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Abstract— The global energy transition towards achieving a 

sustainable energy landscape has generated attention once again on 
the potential decarbonisation solution provided by green hydrogen 
production across different sectors. Countries with abundant 
renewable energy resources, such as South Africa, are well 
positioned to capitalise on these opportunities presented by green 
hydrogen technologies. Seawater electrolysis is a green hydrogen 
production technology that is receiving increasing attention as a 
potential key technology to address climate change issues This 
review provides detailed insights into the current challenges and 
prospects of solar-powered seawater electrolysis for green hydrogen 
production in the South African context. 

The review begins with an overview of green hydrogen 
production, including the basics of water electrolysis, the 
technologies involved, and compares the various electrolysis 
technologies: alkaline, proton exchange membrane (PEM), solid 
oxide electrolysis cell (SOEC), and membrane (AEM) systems. It 
then evaluates the status of green hydrogen development in South 
Africa, including the role of the government, players in industry, and 
skills development. 

Techno-economics of green hydrogen production: Levelized Cost 
of Hydrogen (LCOH) and integrated renewable energy systems 
efficiency metrics are analysed.  The review also explores the 
technical, infrastructural, and economic aspects of seawater 
electrolysis, including challenges like chlorine evolution, electrode 
corrosion, and transportation network constraints. Emerging research 
directions aimed at overcoming these challenges by designing 
selective catalysts, novel electrode designs and improving materials, 
are discussed. 

The review highlights the importance of environmental aspects 
related to the deployment of seawater electrolysis technologies, 
which require comprehensive impact assessments for sustainable 
development. It concludes by suggesting priorities for future research 
that address efficiency, lifetime and cost-competitiveness with a view 
to supporting South Africa's transition to a green hydrogen economy. 
 

Keywords— Green Economy, Green Hydrogen, Renewable 
Energy, Seawater, Sustainable Energy Transition, Water Electrolysis.  

I. INTRODUCTION 
The global interest in green hydrogen production has 
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gained significant momentum in recent years due to its 
potential to decarbonize various sectors, such as the 
transportation industry, and power generation sectors 
worldwide (Buttler and Spliethoff, 2018; Miller et al., 2020). 
Countries with abundance of renewable energy resources, 
such as solar and/or wind, are well-positioned to explore the 
opportunities presented by green hydrogen technologies 
(Vorosmarty et al., National & Dresp, 2010; 2019). 

South Africa is one such region that is rich in abundant 
renewable energy resources, particularly solar radiation 
(Abbas et al. 2023). Nevertheless, fossil-fuel-based electricity 
generation is still a significant component of the current 
energy mix in South Africa, particularly coal (Zghaibeh et al, 
2022). To address this challenge and align with global 
decarbonization efforts, the South African government has 
implemented several policies and frameworks for renewable 
energy and clean hydrogen production to overcome this 
bottleneck (Clarke et al., 2009; Li et al., 2018).nThe 
electrolysis of seawater is a potential green hydrogen 
production technology for countries with large shorelines and 
lots of solar/wind energy such as in the dry coastal regions of 
South Africa (Dionigi et al., 2016; Tong et al., 2020). This 
approach offers the potential to harness the inherent resources 
of the country while also contributing to the transition toward 
a more sustainable energy system (Nocera, 2019; Obata et al., 
2018). 

Green hydrogen produced by seawater electrolysis is 
hindered by numerous technical and economical constraints. 
These include the development of specialized electrocatalysts 
and membrane materials that can withstand seawater 
contamination effects and minimizing overall system costs to 
achieve competitiveness against conventional hydrogen 
production methods (Vos et al., 2018; Peter et al., 2020). 
Thorough Comprehensive environmental impact assessments 
will also be vital to ensure that sea water electrolysis 
technology deployment aligns with sustainable development 
goals and minimizes any adverse environmental consequences 
(d'Amore-Domenech et al., 2020; Lindquist et al., 2020). 

II. OVERVIEW OF GREEN HYDROGEN PRODUCTION 
Hydrogen has emerged as a promising energy carrier in the 

global push towards decarbonization and sustainable energy 
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systems. Hydrogen is a promising fuel that can be generated 
from various sources, used in a wide range of sectors, and thus 
offers significant potential for reducing greenhouse gas 
emissions, and fossil fuel dependency (Rosero Chasoy et al., 
2023). Hydrogen has gained importance for its potential to 
store energy and act as a transport mechanism for electrical 
energy and for clean combustion, which produces only water 
as a byproduct. Different hydrogen production methods are 
based on their carbon intensity. Grey hydrogen is derived 
from fossil fuels without any carbon capture, while blue 
hydrogen combines fossil fuels with carbon capture and 
storage. One of the attractive solutions is the production of 
green hydrogen; the focus of this review; obtained using 
renewable energy source in water electrolysis, resulting in 
zero direct carbon emissions (Bidattul Syirat Zainal et al., 
2024). Green hydrogen has the potential to decarbonize hard-
to-abate economic sectors such as heavy industry and long-
distance transportation, providing significant environmental 
benefits (Rosero Chasoy et al., 2023). Water electrolysis 
represents a fundamental process in the production of green 
hydrogen. Water electrolysis is a method that uses electricity 
to dissociate water molecules into hydrogen and oxygen. If 
this electricity is from renewable sources (like wind or solar), 
the resulting hydrogen is designated as green hydrogen and is 
consistent with Power-to-X energy conversion and storage 
strategies. While the basic principle remains consistent, many 
technological approaches to water electrolysis have been 
developed, each with different properties and uses (Ponikwar, 
2024).  

