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Abstract. Environmental concerns have driven the quest for clean energy solutions, with green 
hydrogen emerging as promising choice. This paper underscores various production methods for 
green hydrogen, examining their relevance and providing an overview of the utilization of Morocco's 
renewable energies in its production. Key challenges will be given, including water scarcity, storage, 
and transportation. Overall, this paper delivers a comprehensive assessment of the role of green 
hydrogen in Morocco’s energy transformation. 

Introduction 

The escalating environmental concerns associated with greenhouse gas emissions, shown by the 0.9% 
rise in worldwide carbon dioxide emissions to an unprecedented 36.8 billion tonnes in 2022, motivate 
technological progress towards diminishing our dependence on fossil fuels [1]. The increase in 
emissions is associated with factors such as population growth, improved living conditions, and the 
industrialization of developing nations. If this trend persists, it could lead to a concerning total of 69 
billion tonnes of emissions according to the simulation on World Data Lab [2]. Given these 
circumstances, green hydrogen, renowned for its ability to efficiently store and release 
environmentally friendly energy, is employed in transportation, industry, and as a fundamental 
component in chemical reactions. Green hydrogen emerges as a pivotal approach to reducing 
emissions and addressing the intermittent nature of renewable energy sources. 
Innovative approaches to green hydrogen production will be explored in this paper, and a perspective 
on Morocco will be discussed to determine the most effective methods for producing green hydrogen 
in the country. 

Hydrogen Production 
As awareness grows for the need to reduce greenhouse gases and enable new energy paradigms, 
hydrogen is being seen as playing a critical role [3]. 
Hydrogen is an abundant colourless element that is found in many forms on Earth. In its molecular 
form of H2 (two protons and two electrons), it is not readily found but rather needs to be extracted or 
“reformed” from hydrocarbon fuels, both fossil and biological, or extracted from water using a “water 
splitting” process. Hydrogen is a widely produced and used industrial commodity for fertilizer 
production, oil refining, food production, and metallurgy, used at a level of tens of millions of tons 
per year around the world [4] [5]. 
This versatility in hydrogen production methods is a significant advantage, enabling us to tailor the 
production process based on available resources, economic viability, and environmental concerns. 
Within this context, the quest for efficient and environmentally-friendly methods to produce hydrogen 
becomes essential, this section will explore the meaning of 'green hydrogen' and a survey of various 
methodologies for green hydrogen production will be undertaken, shedding light on the diverse 
technological approaches that contribute to its sustainable generation. 
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Green hydrogen. In 2021, hydrogen production reached 94 million tonnes, with only 1 million 
tonnes originating from environmentally friendly techniques [6]. Unfortunately, a significant portion 
of hydrogen (95%) is produced from non-renewable fossil fuels, particularly through steam reforming 
of natural gas, emitting 830 million tons/year of CO2 [7]. The remaining portion, green hydrogen, is 
produced from renewable resources, including water electrolysis  [8]. 
The costs and environmental emissions associated with hydrogen production exhibit significant 
variations depending on the specific production process and the type of energy source employed. As 
a result, hydrogen generation technologies are commonly classified into distinct categories denoted 
by various colors, including grey, blue, turquoise, green, purple, and yellow as shown in Table 1 [9]. 
Until now there has been a lack of standardized nomenclature for hydrogen colors. The numerous 
definitions outlined differ between literature, reports, and national plans, the most common colors 
reported are gray, green, and blue hydrogen.   
The grey hydrogen is generated from fossil fuels like natural gas through processes like steam 
reforming or auto-thermal reforming, the resulting CO2 is directly emitted into the atmosphere [10]. 
Brown and Black hydrogen, the most widely utilized type at present, is derived from hydrocarbon-
rich feedstocks like coal or methane via the gasification process that yields syngas from the gasifier 
[11]. In the other hand, the blue hydrogen, similar to grey hydrogen, is produced from the steam 
reforming of natural gas but with CO2 captured and stored, allowing the use of existing infrastructure 
while reducing greenhouse gas emissions [12]. During this process, natural gas is split into hydrogen 
(H2) and carbon dioxide (CO2), the produced CO2is captured (85%–95%) and stored underground 
using industrial carbon capture and storage techniques. In addition, is seen as a short-term transition 
towards achieving net-zero emissions [13]. The most suitable hydrogen for a fully sustainable energy 
transition is the green hydrogen, it is produced through the process of water electrolysis that utilizes 
renewable energy sources to split water into hydrogen and oxygen and does not generate carbon 
emissions. Electrolytic hydrogen can also be produced from nuclear power, and this has been referred 
to pink or red hydrogen, and in some literatures to yellow hydrogen, this approach could provide 
significant operational advantages both for existing nuclear power stations and micro nuclear reactors, 
which are currently under development by Rolls-Royce and other companies worldwide [14].  
In the transition toward global decarbonization, this paper will center its attention on hydrogen 
produced from renewable energy sources, which is recognized as a viable means of reducing 
greenhouse gas emissions and environmental pollution. 
 
Production methods from renewable resources. This subsection encloses different renewable 
hydrogen production methods, capable of addressing the urgent challenge of climate change and 
attain global net-zero emissions. Our central long-term approach is to focus on the advancement and 
refinement of renewable energy systems and its wide applications.  

Table 1. Major hydrogen production methods and applications. [11] 
Colors Production 

Method 
Hydrogen Feedstock Cost 

[EUR/kg] 
𝐶𝐶𝐶𝐶2 

Emission  
Brown/Black Gasification Coal (Lignite)/(Bituminous) 1,34 High 

Grey Steam reforming Natural Gas with CO2 
released into the atmosphere 

2,08 Medium 

Yellow Electrolysis Water with a mixture of 
renewable and fossil energies 

3,5 – 6,87 Medium 

Blue Steam reforming Natural Gas with CO2 
captured and stored or 
processed industrially 

