. We selected a few examples to highlight 

many sorts of electrocatalysts from the many electrocatalyst examples that are accessible. Many 

compounds based on transition metals have proven to be effective electrocatalysts.9, 27, 45, 55, 57, 68-

95

Due to their powerful electrocatalytic activity, transition metal compounds (such as carbide, oxide, 

sulfide, phosphide, selenide, and others) are among the many electrocatalyst candidates being 

researched. The workings of different electrocatalysts differ. Because they facilitate the conversion 

of reaction intermediates and lower resistance, electrocatalysts are essential for increasing reaction 

speeds. Noble metals are the most complex electrocatalysts for OER (Ir/Ru oxide), HER (Pt), and 

ORR (Pt), but due to their high cost and scarcity, they are not frequently utilized in industry. Even 

at relatively low platinum loadings, a number of commercial electrodes constructed from 

Pt(Mo2C)-produced catalysts exhibit significant catalytic activity for the hydrogen evolution 

reaction (HER) in 0.5 M sulfuric acid solution.73 Commercial electrodes made of Ni and Ti mesh 

function well, offer superior cathode materials, and cost less than electrodes made of Pt.74 Other 

materials offer the best electrode materials for general application since they are less expensive 

than Pt-based electrodes and have good performance. Of course, the cost of the electrodes must 

come next. They can be made of costly and affordable materials, corrosion-resistant metals, and 

alloys, including noble metals.

The components used for manufacturing the electrodes used in water in general, but particularly 

in seawater electrolysis, must adhere to precise specifications. Both the most extensively 

researched hydrogen evolution reaction (HER) and the less well-known oxygen evolution reaction 
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(OER) must occur at the electrodes in seawater, hence the electrodes must have electrocatalytic 

qualities. On the electrolysis cell, this will lessen polarizations and explicit voltage losses. The 

findings of investigations on appropriate seawater electrocatalysts for HER recently employed in 

the electrolysis process are shown in Table 4.

Table 4: A few examples on electrocatalysts for hydrogen production9

Electrocatalysts Stability, h References
Ni-N3 14 72

Co-Se 12 96

CoP-WP/rGO 30 97

FeOOH/ β-Ni–Co-OH 378 98

NiMoS 100 75

MFC-N,O doped C 76 86

Co/GCFs 10-20 78

MNiNS, Ni/Pt–C, Ni/Ir–C 12 99

FeCo-Ni2P, MIL-FeCoNi 100 85

Pt-NiFe PBA 12 77

NiCo@C 60–140 100

MXene, carbide 225 94

Ni2P-FeP 90 81

2. Water Electrolysis

This approach makes reference to the earliest technique for creating hydrogen, which dates to the 

19th century.101 Although abundant, renewable energy is sometimes unreliable and intermittent. 

The need to store energy for times when the sun is not beaming and the wind is not blowing will 

increase as our reliance on renewable energy increases.102 Utilising renewable energy (as and when 

it becomes available) to split water into hydrogen and oxygen in accordance with equation 1 is one 

of the more interesting methods for storing this energy.103

A carbon-neutral fuel production and consumption cycle can be created by storing the hydrogen 

created by the reaction in equation 1 and then oxidising it (by burning in air or in a fuel cell) to 

release energy and regenerate water. The overall reaction is shown below:

H2O + electricity → H2 + ½O2 (1)
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At room temperature and pressure, the reaction in equation 1 is a thermodynamically upstream 

process and needs an energy input of 286 kJmol-1. This conversion is thought to be best 

accomplished via electrochemical methods, which just need inputs of water and voltage to make 

hydrogen.104 According to the equation 2, water is oxidised at the anode when the environment is 

acidic.

2H2O → O2 + 4e− +4H+ (2)

These protons cross into the cathode compartment (to complete the electrochemical circuit), the 

electrons move through the external circuit. The hydrogen evolution reaction (HER), which 

combines the protons and electrons at the cathode, follows:

4e− + 4H+ → 2H2 (3)

The minimal theoretical voltage needed to drive the OER and HER (to split water) is 1.23V at 

ambient temperature. The reactions must have additional energy, or activation energy, in order to 

occur at noteworthy rates. The amount of activation energy required increases with the rate of 

water splitting (measured as charge flowing per unit area of electrode per unit time, or "current 

density"). The necessity for potential bias above the 1.23V minimum results from the increased 

energy. The finest electrocatalysts for acidic environments (where protons serve as the 

electrochemical charge carriers, as shown in the figure below) are precious metals (platinum at the 

cathode and IrO2 or RuO2 at the anode).First row transition metals (and their alloys) and oxides 

provide effective HER and OER catalysts, respectively, when the HER and OER proceed under 

the basic conditions stated in the equations below.104

Basic HER: 4H2O + 4e− → 2H2 + 4OH− (4)

Basic OER: 4OH− → O2 + 2H2O + 4e− (5)

The oxygen evolution reaction (OER) and hydrogen evolution reaction (HER) are the two main 

processes that make up overall water electrolysis. Both of these reactions require effective 

electrocatalysts105-107 to speed up their slow kinetics for high energy efficiency.104, 108-110Transition 

metal-based electrocatalysts play an important role for clean energy.111, 112The development of 

non-precious OER/HER electrocatalysts as substitutes for Pt/C and Ir/Ru based catalysts has made 
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significant progress in recent years.113, 114 Fig 3 below depicts a typical electrolysis cell for splitting 

water.

Fig 3: Electrolysis cell for splitting water. Reproduced from ref.104 with permission from [Nature Publishing 

Group UK London], copyright [2017].

About 1×10-6 S/m is the electrical conductivity of pure water, making it a poor conductor of electric 

currents. Under these conditions, hydrogen and oxygen production would require very high 

voltages. To make water more conductive, salts, acids, or bases are typically added. Acidic and 

alkaline solutions have higher electrical conductivities than neutral solutions because hydrogen 

ions (H+) and hydroxyl ions (HO–) have a greater degree of mobility in these environments. Despite 

the fact that acidic solutions are more conductive than alkaline solutions, the corrosion of steel-

based metallic components leads to a rise in the material consumption of the electrodes, which 

results in process losses. Due to the formation of carbonates under the effect of carbon dioxide in 

the air, which results in a 75% reduction in initial conductivity, the electrical conductivity of 

alkaline electrolytes diminishes with time.9

As a sustainable approach, water electrolysis technology has been developed to produce 

high‐purity hydrogen, called green hydrogen. A voltage is applied to the cells during water 

electrolysis, and a DC current travels between two electrodes while in contact with an ionic 

conducting medium, producing hydrogen and oxygen from the breakdown of water (Fig 4).20
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Fig 4: Flow diagram of the water electrolysis process. Reproduced from ref.20 with permission from 

[Elsevier], copyright [2017].

The best way for splitting water is electrolysis, which is a solidified and famous process.20 

However, because of how endothermic the process is, electricity is used to supply the needed 

energy input.115 In practise, the electrolysis of water achieves an energetic efficiency of 50–70% 

(chemical energy obtained per electrical energy provided).4

Since high purity water supplies are necessary for all commercially available water electrolysers, 

a low system efficiency of 70% and high cost limit the applicability of water electrolysis.116-118 In 

many places, especially in hot, arid locations, freshwater has historically been a rare resource. 

Equipment for water purification and desalination is required while building an electrolytic water 

system in order to pre-treat saline and low-grade water.119, 120 The flow of input-fluid and outflow-

air streams, gas regulators, and thermal management devices are all complicated setups that 

distinguish practical electrolysers from basic laboratory systems. Even before factoring in related 

investments in transportation and maintenance, the deployment of more water purification devices 

will eventually come at a prohibitive cost. Direct use of saline seawater in water electrolysis 

systems can be a feasible and practical strategy for coastal dry zones and offshore large-scale 

hydrogen outputs when cost reduction is taken into account. The economic efficiency of 

purification/desalination can be significantly increased by removing pre-treatment systems. For 

the electrolysis of water and seawater to produce hydrogen, solar energy, geothermal energy, wind, 

micro-hydropower, and wave energy are all appropriate sources of energy (Fig 5). 
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Fig 5: Renewable sources of energy for hydrogen production from seawater electrolysis. Reproduced from 

ref.9 with permission from [MDPI], copyright [2022].

The market for hybrid renewable energy systems has grown significantly as a result of the year-

round fluctuations in the availability of renewable energy sources like solar, wind, small hydro, 

geothermal, and ocean power. Numerous research on the architecture, operation, dependability, 

and optimisation of hybrid renewable energy have been published recently in response to the rise 

in demand. The key renewable energy sources listed in Table 5 can be used to electrolyse seawater 

in a sustainable manner.49, 75, 119-142

Table 5: Main renewable sources of energy that could be sustainably used for seawater electrolysis.9

Type of Renewable Source References
Wave energy 122

Geothermal Energy 122, 124, 142

Wind energy 122, 124, 125, 128, 132, 135, 137, 139

Hybrid renewable energy 121, 124, 126, 130, 134-142

Solar energy 9, 59, 75, 121, 123-125, 127, 129-132, 134, 136-139

Microhydropower 139

Alkaline water electrolysis, proton exchange membrane (PEM) water electrolysis, and solid oxide 

water electrolysis (SOEC) can produce hydrogen when different electrolytes are used.143Key 

features of these techniques are described in Table 6.

