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Abstract: An increase in human activities and population growth have significantly increased the 
world’s energy demands. The major source of energy for the world today is from fossil fuels, which 
are polluting and degrading the environment due to the emission of greenhouse gases. Hydrogen 
is an identified efficient energy carrier and can be obtained through renewable and non-renewable 
sources. An overview of renewable sources of hydrogen production which focuses on water split-
ting (electrolysis, thermolysis, and photolysis) and biomass (biological and thermochemical) mech-
anisms is presented in this study. The limitations associated with these mechanisms are discussed. 
The study also looks at some critical factors that hinders the scaling up of the hydrogen economy 
globally. Key among these factors are issues relating to the absence of a value chain for clean hy-
drogen, storage and transportation of hydrogen, high cost of production, lack of international 
standards, and risks in investment. The study ends with some future research recommendations 
for researchers to help enhance the technical efficiencies of some production mechanisms, and pol-
icy direction to governments to reduce investment risks in the sector to scale the hydrogen economy 
up.  

Keywords: hydrogen production; biomass; proton exchange membranes; alkaline electrolysis; dark 
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1. Introduction 
The increase in energy demand globally has led to an increase in discussions around 

clean, cheap, and sustainable sources of energy generation [1–3]. The global population 
has been estimated to hit a possible 10 billion people by 2050, which is expected to have 
an exponential effect on energy requirements. The use of fossil fuels as a source of energy 
generation has helped transform economies around the world but at a negative cost to 
the environment. It is for this reason, among other reasons, that researchers and scientists 
are investigating various forms of energy generation that comes with a zero or lower neg-
ative effect on the environment [4–7].  

One of the alternatives to the conventional forms of energy generation is the use of 
‘green’ hydrogen. This comes with no emissions of greenhouse gases (GHG) provided 
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the process is done using power from renewable sources (RS). The facile electrochemical 
conversion, light weight, and high mass energy density of hydrogen enables it to carry 
energy across geographical areas in the form of liquid fuels, with freight ships or through 
pipelines [8]. The hydrogen atom is generally made up of a proton and an electron, and 
it is colorless and odorless. Its density is lower than that of air. Hydrogen’s energy gravi-
metric density is largely about seven times higher than that of fossil fuels [9]. Moreover, 
1.0 kg of hydrogen is estimated to have a storage energy that is more than 2.75 kg that of 
gasoline. As a result, a liter of hydrogen has same energy as 0.25 L of gasoline [10]. 

As indicated above, hydrogen is produced through the conversion of materials 
which contain the hydrogen element, for example, carbohydrates or water. It is valued 
that close to 96% hydrogen worldwide is gotten from conventional fossil fuels divided as 
follows: 30% from naphtha reforming, 48% from steam reforming of natural gas, and 18% 
from coal gasification [10]. The conventional technologies used for the production of hy-
drogen, however, are linked to the environmental pollutions being experienced world-
wide. It is for this reason that people in the energy and environment sector are pushing 
for more sustainable ways of producing hydrogen using RS.  

Hydrogen products are currently being used as raw materials in the industrial sector. 
However, if we are to realize its full potential as a full energy carrier, it can play a major 
part in many more areas. Out of the estimated 50 million metric tons produced yearly on 
a global scale, its main use is as a feedstock for the production of ammonia, with oil refin-
ing taking 35% [11]. It could have major application in the freight and passenger transport 
(i.e., internal combustion engines and fuel cell vehicles), storage (gaseous or liquid hydro-
gen), thermal (natural gas blending and solid oxide fuel cells) [11,12], electricity genera-
tion and power to gas generation [13], upon realizing its role as a flexible energy carrier, 
etc., as shown in Figure 1. 

 
Figure 1. Effect of hydrogen production on other sectors [14]. Reproduced with permission from 
Elsevier. 

Yue et al. [15] presented a review on recent developments of technologies on hydro-
gen and their application in power systems for the production of hydrogen, storage, and 
re-electrification. Dawood et al. [16] also reviewed various hydrogen production path-
ways to assess their interrelationship and interconnection on other stages of the hydrogen 
square. A study by Najjar [17] reviewed the safety of hydrogen in the course of produc-
tion, transmission, and usage but did not look at various limitations associated with the 
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various technologies for the production of hydrogen. According to their study, safety is-
sues in relation to hydrogen use are mostly discussed in relation to its ignition and com-
bustion features, i.e., low ignition energy, rapid diffusion, comparatively high flame ve-
locity, extensive flammability range explosion level, etc. Parra et al. [18] evaluated the 
progress of hydrogen production from the perspective of cost; however, it lacked a de-
tailed assessment of the various trends of the development of the various technologies. 
Kovac [19] reviewed hydrogen in energy transition. According to the study, this is im-
portant because the world is fast changing, which has led to discussions around techno-
logical advancement among the people. The study presented the progress being made in 
the hydrogen sector. Maggio et al. [20] reviewed how the production of hydrogen from 
renewable energy sources could affect the fuels markets. Their study suggests that pro-
ducing hydrogen through electrolysis will have a significant economic impact, particu-
larly in the area of transport, which will lead to the creation of new supply chain, and 
market, which will change the characteristics of the energy market. Hanley et al. [11] pro-
vided a review of hydrogen production through low-carbon methods from varying inte-
grated energy system models. Their objective was to identify the policy scenarios and 
factors that lead to the advent of hydrogen over other low carbon technologies. They iden-
tified that bioenergy could serve as both a driver and competitor for hydrogen energy, 
along with high renewable electricity scenarios and increased electrification. Electric ve-
hicles were, however, identified as the key competitor in the passenger vehicle sector. 
Additionally, Abe et al. [21] presented a short overview of hydrogen as an energy carrier. 
The study identified the storage of hydrogen as a hinderance to its development and pro-
vided some recommendations for its development. 

Finally, Liu et al. [22] looked at the trends and future challenges for the production 
and storage of hydrogen. According to their findings, the most researched hydrogen pro-
duction mechanism during their study period, i.e., 2004–2018, is the photocatalytic de-
composition of water to hydrogen. Mengdi and Wang [23] recently provided an overview 
of technologies use for the production of hydrogen, which includes both renewable and 
non-renewable resources. They also compared the life cycle environmental impact assess-
ment for the various technologies. Hosseini and Wahid. [24] also looked at various hy-
drogen production technologies. Their findings indicate that the high cost of photovoltaic 
cells and their low efficiency are the most critical barriers for the commercialization of 
solar based hydrogen production. Similarly, El-Emam and Ozcan [25] provided an anal-
ysis on the economic, technological, and environmental aspects of hydrogen production. 
They observed that the lower cost of electricity that is associated with geothermal and 
nuclear energies makes them the ideal sources for the production of hydrogen at low-
cost. Okonkwo et al. [26] conducted a study on the possibility of producing, using and 
exporting carbon-free hydrogen from Qatar. The findings of their paper shows that the 
best pathway for Qatar at present is the production as well as exportation of blue ammo-
nia, whereas green hydrogen could in the mid-future become as competitive as blue am-
monia. In another study, Lane et al. [27] forecasted renewable production of hydrogen 
technology shares. The outcome of the study suggests that the dominant technology con-
sists of biomass gasifiers on the early market; however, electrolyzers’ higher learning rate 
as well as the long-term trend of declining cost for RE could lead to equal shares for in-
stallations that are new by mid-term and ultimately to electrolyzers having the leading 
share of new facilities. 

In this paper, a review of clean hydrogen production technologies is presented. This 
is not the first time the different hydrogen production technologies have been discussed, 
as there have been some studies, discussed in previous sections, and some of these [28–
31] have reviewed one or more forms of the processes associated to hydrogen production. 
Aside from the emphasis on clean technologies in this paper, it also moves beyond the 
review of the technologies alone and presents the limitations associated with them. Chal-
lenges in the sector that is hindering the progress of the hydrogen economy globally are 
also presented. The role of hydrogen in the world’s energy sector is also presented.  
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2. Status of the Global Hydrogen Production 
According to the International Energy Agency (IEA) [32], technologies for the pro-

duction of hydrogen were unusually robust during the COVID-19 pandemic, with their 
momentum in 2020 remaining strong. According to the IEA report, the year 2020 was a 
record year in policy action and low-carbon production, where a total of ten governments 
across the globe adopted hydrogen strategies. An installation of about 70 MW capacity of 
electrolysis was done, which doubled the preceding year’s record, and two hydrogen pro-
ducing facilities from fossil fuels with Carbon Capture, Utilization, and Storage (CCUS) 
became operational, which led to about a 15% increase in production capacity [32]. Re-
ports show that the global total hydrogen demand has increased rapidly by 27.2% in 7 
years, i.e., from 255.3 billion cubic meters in 2013 to some 324.8 billion cubic meters in 
2020 [33,34]. Figure 2 shows the increase in demand for H2 over the years; it can be seen 
that the produced hydrogen are mostly used in the production of ammonia (51%), while 
about 31% goes into oil refining, 10% is used for the production of methanol, and the 
remaining 8% has other uses [35]. 

 
Figure 2. Demand of hydrogen worldwide and its share on various uses [35]. Reproduced with 
permission from Elsevier. 

The hydrocarbon steam reforming is presently the most utilized approach for the 
production of hydrogen globally, it is used in over 90% of industrial hydrogen production 
facilities. It is a technology that was invented in 1926 by the Badische Anilin-und-Soda-
Fabrik (BASF) [34,36]. 

Reports by the Hydrogen Council and McKinsey & Company [37] indicated that out 
of the 228 large-scale industrial, infrastructure, and transport hydrogen projects around 
the world, more than half, i.e., 126, are projected to be sited in Europe, 19 in North Amer-
ica, 24 in the Oceania, and 46 in Asia. These projects are estimated to be a potential invest-
ment of 1.4% of the global energy fund, which is equivalent to $300 billion. According to 
the same report, a total of 75 countries around the world, which translates into more than 
half of the world’s gross domestic product (GDP), have instituted net-zero carbon ambi-
tions and over 30 have strategies directed at hydrogen production. 

3. Paths to Hydrogen Production 
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Production of hydrogen is mainly done using either fossil fuels or through RS, which 
is presented in Figure 3. The widely used approach is called “steam reforming”. Methane 
is the widely used fuel in this process due to its high hydrogen-to-carbon ratio within the 
hydrocarbons group; therefore, the generated by-products are reduced [38]. The steam 
methane reforming (SMR) process is generally made up of two steps, as presented below 
[39]: 
• The initial step is the reformation process; at this stage, there is the mixing of the 

methane with steam, which is moved over a catalyst bed with a high pressure of 1.5–
3 MPa and a temperature range of 700–900 °C to form a combination of carbon mon-
oxide (CO) and hydrogen, as presented in Equation (1). 

