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Abstract  

Over the  past years,  hydrogen  has been  identified as the most  promising  carrier  of clean energy.  

In a  world that aims to  replace  fossil  fuels to  mitigate  greenhouse  emissions  and address  other  

environmental  concerns,  hydrogen generation technologies  have  become  a  main player in the  

energy  mix.  Since  hydrogen is the main working  medium in  fuel cells and  hydrogen-based  

energy  storage  systems,  integrating  these  systems  with other  renewable energy  systems is  

becoming very  feasible. For  example, the coupling  of  wind or  solar  systems  hydrogen fuel cells  

as secondary  energy  sources is proven to  enhance  grid stability  and  secure  the reliable energy 

supply  for  all  times. The  current  demand  for  clean energy  is unprecedented, and it  seems that  

hydrogen can meet such demand only  when  produced and stored in large  quantities. This paper  

presents an  overview of the  main hydrogen production and storage  technologies,  along  with their  

challenges. They  are  presented  to help identify  technologies that have  sufficient potential for  

large-scale energy  applications that rely  on hydrogen.  Producing  hydrogen  from water and fossil  

fuels and storing  it  in underground formations  are  the best large-scale  production and storage  

technologies. However, the local conditions of  a  specific region play  a  key  role  in determining 

https://www.sciencedirect.com/science/article/pii/S0048969720336469#!
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the most suited production and storage methods, and there might be a need to combine multiple 

strategies together to allow a significant large-scale production and storage of hydrogen. 

Keywords: Hydrogen production; hydrogen storage; renewable energy; underground hydrogen 

storage; metal hydrides. 

1. Introduction 

The advances in technology and the increase of the population resulted in increased energy 

consumption. The main energy source is a fossil fuel that is not only limited in resources and 

fluctuated in price, but also it has a severe environmental impact [1, 2]. The rely on the fossil 

fuel can be decreased and/or eliminated through improving the efficiency of the current 

processes [3, 4] and/or through the usage of renewable energy sources such as solar thermal [5], 

solar PV [6-8], geothermal [9, 10], wind [11], hydro [12], and biomass energy [13-16]. Hydrogen 

is conserved as an energy carrier that can be used for decarbonization of several sectors. 

Hydrogen has several advantages such as abundant as it forms almost 90 atomic % of all the 

atoms in the universe, has one of the highest energy density fuel (gravimetric one), 

environmentally friendly as it produces water as a byproduct, and sustainable. Hydrogen can be 

obtained from both fossil fuels and renewable energy sources. Although hydrogen exists in large 

amounts in the universe, it is not available freely in its elemental form. Elemental hydrogen is 

usually obtained from compounds through different chemical and electrochemical processes. 

Although hydrogen is the simplest element by composition, it possesses the highest energy per 

unit mass as shown in Table 1 with other properties of hydrogen [17], while Table 2 shows the 

energy content of hydrogen compared to other chemical energy sources (fuels). Obviously, the 

energy content of hydrogen is significantly greater than the other fuels [18]. Hydrogen is 

sustainable, non-toxic, and clean when used as a fuel since it produces only water as a byproduct. 

Therefore, hydrogen has a potential solution for global energy requirements with minimum 

pollution. Fuel cells [19-21] are efficient energy conversion devices that can use hydrogen as a 

fuel and have a high potential for application in transportation and other power generation 

(stationary) systems [22]. Also, hydrogen can be burned in turbines and/or internal combustion 

engines [23-26] to generate electricity through kinetic and mechanical energy conversions. 

Hydrogen has economic feasibility for future global economic prosperity [27]. For all these 



     

    

    

        

 

 

   

    

    

    

    

    

    

 
  

  

 

  

  

 

   

   

    

      

     

    

   

advantages, hydrogen can be considered as a key solution to combat global warming and other 

environmental issues [28, 29]. Nowadays, hydrogen is used in oil refining and production of 

ammonia, but it is not used widely in transportation and power generation. However, it is 

expected to grow in these sectors, too [30]. Table 1 shows the different properties of hydrogen, 

and Table 2 shows a comparison between hydrogen and other common fuels. 

Table 1: Properties of hydrogen [17] 

Property Value Unit 

Molecular weight 2.016 Amu 

r (gas) 0.0838 kg/m
3 

r (liquid) 70.8 kg/m
3 

T (boiling) 20.3 K 

T (self-ignition) 858 K 

T (flame) 2318 K 

HHV 
141.90 MJ/kg 

11.89 MJ/m
3 

LHV 

119.9 MJ/kg 

10.05 MJ/m
3 

Critical point 

Temperature 32.94 K 

Pressure 1284 kN/m
2 

Density 31.40 kg/m
3 

Ignition limit in air 4-75 vol.% 

Stoichiometric mixture in air 29.53 vol.% 

D 0.61 cm 
2
/s 

Cp 14.89 kJ/(kg.K) 



 

Fuel  Energy content [MJ/kg]  

Lower heating value  Higher heating value  

Gaseous hydrogen  119.96   141.88 

Liquid hydrogen  120.04   141.77 

Natural gas  47.13   52.21 

 Liquefied natural gas (LNG)  48.62   55.19 

  Liquefied petroleum gas (LPG) 46.60   50.14 

 Crude oil 42.68   45.53 

Still gas (in refineries)  46.89   50.94 

 Conventional gasoline  43.44   46.52 

 Reformulated or low sulfur 42.35   45.42 

Gasoline (RFG)    

 Conventional diesel 42.78   45.76 

Low sulfur diesel  42.60   45.56 

Coal (wet basis)  22.73   23.96 

Cooking coal (wet basis)  28.60   29.86 

 Bituminous coal (wet basis) 26.12   27.26 

Ethanol  26.95   29.84 

    Methanol  20.09   22.88 

Table 2: Comparison of some selected energy  contents of fuels [18]  



      

      

       

    

  

 

   

      

       

     

     

       

       

 

 

  

  

  

 

 

   

  

 

   

  

   

  

Although there is a considerable work that have been done to summarize the hydrogen 

production [31-33] and hydrogen storage [34, 35], there is still a need for a work that covers both 

the production and storage with emphasizing on the large scale ones, as well as the recent 

progress in storing hydrogen in salt caverns and porous rock reservoirs are needed. Moreover, 

this work covers the recent work done in the fast hydrolysis of the metal hydrides. 

2. Large scale applications of hydrogen 

Hydrogen is widely used in various industrial sectors, such as oil, chemicals, food, plastics, 

metals, electronics, glass, and electrical power [36]. Table 3 summarises different applications of 

hydrogen in different sectors. Additionally, hydrogen can be used at large-scale energy 

conversion applications such as direct combustion in internal combustion engines or in fuel cells 

in automotive industry [37]. The main advantages of combustion-based engines are their 

economy and the less stringent purity restrictions on hydrogen compared to fuel cells [38]. This 

will be discussed in the following sections. 

Table 3: Hydrogen usage in industries [11] 

Industry Uses 

Metals Welding torches 

Oxygen scavenger. 

Heat treatment to improve ductility and machining quality, to increase the 

tensile strength, to relieve stress, to harden, changing electrical or 

magnetic characteristics. 

The reductive atmosphere for the production of iron, molybdenum, …etc 

Plastics It is cracking used plastics to produce lighter molecules that can be 

recycled. 

Synthesize of nylons, polyesters, polyurethane, and polyolefin. 

Glass Heat treatment of optical fibers 

The reductive atmosphere for the float glass process 

High temperature cutting torches 



  

  

  

  

  

   

  

  

  

  

  

  

 

   

         

       

      

        

    

     

       

         

 

            

        

    

Glass polishing. 

Electronics Heat bonding materials. 

Epitaxial  growth of polysilicon 

Manufacture of vacuum tubes. 

Electric power Nuclear fuel processing 

Coolant for large generation of motors. 

Chemical Synthesized of methanol, ammonia…..etc. 

Food Conversion of edible oils to fats. 

Conversion of tallow and grease to animal feed. 

Conversion of sugar to polyols. 

Oil Hydrocracking of large hydrocarbons to fuel distillates. 

Removal of sulphur and other impurities. 

2.1 Hydrogen-fueled internal combustion engines 

The internal energy of hydrogen can be released by burning it directly inside internal combustion 

engines. There are two types of internal combustion engines suitable for burning hydrogen, i.e., 

spark ignition and diesel cycle engines. Hydrogen is considered as a clean and effective fuel that 

can replace gasoline in spark-ignition engines [38, 39]. Shivaprasad [40] reported that a spark 

ignition engine fueled by hydrogen exhibited higher thermal efficiency than gasoline. Another 

experimental study by Elsemary [41] conducted on a single-cylinder spark ignition engine at 

different volumetric dilution ratios of hydrogen with gasoline. The results showed that higher 

hydrogen ratios generate higher efficiency values, coupled with the intrinsically better 

environmental impacts. 

For diesel cycles, pure hydrogen can not be used as a fuel, but it can be introduced in a mixture 

with other fuels [42]. Adding hydrogen to the fuel mixture in diesel engines increases the 

environmental appeal of such engines as both carbon monoxide, and carbon dioxide emissions 



        

         

    

     

     

          

        

     

  

  

        

          

     

          

       

    

       

         

    

         

        

        

       

    

      

      

    

        

  

        

are reduced. However, adding H2 results in increasing the NOx emissions [43]. Hamdan et al. 

[44] reported that increasing H2 into the fuel of diesel engines results in increasing the thermal 

efficiency and increasing the NOx.. Ghazal [45] tested a compressed ignition engine operating on 

hydrogen/diesel fuel mixture and reported that adding hydrogen has augmented the performance 

and resulted in less harmful emissions and smoother (less noise) engine operation. Koten [46] 

investigated the performance of diesel engines fueled by a mixture of diesel and hydrogen at 

different loads and showed that increasing the amount of hydrogen increases the thermal 

efficiency but resulted in higher fuel consumption for all loads. Hydrogen additions (up to 80 

lpm) also resulted in less soot formation but caused higher NOx emissions. 

2.2 Hydrogen fuel cells 

Fuel cells are devices that directly convert chemical energy into electrical energy [47-49]. They 

consist of an anode (where fuel oxidation takes place) a cathode, and a suitable electrolyte that 

allows ion transfer in between [50]. Fuel cells are highly efficient devices, with a conversion 

efficiency of around 60-70% [51]. There are many types of fuel cells, and the most 

commercialized ones are proton exchange membrane fuel cells (PEMFCs) [52, 53], solid oxide 

fuel cells (SOFCs) [54, 55] and molten carbonate fuel cells (MCFCs) [56, 57]. Isfahani and 

Sedaghat [58] built a setup consisting of a hybrid power system involving: (i) solid oxide fuel 

cell (SOFC), (ii) a micro gas turbine, and (iii) three-reactor chemical looping for hydrogen 

production (TRCL) along with carbon monoxide capturing. They routed the hydrogen produced 

from the TRCL is used in the SOFC for generating electricity, and the excess hydrogen is 

combusted in the micro gas turbine. This hybrid system has an efficiency of 51.4% based on the 

lower heating value. Concurrently, the system could be capable of capturing 100% of the 

produced carbon monoxide, ushering in a clean power production system. Another solar-

powered hydrogen fuel station termed i-NEXT is built In Italy [59]. The power plant is used to 

generate electricity and simultaneously supply hydrogen to vehicles. In this system, an alkaline 

electrolyzer is used, which can produce hydrogen with 99.995% purity. The generated hydrogen 

is stored under compression in tanks that can be used later as fuel for vehicles. Conventional 

fuels are still preferable than PEMFC due to the high cost and poor durability of the latter one 

[60]. However, with the advent of all-electrical vehicles such as Tesla, Hyundai Tucson, Toyota 

Mirai, Honda FCX Clarity, and Mercedes-Benz GLC has pushed interest in fuel cells for vehicle 



       

        

       

      

        

        

       

   

 

  

 

  

          

       

    

    

propulsion further [37]. Mehrjerdi [61] designed an off-grid station for electrical and hydrogen 

vehicles. The station is powered by solar PV. Part of the electrical power delivered by the PV is 

used for charging electrical cars, and the rest is used for hydrogen production by electrolysis. A 

fuel cell was added to generate electricity using hydrogen fuel. The electricity from the fuel cells 

will be used for charging the electrical cars during hours of low solar irradiance, while a diesel 

generator is also added as backup. The design revealed 97% of the electrical power generated by 

the PV will be converted to hydrogen and stored. Error! Reference source not found. [61], 

shows a schematic of the proposed system. 

Figure 1: Schematic for an electrical/hydrogen station powered by PV. 

3. Hydrogen production technologies 

Currently, hydrogen can be produced from a wide variety of resource such natural gas [62-64], 

coal [65], biomass [66, 67], water [68-70]; metal hydrides [71-73], H2S [74-77], and biological 

sources such as biomass [78-81]. Although of the progress in the hydrogen market as promising 

energy source, the conventional production routes, i.e., from fossil fuel, have negative 



    

           

      

          

    

  

          

      

       

    

   

           

      

      

        

    

       

        

   

         

         

    

      

  

 

environmental impacts [82]. Therefore, renewable energy sources such as wind energy, solar 

energy, and even nuclear energy are preferred if clean production of hydrogen is sought [83]. 

Hydrogen can also be produced from the biomass via chemical, microbial routes [84, 85], or 

electrolytic routes [86]. Other methods that have been tried for producing hydrogen include 

steam reforming of methane, gasification, water electrolysis, liquid thermochemical, 

water‐ splitting, photo‐ biological, and photoelectrochemical [87, 88]. 

Being a highly active gas, hydrogen production must include many provisions to ensure safe 

production and storage, which may increase the production cost. For example, it requires high 

sealing pressures of storage containers and transportation pipelines to ensure no leakage [89]. 

Another roadblock to widespread adaptation as a primary resource, hydrogen production, is 

struggling with government legislations on its production and storage [83]. With ~120 billion 

tons of hydrogen are being produced each year, and 2/3 of it is pure hydrogen, while the rest is a 

mixture of gases [83]. Several countries have made an approach to green hydrogen recently, 

including Germany, Netherlands, Japan, Australia, France, Canada, and China, and for this, it is 

expected that the production of green hydrogen will grow worldwide more rapidly [83]. Even 

though hydrogen production by renewable energies has moved forward in strides in the past few 

years, it is still suffering from higher cost compared to fossil fuel, especially with the current 

crisis of 2020. For example, Figure 2: Hydrogen production cost by renewable and non-

renewable energies in 20192 compares hydrogen production cost using renewable and non-

renewable energy sources in 2019. The average price of producing hydrogen by solar PV and 

wind energy is much higher than that of fossil fuel, while the decrease in the price of solar PV 

and wind energy is considered competitive. The International Renewable Energy Agency 

(IRENA) is expecting that the cost of hydrogen production via renewable energies will fall and 

become even cheaper than fossil fuel in 2050 [83]. 



 

   

 

  

      

       

      

   

          

          

    

                        

       

    

          

Figure 2: Hydrogen production cost by renewable and non-renewable energies in 2019 [83] 

3.1 Hydrogen Production from fossil fuels: 

Steam reforming of methane (SMR) is a common method used for producing hydrogen from 

natural gas. In SMR, the natural gas is mixed with steam at high temperature over a catalyst 

surface, where a mixture of hydrogen and carbon monoxide is produced [89]. Afterward, this 

mixture undergoes a water-gas shift reaction to obtain hydrogen and carbon dioxide (CO2), 

where hydrogen is purified from CO2. This process has an efficiency of 65-75% and can reach 

more than 80% for large reformers. Also, it is considered as the most economical method [28, 

89, 90]. Eq.1 shows the chemical reaction of SMR [91]. 

(1) 

The steam methane reforming process is shown in Figure 3: Flow diagram of the steam methane 

reforming process3 (adapted from [92]). As shown in the figure that before the reforming 

process, methane is desulfurized (sulfur impurities are removed to avoid poisoning of the 



     

          

         

      

 

  

 

       

      

           

   

       

    

       

   

catalysts). The reforming process is established under very high temperatures to obtain syngas, 

i.e., mixture of H2 and CO. The reforming is followed by a shift converter, where extra H2 is 

produced from CO by steam addition. A pressure swing adsorption (PSA) is then used to remove 

the CO2 gases yielding pure H2 as an outcome of the process [32, 92]. 

Figure 3: Flow diagram of the steam methane reforming process. 

Gasification is also widely used for hydrogen production. In the coal gasification process, coal is 

partially oxidized with oxygen and/or steam under high pressure and temperature. Carbon 

monoxide (CO) and H2 are the main products of this partial oxidation. A shift reaction is then 

conducted to increase hydrogen yield. The high carbon content of coal that results in producing 

large amounts of CO2 compared to other feedstocks is the major drawback of coal gasification. 

Carbon Capture and Storage (CCS) technologies can be coupled with this process for minimizing 

unwanted CO2 emissions during coal gasification. Compared to the steam reforming of methane, 

the cost of coal gasification is higher, and thus it is not widely used [90]. 



   

     

  

    
 

 
                 

       

       

       

     

        

         

      

    

 

 

 

    

 

   

       

         

     

        

       

  

           

3.2 Water electrolysis: 

Water electrolysis is a process through which water is split into hydrogen and oxygen by adding 

electricity [93], as described in Eq.2. 

Water electrolysis is considered to be the cleanest method for producing hydrogen since no 

carbon emissions are generated [94]. The electrolyzer consists of positive and negative 

electrodes. Many electrolyzer types are available, such as proton exchange membrane (PEM), 

alkaline, and solid oxide electrolyzers [95, 96]. After the electrolyzer, a compressor is usually 

used to store hydrogen. The schematic in Fig. 4 (adapted from [94]) summarizes the steps for 

hydrogen production and storage by water electrolysis. The source of input power can be 

renewable energy, making the whole process even more sustainable. The coming sections will 

detail various renewable energy technologies (solar energy, wind, biomass, and geothermal 

energies) that are coupled with water electrolysis for hydrogen generation. 