2,27 Low 

Red/Pink/purple Electrolysis Water with nuclear power 4,15-7,00 Minimal 
Green Electrolysis Water with renewable energy 5,78-23,37 Minimal 
Withe - Hydrogen as a waste product 

of other chemical processes 
0 None 
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Green hydrogen stands out as an exemplar energy carrier, recognized for its impeccable 
environmental credentials, it can be produced from four different renewable sources commodities: 
electricity, thermal energy, photonic energy, and biomass. We can use electricity and light to create 
hydrogen through water splitting, while thermal energy can be utilized within thermochemical cycles 
for hydrogen production, fuel resources, can also produce hydrogen through biomass pyrolysis and 
gasification, and a few other configurations found in the literature. 
Moreover, the integration of renewable energy with green hydrogen technologies can offer significant 
advantages. Excess electrical energy can be stored chemically as hydrogen, effectively aligning 
energy supply and demand. Furthermore, the hydrogen and oxygen produced can directly serve as 
primary energy sources in both the transportation and industrial sectors. Hydrogen also finds 
application as a raw material in the chemical and petrochemical industries, facilitating the production 
of ammonia and synthetic fuels. Additionally, these systems exhibit increased efficiency as energy 
carriers when compared to batteries [15]. 
Several international projects are already underway, with a focus on green hydrogen production using 
renewable energy sources [16]. However, the transition to a global "hydrogen economy" " is not 
expected to take place in the short term, primarily due to the current cost associated with renewable 
green hydrogen productions. Nevertheless, it's important to highlight that the global demand for green 
hydrogen and its various applications is projected to experience exponential growth. Within just a 
decade, it is projected to become economically competitive with grey hydrogen production. To reach 
this cost parity, it is imperative to improve technical efficiency, reduce equipment production costs 
and material prices, and ultimately scale up manufacturing processes [17]. 
 
Water electrolysis. Water electrolysis, an established and well-known method, is the most effective 
technique for water splitting. As shown in Fig.1, it consists of a cathode and an anode immersed in 
an electrolyte, driven by the continuous circulation of electrons through an external circuit, if powered 
by a renewable source, it will generate nearly pure green hydrogen. [10]. 

 

Fig. 1 Scheme of water electrolyze principle [18]. 
The basic reaction of water electrolysis is as follows in Eq. (1). 

H2O+Electricity +Heat → H2+
1
2

O2 (1) 

Similar to the process of fuel cells, the reversible cell voltage 𝑈𝑈𝑡𝑡ℎ𝑒𝑒𝑒𝑒 of a water electrolyzer is 
thermodynamically related to the free enthalpy of reaction. Considering the Gibbs free energy of 
liquid water at 298,15 K, and the number of transferred electrons per mole n, as shown in Eq. (2). 
The theoretical thermodynamic cell voltage can be calculated at standard condition at minimum 
potential of 1,23V, to efficiently split water into hydrogen and oxygen.  
 

𝑈𝑈𝑡𝑡ℎ𝑒𝑒𝑒𝑒0 =
∆𝐺𝐺0

𝑧𝑧 ∗ 𝐹𝐹
= 1,23 𝑉𝑉 (2) 
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However, no gas evolution reaction occurs until 1.65–1.7 V, this is due to kinetical hindrance of both 
half-cell reactions, losses through ohmic resistances and irreversibilities. With the respective anodic 
and cathodic overpotentials η and the ohmic resistance R, the cell voltage can then be described by 
Eq. (3).  
 

𝑈𝑈𝑐𝑐𝑒𝑒𝑐𝑐𝑐𝑐 = 𝑈𝑈𝑡𝑡ℎ𝑒𝑒𝑒𝑒 + 𝜂𝜂𝑐𝑐𝑐𝑐𝑡𝑡ℎ𝑒𝑒𝑜𝑜𝑒𝑒 + 𝜂𝜂𝑐𝑐𝑎𝑎𝑒𝑒𝑜𝑜𝑒𝑒 + 𝑖𝑖 ∗ 𝑅𝑅𝑡𝑡𝑒𝑒𝑡𝑡𝑐𝑐𝑐𝑐 (3) 
 
𝑅𝑅𝑡𝑡𝑒𝑒𝑡𝑡𝑐𝑐𝑐𝑐 is the sum of ionic resistances in the electrolyte (Re) and the membrane (Rm), as well as 
electrical resistances from the electrodes, current collectors, and bipolar plates (Rc). Additionally, 
there is the resistance (Rb), due to bubble formation on the electrode surface area, where their 
dispersion can also affect (Re) during operation while (Rc) and (Rm) remain constant. This results in 
a practical cell voltages of water electrolysis in industrial cell around 1.8-2.6 V [19] [20]. 
The energy efficiency ηe is defined by th theoretical amount of energy needed to split water divided 
by the real energy input as shown in Eq. (4). 
 

𝜂𝜂𝑒𝑒 =
𝑊𝑊𝑡𝑡ℎ𝑒𝑒𝑒𝑒

𝑊𝑊𝑟𝑟𝑒𝑒𝑐𝑐𝑐𝑐
 (4) 

 
There are still several challenges to overcome in order to enhance efficiency. Recently, Australian 
researchers [21], introduced a new concept of water electrolysis, achieving inherently bubble-free 
operation at the electrodes, reaching an energy efficiency of 98%.  
The efficiency of the hydrogen production via the electrolysis in most cases, is only 80% when the 
electricity is considered. However, the heat efficiency of this electricity generation varies on the 
average from about 25%–40%. Despite their low efficiency, these systems are extremely vital because 
of the fact that they have no negative impact on the environment and use renewable energy [22].  
There is four distinct electrolyzers technologies currently available on the market, each having 
distinct operational costs with varying levels of maturity, are detailed in Table 2, along with their 
characteristics, advantages, and drawbacks [23] [24] [25]. 
The Alkaline water electrolyzer characterized by its long-term stability and relatively low costs, in 
contrast, the proton exchange membrane electrolyzer (PEM), incurs high component expenses, 
despite being less widespread, can operate at high current densities. The efficiency of the PEM system 
is higher due to a faster cellular reaction and a compact structure compared to alkaline electrolysis 
[26].  
On the other hand, Anion Exchange Membrane (AEM) electrolyzers, although less mature and still 
under development, is a promising technology. They combine the less aggressive environmental 
conditions of alkaline electrolyzers with the efficiency of proton exchange membrane (PEM) 
electrolyzers. However, they face challenges related to chemical stability and performance due to the 
low conductivity of AEMs and slow catalytic kinetics [10]. 
Lastly, solid oxide electrolyzer cells (SOECs) operate at high temperatures, offering enhanced 
efficiency and the potential for co-electrolysis of CO2 and water to produce synthesis gas. 
Nevertheless, challenges such as accelerated degradation and operational complexity persist.  
Thermolysis and thermochemical Processes. Thermochemical water splitting, stands as a 
promising approach for large-scale hydrogen production from solar thermal energy, it covers a wide 
range of approaches, each distinguished by the number of reactions occurring within the entire cycle. 
This method involves breaking down water into hydrogen and oxygen through a series of intermediate 
chemical reactions. Depending on the specific attributes of the thermochemical cycle, the process can 
utilize both thermal and electrical energy to drive the decomposition of water. The single-step thermal 
dissociation of water (5), it’s not effected to drive chemical reactions for hydrogen production until 
the temperature over 2500 °C [10]. 
 