• The next phase involves the shift reaction, where there is the reaction of additional 
steam with the CO from the initial phase to produce additional hydrogen and CO2, 
as indicated in Equation (2): CHସ + HଶO → CO + 3Hଶ (1) CO + HଶO → COଶ + Hଶ (2) 

 
Figure 3. Routes to hydrogen production [28,40]. Reproduced with permission from Elsevier 

Coal gasification is the other method for the generation of hydrogen that uses fossil 
fuels. In this method, the coal is taken through a partial oxidation at high pressure, ap-
proximately 5 MPa, and temperature with the assistance of steam and oxygen to yield a 
combination of CO, methane, CO2, and other compounds [41]. Hydrogen and CO mostly 
remain at temperatures beyond 1000 °C and pressures of 1 bar. The process is presented 
in Equations (3) and (4) [39]: C + 1 2ൗ Oଶ → CO (3) C + HଶO → CO + Hଶ (4) 

This study, however, only focuses on the various renewable (RE) options and dis-
cusses them in detail in subsequent sections below. A review of recent studies using dif-
ferent methodologies are presented in Table 1. 

Table 1. Recent studies on the production of hydrogen. 
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No Year 
Mechanism 

Used Objective of Study Major Findings/Results Ref. 

1 2017 

Thermo-elec-
trochemical 
production 

protonic mem-
brane reformer 

To obtain high-purity hydro-
gen within a single-stage 

process in an almost zero en-
ergy loss. 

The study achieved a bal-
anced thermal operating re-

gime. A total energy effi-
ciency more than 87% was 
obtained for the modeled 

hydrogen plant. 

[42] 

2 2021 Alkaline water 
electrolysis 

To investigate the effect of 
electrode spacing on the pro-

duction of hydrogen. 

It was identified that smaller 
spacing distances for elec-

trodes increases the interac-
tion between the immersed 
electrode and the ionic elec-
trolyte, which increases the 
rate of the electrochemical 

reaction, efficiency, and pro-
duction of hydrogen. 

[43] 

3 2021 

Proton ex-
change mem-
brane electrol-

ysis cell 
(PEMEC) 

To assess the performance of 
PEMEC, which is operated 
by a photovoltaic thermal 

(PVT) system. It assessed the 
impact of thermoelectric gen-

erator (TEG) and phase 
change materials (PCM) on 
the production of hydrogen. 

A combination of the 
PVT/TEG/PEMEC system 

performed better than other 
systems. The 

PVT/PEMEC/PCM system 
recorded negligible effect. 

[44] 

4 2019 

Evaluation of 
solar driven 

natural gas re-
forming sys-

tem 

To assess the impact of a 
combination of steam me-

thane reforming with carbon 
dioxide as well as steam-

based autothermal reform-
ing.  

There was an improvement 
in both exergy and energy 

efficiencies. The exergy effi-
ciency is 31.1%, while the 
energy efficiency is 59.1%. 

[45] 

5 2021 Photo fermen-
tation 

To assess the role of catalysts 
in energy conversion effi-

ciency enhancement and the 
yield of photo-fermentation 

biohydrogen from a corn 
stalk (CS) via strengthening 

the beneficial metabolic 
product. 

The hydrogen yield was in-
creased by 15.93% when 0.2 

g/g CS of kieselguhr was 
added to the liquid culture. 

[46] 

6 2011 Photoelectro-
chemical 

To investigate the hydrogen 
evolution rate for a photoe-

lectrochemical system, which 
consists of platinum as a 
photoanode and cathode, 

and anodized tubular TiO2, 
solar cell, as well as sea-

water, which is prepared us-
ing a nanofiltration mem-

brane.  

The rate hydrogen evolution 
was found to be 270 

mol/cm2 h. 
[47] 
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7 2021 

Bio-hydrogen 
production 

based on ligno-
cellulosic bio-

mass 

To explore the syntrophic co-
fermentation model for mi-

crobial community evolution 
evaluation and the route of 

carbon transfer for the co-fer-
mentation system.  

The highest level of hydro-
gen production is 165 mL/g 
with a mean hydrogen con-

centration of 52.3%. 

[48] 

8 2021 

Water electrol-
ysis, 

electrochemi-
cal conversion 

To propose an efficient strat-
egy to replace the oxygen 
evolution reaction with a 

partial oxidation of degrada-
tion products originating 

from carbohydrate.  

The results indicate that 
there exists the potential to 

use industrial waste streams 
for sustainable hydrogen 

production. 

[49] 

9 2019 
Proton ex-

change mem-
brane 

To propose a synthesized 
polybenzimidazole (PBI) 

composite membrane from 
the addition of zirconium ox-

ide (ZrO2) followed with 
phosphoric acid.  

The efficiency of the copper 
chloride (CuCl) electrolyzer 
ranged from 91–97%, which 

indicates that the hybrid 
PBI/zirconium phosphide 
(ZrP) membrane can serve 

as an alternative to the 
Nafion membrane. 

[50] 

3.1. Water Splitting 
Water is seen as the most abundant source for the production of hydrogen, which is 

made up of hydrogen and oxygen. Therefore, if sufficient energy is given to it, its mole-
cules will split into hydrogen and oxygen. Several technologies can be adopted to split 
the water. Some of these technologies are discussed in detail in the subsections below. 

3.1.1. Electrolysis of Water for the Production of Hydrogen 
In this process, the reactant is water, which is dissociated into oxygen and hydrogen 

using DC current: Anode: HଶO → 1 2Oଶ + 2Hା + 2eି⁄  (5) Cathode: 2Hା + 2eି → Hଶ (6) Overall: HଶO → Hଶ + 1 2⁄ Oଶ (7) 

There are different electrolyte systems that can be used for water electrolysis, which 
includes anion exchange membranes (AEMs) electrolysis, alkaline water electrolysis 
(AWE), solid oxide water electrolysis (SOE), and proton exchange membranes (PEMs) 
electrolysis. They operate using same principle, although they operate under different 
conditions using different materials [51]. 

Alkaline Water Electrolysis 
This method makes use of two non-platinum group metals, i.e., nickel (Ni) and iron 

(Fe) based electrodes, 30–40% potassium hydroxide (KOH) electrolyte, and a diaphragm 
membrane. Alkaline electrolysis is seen as a technology that is reliable for hydrogen pro-
duction up to the megawatt scale [52,53]. The alkalinity is provided by the circulating 
KOH electrolyte. The permeable diaphragm plays the role of a separator to separate the 
cathode and the anode. It also plays the following roles: conduction of hydroxyl ions, 
ensuring safety and efficiency, and prevention of possible gas crossover [52–54]. Organic 
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polymers, such as polypropylene, as well as ceramic oxide materials, e.g., potassium ti-
tanate and asbestos, can be used for the construction of the diaphragm [55]. 

A typical AWE works at a current density that ranges from 300–400 mA cm−2, with a 
cell voltage that ranges from 1.85–2.2 V, moderate temperature of 70–90 °C, and conver-
sion efficiencies ranging from 60–80%. The merits of this technology are that it is inde-
pendent of a noble metal catalyst for the production of hydrogen, and its relatively low 
temperature makes its handling easier [56]. 

Solid Oxide Water Electrolysis 
This is an innovative concept which allows water or steam electrolysis at tempera-

tures that range from 600–900 °C. Higher efficiencies are obtained in this approach com-
pared to the PEM and alkaline electrolyzers. Both recycled hydrogen and steam are sup-
plied to the cathode; water is then reduced to yield hydrogen, as indicated in Equation 
(8). The oxide anions produced at the cathode goes through the solid electrolyte to the 
anode, and at this stage, they recombine to form oxygen and closes the circuit with the 
electrons released, as indicated in Equation (9) [52]: HଶO(g) + 2eି → Hଶ(g) + Oଶି (8) 

Oଶି → 12 Oଶ(g) + 2eି (9) 

In this concept, the reaction changes with the electrodes in contact with the vapor 
phase or gas, which is a clear deviation from the processes that takes place on the elec-
trodes of the PEM or alkaline electrolyzers. This makes it challenging to maximize the 
interfacial area which is in contact between the gaseous chemical species and electrodes 
[52]. Figure 4 shows the water and steam electrolysis energy demand. 

 
Figure 4. Water and steam electrolysis energy demand [57]. Reproduced with permission from 
Elsevier. 

Proton Exchange Membranes 
PEM is mostly employed in fuel cells for electricity generation and in electrolyzers 

for hydrogen production. It also serves as a separator between the cathode and the anode. 
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The most used PEMs are the Nafion™ and Nafion™-based membranes as a result of their 
high thermostability, high ionic conductivity, excellent chemical stability, good mechani-
cal strength, and robustness at a low temperature during high levels of relative humidity 
[58]. There are, however, some major challenges associated with the use of the Nafion™, 
i.e., poor proton conductivity when temperatures are high under low humid environment 
and longer time needed for synthesis [58–60]. 

In PEM electrolyzers, there is the introduction of water at the anode where splitting 
into proton and oxygen occurs. The proton then moves to the cathode through the mem-
brane, where recombination occurs to form hydrogen [61]. The oxygen gas is left behind 
with the unreacted water. A drier may be employed to eliminate residual water depend-
ing on the requirements for purity after the liquid/gas separations unit. There is a low 
ionic resistance in PEM electrolyzers; hence, a high current greater than 1600 mA cm2 can 
be attained, while high efficiencies of 55–70% is maintained. 

The cathode and anode reactions are presented below [61]: Anode: 2HଶO → Oଶ + 4Hା + 4eି (10) Cathode: 4Hା + 4eି → 2Hଶ (11) 

Overall: HଶO → Hଶ + 12 Oଶ   ∆H = −288 kJmolିଵ (12) 

Anion Exchange Membranes 
The AEM method is a hybrid technique (i.e., in relation to water electrolysis), which 

integrates the merit of alkaline and PEM electrolysis within a cell, which consists of an 
AEM that is hydrocarbon-based and two transition metals, for example platinum (Pt), 
iridium (Ir), etc., of catalyst-based electrodes [62]. Figure 5 shows the process of AEM and 
the components involved. There is a connection of an external power supply to the cath-
ode and anode for the provision of DC current. The entire reaction is made up of two half-
cell reactions, i.e., oxygen evolution reaction (OER) and the hydrogen evolution reaction 
(HER). Water is passed through the side of the anode, which produces hydrogen and 
hydroxyl ions through the adding of two electrons. Then, there is the diffusion of the 
hydroxyl ions through the AEM to the portion of the anode through the positive attraction 
of the anode, whereas through the external circuit the electrons move to the anode. The 
hydroxyl ions recombine in the anode chamber as oxygen and water through the loss of 
electrons. The oxygen is released from the anode’s surface by forming bubbles. Catalytic 
activity is required by both half-cell reactions for the formation and emission of the cor-
responding gases from the surfaces of the electrode. The half-cell reactions in Equations 
(13) to (15) apply [56,63]: Anode: 4OHି → Oଶ + 2HଶO + 4eି      E଴ = 0.401 V. (13) Cathode:  4HଶO + 4eି → 2Hଶ + 4OHି    E଴ = −0.828 V (14) Overall: 2HଶO → 2Hଶ + Oଶ     E଴ = 1.23 V (15) 
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Figure 5. Diagram of an AEM water electrolysis. CCL: cathode catalyst layer, ACL: anode catalyst 
layer, GDL: gas diffusion layer, and MEA: membrane electrode assembly [56]. Reproduced with 
permission from Elsevier. 