Figure 4: Schematic diagram for hydrogen production by water electrolysis adapted from [94]. 

3.2.1 Water electrolysis by photovoltaic solar energy: 

Solar power is available and abundant and is a clean source of energy [97]. However, the power 

that can be extracted from photovoltaic solar cells is limited to 10-20% of incident power 

depending on different parameters such as shade, dust, and operating temperatures [98]. 

Therefore, it is a challenge for solar PV to independently supply the required electrical demand 

[99]. Additionally, solar power has limited availability as it is only available during daytime, 

which limits accessibility to it. Such limitation could be decreased or eliminated through using 

hybrid systems consists of other renewable energy sources and/or storage systems [8, 100]. An 



       

          

      

        

        

  

 

  

 

         

        

      

    

      

        

         

       

        

electrical power produced by solar PV modules could be used to produce hydrogen through an 

electrolyzer. The schematic in Fig. 5 (adapted from [101]) shows the coupling of a solar PV 

system and water electrolyzer used for hydrogen production. Having a PV system with higher 

efficiency will produce higher energy for the same module area, and hydrogen production will 

also increase [102]. This coupling is considered as one of the cleanest systems for hydrogen 

production [88]. 

Figure 5: Hydrogen production by solar PV system. 

The disadvantages of producing hydrogen by PV system are the high installation costs and the 

lower exergic performance compared to fossil fuel [33]. However, PV production costs are in a 

steady decline with a lower cost per kWh. The system can be coupled with other energy 

resources to enhance efficiency and not limit hydrogen production to daytime. For example, Al 

Sharifi et al. in Saudi Arabia [103] used 2 kW PV array integrated with 3 wind turbines and 7 

batteries to produce sustainable hydrogen with acceptable efficiency. Another case study with 

promising results was conducted by Qolipour et al. in Iran [104] using a hybrid PV-wind power 

plant. On an annual basis, a 3,153,762 kWh electrical energy was produced, and 31,680 kg of 

hydrogen was produced. Also, Fereidoono et al. [101] demonstrated that for a 20 kW PV power 



    

       

       

     

         

   

  

     

      

     

       

      

     

        

     

           

    

         

        

   

        

        

         

    

    

        

           

    

      

     

station in Iran could reveal an annual electricity production of 36.91 MWh and 373 ton of 

hydrogen. Another study by Rezaei et al. [105] in Iran for a hybrid wind/PV system showed that 

the PV system is capable of producing a maximum of 20 kg of hydrogen per day, which is 

capable of driving 20 cars for a week. On the solar thermal utilization side, using simulation for a 

solar pond, a flat plate solar collector for producing hydrogen showed that it could produce 2.25 

kg of hydrogen per day [106]. 

3.2.2 Water electrolysis by wind energy 

This method has the same principle as the previous one except that water electrolysis is achieved 

by the energy produced by wind turbines. Producing hydrogen by wind energy is the simplest 

and cleanest mechanism in terms of producing emissions. Also, it is the best mechanism for 

producing hydrogen in terms of cost/energy compared to other renewable sources [107]. 

However, hydrogen production by wind energy has some difficulties to overcome, which are 

mature wind turbine structure, having electrolyzer that accepts wind fluctuations, and a suitable 

hydrogen storage system [108]. A study by Rodríguez et al. [109] in Argentina showed that 

producing hydrogen by electricity delivered from wind turbines is ten times higher than the 

hydrogen required for a vehicle in the province of Córdoba as a case study. Another study [110] 

in Argentina showed that it is possible to produce 1 billion tons of hydrogen for a year from wind 

energy. Also, the study done by Loisel et al. [111] in France showed that an off-shore wind farm 

for hydrogen production has a cost of 4-13 €/kg of Hydrogen. Moreover, Iqbal et al. [112] 

investigated hydrogen production by wind turbines in different cities in Pakistan, and 

Mostafaeirpour [113] studied those in Iran. Another study by Rezaie et al. [105] in Iran for 

Wind/PV system showed that using a Gasima G47 wind turbine would produce 91 kg of 

hydrogen per day, which is capable of driving 91 cars for a week. Also, the feasibility of wind 

turbines application in different wind turbines in South Africa was performed by Ayodele et al. 

[114]. They reported that the site with the highest wind potential showed hydrogen production 

6.51- 226.82 metric-tons of hydrogen depending on the capacity of the turbine, while the best 

turbine in terms of cost/energy is capable of producing energy of 0.23$/kWh. A study by Fang et 

al. [115] for wind/hydrogen integrated system concluded that the wind/hydrogen system has a 

better economic performance compared to a regular wind farm. The combination of fuel cells 

with wind turbines will play an important role in clarifying the wind's fluctuations. Finally, a 

http:6.51-226.82


      

      

      

 

     

      

      

 

  

           

         

       

     

       

        

       

       

          

      

            

      

       

          

  

   

    

 

recent study performed in Iran [116] shown in Table 4: Hydrogen Production by two wind 

turbines in different cities in Iran “using two turbines T1 of 3.5 kW and T2 of 100 kW” revealed 

that high hydrogen production is in Ardebil city of 5253.1kg per year could be achieved. 

Table 4: Hydrogen Production by two wind turbines in different cities in Iran [116] 

NO. Ardebil Khalkhal Namin Meshkinshahr 

T1 “3.5 kW” 99.1 53 80.3 58.7 

T2 “100 kW” 5253.1 3242.6 4553.9 3556.9 

3.2.3 Hydrogen production by geothermal energy 

Geothermal energy is a natural resource of energy stored as heat beneath the surface of the earth 

[117, 118]. In terms of utilization, it is among the relatively cheap energy resource and has a low 

adverse environmental impact [119, 120]. Compared to other renewable sources like solar and 

wind, geothermal energy is considered to be the most consistent, with no temporal interruptions 

or fluctuations [9]. Geothermal energy could be classified based on temperature; the higher the 

temperature, the higher the energy potential. For hydrogen production, geothermal energy can be 

used to generate electricity for water electrolysis. In order to achieve this, the thermal input 

should be greater than 150 [119, 120]. Using high-temperature geothermal energy, the study 

done by Belta et al. [119] demonstrated an energy and exergy efficiencies of 87% and 86%, 

respectively, for water electrolysis. Also, the electrolysis system was found to consume 3.34 

at 230 and generates 573 mol/s of hydrogen. Moreover, the study showed that the 

higher temperature of the geothermal well, the higher exergy efficiency of the process. A study 

done by Kanoglu [121] exhibited an annual hydrogen production of 34,800 tones with a cost of 

1.6 €/kg. The work done by Bicer and Dincer [122] for a combined geothermal/solar combined 

hydrogen production system showed that the production part of the geothermal was dominant, 

with 18 kg of hydrogen produced each hour. Table 5: Geothermal-based power plants for 

hydrogen production shows geothermal-based large scale power plants for hydrogen production 

in Hawaii, USA [123], and Treiceria, Portugal [124], and Iceland [125, 126]. 



  

 

 

  

        

      

   

       

       

    

      

    

  

      

        

  

      

     

   

   

       

       

  

Table 5: Geothermal-based power plants for hydrogen production [119]. 

3.2.4 Hydrogen Production from biomass: 

Biomass energy is the main source of energy production. It is available from agricultural 

residues and wastes of industries and households. It can be used for generating biogas, biodiesel, 

hydrogen, or even electricity in microbial fuel cells [127-130]. Hydrogen is produced from 

biomass mainly by thermo-chemical processes and biochemical processes [131]. However, the 

technologies are all in the research stage. Thermo-chemical processes require less time compared 

to the biochemical process [132]. However, thermochemical processes require higher energy 

input and continual removal of tar from the products [133]. Also, thermochemical processes have 

higher efficiency and less cost compared to biochemical [134]. 

Thermochemical hydrogen production utilizes pyrolysis and gasification of biomass, as shown in 

Fig. 6 (adapted from [135]). Pyrolysis is defined as a high-temperature degradation of the 

carbonaceous material process that produces a mixture of gases or bio-oil, which can be used for 

hydrogen production [136]. However, the hydrogen produced from this method is very small and 

not commercialized [137]. On the other hand, gasification is considered one of the most efficient 

methods for hydrogen production from biomass [134]. The challenge facing gasification is low 

efficiency [135]. The researcher conducted several studies for large-scale production of hydrogen 

through biomass gasification [138, 139]. The biochemical process is based on micro-organisms 

that convert organic materials into a mixture of various compounds, including hydrogen. 

Different studies have been done to optimize the performance of dark fermentation as a 

promising method for hydrogen production [140-142]. 



 

    

 

    

   

       

    

             

          

    

       

       

    

   

       

    

     

      

Figure 6: Hydrogen production by thermo-chemical conversion of biomass. 

3.2.5 Hydrogen Production by solar thermal energy: 

Recently, solar concentrating power plants have been adopted for hydrogen production, which is 

one of the best methods for hydrogen production through a thermochemical process [143]. Such 

a method has high efficiency and does not require precious catalysts [144]. Basically, incident 

solar energy is focused on a smaller area using mirrors, parabolic dishes, or power towers to 

increase the available temperature that can be used for hydrogen production [145, 146]. 

Thermochemical processes include reforming, gasification, cracking, and water thermolysis 

[147]. The cleanest method among them is water thermolysis, and hence it is the most popular 

one. The main challenges facing its wide adaptation are the very high operational temperatures 

[2500-3000K], limiting the materials that can withstand these high temperatures and be at an 

available cost [148]. Also, it requires an effective separation system to avoid the recombination 

of hydrogen and oxygen [149]. Chang et al. [150] summarized the latest technologies for water 

thermolysis, highlighting the different methods used to enhance the yield and efficiency of 

thermolysis, such as using two stages instead of a single stage to operate on a lower temperature. 

The first stage in this method is an endothermal reaction (TR phase), and the second stage is an 



    

 

         

      

  

 

       

exothermal reaction (WS phase) [151], as being shown in 

Figure 7: Two stages of the water-splitting process [152].. Wang et al. [152] proposed a new 

solar receiver/reactor structure that can be used to increase the thermal efficiency by 8.35– 

15.85% of a methane steam reforming powered by CSP. 

Figure 7: Two stages of the water-splitting process [152]. 



 

   

      

     

     

    

  

        

        

     

        

    

      

    

    

     

   

3.3 Comparative evaluation of current hydrogen production technologies 

Literature has a large number of excellent work dedicated to hydrogen generation. These 

contributions can be broken down into a simple schematic shown in Figure 8. The Figure shows 

that such technologies can be divided into two main categories according to the resources, i.e., 

renewable and nonrenewable. Non-renewable sources mainly from fossil fuel and used in two 

main processes, which are gasification and steam reforming. Also, hydrogen is produced by 

renewable sources, which is considered more important these days due to high carbon emissions 

and other environmental issues. Solar PV, wind energy, and geothermal energy are mainly used 

in water electrolysis for hydrogen. H2 from renewable sources is recommended due to its high 

purity, and it is used for storing the surpass energy production for solar and wind. However, it 

faces difficulty in storing hydrogen and relatively high cost. Biomass energy is considered as one 

of the major sources for hydrogen production. It has different features, including the fact that it 

uses wastes for producing useful Hydrogen, and it’s the cheapest source that is available 

everywhere. The thermo-chemical process is considered better than the biological due to its 

higher production rate. The advantages and disadvantages of hydrogen production by different 

renewable sources is summarized in Table 6. 



 

  

 

 

  

 

 

   

 

     

 

    

 

 
  

  

 

  
 

  

    

 

   

   

 

 
 

 
  

 
 

  

   

Figure 2: Hydrogen Production methods from renewable and non-renewable methods. 

Table 6: Comparison of different hydrogen production sources 

Hydrogen 

Production Source 

Advantages Disadvantages 

Biomass 

• Available everywhere o Requires high energy 

input. 

• Cheap o Very low productivity. 

Wind 

• Simple and clean 

mechanism 

o Fluctuations in energy 

production. 

o Mature turbine 

structure. 

Solar thermal 

• Very clean o Requires handling 

high temperature. 

• Very efficient 

Solar PV 

• Clean energy and zero 

emission. 

o Solar energy is not 

stable 

• Very high purity of 

hydrogen. 

o High installation 



 

 
 

  

 

 
 

 

 

 

   

      

      

        

   

      

       

            

       

    

    

      

   

       

  

       

        

        

  

Geothermal 

• Low environmental 

impact 

o Requires handling 

high temperature. 

• More stable than wind 

and solar PV 

4. Hydrogen and energy storage 

Energy storage plays an important role in overcoming the intermittent character of the different 

renewable energy sources such as wind, tidal, and solar energy [153]. The common energy 

storage technologies “capacity vs time” is shown in Figure 9. In the regard of the increased 

interest in the industrial sector to replace fossil fuels with renewable energy sources [154, 155], 

Hydrogen is considered as a promising energy storage medium, especially with its potential to be 

used in the transportation sector using fuel cells. However, hydrogen, with its low density in the 

gaseous state, requires a huge volume for a small mass of hydrogen, and this would have an 

implication on its usage for energy storage applications. For instance, one kilogram of hydrogen 

occupies one cubic meter under normal pressure and temperature conditions [156]. Therefore, 

significant research efforts are directed towards increasing hydrogen density, such as using 

pressurized vessels and/or liquefaction. However, such methods require a large amount of energy 

in the form of work, heat, and hydrogen-binding materials in some cases. Hydrogen can also be 

used for storing seasonal energy; however, the basic requirement to bring these synergies into 

action is low-cost hydrogen storage techniques [83]. 

Based on the analysis done by the International Renewable Energy Agency (IRENA), the need 

for storage to incorporate massive shares of solar and wind powers will rise significantly in 2050, 

compared to today [157]. Production of a relatively huge quantity of renewable hydrogen 

integrated with hydrogen storage can support the system to be flexible in the long term, as shown 

in Figure 10. 



 

    

 

  

 

      

         

           

     

      

       

    

Fig 9. The current technologies of energy storage [158]. 

Fig 10. Hydrogen storage profile in 2050 [83]. 

The main hydrogen storage technologies is shown in Figure 11. This splits the technologies of 

hydrogen storage into three primary categories: (1) the physical storage of hydrogen in pure gas 

or liquid forms, that doesn’t involve any chemical or physical bonding with other substances, (2) 

adsorption in which hydrogen is combined with other materials via relatively weak van der 

Waals bonds, and (3) chemical storage in which hydrogen forms chemical bonds with other 

materials such as metal hydrides and chemical hydrides. The following section will focus on the 

different methods for hydrogen storage, focusing on large-scale ones. 



 

    

 

  

     

      

        

Fig 11. Different approaches for hydrogen storage. 

4.1 Technologies of hydrogen storage 

Hydrogen stockpiling should be possible truly, artificially, and electrochemically. The materials 

utilized for hydrogen stockpiling are alloys, metal-natural structures, nanotubes, nanoribbons, 

nanofibers, carbon-based materials like graphene, and so on [159]. As a result of high 



  

       

        

    

  

      

   

      

    

    

     

        

    

        

      

      

    

   

         

     

    

     

      

    

     

        

      

      

     

     

   

gravimetric and volumetric hydrogen limits and fascinating cation and hydrogen dissemination 

properties, complex hydrides and complex hydrides-based materials have been intensely 

explored as a material for vitality stockpiling [160]. In worry of hydrogen stockpiling, the 

fundamental constraint of this class of materials is the high working temperatures and weights, 

the low hydrogen retention and desorption rates, and the helpless cyclability [161]. In this way, 

the nanomaterial-based strong state hydrogen stockpiling techniques are being utilized. Because 

of the consumption of petroleum derivatives and the impact on environmental change, and 

conceived hydrogen economy is a reasonable option in contrast to ensuing vitality issues. 

Hydrogen creation, stockpiling, dissemination, and usage make up the principal components of a 

visualized hydrogen economy framework. To accomplish a hydrogen economy, hydrogen 

stockpiling remains the hugest test, for that reason several nanomaterials and nanocomposites 

being utilized as an expected possibility for strong state hydrogen stockpiling. The sane plan of 

nanomaterials could assume a significant part in accomplishing a sustainable power source based 

economy, which is a framework for long haul answers for a protected vitality future [159]. In 

past years, the hydrogen delivery and take-up component of the immaculate and catalyzed 

materials and portrayal of the thermodynamic perspectives are engaged to normally pick the 

creation and the stoichiometry of the frameworks regarding hydrogen dynamic stages and 

impetuses/destabilizing operators [162]. To discover frameworks with properties reasonable for 

viable ready and fixed application, new materials have been found and described. New roads 

open up for the transformation and use of sustainable power source assets by the quick 

improvement of nanostructured materials plans. The sunlight based hydrogen creation strategy is 

utilized for the pragmatic utilization of sustainable assets, which incorporate 

photoelectrochemical water parting (PEC) and photocatalytic hydrogen creation, strong state 

hydrogen stockpiling, and proton trade layer power devices (PEMFCs) [163]. The ordinary 

hydrogen stockpiles are not productive in ready applications. Thus, in strong state hydrogen 

stockpiling strategy completed either by compacted gas or by liquefaction [164]. The 

advancement of ease, lightweight hydrogen stockpiling improvement framework with a high 

limit, and quick energy can evade the troubles of installed applications [161]. Different 

techniques used to upgrade hydrogen stockpiling limit like "Kubas" infraction (metal hydrides or 

compound hydrides experience the ill effects of moderate charge-release energy and helpless 

reversibility on account of solid restricting cooperation between hydrogen atoms and metals), 



            

      

 

  

   

       

    

         

       

      

  

    

      

             

   

         

          

        

       

         

        

        

      

        

     

       

    

      

   

overflow impact (utilization of heterogeneous impetus are utilized), functionalization (use carbon 

base nanomaterials) [165]. The physical storage of pure hydrogen in its gas and liquid phases are 

the most suitable technology for large scale storage applications [166, 167]. 