𝐻𝐻2𝐶𝐶 ⟶ 𝐻𝐻2 +
1
2
𝐶𝐶2 (5) 
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Rather than relying on a single-step thermolysis of water at high-temperature, which demands 
substantial energy, the adoption of multi-step cycles, can significantly reduce the maximum 
temperature required for the cycle and improve the overall efficiency. This expansion of the multi-
step approach enhances the potential and viability of thermochemical hydrogen production. 
A two-step process involves the use of metal oxides, where it’s first decomposed into the metal and 
oxygen in an endothermic step and then the metal is then combined with water to re-form the metal 
oxide and hydrogen in a second exothermic step, in one example, the zinc oxide cycle as shown in 
eq. (6), when heated at 2300 °K, dissociates to zinc and oxygen gases, then the zinc reacts with water 
to form zinc oxide and hydrogen gas. 
 

2 𝑍𝑍𝑍𝑍𝐶𝐶 + ℎ𝑒𝑒𝑒𝑒𝑒𝑒 ⟶ 2 𝑍𝑍𝑍𝑍 + 𝐶𝐶2 (6) 
2 𝐻𝐻2𝐶𝐶 + 2 𝑍𝑍𝑍𝑍 ⟶ 2 𝑍𝑍𝑍𝑍𝐶𝐶 + 2 𝐻𝐻2 (7) 

 
Results are oxygen and hydrogen gazes from water, and zinc dioxide, this process can be repeated to 
produce more hydrogen from water and solar energy and can use other metal oxide in multiple steps 
[27]. 
The literature contains multiple approaches for thermochemical cycles using renewable resources, for 
example it can be coupled with photo-electrochemical methods from solar resource, boosting the 
overall solar-to-hydrogen conversion efficiency, another aspect is to transform biomass into hydrogen 
and hydrogen- rich gases through pyrolysis and gasification. 
Photo-electrochemical/ photocatalytic decomposition of water. Water splitting through renewable 
sources like solar and water also involves photo-electrochemical cells, the main components of a PEC 
cell are presented in figure 5, Photocatalytic principle of decomposing water, consist of an anode and 
a cathode immersed in an electrolyte, oxygen and hydrogen are then produced. The anode is 
semiconducting electrode, that absorbs sunlight and generates electrons, the other electrode is 
typically a metal or both being photoactive [28]. 

 

Fig. 2 Photo-electrochemical components illustration [29]. 
Typically, especially when working at the laboratory scale, the system includes a reference electrode 
for monitoring half-reactions within the cell. This electrode system is usually immersed in an aqueous 
electrolyte, commonly Na2SO4. The reactor is either designed to be transparent to light or 
incorporates an optical window to allow irradiation to reach the photoelectrode. 
 
Biological processes. Before we proceed to the next section, it is essential to mention biological 
processes, given their significant contribution to the overall reduction of waste and sustainable 
development. Currently, research in this field is on the rise. Biological processes operate at ambient 
temperature and pressure, harnessing renewable energy sources, and effectively recycling waste 
materials [30]. 
The primary biological processes employed for hydrogen gas production include direct and indirect 
bio-photolysis, photo and dark fermentations, as well as multi-stage or sequential dark and photo-
fermentation. These processes utilize water and biomass as feeds.  
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Direct bio-photolysis replicates the process of plant photosynthesis to generate hydrogen, and some 
types of algae are naturally equipped for this process. In the case of indirect bio-photolysis, enzymes 
like hydrogenase and nitrogenase are involved. Dark fermentation, which operates under anoxic, dark 
conditions, primarily employs anaerobic bacteria to convert carbohydrates into hydrogen and other 
byproducts. This process can use a variety of substrates, including agricultural waste and cellulose. 
Another biochemical process, photo-fermentation, uses solar energy and organic acids under 
nitrogen-deficient conditions. The presence of nitrogenase allows certain photosynthetic bacteria to 
convert organic acids into hydrogen and carbon dioxide. Enhanced hydrogen yields can be achieved 
through hybrid systems that combine anaerobic and photosynthetic bacteria. These systems can utilize 
different carbohydrates, resulting in increased hydrogen production. Factors affecting hydrogen yield 
include temperature and pH. While multi-stage, sequential dark and photo-fermentation hydrogen 
production costs are not available, they are expected to be lower than individual stages, with estimated 
costs of 2.57 $/kg for dark fermentation and 2.83 $/kg for photo-fermentation [10]. 
Green hydrogen for Morocco 

In recent years, the world has grappled with various crises resulting in disruptions to the global energy 
supply, amplifying the urgency of securing energy resources for nations. In response to these 
challenges, numerous countries, including Morocco, have embraced a decarbonized hydrogen 
roadmap as part of their commitment to achieving carbon neutrality by 2050 as mentioned in the 
section 3.2. 
Against this backdrop, Morocco has undergone a notable transition towards sustainability and the 
adoption of renewable energy sources. Green hydrogen is poised to play a transformative role in this 
transition. The unique convergence of Morocco's renewable energy infrastructure and its untapped 
potential for harnessing solar and wind resources presents an unparalleled opportunity for green 
hydrogen production. Moreover, it offers a solution to the challenges of renewable energy 
intermittency and excess energy production in Morocco. 
This section delves into the significance of green hydrogen production in Morocco, exploring how 
the nation's existing renewable energy assets, in conjunction with its geographic advantages, position 
it as a key player in the emerging global green hydrogen market. We will investigate the implications 
of harnessing Morocco's renewable resources for green hydrogen production and its potential to 
revolutionize energy systems and create export opportunities regionally and beyond. 