The reaction needs a theoretical thermodynamic cell voltage of 1.23 V at a tempera-
ture of 25 °C in order to dissociate the water into hydrogen and oxygen. However, in 
practice, in order to obtain an efficient hydrogen production, the cell voltage must be 
greater than 1.23 V. Extra voltage is needed to overcome the ohmic resistance and the 
kinetics of the electrolyte as well as the electrolyzer’s components [56]. 

3.1.2. Thermolysis of Water for Production of Hydrogen 
The thermolysis of water, which is referred to as a single stage thermal dissociation 

of water, is presented as follows [64]: HଶO ୦ୣୟ୲ሱ⎯ሮ Hଶ + 12 Oଶ (16) 

The reaction in this approach requires a source of heat to be able to get a reasonable 
level of dissociation; this heat source should be able to make available temperatures be-
yond 2500 K. For example, the level of dissociation at 3000 K and 1 bar is 64% [64]. These 
are the main challenges associated with this method of production. Another challenge 
associated with this form of hydrogen production is the high cost of its equipment due to 
the need to withstand the high conditions presented earlier in this section. Different tech-
nologies are, therefore, being proposed in order to conduct thermolysis at lesser temper-
atures. One of such strategies involves the conduction of the reaction in a number of 
phases with the use of catalysts; however, the requirement of very corrosive reagents also 
poses challenges to equipment as well as a possible negative impact on the environment 
[65]. 

Kasai and Bishop [66] proposed a single reaction system, which can realize an en-
tropic exchange for the production of hydrogen through thermolysis by means of zeolites. 
Free hydrogen as well as oxidize bivalent cations are produced from the rehydration of 
zeolites, which happens at temperatures around 400 °C. In the same way, Hsu [67] pro-
posed a raney nickel plate reactor (10% Aluminum and 90% Nickel), which functions as 
a catalytic surface to change the reaction’s energy activation. Additionally, iodine (Iଶ) and 
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sulfur dioxide (SOଶ) were added to the medium, which had a decreasing effect on the 
temperature of the reaction, as presented in Equations (17) and (18) [65]: Iଶ + SOଶ + 2HଶO → 2HI(୍) + HଶSOସ(୍) (17) 2HI(୍) → Hଶ(୥) + Iଶ(୍)  (200 ≈ 400℃) (18) 

3.1.3.  Photolysis of Water for Hydrogen Production 
Water can release hydrogen in principle, which occurs when the water molecules 

absorb energy at a rate of 285.57 kJ/mole of water from ultraviolet radiation [68]. The dis-
sociation of the H-O bonds by photons is known as photolysis, which occurs at about 190 
nm [69]. This process and thermolysis need chemical catalysts such as ZrO2, tin oxide 
(SnO), zinc oxide (ZnO), and other semiconductor sulfur oxides [65] (Equations (19) and 
(20)): Mox୞ା + HଶO → Mox(୞ାଵ) + H + OHି (19) 2H → Hଶ (20) 

3.1.4. Some Limitations Associated with Water Electrolysis Technologies 
Some limitations associated with some of the technologies presented above are pre-

sented below [70]: 
• Solid oxide electrolysis—requires a relatively large laboratory stage, low durability, 

and large system design. 
• PEM electrolysis—has an acid environment, immature and costly components, and 

low durability. 
• Alkaline electrolysis—has low current densities, purity of gases is low, low dynamic 

operation, operational pressure is low (3–30 bar), and there is a reduction in the elec-
trolyzers performance due to the formation of carbonates on the electrode. 

3.2. Biomass Process of Hydrogen Production 
Biomass is seen as more promising compared to fossil fuels in terms of hydrogen 

production due to its large reserves and supply, easy oxidation, and high annual output. 
Therefore, hydrogen can be produced in various forms in relation to biomass as shown in 
Figure 6. This includes thermochemical conversion of wood waste, photocatalysis (PC) of 
municipal solid waste, lignin, sawdust, forest residues, agricultural waste, cellulose, pol-
yols, fermentation of microalgae and cassava, biomethane (biogas), steam reforming of 
gasified biomass tar, etc. [34]. Even though there is a release of CO2 during the production 
of hydrogen using biomass, the quantity of gaseous emissions is equal to the quantity 
absorbed by organisms during their lifetime [71]. Biological and thermochemical mecha-
nisms are the two approaches that can be used to produce hydrogen from biomass. These 
will be discussed in subsequent sections. 
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Figure 6. Sources of biomass and their conversion into hydrogen and other beneficial products 
[72]. Reproduced with permission from Elsevier. 

Different from coal, biomass has a comparatively high hydrogen-to-carbon ratio. It 
is estimated that C6H10O5 (pure cellulose) has a hydro-carbon ratio of approximately 1.7 
as compared to that of 0.8 for a characteristic bituminous coal [73]. Using biomass can 
decrease the dependance on hydrocarbons. Biomass can fix CO2 balance in the atmos-
phere through a mechanism known as photosynthesis process [74]. 

3.2.1. Biological Production 

Dark Fermentation Process of Hydrogen Production 
Dark fermentation (DF) is seen as the most promising technique for the generation 

of biohydrogen via the conversion of biomass, it has a net energy ratio equivalent to 1.9, 
while that of steam methane reforming is equal to 0.64 [75]. Production of hydrogen can 
be done by anaerobic bacteria, which are grown in carbohydrate rich or dark substrate. 
The anaerobic metabolism of pyruvate, which is formed due to the catabolism of various 
substrates, drives most microbial hydrogen production. One of two enzyme systems cat-
alyze pyruvate breakdown [75]: 
1. Pyruvate: formate lyase: Pyruvate + CoA → acetyl − CoA + formate (21) 

2. Pyruvate: ferredoxin oxido reductase: Pyruvate + CoA + 2Fd(ox) → acetyl − CoA + COଶ + 2Fd(red) (22) 

Substrates in DF are transformed by anaerobic bacteria grown in the dark (Figure 7). 
The key substrate in metabolism is hydrogen for several anaerobic microorganisms. If 
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they are available, such microorganisms are capable of utilizing gydroenergy-rich hydro-
gen molecules, to produce energy through the use of the electrons from the hydrogen 
oxidation. When there are no external acceptors of electrons, the organisms have extra 
generated electrons in the process of metabolism due to the reduction of protons produc-
ing hydrogen molecules. Hydrogenases are the key enzymes that regulate hydrogen me-
tabolism [76]. 

 
Figure 7. Characteristic metabolic ways for converting substrate to hydrogen during DF [76]. Re-
produced with permission from Elsevier. 

Photo Fermentation Process of Hydrogen Production 
Photo fermentation is considered as one of the probable pathways for the production 

of biological hydrogen. Anoxygenic photosynthetic bacteria, especially the purple non-
sulfur (PNS) bacteria, are in this process able to reduce H+ ions to gaseous H2, through the 
use of both the reduction power obtained from the organic compounds’ oxidation, e.g., 
low-molecular weight fatty acids as well as light energy. This mechanism is regarded as 
promising as a result of the absence of O2-evolving reactions, the potential to utilize varied 
range of sunlight, high substrate conversion yields, and the potential to combine this form 
of H2 production methods with waste disposal [77]. 

Rhodobacter, a PNS bacterial genus, is the most commonly used for the production 
of biohydrogen. PNS bacteria can grow photo-heterotrophically and acquire their carbon 
needs and electrons from reduced fixed carbon compounds, using CO2 as the only source 
of carbon and H2, S2, or Fe2+ as electron donors, while some species can also grow photo-
lithoautotrophically. The PNS can utilize a variety of organic carbon compounds: amino 
acids, alcohols and carbohydrates, acetate, and other organic acids and pyruvate depend-
ing on the species. Other species can also utilize compounds with a one-carbon atom, such 
as formate and methanol, whereas others grow with the use of aromatic organic com-
pounds, e.g., chlorobenzoate, cinnamate, benzoate, phenol, and phenylacetate [78]. Figure 
8 shows the production of hydrogen through photo-fermentation. 
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Figure 8. Production of hydrogen via photo-fermentation through photosynthetic bacteria paths, 
resulting in the production of hydrogen via a non-sulfur-deprived photosynthetic bacterium [78]. 
Reproduced with permission from Elsevier. 

The reaction for the production of hydrogen using photo fermentative mechanism 
using acetate is presented in Equation (23). The reaction is not spontaneous due to its 
positive free energy and as a result requires external energy in the form of light (natural 
or artificial). Four moles of hydrogen can be theoretically produced from the 1 mol of 
acetate under adequate physico-chemical conditions [79]. 2CHଷCOOH + 2HଶO → 4Hଶ + 2COଶ,   ∆Go = +104 kJ (23) 

Bio-Photolysis Process of Hydrogen Production 
This is a biological process that employs similar principles that are seen in algae and 

plants photosynthesis which are adapted for the production of hydrogen gas. Only car-
bon dioxide reduction occurs in green plants, as there is an absence of the enzyme that 
catalyze the formation of hydrogen. However, there exist hydrogen-producing enzymes 
in algae which can produce hydrogen under certain situations [80]. Bio-photolysis can 
take place in either directly or indirectly form under illumination, which then results in 
H2 and O2 production [81]. 

The most analyzed species for direct bio-photolysis is the microalgae 14hlamydo-
monas reinhardtii. Both photosystems (PSI and PSII) and hydrogenase enzymes play ac-
tive roles in direct bio-photolysis [82]. The molecules of water are split by green algae in 
direct bio-photolysis to form oxygen and hydrogen ion via photosynthesis. H2 is produced 
through the conversion of the generated hydrogen ions by hydrogenase enzyme. This 
enzyme is extremely sensitive to oxygen, and as a result, the oxygen content must be 
maintained below 0.1%, which is a drawback of this technology [83]. The process of direct 
bio-photolysis is presented Figure 9. 
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Figure 9. Representation of direct bio-photolysis [83]. Reproduced with permission from Elsevier. 

Indirect bio-photolysis could be used with many of the cyanobacteria. In this case, 
the process of the photosynthesis is accompanied by dark fermentation to produce H2O 
and H2. The conversion of CO2 into an endogenous reserve carbohydrate occurs before 
the production of hydrogen in the presence of hydrogenase enzyme [82,84]. Figure 10 
illustrates the indirect mechanism of the production of hydrogen. The indirect bio-pho-
tolysis concept can be divided into four groups [83]: 
• Production of biomass via photosynthesis. 
• Biomass concentration. 
• Aerobic DF producing 4 mol hydrogen/mol glucose in algae cell, accompanied by 2 

mol of acetates. 
• Production of hydrogen through the conversion of 2 mol of acetates. 