4.1.1 Gaseous hydrogen storage 

4.1.1.1 Natural underground hydrogen storage 

Underground hydrogen storage facilities, similar to the traditional ones that are used for storing 

natural gas, maybe constructed at sites with favorable geological conditions. The criteria and 

specifications for the identification of a deposit or formation as a suitable site for underground 

hydrogen storage should be dependent on detailed geological evaluation. The main deposit’s 

features of interest for hydrogen storage are structural depth thickness, tightness, tectonic and 

seismicity issues, hydrogeological and geothermal issues, reservoir pressure, reservoir 

characteristics, porosity and permeability, geomechanical properties, and the suitable 

characteristics of the insulating roof rocks [168, 169]. Underground hydrogen storage systems 

have a round trip efficiency in the range of 30% to 40%, and it can be enhanced by up to 50% if 

additional efficient technologies are improved effectively [169]. Obviously, systems based on the 

storage of compressed hydrogen gas have two main parts, including the storage chamber and the 

compressor, which is important to increase the pressure. As a result of initial and operating costs 

as well as the special materials from which storage containers need to be made, hydrogen gas is 

usually stored at pressures of less than 100 bar in aboveground containers. Otherwise, 

underground containers or caverns are more suitable for pressures up to 200 bar [170]. Since 

storage pressures are limited, the attainable hydrogen gas storage density at 100 bar and 20 is 

approximately 7.8 kg/ . Achieving a large specific volume involves higher investments and 

operating costs [171, 172]. Generally, the aboveground hydrogen storage's investment costs are 

significantly higher than the underground one, and thus the latter is the preferred option for 

large-scale storage. Underground hydrogen storage sites were identified in many countries 

around the globe. HyFrance3 analyzed the measurements of hydrogen mass storage and the costs 

associated with the growth of energy networks in certain French regions, including Rhône-Alpes 

and PACA (Provence-Alpes-Côted'Azur), over the next few decades (up to 2050). Various 

underground French facilities such as depleted oil fields, aquifers, excavated rock mines, and salt 



         

  

  

     

     

           

      

         

         

       

        

         

    

     

 

 

caverns were considered, and the study specifically concentrated on thick salt deposits due to 

their good cycling performance, acceptable depths, and cushion gas requirements [173]. Teeside, 

UK, and Texas, USA, have already verified that salt cavities are capable of storing large amounts 

of hydrogen underground [174]. Northern Germany is also geologically accessible for salt 

caverns storage, where the geological criteria include a sufficient thickness of at least 200 m in 

salt, a minimum to top salt depth of about 500 m, and a maximum salt depth of about 1400 m, as 

well as a maximum insoluble content of 30% in rock salt, besides a total hydrogen storage 

potential of 8.8 billion in all available regions in Germany that can be used for hydrogen 

storage [175]. Midland Valley of Scotland has three hydrogen storage potentials in: (1) the 

Devonian Stratheden and Inverclyde Groups; (2) the upper part of the Carboniferous Strathclyde 

Group; and (3) the lower part of the Carboniferous Clackmannan Group [176]. Four potential 

sites in Romania have been chosen for hydrogen storage inside salt caverns including Ocna 

Mures, Targu Ocna, Ocnele Mari and Cacica [177]. Permian salt-bearing formations were also 

suggested as potential sites for hydrogen storage in Poland [178]. Figure 12 shows the concept of 

underground hydrogen storage. 



 

   

  

         

     

      

     

        

       

       

    

            

       

      

           

Fig 12. The concept of underground hydrogen storage in geological structures [168]. 

Salt cavities are the most favorable type for underground hydrogen storage for many reasons, 

such as low construction costs, rapid withdrawal, and injection rates, minimal leakage rates, 

relatively low requirements of cushion gas, and minimum hydrogen contamination hazards 

[179]. There are three main geological conditions that should be satisfied in order to construct 

salt caverns including (1) functionally qualified salt at an acceptable volume, with sufficient 

thickness and without an overload of insoluble, (2) suitable feed of freshwater for salt draining, 

(3) environmentally friendly and cost-effective brine disposal ways [179]. Based on the 

requirements and technical feasibility, they can be built at depths of up to 2000 m, with volumes 

of up to 1,000,000 , with average heights of 300-500 m, and with a diameter of 50-100 m. 

Based on the size, they can be powered at pressures up to or above 200 bar, enabling very large 

quantities of gas to be stored [175]. It is worth mentioning that the geological requirements for 

underground salt cavities construction are not yet available for all sites, and therefore alternative 



      

     

  

         

         

      

        

        

          

    

          

      

     

    

 

 

 

  

  

  

    

 

    

    

   
 

 

 
   

solutions are needed for hydrogen storage in those regions [179]. Storage caverns in salt layers 

and salt domes are illustrated in figure 13, and within a large-scale hydrogen storage system in 

figure 14. 

Aquifers are basically type of porous and permeable rock formations with pore space 

occupied by fresh or saltwater (in higher depths). These are popular in all sedimentary lakes 

around the world and may provide an option for underground storage of hydrogen in places 

where there are no evacuated hydrocarbon reserves or salt caverns. The main requirements for 

using porous media formations as underground hydrogen storage sites are: (1) the porous media 

formations are made up by a preamble tank such as sandstones, (2) the rocks were chosen for 

disposal have strong tank properties and are overlaid with impermeable roof rocks to avoid the 

diffusion of the extracted gas, (3) the porous media formations are constructed to act as traps for 

side inclusion, (4) porous media formations should be located at reasonable depths, typically in 

the range of 500 to 2000 m [16, 28, 29]. Table 7 summaries the general criteria and requirements 

of salt caverns and porous rock reservoirs [179], and Table 8 shows the comparison between salt 

caverns and aquifers. 

Table 7.General criteria for salt caverns and porous rock reservoirs [179]. 

Criteria Requirements 

salt caverns porous rock reservoirs 

Geology Rock Type Salt formation Sandstones and 

conglomerate, preferably 

Structure Salt Domes Bedded Salt Anticline or dome 

Composition 95% of Halite 

Caprock Anydrite, Gypsum, Limestone Shale, Siltstone, Carbonate 

rocks 

Minimum caprock 

thickness 

- 6 m 



    

   

    

    

    

 
  

      

 
  

 

 
 

 
  

     

 
  

     

  

 
 

      

 

 

Depth 200 to 2000 m 200 – 2000 m 

Height Typical values around 300 m 

Porosity > 10% 

Diameter (D) Typical values around 70 m 

Permeability - > 300 md 

Height/Diameter Ratio 

(H/D) 

Typical value 5; range from 5 to 20 

Vertical Closure - > 10 m 

Distance between caverns 

(S) 

Typical value around 300 m 

Separation/Diameter 

Ratio (S/D) 

Typical value>4; range from 2 to 

10 

-

Thickness - > 10 m 

Maximum Salt 

temperature 

o 

80 C 

Discovery Pressure - 2 – 8 MPa 

Volume of Storage 300000 - 750000 m3 (Salt domes); 

100000 m3 (Bedded Salt) 

-

Lifetime of Salt Cavern 30 – 50 years -



 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

  

 

   

  

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

  

    

  

     

 

 

 

 

 

   

Fig 13. Storage caverns in salt layers (left) or salt domes (right) [178]. 

Table 8. Comparison between salt caverns and aquifers. 

Underground 

storage type 

Salt formation ( salt caverns ) Porous media formation ( Aquifers ) 

General criteria 

requirements 

 Functionally qualified salt at 

acceptable volume, with 

sufficient thickness and 

without overload of insoluble. 

 Suitable supply of fresh water 

for salt draining. 

 Brine disposal methods should 

be environmentally and 

economically reasonable. 

 The porous media formations are 

made up by a preamble tank. 

 The rocks chosen for disposal 

have strong tank properties and are 

overlaid with impermeable roof 

rocks to avoid the diffusion of the 

extracted gas. 

 The porous media formations 

should be constructed to act like 

traps for side inclusion. 

 Porous media formations should 

be located at reasonable depths. 

Advantages 

 Cheap construction cost. 

 Minimum rates of leakage. 

 Rapid injection and discharge. 

 Low requirements of gas 

cushion. 

 Minimal hydrogen 

contamination risks 

 No risk of hydrogen contamination 

with hydrocarbon leftovers 

compared to depleted hydrocarbon 

fields. 

 The need to dispose massive  Reaction of hydrogen with 



 

    

    

       

 

 

 

   

 

 

  

        

         

       

    

       

   

  

 

Limitations amounts of salt brine. minerals might occur. 

 Hydrogen might react with 

microorganisms 

Along with storage containers options that are represented previously, a massive underground 

gas storage container (lined rock cavern) is located in Skallen, Sweden. Such lined rock caverns 

are in cylindrical shape that lined with steel for gas tight purposes, enabling a maximum storage 

pressure of 200 bar [180]. 

Fig 14. Salt caverns in large-scale hydrogen storage system [181]. 

4..1.1.2 Metallic containers 

Despite increasing the investment cost, metallic containers can be a viable alternative for gas 

storage as they guarantee storage steadiness, purity of stored hydrogen, and can be implemented 

independently on the site. If there are potential safety concerns regarding long term integrity of 

the containers (due to climatic conditions), the containers can be buried a few meters underneath 

the surface level. Generally, using underground containers provide many advantages including 



      

       

       

 

       

        

       

         

         

        

             

    

        

    

      

    

         

      

   

         

       

 

space saving, additional protection against physical impacts and weather, and reducing the 

insulating costs. On the other hand, when it is underground, storage inspection becomes more 

challenging and effective protection against corrosion, using exterior coatings, becomes essential 

[179]. 

Currently, there are three main types of metallic containers that can be used to store larger 

amounts of natural gas including gas holders featuring a storage pressure slightly higher than 

atmospheric pressure, spherical containers with maximum storage pressure of approximately 20 

bar, and pipe storage with maximum storage pressure of approximately 100 bar [166]. Due to its 

capability of providing high storage pressures, pipe storage can be considered as the most 

attractive choice for large scale hydrogen storage. The construction of hydrogen pipe storage 

system is comparatively simple where it consists of a set of pipelines connected together where 

the total length of the pipeline could reach several of kilometers and is placed few meters below 

the surface level [166]. Some technical issues related to the construction of hydrogen pipe for 

storage and transportation are now well-known and have their own standards and codes [182, 

183]. A word of caution is due, however, against hydrogen embrittlement encountered by pipes 

and containers with its negative effects on the mechanical characteristics of pipe materials, will 

increase the overall construction cost of hydrogen pipe storage system [184]. The cost of Type 

IV 350 bar hydrogen pressure vessel is analyzed based on the validated compressed natural-gas 

(CNG) cost model, the cost breakdown of modeled CNG pressure vessels as well as cost analysis 

of type IV 350 bar vessel are graphically shown in Figure 15 and Figure 16, respectively [185]. It 

is clear from the two figure the significant decrease in the price with the increase of the number 

of the systems. 



 

  

  

 

 

  

  

Fig 15. Cost breakdown for modeled 275 L 250 bar type IV CNG vessels at multiple production 

volumes [185]. 

Fig 16. Cost breakdown for modeled 275 L 250 bar type IV CNG vessels at multiple production 

volumes [185]. 



  

       

      

     

  

    

      

        

      

       

     

     

 

 

  

 

       

     

   

  

 

  

   

 

    

 

   

 

 

  

  

   

 

   

 

4.1.2 Liquid hydrogen storage 

In addition to the compression option, liquefaction of pure hydrogen can also be used to 

increase its density. Liquefaction allows the density of hydrogen to reach around 70 kg/ at the 

atmospheric pressure [184]. Magnificently, liquid hydrogen has gained massive interest due to 

several splendid reasons such as it is the cleanest fuel, has the best energy to weight ratio among 

other fuels, has good chemical and physical properties, and stores around 2.8 times the energy of 

gasoline [10]. However, the energy-intensive liquefaction mechanism remains a significant 

challenge of the liquid hydrogen storage. As it is known, the boiling point of hydrogen is very 

low, approximately -253°C at 1 bar, as well as hydrogen gas does not cool down during 

throttling (adiabatic, isenthalpic expansion) at temperatures more than 73°C and therefore, the 

hydrogen requires pre-cooling, using evaporating liquid nitrogen, during the liquefaction process 

which increases the energy requirements of the process [186]. Table 9 represents both 

advantages and disadvantages of liquid hydrogen. 

Advantages Disadvantages 

 Zero emissions production. 

 Best energy to weight ratio among 

other fuels. 

 2.8 times the energy storage 

capacity of gasoline 

 Higher density compared to 

hydrogen gas 

 High flammability 

 Expensive 

 The hydrogen Liquefaction process requires 

extreme energy levels 

 Requires Special storage tank design 

Table 9. Advantages and disadvantages of liquid hydrogen. 

The conventional hydrogen liquefaction process consists of three main steps as shown in 

Figure 17. In the first step, pure and dry hydrogen is compressed at a pressure higher than the 

critical hydrogen pressure (process 1 → 2). After the compression, the compressed hydrogen is 



        

        

          

            

        

            

    

 

 

cooled down to a low temperature ( process 2 → 4 ) via two stages;(a) pre-cooling stage (process 

2 → 3) and (b) final cooling stage (process 3 → 4). In the precooling stage, the hydrogen is cooled 

down from the ambient temperature to a lower temperature, called as liquid nitrogen temperature 

level, where the heat flow ( ) is removed from the hydrogen feed in this stage. Following 

that, Hydrogen is cooled down again to a temperature in the final cooling stage where the heat 

flow is removed from the hydrogen feed. In the final step, Hydrogen is expanded from 

high pressure to low pressure using a valve (process 4 → 5). 



    

 

      

        

        

  

    

     

    

      

      

  

       

                  

   

         

   

       

  

    

      

       

         

        

        

         

      

      

Fig 17. The general principle of hydrogen liquefaction [187]. 

There are two novel approaches developed for large-scale hydrogen liquefaction, 

including High-pressure hydrogen Claude cycle and dual hydrogen-neon cascade cycle [161]. 

The high-pressure hydrogen Claude cycle design consists of extremely efficient reciprocating 

compressors and turboexpanders supported with the option of energy recovery. In contrast to the 

conventional Claude cycle process, the operation requires higher-pressure levels as well as 

extreme pre-cooling temperatures [161]. In the dual hydrogen-neon cascade cycle approach, the 

process takes place within two cycles, including a reversed Brayton cycle with the hydrogen-

neon mixture and pure hydrogen Claude cycle, which is responsible for the ultimate supply of 

liquefaction. The hydrogen-neon Brayton cycle is normally performed in turbo compressors with 

enhanced enclosure systems capable of reducing the leakage of expensive neon gas [161]. 

The specific energy consumption of most current plants of hydrogen liquefaction is about 

10 / kg, but it is expected that these figures can be decreased to lower than 6 / kg 

through conducting distinct process improvements in larger plants [188-190]. Still, capital 

expenses of a liquefaction-based plant are as yet a critical aspect of the total expenses of 

liquefaction, even for bigger plants [188]. For example, it has been assessed that the capital 

investment establishes around 40-50% of the particular liquefaction costs for a new 100 tonnes 

per day (tpd) liquefaction plant [161]. 

The liquid hydrogen is normally stored in containers with double walls and a high 

vacuum between them in order to reduce the heat transfer rate by convection and conduction 

[191]. Further materials like polyester sheets coated with alumina; interchanging layers of glass 

fiber and aluminum foil; or perlite particles, silica, or aluminum are used in order to act as a 

shield against heat transfer by radiation [166, 192, 193]. Therefore, the strong insulation level 

and the low ratio of a surface-to-volume result in very small boil-off levels for bigger spherical 

tanks, usually under 0.1% per day [194]. Despite their sophisticated design, the tanks used to 

store liquefied hydrogen are cheaper per hydrogen weight stored than those larger-scale 

containers used for storing compressed hydrogen gas [166, 193]. 



  

      

          

      

        

     

           

         

    

    

      

      

  

        

      

       

     

     

           

          

  

  

     

    

          

       

    

    

       

   

4.1.3 Hydrogen absorption 

Hydrogen storage via absorption utilizes the physical bonding of van der Waals between 

a substance with a big specific surface area and molecular hydrogen. In order to accomplish 

sufficient densities of hydrogen storage through adsorption, liquid nitrogen is used as a 

refrigerant in the hydrogen absorption process, and pressure in the range from 10 to 100 bar, 

based on the adsorbent and the proposed application, is applied [195]. Moreover, the benefits of 

operating at higher levels of pressure levels off beyond a certain limit as adsorbents cease 

to enhance the storage capacity of hydrogen exponentially compared to lower pressures, so there 

exists a tradeoff between the energy needed for compression and added adsorption benefits 

[196]. Several adsorbents can be for hydrogen storage such as porous carbon-based materials 

[197], metal-organic frameworks (MOFs) [198], porous polymeric materials [199], and zeolites 

[200]. Activated carbons and MOFs are the most effective adsorbents as they are able to obtain 

extra hydrogen absorption between 8-10% (wt) of hydrogen at -196°C [201-203]. 

Since most adsorbents used have low densities and with the required additives for heat 

conductivity optimization during the process, there is a limit to the density levels of hydrogen to 

be stored to be greater than 40-50 kg/m
3
, which could be difficult to achieve via available 

adsorbents [204, 205]. Additionally, heat management is the most crucial defiance for hydrogen 

storage via absorption. Although the interplay is the week between the adsorbent and the 

hydrogen, usually 3-10 kJ per mol of hydrogen, the process of adsorption remains exothermic. 

The generated heat should be effectively removed to make sure a reasonable degree of 

adsorption can be attained. 