Table 6:Technical features of common water electrolysis methods.144

Features Alkaline AEM PEM Solid Oxide
Anode reaction  2OH−→ H2O + 

½ O2 + 2e−
2OH−→ H2O + ½  
O2 + 2e−

H2O →  2H++ ½ O2 + 
2e−

O2−→ ½ O2 + 2e−
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Cathode 
Reaction

2H2O + 2e− → 
H2+ 2OH−

2H2O + 2e− → H2+ 
2OH−

2H+ + 2e−→ H2 H2O + 2e− → H2 + 
O2−

Overall cell H2O→ H2 + ½ 
O2

H2O → H2 + ½ O2 H2O → H2 + ½ O2 H2O → H2 + ½ O2

Operating 
temperature

70–90°C 60–40°C 50–80°C 700–850°C

Efficiency 50–78% 57–59% 50–83% 89% (laboratory)
Electrolyte Electrolyte

KOH/NaOH 
(5M)

DVB polymer 
support with 1 M 
KOH/NaOH

Solid polymer 
electrolyte (PFSA)

Yttria stabilized 
Zirconia (YSZ)

Electrode/
Catalyst 
(Hydrogen 
side)

Nickel coated 
perforated 
stainless steel

Nickel Iridium oxide Ni/YSZ

Electrode/
Catalyst 
(Oxygen side)

Nickel coated 
perforated 
stainless steel

Nickel or Nickel 
alloys (NiFeCo)

Platinum carbon Perovskites (LSCF, 
LSM) (La,Sr,Co,FE) 
(La,Sr,Mn)

Cell Pressure <30 bar <35 bar <70 bar 1 bar
Separator Asbestos/Zirfon

/Ni
Fumatech Nafion® Solid electrolyte 

YSZ
Electrode area 10,000–30,000 

cm2
<300 cm2 1500 cm2 200 cm2

Lifetime (stack) 60,000 h >30,000 h 50,000–80,000 h 20,000 h
Gas Diffusion 
layer

Nickel mesh Nickel foam/carbon 
cloth

Titanium 
mesh/carbon cloth

Nickel mesh/foam

Capital costs 
(stack) 
minimum 
1 MW

US $270/kW Unknown US $400/kW >US $2000/kW

Capital costs 
(stack) 
minimum 10 
MW

US $500–
1000/kW

Unknown US $700–1400/kW Unknown

Bipolar Plates Stainless 
steel/Nickel 
coated stainless 
steel

Stainless 
steel/Nickel coated 
stainless steel

Platinum/Gold-coated 
Titanium or Titanium

Cobalt coated 
stainless steel

H2 purity 99.5–99.9998% 99.9–99.9999% 99.9–99.9999% 99.9%
Development 
status

Mature R & D Commercialised R&D

Nominal 
current density

0.2–0.8 A/cm2 0.2–2 A/cm2 1–2 A/cm2 0.3–1 A/cm2
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Voltage range 
(limits)

1.4–3 V 1.4–2.0 V 1.4–2.5 V 1.0–1.5 V

2.1. High Temperature Water Electrolysis

This type of water electrolysis consists of following types:

2.1.1. Molten Carbonate Electrolysis (MCE)

MCE and SOE are the most effective yet the least developed. Numerous researchers have 

examined electrolysis in molten carbonate salts, primarily concentrating on the electrolytic 

reduction of carbonate melts or carbon dioxide into solid carbon or gaseous carbon monoxide.145-

155The molten carbonate electrolyte suspended in a porous and chemically inert ceramic matrix 

underlies the molten carbon fuel cells (MCFC) technology, from which MCEs are formed. The 

electrolysers working principle is the opposite of that of the fuel cells, the difference between the 

MCE cells and MCFC is in the direction of the redox reaction. The materials used to assemble the 

components of the MCE cells are the same as those used to assemble the MCFCs, with the 

exception that the cathode consists of porous nickel alloyed with Cr and/ or Al, and the anode is 

from of porous lithiated nickel oxide (NiO).The lithium, potassium, and/or sodium carbonate 

(Li2CO3, K2CO3, and Na2CO3) combination is used as electrolyte. Operating with a liquid 

carbonate electrolyte is possible when the temperature is between 620 and 680°C. Only a few 

MCE-specific research are reported in the literature. However, despite being at a highly advanced 

level of research, MCFC technology is the only one of the fuel cell technologies to have produced 

power plants with several megawatts of output. The functional layout of a Molten Carbonate 

Electrolyser Cell (MCEC) is shown in Fig 6.156 Hydrogen electrode reactions are:

H2O + CO2 + 2e– → CO3
2– + H2 (6)

2CO2 + 2e– → CO3
2– + CO (7)

In reaction (vi), steam is electrolysed in an MCE while in reaction (vii), carbon dioxide undergoes 

an electrochemical reaction to form carbon monoxide. The latter is slower and is not predicted to 

happen in the hydrogen electrode, according to literature reports.157 It is anticipated that carbon 

monoxide will be produced through an equilibrium shift because of the operating temperature and 
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the presence of nickel catalyst in the fuel electrode. Since steam and carbon dioxide are the only 

accessible reactants in this situation, the reaction is known as the reverse water gas shift. The local 

condition indicates that all species are present and the reaction has reached thermodynamic 

equilibrium. The following is the reaction:

CO2 + H2 ↔ H2O + CO (8)

Theoretically, both electrochemical (vii) and chemical (viii) reactions can result in the production 

of carbon monoxide. The interaction of reactions (vii) and (viii) results in reaction (vi), which 

combines the reactions of carbon dioxide and steam. The following describes an oxygen electrode 

reaction:

CO3
2– → CO2 + ½ O2 + 2e– (9)

As an intake reactant, oxygen gas is not needed. Carbon dioxide and oxygen are produced via the 

OER. The entire reaction between the two electrodes is the breakdown of water into hydrogen and 

oxygen:

H2O → H2 + ½ O2 (10)

Carbon dioxide moves from the hydrogen electrode to the oxygen electrode during the procedure. 

This indicates that both CO2 and steam must be supplied to the electrode. A MCEC differs from a 

conventional electrolyser in that carbon dioxide is supplied to the hydrogen electrode and produced 

at the oxygen electrode. The hydrogen electrode contains carbon dioxide, which causes a chemical 

or electrochemical reaction that also produces carbon monoxide.158
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Fig 6: Working principle of a molten carbonate electrolysis (MCE) cell. Reproduced from ref.156 with 

permission from [Elsevier], copyright [2018].

In addition to transporting the carbonate ions between the electrodes and separating the fuel and 

oxidant gases, the electrolyte is retained in a porous matrix, typically constructed of γ-LiAlO2.67 

However, because carbon dioxide is involved and the product stream from the electrolyser contains 

both hydrogen and carbon dioxide, there is a significant practical issue with the operation of an 

MCE cell, necessitating gas separation for the production of pure hydrogen and recycling of carbon 

dioxide to the cell. In order to produce syngas (a combination of CO and H2) through co-

electrolysis of water and carbon dioxide, the MCE cell is probably a more advantageous 

alternative.64

One of the primary objectives of present scientific research is the investigation of novel technical 

methods to reduce CO2 emission output in the atmosphere. The performance of MCECs for both 

H2 production and CO2 capture has been examined. Due to the combination of the steam reforming 

reaction, which can be supported inside the cell, and subsequent electrolysis, MCECs can work 

with CH4 and H2O feeding, enabling the syngas or hydrogen production. In this case, MCECs can 

function as a single, independent system for the generation of hydrogen as well as being retrofitted 

with reformer units to extend the scope of reforming, allowing for higher CH4 conversion, 

production of H2, and simultaneous storage of CO2.159
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2.1.2. Solid Oxide Electrolysis (SOE) 

Donitz and Erdle were the first to publish findings from a solid oxide electrolyser cell (SOECs), 

used in the HotElly project at Dornier System GmbH in the 1980s. The SOECs incorporated a 

supported tubular electrolyte.160

Recently, SOE cells have proven highly efficient for conversion of water and carbon dioxide to 

produce carbon fuel and hydrogen, with a high temperature necessary for their conversion and 

storage.19 SOEs are divided into two groups in the literature: H+ SOE and O2– SOE. O2– SOE are 

currently in the demonstration phase, whereas H+ SOE is at the lab scale.161 A dense electrolyte 

serves as the ionic conductor in SOECs, such as the oxygen ion-conducting SOEC (O-SOEC) and 

the proton-conducting SOEC (H-SOEC), in which reaction gases such as H2O or CO2 are fed into 

the cathode (or anode) and oxide ions (or protons) are conducted across the dense electrolyte to 

the cathode (or anode). The evolution of oxygen at the anode enables the cathode to produce fuel 

gases.162 This method is very useful to obtain these gases but requires a high production cost (80% 

of the energy comes from electricity).163 Some technical issues are also involved because of the 

high temperature such as leakage of gas tight components, the requirement of tough materials and 

its limited application. Moreover, this method has high operation and maintenance costs. Different 

technological approaches may enhance durability and electro-catalytic performance under low 

temperature. In renewable energy conversion and storage systems SOE cells have been proven to 

be a useful and successful technology.162 The working principle of an SOE cell is shown in Fig 

7.162 

Fig 7: Schematic of SOEC (O/H–SOEC).Red arrows represent the O-SOEC, and blue arrows represent the 

H-SOEC. Reproduced from ref.162 with permission from [Springer], copyright [2021]. 
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The endothermic reaction occurs in the SOE cell, while the oxidation reaction occurs at the anode, 

where oxygen ions move through the electrolyte.

Anode: O2– → ½O2 + 2e– (11)

Cathode: H2O + 2e– → O2– + H2 (12)

Moreover, based on the operating voltage, SOE cells can operate in one of three ways: 

endothermic, thermoneutral, or exothermic.164 In endothermic mode, external heat must be applied 

because the operating voltage is below the thermoneutral voltage; in thermoneutral mode, the 

required heat is equal to the heat produced by the Joule effect; in exothermic mode, the operating 

voltage is above the thermoneutral voltage. In order to assure high efficiency and make heat 

management of SOE cell stacks and systems easier, the most ideal operation mode for an SOE 

system is the constant thermoneutral voltage (or slightly above in order to account for potential 

heat losses).162

2.2. Low Temperature Water Electrolysis

This type of electrolysis includes following methods: 

2.2.1. Alkaline Water Electrolysis (AWE)

Alkaline electrolysis has developed into a mature and well researched technique for hydrogen 

production up to the megawatt range165, 166since the electrolysis phenomenon was discovered by 

Troostwijk and Diemann in 1789,167and now represents the most extensive electrolytic technology 

at a commercial level worldwide.168

This type of electrolysis is operated between 30 and 80C with a concentrated alkaline solution of 

sodium hydroxide. Moreover, membranes with nickel-catalysed stainless steel and zirconium 

dioxide are used as a separator. Furthermore, there are various challenges associated with this 

system due to use of corrosive electrolytes and medium mobility of the hydroxide ions. Due to salt 

formation of potassium carbonate and sensitivity of electrolyte, decrease ionic conductivity and 

hydroxyl ions is prominent. Therefore, alkaline water electrolysis produce slower purity hydrogen 

and oxygen gases since the membrane does not completely stop gases crossing over from one half 
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of the cell to the other. Generally, the technique consists of two half-cell reactions, with oxygen 

evolution at the anode and hydrogen evolution at the cathode.19

Anode: 2OH– → ½O2 + H2O + 2e– (13)

Cathode: 2H2O + 2e– → 2OH– + H2 (14)

In typical alkaline electrolysers, Perovskites are frequently utilised as anodes and Ni-alloys as 

cathodes. According to reports, efficiency ranges from 59 to 70%.169

Gas bubbles containing oxygen and hydrogen, respectively, are created on the surfaces of the 

cathode and anode during the reaction. When the bubbles reach a particular size, they separate off 

the surface.170 Several unfavourable events occur in the electrolysis system as a result of the 

creation of a gas phase. Gas bubbles cover the electrode surface, preventing the flow of electrons 

from the electrode to the electrolyte. The electrode surface is harmed and the electrolyte's 

resistance is increased by bubbles.170, 171

The low maximum power density attained with liquid electrolytes is an issue with alkaline 

electrolysis. This restriction results from the detrimental impact of bubble formation. It is 

necessary to modify and improve materials and configurations since bubble generation in 

electrolysis cells is unavoidable. Numerous strategies have been used to counteract these 

consequences. Although they result in a more complicated system configuration, the use of 

centrifugal fields, magnetic fields, super gravity fields, ultrasound, and microwave treatments do 

not considerably increase efficiency. The application of an AEM and a zero gap configuration, 

respectively, is a very promising technique to enhance the performance of the electrolysis cells. 