A. Fundamentals of Water Electrolysis 

Water electrolysis is a crucial process to produce green 
hydrogen, a clean and sustainable energy carrier. This section 
provides an in-depth analysis of the fundamental principles 
underlying water electrolysis, including its thermodynamic 
and kinetic properties, efficiency, and materials needed. 

B.  Thermodynamics of Water Electrolysis 

The energy demand and viability of water electrolysis is 
based on the thermodynamics of the reaction. The standard 
Gibbs free energy change for the water-splitting reaction is 
237.2 kJ/mol, which corresponds to minimum theoretical 
voltage of 1.23 V at standard temperature and pressure (Ursua 
et al., 2012). In practice, however, more energy is needed to 
overcome activation barriers among other losses, leading to a 
higher operational voltage. These extra energy inputs place a 
significant constraint on the thermodynamic efficiency of 
water electrolysis and must be accounted for in the design and 
optimization of electrolysis systems (Ponikwar, 2024). 
 
 

 
Fig. 1 Typical scheme for water electrolysis (Badea et al., 2022). 

C.  Kinematics and Mass Transport 

The overall efficiency and performance of the water 
electrolysis process are also significantly impacted by the 
kinetics of the water electrolysis reaction and transport of 
reactants and products in the electrochemical system. 
Electrode material properties, catalyst loading, and operating 
conditions (such as temperature and pressure) govern the 
reaction kinetics (Carmo et al., 2013). The performance of an 
electrolysis system is also greatly affected by mass transport 
phenomena, including diffusion and convection of 
reactants/products, especially high current density (Carmo et 
al., 2013). 

D.  Efficiency Considerations 

Water electrolysis efficiency is an important factor in 
assessing the overall feasibility and competences of green 
hydrogen production. The process is limited by several 
factors, e.g. thermodynamical limitations, kinetic 
overpotentials, ohmic losses and ancillary equipment 
consumption (e.g. compressors, pumps) (Buttler and 
Spliethoff, 2018). Research focused on the area of water 
electrolysis is still ongoing by seeking to make the process 
even more efficient, and develop advanced materials, optimize 
system design, and enhance energy management strategies 
(Buttler and Spliethoff, 2018). 

E. Material Requirements and Specifications 

Materials employed in water electrolysis systems are 
required to meet stringent requirements to ensure high 
performance, long-time stability and cost effectiveness. These 
range from the electrocatalysts, electrode materials, and 
membranes to the bipolar plates (Carmo et al., 2013). Ongoing 
research and development are focused on finding and 
optimizing novel materials that can increase water electrolysis 
technology's performance, stability, and scalability in terms of 
materials and processes (Carmo et al., 2013). 

III. COMPARATIVE ANALYSIS OF WATER ELECTROLYSIS 
TECHNOLOGIES 

This section examines four primary water electrolysis 
technologies: Alkaline Water Electrolysis (AWE), Proton 
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Exchange Membrane (PEM) Electrolysis, Solid Oxide 
Electrolysis Cell (SOEC), and Anion Exchange Membrane 
(AEM) Electrolysis as depicted in figure 2. Each technology is 
analyzed in terms of its structural components, operational 
processes, and key characteristics.  

 
Fig. 2 Typical schematics of water electrolysis technologies 

(Sugawara et al., 2023) 

A. Alkaline Water Electrolysis 

Alkaline Water Electrolysis (AWE) is a mature technology 
for green hydrogen production utilizing an alkaline 
electrolyte, usually potassium hydroxide (KOH) or sodium 
hydroxide (NaOH), to facilitate ion transport and electrolysis 
(Fuchs, 2021). This matured technology operates within 70–
90° C range and up to atmospheric pressure with suspended 
electrodes from half-cells separated by an ion conducting 
membrane permeable to hydroxide ions but not gasses (Amini 
Horri & Ozcan, 2024). 

The AWE process can be described by the following 
electrochemical reactions: 

At the cathode: 2H₂ O + 2e⁻  → H₂  + 2OH⁻   
At the anode: 2OH⁻  → ½O₂  + H₂ O + 2e⁻  
AWE systems have strong long-term stability, relatively 

low capital expenditures, and achieve cell nominal efficiencies 
(HHV) of 50-80% (Amini Horri & Ozcan, 2024). They 
usually work at 1.8–2.4 V voltages with 0.2–0.5 A/cm² 
current densities while consuming 5.0–5.9 kWh/Nm³ (Amini 
Horri & Ozcan, 2024). These systems produce high purity 
hydrogen (99.5–99.99 %) and long stack life (up to 90,000 h) 
with a stack cost of 270 USD/kW (Amini Horri & Ozcan, 
2024). Compared to other electrolyzer types, AWE tends to 
offer lower efficiency (even allowing for the lower capital 
costs associated with non-noble metal catalysts) and limited 
range of operation under dynamic conditions. Ongoing 
research aims to address challenges such as improving energy 
efficiency and reducing capital costs to enhance the economic 
competitiveness of AWE in the evolving hydrogen economy 

(Amini Horri & Ozcan, 2024). 

B.  Proton Exchange Membrane 

Proton Exchange Membrane (PEM) electrolysis is a unique 
way to make hydrogen. It works in an acidic environment and 
uses a solid membrane that conducts protons and acts as an 
electrolyte and gas separator (Fuchs, 2021). Unlike Alkaline 
Water Electrolysis (AWE), PEM systems use a membrane 
electrode assembly (MEA). This consists of a polymer 
membrane placed between catalyst-coated electrodes, 
allowing protons to move while stopping electron flow (Amini 
Horri & Ozcan, 2024). PEM electrolyzers operate at lower 
temperatures (around 80°C) and higher pressures, providing 
better efficiency (50-83%) and faster response times than 
AWE systems. They are known for high current densities, 
compact design, and producing high purity hydrogen, making 
them good for fuel cell applications and use with renewable 
energy sources. However, PEM electrolyzers need costly 
noble metal catalysts, especially at the anode, which is a 
hurdle for widespread industrial use. Even with this issue, 
PEM technology is being scaled up for industrial use, building 
upon its historical use in scientific applications (Amini Horri 
& Ozcan, 2024). 