4.1.4 Metal hydrides 

Metal hydrides form strong chemical bonds with hydrogen. In fact, these bonds cannot be 

broken easily compared to the ones formed in the hydrogen absorption process. Therefore, a high 

level of energy is required to release the hydrogen from metal hydrides. The strong bonding 

associated with metal hydrides empowers the hydrogen to have high storage density even at 

atmospheric conditions [206]. Hydrogen is trapped during hydrogenation and experiences an 

exothermic reaction in order to form the metal hydride, but in the dehydrogenation process, the 

metal hydride goes through an endothermic reaction at elevated temperature and relatively low 

pressure so that hydrogen can be released back again [207]. 



    

      

        

     

      

      

        

       

    

  

  

         

         

            

           

 

         

        

      

       

        

       

       

   

       

       

        

     

         

    

Hydrogen can be extracted from metal hydrides by two methods, including thermolysis, in which 

metal hydrides is heated to a certain temperature, and hydrolysis, in which the metal hydrides 

react with water. The aforementioned strategies are quite different from each other. The 

thermolysis is endothermic and reversible, needs high temperatures, and takes place in solids, 

whereas hydrolysis is exothermically irreversible, takes place in solutions, and might happen 

spontaneously at room temperature [196]. Sodium boro-hydride (NaBH4) is the most remarkable 

and promising metal hydride used for storage based on hydrolysis [208]. An example of 

thermolysis is that of LiAlH4 salts that is initiated by the melting of LiAlH4, Tmp(LiAlH4) = 125 

ºC, which subsequently decomposes into solid Li3AlH6 and Al accompanied by an exothermic 

release of hydrogen gas in the temperature range 150–220 ºC [150]. 

4.1.4.1 Elemental metal hydrides 

Binary hydrogen compounds can be formed by most metallic hydrides, such as elemental 

hydrides. However, most of these elemental hydrides are not appropriate for storing hydrogen as 

they only provide low capacity of hydrogen storage [209]. Magnesium hydride (Mg as well 

as aluminum hydride (Al are considered the most auspicious for large-scale hydrogen storage 

[150]. 

There are two reasons that make magnesium hydride very attractive for hydrogen storage 

applications, including its high capacity of hydrogen storage, around 7.6% (wt), and the low cost 

of magnesium metal [210, 211]. However, the bonding between magnesium and hydrogen is 

very strong, where the dehydrogenation enthalpy is around 75 kJ per mol. Additionally, the 

hydrogenation and dehydrogenation reactions kinetics are slow due to the fact that molecular 

hydrogen dissociates slowly on the magnesium surface and hydrogen distribution through the 

hydride phase is also slow [211-213]. Multiple techniques have been introduced to boost the 

kinetics of dehydrogenation and hydrogenation reactions [212-215]. While more advanced 

techniques such as nanoconfinement [216] have been implemented successfully on the 

laboratory-scale, the most promising prototype-scale storage systems were basically 

dependent on particle size reduction by ball grinding, alloying, and inclusion of transition metal 

additives to maximize the material's thermal conductivity [217-219]. Magnesium-based 

hydrogen storage materials can be produced by just using mix of the mentioned techniques with 

special properties such as, good heat transfer, long term stability as well as swift kinetics. 



       

    

        

          

        

  

          

     

         

       

       

              

       

        

       

        

        

          

         

        

      

     

        

 

 

         

        

            

          

       

However, the most crucial drawback for magnesium hydride as a hydrogen storage material is 

the high temperature required for both dehydrogenation and hydrogenation. On the other hand, 

the enthalpy of aluminum hydride dehydrogenation is around 7 kJ /mol with a theoretical release 

of 10.1 % (wt) of hydrogen. This is due to relatively weak chemical bonding between aluminum 

hydride and hydrogen allowing the hydrogen to be released swiftly at 100°C. 

4.1.4.2 Intermetallic hydrides 

The concept of making use of intermetallic hydrides is that an AxByHz alloy composed of single 

element A, which intensely bonds with hydrogen, and single element B, which weakly bonds 

with hydrogen, will gain intermediate hydrogen storage characteristics compared to its 

corresponding elements [209]. Furthermore, the selection of elements A and B as well as their 

percentages, are changeable. Thus it is feasible to have a bunch of distinct intermetallic 

hydrides. , and are intermetallic hydrides crystal structures which are employed in 

hydrogen storage applications. Typically, the hydrogen storage capacity of intermetallic hydrides 

is lower than 2% (wt) which is considered to be suitable for Fuel Cell Vehicles (FCVs) and some 

stationary applications [209, 220]. Even though the gravimetric densities for hydrogen storage of 

intermetallic hydrides are low, their volumetric capacity for storage is not necessary to be less 

than that of other metal hydrides when taking into consideration parameters such as porosity and 

density of packing [206, 221]. The high cost is the main challenge of the intermetallic hydrides 

[222]. For example, the price of TiFe, which is one of the least expensive intermetallic hydrides, 

is approximately 6.9$ per kg [223]. Besides, the hydrogen storage capacity of TiFe is around 

1.9%, where the hydrogen storage cost within TiFe is around 367$ per kg. Practically, extra costs 

should be taken into account regarding the metallurgical processes such as annealing as well as 

melting that may raise the material cost by over 100% [209]. Despite its high cost, intermetallic 

hydrides have shown success in many applications of hydrogen storage since 1970s [222, 224]. 

4.1.4.3 Complex metal hydrides 

Hydrogen can be available as part of a complex anion bonded to a metallic cation. The 

primary complex metal hydrides groups considered to have significant importance for hydrogen 

storage are alanates (contain anion), borohydrides (contain anion), and amides (contain 

anion) [225]. In contrast to intermetallic hydrides, complex metal hydrides are mainly 

composed of light elements. In other words, this gives the complex metal hydrides the feature of 



    

        

        

         

           

  

                 

               

    

             

                    

     

               

      

                   

     

                  

 

          

           

       

        

           

    

        

       

          

            

            

         

being characterized with gravimetrically massive hydrogen storage capacities, which has sparked 

a great deal of interest in utilizing these materials in FCV applications [226]. However, for their 

dehydrogenation through thermolysis, extremely high temperatures are needed by most of the 

complex metal hydrides, and only a few can be dehydrogenated reversibly, and usually only in 

the existence of effective catalysts or additives [227]. There are three main types of complex 

metal hydrides, namely; alanates, borohydrides, and amides. 

Sodium alanate ( is the most inspected complex metal hydride substance for 

hydrogen storage [220, 228]. In fact, the hydrogen storage capacity of doped with Ti is 

3.5-4% (wt) which is considerably higher than intermetallic hydrides but less than what is 

really needed for FCV applications [225, 226, 229]. A hydrogen storage density of 54 kg / is 

achievable by the compaction of Ti-doped [230]. The dehydrogenation of is a 

discrete multi-step process. 3.7 % (wt) of hydrogen is firstly produced due to the sodium 

aluminum hexahydride and elemental aluminum formation which is dehydrogenated 

to sodium hydride NaH and extra elemental aluminum dischargeing further 1.8% of hydrogen. 

Furthermore, the hydrogenation pressure of can be minimized compared to 

which is useful in reducing the cost of both storage containers as well as hydrogen compression. 

The compaction of results in volumetric hydrogen storage density of 11.1 kg / 

[231]. 

The hydrogen storage capacity of borohydrides is considered to be the highest among all 

other complex metal hydrides. For instance, Lithium borohydride ( has hydrogen storage 

capacity of 18.5% (wt) [232]. Elemental hydrides that are very stable, such as Lithium hydride 

LiH, are predisposed to form on the dehydrogenation of borohydrides causing a significant 

reduction in the storage capacity [233]. There are no feasible applications of hydrogen storage 

materials based on borohydrides. Therefore, there are two promising methods that can improve 

the approachability of hydrogen storage within borohydrides; one is based on mixing 

borohydrides with metal hydrides to produce reactive hydride composite (RHCs), and the second 

is dehydrogenation based on hydrolysis [233, 234]. Currently, the and 

Mg composition is the most well-inspected RHC [235, 236]. Mixing these hydrides is 

beneficial as when pure undergoes dehydrogenation process, the exothermic formation of 

magnesium diboride takes place, reducing the total dehydrogenation endothermicity to 46 



          

                 

              

       

                

           

         

              

      

       

    

               

   

          

               

     

       

       

 

                  

         

                               

         

   

  

       

        

        

    

kJ per mol [237]. The volumetric hydrogen storage density of compacted pellets that are made 

of - Mg RHC is around 68 kg / [238]. 

A solution consists of 20% (wt) of , 10% (wt) of NaOH and 70% (wt) of water has 

gravimetric and volumetric hydrogen storage capacities of 4.2% (wt) and 42.3 kg/ , 

respectively [239]. Keeping the content stricktly at or below 20% is essential so that 

adverse accumulation of hydrolysis materials and hydrated borates can be prevented by blocking 

the active sites to avoid the contamination of catalysts [240]. Cobalt (Co) catalysts are used 

for hydrolysis since they are cheaper compared to Ru-based catalysts that are known to 

more active [72]. Interestingly, the kinetics of the dehydrogenation process based on hydrolysis 

is fast at room temperature, and the process itself has excessive exothermicity of 240 kJ per mol, 

simple hydrogen liberation regulation, and cold starting opportunities [239]. On the other hand, 

the usage of produces hydrated borates, which are very stable, causing difficulties in 

regenerating NaBH4 [241]. 

Storage systems based on amides consist of mixtures of two compounds, including a metal 

amide and an elemental hydride. The presence of the elemental hydride is critically 

important as the amide alone, without the elemental hydride, would unleash ammonia during the 

thermolysis instead of hydrogen [242]. Nevertheless, most of the materials containing amides 

discharge trace amounts of ammonia throughout thermolysis, decreasing reversibility due to the 

loss of active material. 

The most interesting amides are the mixture of Mg and since substituting LiH with 

Mg lowers the enthalpy dehydrogenation reaction from 51 kJ / mol down to 34 kJ / mol [243]. 

A mixture composed of 2.0 0.1 , 1.1 Mg , and 3% (wt) of has the 

ability to reversibly store 4.5-5.2% (wt) of hydrogen dehydrogenate at 1 bar and 150°C , and 

hydrogenate at 70 bar 150°C [244]. 

4.1.4.4 Chemical hydrides 

From the name, the hydrogen is bonded chemically in the chemical hydrides. Since chemical 

hydrides are made of lighter elements, their characteristics are not similar to the metal hydrides 

ones. Maybe the major difference is that chemical hydrides usually exist in liquid form at normal 

conditions. They are further simplifying their transportation and storage as well as the transfer 



    

       

   

    

         

          

     

     

       

       

      

       

              

        

       

    

      

      

   

     

       

       

       

          

        

      

     

  

    

         

of mass and heat through dehydrogenation and hydrogenation processes. Examples of chemical 

hydrides for hydrogen storage include, but are not limited to, ammonia, formic acid, and 

methanol, which are usually synthesized from natural gas as bulk chemicals. 

Methanol is considered as the simplest alcohol which has gravimetric and volumetric 

hydrogen storage capacities of 12.5% (wt) and 100 kg/ , respectively. Renewable methanol 

production can be done by the hydrogenation of carbon dioxide ( ) [245] or from different 

biomass resources [246]. Hydrogen extraction from methanol can be achieved in different 

methods, including steam reforming, partial oxidation, or thermolysis (decomposition) [247]. 

The distinct advantage of steam reforming is its ability to liberate three moles of hydrogen per 

one mole of methanol [248]. Additionally, the methanol-water mixture is not only used for 

hydrogen storage but also for storage. 

Ammonia (N is quite interesting for hydrogen storage due to its high hydrogen content with a 

gravimetric density of 17.7% (wt) and volumetric density of 123 kg / available in its liquid 

phase at 10 bars [249]. The favored method for the synthesis of ammonia in the Haber- Bosch 

process, which is an exothermic reaction (-30.7 kJ  /mol) and doesn’t require any heat [250]. 

However, intensive pressure levels are required in order to achieve the desired thermodynamic 

properties where the typical conditions for the ammonia synthesis process are 300-550°C and 

200-350 bars [249]. The dehydrogenation process is the most challenging part of using ammonia 

as a hydrogen storage medium in large-scale applications. The conversion of ammonia into 

hydrogen can be done through its thermolysis as the ammonia starts decomposing normally at 

temperatures above 200°C. The complete conversion of ammonia requires temperatures higher 

than 650°C [251, 252]. Ruthenium (Ru) is the most active catalyst used for ammonia 

decomposition, but it is costly. Thus, catalysts based on cobalt, nickel, and iron are under 

investigation to replace Ru [252]. Since the activity of these catalysts is lower than Ru, higher 

temperatures are necessary to fully complete the ammonia conversion [253]. New catalysts made 

of light metal amides or imides have been proposed recently, which are less expensive than 

transition metal catalysts. However, these catalysts also require high temperatures, above 500°C, 

so that the full conversion of ammonia can be achieved [254]. 

Formic acid has the lowest volumetric and gravimetric hydrogen storage capacity among 

the previously mentioned chemical hydrides of 53 kg / and 4.4% (wt), respectively. The 



         

      

             

         

           

        

      

         

       

      

      

     

     

    

       

    

 

     

      

          

          

     

 

  

     

          

   

      

      

advantage of formic acid as a hydrogen storage medium over methanol and ammonia is that it 

can be dehydrogenated at room temperature [255]. The comparatively effortless decomposition 

of formic acid to produce hydrogen and is the main reason why this medium is impressive 

for hydrogen storage. However, the critical limitation is that the formic acid might decompose 

into CO instead of and hydrogen during heating, depending on the type of catalysis. 

Homogenous catalysts have proved to have a positive effect in reducing CO during the 

dehydrogenation of formic acid [255, 256]. Additionally, formic acid decomposition reaction has 

promising thermodynamics which allows releasing hydrogen with high pressure, at around 1200 

bars, with low CO content (< 6 ppm) [257, 258]. Releasing high-pressure hydrogen is a very 

special aspect for formic acid, among other chemical hydrides. On the other hand, the 

dehydrogenation process also involves the formation of high-pressure . 

Liquid organic hydrogen carriers (LOHCs) are another set of materials under the 

chemical hydrides umbrella. They are known for their reversibility in hydrogenation and 

dehydrogenation as well as their liquid phase in both hydrogenated and dehydrogenated forms. 

Even though formic acid and methanol are organic liquids, they are not classified as LOHCs 

because their products from the dehydrogenation process are only gaseous [259]. N-

ethylcarbazole and dodecahydro-Nethylcarbazole (NEC-DNEC), Methylcyclohexane, and 

toluene (MCH-TOL), and dibenzyltoluene and perhydro-dibenzyltoluene (DBT-PDBT) are the 

most well-investigated LOHCs [260]. The gravimetric hydrogen storage densities are 6.1% (wt) 

for MCH-T, 6.2% (wt) for DBT-PDBT, and 5.8% (wt) for NEC-DNEC, while the volumetric 

hydrogen storage densities are 47 kg / for MCH-TOL, 64 kg / for DBT-PDBT, and 54 kg 

/ for NECDNEC [261]. 

4.1.4.5 Hydrolysis and regeneration of metal hydrides 

Furthermore, the reaction of (MgH2) with water at room temperature can effectively 

produce up to 15.2% wt (1503 mg/L) of hydrogen, making it a super attractive hydrogen supplier 

for various applications, such as hydrogen-based vehicles [262, 263]. Yet, the presence of 

Mg(OH)2 layer located at the surface of MgH2 swiftly blocks the hydrolysis process [264]. 

Several approaches, including ball milling [265], plasma-assisted milling [266], changing the 



      

       

     

     

       

     

           

    

      

     

     

       

     

      

      

       

        

      

  

     

       

    

     

     

    

        

      

 

      

    

     

aqueous solution as well as alloying, have been studied in order to solve the issue of Mg(OH)2 

layer formation and enhance the characteristics of hydrolysis reaction [267, 268]. Ball-milling of 

4MgH2-LiNH2 mixture for 5 h yields 887.2 mg/L hydrogen within 1 min. Likewise, it was 

reported that adding calcium hydride (CaH2) is super advantageous in improving the hydrolysis 

process of MgH2. In other words, the amount of heat released done by the reaction of CaH2 

additive has intensively reinforced the kinetics of Mg-based hydrolysis, and it also attributed to 

the formation of micro-holes on the surface of Mg particles, providing easy access for water to 

reach the unreacted Mg portions [269]. In addition to that, the preparation of MgH2- CaH2 

composite by ball-milling for 10 h has successfully obtained 80% of the hydrogen generated 

within 30 min [270]. Moreover, it has been investigated that chloride salts could be highly 

efficient in accelerating the rate of the hydrolysis process. For instance, manganese chloride 

(MgCl2) greatly stimulates the hydrolysis of MgH2, which results in attaining 96% of hydrogen 

conversion at a temperature of 303 K within 30 min [271]. It was observed in one of the studies 

that the addition of NH4Cl is quite functional due to the fact that it boosted up the hydrolysis 

reaction kinetics of MgH2 as well as helped in achieving 1660 mg/L of hydrogen production 

[272]. The composite of Mg-Mg2Si [164] or Mg-MoO3 [273], exhibited better evolution of 

hydrogen than pure magnesium. In another study, the hydrolysis of MgH2 was examined in two 

solutions of 0.1 M and 0.5 M AlCl3 concentrations. Comparatively, the amount of hydrogen 

extracted from hydrolysis in 0.1 M AlCl3 solution at 303 K was 805 mg/L within 10 min, 

however in 0.5 M AlCl3 solution the kinetics of the hydrolysis process were much better, and 

hydrogen generation of 1487 mg/L for the same temperature and duration was successfully 

acquired [274]. Additionally, AlCl3 solution could significantly reduce the activation energy of 

the hydrolysis reaction. In other words, the higher concentration of AlCl3, the lower the 

activation energy will be. The addition of elemental materials, covering metals, metal oxides, 

carbon-based additives, hydroborons, amides, metal sulfides, and halides could also be 

magnificently beneficial in improving the behavior of MgH2 hydrolysis. For instance, Mg 

milling catalyzed by Ti lattice coated with Pt enhanced the kinetics performance of hydrolysis 

reaction [275-277]. 