Additionally, operation with an AEM would prevent extra harmful effects of liquid electrolytes.171 

The working principle for an alkaline electrolysis cell is shown in Fig 8.170
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Fig 8: Diagram of an alkaline electrolysis cell. Modified from ref.170 with permission from [Elsevier], 

copyright [2010].  

In-depth research has been conducted on numerous novel process.es, and some of them have 

already achieved high efficiency. Anion-conducting membrane alkaline water electrolysers have 

a number of advantages over alternative technologies. One of the key benefits of alkaline systems 

over electrolysers utilising proton-conducting electrolytes is the relatively inexpensive cost of the 

electrode materials because less expensive, non-noble metals are stable in alkaline media.28

However, because of the modest OH– mobility and use of corrosive (KOH) electrolytes, alkaline 

water electrolysis faces the major difficulty of limited current densities (0.1-0.5 A/cm2).172To 

reduce gas crossing, commercial alkaline water electrolysers frequently employ 2–3 mm thick 

porous layers.173 Device performance is affected by limited ion transport through the layer. 

Numerous researchers in the past have attempted to create "zero gap" electrolysers, in which a 50–

100 mm thick anion exchange membrane is used in place of the 2–3 mm thick porous layer.28, 173-

177

Some advancements are still needed to improve this technology to reduce the cross-over of gases 

and increase current density. Separators and electrode material need to be developed to achieve 

these challenges, while solar and wind energy sources will be most beneficial for cost reduction. 

One such avenue recently developed for water splitting is two dimensional metal organic 

frameworks of nickel nano flakes in alkaline media.178 Some research organisations/institutes are 

still actively working in this field to improve efficiency and lower the cost of hydrogen 

production.179
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Alkaline water electrolysis mostly takes place by using a Ni based electrolyte and 5M KOH which 

reduces resistance between porous transport and catalyst layers. Current density should also be 

increased by ca. 2-3A/cm2 using thinner separators with a high surface area of electrode material. 

For large-scale applications, the alkaline water electrolysis is a good system design. Alkaline water 

electrolysis now costs between $500 and $1,000 per kW, and the system lasts for 90,000 h.143, 180

2.2.2. Proton Exchange Membrane (PEM) Water Electrolysis

PEM electrolysis is the most promising technology when compared to low temperature 

electrolysis.181 General Electric and Grubb initially developed PEM electrolysis in the 1950s and 

1960sfor space applications to produce oxygen for astronaut life support; submarines were then 

built using the technology, firstly by Hamilton Sundstrand (now Collins Aerospace).182-185 Since 

then, a number of businesses have converted the same fundamental technology into goods for 

hydrogen production at varying scales. The main elements of a PEM electrolyser cell are shown 

in Fig 9.185

Fig 9: Core components of a PEM electrolyser cell; PTL = porous transport layer; GDL= gas diffusion 

layer. Modified from ref.185 with permission from [IOP Publishing], copyright [2021].

In PEM water electrolysis, catalysts based on Pt/Pd are typically used as the cathode for the 

hydrogen evolution reaction (HER) and catalysts based on RuO2/IrO2 are typically used as the 

anode for the oxygen evolution reaction (OER).186-189An acidic membrane in the form of a solid 

electrolyte (Nafion, Dupont) and anode and cathode catalysts (mostly Ir and Pt, respectively) make 

up a PEM electrolyser.190 The membrane separates the hydrogen and oxygen gases produced by 

the subsequent reaction while allowing the H+ ions to pass from the anode to the cathode.42
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Anode: H2O → ½O2 + 2H+ + 2e– (15)

Cathode: 2H+ + 2e– → H2 (16)

At the anode, hydrogen molecules break apart, which ionises the atoms and sends their electrons 

into an external circuit; through an ion-exchange membrane protons congregate at the cathode. 

Oxygen, protons from the ion-exchange membrane, and electrons all then come together to afford 

water or steam. We can get an energy conversion efficiency of 60% or more with this method.191, 

192The working principle of PEM electrolysis cell is shown in Fig 10.

Fig 10: Illustration of a PEM electrolysis cell.

Membrane electrode assemblies (MEAs), current collectors (gas diffusion layers), and separator 

plates make up the majority of the parts of a PEM water electrolysis cell. Fig 11 depicted a typical 

overall view of a PEM water electrolysis cell assembly. However, MEA, which divides the cell 

into two half cells (anode and cathode), is at the centre of the electrolysis cell.181
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Fig 11:a) Overview of typical PEM water electrolyser,b) PEM cell stack and,c) cell components; 1-bipolar 

plate, 2-anode current collector, 3-MEA, 4-cathode current collector.181

These proton exchange membranes offer a number of benefits, including low gas permeability, 

robust proton conductivity (0.1± 0.02 S cm-1), reduced thickness (20–300 µm), and high-pressure 

operations. PEM water electrolysis is one of the preferable technologies for converting renewable 

energy to highly pure hydrogen from a sustainability and environmental perspective. Other 

excellent attributes offered by the PEM water electrolysis method are a small carbon footprint, 

high current densities (over 2 A cm-2), lower operating temperatures (20–80°C), ultrapure 

hydrogen production, and the production of oxygen as the by-product.20, 27, 193-195The purity of the 

gases produced is higher than that of alkaline electrolysis.42 As a result, when compared to alkaline 

electrolysis, PEM electrolysis can achieve great efficiencies(50–75%) with a quick response.17

The PEM electrolyser is expected to cost between $1000 and $1400 per kW, with clear paths to 

be reduced to $400. The $1/kg H2 target set forward in the US Department of Energy's Hydrogen 

Energy Earth Shot campaign must be reached in order to reach its ultimate goal of $150/kW. Due 

to the acidic nature of the electrolyte with strong proton conductivity and the structures that reduce 

ohmic losses, the water electrolysis kinetics in PEM cells are faster than in alkaline electrolysis. 

The capability of applying a high pressure on the cathode side while operating the side of the anode 

at atmospheric pressure is a beneficial aspect of PEM electrolysis.185

However, cost and durability continue to be obstacles preventing PEM electrolysers from being 

widely used. To research the deterioration of PEM electrolysers and further increase their 

durability, collaborative accelerated stress tests across many laboratories are extremely 
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desirable.185 The usage of expensive polymeric membranes and the need for noble metals due to 

the electrolyser's acidic liquid are current drawbacks. One of the main difficulties is reducing the 

amount of noble metals used in PEM electrolysers.181 The adoption of platinum group metals as 

noble metal catalysts, Nafion-based membranes, and Ti-based stack materials are causes PEM 

water electrolysis expenditure issues.42

2.2.3. Anion Exchange Membrane (AEM) Water Electrolysis

AEM electrolysis cell consist of electrode made of transition metals catalyst and hydrocarbon 

anion exchange membrane. Purified water or a low concentration alkaline solution can be used as 

the electrolyte in the AEM in place of a strong KOH solution (Fig 12). Anion exchange membrane 

water electrolysis combines the advantage of alkaline electrolysis and proton exchange 

electrolysis.177, 196, 197AEM electrolysis technology, like alkaline and PEM electrolysis, use low-

cost catalysts and a solid polymer electrolyte.198 It works in an alkaline environment, which allows 

for the use of low-cost electrocatalysts and a zero-gap architecture.199 This method of electrolysis 

employs a polymeric membrane containing quaternary ammonium salts. It is relatively cheap and 

has little interaction with surroundings CO2.200, 201

AEM electrolysis is projected to outperform conventional electrolysis technologies in terms of 

performance and total cost.202 Previous research with AEM electrolysis has yielded promising 

outcomes. One study found that a membrane electrode assembly (MEA) combination of 

polybenzimidazole (PBI) AEM and specific catalysts (Ni-Fe-Ox for oxygen evolution and Ni-Fe-

Co for hydrogen evolution) performed best under specific conditions, with an AEM electrolysis 

efficiency of 74% at 1000 mA cm2, 1.9 V, and 60 °C.203

Despite its satisfactory performance, the AEM electrolyser's performance is lower than that of 

traditional PEM electrolysers.198, 199In AEM electrolysers, the voltage drives the electrolysis 

reaction, whilst the current reflects the rate of hydrogen generation. When a voltage is supplied 

between the anode and cathode, electrons travel via an external circuit and are balanced by the 

movement of hydroxideions through the AEM.204The hydroxide ions strive to cross the AEM when 

more voltage is applied, while the electrons will travel via the external circuit. However, at lower 

voltages, electrons and OH–cannot transfer due to internal barriers.205
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A drop in voltage causes a decrease in hydrogen production, termed charge transfer resistance or 

activation over potential. And if the applied voltage is low, the flow of electrons is restricted by 

internal components such as the catalyst layer, AEM, and gas diffusion electrode (GDL). The 

ohmic resistance (Rohm) is the name given to this constraint.206However, the performance of an 

AEM electrolyser is determined by three variables: kinetic resistance, ohmic resistance, and mass 

transfer resistance.207, 208

Fig 12: Working principle of an AEM electrolysis cell.

2.3. Solar-powered Water Electrolysis

Renewable energy electrolysis would produce an exceptionally clean hydrogen cycle (Fig 13). 

Solar (and wind) generated hydrogen could meet the world's anticipated energy needs, however, 

delivering it may cost more than making hydrogen from natural gas.209
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Fig 13: A renewable hydrogen cycle. Modified from ref.209 with permission from [Elsevier], copyright 

[2002].