The PEM electrolysis process can be described by the 
following electrochemical reactions: 

 
At the anode: H₂ O → ½O₂  + 2H⁺  + 2e⁻   
At the cathode: 2H⁺  + 2e⁻  → H₂  

C. Solid Oxide Electrolysis 

SOEC (Solid Oxide Electrolysis Cell) is a high temperature 
electrolyzer, which is basically a solid oxide ceramic material 
and acts as an electrolyte. A typical solid oxide ceramic 
material is yttrium-stabilized zirconia (YSZ) (Fuchs, 2021). 
Electrochemical cells operate at high temperatures, 500°C to 
1,000°C, where hydrogen gas is formed in a process called 
water splitting at the cathode, while the oxygen ion (O²⁻ ) is 
moved through the solid electrolyte at the anode for oxidation. 
This hot function of the reaction is an additional advantage for 
the co-production of hydrogen and high-temperature steam or 
heat which is very useful to the system in the case of the 
drawing of steam or heat.  
 SOEC is a technology that is based on ceramics that are 
highly capable of withstanding very high temperatures, high 
efficiency, and sensitivity to temperature fluctuations. SOEC 
was mainly used in scientific and niche applications in the 
past but at present, it is in the demonstration phase of 
industrial applications. However, technology faces challenges 
related to material durability and long-term stability, 
positioning it primarily in the research and development stage. 
Despite these hurdles, SOEC is a great performer in the high-
temperature field; thus, it opens new possibilities in the 
industrial sector, as this technology can be used in hydrogen 
and high-grade heat applications (Amini Horri & Ozcan, 
2024). 

The SOEC process can be described by the following 
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reactions: 
 
At the cathode: H₂ O + 2e⁻  → H₂  + O²⁻   
At the anode: O²⁻  → ½O₂  + 2e⁻  

D. Anion Exchange Membrane 

Anion Exchange Membrane (AEM) electrolysis is 
considered the most promising technology in this field to 
replace alkaline electrolysers because it uses an alkaline 

solution to supply the hydroxide ions and an anion exchange 
membrane to separate the anode and cathode. During the 
AEM process, the water migrates from the anode to the 
cathode, which is where it is split up to form hydrogen and 
hydroxide ions. The hydroxide ions thus formed then proceed 
to travel in the reverse direction to the anode where they 
participate in the formation of oxygen and water (Amini Horri 
& Ozcan, 2024).

 
The AEM electrolysis process can be described by the following reactions: 

 
At the cathode: 2H₂ O + 2e⁻  → H₂  + 2OH⁻  
At the anode: 2OH⁻  → ½O₂  + H₂ O + 2e⁻  

 
AEM electrolysis is currently in the research and 

development stage, but it is possible that it may provide very 
high current density, which is the current challenge for this 
technology, namely, the membrane's life and the system 
overall efficiency. 

Table 1 provides a comprehensive overview of the 
prominent characteristics of electrolysis technologies. This 

comparative analysis explains the distinct advantages and 
limitations of each method, facilitating a nuanced 
understanding of their respective roles in the evolving 
landscape of hydrogen production. 

 
TABLE 1: ROUGH CHARACTERISTICS OF THE CONVENTIONAL WATER ELECTROLYSIS TECHNIQUES 

Characteristic Alkaline 

Electrolysis (AE) 

Proton Exchange 

Membrane (PEM) 

Solid Oxide 

Membrane 

(SOM) 

Anion 

Exchange 

Membrane 

(AEM) 

Technology 
Readiness Level 

Mature/commercia
lized 

Mature/commerci
alized 

R&D R&D 

Operating 
temperature (°C) 

70-90 50-80 600-1000 40-60 

Operating pressure 
(bar) 

~Atmospheric <40 <5 <35 

Nominal voltage (V) 1.8-2.4 1.8-2.2 0.80-1.6 1.4-2.0 
Nominal current 
density (A/cm²) 

0.2-0.5 0.6-3.0 0.1-3.9 0.2-2.0 

Electrolyte/membran
e 

KOH solution (25-
30 wt.%) 

Generic PEMs 
(PFSA) 

YSZ or 
GDC 

Generic 
AEMs (DVB 

polymers) 
Commercial 

separator 
Zirfon™, polysulfone, 

polyphenylene 
sulphide polymers 

Nafion™ YSZ/GDC 
Pellets 

Fumatech™ 

Common 
electrocatalysts 

Nickel-coated 
perforated stainless 

steel 

Iridium/platinum Nickel-
YSZ/LSM-

YSZ 

Nickel foam 
or carbon 

cloth 
Cell nominal 

efficiency (HHV) 
(%) 

50-80 50-83 80-100 52-67 

Specific energy 
consumption 
(kWh/Nm³) 

5.0-5.9 5.0-6.5 3.7-3.9 Unknown 

Hydrogen purity (%) 99.5-99.9 99.9-99.9 99.9 99.9-99.9 

Stack lifetime (h) <90,000 <20,000 <20,000 <5000 
Stack cost (USD/kW) 270 400 >2000 Unknown 

Adapted from (Amini Horri & Ozcan, 2024). 
 