Lithium hydride (LiH) is another splendid material that could be utilized as source of 

hydrogen and implemented in tons of novel technologies, including fuel cells, shielding neutrons 

as well as a regulated fusion [278]. However, the practices of LiH require absolutely accurate 



   

      

   

        

       

    

            

        

   

         

        

     

      

   

      

       

     

          

     

     

      

             

     

 

 

handing of storage since the reaction of LiH with water unleashes extreme levels of heat. In these 

situations, controlling the increase in temperature during the exothermic reaction is highly 

significant [279]. Thus, LiH should be maintained carefully in tough conditions in order to avoid 

any type of unneeded atmospheric reactions with humidity that could lead to a number of risks, 

such as burning [280]. The hydrolysis of LiH by introducing water steam to the reaction was 

conducted in work as the kinetics of the process were analyzed, assessed, and measured at 

different temperatures of 150 300 and 500 [281]. When the hydrolysis reaction was 

carried out at an initial temperature of 150 , around 96% of the maximum theoretical amount 

of hydrogen was successfully produced. Taking into account that the hydrogen production in at 

the first stages of hydrolysis at 150 was greater than in the upcoming stages of the reaction, 

this could be simply justified by the hygroscopic nature of hydride powders, which grants them 

the ability to soak up water steam at the start of hydrolysis. On the other side, the by-products 

layers formed during the middle stages of LiH hydrolysis slow down the sawing of water to LiH 

zones that have not been reacted yet, results in extending the time needed to reach 90% of 

hydrogen production for extra 15 min. Fig 18 illustrates the capacity of hydrogen production and 

the temperature changes of LiH hydrolysis at 150 , and the by-products effect on the quickness 

of hydrogen generation. Conducting the hydrolysis process of LiH at higher temperature of 300 

has produced roughly 60% of the maximum theoretical amount of hydrogen just after 3 min 

from the start of the reaction. In addition to that, in the final phase of hydrolysis at 300 , 

specifically after the fifth minute the percentage of hydrogen released jumps to 97% of the total 

theoretical production. Moreover, hydrogen generation of 15% at early stages was recorded in 

the case of subjecting the LiH hydrolysis at a temperature of 500 , once the temperature of the 

reactor reached 700 , hydrogen yield of approximately 100% was achieved after 6 min were 

passed. 



 

   

   

 

        

       

       

          

    

     

Figure 38. (a) the capacity of hydrogen production and the temperature changes of LiH 

hydrolysis at 150 , (b) by-products effect on the quickness of hydrogen generation [281]. 

Chen et al. [282] reported that ball milling of LiBO2·2H2O with Mg under ambient conditions is 

cheap “five times lower than that of NaBH4.”and an effective way for LiBH4 regeneration. 

Regarding the regeneration of NaBH4, Ouyang et al. [283] demonstrated that the cost of the 

regeneration of the NaBH4 could be significantly decreased, and the process can be done at 

room temperature through NaBO2 ·2H2O and NaBO2 ·4H2O with Mg instead of NaBO2. The 

same group suggested that the cost of the regeneration of the NaBH4 could also be decreased, 



       

   

   

    

         

       

      

    

     

    

   

    

 

 

   

     

  

 

  

 

 

  

   

   

          

                 

   

   

   

   

     

and the process can also be facilitated by reacting NaBO2 with CO2 in aqueous solution 

producing Na2B4O7⋅10 H2O and Na2CO3. The latter materials are ball‐ milled with Mg to form 

NaBH4 under normal operating conditions. 

4.2 Comparison of hydrogen storage techniques 

The multiple techniques of hydrogen storage with high energy density demonstrating a 

promising future of hydrogen utility in many applications such as transportation, however most 

of these techniques are still in the development stage. Even though salt caverns are not applicable 

in all regions, their capability of storing hydrogen is very effective. Table 10 briefly 

demonstrates the gravimetric and volumetric hydrogen storage capacities of hydrogen storage 

technologies. Figure 19 displays a bar chart of the gravimetric and volumetric hydrogen storage 

capacities of hydrogen storage technologies. Moreover, the challenges and characteristics of 

some hydrogen storage/transport pathways are listed in Table 11. 

Table 10. Gravimetric and volumetric storage capacities of different hydrogen storage 

Hydrogen storage technology Gravimetric storage capacity 

%(wt) 

Volumetric storage capacity (kg 

/ ) 

Gas hydrogen storage at 100 

bar 

- 7.8 [171, 172] 

Liquid hydrogen storage at 1 

bar 

- 70 [184] 

Magnesium hydride 7.6 [210, 211] -

Aluminum hydride 10.1 [284] -

Alanates (Ti-doped 3.5-4 [225, 226, 229] 54 [225, 226, 229] 

with Mg - 68 [238] 

Amides 4.5-5.2 [244] -

Methanol 12.5 [245] 100 [245] 

Ammonia 17.7 [249] 123 [249] 

Formic Acid 4.4 [255] 53 [255] 

LOHC (  DBT-PDBT ) 6.2 [261] 64 [261] 

technologies 



 

 

 

  

 

  

Fig 19. Comparison among different hydrogen storage systems in terms of gravimetric (orange) 

and volumetric energy (blue) densities [207]. 



   

 

  

     

      

       

   

      

       

Table 11. Challenges and characteristics of some hydrogen storage/transport pathway [83]. 

4.3 Hydrogen transportation 

After producing hydrogen and storing it through different methods, hydrogen needs to be 

transported from the production sites to the consumption points. Generally, there are two main 

options for transporting hydrogen, including pipelines for gaseous hydrogen and trucks, trains, or 

ships for either compressed gas tube trailers or liquefied hydrogen cryogenic tanks [285-287]. In 

some cases, multiple transportation ways may be needed to deliver the hydrogen to the end-user. 

Based on the transportation method, there may be storage costs at both the production site and 



        

    

      

         

   

          

       

   

  

     

       

           

  

        

    

    

       

       

        

    

  

 

  

   

  
 

 
 

 
 

 
 

 
 

 

 

  

    

 

 

    

dispensing station. The cost of hydrogen delivery can be quite expensive and may determine the 

overall viability of using hydrogen for a specific power plant. Generally, pipelines are considered 

the most economical transportation method for hydrogen[184]. It requires high installation costs, 

but the maintenance and operational costs are very low [288, 289]. Also, for liquid hydrogen 

transportation, the main limitation is the high energy required for liquidation [290]. Thus, it can 

be stated that pipelines are better for large scale applications while trucks are preferable for small 

scale [291]. Supply stations are required for hydrogen transportation, where the stations can be 

on-site of the production or on another site [292, 293]. 

4.4 Life Cycle Assessment of Hydrogen Production: 

Life cycle assessment (LCA) is a methodology used to evaluate the environmental impact 

throughout the different stages of the product [294, 295]. Such studies are important when more 

than one alternative energy source is proposed, and it aids in making the most feasible decision, 

both economically and technically. Several studies focused on LCA for hydrogen production 

technologies, including gasification and steam reforming of fossil fuel, water electrolysis for 

solar PV, solar thermal, wind energy sources, and biomass energy-based gasification. For 

example, Sadeghi et al. [296] compared hydrogen production for solar PV and solar thermal 

electrolysis with conventional methods like steam methane reforming (SMR) and coal 

gasification in terms of life cycle analysis [296]. The comparison showed that the unit cost of PV 

and solar thermal electrolysis is much greater than SMR and gasification. Meanwhile, the 

emission of PV and solar thermal is much less compared to conventional sources. Table 12 

summarizes a comparison for LCA analysis on hydrogen production for the four methods. 

Table 12: Comparison of LCA analysis on four selected methods extracted from [296] 

Parameter SMR Gasification PV 

Electrolysis 

Solar thermal 

Electrolysis 

LCOA ($/kg) 1.09 1.95 6.85 12.04 

GHG Emissions 

(kg CO2 eq./kg H2) 

10.28 11.59 3.08 2.06 

Abatement Costs ($/kg 

CO2) 

- - 0.786 1.373 



 

   

     

     

     

      

       

         

     

         

        

     

        

      

         

    

 

Alternatively, Salkuyeh et al., assessed LCA for hydrogen production from biomass using 

different gasification processes, fluidized bed (FB) and entrained flow (EF) [297]. This study 

indicated that EF method has a higher thermal efficiency (56%, LHV) compared to FB (45%). 

However, EF has a higher hydrogen selling price. Also, LCA indicated a negative cycle on GHG 

(global warming potential) for all biomass options. Another study of wind-based hydrogen 

production by water electrolysis showed a total GHG emission of 0.68 ± 0.05 kg CO2 eq./kg H2 

power plant. These emissions are shown to be 94% less than that of SMR based hydrogen. For 

wind-based hydrogen, most of the emission (65%) were on the installation stage; however, For 

MSR most of the emission was on operational stages. Another LCA study for wind-based 

hydrogen production by water electrolysis obtained a total GHG emission of 0.68 ± 0.05 kg CO2 

eq./kg H2, where 65% of the total emissions are from the installation of the wind power plant 

[298]. Also, this amount of emissions is less than SMR based hydrogen by 94%. For 

conventional hydrogen production methods, most of the emissions are on the operational stages, 

unlike the wind based, where most emissions are in the installation stage. Figure 20 depicts the 

GHG emissions level for each stage of the system. The GHG emissions for water electrolysis 

was the lowest. 



 

  

 

   

          

       

      

     

        

     

    

    

   

 

   

 

 

Fig. 20: GHG emissions for wind-based water electrolysis [298] 

Similarly, Hajjaj et al. studied hydrogen production from biogas reforming and showed that this 

promising approach had achieved a thermal efficiency of 76-8% and GHG emission of 5.59 kg 

CO2-eq per kg of H2, which was half the amount GHG emissions using the conventional SMR 

method [299]. Another study combined LCA and exergy analysis to compare between hydrogen 

production by biomass staged gasification (BSGH) and natural gas steam reforming (NGSH) 

[300]. The study concluded that BSGH was more sustainable and renewable, with a better 

environmental impact on global warming and ozone formation. However, the thermal pollution 

for NGSH was slightly less than BSGH. Moreover, LCA analysis for hydrogen production 

based on biomass gasification (BG) and steam reforming (SMR) using three aspects, 

environmental aspect, economic aspect, and social aspect, was conducted [301]. This study 

revealed that BG showed promising results in terms of the environmental aspect. However, it had 

concerns in the economic and social aspects but developing the method and increasing the 

efficiency would enhance the process. 



  

      

          

     

       

      

       

      

   

             

      

      

          

         

      

         

  

    

         

     

      

      

       

5. Conclusion 

The global environmental concerns as well as the scarcity and geographical distribution of fossil 

fuel resources, have led to growing interest in using hydrogen as a fuel for power various 

applications either via direct combustion or via a fuel cell. Hydrogen technologies can be used to 

power wide range of applications from small scale, such as electronic devices charging systems, 

to big-scale, such as vehicles and trains. Developing large-scale production and storage 

technologies of hydrogen is the only way to support the transition to a hydrogen-powered world. 

Producing hydrogen from a renewable feedstock, such as biomass, using a renewable energy 

source, such as wind or solar, is the cleanest production technology. However, in our current 

time, such a production route can only release small quantities of hydrogen, and for this, it is not 

suitable for large-scale applications. Obtaining hydrogen from water via different electrolysis 

methods is capable of providing sufficient amounts of hydrogen for large scale applications. 

However, utilizing water for producing hydrogen might not be an option for those regions that 

suffer from a shortage in water resources as a ‘water conflict’ might arise between the 

neighboring countries due to this. Alternatively, producing hydrogen from fossil fuel seems to be 

suitable for large scale production, but a carbon capture technology should be combined and 

used in order to minimize the environmental consequences of this technology. 

The hydrogen can be stored in different states such as solid-state using metal hydrides, liquid 

state using well-isolated containers, or gaseous state using surface pressure tanks or underground 

formations. Among the various storage technologies, storing hydrogen in its gaseous state in 

underground natural sites, such as salt caverns, might be a suitable option for large-scale 

hydrogen storage due to low energy requirements and investment costs compared with other 

storage technologies. Additionally, storing hydrogen in its gaseous state will allow transporting it 



       

         

      

           

       

    

  

      

      

     

       

   

to the consuming points via pipelines, which can also be considered as the most economical 

transporting method. However, underground hydrogen storage might not be possible for some 

regions due to the local geographical conditions of the storage site, so alternative storage 

methods should be considered. Therefore, it can be reported that there is no one ideal production 

or storage technology for large-scale hydrogen applications, but multiple modes should be 

integrated where the suitable technologies are determined based on the local conditions of the 

production sites and fueling stations as well as the type of end-user. 

The transition to hydrogen age has started but still in the early stages, and arriving final terminal 

is not going to be achieved in the near future. Despite the recent breakthrough in hydrogen and 

fuel cell technologies, significant research and governmental efforts are still needed to support 

the large-scale hydrogen production and storage technologies as they are the key to enabling the 

hydrogen-based economy. 
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	Abstract 
	Abstract 
	Over the past years, hydrogen has been identified as the most promising carrier of clean energy. In a world that aims to replace fossil fuels to mitigate greenhouse emissions and address other environmental concerns, hydrogen generation technologies have become a main player in the energy mix. Since hydrogen is the main working medium in fuel cells and hydrogen-based energy storage systems, integrating these systems with other renewable energy systems is becoming very feasible. For example, the coupling of 
	Over the past years, hydrogen has been identified as the most promising carrier of clean energy. In a world that aims to replace fossil fuels to mitigate greenhouse emissions and address other environmental concerns, hydrogen generation technologies have become a main player in the energy mix. Since hydrogen is the main working medium in fuel cells and hydrogen-based energy storage systems, integrating these systems with other renewable energy systems is becoming very feasible. For example, the coupling of 
	the most suited production and storage methods, and there might be a need to combine multiple 

	strategies together to allow a significant large-scale production and storage of hydrogen. 
	Keywords: Hydrogen production; hydrogen storage; renewable energy; underground hydrogen 
	storage; metal hydrides. 
	1. Introduction 
	1. Introduction 
	The advances in technology and the increase of the population resulted in increased energy consumption. The main energy source is a fossil fuel that is not only limited in resources and fluctuated in price, but also it has a severe environmental impact [1, 2]. The rely on the fossil fuel can be decreased and/or eliminated through improving the efficiency of the current processes [3, 4] and/or through the usage of renewable energy sources such as solar thermal [5], solar PV [6-8], geothermal [9, 10], wind [1
	The advances in technology and the increase of the population resulted in increased energy consumption. The main energy source is a fossil fuel that is not only limited in resources and fluctuated in price, but also it has a severe environmental impact [1, 2]. The rely on the fossil fuel can be decreased and/or eliminated through improving the efficiency of the current processes [3, 4] and/or through the usage of renewable energy sources such as solar thermal [5], solar PV [6-8], geothermal [9, 10], wind [1
	advantages, hydrogen can be considered as a key solution to combat global warming and other environmental issues [28, 29]. Nowadays, hydrogen is used in oil refining and production of ammonia, but it is not used widely in transportation and power generation. However, it is expected to grow in these sectors, too [30]. Table 1 shows the different properties of hydrogen, and Table 2 shows a comparison between hydrogen and other common fuels. 

	Table 1: Properties of hydrogen [17] 
	Table 1: Properties of hydrogen [17] 
	Table 2: Comparison of some selected energy contents of fuels [18] 

	Property Value Unit Molecular weight 2.016 Amu r (gas) 0.0838 kg/m3 r (liquid) 70.8 kg/m3 T (boiling) 20.3 K T (self-ignition) 858 K T (flame) 2318 K HHV 141.90 MJ/kg 11.89 MJ/m3 LHV 119.9 MJ/kg 10.05 MJ/m3 Critical point Temperature 32.94 K Pressure 1284 kN/m2 Density 31.40 kg/m3 Ignition limit in air 4-75 vol.% Stoichiometric mixture in air 29.53 vol.% D 0.61 cm 2/s Cp 14.89 kJ/(kg.K) 
	Fuel 
	Energy content [MJ/kg] 
	Lower heating value 
	Higher heating value 
	Figure
	Gaseous hydrogen 
	119.96 
	141.88 
	Figure
	Liquid hydrogen 
	120.04 
	141.77 
	Figure
	Natural gas 
	47.13 
	52.21 
	Figure
	Liquefied natural gas (LNG) 
	48.62 
	55.19 
	Figure
	Liquefied petroleum gas (LPG) 
	46.60 
	50.14 
	Figure
	Crude oil 
	42.68 
	45.53 
	Figure
	Still gas (in refineries) 
	46.89 
	50.94 
	Figure
	Conventional gasoline 
	43.44 
	46.52 
	Figure
	Reformulated or low sulfur 
	42.35 
	45.42 
	Figure
	Gasoline (RFG) 
	Figure
	Figure
	Figure
	Conventional diesel 
	42.78 
	45.76 
	Figure
	Low sulfur diesel 
	42.60 
	45.56 
	Figure
	Coal (wet basis) 
	22.73 
	23.96 
	Figure
	Cooking coal (wet basis) 
	28.60 
	29.86 
	Figure
	Bituminous coal (wet basis) 
	26.12 
	27.26 
	Figure
	Ethanol 
	26.95 
	29.84 
	Figure
	Methanol 
	20.09 
	22.88 
	Although there is a considerable work that have been done to summarize the hydrogen production [31-33] and hydrogen storage [34, 35], there is still a need for a work that covers both the production and storage with emphasizing on the large scale ones, as well as the recent progress in storing hydrogen in salt caverns and porous rock reservoirs are needed. Moreover, this work covers the recent work done in the fast hydrolysis of the metal hydrides. 