 

Fig. 3 Total energy supply by source, Morocco 1990-2020 (adapted from [31]. 
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Morocco's energy landscape. Morocco's energy landscape has experienced significant 
transformations in recent years, with a focus on diversifying its energy mix through substantial 
investments in renewable sources, particularly solar and wind power. This section offers an overview 
of Morocco's energy situation and the initiatives that underscore its commitment to sustainable energy 
practices and its ongoing efforts to achieve a greener, more secure energy future. 
 
Renewable Energy path. Morocco initiated various strategies since the 2000s to enhance energy 
security and reduce dependence on traditional sources. In 2007, the country launched an initiative to 
escalate its wind power capacity from 124 MW to 1000 MW by 2012, and in 2009, introduced a solar 
plan with a target of 2 GW by 2020 [32]. Additionally, in 2015, the nation joined the Paris Climate 
Agreement, pledging to increase the share of renewable energy in its energy mix to 42% by 2020 and 
52% by 2030. Despite these efforts, by the end of 2021, the proportion of renewable energy in the 
electricity capacity mix failed short of the government’s 42% target. In response, Morocco initiated 
a green hydrogen project in 2022, focusing on producing hydrogen from renewable sources for 
diverse applications in industries, transportation, and the energy sector [32] [33]. 
Morocco has indeed made impressive strides in expanding its renewable energy capacity. The nation 
has introduced a range of regulations and laws carefully designed to align with its ambitious energy 
transition goals. Morocco has also established several institutional structures to support and facilitate 
the transition towards cleaner, more sustainable energy sources.  
 
Energy situation. Nonetheless, the country still maintains a dependency on fossil fuels. In 2020, 
according to the international energy agency (IEA), Morocco's net energy imports reached 800.1 
Petajoules (Pj) with a total energy supply at 880 Pj. Oil and coal dominated the distribution, 
accounting for 86%, while natural gas made a contribution of approximately 3.23%, and renewable 
sources constituted nearly 10%, as illustrated in Figure 4.  

 
Fig. 4 Total final consumption by sector, Morocco 1990-2020 (adapted from [31]. 

The final energy consumption, which accounts for 74% of the total supply, amounted to 653 Pj. 
Notably, as indicated in Figure 5, the transportation sector led the energy consumption statistics, 
representing roughly 35% of the total final energy usage, followed by the residential sector and the 
industrial sector respectively at 27% and 19%. Given the nation's rapid population growth and 
ongoing development across various sectors, there is a well-founded expectation of an increase in 
energy consumption [31].  
At the close of 2021, the share of renewable energy in the electricity capacity mix reached only 
37.08%, which was below the government's aim of 42% as outlined in the Paris Agreement. Despite 
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the pandemic's adverse effects on the renewable energy sector, the government maintains a positive 
outlook and remains confident in the potential for renewable energy sources to account for 52% of 
the total installed capacity by 2030 [34]. 
 
Moroccan green hydrogen roadmap. In 2020, the European Commission, in conjunction with 
various member states, unveiled its hydrogen strategy. This initiative gained further momentum in 
2022 when EU member states reached a consensus to invest over 50 billion euros by 2030 to facilitate 
the adoption of hydrogen technologies [35].  
Beyond the borders of the EU, several countries likewise presented their hydrogen strategies and 
financial commitments. Notably, Morocco emerged as a pioneer among African nations, launching 
its green hydrogen roadmap. This strategic plan was established in 2021 under the National Hydrogen 
Commission, which was created in 2019. The roadmap is structured around three key pillars: the 
adoption of essential technologies, the development of the market and demand, and investment in the 
supply sector.  
The primary objective is to progressively advance the development of green hydrogen, with an 
emphasis on maximizing its utilization for both the national economy and export opportunities. The 
strategy is designed to unfold over three distinct phases: short, medium, and long-term [36]. 
In the short term (2020-2030), the focus revolves around two core objectives: employing hydrogen 
as a feedstock for local green ammonia production and exporting green hydrogen to countries 
committed to ambitious decarbonization goals.  
Looking to the middle term (2030-2040), as the cost of hydrogen production decreases, and 
environmental regulations become more stringent, the strategy envisions the production and export 
of not only green hydrogen but also green ammonia and synthetic fuels. Concurrently, hydrogen is 
expected to find applications as an electricity storage and a transport fuel.  
In the long term (2040-2050), the strategy anticipates the global expansion of the hydrogen trade, 
alongside increased use in various sectors, including industry, residential heating, and transportation 
within the country [37]. 
Morocco's proximity to the European continent places it in a prominent strategic position. Several 
European countries, including Germany, have expressed their willingness to strengthen their energy 
partnership with Morocco. This is a competitive advantage, especially as Morocco already has 
established energy interconnection infrastructures. 
Indeed, Morocco could leverage its well-connected gas and port infrastructures to create a logistics 
platform for exporting green hydrogen and its products to Europe, with connections to both the 
Atlantic and the Mediterranean. The World Energy Council, in its "Power-to-X Roadmap" study, has 
identified Morocco as one of the six countries with a strong potential for the production and export 
of green hydrogen and related derivatives [38]. 
 
Key challenges. While Morocco has embarked on an ambitious journey to develop a green hydrogen 
strategy, several key challenges must be addressed to ensure its successful implementation. These 
challenges are multifaceted and encompass technical, economic, and environmental aspects, some of 
these challenges occur to be crucial in the short, medium and long term. 
 