All the technologies to be examined are alkaline 
electrolysers, which are the most mature and established.  
However, their lower efficiency has been the driving force to 
the development of alternative technologies that are employed 

in various applications to replace the alkaline system. 
Proton Exchange Membrane (PEM) and Anion Exchange 
Membrane (AEM) electrolysers are electrolyzer types that can 
give you more efficiency and they are also more compact 
compared to their alkaline counterparts. These advantages, 
however, are offset by the requirement for more expensive 
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materials in their construction, which translates to higher 
capital expenditures (Amini Horri & Ozcan, 2024). 
Solid Oxide Electrolysis Cell (SOEC) technology emerges as 
the most efficient among the examined methods. However, it 
faces significant challenges that need to be resolved especially 
the high-temperature operational requirements and the higher 
associated costs expenditures (Amini Horri & Ozcan, 2024). 
This comparative analysis demonstrates the intricate 
interrelationship between technological maturity, efficiency, 
compactness, and economic efficiency in the field of 
electrolysis. As research and development efforts continue, it 
is anticipated that these emerging technologies will further 
evolve, potentially altering the balance of advantages and 
limitations observed in the current state of the art expenditures 
(Amini Horri & Ozcan, 2024). 

IV. CURRENT   OF GREEN HYDROGEN IN SOUTH AFRICA 

A. Advancing green hydrogen production in South Africa  

South Africa has an emerging but growing green hydrogen 
infrastructure and facilities, with a few pilot projects and 
demonstration plants, such as the Hydrogen Valley Initiative 
in Mpumalanga (Mazumder et al., 2021). The country also has 
hydrogen filling stations and a small hydrogen-powered 
transportation system consisting mainly of vehicles in the 
Western Cape province (Villarreal Vives et al., 2023). 
However, the progress of green hydrogen is still at the initial 
stage of concept due to the absence of the necessary 
information and research on the technologies of green 
hydrogen production in the South African context, as well as 
technological barriers to the acceptance of this new energy 
source (Tetteh et al., 2024). 

Nevertheless, there is a risen curiosity in green hydrogen if 
the factors like research publications from 2013 to 2023 are 
considered (Tetteh et al., 2024). The implementation of these 
projects will take on a two-pronged strategy further (CSIR, 
Meridian Economics, and KfW Development Bank, 2021). 
The Development of well-informed evidence-based policies 
will be the main instruments, supporting, and encouraging 
green hydrogen projects, and be followed by the favourable 
framework of the regulatory environment for them to flourish. 
At the same time, bringing knowledge and awareness to the 
public sector through the educational and awareness 
campaigns in the context of stakeholders' interactions with the 
different energy sectors will not only lure investors away from 
the national economy but also most probably international 
organizations. These moves ought to be accompanied by the 
integration of renewable energy resources such as South 
Africa's dominant solar and wind resources with the hydrogen 
production technologies. By leveraging these clean energy 
sources, the country can establish a sustainable and efficient 
green hydrogen production ecosystem, positioning itself as a 
leader in this emerging industry (Villarreal Vives et al., 2023). 

B. Government and Industry Participation 

The South African government has identified the strategic 
importance of green hydrogen for the growth of the country 
and has accordingly taken the necessary measures to support 

its production processes. Some of the notable initiatives are 
the inclusion provisions in the Integrated Resource Plan (IRP) 
2019 and the development of a Hydrogen Society Roadmap 
by the Department of Mineral Resources and Energy (DMRE) 
(Hydrogen Europe, 2024). Also, the government has adopted 
different incentives and schemes of funding to promote new 
projects in green hydrogen (Villarreal Vives et al., 2023). 
The industrial sectors of South Africa like Sasol, Eskom, and 
Anglo American are primarily in the green hydrogen 
development process with pilot projects and plans to invest in 
hydrogen production and related infrastructure as well (Hasan 
& Genç, 2022). Furthermore, South Africa has also signed 
agreements with countries such as Germany and the 
Netherlands to continue its green hydrogen collaboration 
activities on a global scale (Hydrogen Europe, 2024). These 
collaborations facilitate the exchange of best practices, access 
to funding, and the integration of South African green 
hydrogen initiatives with global value chains. 

C. Skills Development and Capacity Building 

Other than that, green hydrogen will also develop the skills 
and capacity building capacities of South Africa through the 
Hydrogen South Africa program which provides training and 
gives education in collaboration with universities and 
technical colleges (Hasan & Genç, 2022). These efforts are 
crucial in developing the necessary expertise and talent to 
drive the country's transition to a green hydrogen economy. 
Overall, South Africa's green hydrogen landscape is 
characterized by a combination of government support, 
industry participation, international collaborations, and skills 
development initiatives, all of which are collectively aimed at 
advancing the production and utilization of this clean energy 
carrier within the country (Hasan & Genç, 2022). 

V. TECHNO ECONOMIC ANALYSIS 
The techno-economic situation of green hydrogen 

production is a complex and changing business sector that 
involves multiple technological routes and economic issues. 
These factors, in turn, play a major role in the revolution and 
the formation of the new industry. The most recent analyses 
show that the Levelized Cost of Hydrogen (LCOH) for solar-
based systems range from 4.6 to 7.31 $/kg. Nonetheless, the 
graphs point to the possibility of decreasing such costs to 2.92 
$/kg in certain regions by 2030 (Gado, Nasser, and Hassan, 
2024). 