	2. Large scale applications of hydrogen 
	2. Large scale applications of hydrogen 
	Hydrogen is widely used in various industrial sectors, such as oil, chemicals, food, plastics, metals, electronics, glass, and electrical power [36]. Table 3 summarises different applications of hydrogen in different sectors. Additionally, hydrogen can be used at large-scale energy conversion applications such as direct combustion in internal combustion engines or in fuel cells in automotive industry [37]. The main advantages of combustion-based engines are their economy and the less stringent purity restri
	Table 3: Hydrogen usage in industries [11] 
	Industry Uses Metals Welding torches Oxygen scavenger. Heat treatment to improve ductility and machining quality, to increase the tensile strength, to relieve stress, to harden, changing electrical or magnetic characteristics. The reductive atmosphere for the production of iron, molybdenum, …etc Plastics It is cracking used plastics to produce lighter molecules that can be recycled. Synthesize of nylons, polyesters, polyurethane, and polyolefin. Glass Heat treatment of optical fibers The reductive atmospher
	Glass polishing. Electronics Heat bonding materials. Epitaxial  growth of polysilicon Manufacture of vacuum tubes. Electric power Nuclear fuel processing Coolant for large generation of motors. Chemical Synthesized of methanol, ammonia…..etc. Food Conversion of edible oils to fats. Conversion of tallow and grease to animal feed. Conversion of sugar to polyols. Oil Hydrocracking of large hydrocarbons to fuel distillates. Removal of sulphur and other impurities. 
	2.1 Hydrogen-fueled internal combustion engines 
	2.1 Hydrogen-fueled internal combustion engines 
	The internal energy of hydrogen can be released by burning it directly inside internal combustion engines. There are two types of internal combustion engines suitable for burning hydrogen, i.e., spark ignition and diesel cycle engines. Hydrogen is considered as a clean and effective fuel that can replace gasoline in spark-ignition engines [38, 39]. Shivaprasad [40] reported that a spark ignition engine fueled by hydrogen exhibited higher thermal efficiency than gasoline. Another experimental study by Elsema
	For diesel cycles, pure hydrogen can not be used as a fuel, but it can be introduced in a mixture with other fuels [42]. Adding hydrogen to the fuel mixture in diesel engines increases the environmental appeal of such engines as both carbon monoxide, and carbon dioxide emissions 
	For diesel cycles, pure hydrogen can not be used as a fuel, but it can be introduced in a mixture with other fuels [42]. Adding hydrogen to the fuel mixture in diesel engines increases the environmental appeal of such engines as both carbon monoxide, and carbon dioxide emissions 
	are reduced. However, adding H2 results in increasing the NOx emissions [43]. Hamdan et al. 

	[44] reported that increasing H2 into the fuel of diesel engines results in increasing the thermal efficiency and increasing the NOx.. Ghazal [45] tested a compressed ignition engine operating on hydrogen/diesel fuel mixture and reported that adding hydrogen has augmented the performance and resulted in less harmful emissions and smoother (less noise) engine operation. Koten [46] investigated the performance of diesel engines fueled by a mixture of diesel and hydrogen at different loads and showed that incr

	2.2 Hydrogen fuel cells 
	2.2 Hydrogen fuel cells 
	Fuel cells are devices that directly convert chemical energy into electrical energy [47-49]. They consist of an anode (where fuel oxidation takes place) a cathode, and a suitable electrolyte that allows ion transfer in between [50]. Fuel cells are highly efficient devices, with a conversion efficiency of around 60-70% [51]. There are many types of fuel cells, and the most commercialized ones are proton exchange membrane fuel cells (PEMFCs) [52, 53], solid oxide fuel cells (SOFCs) [54, 55] and molten carbona
	Fuel cells are devices that directly convert chemical energy into electrical energy [47-49]. They consist of an anode (where fuel oxidation takes place) a cathode, and a suitable electrolyte that allows ion transfer in between [50]. Fuel cells are highly efficient devices, with a conversion efficiency of around 60-70% [51]. There are many types of fuel cells, and the most commercialized ones are proton exchange membrane fuel cells (PEMFCs) [52, 53], solid oxide fuel cells (SOFCs) [54, 55] and molten carbona
	propulsion further [37]. Mehrjerdi [61] designed an off-grid station for electrical and hydrogen vehicles. The station is powered by solar PV. Part of the electrical power delivered by the PV is used for charging electrical cars, and the rest is used for hydrogen production by electrolysis. A fuel cell was added to generate electricity using hydrogen fuel. The electricity from the fuel cells will be used for charging the electrical cars during hours of low solar irradiance, while a diesel generator is also 

	Figure
	Figure 1: Schematic for an electrical/hydrogen station powered by PV. 


	3. Hydrogen production technologies 
	3. Hydrogen production technologies 
	Currently, hydrogen can be produced from a wide variety of resource such natural gas [62-64], coal [65], biomass [66, 67], water [68-70]; metal hydrides [71-73], H2S [74-77], and biological sources such as biomass [78-81]. Although of the progress in the hydrogen market as promising energy source, the conventional production routes, i.e., from fossil fuel, have negative 
	Currently, hydrogen can be produced from a wide variety of resource such natural gas [62-64], coal [65], biomass [66, 67], water [68-70]; metal hydrides [71-73], H2S [74-77], and biological sources such as biomass [78-81]. Although of the progress in the hydrogen market as promising energy source, the conventional production routes, i.e., from fossil fuel, have negative 
	environmental impacts [82]. Therefore, renewable energy sources such as wind energy, solar energy, and even nuclear energy are preferred if clean production of hydrogen is sought [83]. Hydrogen can also be produced from the biomass via chemical, microbial routes [84, 85], or electrolytic routes [86]. Other methods that have been tried for producing hydrogen include steam reforming of methane, gasification, water electrolysis, liquid thermochemical, water‐splitting, photo‐biological, and photoelectrochemical

	Being a highly active gas, hydrogen production must include many provisions to ensure safe production and storage, which may increase the production cost. For example, it requires high sealing pressures of storage containers and transportation pipelines to ensure no leakage [89]. Another roadblock to widespread adaptation as a primary resource, hydrogen production, is struggling with government legislations on its production and storage [83]. With ~120 billion tons of hydrogen are being produced each year, 
	Figure 2: Hydrogen production cost by renewable and non
	-

	renewable energies in 20192 
	-

	Figure
	Figure 2: Hydrogen production cost by renewable and non-renewable energies in 2019 [83] 
	3.1 Hydrogen Production from fossil fuels: 
	3.1 Hydrogen Production from fossil fuels: 
	Steam reforming of methane (SMR) is a common method used for producing hydrogen from natural gas. In SMR, the natural gas is mixed with steam at high temperature over a catalyst surface, where a mixture of hydrogen and carbon monoxide is produced [89]. Afterward, this mixture undergoes a water-gas shift reaction to obtain hydrogen and carbon dioxide (CO2), where hydrogen is purified from CO2. This process has an efficiency of 65-75% and can reach more than 80% for large reformers. Also, it is considered as 
	(1) 
	[92]). As shown in the figure that before the reforming process, methane is desulfurized (sulfur impurities are removed to avoid poisoning of the 
	[92]). As shown in the figure that before the reforming process, methane is desulfurized (sulfur impurities are removed to avoid poisoning of the 
	The steam methane reforming process is shown in Figure 3: Flow diagram of the steam methane 
	reforming process3 (adapted from 

	catalysts). The reforming process is established under very high temperatures to obtain syngas, i.e., mixture of H2 and CO. The reforming is followed by a shift converter, where extra H2 is produced from CO by steam addition. A pressure swing adsorption (PSA) is then used to remove the CO2 gases yielding pure H2 as an outcome of the process [32, 92]. 

	Figure
	Figure 3: Flow diagram of the steam methane reforming process. 
	Gasification is also widely used for hydrogen production. In the coal gasification process, coal is partially oxidized with oxygen and/or steam under high pressure and temperature. Carbon monoxide (CO) and H2 are the main products of this partial oxidation. A shift reaction is then conducted to increase hydrogen yield. The high carbon content of coal that results in producing large amounts of CO2 compared to other feedstocks is the major drawback of coal gasification. Carbon Capture and Storage (CCS) techno

	3.2 Water electrolysis: 
	3.2 Water electrolysis: 
	Water electrolysis is a process through which water is split into hydrogen and oxygen by adding electricity [93], as described in Eq.2. 
	Water electrolysis is considered to be the cleanest method for producing hydrogen since no carbon emissions are generated [94]. The electrolyzer consists of positive and negative electrodes. Many electrolyzer types are available, such as proton exchange membrane (PEM), alkaline, and solid oxide electrolyzers [95, 96]. After the electrolyzer, a compressor is usually used to store hydrogen. The schematic in Fig. 4 (adapted from [94]) summarizes the steps for hydrogen production and storage by water electrolys
	Figure
	Figure 4: Schematic diagram for hydrogen production by water electrolysis adapted from [94]. 
	3.2.1 Water electrolysis by photovoltaic solar energy: 
	3.2.1 Water electrolysis by photovoltaic solar energy: 
	Solar power is available and abundant and is a clean source of energy [97]. However, the power that can be extracted from photovoltaic solar cells is limited to 10-20% of incident power depending on different parameters such as shade, dust, and operating temperatures [98]. Therefore, it is a challenge for solar PV to independently supply the required electrical demand [99]. Additionally, solar power has limited availability as it is only available during daytime, which limits accessibility to it. Such limit
	Solar power is available and abundant and is a clean source of energy [97]. However, the power that can be extracted from photovoltaic solar cells is limited to 10-20% of incident power depending on different parameters such as shade, dust, and operating temperatures [98]. Therefore, it is a challenge for solar PV to independently supply the required electrical demand [99]. Additionally, solar power has limited availability as it is only available during daytime, which limits accessibility to it. Such limit
	electrical power produced by solar PV modules could be used to produce hydrogen through an electrolyzer. The schematic in Fig. 5 (adapted from [101]) shows the coupling of a solar PV system and water electrolyzer used for hydrogen production. Having a PV system with higher efficiency will produce higher energy for the same module area, and hydrogen production will also increase [102]. This coupling is considered as one of the cleanest systems for hydrogen production [88]. 

	Figure
	Figure 5: Hydrogen production by solar PV system. 
	The disadvantages of producing hydrogen by PV system are the high installation costs and the lower exergic performance compared to fossil fuel [33]. However, PV production costs are in a steady decline with a lower cost per kWh. The system can be coupled with other energy resources to enhance efficiency and not limit hydrogen production to daytime. For example, Al Sharifi et al. in Saudi Arabia [103] used 2 kW PV array integrated with 3 wind turbines and 7 batteries to produce sustainable hydrogen with acce
	The disadvantages of producing hydrogen by PV system are the high installation costs and the lower exergic performance compared to fossil fuel [33]. However, PV production costs are in a steady decline with a lower cost per kWh. The system can be coupled with other energy resources to enhance efficiency and not limit hydrogen production to daytime. For example, Al Sharifi et al. in Saudi Arabia [103] used 2 kW PV array integrated with 3 wind turbines and 7 batteries to produce sustainable hydrogen with acce
	station in Iran could reveal an annual electricity production of 36.91 MWh and 373 ton of hydrogen. Another study by Rezaei et al. [105] in Iran for a hybrid wind/PV system showed that the PV system is capable of producing a maximum of 20 kg of hydrogen per day, which is capable of driving 20 cars for a week. On the solar thermal utilization side, using simulation for a solar pond, a flat plate solar collector for producing hydrogen showed that it could produce 2.25 kg of hydrogen per day [106]. 


	3.2.2 Water electrolysis by wind energy 
	3.2.2 Water electrolysis by wind energy 
	This method has the same principle as the previous one except that water electrolysis is achieved by the energy produced by wind turbines. Producing hydrogen by wind energy is the simplest and cleanest mechanism in terms of producing emissions. Also, it is the best mechanism for producing hydrogen in terms of cost/energy compared to other renewable sources [107]. However, hydrogen production by wind energy has some difficulties to overcome, which are mature wind turbine structure, having electrolyzer that a
	This method has the same principle as the previous one except that water electrolysis is achieved by the energy produced by wind turbines. Producing hydrogen by wind energy is the simplest and cleanest mechanism in terms of producing emissions. Also, it is the best mechanism for producing hydrogen in terms of cost/energy compared to other renewable sources [107]. However, hydrogen production by wind energy has some difficulties to overcome, which are mature wind turbine structure, having electrolyzer that a
	6.51-226.82 metric-tons of hydrogen depending on the capacity of the turbine, while the best 

	recent study performed in Iran “using two turbines T1 of 3.5 kW and T2 of 100 kW” revealed that high hydrogen production is in Ardebil city of 5253.1kg per year could be achieved. 
	[116] shown in Table 4: Hydrogen Production by two wind 
	turbines in different cities in Iran 


	Table 4: Hydrogen Production by two wind turbines in different cities in Iran [116] 
	Table
	TR
	NO. 
	Ardebil 
	Khalkhal 
	Namin 
	Meshkinshahr 

	TR
	T1 “3.5 kW” 
	99.1 
	53 
	80.3 
	58.7 

	T2 “100 kW” 
	T2 “100 kW” 
	5253.1 
	3242.6 
	4553.9 
	3556.9 



	3.2.3 Hydrogen production by geothermal energy 
	3.2.3 Hydrogen production by geothermal energy 
	Geothermal energy is a natural resource of energy stored as heat beneath the surface of the earth [117, 118]. In terms of utilization, it is among the relatively cheap energy resource and has a low adverse environmental impact [119, 120]. Compared to other renewable sources like solar and wind, geothermal energy is considered to be the most consistent, with no temporal interruptions or fluctuations [9]. Geothermal energy could be classified based on temperature; the higher the temperature, the higher the en
	at 230 and generates 573 mol/s of hydrogen. Moreover, the study showed that the higher temperature of the geothermal well, the higher exergy efficiency of the process. A study done by Kanoglu [121] exhibited an annual hydrogen production of 34,800 tones with a cost of 
	1.6 €/kg. The work done by Bicer and Dincer [122] for a combined geothermal/solar combined hydrogen production system showed that the production part of the geothermal was dominant, with 18 kg of hydrogen produced each hour. in Hawaii, USA [123], and Treiceria, Portugal [124], and Iceland [125, 126]. 
	Table 5: Geothermal-based power plants for 
	hydrogen production shows geothermal-based large scale power plants for hydrogen production 

	Table 5: Geothermal-based power plants for hydrogen production [119]. 
	Figure

	3.2.4 Hydrogen Production from biomass: 
	3.2.4 Hydrogen Production from biomass: 
	Biomass energy is the main source of energy production. It is available from agricultural residues and wastes of industries and households. It can be used for generating biogas, biodiesel, hydrogen, or even electricity in microbial fuel cells [127-130]. Hydrogen is produced from biomass mainly by thermo-chemical processes and biochemical processes [131]. However, the technologies are all in the research stage. Thermo-chemical processes require less time compared to the biochemical process [132]. However, th
	Thermochemical hydrogen production utilizes pyrolysis and gasification of biomass, as shown in Fig. 6 (adapted from [135]). Pyrolysis is defined as a high-temperature degradation of the carbonaceous material process that produces a mixture of gases or bio-oil, which can be used for hydrogen production [136]. However, the hydrogen produced from this method is very small and not commercialized [137]. On the other hand, gasification is considered one of the most efficient methods for hydrogen production from b
	Figure
	Figure 6: Hydrogen production by thermo-chemical conversion of biomass. 

	3.2.5 Hydrogen Production by solar thermal energy: 
	3.2.5 Hydrogen Production by solar thermal energy: 
	Recently, solar concentrating power plants have been adopted for hydrogen production, which is one of the best methods for hydrogen production through a thermochemical process [143]. Such a method has high efficiency and does not require precious catalysts [144]. Basically, incident solar energy is focused on a smaller area using mirrors, parabolic dishes, or power towers to increase the available temperature that can be used for hydrogen production [145, 146]. Thermochemical processes include reforming, ga
	exothermal reaction (WS phase) [151], as being shown in 
	Link
	Figure

	Wang et al. [152] proposed a new solar receiver/reactor structure that can be used to increase the thermal efficiency by 8.35– 15.85% of a methane steam reforming powered by CSP. 
	Figure 7: Two stages of the water-splitting process [152].. 

	Figure
	Figure 7: Two stages of the water-splitting process [152]. 
	3.3 Comparative evaluation of current hydrogen production technologies Literature has a large number of excellent work dedicated to hydrogen generation. These contributions can be broken down into a simple schematic shown in Figure 8. The Figure shows that such technologies can be divided into two main categories according to the resources, i.e., renewable and nonrenewable. Non-renewable sources mainly from fossil fuel and used in two main processes, which are gasification and steam reforming. Also, hydroge
	Figure
	Figure 2: Hydrogen Production methods from renewable and non-renewable methods. 
	Table 6: Comparison of different hydrogen production sources 
	Hydrogen Production Source Advantages Disadvantages Biomass • Available everywhere o Requires high energy input. • Cheap o Very low productivity. Wind • Simple and clean mechanism o Fluctuations in energy production. o Mature turbine structure. Solar thermal • Very clean o Requires handling high temperature. • Very efficient Solar PV • Clean energy and zero emission. o Solar energy is not stable • Very high purity of hydrogen. o High installation 
	Geothermal • Low environmental impact o Requires handling high temperature. • More stable than wind and solar PV 



	4. Hydrogen and energy storage 
	4. Hydrogen and energy storage 
	Energy storage plays an important role in overcoming the intermittent character of the different renewable energy sources such as wind, tidal, and solar energy [153]. The common energy storage technologies “capacity vs time” is shown in Figure 9. In the regard of the increased interest in the industrial sector to replace fossil fuels with renewable energy sources [154, 155], Hydrogen is considered as a promising energy storage medium, especially with its potential to be used in the transportation sector usi
	Based on the analysis done by the International Renewable Energy Agency (IRENA), the need for storage to incorporate massive shares of solar and wind powers will rise significantly in 2050, compared to today [157]. Production of a relatively huge quantity of renewable hydrogen integrated with hydrogen storage can support the system to be flexible in the long term, as shown in Figure 10. 
	Figure
	Fig 9. The current technologies of energy storage [158]. 
	Figure
	Fig 10. Hydrogen storage profile in 2050 [83]. 
	Fig 10. Hydrogen storage profile in 2050 [83]. 