Water scarcity. Water stands as the indispensable cornerstone of green hydrogen production, a 
pivotal resource whose significance bears profound implications, especially in Morocco's context. 
With various technologies already available for the production of green hydrogen, as explored in the 
preceding section, the acute water resources scarcity in Morocco poses a substantial challenge [39]. 
As of 2020, the average water resources available per individual in Morocco stood at a mere 645 
cubic meters, significantly below the internationally recognized "water poverty line" of 1000 m³ per 
capita. This chronic water scarcity situation has been exacerbated over the years. Between 1960 and 
2020, the annual availability of renewable water resources per person plummeted from 2560 m³ per 
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capita to approximately 620 m³ per capita, highlighting the alarming decline in available water 
resources [40]. 
Currently, Morocco is on the brink of crossing the critical threshold of absolute water scarcity, defined 
as a mere 500 m³ per capita per year. To address this looming crisis, the Moroccan government has 
taken decisive steps. A substantial budget of Moroccan dirham (MAD) 383 billion Moroccan dirham 
(MAD) (around $37.6 billion) has been allocated for a 30-year period from 2020 to 2050. This 
funding is designated to enhance the country's water distribution networks, catering to both household 
consumption and the vital agricultural sector [41]. 
Additionally, the Moroccan government has recently unveiled ambitious plans to initiate three new 
seawater desalination projects in El Jadida, Safi, and the Oriental region. The aim of these projects is 
to significantly boost the country's desalinated water production to a minimum of 1 billion cubic 
meters by 2030. However, it's crucial to consider the cost implications of desalinated water and its 
energy requirements. One viable solution to mitigate these challenges involves powering desalination 
plants with on-site green electricity. Any surplus green electricity generated can serve dual purposes, 
including the production of potable water, which can be stored in dams, contributing to a more 
efficient and sustainable utilization of the limited water resources available [42]. Addressing the water 
scarcity issue is paramount to realizing Morocco's green hydrogen aspirations. 
 
Hydrogen storage. The storage of hydrogen presents a fundamental challenge to advance hydrogen 
applications in supplying stationary power, transportation, and portable power systems. Therefore, an 
efficient and reliable storage technologies will be required to realize a clean hydrogen economy. 
Many hydrogen storage methods are currently used and some other methods are under investigation 
[43] [44] [45]. Hydrogen can be stored as compressed gas, liquefied in cryogenic containment, cryo-
compressed form, and solid storage [46]. 
• Compressed storage: Compressed hydrogen storage is a widely employed technique within the 
industrial sector, involving the compression of hydrogen to high pressures and its subsequent storage 
in specialized tanks, constructed from a variety of materials such as reinforced steel, composites, or 
advanced polymers to guarantee safe and dependable storage [43]. However, a prominent challenge 
inherent to this storage approach lies in the relatively low energy density of hydrogen, at 100 bar and 
20 °C, the density of hydrogen gas is approximately 7.8 kg/m3, necessitating the utilization of large 
bulk tanks [47]. Furthermore, there exists a potential risk of gradual hydrogen leaks through sealing 
materials and tank walls, emphasizing the critical importance of rigorous safety measures and the 
regular maintenance of gaseous hydrogen storage facilities. [48]. 
• Liquid storage: Liquid hydrogen storage provides a more space-efficient energy storage 
solution with a density of approximately 70 kg/m³ at 1 bar [48].  This method has both advantages 
and disadvantages. Liquid hydrogen offers release rates similar to compressed hydrogen but with 
lower energy requirements for adiabatic expansion. It also allows for the use of smaller storage tanks 
due to its higher density at high pressures. However, the liquefaction process is expensive and energy-
intensive, resulting in a notable loss of hydrogen's heating value. Boil-off, where hydrogen evaporates 
when energy is drawn from the environment, poses a challenge and requires specialized storage 
solutions. To mitigate evaporation losses, larger containers with improved insulation can be used, 
although this may reduce the gravimetric energy density [45]. 
• Solid storage: Solid storage using metal hydrides is a promising and innovative method for 
hydrogen storage, where hydrogen is absorbed and desorbed in a reversible manner within solid 
compounds, primarily metal hydrides [49]. The metal hydrides can offer higher hydrogen storage 
capacity than the compression and the liquefaction and store hydrogen at moderate temperature and 
pressure [50].  While metal hydrides offer a safe way of storing hydrogen without the risk of leakage, 
they do have some drawbacks. One notable challenge is the substantial thermal energy required to 
release hydrogen from the metal hydrides. Additionally, metal hydrides are relatively massive, which 
can impact their application in portable devices and vehicles. The kinetics of hydrogen absorption 
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and release in metal hydrides are also relatively slow, which can limit their practicality in certain 
applications [48]. Nonetheless, ongoing research seeks to address these challenges and improve the 
efficiency of metal hydride storage. This includes exploring new materials with enhanced energy 
efficiency, durability, and cost-effectiveness [51] [52]. As the development of metal hydride storage 
continues, it holds the potential to play a vital role in the future of hydrogen storage, particularly in 
applications where safety and the prevention of hydrogen leaks are paramount. 
• Underground storage: Another method for large-scale hydrogen storage involves utilizing 
underground hydrogen storage. There are three major types of geological formations for gas storage 
options, including depleted gas/oil reservoirs, aquifers, and salt caverns [53]. The process involves 
compressing hydrogen and introducing it into these geological sites, where it becomes securely 
trapped under high pressure [54]. Current research, exemplified by the Melhy project [55], is actively 
exploring the practicality of extensive hydrogen storage within the salt cavities of Morocco's 
Mohammedia mine. The primary aim of the Melhy project is to store an energy equivalent of 10 
gigawatts (GW), which is roughly equivalent to powering Casablanca for 6 hours. 
Indeed, various methods for hydrogen storage exist in the literature, and needs to be investigated. for 
example: methanol and ammonia. These alternative approaches are gaining attention due to their 
efficiency in storing hydrogen, offering innovative solutions to the challenges of hydrogen 
transportation and utilization. Methanol, in particular, is known for its high hydrogen content, making 
it an attractive carrier. Similarly, ammonia has been explored as a viable option, enabling safe and 
compact storage [47]. By leveraging these alternative storage methods, Morocco can enhance the 
versatility and effectiveness of its hydrogen initiatives, paving the way for a more sustainable energy 
landscape. 
 