The technological equipment, in particular Proton 
Exchange Membrane (PEM) systems, has efficiency levels 
that range from 50 to 83%, operating at lower temperatures 
despite requiring premium materials. Integrated renewables 
systems have been thoroughly analyzed which have shown 
excellent prospects in terms of efficiency. The integrated 
wind-solar-OTEC (Ocean Thermal Energy Conversion) 
system that was devised in the paper titled "The Energy-
Ecological Symbiosis of RES: the case of a Novel Integrated 
Wind-Solar-Otec System" managed to achieve overall system 
energy efficiency by 45.3% and exergy efficiency of 44.9% 
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(Ishaq et al., 2019). In the system, the OTEC power 
generation cycle illuminates its energy efficiency of 4.5% and 
exergy efficiency of 12.9%. On the other hand, CuCl 
thermochemical production for hydrogen, which is the second 
process within the cycle, was responsible for 35.2% of energy 
efficiency and 36% exergy efficiency. The integration of the 
reverse osmosis (RO) desalination plant has exhibited superior 
performance with 73.3% energy efficiency and 34.6% exergy 
efficiency. 

The introduction of large-scale PEM electrolyser systems 
with heat recovery presents another significant technological 
advancement. Villarreal Vives et al. (2023) analysed a 10 MW 
PEM electrolyser system integrated with a heat recovery 
system and Organic Rankine Cycle (ORC). Their findings 
revealed hydrogen production capacity of 181.3 kg/h 
(equivalent to 7,143.2 kW using H2 HHV), adding that the 
cooler extracts heat from PEM stacks and flows by the gas 
streams that removed 2,827 kW of waste, thus, the system 
operation from 71.4% to 98%. The inclusion of specific 
offshore wind power of £0.057/kWh is connected to the 
lowest LCOH of £110.73/MWh H2 (HHV) regeneration with 
heat recovery. 

Regional analyses have also played a vital role in showing 
us how the feasibility and the economics of the geographical 
areas are different from each other. Investigations in Iraq have 
examined the systems of hydrogen production from solar and 
wind power along various system strategies, taking the 
different wind turbine sizes, solar panel types, and the 
dynamics of the electrolyzer as constraints (Hasan & Genç, 
2022). In the same vein, the study conducted in Bangladesh 
through HOMER Energy software has been able to develop 
the most optimal system configurations such as the addition of 
a 12.2 kW solar PV system, 20 lead-acid batteries, and a 3.42 
kW inverter/converter (Mazumder et al., 2021). 

The standardization of economic assessment tools has 
advanced through initiatives such as the Levelized Cost of 
Hydrogen (LCOH) calculator developed by Hydrogen Europe 
(2024). This too has so far been one of the main fields of 
investigations and successes. It ensures overall production 
costs from the hydrogen facts fully transparent, thus 
prioritizing green hydrogen from water electrolyses at low 
temperatures including alkaline and PEM technologies. It 
enables assessment of renewable hydrogen production cost-
effectiveness across various electricity sources, including grid 
connection, photovoltaics, and wind power installations Gado, 
Nasser and Hassan, 2024). 

Solar powered systems have shown the superiority in 
hydrogen production over wind-based alternatives which were 
implemented in Africa’s context (Gado, Nasser and Hassan, 
2024). The discoverability of this finding is very important in 
regional implementation strategies and technology selection. 
The collective evidence from these studies have shown that 
integrated renewable energy approaches, system efficiency 
optimization and cost-competitiveness are the main factors for 
the growth of green hydrogen technologies. 

VI. CHALLENGES AND FUTURE PROSPECTS 
The optimization of seawater electrolysis for green 

hydrogen production encounters multiple technical, 
infrastructural, and economic challenges while at the same 
time it also offers possibilities for sustainable energy 
development. The main technical barriers involve chlorine 
evolution at the anode, electrode corrosion, mineral scaling, 
and much lesser energy efficiency when compared to 
freshwater electrolysis (Halder et al., 2024; Tetteh et al., 
2024). The electrolysis technologies themselves present 
further barriers with each having its specific limitations. 
Alkaline water electrolysis (AWE) systems are not only 
characterized by small current densities but also by low gas 
purity, limited dynamic operation capabilities, and the decay 
caused by carbonate growth on electrodes (Agyekum et al., 
2022). Even though Proton Exchange Membrane (PEM) 
electrolysis holds a lot of promise, it faces obstacles in dealing 
with the very acidic operational environment, the immaturity 
of its components, and the high costs and durability issues 
(Agyekum et al., 2022). Solid Oxide Electrolysis (SOEC) 
systems add rather to the above issues by requiring extensive 
laboratory setups, exhibiting limited durability, and 
necessitating the use of complicated designs (Agyekum et al., 
2022). 

Infrastructure construction becomes another major problem 
especially in South Africa where limited hydrogen storage and 
transportation networks need substantial investment in the 
development of effective solutions. On the other hand, the 
plentiful solar energy resources in the region may provide a 
unique opportunity for market development and job creation 
in the green hydrogen sector. Significant knowledge gaps are 
still present in the following areas: long-term performance 
assessment of the hydrogen production process, the pre-
treatment process, catalyst development, life cycle and techno-
economic analyses (Halder et al., 2024; Tetteh et al., 2024). 
Future research directions focus on addressing these 
limitations through multiple approaches. Current studies that 
focus on (non-selective) reactors and reshape technology to 
enable new possibilities of the creation of electrodes should 
result in better efficiency/longer duration, also meanwhile, the 
recent integration of renewable energy sources (particularly 
offshore solar farms) allows calculations for optimized 
performance. New methods are being evaluated to include the 
application of pulsating electric fields and ultrasonic fields as 
a means to increase the efficiency of renewable energy-based 
hydrogen production (Agyekum et al., 2022) Moreover the 
new materials, system design optimization, and energy 
management strategies which are the most important things 
for overall system efficiency and competitiveness, will be the 
key focus areas (Butler and Spliethoff, 2018). Economically, 
South Africa has the potential to develop a green hydrogen 
market, leveraging its solar resources and creating jobs, while 
environmentally, this technology offers significant benefits 
including reduced carbon emissions and decreased pressure on 
freshwater resources, potentially playing a crucial role in the 
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country's transition to a more sustainable energy landscape as 
research progresses and infrastructure develops. 