Solar-powered water-splitting for hydrogen production isa clean and viable energy solution; two 

promising technologies for this are photovoltaic-electrocatalysis(PV-EC) and 

photoelectrocatalysis(PEC). A photoelectrode harvests light and electrolyses water in the PEC 

process. PV-EC incorporates separate modules for solar-powered electricity generation and water-

splitting (Fig 14), distinguishing PV-EC from a standard PEC configuration.121

Fig 14: Two pathways for solar hydrogen production by PEC and PV-EC water splitting. Modified from 

ref.121 with permission from [Springer], copyright [2021].
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2.3.1. Photoelectrochemical (PEC) Cells

The process of PEC water splitting produces hydrogen fuel from sunlight. Sunlight strikes the 

photoactive electrode, producing electron-hole pairs, which is the first of four steps. Water is 

oxidised by the photo-generated holes, and electrons are transferred to the photocathode. Proton 

(H+) undergoes reduction at the photocathode, creating hydrogen gas. It is possible to separate 

carriers effectively by employing an external power source. For electron generation, the 

photoactive material needs to have the appropriate band gap. The process is also impacted by 

semiconductor band locations. Due to its clean operation and direct conversion of sunlight, PEC-

based hydrogen production is gaining popularity as a sustainable method of producing 

hydrogen.210

It is generally agreed that Brattain, Garret,211 and Gerischer's212 research established the 

groundwork for contemporary photo-electrochemistry. Numerous articles on photo 

electrochemical cells emerged in the wake of the 1973 oil crisis, which prompted an increase of 

new study into renewable energy sources.213 The focus was on two types of cells: regenerative 

cells and photosynthetic cells. Light is converted to electric power by regenerative cells without 

generating any net chemical change. Photon-generated electron-hole pairs are separated, with 

negative charge carriers passing through the semiconductor to the current collector and external 

circuit and positive holes being collected by a redox relaying molecule. Water is oxidised to 

oxygen at the semiconductor photoanode and reduced to hydrogen at the cathode in photosynthetic 

cells, which work similarly but include two redox systems as shown in Fig 15a.212

After the 1972 Nature paper by Fujishima and Honda showing photo-driven water oxidation on 

TiO2 with a small bias, the idea of a single material PEC-cell that could drive both photo-oxidation 

and photo-reduction of water without an external bias was developed.214 A single substance 

immersed in water to make hydrogen and oxygen, making this idea interesting. However, there 

are several prerequisites, such as the material requiring a large band gap to generate energy but not 

one that is too large to absorb sunlight. Band edges must align with exact energy levels to enable 

water oxidation and reduction processes (Fig 15b). The material should be able to separate and 

transport light-generated charge carriers without recombination. The interface of the material 

Page 32 of 79Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

0/
24

/2
02

3 
3:

00
:0

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D3GC02849F

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3gc02849f


33

should also be catalytically active for water oxidation and reduction, as well as stable in water and 

light. The material should also be non-toxic and affordable.

Fig 15: Working principle of photo-electrochemicalcells. Reproduced form ref.212 with permission from 

[Nature Publishing Group UK London], copyright [2001].

Substantial effort has been put into discovering a suitable material for efficient PEC water 

splitting.215-217 Hundreds of compounds were investigated using combinatorial methods.218-220 All 

requisitions, however, have not been met by any material. Using a plethora of materials to create 

a PEC device is more efficient since the stresses on each material are reduced. Instead of relying 

on each element to be efficient at everything, synergy of the materials can accomplish what is 

required. Putting distinct functionalities into a variety of materials has been beneficial in the 

development of useful technologies.

Different approaches to monolithic device design incorporating many materials are studied in the 

research literature. One way to do this is to make a group of monoliths that are suspended as 

nanoparticles.217, 221, 222 This method is appealing because it is simple, there is no need for wires, 

wiring, or separating the cells. It can also be made with sol-gel synthesis methods, which can be 

used on the large scale and possibly be less expensive.223 Small particles are used in diffusion to 

split and move charges. Co-catalysts increase the activity of surface catalysts; two co-catalysts can 

be used, however, this increases difficulty. This design makes oxygen and hydrogen at the same 

time, which raises worries about back reactions and so induces the additional requirement of gas 

separation in another second step. Because the particles are so small, it's hard to tell which ones 

do what. This limits which materials that can be used, but not as much as with single-material 
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monoliths. Fig 16c shows a monolithic cell with multiple layers. Pure PEC cells, underground PV 

junctions, and PV-electrolysis can employ this type of design. This design is larger than the 

nanoparticles in suspension approach, making material selection and combination easier. This 

design has yielded multiple functioning devices, including the 2.5% efficient "artificial leaf" and 

a 10%efficient CIGS (thin-film solar cell) device.224

Separating the cathode and anode spatially changes the perspective from a multi-layered PEC cell. 

Instead of passing through a back contact to a second electrode, the majority carriers can be wired 

to the counter electrode; the only difference is charge distance. This method uses a macroscopic 

wire and a resistive element. The main benefit is greater freedom in geometrical arrangements, 

synthesis techniques, and material choice. This topological transition lets electrodes be developed, 

manufactured, and studied separately in an attempt to boost device performance.

There are numerous designs of this concept. One involves a photoactive electrode and a counter 

electrode performing a sole catalytic function which constitutes the simplest configuration (Fig 

16a). Either a p-type semiconductor photocathode or an n-type semiconductor photoanode, as in 

Fig 16a, can serve as the photoactive electrode. The devices produced by Khaselevet al.225, 226 and 

Receeet al.227 show that the single photoactive electrode can be configured as a tandem cell. Fig 

16b illustrates a more sophisticated technique that employs two photoactive electrodes to create a 

spatially separated tandem cell. For instance, Abdi et al.228 constructed a 4.9% efficient device 

using BiVO4 and a tandem junction a-Si solar cell, while Brilletet al.226 presented a 3.1% efficient 

device using WO3 and a dye-sensitizsed solar cell as examples.
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Fig 16: a) A single-material one cell PEC-device. b) Basic principal with suspended nanoparticles with two 

electrodes. c) Monolithic design where the catalysts are not separated in space.

Researchers may improve each step and look into the fundamental functioning of the system by 

looking at the two half-reactions separately. Through photocurrents, the macroscopic charge 

transport makes it simple to gauge efficiency. Once the materials for both half-reactions have been 

determined as being effective, they can be joined to form a device for the full reaction. In the 

literature, a number of substances have been investigated for their potential to act as catalysts in 

these half-reactions.215-217

2.3.2. Photovoltaic Cell (PVC)

In a PEC, a configuration called PV-electrolysis involves spatially isolating the catalysts. The 

monolithic design in Fig 17a serves as the starting point for the process. Separating one of the 

catalysts into a different electrode is one step toward PV-electrolysis, as shown in Fig 17b. A 

three-electrode setup, as shown in Fig 17c, can be created by separating the second catalyst from 

the photo-absorber to further improve the configuration.

Page 35 of 79 Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

0/
24

/2
02

3 
3:

00
:0

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D3GC02849F

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3gc02849f


36

Fig 17: a) Monolithic design where the catalysts are not separated by space. b) Monolithic design with 

separated electrode. c) A three-electrode setup in which the photo absorber and both catalysts are separated 

by space.

PV-electrolysis is technologically mature because the PV (photovoltaic) part and the catalysts can 

be developed, improved, and tested separately. They can be connected directly, as shown in Fig 

18a, or through the power grid, as shown in Fig 18b.

Fig 18: a) Photovoltic electrolysis. b) Grid connected PV electrolysis.

The transmission efficiency of electricity across power lines is approximately 93%, with loss of 

7%.229Hydrogen electrolysers often make use of expensive resources and run at high levels to 

maximise efficiency and minimise costs. Unfortunately, this causes a loss of efficiency. However, 

other types of electrolysers can be even more efficient than alkaline ones. The biggest problem 

with these systems is the price, not how well they work. Creating hydrogen from natural gas is less 

expensive than using solar cells, but that could change in the future. Then, attention will turn to 

improving the process's catalysts.

Directly connecting the solar cell to the electrolysers, rather than going through the grid, avoids 

the need for inverters and decreases grid losses. Since this lowers solar cell and electrolysers prices, 
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it can make the system more competitive in the market. But there is a disadvantage since the 

electrolyser's power supply is less stable, its efficiency may suffer as a result. The benefit of 

disconnecting from the grid and inverters can be nullified if this happens.230

2.4. Grid connected Water electrolysis

Grid electrolysis involves connecting the electrolyser to an existing electrical network. During the 

transition to a prosperous hydrogen economy, this approach appears to be the shortest and least 

expensive. However, using this technique, hydrogen production is not practicable in isolated or 

rural areas lacking access to dependable electricity. Additionally, even though electrolysis does 

not directly release any harmful gases to the environment, it indirectly harms the environment by 

increasing the combustion of fossil fuels to produce electricity. Numerous research effort has 

focused on various elements of grid electrolysis, such as energy storage and grid balancing.231 

Currently, it is believed that the most practical method for producing hydrogen during the switch 

to vehicles powered by hydrogen is grid electrolysis (e.g., fuel cell vehicles).232, 233There is more 

information available on grid electrolysis and its potential for producing sustainable hydrogen 

elsewhere.234-236

Various variables, such as the capital expenditures of controlling peak demands, the investments 

required for grid reliability, and the integration of renewable energy sources, might be linked to 

the rising interest in energy storage for the grid. There is acknowledgment that battery systems can 

offer a variety of high-value options, assuming that reduced costs can be reached, even if pumped 

hydropower is currently the dominant form of energy storage. The battery systems including 

redox-flow batteries, which are inexpensive, lithium-ion batteries, developed for commercial 

gadgets and electric vehicles, and sodium-sulfur batteries, which are commercially accessible for 

grid applications.102

Several electrolyser stacks, compressors, and gaseous hydrogen storage units make up a large-

scale water electrolysis hydrogen production system (Fig 19). We take into account hydrogen 

production from electrical grids with strong renewable energy penetration and usage in a variety 

of applications across various industries. This system layout was primarily chosen based on the 

input needs of feedstock hydrogen in the subsequent chemical processes related to the production 

of hydrocarbon fuels, industrial use, or fuel supplied in the production of electricity. A developed 
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hydrogen value chain is necessary for centralised electrolytic hydrogen production, which is also 

applicable to the transportation industry. More significantly, the integration of renewable energy 

sources into the power grid through the use of water electrolysis and the production of hydrocarbon 

fuel (synfuel) creates a process that can decarbonize the energy supply chain. By turning electricity 

into hydrogen, the inclusion of large-scale water electrolysis into the power grid might reduce the 

volatility of renewable energy sources. The installed capacity of the water electrolysis facility is 

anticipated to vary from several MW to 100 MW, or possibly GW, for the case of synfuel 

production on a massive scale.233

The key distinction from typical chemical processes, such as Steam Methane Reforming (SMR), 

is the use of water and electricity rather than coal or natural gas (NG) in an electrolyser that is 

connected to the grid to generate hydrogen. Additional sources of electricity include 26 MW and 

54 MW solar and wind farms, respectively. The following possibilities are listed:

 An electrolyser that is grid-connected receives power from the exterior public electrical 

grid;

 Wind turbine (WT)/Grid-connected Electrolyser: The grid and wind turbine both provide 

energy to the electrolyser. A portion of the electricity generated by the WT is marketed to 

the electricity market because the wind turbine is greater than the electrolyser capacity;

 Photovoltaic(PV)/ Wind turbine (WT)/Grid-connected Electrolyser: The grid-connected 

electrolyser is powered by PV and WT, and some of the electricity is sold to the electricity 

market;

 PV/Grid-connected Electrolyser: The grid and PV work together to supply energy to the 

electrolyser. A portion of the electricity generated by PV is distributed to the electrical 

market since the PV capacity is greater than the electrolyser capacity.237
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Fig 19: The water electrolysis technique for producing hydrogen (Grid electrolysis process). Reproduced 

from ref.233 with permission from [Elsevier], copyright [2019].