Cyanobacteria are used in a typical indirect bio-photolysis to produce hydrogen 
through the reactions provided in Equation (24) and Equation (25): 12HଶO + 6COଶ → C଺HଵଶO଺ + 6Oଶ (24) C଺HଵଶO଺ + 12HଶO → 12Hଶ + 6COଶ (25) 
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Figure 10. Production of hydrogen using an indirect bio-photolysis approach [83]. Reproduced 
with permission from Elsevier. 

3.2.2. Thermochemical Production 
The thermochemical method is a system whereby biomass is converted into hydro-

gen rich gases and hydrogen. The production of hydrogen-rich gases from synthesis gas 
obtained from such methods is seen as the way forward for zero GHG emissions, which 
is necessary for sustainable development [28,85]. The thermochemical method is mainly 
made up of gasification and pyrolysis. The two conversion methods produce CH4 and 
CO, among other gaseous products, which can be treated more for the production of ad-
ditional hydrogen through water gas shift (WGS) and steam reforming reaction. Lique-
faction and combustion methods are additional mechanisms that are two less preferable 
approaches, since they produce low hydrogen with the release of byproducts and also 
requiring operating conditions of 5–20 MPa without the presence of air, which are diffi-
cult to meet [83]. 

Pyrolysis Way of Hydrogen Production 
Pyrolysis or co-pyrolysis is another promising technique for the production of hy-

drogen. In this technique, heating and gasification of raw organic material occur in a tem-
perature range of 500–900 °C at a pressure of 0.1–0.5 MPa [86,87]. The process happens in 
the absence of air and oxygen, and consequently, the formation of dioxins can be ruled 
out. The absence of air or water means there will be no formation of carbon oxides (CO2 
and CO) to require secondary reactors. As a result, this process of hydrogen production 
helps to reduce emissions. However, in the situation where there is the presence of water 
or air (i.e., the materials are not dried), there will be significant emission of CO𝑥. Some of 
the merits of this technology are its clean carbon byproduct, fuel flexibility, reduction in 
CO𝑥 emissions, and comparative simplicity and compactness. The reaction for this mech-
anism is presented in Equation (26) [87]: 
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C୬H୫ + heat → nC + 0.5mHଶ (26) 

Pyrolysis can be grouped into high (over 800 ℃), medium (500–800 ℃), and low 
temperatures (up to 500 ℃). Fast pyrolysis (FP) is a process that is used to transform or-
ganic material into products with higher energy content. Products of FP appear in all three 
phases, i.e., liquid, solid, and gas. The possibility for fouling by the formed carbon is one 
of the challenges associated with this method; however, its proponents are of the view 
that it can be reduced using the suitable design [88]. Pyrolysis could play a key role in the 
production of hydrogen, since it has the ability to reduce the emission of carbon monoxide 
and carbon dioxide and could also be operated in a way that recovers a significant portion 
of solid carbon [87]. 

Hydrogen Production through Gasification 
Biomass gasification is regarded as a potential way of RE hydrogen production. Bio-

mass gasification is identified as the most economical and efficient way for the production 
of hydrogen. It is a high temperature partial oxidation process where biomass, which is a 
solid carbonaceous feedstock, is transformed into a gaseous mixture (CH4, CO2, H2, CO, 
tar, light hydrocarbons, ash, minor contaminates, and char) using gasifying agents [89]. 
Biomass gasification’s performance is affected by at least 20 operational parameters re-
garding the feedstock and gasifier, which include the gasifier’s geometrical configuration, 
flow rate, type of gasifying agent, reaction/residence time, pressure and temperature of 
the gasification, the gasifying agent/biomass ratios, etc. [89,90]. The product distribution 
and the composition of gas hinges on several factors, which include the reactor type and 
the temperature of the gasification. The most vital gasifier types are the entrained flow 
gasifier and the fixed bed gasifier (updraft or downdraft fixed beds). A significant gas 
conditioning needs to be included in these gasifiers along with inorganic and tars impu-
rities removal and the subsequent transformation of CO to H2 through WGS [91]. 

Biomass gasification normally occurs withing a temperature range of 700–1200 ℃, 
using oxygen, air, steam, or their combination as a gasifying agent. Steam enhances the 
formation of H2 and generates a high heating value gas without nitrogen. Even though 
steam gasification has higher energy cost as a result of its highly endothermic nature com-
pared to air gasification, it prevents the need for an expensive oxygen separation process 
[92,93]. An experimental study [94] indicated that the process of steam gasification that is 
built based on the fluidized bed reactor with/without added O2 can produce quantities 
ranging from 10–16 MJ (Nm3)−1 gas H2 content of 30–60 vol%. This is because there is an 
absence of nitrogen from air gasification in the products; additionally, there is the possi-
bility of a homogenous WGS during the early stages of the gasification process to increase 
the production of hydrogen [95]. The production of hydrogen via the biomass steam gas-
ification method is schematically presented in Figure 11. 
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Figure 11. Diagram of the biomass steam gasification procedure for hydrogen production [92]. 
Reproduced with permission from Elsevier. 

An innovative mechanism to synthesize H2 without carbon dioxide or carbon mon-
oxide fuel cells via biomass reactions, alkali metal hydroxides as well as water vapor at 
comparatively low temperatures (473–623 K) under atmospheric pressure was proposed 
by [96]. The reaction for this proposed method is as presented in Equation (27). Basic re-
actions for the gasification process for biomass are presented in Table 2. C଺HଵଶO଺ + 12NaOH + HଶO → 6NaଶCOଷ + 12Hଶ (27) 

Table 2. Basic reactions for the gasification process for biomass [97]. 

Reaction Type Equation of the Reaction 

Pyrolysis 
C଺Hଵ଴Oହ → 5CO + 5Hଶ + C C଺Hଵ଴Oହ → 5CO + 3Hଶ + CHସ 

Partial oxidation 
C଺Hଵ଴Oହ + 12 Oଶ → 6CO + 5Hଶ C଺Hଵ଴Oହ + Oଶ → 5CO + 5Hଶ + COଶ C଺Hଵ଴Oହ + 2Oଶ → 3CO + 5Hଶ + 3COଶ 

Steam reforming 
C଺Hଵ଴Oହ + HଶO → 6CO + 6Hଶ C଺Hଵ଴Oହ + 3HଶO → 4CO + 2COଶ + 8Hଶ C଺Hଵ଴Oହ + 7HଶO → 6COଶ + 12Hଶ 

Hydrogen Production via Biomass Combustion 
Combustion is basically the burning of any form of fuel to release energy in the form 

of heat in the presence of air. In this mechanism, biomass burns in a furnace or boiler 
directly with the presence of excess air, which can be used for steam production and the 
resultant steam used to drive turbines, compressors, or pumps in any chemical process. 
Biomass has advantages as a combustion feedstock due to the high reactivity of the re-
sulting char and the fuel, and also the high volatility of the fuel [98]. Biomass combustion 
is normally not ideal for the production of hydrogen because of the high formation of CO2 
linked to it. The production of hydrogen was 9.56 vol% for algal biomass combustion 
[99,100]. Several other gases are emitted; some of these are NOx, SOx, COx, and CH4, which 
are all dependent on the composition and source of the biomass. There is a high cost as-
sociated with the treatment of these gases, which increases the total cost of the process 
[99,101]. 

3.2.3. Hydrogen Production Yield and Some Limitations Associated with the Various 
Biomass Processes 

Despite the hydrogen production potential related to the various biomass methods 
presented in the earlier section, the various techniques have some limitations which can 
hinder their use for the generation of hydrogen. Some of these are highlighted below: 
 Biological process: 

• Photo-fermentation—this mechanism has low yield relative to the production 
of H2; it is also required to control the bacteria. Moreover, it requires a high sur-
face area and has a high energy demand. The H2 yield is estimated to be around 
9–49 g/kg feedstock [83,102]. 

• Dark fermentation—this process require pre-treatment; additionally, it has a 
high number of by-products, while the rate of production and yield of H2 is also 
low. The H2 yield is estimated to be around 4–44 g/kg feedstock [103–105]. 

 Thermochemical process: 
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• Biomass pyrolysis—this technology requires catalysts regeneration, emission 
of CO2, formation of char and tar, and variation in H2 as a result of complexity 
in biomass and variation in composition; the cost of reactor is also high. The H2 
yield is estimated to be around 25–65 g/kg feedstock [103,106]. 

• Biomass gasification—the limitations linked to this process are high operating 
temperature, variation in H2 as a result of complexity in biomass and variation 
in composition, formation of char and tar, which leads to catalyst deactivation, 
expensive reactor, and that CO2 emissions and catalyst regeneration are re-
quired. The H2 yield is estimated to be around 40–190 g/kg feedstock [103]. 

• Steam reforming—this requires catalysts regeneration, operates under high 
temperatures, and emits CO2. The H2 yield is estimated to be around 40–130 
g/kg feedstock [64]. 

• Partial oxidation—this also operates under high temperature, includes CO2 
emission, is adapted for only few molecules, and requires a high amount of ox-
ygen. The H2 yield is estimated to be around 16–140 g/kg feedstock [107,108]. 

4. Role of Hydrogen in the World’s Future Energy Generation and Decarbonization 
Hydrogen energy, as indicated earlier, has the potential to serve as an energy carrier, 

and this source of energy has become key in relation to global sustainable growth both in 
developed and developing countries [109]. Research has predicted that the world will 
require about 600 to 1000 EJ of primary power by 2050 [110]. Energy demands is expected 
to increase even more in developing countries, where the need for power is high for their 
development and poverty alleviation [111]. However, the current global primary energy 
mix is dominated by fossil fuels, which are predicted to be depleted in about 50 years 
using the current rate of its consumption [72,112]. Fuel cells and hydrogen are mostly seen 
as important technologies for a sustainable energy supply in the future. It is projected that 
RS shares of 36% by 2025 and 69% by 2050 on entire demand for energy could result in an 
11% hydrogen shares by 2025 and 34% by 2050 [113]. Hydrogen can be transported and 
stored; it can be transformed into electrical energy using fuel cells. Hydrogen is ecologi-
cally friendly, contingent on the source of energy for its production; in the case of produc-
tion from water, it returns to water after oxidation. A number of reasons exist as to why 
hydrogen is an appropriate and logical choice as a chemical fuel for the replacement of 
fossil fuels. The main reason is that it is a complementary energy carrier to electricity 
[114]. 

Maybe the current best-known use of hydrogen is in the transportation sector. Driv-
ers of electric vehicles often complain about the range and time needed for recharging. 
Fuel cell electric vehicles that operate using hydrogen do not have such concerns, since 
they possess much longer range, need few behavioral changes, and have a faster refueling 
time. Heating of homes can also be done using hydrogen. It can be either burned alone or 
combined with natural gas. Proponents of hydrogen energy have suggested the use of 
surplus energy from wind farms at night should be harnessed to produce hydrogen, 
which can be stored in high pressure tanks or caverns for use [115]. 