REFERENCES   
[1] Agyekum, E.B., Nutakor, C., Agwa, A.M. and Kamel, S., 2022. A 

Critical  Review of Renewable Hydrogen Production Methods: Factors 
Affecting  Their Scale-Up and Its Role in Future Energy Generation. 
Membranes,12(2), p.173. 
https://doi.org/10.3390/membranes12020173 

[2] Amini Horri, B. and Ozcan, H., 2024. Green hydrogen production by 
water  electrolysis: Current status and challenges. Current Opinion in 
Green and  Sustainable Chemistry, 47, p.100932. 
https://doi.org/10.1016/j.cogsc.2024.100932 

[3] Badea, G. E., Hora, C., Maior, I., Cojocaru, A., Secui, C., Filip, S. M., 
& Dan,  F. C. (2022). Sustainable Hydrogen Production from Seawater 
Electrolysis: Through Fundamental Electrochemical Principles to the 
Most  Recent Development. Energies, 15(22), 8560. 
https://doi.org/10.3390/en15228560 

[4] Barghash, H., Al Farsi, M., Al Rashdi, Z., Okedu, K.E. and Al-Alawi, 
A.,  2024. Achieving decarbonization considering green hydrogen 
production:  Case study of Oman. Results in Engineering, 23, p.102657. 
https://doi.org/10.1016/j.rineng.2024.102657 

[5] Bidattul Syirat Zainal, Ker, P.J., Mohamed, H., Ong, H.C., Fattah, 
I.M.R.,  Rahman, S.M.A., Nghiem, L.D. and Mahlia, T.M.I., 2024. 
Recent  advancement and assessment of green hydrogen production 
technologies.  Renewable and Sustainable Energy Reviews, 189(Part 
A), p.113941. 
https://doi.org/10.1016/j.rser.2023.113941 

[6] Buttler, A. and Spliethoff, H., 2018. Current status of water electrolysis 
for  energy storage, grid balancing and sector coupling via power-to-
gas and  power-to-liquids: A review. Renewable and Sustainable 
Energy Reviews,  82, pp.2440-2454. 
https://doi.org/10.1016/j.rser.2017.09.003 

[7] Carmo, M., Fritz, D.L., Mergel, J. and Stolten, D., 2013. A 
comprehensive  review on PEM water electrolysis. International 
journal of hydrogen  energy, 38(12), pp.4901-4934. 
https://doi.org/10.1016/j.ijhydene.2013.01.151 

[8] Clarke, R.E., Giddey, S., Ciacchi, F.T., Badwal, S.P.S., Paul, B. and 
Andrews,  J., 2009. Direct coupling of an electrolyser to a solar PV 
system for  generating hydrogen. International Journal of Hydrogen 
Energy, 34(6),  pp.2604-2615. 

[9] Council of Scientific and Industrial Research (CSIR), Meridian 
Economics,  and KfW Development Bank, 2021. Request for 
Information (RFI): Project  opportunities for the production, 
consumption, transport or storage of  green hydrogen and derivatives in 
South Africa. [online] Available at: 
<https://www.csir.co.za/sites/default/files/Documents/Green-hydrogen-
RFI-2021.pdf> [Accessed 10 October 2024]. 

[10] d'Amore-Domenech, R., Santiago, Ó. and Leo, T.J., 2020. Multicriteria 
analysis of seawater electrolysis technologies for green hydrogen 
production at sea. Renewable and Sustainable Energy Reviews, 133, 
p.110166. 
https://doi.org/10.1016/j.rser.2020.110166 

[11] Dionigi, F., Reier, T., Pawolek, Z., Gliech, M. and Strasser, P., 2016. 
Design  criteria, operating conditions, and nickel-iron hydroxide 
catalyst materials  for selective seawater electrolysis. ChemSusChem, 
9(9), pp.962-972. 

[12] Dresp, S., Dionigi, F., Klingenhof, M. and Strasser, P., 2019. Direct 
electrolytic splitting of seawater: opportunities and challenges. ACS 
Energy Letters, 4(4), pp.933-942. 
https://doi.org/10.1021/acsenergylett.9b00220 

[13] Du, L., Lin, L., Yang, Y., Li, J., Xu, S., Zhang, Y. and Zhou, L., 2024. 
Environmental and Economic Tradeoffs of Green Hydrogen Production 
via  Water Electrolysis with a Focus on Carbon Mitigation: A 
Provincial Level  Study in China. International Journal of Hydrogen 
Energy, 76, pp.326-340. 

[14] Fuchs, N., 2021. Water electrolysis explained -- the basis for most 
power-to-X  processes. [online] PtX Hub. Available at: <https://ptx-
hub.org/water- electrolysis-explained/> [Accessed 10 August 2024]. 