Hydrogen transportation. Hydrogen transportation is a pivotal aspect of the hydrogen economy, 
demanding a profound understanding of its properties to mitigate the potential risks associated with 
explosions and leaks. Establishing reliable, safe, and efficient means of transporting hydrogen is 
paramount for realizing its full potential in a wide array of applications. This not only ensures the 
efficiency of the entire hydrogen supply chain but also contributes to its safety and sustainability. 
The diversity in hydrogen's physical states, dictated by temperature and pressure variations, adds 
complexity to the transportation methods employed. Depending on the unique requirements of each 
scenario, one must consider factors like the distance of transportation, the volume of hydrogen to be 
moved, the availability of infrastructure such as existing liquefied natural gas or ammonia pipelines, 
and the specific purpose of the transported hydrogen [56]. 
In response to these multifaceted challenges, researchers and industries are actively exploring 
innovative technologies and methods to meet the transportation needs of hydrogen [46]. The objective 
is to develop a robust and secure hydrogen transportation system that complies with stringent safety 
standards and simultaneously paves the way for integrating hydrogen into diverse industrial sectors, 
effectively contributing to a cleaner and more sustainable energy landscape. 
 
Opportunities and future prospects. Despite the challenges, Morocco's green hydrogen journey 
presents numerous opportunities and promising future prospects. The following section highlights the 
potential benefits and positive outcomes that can emerge from the country's commitment to green 
hydrogen production. 
 
Economic Growth. The rise of Morocco's green hydrogen industry offers a revolutionary chance to 
promote job creation and economic prosperity. A competent labour force will be required for the 
building of green hydrogen production facilities and the related supply chain, creating a variety of 
job possibilities in a range of industries, including engineering, research and development (R&D), 
construction, and daily operations. This promotes professional development and competence within 
the local labour market in addition to meeting the urgent needs for professionals. 
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Furthermore, Morocco is well-positioned to establish itself as a competitive worldwide supplier in 
the rapidly expanding green hydrogen industry. Morocco's strategic investment in green hydrogen 
production will boost export earnings and strengthen its domestic economy, contributing to a more 
stable and diverse economic landscape as the demand for environmentally sustainable energy 
solutions grows globally. 
 
Energy Security. Morocco has made a calculated strategic move by integrating the production of 
green hydrogen in the context of energy security. Morocco can considerably reduce its reliance on 
imported fossil fuels by utilising its large renewable energy potential for the production of hydrogen. 
In addition to promoting increased energy security, this diversification of energy sources also 
promotes increased independence and stability within the country's energy framework. By embracing 
green hydrogen, Morocco is lowering its exposure to geopolitical unpredictability and global market 
fluctuations while also advancing its vision of a resilient and self-sufficient energy landscape. 
 
Environmental Benefits. Morocco's adoption of green hydrogen is a concrete demonstration of its 
commitment to mitigating climate change and reducing greenhouse gas emissions. By producing 
hydrogen using renewable energy sources, Morocco is positioned to achieve significant progress in 
lowering its carbon footprint. This calculated move helps create a more ecologically conscious and 
sustainable energy sector, supporting international initiatives to lessen the effects of climate change. 
 
Energy Integration. In order to integrate and balance renewable energy sources into Morocco's 
energy grid, green hydrogen plays a crucial role. Hydrogen can be effectively stored from surplus 
electricity produced by solar and wind power plants, offering a consistent supply of energy that can 
be used when renewable energy output is low or energy demand is high. This capability contributes 
to a more robust and flexible energy infrastructure by reducing the risk of power outages while also 
improving grid stability and reliability. 
 
Regional Collaboration. Morocco is positioned as an appealing hub for regional and international 
collaborations in the green hydrogen domain due to its advantageous geographic location and 
established energy interconnections. Partnerships with European nations and institutions can promote 
technology transfer, draw in capital, and open up export markets, securing Morocco's place as a major 
player in the quickly developing global green hydrogen market. 
 
Innovation and Research. Investing in the production of green hydrogen stimulates innovation and 
research in the fields of hydrogen technologies, renewable energy, and associated industries. With 
the potential to become a global centre for research and development in these fields, Morocco could 
draw academics, scientists, and entrepreneurs from all over the world. This boosts Morocco's 
reputation as a hub for cutting-edge research in the field of sustainable energy while also accelerating 
technological advancements. 

Results and Discussion 

Hydrogen Production Potential and Cost Analysis. Morocco possesses a strong potential for green 
hydrogen production due to its rich renewable energy resources. The combination of high solar 
irradiation and strong wind currents, particularly in regions like Dakhla and Ouarzazate, enables 
continuous and cost-effective hydrogen production. Studies suggest that the Levelized Cost of 
Hydrogen (LCOH) in Morocco could reach as low as $2.54/kg under optimal conditions, making it 
competitive in the global market [57]. However, achieving this cost efficiency requires substantial 
investments in infrastructure, electrolyzers, and energy grid integration. 
Water electrolysis remains the most viable method for green hydrogen production in Morocco. 
However, other approaches such as biomass gasification also present potential alternatives. Biomass 
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gasification, which involves converting organic material into hydrogen-rich syngas, can utilize 
agricultural and forestry waste, contributing to a circular economy. While electrolysis benefits from 
Morocco's abundant solar and wind resources, biomass gasification could complement it by providing 
hydrogen production from organic residues, reducing dependence on imported fossil fuels. The 
selection between these methods depends on cost efficiency, resource availability, and technological 
advancements. While concerns exist regarding water scarcity, desalination has been identified as a 
feasible solution, contributing less than 0.5% of the total hydrogen production cost [58]. 
Implementing large-scale renewable-powered electrolysis plants could ensure a stable supply while 
minimizing environmental impact. 
 
Feasibility of Implementation in Morocco. To ensure Morocco's green hydrogen industry reaches 
its full potential, it is crucial to address several technical, economic, and infrastructural hurdles. The 
successful deployment of green hydrogen in Morocco depends on addressing several key challenges: 
• Water Availability: Morocco faces water scarcity, which could limit hydrogen production 
capacity. Expanding desalination infrastructure using renewable energy can mitigate this issue. 
• Infrastructure and Storage: Hydrogen storage options, including compressed gas, liquid 
hydrogen, and underground storage, require further investment and technological advancements to 
ensure efficiency and safety. 
• Hydrogen Transport: Developing a robust hydrogen transportation network, such as pipelines 
and shipping infrastructure, is critical for export, particularly to Europe. 
• Economic Viability: Scaling up hydrogen production to reduce costs is essential for 
competitiveness in global markets. 
 