To create the techno-economic model for a grid-connected large-scale hydrogen production plant, 

three possibilities are taken into account (as illustrated in Fig 20). This model also takes different 

power price structures, hydrogen generation and storage systems, and component sizes into 

account. 

 In Scenario 1, when electricity costs are defined as fixed charge rates, the impact on a 

levelized cost of hydrogen is examined. Since the operation schedule reflects the output 

demand, hydrogen storage is not taken into consideration. For medium-scale 

implementation, the average outputs are set at 4000 kgH2/day, and for large-scale 

deployment, at 40,000 kgH2/day.

 In Scenario 2, a metal tank at 200 bar is used to examine the impact on a levelized cost of 

hydrogen at wholesale energy markets with a 1-day storage capacity. The storage capacity 

(40,000 kgH2) is viewed as being sufficient for one day. From 0.4 to 1.0 capacity factors 

are taken into account. The adaptability of areas where large-scale geological hydrogen 

storage is not practical is taken advantage of by this system arrangement.

 Scenario 3 investigates the impact of massive underground hydrogen storage on a levelized 

cost of hydrogen at wholesale energy markets. The production facilities anticipate that 

taking into account a 7-day storage capacity will allow them to further benefit from cost 

savings during non-peak times. The capacity factor is rated from 0.4 to 1.0, just like in 

scenario 2.233
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Scenario 1 Scenario 2 Scenario 3

Fig 20: Deployment scenarios for water electrolysis. (BC = British Columbia; MB = Manitoba; NL = 

Newfoundland and Labrador; ON = Ontario; QC = Quebec; YT = Yukon; CA = California; GE = 

Germany).Modified from ref.233 with permission from [Elsevier], copyright [2019].

2.5. Wind-powered Water Electrolysis

In wind electrolysis, the electrolyser is connected to the power generated by wind turbines. It is 

possible to create cleaner hydrogen using wind electrolysis, which also holds the potential to make 

greater use of the renewable energy sources that are already present in the area238 and to increase 

the proportion of renewable energy in the electric grid while lowering greenhouse gas emissions.239 

However, hydrogen generation from wind electrolysis needs to be competitively priced to allow 

for a higher uptake of renewable energy sources e.g. to compete with gasoline or other vehicle 

fuels as a vehicle fuel or being cost-competitive with other grid electricity technologies as a grid 
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energy storage technology.240, 241At some wind production sites, hydrogen production could be 

achieved at$4/kg or less.236 The capacity factor, which must be 44% or more together with 

reasonably high wind speeds, is a major problem.242 Nevertheless, in addition to low production 

costs, delivery and storage costs will also affect the final pricing of hydrogen. For this reason, it is 

necessary to investigate a wider variety of wind sites, where geographical factors such as distance 

from the end usage should also be taken into account.52

The concept underlying the coupling system between non-grid connected wind power and water 

electrolysis holds that when "three fields"—temperature field, electric field, and flow field—are 

balanced, the large-scale fluctuations in wind power current density have little effect on water 

electrolysis efficiency in the electrolyzer. Improvements should be made to cooling systems, 

power supplies, and water-electrolytic technologies to address the effects of wind power variation 

on production. The electrolyzer utilizes an intelligent power controller to accomplish "seamless 

connection without disturbing each other" and to create "wind power-based, grid power-

supplemented" systems. The intelligent power controller has two supply models, referred to as 

wind/grid complementary power supply and wind power independent supply. Wind power will be 

completely used, regardless of wind speed. There are three scenarios: 

 when wind power is greater than the rated power of the electrolyzer, no grid power is used; 

 when wind power is lower than the rated power of the electrolyzer, grid power is 

complimentary; 

 and when there is no wind, grid power supplies all of the power. Gird electricity is used by 

the water circulation pump and other auxiliary devices. 

In accordance with the wind conditions, the flow of cooling water is also adjusted. In order to 

improve the water electrolyzer, "three-field" balancing was thus attained. Fig 21 depicts the circuit 

diagram of a water electrolytic hydrogen generation system that uses wind energy without a grid 

connection.243
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Fig 21: Circuit diagram of non-grid-connected wind power/water-electrolytic hydrogen production system. 

Modified from ref.243 with permission from [Elsevier], copyright [2012].

Electricity generation from wind energy illustrated minimum negative impacts on the environment 

compared to the other energy resources.244 In 2012, about 282,275 MW electricity was generated 

by wind energy which was around 2% of total world electricity demand. USA, China, Germany, 

Spain, and India generate more than 73% of annual worldwide wind electricity.245 In order to 

utilise the maximum capacity of wind power, complex wind power plants should be managed 

wisely. For instance in some wind power plants around the world, the transportation capacity of 

the electricity grid should be upgraded and additional power capacity should be installed to prepare 

a backup for the installed wind power system. 

Wind energy can vary due to meteorological changes, which increases the demand for balancing 

power in load frequency regulation. Such issues might be resolved using a water electrolysis-based 

wind to hydrogen (WTH) technique. In times of low wind potential or after grid congestion has 

subsided, the excess electricity is stored as hydrogen and converted back into electricity.246 For 

both grid-connected systems and isolated grid systems, electrolytic hydrogen's potential as a 

storage medium for wind energy in network balancing has been researched.247, 248Hydrogen serves 

as a buffer for wind power facilities to control changes in wind power due to the synergy between 

the sectors of hydrogen energy and wind power.249 Additionally, the WTH system has a great deal 

of potential for use in light-duty cars as a clean fuel to reduce rising GHG rates.250 An integrated 

system for producing electricity from wind energy and using hydrogen is shown in Fig 22.251
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Fig 22: Integrated wind energy system for producing electricity and hydrogen. Modified from ref.34 with 

permission from [Elsevier], copyright [2016].

By producing hydrogen from natural gas and gasoline as non-renewable fuels, Granovskiiet al. 

completed a life cycle assessment (LCA) of hydrogen and power generation from wind and solar 

technologies as renewable resources. It was stated that the cost of hydrogen produced through the 

reforming of renewable sources is higher.252 Additionally, it was noted that WTH for hydrogen 

vehicles fuel cells instead of gasoline can result in a cost-effective reduction of GHG emissions 

when the efficiency of an hydrogen vehicle is two times higher than an internal combustion 

vehicle.253 Due to the high cost of newly installed equipment and energy loss from inefficient 

energy conversion processes, hydrogen produced from wind energy is expensive.254

 According to Harrison et al., the National Renewable Energy Laboratory (NREL) in the US 

oversaw the testing of a WTH pilot scale that connects 100K wind turbines with polymer 

electrolyte membrane (PEM) and an air energy storage system (AES) that produces 20 kg of 

hydrogen per day. The price of the hydrogen produced by this technique is approximately 

$5.50/kg, however this price can be reduced by installing cutting-edge wind turbines, and the cost 

objective for 2017 is $2/kg. It is significant that when the price of the WTH system falls to 

$0.015/kWh, hydrogen production using the technology might be competitive with hydrogen 

generation using gasoline.255
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2.6. Nuclear Energy-powered Water Electrolysis

It is appealing to use nuclear energy as the main source of energy for hydrogen production because 

it is adaptable to large-scale hydrogen production and its greenhouse gas emissions are 

significantly lower than those associated with conventional fossil fuel combustion. Through 

numerous studies that were published in the open literature in recent years, advancements in 

nuclear-based hydrogen production have become apparent. Connecting an electrolyzer to a nuclear 

power station is the easiest way to produce hydrogen from nuclear energy (Fig 23).Such a system 

has the advantage of being able to run at design load without directly interfering with the grid, 

which can experience grid overload at times.

The fact that there is no need to modify the reactor is another significant benefit of nuclear/water 

electrolysis. Such systems were used on nuclear submarines to produce hydrogen and oxygen, 

which are both necessary for life. The system can be modified to use existing nuclear power 

reactors to produce off-peak electricity. Nuclear power facilities can operate at constant load with 

the maximum efficiency and lowest cost of electricity generation by producing hydrogen during 

off-peak hours. Additionally, potential grid congestion is avoided, enhancing the electrical grid's 

effectiveness and reliability. Remember that even while tested approaches only achieve less than 

55% efficiency, the maximum predicted efficiency of the water electrolysis process is 80%. The 

presented thermal-to-hydrogen efficiency when coupled to modern light water reactors or 

advanced light water reactors (ALWR) is 27%; however, when coupled to modular helium reactors 

(MHR) or advanced gas reactors (AGR), the expected efficiency is 35%.

Nuclear reactors have typically been used to generate electricity using steam power plants. 

According to studies, if a sustainable fuel like hydrogen is created in addition to electricity, there 

will be more advantages. When using nuclear energy, higher temperatures and pressures are 

required for the reactor coolant since the efficiency of power generation typically increases as the 

working medium's temperature rises. However, the allowed temperatures in nuclear reactors and 

the corresponding temperatures and pressures of the coolants are what primarily restrict 

advancements in the power generation efficiency of nuclear power plants. The rates of material 

corrosion and safety restrictions on nuclear reactors set a limit on coolant parameters.

Page 44 of 79Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

0/
24

/2
02

3 
3:

00
:0

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D3GC02849F

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3gc02849f


45

Numerous studies focus on the advancement of nuclear reactors, which must match certain criteria 

like providing inexpensive energy and high temperature heat in order to effectively couple it with 

a hydrogen manufacturing facility. The most promising hydrogen generation systems, in terms of 

the process heat temperature level they offer, are gas-cooled reactors, molten salt-cooled reactors, 

and heavy metal-cooled reactors. The various nuclear reactor technologies along with nuclear 

reactor-adaptable thermally-driven hydrogen production processes will complement rather than 

compete in the development of nuclear-based hydrogen generation in the future.17

Fig 23: Approaches for integrating nuclear reactors and water electrolysis for (a) dedicated hydrogen 

production systems or (b) cogeneration systems of electricity and hydrogen. Modified from ref.17 with 

permission from [Elsevier], copyright [2012].