	The main hydrogen storage technologies is shown in Figure 11. This splits the technologies of hydrogen storage into three primary categories: (1) the physical storage of hydrogen in pure gas or liquid forms, that doesn’t involve any chemical or physical bonding with other substances, (2) adsorption in which hydrogen is combined with other materials via relatively weak van der Waals bonds, and (3) chemical storage in which hydrogen forms chemical bonds with other materials such as metal hydrides and chemical
	Figure
	Fig 11. Different approaches for hydrogen storage. 
	Fig 11. Different approaches for hydrogen storage. 


	4.1 Technologies of hydrogen storage 
	4.1 Technologies of hydrogen storage 
	Hydrogen stockpiling should be possible truly, artificially, and electrochemically. The materials utilized for hydrogen stockpiling are alloys, metal-natural structures, nanotubes, nanoribbons, nanofibers, carbon-based materials like graphene, and so on [159]. As a result of high 
	Hydrogen stockpiling should be possible truly, artificially, and electrochemically. The materials utilized for hydrogen stockpiling are alloys, metal-natural structures, nanotubes, nanoribbons, nanofibers, carbon-based materials like graphene, and so on [159]. As a result of high 
	Hydrogen stockpiling should be possible truly, artificially, and electrochemically. The materials utilized for hydrogen stockpiling are alloys, metal-natural structures, nanotubes, nanoribbons, nanofibers, carbon-based materials like graphene, and so on [159]. As a result of high 
	gravimetric and volumetric hydrogen limits and fascinating cation and hydrogen dissemination properties, complex hydrides and complex hydrides-based materials have been intensely explored as a material for vitality stockpiling [160]. In worry of hydrogen stockpiling, the fundamental constraint of this class of materials is the high working temperatures and weights, the low hydrogen retention and desorption rates, and the helpless cyclability [161]. In this way, the nanomaterial-based strong state hydrogen s

	overflow impact (utilization of heterogeneous impetus are utilized), functionalization (use carbon base nanomaterials) [165]. The physical storage of pure hydrogen in its gas and liquid phases are the most suitable technology for large scale storage applications [166, 167]. 

	4.1.1 Gaseous hydrogen storage 
	4.1.1 Gaseous hydrogen storage 
	4.1.1.1 Natural underground hydrogen storage 
	4.1.1.1 Natural underground hydrogen storage 
	Underground hydrogen storage facilities, similar to the traditional ones that are used for storing natural gas, maybe constructed at sites with favorable geological conditions. The criteria and specifications for the identification of a deposit or formation as a suitable site for underground hydrogen storage should be dependent on detailed geological evaluation. The main deposit’s features of interest for hydrogen storage are structural depth thickness, tightness, tectonic and seismicity issues, hydrogeolog
	Underground hydrogen storage facilities, similar to the traditional ones that are used for storing natural gas, maybe constructed at sites with favorable geological conditions. The criteria and specifications for the identification of a deposit or formation as a suitable site for underground hydrogen storage should be dependent on detailed geological evaluation. The main deposit’s features of interest for hydrogen storage are structural depth thickness, tightness, tectonic and seismicity issues, hydrogeolog
	caverns were considered, and the study specifically concentrated on thick salt deposits due to their good cycling performance, acceptable depths, and cushion gas requirements [173]. Teeside, UK, and Texas, USA, have already verified that salt cavities are capable of storing large amounts of hydrogen underground [174]. Northern Germany is also geologically accessible for salt caverns storage, where the geological criteria include a sufficient thickness of at least 200 m in salt, a minimum to top salt depth o

	Figure
	Fig 12. The concept of underground hydrogen storage in geological structures [168]. 
	Fig 12. The concept of underground hydrogen storage in geological structures [168]. 


	Salt cavities are the most favorable type for underground hydrogen storage for many reasons, such as low construction costs, rapid withdrawal, and injection rates, minimal leakage rates, relatively low requirements of cushion gas, and minimum hydrogen contamination hazards [179]. There are three main geological conditions that should be satisfied in order to construct salt caverns including (1) functionally qualified salt at an acceptable volume, with sufficient thickness and without an overload of insolubl
	(3) environmentally friendly and cost-effective brine disposal ways [179]. Based on the requirements and technical feasibility, they can be built at depths of up to 2000 m, with volumes of up to 1,000,000 , with average heights of 300-500 m, and with a diameter of 50-100 m. Based on the size, they can be powered at pressures up to or above 200 bar, enabling very large quantities of gas to be stored [175]. It is worth mentioning that the geological requirements for underground salt cavities construction are 
	(3) environmentally friendly and cost-effective brine disposal ways [179]. Based on the requirements and technical feasibility, they can be built at depths of up to 2000 m, with volumes of up to 1,000,000 , with average heights of 300-500 m, and with a diameter of 50-100 m. Based on the size, they can be powered at pressures up to or above 200 bar, enabling very large quantities of gas to be stored [175]. It is worth mentioning that the geological requirements for underground salt cavities construction are 
	solutions are needed for hydrogen storage in those regions [179]. Storage caverns in salt layers and salt domes are illustrated in figure 13, and within a large-scale hydrogen storage system in figure 14. 

	Aquifers are basically type of porous and permeable rock formations with pore space occupied by fresh or saltwater (in higher depths). These are popular in all sedimentary lakes around the world and may provide an option for underground storage of hydrogen in places where there are no evacuated hydrocarbon reserves or salt caverns. The main requirements for using porous media formations as underground hydrogen storage sites are: (1) the porous media formations are made up by a preamble tank such as sandston
	Table 7.General criteria for salt caverns and porous rock reservoirs [179]. 
	Table
	TR
	Criteria 
	Requirements 

	TR
	salt caverns 
	porous rock reservoirs 

	Geology Rock Type 
	Geology Rock Type 
	Salt formation 
	Sandstones and conglomerate, preferably 

	Structure 
	Structure 
	Salt Domes Bedded Salt 
	Anticline or dome 

	Composition 
	Composition 
	95% of Halite 

	Caprock 
	Caprock 
	Anydrite, Gypsum, Limestone 
	Shale, Siltstone, Carbonate rocks 

	Minimum caprock thickness 
	Minimum caprock thickness 
	-
	6 m 


	Depth 
	Depth 
	Depth 
	200 to 2000 m 
	200 – 2000 m 

	Height 
	Height 
	Typical values around 300 m 

	Porosity 
	Porosity 
	> 10% 

	Diameter (D) 
	Diameter (D) 
	Typical values around 70 m 

	Permeability 
	Permeability 
	-
	> 300 md 

	Height/Diameter Ratio (H/D) 
	Height/Diameter Ratio (H/D) 
	Typical value 5; range from 5 to 20 

	Vertical Closure 
	Vertical Closure 
	-
	> 10 m 

	Distance between caverns (S) 
	Distance between caverns (S) 
	Typical value around 300 m 

	Separation/Diameter Ratio (S/D) 
	Separation/Diameter Ratio (S/D) 
	Typical value>4; range from 2 to 10 
	-

	Thickness 
	Thickness 
	-
	> 10 m 

	Maximum Salt temperature 
	Maximum Salt temperature 
	o 80 C 

	Discovery Pressure 
	Discovery Pressure 
	-
	2 – 8 MPa 

	Volume of Storage 
	Volume of Storage 
	300000 -750000 m3 (Salt domes); 100000 m3 (Bedded Salt) 
	-

	Lifetime of Salt Cavern 
	Lifetime of Salt Cavern 
	30 – 50 years 
	-


	Figure
	Fig 13. Storage caverns in salt layers (left) or salt domes (right) [178]. 
	Fig 13. Storage caverns in salt layers (left) or salt domes (right) [178]. 


	Table 8. Comparison between salt caverns and aquifers. 
	Underground storage type Salt formation ( salt caverns ) Porous media formation ( Aquifers ) General criteria requirements  Functionally qualified salt at acceptable volume, with sufficient thickness and without overload of insoluble.  Suitable supply of fresh water for salt draining.  Brine disposal methods should be environmentally and economically reasonable.  The porous media formations are made up by a preamble tank.  The rocks chosen for disposal have strong tank properties and are overlaid with 
	Limitations 
	Limitations 
	Limitations 
	amounts of salt brine. 
	minerals might occur. 

	TR
	 Hydrogen might react with 

	microorganisms 
	microorganisms 


	Along with storage containers options that are represented previously, a massive underground gas storage container (lined rock cavern) is located in Skallen, Sweden. Such lined rock caverns are in cylindrical shape that lined with steel for gas tight purposes, enabling a maximum storage pressure of 200 bar [180]. 
	Figure
	Fig 14. Salt caverns in large-scale hydrogen storage system [181]. 
	Fig 14. Salt caverns in large-scale hydrogen storage system [181]. 


	4..1.1.2 Metallic containers 
	4..1.1.2 Metallic containers 
	Despite increasing the investment cost, metallic containers can be a viable alternative for gas storage as they guarantee storage steadiness, purity of stored hydrogen, and can be implemented independently on the site. If there are potential safety concerns regarding long term integrity of the containers (due to climatic conditions), the containers can be buried a few meters underneath the surface level. Generally, using underground containers provide many advantages including 
	Despite increasing the investment cost, metallic containers can be a viable alternative for gas storage as they guarantee storage steadiness, purity of stored hydrogen, and can be implemented independently on the site. If there are potential safety concerns regarding long term integrity of the containers (due to climatic conditions), the containers can be buried a few meters underneath the surface level. Generally, using underground containers provide many advantages including 
	space saving, additional protection against physical impacts and weather, and reducing the insulating costs. On the other hand, when it is underground, storage inspection becomes more challenging and effective protection against corrosion, using exterior coatings, becomes essential [179]. 

	Currently, there are three main types of metallic containers that can be used to store larger amounts of natural gas including gas holders featuring a storage pressure slightly higher than atmospheric pressure, spherical containers with maximum storage pressure of approximately 20 bar, and pipe storage with maximum storage pressure of approximately 100 bar [166]. Due to its capability of providing high storage pressures, pipe storage can be considered as the most attractive choice for large scale hydrogen s
	Figure
	Fig 15. Cost breakdown for modeled 275 L 250 bar type IV CNG vessels at multiple production volumes [185]. 
	Fig 15. Cost breakdown for modeled 275 L 250 bar type IV CNG vessels at multiple production volumes [185]. 


	Figure
	Fig 16. Cost breakdown for modeled 275 L 250 bar type IV CNG vessels at multiple production volumes [185]. 
	Fig 16. Cost breakdown for modeled 275 L 250 bar type IV CNG vessels at multiple production volumes [185]. 





	4.1.2 Liquid hydrogen storage 
	4.1.2 Liquid hydrogen storage 
	In addition to the compression option, liquefaction of pure hydrogen can also be used to increase its density. Liquefaction allows the density of hydrogen to reach around 70 kg/ at the atmospheric pressure [184]. Magnificently, liquid hydrogen has gained massive interest due to several splendid reasons such as it is the cleanest fuel, has the best energy to weight ratio among other fuels, has good chemical and physical properties, and stores around 2.8 times the energy of gasoline [10]. However, the energy-
	Advantages Disadvantages  Zero emissions production.  Best energy to weight ratio among other fuels.  2.8 times the energy storage capacity of gasoline  Higher density compared to hydrogen gas  High flammability  Expensive  The hydrogen Liquefaction process requires extreme energy levels  Requires Special storage tank design 
	Table 9. Advantages and disadvantages of liquid hydrogen. 
	The conventional hydrogen liquefaction process consists of three main steps as shown in Figure 17. In the first step, pure and dry hydrogen is compressed at a pressure higher than the critical hydrogen pressure (process 1 → 2). After the compression, the compressed hydrogen is 
	cooled down to a low temperature ( process 2 → 4 ) via two stages;(a) pre-cooling stage (process 2 → 3) and (b) final cooling stage (process 3 → 4). In the precooling stage, the hydrogen is cooled down from the ambient temperature to a lower temperature, called as liquid nitrogen temperature 
	level, where the heat flow ( ) is removed from the hydrogen feed in this stage. Following 
	that, Hydrogen is cooled down again to a temperature in the final cooling stage where the heat flow is removed from the hydrogen feed. In the final step, Hydrogen is expanded from high pressure to low pressure using a valve (process 4 → 5). 
	Figure
	Fig 17. The general principle of hydrogen liquefaction [187]. 
	There are two novel approaches developed for large-scale hydrogen liquefaction, including High-pressure hydrogen Claude cycle and dual hydrogen-neon cascade cycle [161]. The high-pressure hydrogen Claude cycle design consists of extremely efficient reciprocating compressors and turboexpanders supported with the option of energy recovery. In contrast to the conventional Claude cycle process, the operation requires higher-pressure levels as well as extreme pre-cooling temperatures [161]. In the dual hydrogen-
	The specific energy consumption of most current plants of hydrogen liquefaction is about 10 / kg, but it is expected that these figures can be decreased to lower than 6 / kg through conducting distinct process improvements in larger plants [188-190]. Still, capital expenses of a liquefaction-based plant are as yet a critical aspect of the total expenses of liquefaction, even for bigger plants [188]. For example, it has been assessed that the capital investment establishes around 40-50% of the particular liq
	The liquid hydrogen is normally stored in containers with double walls and a high vacuum between them in order to reduce the heat transfer rate by convection and conduction [191]. Further materials like polyester sheets coated with alumina; interchanging layers of glass fiber and aluminum foil; or perlite particles, silica, or aluminum are used in order to act as a shield against heat transfer by radiation [166, 192, 193]. Therefore, the strong insulation level and the low ratio of a surface-to-volume resul

	4.1.3 Hydrogen absorption 
	4.1.3 Hydrogen absorption 
	Hydrogen storage via absorption utilizes the physical bonding of van der Waals between a substance with a big specific surface area and molecular hydrogen. In order to accomplish sufficient densities of hydrogen storage through adsorption, liquid nitrogen is used as a refrigerant in the hydrogen absorption process, and pressure in the range from 10 to 100 bar, based on the adsorbent and the proposed application, is applied [195]. Moreover, the benefits of operating at higher levels of pressure levels off be
	Since most adsorbents used have low densities and with the required additives for heat conductivity optimization during the process, there is a limit to the density levels of hydrogen to be stored to be greater than 40-50 kg/m, which could be difficult to achieve via available adsorbents [204, 205]. Additionally, heat management is the most crucial defiance for hydrogen storage via absorption. Although the interplay is the week between the adsorbent and the hydrogen, usually 3-10 kJ per mol of hydrogen, the
	3


	4.1.4 Metal hydrides 
	4.1.4 Metal hydrides 
	Metal hydrides form strong chemical bonds with hydrogen. In fact, these bonds cannot be broken easily compared to the ones formed in the hydrogen absorption process. Therefore, a high level of energy is required to release the hydrogen from metal hydrides. The strong bonding associated with metal hydrides empowers the hydrogen to have high storage density even at atmospheric conditions [206]. Hydrogen is trapped during hydrogenation and experiences an exothermic reaction in order to form the metal hydride, 
	Hydrogen can be extracted from metal hydrides by two methods, including thermolysis, in which metal hydrides is heated to a certain temperature, and hydrolysis, in which the metal hydrides react with water. The aforementioned strategies are quite different from each other. The thermolysis is endothermic and reversible, needs high temperatures, and takes place in solids, whereas hydrolysis is exothermically irreversible, takes place in solutions, and might happen spontaneously at room temperature [196]. Sodi
	4.1.4.1 Elemental metal hydrides 
	4.1.4.1 Elemental metal hydrides 
	Binary hydrogen compounds can be formed by most metallic hydrides, such as elemental hydrides. However, most of these elemental hydrides are not appropriate for storing hydrogen as they only provide low capacity of hydrogen storage [209]. Magnesium hydride (Mg as well as aluminum hydride (Al are considered the most auspicious for large-scale hydrogen storage [150]. 
	There are two reasons that make magnesium hydride very attractive for hydrogen storage applications, including its high capacity of hydrogen storage, around 7.6% (wt), and the low cost of magnesium metal [210, 211]. However, the bonding between magnesium and hydrogen is very strong, where the dehydrogenation enthalpy is around 75 kJ per mol. Additionally, the hydrogenation and dehydrogenation reactions kinetics are slow due to the fact that molecular hydrogen dissociates slowly on the magnesium surface and 
	However, the most crucial drawback for magnesium hydride as a hydrogen storage material is the high temperature required for both dehydrogenation and hydrogenation. On the other hand, the enthalpy of aluminum hydride dehydrogenation is around 7 kJ /mol with a theoretical release of 10.1 % (wt) of hydrogen. This is due to relatively weak chemical bonding between aluminum hydride and hydrogen allowing the hydrogen to be released swiftly at 100°C. 