Economic and Policy Considerations. Morocco's commitment to green hydrogen aligns with its 
decarbonization goals and international energy strategies, including partnerships such as the 
European Green Hydrogen Alliance and agreements with Germany’s H2Global initiative. These 
collaborations aim to facilitate knowledge exchange, funding, and technology transfer to accelerate 
hydrogen development in Morocco. However, policy and regulatory frameworks must support 
investment and innovation in hydrogen production. Government incentives, international 
partnerships, and advancements in electrolyzer technology will play a crucial role in ensuring 
economic viability. Additionally, creating a favorable market environment will attract foreign 
investment and facilitate technology transfer. 

Conclusion 

Morocco's renewable energy resources position it as a promising leader in green hydrogen production. 
By leveraging solar and wind energy for electrolysis, the country can develop a competitive hydrogen 
economy while contributing to global decarbonization efforts. However, achieving large-scale 
hydrogen deployment requires strategic investments in infrastructure, policy support, and 
international collaboration. Addressing key challenges such as water availability, storage, and 
transportation will be essential in establishing Morocco as a key player in the global hydrogen market. 
For example, Germany has successfully integrated hydrogen into its energy mix by investing in 
underground storage and a robust pipeline network, while Australia has developed large-scale 
desalination projects to support hydrogen production. Learning from these international experiences 
can help Morocco navigate similar obstacles and optimize its hydrogen strategy. With the right 
investments and strategic planning, Morocco can unlock the full potential of green hydrogen, ensuring 
a sustainable and economically viable energy transition. 
 
 

28 Engineering Innovations Vol. 18



References 
[1] IEA (International Energy Agency). (2023). CO2 emissions in 2022. Retrieved from 

www.iea.org 
[2] World Data Lab. (2023). World Emission Clock. Retrieved from https://worldemissions.io 
[3] LeValley, Trevor L., Anthony R. Richard, and Maohong Fan. "The progress in water gas shift 

and steam reforming hydrogen production technologies–A review." International Journal of 
Hydrogen Energy 39.30 (2014): 16983-17000.  

[4] Weber, Adam Z., and Timothy E. Lipman. "Fuel cells and hydrogen production: 
introduction." Fuel cells and hydrogen production. Springer, New York, NY, 2019. 1-8. 

[5] Privovar, B. (2018). H2@scale overview. National Renewable Energy Laboratory, Fuelcell 
Technologies Office. U.S Department of Energy : www.hydrogen.energy.gov/ 

[6] Boucetta, Mounia. Le marché de l’hydrogène vert: l’équation industrielle de la transition 
énergétique. No. 1995. Policy Center for the New South, 2023. 

[7] IEA. (2019). The Future of Hydrogen: Seizing today’s opportunities. Retrieved from 
Hydrogenexpo: https://www.hydrogenexpo.com/ 

[8] Mosca, Lorena, et al. "Process design for green hydrogen production." international journal of 
hydrogen energy 45.12 (2020): 7266-7277. 

[9] Ajanovic, Amela, Mitchell Sayer, and Reinhard Haas. "The economics and the environmental 
benignity of different colors of hydrogen." International Journal of Hydrogen Energy 47.57 
(2022): 24136-24154. 

[10] Nikolaidis, Pavlos, and Andreas Poullikkas. "A comparative overview of hydrogen production 
processes." Renewable and sustainable energy reviews 67 (2017): 597-611. 

[11] Kumar, S. Shiva, and Hankwon Lim. "An overview of water electrolysis technologies for green 
hydrogen production." Energy reports 8 (2022): 13793-13813. 

[12] Bianco, Emanuele, and Herib Blanco. "Green hydrogen: a guide to policy making." (2020). 
[13] Hermesmann, Matthias, and Thomas E. Müller. "Green, turquoise, blue, or grey? 

Environmentally friendly hydrogen production in transforming energy systems." Progress in 
Energy and Combustion Science 90 (2022): 100996. 

[14] Newborough, Marcus, and Graham Cooley. "Developments in the global hydrogen market: The 
spectrum of hydrogen colours." Fuel Cells Bulletin 2020.11 (2020): 16-22.  

[15] Chauvel, Alain, Gilles Lefebvre, and Louis Castex. Procédés de pétrochimie: Caractéristiques 
techniques et économiques Tome 1. Vol. 1. Editions OPHRYS, 1985. 

[16] IEA. (2021). Global Hydrogen Review. Retrieved from https://www.iea.org/ 
[17] Kovač, Ankica, Matej Paranos, and Doria Marciuš. "Hydrogen in energy transition: A 

review." International Journal of Hydrogen Energy 46.16 (2021): 10016-10035. 
[18] Kumar, S. Shiva, and Hankwon Lim. "An overview of water electrolysis technologies for green 

hydrogen production." Energy reports 8 (2022): 13793-13813. 
[19] Wang, Mingyong, et al. "The intensification technologies to water electrolysis for hydrogen 

production–A review." Renewable and sustainable energy reviews 29 (2014): 573-588. 
[20] Hodges, Aaron, et al. "A high-performance capillary-fed electrolysis cell promises more cost-

competitive renewable hydrogen." Nature communications 13.1 (2022): 1304. 
[21] Burton, N. A., et al. "Increasing the efficiency of hydrogen production from solar powered 

water electrolysis." Renewable and Sustainable Energy Reviews 135 (2021): 110255.  

Engineering Innovations Vol. 18 29



[22] IRENA, Green Hydrogen Cost Reduction. "Scaling up Electrolysers to meet the 1.5 C Climate 
Goal." International Renewable Energy Agency, Abu Dhabi (2020). 

[23] Sebbahi, Seddiq, et al. "Assessment of the three most developed water electrolysis technologies: 
alkaline water electrolysis, proton exchange membrane and solid-oxide electrolysis." Materials 
Today: Proceedings 66 (2022): 140-145. 

[24] Vincent, Immanuel, and Dmitri Bessarabov. "Low cost hydrogen production by anion exchange 
membrane electrolysis: A review." Renewable and Sustainable Energy Reviews 81 (2018): 
1690-1704. 

[25] Guo, Yujing, et al. "Comparison between hydrogen production by alkaline water electrolysis 
and hydrogen production by PEM electrolysis." IOP Conference Series: Earth and 
Environmental Science. Vol. 371. No. 4. IOP Publishing, 2019. 