3. Electrolysis Using Organic Fuels

Despite the fact that water or steam electrolysis is well recognised, its extensive application is 

constrained by high operational costs associated with energy use. Utilising an alternative anode 

reaction for O2 evolution with a lower equilibrium potential can reduce the amount of electrical 

power needed for electrolysis. Several reactions can be employed to do this, but one that has the 

potential to be appealing is the use of an organic chemical fuel. Methane gas is one such method, 

which is used as an anode depolariser.256

Anode: CH4 + 2H2O → CO2 + 8H+ + 8e– (17)

Cathode: 8H+ + 8e– → 4H2 (18)
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The traditional method of electrolysis is water electrolysis, however, because it uses so much 

energy, interest in producing hydrogen by methanol electrolysis has grown due to several benefits 

over traditional water electrolysis.256-258

By effectively substituting one unit of electricity with one equivalent energy unit of natural gas at 

a cheaper cost, this is analogous to electrochemical steam reforming. High system efficiency in 

terms of primary energy is made possible with the use of natural gas in the electrolyser; voltage 

reductions of up to 1.0 V in comparison to conventional electrolysers are feasible, and as a result, 

the electrolyser’s electricity consumption can be as low as one-third of that of conventional 

electrolysers.256-261 However, since it utilises natural gas, this method is not sustainable. Alcohol, 

which may be produced via fermentation technology, can be the basis of an alternate system. One 

such methanol-powered cell circulates an aqueous solution past the anode, where methanol and 

water combine to produce carbon dioxide, much like that in a direct methanol fuel cell:256

Anode: CH3OH + H2O → CO2 + 6H+ + 6e– (19)

Cathode: 6H+ + 6e– → 3H2 (20)

The electrolysis was carried out using a DC power supply to deliver a constant current to the 

electrolytic cell. A platinum resistance thermometer was positioned close to the anode surface to 

gauge the electrolytic cell's temperature. Water and the methanol-water solution were then given 

to the electrolytic cell's anode. A non-pulsation quantitative pump was used to regulate the flow 

rates and the electrolytic cell's membrane electrolyte was a Nafion–117 membrane. Both the anode 

and the cathode catalyst were made of platinum.256 Additionally, methanol cross-over from an 

anode to a cathode in Nafion membrane methanol electrolysers increases fuel consumption and 

results in contaminants in the hydrogen produced; as a result, membranes have been further 

developed to solve this issue.261-264 Fig 24 indicates the electrolysis setup for organic fuel 

methanol. 
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Fig 24: Electrolysis using organic fuel methanol.

A research study explained the exceptional performance of a CoS2nanoarray electrode on a 

titanium mesh substrate (CoS2/TiM) as a highly efficient and durable catalyst for the oxidation of 

hydrazine in a 1.0 M KOH electrolyte containing 100 mM hydrazine. Achieving a current density 

of 100 mA cm−2 requires only a low potential of 125 mV. The impressive hydrogen-evolving 

activity exhibited by CoS2/TiM positions it as a versatile bifunctional catalyst for energy-efficient 

hydrogen production through electrolysis, where it replaces the conventional water oxidation with 

hydrazine oxidation. In an electrolyzer operating at 100 mA cm−2, CoS2/TiM demonstrates 

remarkable performance, with a minimal cell voltage requirement of just 0.81 V in a two-electrode 

setup. Furthermore, it exhibits outstanding long-term electrochemical stability and achieves nearly 

100% Faradic efficiency for the evolution of hydrogen gas.265

An effective strategy to substantially reduce the voltage required for water electrolysis is to 

substitute the anodic OER with the hydrazine oxidation reaction (HzOR) due to its lower 

thermodynamic oxidation potential. In a study, researcher designed a novel copper–nickel nitride 

(Cu1Ni2-N) catalyst with a well-defined Cu4N/Ni3N interface on a carbon fiber cloth substrate. 

This three-dimensional (3D) electrode demonstrates exceptional performance in HER, requiring 

only a minimal over-potential of 71.4 mV at a current density of 10 mA cm−2 in a 1.0 M KOH 

solution. Simultaneously, it exhibits an impressively low potential of 0.5 mV at 10 mA cm−2 for 

HzOR when used in a 1.0 M KOH/0.5 M hydrazine electrolyte. Furthermore, when this 

synthesized Cu1Ni2-N electrode is employed as both the cathode and anode in an electrolytic cell, 

it achieves a cell voltage of 0.24 V at 10 mA cm−2 and maintains excellent stability over a 75-hour 

duration. This research represented a significant step forward in the development of copper–nickel-

based nitrides as bifunctional electrocatalysts, leveraging hydrazine assistance to enable energy-

efficient hydrogen production through electrolysis(Fig 25).266
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Fig 25: Electrolysis using organic fuel hydrazine. Modified from ref.266 with permission from [Wiley 

Online Library], copyright [2019].

A research study investigated an energy-efficient alkaline hydrogen production system by 

substituting the oxygen evolution reaction (OER) with the more oxidizable urea oxidation reaction 

(UOR). In this context, a bimetal heterostructure, CoMn/CoMn2O4, was engineered to serve as a 

bifunctional catalyst within an alkaline environment, facilitating both urea oxidation and the 

hydrogen evolution reaction (HER). The CoMn/CoMn2O4heterostructure, characterized by a 

Schottky heterojunction structure, enables spontaneous charge transfer at the interface. This 

feature enhances the adsorption of reactant molecules and the breaking of chemical bonds, thereby 

initiating the decomposition of both water and urea. Consequently, the heterostructured electrode 

demonstrated remarkably low potentials of -0.069 V and 1.32 V (versus the reversible hydrogen 

electrode) to attain current densities of 10 mA cm−2 for HER and UOR, respectively, in an alkaline 

solution. Furthermore, the complete urea electrolysis driven by CoMn/CoMn2O4 achieves a current 

density of 10 mA cm−2 at a relatively modest potential of 1.51 V and maintains stable performance 

for over 15 hours. This innovative approach involving Mott-Schottky hybrids in electrocatalysts 

represented a promising avenue for sustainable energy conversion, merging hydrogen production 

with sewage treatment for environmentally responsible applications(Fig 26).267
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Fig 26: Electrolysis using organic compound urea. 

In another study researchers substituted the OER with the thermodynamically preferred 5-

hydroxymethylfurfural (HMF) that give 2,5 furan dicarboxylic acid (FDCA) on oxidation. They 

created three-dimensional (3D) hybrid electrocatalytic electrodes by layering nanosized graphene 

oxide as a building block. These electrodes were capable of aiding both HMF conversion and the 

hydrogen evolution process (HER) at the same time. The nanoarchitecture of the electrode, 

comprising the thickness and position of gold (Au) and palladium (Pd) nanoparticles (NPs), was 

found to have a substantial influence on electrocatalytic performance. Even when the same 

constituent NPs were used, the electrodes demonstrated highly adjustable performance via reaction 

kinetics and diffusion-controlled mechanisms. Furthermore, in a full-cell setting, a 

bifunctionaltwo-electrode electrolyser optimised for HMF oxidation and HER had the highest 

overall electrocatalytic activity. 

Anode: HMF + 6OH–→ FDCA + 4H2O+ 6e–

Cathode: 6H2O+ 6e–→ 3H2 + 6OH–

Overall    HMF+2H2O → FDCA+ 3H2

In a recent study, researchers introduced a novel integrated electrode composed of 

CoNiPnanosheets with a dual functionality. The CoNiP-NIE serves to enhance the HER while also 

replacing the OER with the oxidation reaction of 5-hydroxymethylfurfural to produce the valuable 

compound 2,5-furandicarboxylic acid (FDCA). Newly designed electrode achieves a high 

Faradaic efficiency exceeding 82% for HMFOR over a wide potential range, from 1.40 V to 1.70 

V vs. RHE (reversible hydrogen electrode, which surpasses the performance of previously reported 

Page 49 of 79 Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

0/
24

/2
02

3 
3:

00
:0

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D3GC02849F

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3gc02849f


50

electrocatalysts. Furthermore, the low overpotential required for HER underscores its effectiveness 

in hydrogen (H2) generation. Leveraging the bifunctional properties of CoNiP, researchers 

constructed an electrochemical device that combines hydrogen evolution with biomass oxidation. 

This device exhibits a lower voltage requirement (1.46 V) for anode oxidation compared to 

traditional water splitting (1.76 V) and achieves a higher H2 evolution rate (41.2 L h-1 1 m-2) under 

the given conditions (Fig 27). 

Fig 27: Schematic illustration of HMFOR and HER. Modified from ref.268 with permission from [Elsevier], 

copyright [2022].

4. Hydrogen as a By-product from Electrolysis 

Numerous electrolyses are based on anodic oxidation, which is accompanied at the cathode by 

hydrogen evolution. The electrolysis of the halides results in a variety of compounds, which is 

notable. The chemistry and electrochemistry of the halides (Br, Cl, and I) involve reactions that 

are quite similar, although the values of the kinetic and thermodynamic parameters vary.  Chlorine 

electrochemistry is a significant field of industry. An important illustration is the electrolysis of 

sodium chloride to produce chlorine and sodium hydroxide (the chlor-alkali process). The desired 

reaction in the electrolysis of a sodium chloride solution is the production of chlorine at the anode 

while in an alkali solution, the cathode reaction results in the formatting of hydrogen gas and 

hydroxide ions.269

Anode: 2Cl–→ Cl2 + 6H+ + 6e– (21)

Cathode: 6H+ + 6e–→ 3H2 (22)

It is possible to collect hydrogen gas by separating the anode and cathode reaction products so that 

they do not react. Other electrolyses of sodium chloride, depending on the circumstances, can 

Page 50 of 79Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

0/
24

/2
02

3 
3:

00
:0

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D3GC02849F

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3gc02849f


51

generate substances such sodium hypochlorite, chlorate, and perchlorate in addition to hydrogen 

(at the cathode):

NaCl + H2O → NaOCl + H2 (Overall hypochlorite reaction) (23)

NaCl + H2O + Cl2→ NaOCl3 + H2 (Overall chlorate reaction) (24)

NaCl + H2O + 3/2Cl2 → NaOCl4+ H2 (Overall perchlorate reaction) (25)

The counter electrode additionally produces hydrogen at the cathode as a result of other inorganic 

synthesis.15

5. Sustainability of Hydrogen Production

Methods for producing hydrogen are based on seven criteria for sustainability. The first two criteria 

that need to be looked into have to do with how effectively hydrogen can be produced in 

accordance with the first and second laws of thermodynamics. Energy efficiency is determined by 

the first law of thermodynamics, while the second law emphasizes energy efficiency. Since 

efficiency is typically defined as the desired output divided by the required input, the following 

equation represents energy efficiency:

(26)η =
mLHV

Ein

Here, “m” represents the rate of hydrogen generation in kg/s, “LHV” represents the lower heating 

value of hydrogen (calculated as 121 MJ/kg), and “Ein” denotes the rate of energy consumption in 

MJ/kg. It is possible to transform the energy efficiency equation into the exergy efficiency equation 

as follows:

(27)ψ =
mExch

H2

Exin

stands for the chemical exergy of hydrogen in the exergy efficiency equation, and “Exin” Exch
H2

stands for the rate of exergy input into the process. The energy and exergy efficiencies of the 

chosen hydrogen production technologies are taken from the literature for this study.270-272

The cost of producing hydrogen is the third factor, and it is crucial, especially when scaling up and 

commercializing processes. Making sustainable hydrogen more accessible and extensively used 
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on the market is a crucial first step. The least expensive methods for producing hydrogen right now 

are coal gasification and natural gas reforming, but they also produce the most pollutants. 