The production of hydrogen could help in the reduction of curtailment in grids with 
a high share of variable RE electricity. Water electrolysis is a well-established industrial 
technology which uses electricity from the grid. It is expected to play a role on the near-
period H2 market too [113]. It is, however, not likely to generate substantial quantity of 
hydrogen using wholly inexpensive or free “otherwise curtailed” electricity if, for in-
stance, the operation of electrolyzers is only about 10% of the time or less. Considering 
this rate of utilization, produced hydrogen may not be competitive even if zero-cost elec-
tricity is considered. This could possibly change if the cost of electrolyzer reduces further. 
In order to decrease the cost of production for hydrogen, the utilization rate of electrolyz-
ers should be higher, which is not compatible with the irregular accessibility of curtailed 
electricity. There is a need to strike a balance between the buying of electricity at all times 
of low prices and the increasing of electrolyzers utilization [116]. 
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Hydrogen is seen as a potential source of energy generation that could help lower 
the emission of CO2. A comparison among fossil fuels and hydrogen technologies is 
shown in Figure 12. It is estimated that the use of hydrogen generated from traditional 
approaches can minimize the emission of carbon by nearly 20% when used in fuel cells. 
Therefore, this means that emission of carbon can be significantly reduced through the 
production of hydrogen using RS [117]. The Hydrogen Council indicated in their report 
that H2 demand and supply could reach 10 EJ per year by the close of 2050, which is fur-
ther projected to increase by approximately 5–10% per year after 2050. Therefore, H2 can 
be said to be a potential strong contender in the world’s energy system in the future [118]. 

 
Figure 12. Impact of hydrogen production and combustion on emission of carbon [117]. Repro-
duced with permission from Elsevier. 

Cost Estimates for the Production of Hydrogen 
The cost of obtaining hydrogen can be divided into logistics and production costs. 

Financial conditions such as cost of capital and local regulations also affect the final cost 
of hydrogen. At the production stage, the cost of the source of power, i.e., renewable 
power or fossil fuels, is key to the variable costs and, hence, affect the final competitive-
ness of every technology [119]. 

According to the Hydrogen Council, H2 was significantly used in 2020; it could po-
tentially solve about 8% of the global energy demand (GED) and it has a production cost 
of about 2.50 $/kg. The cost of production has been projected to reduce to about 1.80 $/kg 
by 2030 to solve the GED by about 15% [120,121]. A summary of recent cost estimates for 
some selected technologies for the production of hydrogen is provided in Table 3. 

Table 3. Selected methods of hydrogen production with their cost and production efficiencies 
[70,122,123]. 

Production Mechanism Cost, $/kg Efficiency of Process, % 
Electrolysis 10.30 60–80 
Thermolysis 7.98–8.40 20–45 
Photolysis 8–10 0.06 

Dark fermentation 2.57 60–80 
Gasification 1.77–2.05 30–40 

Photo fermentation 2.83 0.1 
Steam reforming 2.27 74–85 

Pyrolysis 1.59–1.70 35–50 
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Indirect bio photolysis 1.42 - 
Direct bio photolysis 2.13 - 

Solar thermal electrolysis 5.10–10.49 - 
Solar thermolysis 7.98–8.40 - 
Wind electrolysis 5.89–6.03 - 
Photo-electrolysis 10.36 0.06 

According to IRENA [124], the use of electricity from RS to generate hydrogen could 
help make it competitive in terms of cost relative to fossil fuels by 2030. An amalgamation 
of decreasing costs of wind and solar power, economies of scale for electrolyzers, and 
improved performance could help in its realization. 

5. Challenges to the Scaling-Up of Hydrogen Production 
This section presents some identified barriers that are hindering the production of 

hydrogen. It can be safe to say that the key challenges that are associated with the devel-
opment of clean hydrogen is not only about the scaling up of the production of hydrogen, 
but also largely about the shift from carbon-intensive to low-carbon hydrogen production 
[125]. Some general barriers or challenges that could affect green hydrogen production 
are discussed below: 
• Absence of a value chain for clean hydrogen—absence of existing value chain for 

clean hydrogen is identified as one of the major barriers in the sector that has to be 
overcome to help develop a low-carbon hydrogen economy. The value chain for hy-
drogen is currently dominated by fossil fuels; there are limited projects that focus on 
low-carbon hydrogen. If clean hydrogen would become globally competitive, it will 
require the creation of entirely new value chains. The main challenge is in relation to 
which path to pursue, which is particularly due to the fact that hydrogen can follow 
several routes in the area of demand, supply chains, and handling. It is producible, 
transportable, and distributable in several forms, and different sectors demand it. 
Therefore, the most viable outcome will rely on the infrastructures and technologies 
that are involved which may differ in different areas and applications. In relation to 
the production of hydrogen, the key challenge would be about the selection of the 
appropriate mechanism for its production, e.g., blue, green, or yellow hydrogen. 
Whereas all three mechanisms produce the same final outcome, i.e., low-carbon hy-
drogen, they come with dissimilar implications relative to industry, infrastructure, 
and most importantly effect on the environment [125]. 

• Storage and transportation of hydrogen—this continues to be a weak link in the en-
ergy systems of hydrogen [126]. A rise in the efficiency of these methods is linked to 
the resolution of two main matters: hydrogen conversion into a system that has 
higher density (e.g., liquefaction) and the safety improvement of conveyor systems 
and tanks. Additionally, while the initial matter has been studied with some hands-
on solutions, problems in relation to the safe management of hydrogen has not yet 
been comprehensively studied [127,128]. The various techniques for storing hydro-
gen are presented in Figure 13. It groups the various approaches into three: (1) phys-
ical storage in liquid or pure gas forms, where there is no physical or chemical bond-
ing with other materials, (2) adsorption, in this case the hydrogen combines with 
other substances through weak van der Waals bonds, (3) chemical storage, in this 
case other materials (e.g., chemical and metal hydrides) and the hydrogen forms 
chemical bonds [129]. 

• High production cost—the production cost for H2 is relatively high as a result of its 
immature technologies, which prevents competition with conventional hydrocarbon 
resources-based technologies [127]. RE-based hydrogen production mechanisms at 
present cannot generate hydrogen at a price that is competitive with the hydrocar-
bons. The high capital expenditure (CAPEX) that is required for RE-based hydrogen 
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production is a major hindrance [130,131]. The low capacity factor for RE systems 
coupled with the high upfront financial burden renders it unviable with its current 
technologies [132]. The compression to minimize its volume for transportation bases 
also increases its cost, since the compression requires an advanced process. Such pro-
cesses usually need expensive equipment and energy, which inflates the cost of hy-
drogen. Hydrogen storage in metal hydrides are possible options for their compres-
sion. Nevertheless, the metal hydrides are heavy, usually costly, and have limited 
lifetime, which makes such a process less practical and expensive [39,133]. 

• Require international standards—it is an emerging market which requires interna-
tional standards and regulations, which is currently not available, which is a major 
hinderance to the development of a global market for hydrogen. This has led to a 
situation where individual countries formulate their own internal regulations and 
standards. The absence of common standards and regulations hinders the diffusion 
of hydrogen, which restrains its potentials. Formulating a common international 
framework is key to prevent unfair competition and free riding [125]. Areas that 
could gain from common standards and international harmonization include pipe-
line specifications and hydrogen purity for the industry, safety protocols for the sec-
tor, comparable ISO standards in the area of transportation, and guarantees of origin 
[134]. 

• Risks in investment—the hydrogen sector has risks in its supply chain as well as 
uncertainties on its market, which is expected to persist for a while, particularly 
where there are tight final product margins. Some explicit risks in the sector include 
creation of a monopoly in hydrogen suppliers of low-carbon hydrogen at high cost, 
and variations in cross-border environmental regulations. Governments are, there-
fore, encouraged to participate in financing projects across borders in order to help 
manage such risks [134]. 

• Flammability—the dissipation of liquid hydrogen occurs quickly due to its small 
molecular size, and also because it has a high diffusion coefficient. Therefore, it re-
duces hydrogen’s localized concentration in air and the extent of time for a potential 
hazard; the size of combustible cloud, however, increases. Because hydrogen has a 
very small energy barrier of 0.017 mJ for combustion in air, and a high flammability 
range of 4–74%, it tends to burn very easily with little source of ignition/spark; more-
over, it is very difficult to extinguish such combusting flame [135]. 
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Figure 13. Various mechanisms for hydrogen storage [129]. Reproduced with permission from 
Elsevier. 

6. Possible Strategies to Scale Up Production 
Fossil-based hydrogen production technologies have a well-established feedstock in-

frastructure, matured production technologies, and they are also more commercialized. 
The technology for water electrolysis is also well matured and uses existing infrastructure 
and grid. These technologies are expected to play a key role in the short-term hydrogen 
supply market. Coal gasification and steam reforming of natural gas with carbon capture 
may in the mid-term continue on the hydrogen market along with biomass gasification. 
In the long term, water electrolysis, which uses RE electricity, thermochemical cycles, 
photoelectrochemical, and biological methods, is expected to play a major role on the hy-
drogen market [30]. PEM electrolyzers are nearing maturity technically, and within econ-
omies of scale. Several regions, such as Europe, California, and Japan, have started its 
commercial deployment. The objective is to use existing infrastructure, for instance, gas 
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networks, and get ready for hydrogen production through RE to partially replace fossil 
fuel-based energy supply [116]. Furthermore, solar technologies’ efficiency is compara-
tively low; therefore, it is important to improve the materials used and also develop ca-
talysis that can help improve the efficiency. Since it is also very important to produce 
hydrogen with minimum environmental impact, technologies such as photonic water 
splitting and wind-based electrolysis, which are emerging low-emission technologies, are 
potential technologies that can also be used in the long term [14]. 

It is important to institute an appropriate regulatory framework to encourage private 
sector investments. Such a framework could take into consideration the following [116]: 
• Introduction of tariffs on long-term gas grid injection, de-risking instruments to help 

boost the uptake on the market to support hydrogen deployment and infrastructure, 
introduction of take-or-pay contracts, and schemes that allow the exemption from 
electricity levies and grid charges. 

• Technology-neutral instruments that aims at the end-user should be adopted, for in-
stance, mandates for RE content in the industrial sector and emission restrictions, 
which will trigger the demand of hydrogen in a structural manner and rationalize 
infrastructure investments while addressing issues that relate to carbon leakage. Fi-
nancial support measures, such as tax rebates and waivers, and subsidies on capital 
expenditure are required to cover the initial cost premium relative to existing tech-
nologies. 

7. Conclusions and Future Research Recommendations 
Hydrogen is identified as an energy carrier that has the potential to help the world 

minimize its levels of GHG emissions, which are occasioned by the reliance on fossil fuels 
for the generation of energy. This study, therefore, presents a comprehensive review of 
the various technologies available for the production of clean hydrogen, limitations of the 
various technologies, and challenges that hinders the scaling up of the hydrogen econ-
omy. Production of hydrogen through RS offers several advantages, e.g., aside from its 
clean nature, the potential for a distributed hydrogen supply network model. As pre-
sented in this study, apart from the presence of the technical challenges associated with 
the various technologies, there are also other factors which serve as hinderances to the 
scaling up of the hydrogen economy. Key among these are issues relating to the absence 
of a value chain for clean hydrogen, storage and transportation of hydrogen, high cost of 
production, lack of international standards, risks in investment, and flammability. 