[26] Yue, Meiling, et al. "Hydrogen energy systems: A critical review of technologies, applications, 
trends and challenges." Renewable and Sustainable Energy Reviews 146 (2021): 111180. 

[27] Perkins, Christopher, and Alan W. Weimer. "Solar‐thermal production of renewable 
hydrogen." AIChE Journal 55.2 (2009): 286-293. 

[28] Shankar, Vigneshwaran, et al. "A concise review: MXene-based photo catalytic and photo 
electrochemical water splitting reactions for the production of hydrogen." International Journal 
of Hydrogen Energy 48.57 (2023): 21654-21673. 

[29] laboratory, L. b. (n.d.). application photo-electrochemical cell (pec). Retrieved from 
http://emat-solar.lbl.gov/ 

[30] Das, Debabrata, and T. Nejat Veziroǧlu. "Hydrogen production by biological processes: a 
survey of literature." International journal of hydrogen energy 26.1 (2001): 13-28. 

[31] World Energy Balances. (2022). Retrieved from International Energy Agency: 
https://www.iea.org/ 

[32] Hteit, R. (n.d.). LEDS Global Partnership. Retrieved from Morocco's National Energy and 
Energy Efficiency Plan: www.mem.gov.ma/ 

[33] global climate action partnership. (n.d.). globalclimateactionpartnership. Retrieved from 
Morocco solar program: https://globalclimateactionpartnership.org/ 

[34] Lebrouhi, B. E., et al. "Global hydrogen development-A technological and geopolitical 
overview." International Journal of Hydrogen Energy 47.11 (2022): 7016-7048.  

[35] MEM. (2021). Feuille de Route de l’Hydrogene Vert. Retrieved from Ministère de la transition 
énergetique et du développement durable: https://www.mem.gov.ma/ 

[36] Comission européenne. (2022). repowereu affordable secure and sustainable energy europe. 
Retrieved from https://commission.europa.eu/ 

[37] International Energy Agency. (2023). National Hydrogen Strategy. Retrieved from 
https://www.iea.org/ 

[38] MTEDD. (2021). STRATEGIE NATIONALE DE L’HYDROGENE VERT. Retrieved from 
mem.gov: https://www.mem.gov.ma/ 

[39] WorldBank. (2023). news. Retrieved from worldbank: https://www.worldbank.org/ 
[40] indexmundi. (2019). fresh water. Retrieved from indexmundi: https://www.indexmundi.com/ 
[41] Rahhou, J. (2023). Economy. Retrieved from moroccoworldnews: 

https://www.moroccoworldnews.com/ 

30 Engineering Innovations Vol. 18



[42] Kettani, Maryème, and Philippe Bandelier. "Techno-economic assessment of solar energy 
coupling with large-scale desalination plant: The case of Morocco." Desalination 494 (2020): 
114627. 

[43] Muthukumar, P., et al. "Review on large-scale hydrogen storage systems for better 
sustainability." International Journal of Hydrogen Energy 48.85 (2023): 33223-33259.  

[44] Bosu, Subrajit, and Natarajan Rajamohan. "Recent advancements in hydrogen storage-
Comparative review on methods, operating conditions and challenges." International Journal of 
Hydrogen Energy 52 (2024): 352-370. 

[45] Tang, Dan, et al. "State-of-the-art hydrogen generation techniques and storage methods: A 
critical review." Journal of Energy Storage 64 (2023): 107196. 

[46] Faye, Omar, Jerzy Szpunar, and Ubong Eduok. "A critical review on the current technologies 
for the generation, storage, and transportation of hydrogen." International Journal of Hydrogen 
Energy 47.29 (2022): 13771-13802.  

[47] Usman, Muhammad R. "Hydrogen storage methods: Review and current status." Renewable 
and Sustainable Energy Reviews 167 (2022): 112743.  

[48] Andersson, Joakim, and Stefan Grönkvist. "Large-scale storage of hydrogen." International 
journal of hydrogen energy 44.23 (2019): 11901-11919. 

[49] Desai, Fenil J., et al. "A critical review on improving hydrogen storage properties of metal 
hydride via nanostructuring and integrating carbonaceous materials." International Journal of 
Hydrogen Energy 48.75 (2023): 29256-29294. 

[50] Prabhukhot, Prachi R., Mahesh M. Wagh, and Aneesh C. Gangal. "A review on solid state 
hydrogen storage material." Advances in Energy and Power 4 (2): 11-22, 2016 4 (2016): 11-
22. 

[51] Ren, Jianwei, et al. "Current research trends and perspectives on materials-based hydrogen 
storage solutions: a critical review." International journal of hydrogen energy 42.1 (2017): 289-
311. 

[52] Barthélémy, Hervé, Mathilde Weber, and Françoise Barbier. "Hydrogen storage: Recent 
improvements and industrial perspectives." International Journal of Hydrogen Energy 42.11 
(2017): 7254-7262. 

[53] Zivar, Davood, Sunil Kumar, and Jalal Foroozesh. "Underground hydrogen storage: A 
comprehensive review." International journal of hydrogen energy 46.45 (2021): 23436-23462. 

[54] Muhammed, Nasiru Salahu, et al. "A review on underground hydrogen storage: Insight into 
geological sites, influencing factors and future outlook." Energy Reports 8 (2022): 461-499. 

[55] IRESEN. (2023). MELHY. Retrieved from IRESEN: https://iresen.org/projects/melhy/ 
[56] Song, Qianqian, et al. "A comparative study on energy efficiency of the maritime supply chains 

for liquefied hydrogen, ammonia, methanol and natural gas." Carbon Capture Science & 
Technology 4 (2022): 100056. 

[57] Al-Ghussain, Loiy, et al. "Integrated assessment of green hydrogen production in California: 
Life cycle Greenhouse gas Emissions, Techno-Economic Feasibility, and resource 
variability." Energy Conversion and Management 311 (2024): 118514. 

[58]  Khan, M. A., et al. "Seawater electrolysis for hydrogen production: a solution looking for a 
problem?." Energy & Environmental Science 14.9 (2021): 4831-4839. 

Engineering Innovations Vol. 18 31