[15] Gado, M.G., Nasser, M. and Hassan, H., 2024. Potential of solar and 
wind- based green hydrogen production frameworks in African 
countries.  International Journal of Hydrogen Energy, 68, pp.520-536. 
https://doi.org/10.1016/j.ijhydene.2024.04.272 

[16] Halder, P., Babaie, M., Salek, F., Haque, N., Savage, R., Stevanovic, S., 
Bodisco, T.A. and Zare, A., 2024. Advancements in hydrogen 
production,  storage, distribution and refuelling for a sustainable 
transport sector:  Hydrogen fuel cell vehicles. International Journal of 
Hydrogen Energy,  52(Part D), pp.973-1004. 
https://doi.org/10.1016/j.ijhydene.2023.07.204 

[17] Hasan, M.M. and Genç, G., 2022. Techno-economic analysis of 
solar/wind  power based hydrogen production. Fuel, 324, p.124564. 
https://doi.org/10.1016/j.fuel.2022.124564 

[18] Hydrogen Europe, 2024. Levelised Cost of Hydrogen (LCOH) 
Calculator  Manual. June 2024. 

[19] Ishaq, H. and Dincer, I., 2021. Comparative assessment of renewable 
energy- based hydrogen production methods. Renewable and 
Sustainable Energy  Reviews, 135, p.110192. 
https://doi.org/10.1016/j.rser.2020.110192 

[20] Ishaq, H., Siddiqui, O. and Dincer, I., 2019. Design and analysis of a 
novel  integrated wind-solar-OTEC energy system for producing 
hydrogen,  electricity, and fresh water. Journal of Solar Energy 
Engineering, 141(6),  p.061015. 
https://doi.org/10.1016/j.joule.2020.09.020 

[21] Li, X., Li, H., Wang, J., Shi, J. and Chen, H., 2018. Hybrid solar 
hydrogen  production system integrated with photocatalytic, 
photovoltaic-thermal and  water electrolysis technologies. Energy, 
144, pp.844-855. 

[22] Lindquist, G.A., Xu, Q., Oener, S.Z. and Boettcher, S.W., 2020. 
Membrane  electrolyzers for impure-water splitting. Joule, 4(12), 
pp.2549-2561. 

[23] Mazumder, G.C., Shams, S.M.N., Rahman, M.H. and Huque, S., 2021. 
Production of Green Hydrogen in Bangladesh and its Levelized Cost. 
DUJASE, 6(2), pp.64-71. 

[24] Miller, H.A., Bouzek, K., Hnat, J., Loos, S., Bernäcker, C.I., 
Weißgärber, T.,  Meier-Haack, J. and Müller, M., 2020. Green 
hydrogen from anion  exchange membrane water electrolysis: a 
review of recent developments in  critical materials and operating 
conditions. Sustainable Energy & Fuels,  4(5), pp.2114-2133. 
https://doi.org/10.1039/C9SE01240K 

[25] Nocera, D.G., 2019. Selective production of oxygen from seawater by 
oxidic  metallate catalysts. ACS Omega, 4(11), pp.12860-12864. 

[26] Obata, K., Takanabe, K. and Permselective, A., 2018. CeOx coating to 
improve the stability of oxygen evolution electrocatalysts. Angewandte 
Chemie International Edition, 57(5), pp.1616-1620. 
https://doi.org/10.1002/anie.201712121 

[27] Peter, L.M., Tong, W., Forster, M., Dionigi, F., Dresp, S., Sadeghi 
Erami, R.,  Farràs, P. and Hall, T.J., 2020. Electrolysis of low-grade 
and saline surface  water. Nature Energy, 5(5), pp.367-377. 

[28] Ponikwar, W., 2024. The four main types of water electrolysis 
technology -  thyssenkrupp nucera. [online] Available at: 
https://www.new-era- insights.com/article/the-four-main-types-of-
water-electrolysis-technology/  [Accessed 13 October 2024]. 

[29] Rosero Chasoy, G., Ramirez, M., and Garcia, C., 2023. Environmental 
 benefits of green hydrogen in transportation. Journal of Cleaner 
 Production,  271, pp. 122. 

[30] Sugawara, Y., Sankar, S., Miyanishi, S., Illathvalappil, R., 
Gangadharan, P.  K., Kuroki, H., Anilkumar, G. M., & Yamaguchi, T. 
(2023). Anion  Exchange  Membrane Water Electrolyzers: An 
Overview. JOURNAL OF  CHEMICAL  ENGINEERING OF 
JAPAN, 56(1).   
https://doi.org/10.1080/00219592.2023.2210195 

[31] Tetteh, E.K., Sijadu, N.G. and Rathilal, S., 2024. An overview of non-
carbonaceous and renewable-powered technologies for green hydrogen 
production in South Africa: Keywords occurrence analysis. Energy 
Strategy  Reviews, 54, p.101486. 

[32] Tong, W., Forster, M., Dionigi, F., Dresp, S., Sadeghi Erami, R., 
Strasser, P.,  Farràs, P. and Hall, T.J., 2020. Electrolysis of low-grade 
and saline surface  water. Nature Energy, 5(5), pp.367-377. 
https://doi.org/10.1038/s41560-020-0550-8 

[33] Ursua, A., Gandia, L.M. and Sanchis, P., 2012. Hydrogen production 
from  water electrolysis: current status and future trends. Proceedings of 
the  IEEE,  100(2), pp.410-426. 