	4.1.4.2 Intermetallic hydrides 
	4.1.4.2 Intermetallic hydrides 
	The concept of making use of intermetallic hydrides is that an AxByHz alloy composed of single element A, which intensely bonds with hydrogen, and single element B, which weakly bonds with hydrogen, will gain intermediate hydrogen storage characteristics compared to its corresponding elements [209]. Furthermore, the selection of elements A and B as well as their percentages, are changeable. Thus it is feasible to have a bunch of distinct intermetallic hydrides. , and are intermetallic hydrides crystal struc

	4.1.4.3 Complex metal hydrides 
	4.1.4.3 Complex metal hydrides 
	Hydrogen can be available as part of a complex anion bonded to a metallic cation. The primary complex metal hydrides groups considered to have significant importance for hydrogen storage are alanates (contain anion), borohydrides (contain anion), and amides (contain 
	anion) [225]. In contrast to intermetallic hydrides, complex metal hydrides are mainly composed of light elements. In other words, this gives the complex metal hydrides the feature of 
	anion) [225]. In contrast to intermetallic hydrides, complex metal hydrides are mainly composed of light elements. In other words, this gives the complex metal hydrides the feature of 
	being characterized with gravimetrically massive hydrogen storage capacities, which has sparked a great deal of interest in utilizing these materials in FCV applications [226]. However, for their dehydrogenation through thermolysis, extremely high temperatures are needed by most of the complex metal hydrides, and only a few can be dehydrogenated reversibly, and usually only in the existence of effective catalysts or additives [227]. There are three main types of complex metal hydrides, namely; alanates, bor

	Sodium alanate ( is the most inspected complex metal hydride substance for hydrogen storage [220, 228]. In fact, the hydrogen storage capacity of doped with Ti is 3.5-4% (wt) which is considerably higher than intermetallic hydrides but less than what is really needed for FCV applications [225, 226, 229]. A hydrogen storage density of 54 kg / is achievable by the compaction of Ti-doped [230]. The dehydrogenation of is a discrete multi-step process. 3.7 % (wt) of hydrogen is firstly produced due to the sodium
	The hydrogen storage capacity of borohydrides is considered to be the highest among all other complex metal hydrides. For instance, Lithium borohydride ( has hydrogen storage capacity of 18.5% (wt) [232]. Elemental hydrides that are very stable, such as Lithium hydride LiH, are predisposed to form on the dehydrogenation of borohydrides causing a significant reduction in the storage capacity [233]. There are no feasible applications of hydrogen storage materials based on borohydrides. Therefore, there are tw
	The hydrogen storage capacity of borohydrides is considered to be the highest among all other complex metal hydrides. For instance, Lithium borohydride ( has hydrogen storage capacity of 18.5% (wt) [232]. Elemental hydrides that are very stable, such as Lithium hydride LiH, are predisposed to form on the dehydrogenation of borohydrides causing a significant reduction in the storage capacity [233]. There are no feasible applications of hydrogen storage materials based on borohydrides. Therefore, there are tw
	kJ per mol [237]. The volumetric hydrogen storage density of compacted pellets that are made of -Mg RHC is around 68 kg / [238]. 

	A solution consists of 20% (wt) of , 10% (wt) of NaOH and 70% (wt) of water has gravimetric and volumetric hydrogen storage capacities of 4.2% (wt) and 42.3 kg/ , respectively [239]. Keeping the content stricktly at or below 20% is essential so that adverse accumulation of hydrolysis materials and hydrated borates can be prevented by blocking the active sites to avoid the contamination of catalysts [240]. Cobalt (Co) catalysts are used for hydrolysis since they are cheaper compared to Ru-based catalysts tha
	Storage systems based on amides consist of mixtures of two compounds, including a metal amide and an elemental hydride. The presence of the elemental hydride is critically important as the amide alone, without the elemental hydride, would unleash ammonia during the thermolysis instead of hydrogen [242]. Nevertheless, most of the materials containing amides discharge trace amounts of ammonia throughout thermolysis, decreasing reversibility due to the loss of active material. 
	The most interesting amides are the mixture of Mg and since substituting LiH with Mg lowers the enthalpy dehydrogenation reaction from 51 kJ / mol down to 34 kJ / mol [243]. A mixture composed of 2.0 0.1 , 1.1 Mg , and 3% (wt) of has the ability to reversibly store 4.5-5.2% (wt) of hydrogen dehydrogenate at 1 bar and 150°C , and hydrogenate at 70 bar 150°C [244]. 

	4.1.4.4 Chemical hydrides 
	4.1.4.4 Chemical hydrides 
	From the name, the hydrogen is bonded chemically in the chemical hydrides. Since chemical hydrides are made of lighter elements, their characteristics are not similar to the metal hydrides ones. Maybe the major difference is that chemical hydrides usually exist in liquid form at normal conditions. They are further simplifying their transportation and storage as well as the transfer 
	From the name, the hydrogen is bonded chemically in the chemical hydrides. Since chemical hydrides are made of lighter elements, their characteristics are not similar to the metal hydrides ones. Maybe the major difference is that chemical hydrides usually exist in liquid form at normal conditions. They are further simplifying their transportation and storage as well as the transfer 
	of mass and heat through dehydrogenation and hydrogenation processes. Examples of chemical hydrides for hydrogen storage include, but are not limited to, ammonia, formic acid, and methanol, which are usually synthesized from natural gas as bulk chemicals. 

	Methanol is considered as the simplest alcohol which has gravimetric and volumetric hydrogen storage capacities of 12.5% (wt) and 100 kg/ , respectively. Renewable methanol production can be done by the hydrogenation of carbon dioxide ( ) [245] or from different biomass resources [246]. Hydrogen extraction from methanol can be achieved in different methods, including steam reforming, partial oxidation, or thermolysis (decomposition) [247]. The distinct advantage of steam reforming is its ability to liberate
	Ammonia (N is quite interesting for hydrogen storage due to its high hydrogen content with a gravimetric density of 17.7% (wt) and volumetric density of 123 kg / available in its liquid phase at 10 bars [249]. The favored method for the synthesis of ammonia in the Haber-Bosch process, which is an exothermic reaction (-30.7 kJ /mol) and doesn’t require any heat [250]. However, intensive pressure levels are required in order to achieve the desired thermodynamic properties where the typical conditions for the 
	Formic acid has the lowest volumetric and gravimetric hydrogen storage capacity among the previously mentioned chemical hydrides of 53 kg / and 4.4% (wt), respectively. The 
	Formic acid has the lowest volumetric and gravimetric hydrogen storage capacity among the previously mentioned chemical hydrides of 53 kg / and 4.4% (wt), respectively. The 
	advantage of formic acid as a hydrogen storage medium over methanol and ammonia is that it can be dehydrogenated at room temperature [255]. The comparatively effortless decomposition of formic acid to produce hydrogen and is the main reason why this medium is impressive for hydrogen storage. However, the critical limitation is that the formic acid might decompose into CO instead of and hydrogen during heating, depending on the type of catalysis. Homogenous catalysts have proved to have a positive effect in 

	Liquid organic hydrogen carriers (LOHCs) are another set of materials under the chemical hydrides umbrella. They are known for their reversibility in hydrogenation and dehydrogenation as well as their liquid phase in both hydrogenated and dehydrogenated forms. Even though formic acid and methanol are organic liquids, they are not classified as LOHCs because their products from the dehydrogenation process are only gaseous [259]. N-ethylcarbazole and dodecahydro-Nethylcarbazole (NEC-DNEC), Methylcyclohexane, 

	4.1.4.5 Hydrolysis and regeneration of metal hydrides 
	4.1.4.5 Hydrolysis and regeneration of metal hydrides 
	Furthermore, the reaction of (MgH2) with water at room temperature can effectively produce up to 15.2% wt (1503 mg/L) of hydrogen, making it a super attractive hydrogen supplier for various applications, such as hydrogen-based vehicles [262, 263]. Yet, the presence of Mg(OH)2 layer located at the surface of MgH2 swiftly blocks the hydrolysis process [264]. Several approaches, including ball milling [265], plasma-assisted milling [266], changing the 
	Furthermore, the reaction of (MgH2) with water at room temperature can effectively produce up to 15.2% wt (1503 mg/L) of hydrogen, making it a super attractive hydrogen supplier for various applications, such as hydrogen-based vehicles [262, 263]. Yet, the presence of Mg(OH)2 layer located at the surface of MgH2 swiftly blocks the hydrolysis process [264]. Several approaches, including ball milling [265], plasma-assisted milling [266], changing the 
	aqueous solution as well as alloying, have been studied in order to solve the issue of Mg(OH)2 layer formation and enhance the characteristics of hydrolysis reaction [267, 268]. Ball-milling of 4MgH2-LiNH2 mixture for 5 h yields 887.2 mg/L hydrogen within 1 min. Likewise, it was reported that adding calcium hydride (CaH2) is super advantageous in improving the hydrolysis process of MgH2. In other words, the amount of heat released done by the reaction of CaH2 additive has intensively reinforced the kinetics

	Lithium hydride (LiH) is another splendid material that could be utilized as source of hydrogen and implemented in tons of novel technologies, including fuel cells, shielding neutrons as well as a regulated fusion [278]. However, the practices of LiH require absolutely accurate 
	Lithium hydride (LiH) is another splendid material that could be utilized as source of hydrogen and implemented in tons of novel technologies, including fuel cells, shielding neutrons as well as a regulated fusion [278]. However, the practices of LiH require absolutely accurate 
	handing of storage since the reaction of LiH with water unleashes extreme levels of heat. In these situations, controlling the increase in temperature during the exothermic reaction is highly significant [279]. Thus, LiH should be maintained carefully in tough conditions in order to avoid any type of unneeded atmospheric reactions with humidity that could lead to a number of risks, such as burning [280]. The hydrolysis of LiH by introducing water steam to the reaction was conducted in work as the kinetics o

	has produced roughly 60% of the maximum theoretical amount of hydrogen just after 3 min from the start of the reaction. In addition to that, in the final phase of hydrolysis at 300 , specifically after the fifth minute the percentage of hydrogen released jumps to 97% of the total theoretical production. Moreover, hydrogen generation of 15% at early stages was recorded in the case of subjecting the LiH hydrolysis at a temperature of 500 , once the temperature of the reactor reached 700 , hydrogen yield of ap
	Figure
	Figure 38. (a) the capacity of hydrogen production and the temperature changes of LiH hydrolysis at 150 , (b) by-products effect on the quickness of hydrogen generation [281]. 
	Figure 38. (a) the capacity of hydrogen production and the temperature changes of LiH hydrolysis at 150 , (b) by-products effect on the quickness of hydrogen generation [281]. 


	Chen et al. [282] reported that ball milling of LiBO2·2H2O with Mg under ambient conditions is cheap “five times lower than that of NaBH4.”and an effective way for LiBH4 regeneration. Regarding the regeneration of NaBH4, Ouyang et al. [283] demonstrated that the cost of the regeneration of the NaBH4 could be significantly decreased, and the process can be done at room temperature through NaBO2 ·2H2O and NaBO2 ·4H2O with Mg instead of NaBO2. The same group suggested that the cost of the regeneration of the N
	Chen et al. [282] reported that ball milling of LiBO2·2H2O with Mg under ambient conditions is cheap “five times lower than that of NaBH4.”and an effective way for LiBH4 regeneration. Regarding the regeneration of NaBH4, Ouyang et al. [283] demonstrated that the cost of the regeneration of the NaBH4 could be significantly decreased, and the process can be done at room temperature through NaBO2 ·2H2O and NaBO2 ·4H2O with Mg instead of NaBO2. The same group suggested that the cost of the regeneration of the N
	and the process can also be facilitated by reacting NaBO2 with CO2 in aqueous solution producing Na2B4O7⋅10 H2O and Na2CO3. The latter materials are ball‐milled with Mg to form NaBH4 under normal operating conditions. 




	4.2 Comparison of hydrogen storage techniques 
	4.2 Comparison of hydrogen storage techniques 
	The multiple techniques of hydrogen storage with high energy density demonstrating a promising future of hydrogen utility in many applications such as transportation, however most of these techniques are still in the development stage. Even though salt caverns are not applicable in all regions, their capability of storing hydrogen is very effective. Table 10 briefly demonstrates the gravimetric and volumetric hydrogen storage capacities of hydrogen storage technologies. Figure 19 displays a bar chart of the
	Table 10. Gravimetric and volumetric storage capacities of different hydrogen storage 
	Hydrogen storage technology Gravimetric storage capacity %(wt) Volumetric storage capacity (kg / ) Gas hydrogen storage at 100 bar -7.8 [171, 172] Liquid hydrogen storage at 1 bar -70 [184] Magnesium hydride 7.6 [210, 211] -Aluminum hydride 10.1 [284] -Alanates (Ti-doped 3.5-4 [225, 226, 229] 54 [225, 226, 229] with Mg -68 [238] Amides 4.5-5.2 [244] -Methanol 12.5 [245] 100 [245] Ammonia 17.7 [249] 123 [249] Formic Acid 4.4 [255] 53 [255] LOHC (  DBT-PDBT ) 6.2 [261] 64 [261] 
	technologies 
	Figure
	Fig 19. Comparison among different hydrogen storage systems in terms of gravimetric (orange) and volumetric energy (blue) densities [207]. 
	Fig 19. Comparison among different hydrogen storage systems in terms of gravimetric (orange) and volumetric energy (blue) densities [207]. 


	Figure
	Table 11. Challenges and characteristics of some hydrogen storage/transport pathway [83]. 
	Table 11. Challenges and characteristics of some hydrogen storage/transport pathway [83]. 



	4.3 Hydrogen transportation 
	4.3 Hydrogen transportation 
	After producing hydrogen and storing it through different methods, hydrogen needs to be transported from the production sites to the consumption points. Generally, there are two main options for transporting hydrogen, including pipelines for gaseous hydrogen and trucks, trains, or ships for either compressed gas tube trailers or liquefied hydrogen cryogenic tanks [285-287]. In some cases, multiple transportation ways may be needed to deliver the hydrogen to the end-user. Based on the transportation method, 
	After producing hydrogen and storing it through different methods, hydrogen needs to be transported from the production sites to the consumption points. Generally, there are two main options for transporting hydrogen, including pipelines for gaseous hydrogen and trucks, trains, or ships for either compressed gas tube trailers or liquefied hydrogen cryogenic tanks [285-287]. In some cases, multiple transportation ways may be needed to deliver the hydrogen to the end-user. Based on the transportation method, 
	dispensing station. The cost of hydrogen delivery can be quite expensive and may determine the overall viability of using hydrogen for a specific power plant. Generally, pipelines are considered the most economical transportation method for hydrogen[184]. It requires high installation costs, but the maintenance and operational costs are very low [288, 289]. Also, for liquid hydrogen transportation, the main limitation is the high energy required for liquidation [290]. Thus, it can be stated that pipelines a


	4.4 Life Cycle Assessment of Hydrogen Production: 
	4.4 Life Cycle Assessment of Hydrogen Production: 
	Life cycle assessment (LCA) is a methodology used to evaluate the environmental impact throughout the different stages of the product [294, 295]. Such studies are important when more than one alternative energy source is proposed, and it aids in making the most feasible decision, both economically and technically. Several studies focused on LCA for hydrogen production technologies, including gasification and steam reforming of fossil fuel, water electrolysis for solar PV, solar thermal, wind energy sources,
	Table 12: Comparison of LCA analysis on four selected methods extracted from [296] 
	Table 12: Comparison of LCA analysis on four selected methods extracted from [296] 
	Alternatively, Salkuyeh et al., assessed LCA for hydrogen production from biomass using different gasification processes, fluidized bed (FB) and entrained flow (EF) [297]. This study indicated that EF method has a higher thermal efficiency (56%, LHV) compared to FB (45%). However, EF has a higher hydrogen selling price. Also, LCA indicated a negative cycle on GHG (global warming potential) for all biomass options. Another study of wind-based hydrogen production by water electrolysis showed a total GHG emiss

	Parameter SMR Gasification PV Electrolysis Solar thermal Electrolysis LCOA ($/kg) 1.09 1.95 6.85 12.04 GHG Emissions (kg CO2 eq./kg H2) 10.28 11.59 3.08 2.06 Abatement Costs ($/kg CO2) --0.786 1.373 
	Figure
	Fig. 20: GHG emissions for wind-based water electrolysis [298] 
	Fig. 20: GHG emissions for wind-based water electrolysis [298] 


	Similarly, Hajjaj et al. studied hydrogen production from biogas reforming and showed that this promising approach had achieved a thermal efficiency of 76-8% and GHG emission of 5.59 kg CO2-eq per kg of H2, which was half the amount GHG emissions using the conventional SMR method [299]. Another study combined LCA and exergy analysis to compare between hydrogen production by biomass staged gasification (BSGH) and natural gas steam reforming (NGSH) [300]. The study concluded that BSGH was more sustainable and
	5. Conclusion The global environmental concerns as well as the scarcity and geographical distribution of fossil fuel resources, have led to growing interest in using hydrogen as a fuel for power various applications either via direct combustion or via a fuel cell. Hydrogen technologies can be used to power wide range of applications from small scale, such as electronic devices charging systems, to big-scale, such as vehicles and trains. Developing large-scale production and storage technologies of hydrogen 
	The hydrogen can be stored in different states such as solid-state using metal hydrides, liquid state using well-isolated containers, or gaseous state using surface pressure tanks or underground formations. Among the various storage technologies, storing hydrogen in its gaseous state in underground natural sites, such as salt caverns, might be a suitable option for large-scale hydrogen storage due to low energy requirements and investment costs compared with other storage technologies. Additionally, storing
	The hydrogen can be stored in different states such as solid-state using metal hydrides, liquid state using well-isolated containers, or gaseous state using surface pressure tanks or underground formations. Among the various storage technologies, storing hydrogen in its gaseous state in underground natural sites, such as salt caverns, might be a suitable option for large-scale hydrogen storage due to low energy requirements and investment costs compared with other storage technologies. Additionally, storing
	to the consuming points via pipelines, which can also be considered as the most economical transporting method. However, underground hydrogen storage might not be possible for some regions due to the local geographical conditions of the storage site, so alternative storage methods should be considered. Therefore, it can be reported that there is no one ideal production or storage technology for large-scale hydrogen applications, but multiple modes should be integrated where the suitable technologies are det

	The transition to hydrogen age has started but still in the early stages, and arriving final terminal is not going to be achieved in the near future. Despite the recent breakthrough in hydrogen and fuel cell technologies, significant research and governmental efforts are still needed to support the large-scale hydrogen production and storage technologies as they are the key to enabling the hydrogen-based economy. 
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