Technologies for carbon capture (CC) can lower the emissions. However, CC pushes up the price 

of producing hydrogen by 10% to 20%.273

The majority of renewable-based hydrogen production methods are still in their development as 

compared to conventional, fossil-based solutions. As a result, renewable hydrogen has a greater 

lifecycle cost than fossil-based hydrogen. However, the price of hydrogen derived from renewable 

sources has significantly reduced. Due to advancements in materials science and system designs, 

further cost reductions are anticipated for the majority of upcoming renewable hydrogen 

production techniques. While renewable hydrogen becomes more reasonably priced on a big scale, 

fossil-based hydrogen produced through carbon capture can be used as a bridge fuel. The cost 

information for the chosen hydrogen production technologies is gathered.20, 271, 274-276

The probable effects of acidification and global warming according to the life cycle assessment 

(LCA) make up the fourth and fifth criteria. The LCA method is dependable for determining the 

true environmental effect.277 GWP measures the amount of CO2 emissions compared to the amount 

of H2 produced. Acidification potential (AP) measures the amount of waste that is discharged into 

the land and water in grams of SOx per kilogram of H2 generated. The two environmental impact 

metrics that are most frequently employed are GWP and AP.278 According to the literature, 

renewable hydrogen has a distinct advantage over fossil-based hydrogen in terms of GWP and 

AP.270, 271, 273, 279

Cost of carbon (CC) is the sixth criterion. According to the harm done to the environment and 

human health, CC calculates the marginal external cost of a unit of CO2 emissions. The literature 

has detailed descriptions of the many models used in the calculation of CC.280-284 The seventh 

criterion, known as the technology maturity level (TML), is rated on a modified, consolidated scale 

between 1 and 10. The TML facilitates the communication of a technology's maturity level. With 

regard to unique and small-scale alternatives, the grade 1 denotes the extremely early stages of 

research, and the number 10 denotes complete market integration. Data on the state of technology 

maturity are taken from Reference.272
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All performance factors are standardized and ranked between 0 and 10 in the final step to carry 

out the comparison assessment. The optimal choice is 10, whereas the least desired scenario is 0. 

The technology maturity level is already on a 0–10 scale, where 0 and 10 represent the least and 

most preferable solutions, respectively, therefore there is no normalization added to it. The chosen 

hydrogen production techniques perform more sustainably across the board as their score rises 

from 0 to 10. Efficiency measures for energy and exergy are normalized by:

(28)Rank(i) = efficiency(i) ×  10

The remaining factors (cost of manufacturing, cost of carbon, and potentials for global warming 

and acidification) are normalized appropriately and ordered as

(29)𝑅𝑎𝑛𝑘(𝑖) =
max 𝑣𝑎𝑙𝑢𝑒 ― 𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒(𝑖)

𝑚𝑎𝑥 𝑣𝑎𝑙𝑢𝑒 × 10

Here, the chosen approach is represented by (i). The highest value in the related performance 

category is indicated by the term "max value" in equation (29). For example, if a method has the 

greatest emissions among the options chosen, it receives a score of 0. As an alternative, the option 

with the highest rating would be the one with the lowest cost. It should be highlighted that zero 

cost and emissions receive rating 10. No method receives the highest ranking as a result. This 

strategy seeks to demonstrate that each alternative still has room for improvement across all chosen 

performance metrics. Each of the chosen hydrogen generation solutions is given a total 

sustainability score after all performance parameters have been normalized and graded between 0 

and 10.The overall scores are compared to the ideal hypothetical case where hydrogen is produced 

with 100 percent energy and exergy efficiency, zero GWP, AP, and cost, and a TML of ten. The 

average scores are then determined. Table 7 illustrates detailed sustainability performance rankings 

of the selected hydrogen production methods. The eight cases used to determine average scores are as 

follows:210

EI: All factors are equally important. 

EE: energy efficiency is given a 40% weighting, and the remaining criteria are each given a 10% 

weighting. 
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ExE: exergy efficiency is given a 40% weighting, and the remaining criteria are each given a 10% 

weighting. 

CC: The weight for the cost of carbon is 40%, and the remaining criteria are each given a 10% 

weight.

Cost: Production cost is given a 40% weighting, while the remaining criteria are each given a 10% 

weighting.

AP: AP is given a 40% weighting, and the remaining criteria are each given a 10% weighting.

GWP: The weight for GWP is 40%, and the remaining criteria are each given a 10% weight.

TML: TML is given a 40% weighting, and the remaining criteria are each given a 10% weighting.

Table 7:Detailed sustainability performance rankings of the selected hydrogen production methods in 
different cases and the hypothetical ideal case210

EI EE ExE CC Cost AP GWP TML
Electrolysis(large scale) 7.7 7.7 6.5 8.3 7.1 8.1 8.3 8.1
PV electrolysis 4.6 3.6 3.4 5.6 3.5 5.5 5.6 4.7
High temperature electrolysis 6.3 6.9 5.5 6.9 5.2 7.0 6.9 5.6
Photoelectrochemical cell 4.8 3.6 3.4 6.3 3.4 6.3 6.3 4.6
Ideal 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0

In the twenty-first century, sustainable energy systems are expected to play significant roles in the 

supply and demand aspects of the use of current sources. Identification of dependable, economical, 

plentiful, and clean sources for H2 production area necessity. There is a much work being done to 

create and improve systems that manufacture H2 more cheaply from renewable resources in order 

to further reduce emissions and energy use. 

Hydrogen is widely regarded as an environmentally friendly secondary source of renewable energy 

and a viable replacement for fossil fuels because it is the only fuel that is carbon-free and has the 

largest energy density of any fuel known.285-287 Another benefit is that hydrogen can be used for 

domestic consumption and can be safely transported using conventional transportation 

methods.288-291 It can also be stored as compressed gas, cryogenic liquid, or solid hydride in order 

to be fed to stationary fuel cells.292-294 A minor portion is utilisation in cars, and applications such 
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as power generation and heating in the residential and industrial sectors are anticipated in the near 

future.290, 295, 296

The cost of alternative energy sources and novel H2 generation techniques is falling, while the 

effectiveness of H2 based energy conversion systems is rising. H2 is therefore anticipated to 

achieve future sustainability objectives.297 Options for electrolysis based on photovoltaics are also 

thought to be viable for producing hydrogen sustainably.20 Unfortunately, the low conversion 

efficiency and the high investment costs are major barriers to the competitiveness of water splitting 

technologies compared to conventional approaches. Integrating storage, transportation, and 

hydrogen generation based on renewable energy sources is essential for sustainable hydrogen 

production.298 Hydrogen must be produced in clean, dependable, cost-effective, and safe ways that 

do not harm society or the environment in order for hydrogen systems to be acceptably sustainable. 

The following important factors should be taken into account: 

 Technical performance (energy efficiencies, process control, raw material input), 

 Social performance (impact on public health, employment and training opportunities, and 

public acceptance), 

 Environmental performance (greenhouse gas emissions, land use, water discharge quality, 

and solid waste), and 

 Availability/reliability (dependence on imported resources, predictability, and scalability).

Grid electrolysis (electricity from fossil fuels), wind electrolysis, solar electrolysis, nuclear 

thermochemical water splitting cycles, solar thermochemical water splitting cycles, and photo-

electrochemical cells are some of the current and prospective hydrogen generation technologies. 

Grid electrolysis is anticipated to hold the key to more environmentally friendly hydrogen 

production in the near future as other technologies develop and their costs come down. In the long 

run, wind electrolysis and solar thermochemical water splitting cycles will be promising methods 

for producing sustainable hydrogen.299 Research into new, better performing (ideally abundant) 

materials is necessary to enable all of these technologies to attain greater sustainability while 

aiming for cost reduction. A possible route to 100% sustainably produced hydrogen in the energy 

sector is shown in Fig 28
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Renewable and 
clean sources

Sustainable 
production 
technologies

Scale-up studies 
and community 

applications

System integration 
for 

multigeneration 
and 

implementation

100% Sustainable 
hydrogen based 

economy

Fig 28: A potential pathway to reach 100% sustainable hydrogen in the energy market. Modified from ref. 
210 with permission from [Elsevier], copyright [2022].

6. Hydrogen Economy

The cost of feedstock, the efficiency of the technology used, the stage of development (e.g., early 

stage or mature), and the physical proximity to end use markets (centralized or distributed 

production) are just a few of the many factors that affect the economics of hydrogen production.300 

Investment costs play a large role in determining hydrogen production costs. The production 

strategy and plant size have an impact on the cost structure. For instance, the fuel cost share ranges 

from 50 to 68% in large-scale SMRs while it is only between 28 and 40% in small reformer units. 

Electricity costs account for between 75 and 80 percent of the cost of electrolytic hydrogen. Fuel 

costs for biomass gasification are roughly 40%. Regarding the evolution of feedstock prices, 

natural gas is forecast to cost more during the following ten years, while coal is anticipated to cost 

the same. Costs of electricity are significantly influenced by changes in the price of feedstocks, 

particularly fossil fuels.

A cheap and sustainable source of hydrogen is necessary for the Hydrogen Economy to succeed 

in the future. Presently, fossil fuels like coal and natural gas are mostly used to produce hydrogen. 