Future studies on the various clean technologies for hydrogen should focus on the 
enhancement of their efficiencies. Technologies such as the use of pulsating electric fields 
and the use of ultrasonic fields must be researched to help the improvement of the effi-
ciencies of RE hydrogen production. In terms of the membranes for the splitting of water, 
research should concentrate on polyimides, poly ether ketone, polyethylene, etc., which 
are economically viable. Other studies can also assess the various options that can be em-
ployed to commercialize RE-based hydrogen production; such studies can look at availa-
ble infrastructure and potential market development. Further research is also required in 
order to understand the basics and complex stages of biohydrogen in order to help stake-
holders implement it on large-scale levels. Governments are also encouraged to partici-
pate in financing projects across borders in order to help manage risks in the sector. Ad-
ditionally, the high-temperature environment for biomass supercritical water gasification 
incurs corrosion issues and energy consumption; as a result, it is recommended to con-
duct further studies on the reaction thermodynamics and reaction mechanism to help ob-
tain the optimum method that minimizes them, including the tar formed as a by-product. 
Government organizations, researchers, stakeholders, and policymakers are expected to 
use findings in this study to provide guidelines in shaping the roadmap of the hydrogen 
sector globally. 
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Future studies can also review the various materials, reactors, and industrial possi-
bilities of the various technologies to help stakeholders know the research and develop-
ment trend in the hydrogen sector. 

Author Contributions: Conceptualization, E.B.A.; methodology, E.B.A.; validation, E.B.A. and 
C.N.; formal analysis, E.B.A. and C.N.; investigation, E.B.A.; resources, E.B.A., C.N., S.K. and 
A.M.A.; data curation, E.B.A.; writing—original draft preparation, E.B.A.; writing—review and ed-
iting, E.B.A., C.N., S.K. and A.M.A.; visualization, E.B.A., C.N., S.K. and A.M.A.; project administra-
tion, E.B.A.; funding acquisition, E.B.A., S.K. and A.M.A. All authors have read and agreed to the 
published version of the manuscript. 

Funding: This research was funded by the Deputyship for Research & Innovation, Ministry of Ed-
ucation in Saudi Arabia through the project number “IF_2020_NBU_403”. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Not applicable. 

Acknowledgments: The authors extend their appreciation to the Deputyship for Research & Inno-
vation, Ministry of Education in Saudi Arabia for funding this research work through the project 
number “IF_2020_NBU_403”. 

The authors gratefully thank the Prince Faisal bin Khalid bin Sultan Research Chair in Renewable 
Energy Studies and Applications (PFCRE) at Northern Border University for their support and as-
sistance. 

Conflicts of Interest: The authors declare no conflict of interest. 

Abbreviation 
AWE Anion exchange membranes 
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DF Dark fermentation 
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GDP Gross domestic product 
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WGS Water gas shift ∆H  Heat of reaction ∆Go  Free energy of the reaction 

References 
1. Agyekum, E.B. Energy Poverty in Energy Rich Ghana: A SWOT Analytical Approach for the Development of Ghana’s 

Renewable Energy. Sustain. Energy Technol. Assess. 2020, 40, 100760. https://doi.org/10.1016/j.seta.2020.100760. 
2. Agyekum, E.B.; Velkin, V.I. Optimization and Techno-Economic Assessment of Concentrated Solar Power (CSP) in South-

Western Africa: A Case Study on Ghana. Sustain. Energy Technol. Assess. 2020, 40, 100763. 
https://doi.org/10.1016/j.seta.2020.100763. 

3. Gyamfi, B.A.; Adebayo, T.S.; Bekun, F.V.; Agyekum, E.B.; Kumar, N.M.; Alhelou, H.H.; Al-Hinai, A. Beyond Environmental 
Kuznets Curve and Policy Implications to Promote Sustainable Development in Mediterranean. Energy Rep. 2021, 7, 6119–6129. 
https://doi.org/10.1016/j.egyr.2021.09.056. 



Membranes 2022, 12, 173 26 of 30 
 

 

4. Tarhan, C.; Çil, M.A. A Study on Hydrogen, the Clean Energy of the Future: Hydrogen Storage Methods. J. Energy Storage 2021, 
40, 102676. https://doi.org/10.1016/j.est.2021.102676. 

5. Zhao, Y.; Ramzan, M.; Adebayo, T.S.; Oladipupo, S.D.; Adeshola, I.; Agyekum, E.B. Role of Renewable Energy Consumption 
and Technological Innovation to Achieve Carbon Neutrality in Spain: Fresh Insights from Wavelet Coherence and Spectral 
Causality Approaches. Front. Environ. Sci. 2021, 9, 769067. 

6. Yaqoob, S.J.; Motahhir, S.; Agyekum, E.B. A New Model for a Photovoltaic Panel Using Proteus Software Tool under Arbitrary 
Environmental Conditions. J. Clean. Prod. 2022, 333, 130074. https://doi.org/10.1016/j.jclepro.2021.130074. 

7. Adebayo, T.S.; Awosusi, A.A.; Oladipupo, S.D.; Agyekum, E.B.; Jayakumar, A.; Kumar, N.M. Dominance of Fossil Fuels in 
Japan’s National Energy Mix and Implications for Environmental Sustainability. Int. J. Environ. Res. Public Health 2021, 18, 7347. 
https://doi.org/10.3390/ijerph18147347. 

8. Oliveira, A.M.; Beswick, R.R.; Yan, Y. A Green Hydrogen Economy for a Renewable Energy Society. Curr. Opin. Chem. Eng. 
2021, 33, 100701. https://doi.org/10.1016/j.coche.2021.100701. 

9. Yang, J.; Sudik, A.; Wolverton, C.; Siegel, D.J. High Capacity Hydrogen Storage Materials: Attributes for Automotive 
Applications and Techniques for Materials Discovery. Chem. Soc. Rev. 2010, 39, 656–675. https://doi.org/10.1039/B802882F. 

10. da Silva Veras, T.; Mozer, T.S.; da Costa Rubim Messeder dos Santos, D.; da Silva César, A. Hydrogen: Trends, Production and 
Characterization of the Main Process Worldwide. Int. J. Hydrog. Energy 2017, 42, 2018–2033. 
https://doi.org/10.1016/j.ijhydene.2016.08.219. 

11. Hanley, E.S.; Deane, J.; Gallachóir, B.Ó. The Role of Hydrogen in Low Carbon Energy Futures—A Review of Existing 
Perspectives. Renew. Sustain. Energy Rev. 2018, 82, 3027–3045. https://doi.org/10.1016/j.rser.2017.10.034. 

12. Niaz, S.; Manzoor, T.; Pandith, A.H. Hydrogen Storage: Materials, Methods and Perspectives. Renew. Sustain. Energy Rev. 2015, 
50, 457–469. https://doi.org/10.1016/j.rser.2015.05.011. 

13. Bakenne, A.; Nuttall, W.; Kazantzis, N. Sankey-Diagram-Based Insights into the Hydrogen Economy of Today. Int. J. Hydrog. 
Energy 2016, 41, 7744–7753. https://doi.org/10.1016/j.ijhydene.2015.12.216. 

14. Safari, F.; Dincer, I. A Review and Comparative Evaluation of Thermochemical Water Splitting Cycles for Hydrogen Production. 
Energy Convers. Manag. 2020, 205, 112182. https://doi.org/10.1016/j.enconman.2019.112182. 

15. Yue, M.; Lambert, H.; Pahon, E.; Roche, R.; Jemei, S.; Hissel, D. Hydrogen Energy Systems: A Critical Review of Technologies, 
Applications, Trends and Challenges. Renew. Sustain. Energy Rev. 2021, 146, 111180. https://doi.org/10.1016/j.rser.2021.111180. 

16. Dawood, F.; Anda, M.; Shafiullah, G.M. Hydrogen Production for Energy: An Overview. Int. J. Hydrog. Energy 2020, 45, 3847–
3869. 

17. Najjar, Y.S. Hydrogen Safety: The Road toward Green Technology. Int. J. Hydrog. Energy 2013, 38, 10716–10728. 
18. Parra, D.; Valverde, L.; Pino, F.J.; Patel, M.K. A Review on the Role, Cost and Value of Hydrogen Energy Systems for Deep 

Decarbonisation. Renew. Sustain. Energy Rev. 2019, 101, 279–294. https://doi.org/10.1016/j.rser.2018.11.010. 
19. Kovač, A.; Paranos, M.; Marciuš, D. Hydrogen in Energy Transition: A Review. Int. J. Hydrog. Energy 2021, 46, 10016–10035. 

https://doi.org/10.1016/j.ijhydene.2020.11.256. 
20. Maggio, G.; Nicita, A.; Squadrito, G. How the Hydrogen Production from RES Could Change Energy and Fuel Markets: A 

Review of Recent Literature. Int. J. Hydrog. Energy 2019, 44, 11371–11384. https://doi.org/10.1016/j.ijhydene.2019.03.121. 
21. Abe, J.O.; Popoola, A.P.I.; Ajenifuja, E.; Popoola, O.M. Hydrogen Energy, Economy and Storage: Review and Recommendation. 

Int. J. Hydrog. Energy 2019, 44, 15072–15086. 
22. Liu, W.; Sun, L.; Li, Z.; Fujii, M.; Geng, Y.; Dong, L.; Fujita, T. Trends and Future Challenges in Hydrogen Production and 

Storage Research. Env. Sci. Pollut. Res. 2020, 27, 31092–31104. https://doi.org/10.1007/s11356-020-09470-0. 
23. Ji, M.; Wang, J. Review and Comparison of Various Hydrogen Production Methods Based on Costs and Life Cycle Impact 

Assessment Indicators. Int. J. Hydrog. Energy 2021, 46, 38612–38635. https://doi.org/10.1016/j.ijhydene.2021.09.142. 
24. Hosseini, S.E.; Wahid, M.A. Hydrogen Production from Renewable and Sustainable Energy Resources: Promising Green 

Energy Carrier for Clean Development. Renew. Sustain. Energy Rev. 2016, 57, 850–866. https://doi.org/10.1016/j.rser.2015.12.112. 
25. El-Emam, R.S.; Özcan, H. Comprehensive Review on the Techno-Economics of Sustainable Large-Scale Clean Hydrogen 

Production. J. Clean. Prod. 2019, 220, 593–609. https://doi.org/10.1016/j.jclepro.2019.01.309. 
26. Okonkwo, E.C.; Al-Breiki, M.; Bicer, Y.; Al-Ansari, T. Sustainable Hydrogen Roadmap: A Holistic Review and Decision-Making 

Methodology for Production, Utilisation and Exportation Using Qatar as a Case Study. Int. J. Hydrog. Energy 2021, 46, 35525–
35549. https://doi.org/10.1016/j.ijhydene.2021.08.111. 