41st CAPE TOWN Int'l Conference on “Chemical, Biological and Environmental Engineering” (CCBEE-24) Nov. 21-22, 2024 Cape Town (South Africa) 

https://doi.org/10.17758/IICBE6.C1124240 244

https://doi.org/10.3390/membranes12020173
https://doi.org/10.3390/membranes12020173
https://doi.org/10.3390/membranes12020173
https://doi.org/10.3390/membranes12020173
https://doi.org/10.1016/j.cogsc.2024.100932
https://doi.org/10.1016/j.cogsc.2024.100932
https://doi.org/10.1016/j.cogsc.2024.100932
https://doi.org/10.3390/en15228560
https://doi.org/10.3390/en15228560
https://doi.org/10.3390/en15228560
https://doi.org/10.3390/en15228560
https://doi.org/10.1016/j.rineng.2024.102657
https://doi.org/10.1016/j.rineng.2024.102657
https://doi.org/10.1016/j.rineng.2024.102657
https://doi.org/10.1016/j.rser.2023.113941
https://doi.org/10.1016/j.rser.2023.113941
https://doi.org/10.1016/j.rser.2023.113941
https://doi.org/10.1016/j.rser.2023.113941
https://doi.org/10.1016/j.rser.2023.113941
https://doi.org/10.1016/j.rser.2017.09.003
https://doi.org/10.1016/j.rser.2017.09.003
https://doi.org/10.1016/j.rser.2017.09.003
https://doi.org/10.1016/j.rser.2017.09.003
https://doi.org/10.1016/j.ijhydene.2013.01.151
https://doi.org/10.1016/j.ijhydene.2013.01.151
https://doi.org/10.1016/j.ijhydene.2013.01.151
https://doi.org/10.1016/j.rser.2020.110166
https://doi.org/10.1016/j.rser.2020.110166
https://doi.org/10.1016/j.rser.2020.110166
https://doi.org/10.1016/j.rser.2020.110166
https://doi.org/10.1021/acsenergylett.9b00220
https://doi.org/10.1021/acsenergylett.9b00220
https://doi.org/10.1021/acsenergylett.9b00220
https://doi.org/10.1016/j.ijhydene.2024.04.272
https://doi.org/10.1016/j.ijhydene.2024.04.272
https://doi.org/10.1016/j.ijhydene.2024.04.272
https://doi.org/10.1016/j.ijhydene.2023.07.204
https://doi.org/10.1016/j.ijhydene.2023.07.204
https://doi.org/10.1016/j.ijhydene.2023.07.204
https://doi.org/10.1016/j.ijhydene.2023.07.204
https://doi.org/10.1016/j.ijhydene.2023.07.204
https://doi.org/10.1016/j.fuel.2022.124564
https://doi.org/10.1016/j.fuel.2022.124564
https://doi.org/10.1016/j.rser.2020.110192
https://doi.org/10.1016/j.rser.2020.110192
https://doi.org/10.1016/j.rser.2020.110192
https://doi.org/10.1016/j.joule.2020.09.020
https://doi.org/10.1016/j.joule.2020.09.020
https://doi.org/10.1016/j.joule.2020.09.020
https://doi.org/10.1016/j.joule.2020.09.020
https://doi.org/10.1039/C9SE01240K
https://doi.org/10.1039/C9SE01240K
https://doi.org/10.1039/C9SE01240K
https://doi.org/10.1039/C9SE01240K
https://doi.org/10.1039/C9SE01240K
https://doi.org/10.1002/anie.201712121
https://doi.org/10.1002/anie.201712121
https://doi.org/10.1002/anie.201712121
https://www.new-era-/
https://doi.org/10.1080/00219592.2023.2210195
https://doi.org/10.1080/00219592.2023.2210195
https://doi.org/10.1080/00219592.2023.2210195
https://doi.org/10.1080/00219592.2023.2210195
https://doi.org/10.1080/00219592.2023.2210195
https://doi.org/10.1038/s41560-020-0550-8
https://doi.org/10.1038/s41560-020-0550-8
https://doi.org/10.1038/s41560-020-0550-8


[34] Villarreal Vives, A.M., Wang, R., Roy, S. and Smallbone, A., 2023. 
Techno- economic analysis of large-scale green hydrogen production 
and storage.  Applied Energy, 346, p.121333. 
https://doi.org/10.1016/j.apenergy.2023.121333 

[35] Vos, J.G., Wezendonk, T.A., Jeremiasse, A.W. and Koper, M.T., 2018. 
MnOx/IrOx as selective oxygen evolution electrocatalyst in acidic 
chloride  solution. Journal of the American Chemical Society, 140(32), 
pp.10270- 10281. 

[36] Vorosmarty, C.J., McIntyre, P.B., Gessner, M.O., Dudgeon, D., 
Prusevich, A.,  Green, P., Glidden, S., Bunn, S.E., Sullivan, C.A., 
Liermann, C.R. and  Davies, P.M., 2010. Global threats to human 
water security and river  biodiversity. Nature, 467(7315), pp.555-561. 
https://doi.org/10.1038/nature09440 

[37] Zghaibeh, H., Al-Badi, A.H., Malik, A.S. and Johar, M.Z., 2022. 
Techno- economic feasibility of a photovoltaic hydrogen station in the 
southern  region of Oman. International Journal of Hydrogen Energy, 
47(14),  pp.9651-9665. 
https://doi.org/10.1016/j.ijhydene.2022.02.180 

 

 

41st CAPE TOWN Int'l Conference on “Chemical, Biological and Environmental Engineering” (CCBEE-24) Nov. 21-22, 2024 Cape Town (South Africa) 

https://doi.org/10.17758/IICBE6.C1124240 245

https://doi.org/10.1016/j.apenergy.2023.121333
https://doi.org/10.1016/j.apenergy.2023.121333
https://doi.org/10.1016/j.apenergy.2023.121333
https://doi.org/10.1038/nature09440
https://doi.org/10.1038/nature09440
https://doi.org/10.1038/nature09440
https://doi.org/10.1038/nature09440
https://doi.org/10.1016/j.ijhydene.2022.02.180
https://doi.org/10.1016/j.ijhydene.2022.02.180
https://doi.org/10.1016/j.ijhydene.2022.02.180
https://doi.org/10.1016/j.ijhydene.2022.02.180