However, the availability of both of these fuels is constrained, and the creation of hydrogen results 

in the release of greenhouse gases. Therefore, in order to produce hydrogen in a hydrogen 

economy, alternative energy sources must be investigated for both environmental and economic 

reasons. The cost of operating fossil fuel facilities is rising, whereas the cost of alternative energy 

technology is falling as economies of scale are reached, even if historically the cost of hydrogen 

from fossil fuel plants has been less expensive than that from other energy sources. In the 
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electrochemical production of hydrogen, the cost of producing hydrogen using the existing light 

water reactors with electrolysis is greater and is anticipated to range from 4.36 to 7.36 $/kg, which 

would not be regarded as a low-cost energy source in light of current gasoline prices.22 Costs for 

electrochemical methods of producing hydrogen are shown in Table 8.15 The projected costs for 

PEM electrolysis and SOE to produce hydrogen are now $5.25/ kg and $4.7/ kg, respectively. 

According to future predictions, using electricity generated from renewable resources, electrolysis-

produced hydrogen will cost ca. $2/ kg. The cost of solar thermochemical hydrogen is 

approximately $2.5/ kg. Currently, there are roughly 0.1 GT of hydrogen produced annually, most 

of which is used locally to produce ammonia or to refine and treat metals.286, 295

Table 8: Representative costs for electrochemical hydrogen production methods.15

Electrochemical Hydrogen production methods Production costs $/ kg of H2

SOE electrolysis 4.7–3.8 (forecast)
PEM electrolysis 5.25–4.5 (forecast)
Solar electrolysis 2.0

Compared to other methodologies, creating hydrogen gas with wind and solar energy is more 

expensive. This scenario is the result of a number of economic and technological variables, 

including the cost of maintenance work, the technology used in power systems, and the price of 

electricity generated by wind and solar systems. The high expenses of distributed and small-scale 

manufacturing in comparison to the industrial size of conventional power facilities is another 

factor. Unfortunately, carbon-based conversion is the most cost-effective way for producing 

hydrogen (steam methane reforming, coal and biomass gasification). Although many people 

believe that nuclear energy can produce hydrogen at a scale that is economically viable, there are 

still a number of restrictions and technical issues that need to be resolved.301

The overall system has a significant impact on the efficiency of the conversion from electricity to 

hydrogen and back to electricity. The efficiency of hydrogen production from low temperature 

electrolysis will be no higher than 25%. However, by switching from low to high temperature 

electrolysis, which produces steam at 800°C, and by using advanced nuclear plants with higher 

thermal-to-electric conversion efficiencies, this conversion might be increased.302
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Table 9: Electrical and thermal efficiencies of conversion for different hydrogen production routes303-306

Conversion routes Conversion efficiency (%)
Nuclear heat + electrolysis 28
Wind + electrolysis 70
Solar PV + electrolysis 10.5
Hydroelectric + electrolysis 70
Tidal + electrolysis 70

Examples of the technical, economic, and environmental aspects of systems for producing 

hydrogen using fossil and non-fossil fuels may be found widely in the literature.270, 271For instance, 

Dawood et al.272have examined function of hydrogen in future energy systems and suggested a 

pathway toward 100% renewable energy systems. The current situation of the hydrogen supply 

chain is depicted as an advancing energy vector in the techno-economic assessment of hydrogen 

production methods,which includes resources, generating and storage technologies, demand 

market, and economics. Ji and Wang have studied the state-of-the-art, most recent developments, 

and difficulties of both fossil- and renewable-based hydrogen production techniques. They have 

come to the conclusion that electrolysis and thermochemical cycles in combination with renewable 

energy sources exhibit significant economic and environmental promise.273

Table 10: Production cost and final cost for hydrogen from different processes275, 307-309

Cost (€/GJ)Process hydrogen from Production mode
Feedstock Production Final (incl. storage, 

delivery, dispensing)
Coal gasification centralized 1.2 13–16 32–37
Methane reforming centralized (3 M 

Nm3 /d)
3 5–8 22–30

Biomass gasification intermediate 2.4 17–22 33–40
Methane reforming decentralized 4–5 7–12 28–33
Gasoline refinery 2.5 6 7
Electrolysis decentralized 14 20–25 35–40

Conclusion

The majority of the remaining hydrogen produced today comes via electrolysis of water, with the 

remaining 95% coming from hydrocarbons often reacting with steam. In order to produce 
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hydrogen from non-fossil natural resources in substantial amounts, a hydrogen-based energy 

system will need to rely on low-cost and effective methods. Using electrolysis, which primarily 

uses renewable energy sources and water, accounts for only 4% of global hydrogen production. 

The amounts of hydrogen needed are enormous and orders of magnitude more than what is now 

produced, according to estimates from different nations. Splitting water, which is a perfect 

hydrogen transporter, is the most sustainable method of obtaining hydrogen. Hydrogen and oxygen 

are split from water by electrolysis, a practical and proven process that today yields very pure 

hydrogen for usage in the electronics, pharmaceutical, and food sectors. Due to the fact that water 

electrolysis only necessitates a modest amount of storage, it is a safe choice for producing 

hydrogen at the point of use in relatively small quantities. Around 80% of the cost of producing 

hydrogen comes from the electricity needed to electrolyse water and separate it into hydrogen and 

oxygen. Potentially, electrolysis can produce a clean and renewable energy supply when combined 

with a renewable energy source. However, electrolysis by itself would not be able to produce all 

the hydrogen anticipated to be required for upcoming energy demands. Although pilot systems are 

being investigated, the use of solar radiation for heating and/ or photocatalysis shows considerable 

promise but still needs further research and development. This is currently being conducted on 

photoelectrochemical catalysts that create hydrogen when exposed to visible light in order to 

increase their robustness, efficiency, and material costs. There are many choices of methods of 

producing hydrogen that might be sustainable and prevent this consumption of fossil fuels. 

However, for them to develop there must be both significant capital investments in the 

infrastructure and political legislation-driven incentive. Different electrochemical methods have 

been discussed in detail in this study including wind, solar and nuclear assisted water electrolysis, 

high and low temperature water electrolysis, electrolysis using organic fuels and hydrogen 

production as a by-product of various electrolytic methods. This review makes an effort to do just 

that while also going detailing the economics and status of industrial and development electrolysis.

Future Perspectives

In general, electrolysis is regarded a well-known alternative technique for producing hydrogen that 

has already attained a significant market potential. Megawatt scale units are already available, and 

problems with project production and supply chain development are also being addressed. 
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Between the years 2020–2025 electrolysis is expected to become a marketable technology. The 

systems' durability is now a limitation of electrolysis technology, however, owing to intensive 

research, these issues should be solved in the upcoming decades. The viability will depend on the 

cost of the required renewable electricity. There are several future perspectives which are given 

below:

1. Resolving Durability Challenges

One of the primary challenges facing electrolysis technology is the durability of the systems. 

However, through extensive research and development efforts, it is anticipated that these 

difficulties will be overcome in the coming decades. This improvement in durability is a critical 

step in making electrolysis a more reliable and long-lasting technology.

2. Cost-Effective Hydrogen Production

The viability of electrolysis for hydrogen production is closely tied to the cost of renewable 

electricity. As renewable energy sources become more accessible and affordable, the cost-

effectiveness of electrolysis is expected to increase. This shift is particularly significant as we 

strive to reduce carbon emissions and transition to a cleaner energy landscape.

3. Advancements in Solid Oxide Electrolysis (SOE)

Solid Oxide Electrolysis (SOE) systems are poised to become more economical and durable in the 

next decade. They are expected to catch up with traditional alkaline and PEM electrolysis 

technologies by 2030. This advancement in SOE technology will contribute to a more diverse and 

competitive hydrogen production landscape.164

4. Nuclear-Powered Hydrogen Production

A prospective approach involves utilizing electrolytically produced hydrogen derived from nuclear 

power sources. This method enables the generation and storage of hydrogen during periods of low 

electrical demand, which can then be converted back into energy during peak demand. As natural 

gas prices rise, the stability of nuclear power steam generation becomes increasingly attractive, 

offering a reliable alternative for hydrogen production.310

5. Carbon-Neutral Hydrogen Production
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The quest for cost-effective hydrogen production without emitting carbon dioxide remains a top 

priority. As technology continues to advance, there is a strong possibility that we will achieve the 

goal of producing hydrogen in an environmentally friendly and economically viable manner. The 

recent developments in this area are highlighted.210

6. Underground Seasonal Hydrogen Storage (USHS)

To secure the energy supply chain for a hydrogen-based future, large-scale energy storage 

technologies are essential. Underground Seasonal Hydrogen Storage (USHS) is emerging as a 

viable method to address the temporal fluctuations in renewable energy output. Geological 

research, including assessments of geochemical and biological reactions, is critical to its success. 

The connection between hydrogen demand and various applications, such as ammonia generation 

and integration into power systems, will shape the future energy landscape.311

7. Collaboration and Diverse Production Technologies

Collaboration between government agencies, industry leaders, and educational institutions is 

crucial for driving advancements in hydrogen production. Both centralized and decentralized 

methods of hydrogen production are under investigation. Prioritizing the improvement of existing 

commercial methods, while also exploring cutting-edge technologies such as direct photon-to-

hydrogen energy-based water splitting, will lead to diverse and efficient production configurations.

8. Policy Adjustments and Technological Advancements

To achieve these goals, several steps and policy adjustments are recommended:14

i. Foster Technology and Market Development: Government support should prioritize the 

development of carbon dioxide capture and absorption technologies and the advancement 

of renewable and low-carbon-emitting methods.

ii. Improve Gas Separation and Purification Techniques: Research into high-efficiency 

hydrogen purification technologies suitable for distributed reformers is essential.

iii. Invest in Small Reformers: Utilizing small reformers powered by various fuels can 

reduce the cost of hydrogen supply, with a focus on reliability and compatibility with fuel 

cells.
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iv. Reduce Electrolyzer Expenses and Maximize Efficiency: Continuous improvement in 

electrolyzer efficiency and cost reduction is vital, especially for decentralized power 

generation.

v. Explore Innovative Photolytic Processes: Advancements in photolytic processes that use 

light energy for hydrogen production should be a research priority, with a focus on 

efficiency and corrosion resistance.

vi. Nuclear-Powered Hydrogen: Develop cost-effective and environmentally friendly 

methods for producing hydrogen from nuclear energy, leveraging advanced nuclear reactor 

technology.

vii. Carbon Dioxide Collection and Sequestration: Integrate carbon dioxide capture systems 

into hydrogen production plants to minimize carbon emissions.

viii. Demonstrations and Technology Integration: Showcase hydrogen production 

technology alongside practical examples to generate market interest and promote safety.

ix. Large-Scale Testing Sites: Establish dedicated sites for large-scale testing and technology 

display to address logistical challenges.

In conclusion, the future of hydrogen production through electrolysis is bright, with a range of 

advancements on the horizon. Through collaborative efforts, technological innovation, and policy 

support, we can build a reliable and efficient hydrogen production system that plays a pivotal role 

in a sustainable energy future.
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