27. Lane, B.; Reed, J.; Shaffer, B.; Samuelsen, S. Forecasting Renewable Hydrogen Production Technology Shares under Cost 
Uncertainty. Int. J. Hydrog. Energy 2021, 46, 27293–27306. https://doi.org/10.1016/j.ijhydene.2021.06.012. 

28. Nikolaidis, P.; Poullikkas, A. A Comparative Overview of Hydrogen Production Processes. Renew. Sustain. Energy Rev. 2017, 
67, 597–611. https://doi.org/10.1016/j.rser.2016.09.044. 

29. Preuster, P.; Alekseev, A.; Wasserscheid, P. Hydrogen Storage Technologies for Future Energy Systems. Annu. Rev. Chem. 
Biomol. Eng. 2017, 8, 445–471. https://doi.org/10.1146/annurev-chembioeng-060816-101334. 

30. Baykara, S.Z. Hydrogen: A Brief Overview on Its Sources, Production and Environmental Impact. Int. J. Hydrog. Energy 2018, 
43, 10605–10614. https://doi.org/10.1016/j.ijhydene.2018.02.022. 

31. Çelik, D.; Yıldız, M. Investigation of Hydrogen Production Methods in Accordance with Green Chemistry Principles. Int. J. 
Hydrog. Energy 2017, 42, 23395–23401. https://doi.org/10.1016/j.ijhydene.2017.03.104. 

32. IEA Hydrogen—Analysis. Available online: https://www.iea.org/reports/hydrogen (accessed on 24 November 2021). 



Membranes 2022, 12, 173 27 of 30 
 

 

33. Wang, M.; Wang, G.; Sun, Z.; Zhang, Y.; Xu, D. Review of Renewable Energy-Based Hydrogen Production Processes for 
Sustainable Energy Innovation. Glob. Energy Interconnect. 2019, 2, 436–443. https://doi.org/10.1016/j.gloei.2019.11.019. 

34. Zhang, B.; Zhang, S.-X.; Yao, R.; Wu, Y.-H.; Qiu, J.-S. Progress and Prospects of Hydrogen Production: Opportunities and 
Challenges. J. Electron. Sci. Technol. 2021, 19, 100080. https://doi.org/10.1016/j.jnlest.2021.100080. 

35. Yukesh Kannah, R.; Kavitha, S.; Preethi; Parthiba Karthikeyan, O.; Kumar, G.; Dai-Viet, N.V.; Rajesh Banu, J. Techno-Economic 
Assessment of Various Hydrogen Production Methods—A Review. Bioresour. Technol. 2021, 319, 124175. 
https://doi.org/10.1016/j.biortech.2020.124175. 

36. Bradford, M.C.; Konduru, M.V.; Fuentes, D.X. Preparation, Characterization and Application of Cr2O3/ZnO Catalysts for 
Methanol Synthesis. Fuel Processing Technol. 2003, 83, 11–25. 

37. Hydrogen Council; McKinsey & Company Hydrogen-Insights 2021 Report. Available online: https://hydrogencouncil.com/wp-
content/uploads/2021/02/Hydrogen-Insights-2021-Report.pdf (accessed on 24 November 2021). 

38. Hou, K.; Hughes, R. The Kinetics of Methane Steam Reforming over a Ni/α-Al2O Catalyst. Chem. Eng. J. 2001, 82, 311–328. 
39. Liao, C.-H.; Huang, C.-W.; Wu, J.C.S. Hydrogen Production from Semiconductor-Based Photocatalysis via Water Splitting. 

Catalysts 2012, 2, 490–516. https://doi.org/10.3390/catal2040490. 
40. Agyekum, E.B.; Kumar, N.M.; Mehmood, U.; Panjwani, M.K.; Haes Alhelou, H.; Adebayo, T.S.; Al-Hinai, A. Decarbonize 

Russia—A Best–Worst Method Approach for Assessing the Renewable Energy Potentials, Opportunities and Challenges. 
Energy Rep. 2021, 7, 4498–4515. https://doi.org/10.1016/j.egyr.2021.07.039. 

41. Nowotny, J.; Sorrell, C.C.; Sheppard, L.R.; Bak, T. Solar-Hydrogen: Environmentally Safe Fuel for the Future. Int. J. Hydrog. 
Energy 2005, 30, 521–544. 

42. Malerød-Fjeld, H.; Clark, D.; Yuste-Tirados, I.; Zanón, R.; Catalán-Martinez, D.; Beeaff, D.; Morejudo, S.H.; Vestre, P.K.; Norby, 
T.; Haugsrud, R.; et al. Thermo-Electrochemical Production of Compressed Hydrogen from Methane with Near-Zero Energy 
Loss. Nat Energy 2017, 2, 923–931. https://doi.org/10.1038/s41560-017-0029-4. 

43. Okonkwo, P.C.; Bhowmik, H.; Mansir, I.B.; Al Sarj Al Marhoon, M.A.A.; Al Sfarini, N.F.A. Effect of Electrode Spacing on 
Hydrogen Production Using a Home-Made Alkaline Electrolyzer. Mater. Lett. 2022, 306, 130841. 
https://doi.org/10.1016/j.matlet.2021.130841. 

44. Salari, A.; Hakkaki-Fard, A.; Jalalidil, A. Hydrogen Production Performance of a Photovoltaic Thermal System Coupled with a 
Proton Exchange Membrane Electrolysis Cell. Int. J. Hydrog. Energy 2021, 47, 4472–4488. 
https://doi.org/10.1016/j.ijhydene.2021.11.100. 

45. Ishaq, H.; Dincer, I. Multi-Objective Optimization and Analysis of a Solar Energy Driven Steam and Autothermal Combined 
Reforming System with Natural Gas. J. Nat. Gas Sci. Eng. 2019, 69, 102927. 

46. Lu, C.; Li, W.; Zhang, Q.; Liu, L.; Zhang, N.; Qu, B.; Yang, X.; Xu, R.; Chen, J.; Sun, Y. Enhancing Photo-Fermentation 
Biohydrogen Production by Strengthening the Beneficial Metabolic Products with Catalysts. J. Clean. Prod. 2021, 317, 128437. 
https://doi.org/10.1016/j.jclepro.2021.128437. 

47. Oh, S.; Nam, W.; Joo, H.; Sarp, S.; Cho, J.; Lee, C.-H.; Yoon, J. Photoelectrochemical Hydrogen Production with Concentrated 
Natural Seawater Produced by Membrane Process. Sol. Energy 2011, 85, 2256–2263. https://doi.org/10.1016/j.solener.2011.06.013. 

48. Wang, Y.; Jing, Y.; Lu, C.; Kongjan, P.; Wang, J.; Awasthi, M.K.; Tahir, N.; Zhang, Q. A Syntrophic Co-Fermentation Model for 
Bio-Hydrogen Production. J. Clean. Prod. 2021, 317, 128288. 

49. Qiu, Z.; Martín-Yerga, D.; Lindén, P.A.; Henriksson, G.; Cornell, A. Green Hydrogen Production via Electrochemical 
Conversion of Components from Alkaline Carbohydrate Degradation. Int. J. Hydrog. Energy 2021, 47, 3644–3654. 
https://doi.org/10.1016/j.ijhydene.2021.11.046. 

50. Kamaroddin, M.F.A.; Sabli, N.; Nia, P.M.; Abdullah, T.A.T.; Abdullah, L.C.; Izhar, S.; Ripin, A.; Ahmad, A. Phosphoric Acid 
Doped Composite Proton Exchange Membrane for Hydrogen Production in Medium-Temperature Copper Chloride 
Electrolysis. Int. J. Hydrog. Energy 2020, 45, 22209–22222. https://doi.org/10.1016/j.ijhydene.2019.10.030. 

51. Chi, J.; Yu, H. Water Electrolysis Based on Renewable Energy for Hydrogen Production. Chin. J. Catal. 2018, 39, 390–394. 
https://doi.org/10.1016/S1872-2067(17)62949-8. 

52. Ursua, A.; Gandia, L.M.; Sanchis, P. Hydrogen Production From Water Electrolysis: Current Status and Future Trends. Proc. 
IEEE 2012, 100, 410–426. https://doi.org/10.1109/JPROC.2011.2156750. 

53. Li, C.; Baek, J.-B. The Promise of Hydrogen Production from Alkaline Anion Exchange Membrane Electrolyzers. Nano Energy 
2021, 87, 106162. https://doi.org/10.1016/j.nanoen.2021.106162. 

54. Appleby, A.J.; Crepy, G.; Jacquelin, J. High Efficiency Water Electrolysis in Alkaline Solution. Int. J. Hydrog. Energy 1978, 3, 21–
37. https://doi.org/10.1016/0360-3199(78)90054-X. 

55. Diaz, L.A.; Hnát, J.; Heredia, N.; Bruno, M.M.; Viva, F.A.; Paidar, M.; Corti, H.R.; Bouzek, K.; Abuin, G.C. Alkali Doped Poly 
(2,5-Benzimidazole) Membrane for Alkaline Water Electrolysis: Characterization and Performance. J. Power Sources 2016, 312, 
128–136. https://doi.org/10.1016/j.jpowsour.2016.02.032. 

56. Vincent, I.; Bessarabov, D. Low Cost Hydrogen Production by Anion Exchange Membrane Electrolysis: A Review. Renew. 
Sustain. Energy Rev. 2018, 81, 1690–1704. https://doi.org/10.1016/j.rser.2017.05.258. 

57. Koumi Ngoh, S.; Njomo, D. An Overview of Hydrogen Gas Production from Solar Energy. Renew. Sustain. Energy Rev. 2012, 16, 
6782–6792. https://doi.org/10.1016/j.rser.2012.07.027. 

58. Ahmad Kamaroddin, M.F.; Sabli, N.; Tuan Abdullah, T.A.; Siajam, S.I.; Abdullah, L.C.; Abdul Jalil, A.; Ahmad, A. Membrane-
Based Electrolysis for Hydrogen Production: A Review. Membranes 2021, 11, 810. https://doi.org/10.3390/membranes11110810. 



Membranes 2022, 12, 173 28 of 30 
 

 

59. Ying, Y.P.; Kamarudin, S.K.; Masdar, M.S. Silica-Related Membranes in Fuel Cell Applications: An Overview. Int. J. Hydrog. 
Energy 2018, 43, 16068–16084. 

60. Kim, D.J.; Choi, D.H.; Park, C.H.; Nam, S.Y. Characterization of the Sulfonated PEEK/Sulfonated Nanoparticles Composite 
Membrane for the Fuel Cell Application. Int. J. Hydrog. Energy 2016, 41, 5793–5802. 

61. Holladay, J.D.; Hu, J.; King, D.L.; Wang, Y. An Overview of Hydrogen Production Technologies. Catal. Today 2009, 139, 244–
260. https://doi.org/10.1016/j.cattod.2008.08.039. 

62. Zhou, Z.; Zholobko, O.; Wu, X.-F.; Aulich, T.; Thakare, J.; Hurley, J. Polybenzimidazole-Based Polymer Electrolyte Membranes 
for High-Temperature Fuel Cells: Current Status and Prospects. Energies 2021, 14, 135. https://doi.org/10.3390/en14010135. 

63. Leng, Y.; Chen, G.; Mendoza, A.J.; Tighe, T.B.; Hickner, M.A.; Wang, C.-Y. Solid-State Water Electrolysis with an Alkaline 
Membrane. J. Am. Chem. Soc. 2012, 134, 9054–9057. https://doi.org/10.1021/ja302439z. 

64. Dincer, I.; Acar, C. Review and Evaluation of Hydrogen Production Methods for Better Sustainability. Int. J. Hydrog. Energy 
2015, 40, 11094–11111. https://doi.org/10.1016/j.ijhydene.2014.12.035. 

65. Martinez-Burgos, W.J.; de Souza Candeo, E.; Pedroni Medeiros, A.B.; Cesar de Carvalho, J.; Oliveira de Andrade Tanobe, V.; 
Soccol, C.R.; Sydney, E.B. Hydrogen: Current Advances and Patented Technologies of Its Renewable Production. J. Clean. Prod. 
2021, 286, 124970. https://doi.org/10.1016/j.jclepro.2020.124970. 

66. Kasai, P.H.; Bishop, R.J., Jr. Thermolysis of Water in Contact with Zeolite Masses. U.S. Patent 3,963,830, 1976. 
67. Hsu, K.-T. Cold Chemical Water-Splitting Hydrogen Generation System. U.S. Patent Application 11/188,994, 2007. 
68. Kothari, R.; Buddhi, D.; Sawhney, R.L. Comparison of Environmental and Economic Aspects of Various Hydrogen Production 

Methods. Renew. Sustain. Energy Rev. 2008, 12, 553–563. https://doi.org/10.1016/j.rser.2006.07.012. 
69. Furatian, L.; Mohseni, M. Temperature Dependence of 185  nm Photochemical Water Treatment—The Photolysis of Water. J. 

Photochem. Photobiol. A Chem. 2018, 356, 364–369. https://doi.org/10.1016/j.jphotochem.2017.12.030. 
70. Kumar, S.S.; Himabindu, V. Hydrogen Production by PEM Water Electrolysis—A Review. Mater. Sci. Energy Technol. 2019, 2, 

442–454. 
71. Flamos, A.; Georgallis, P.G.; Doukas, H.; Psarras, J. Using Biomass to Achieve European Union Energy Targets—A Review of 

Biomass Status, Potential, and Supporting Policies. Int. J. Green Energy 2011, 8, 411–428. 
https://doi.org/10.1080/15435075.2011.576292. 

72. Pal, D.B.; Singh, A.; Bhatnagar, A. A Review on Biomass Based Hydrogen Production Technologies. Int. J. Hydrog. Energy 2021, 
47, 1461–1480. https://doi.org/10.1016/j.ijhydene.2021.10.124. 

73. Vasilakos, N.P.; Austgen, D.M. Hydrogen-Donor Solvents in Biomass Liquefaction. Ind. Eng. Chem. Proc. Des. Dev. 1985, 24, 
304–311. https://doi.org/10.1021/i200029a015. 

74. Isa, K.M.; Abdullah, T.A.T.; Ali, U.F.M. Hydrogen Donor Solvents in Liquefaction of Biomass: A Review. Renew. Sustain. Energy 
Rev. 2018, 81, 1259–1268. https://doi.org/10.1016/j.rser.2017.04.006. 

75. Manish, S.; Banerjee, R. Comparison of Biohydrogen Production Processes. Int. J. Hydrog. Energy 2008, 33, 279–286. 
76. Łukajtis, R.; Hołowacz, I.; Kucharska, K.; Glinka, M.; Rybarczyk, P.; Przyjazny, A.; Kamiński, M. Hydrogen Production from 

Biomass Using Dark Fermentation. Renew. Sustain. Energy Rev. 2018, 91, 665–694. https://doi.org/10.1016/j.rser.2018.04.043. 
77. Adessi, A.; De Philippis, R. Hydrogen Production: Photofermentation. In Microbial Technologies in Advanced Biofuels Production; 

Hallenbeck, P.C., Ed.; Springer US: Boston, MA, USA, 2012; pp. 53–75, ISBN 978-1-4614-1208-3. 
78. Keskin, T.; Abo-Hashesh, M.; Hallenbeck, P.C. Photofermentative Hydrogen Production from Wastes. Bioresour. Technol. 2011, 

102, 8557–8568. https://doi.org/10.1016/j.biortech.2011.04.004. 
79. Mishra, P.; Krishnan, S.; Rana, S.; Singh, L.; Sakinah, M.; Ab Wahid, Z. Outlook of Fermentative Hydrogen Production 

Techniques: An Overview of Dark, Photo and Integrated Dark-Photo Fermentative Approach to Biomass. Energy Strategy Rev. 
2019, 24, 27–37. https://doi.org/10.1016/j.esr.2019.01.001. 

80. Das, D.; Veziroǧlu, T.N. Hydrogen Production by Biological Processes: A Survey of Literature. Int. J. Hydrog. Energy 2001, 26, 
13–28. 

81. Hallenbeck, P.C.; Lazaro, C.Z.; Sagır, E. 3.10—Biohydrogen☆. In Comprehensive Biotechnology, 3rd ed.; Moo-Young, M., Ed.; 
Pergamon: Oxford, UK, 2019; pp. 128–139, ISBN 978-0-444-64047-5. 

82. Aydin, M.I.; Karaca, A.E.; Qureshy, A.M.M.I.; Dincer, I. A Comparative Review on Clean Hydrogen Production from 
Wastewaters. J. Environ. Manag. 2021, 279, 111793. https://doi.org/10.1016/j.jenvman.2020.111793. 

83. Ni, M.; Leung, D.Y.C.; Leung, M.K.H.; Sumathy, K. An Overview of Hydrogen Production from Biomass. Fuel Processing Technol. 
2006, 87, 461–472. https://doi.org/10.1016/j.fuproc.2005.11.003. 

84. Antal, T.K.; Lindblad, P. Production of H2 by Sulphur-Deprived Cells of the Unicellular Cyanobacteria Gloeocapsa alpicola and 
Synechocystis sp. PCC 6803 during Dark Incubation with Methane or at Various Extracellular PH. J. Appl. Microbiol. 2005, 98, 
114–120. 

85. Fremaux, S.; Beheshti, S.-M.; Ghassemi, H.; Shahsavan-Markadeh, R. An Experimental Study on Hydrogen-Rich Gas 
Production via Steam Gasification of Biomass in a Research-Scale Fluidized Bed. Energy Convers. Manag. 2015, 91, 427–432. 
https://doi.org/10.1016/j.enconman.2014.12.048. 

86. Muradov, N. Emission-Free Fuel Reformers for Mobile and Portable Fuel Cell Applications. J. Power Sources 2003, 118, 320–324. 
87. Kalamaras, C.M.; Efstathiou, A.M. Hydrogen Production Technologies: Current State and Future Developments. In Proceedings 

of the Conference Papers in Science; Hindawi: London, UK, 2013; Volume 2013. 



Membranes 2022, 12, 173 29 of 30 
 

 

88. Bičáková, O.; Straka, P. Production of Hydrogen from Renewable Resources and Its Effectiveness. Int. J. Hydrog. Energy 2012, 
37, 11563–11578. https://doi.org/10.1016/j.ijhydene.2012.05.047. 

89. Ahmed, T.Y.; Ahmad, M.M.; Yusup, S.; Inayat, A.; Khan, Z. Mathematical and Computational Approaches for Design of 
Biomass Gasification for Hydrogen Production: A Review. Renew. Sustain. Energy Rev. 2012, 16, 2304–2315. 
https://doi.org/10.1016/j.rser.2012.01.035. 

90. Chen, G.; Andries, J.; Luo, Z.; Spliethoff, H. Biomass Pyrolysis/Gasification for Product Gas Production: The Overall 
Investigation of Parametric Effects. Energy Convers. Manag. 2003, 44, 1875–1884. 

91. Kırtay, E. Recent Advances in Production of Hydrogen from Biomass. Energy Convers. Manag. 2011, 52, 1778–1789. 
https://doi.org/10.1016/j.enconman.2010.11.010. 

92. Arregi, A.; Amutio, M.; Lopez, G.; Bilbao, J.; Olazar, M. Evaluation of Thermochemical Routes for Hydrogen Production from 
Biomass: A Review. Energy Convers. Manag. 2018, 165, 696–719. https://doi.org/10.1016/j.enconman.2018.03.089. 

93. Parthasarathy, P.; Narayanan, K.S. Hydrogen Production from Steam Gasification of Biomass: Influence of Process Parameters 
on Hydrogen Yield—A Review. Renew. Energy 2014, 66, 570–579. 

94. Turn, S.; Kinoshita, C.; Zhang, Z.; Ishimura, D.; Zhou, J. An Experimental Investigation of Hydrogen Production from Biomass 
Gasification. Int. J. Hydrog. Energy 1998, 23, 641–648. 

95. Dou, B.; Zhang, H.; Song, Y.; Zhao, L.; Jiang, B.; He, M.; Ruan, C.; Chen, H.; Xu, Y. Hydrogen Production from the 
Thermochemical Conversion of Biomass: Issues and Challenges. Sustain. Energy Fuels 2019, 3, 314–342. 
https://doi.org/10.1039/C8SE00535D. 

96. Ishida, M.; Takenaka, S.; Yamanaka, I.; Otsuka, K. Production of CO X-Free Hydrogen from Biomass and NaOH Mixture: Effect 
of Catalysts. Energy Fuels 2006, 20, 748–753. 

97. El-Shafie, M.; Kambara, S.; Hayakawa, Y. Hydrogen Production Technologies Overview. JPEE 2019, 07, 107–154. 
https://doi.org/10.4236/jpee.2019.71007. 

98. Demirbas, A. Potential Applications of Renewable Energy Sources, Biomass Combustion Problems in Boiler Power Systems 
and Combustion Related Environmental Issues. Prog. Energy Combust. Sci. 2005, 31, 171–192. 
https://doi.org/10.1016/j.pecs.2005.02.002. 

99. Shahbaz, M.; Al-Ansari, T.; Aslam, M.; Khan, Z.; Inayat, A.; Athar, M.; Naqvi, S.R.; Ahmed, M.A.; McKay, G. A State of the Art 
Review on Biomass Processing and Conversion Technologies to Produce Hydrogen and Its Recovery via Membrane Separation. 
Int. J. Hydrog. Energy 2020, 45, 15166–15195. https://doi.org/10.1016/j.ijhydene.2020.04.009. 

100. Ripoll, N.; Silvestre, C.; Paredes, E.; Toledo, M. Hydrogen Production from Algae Biomass in Rich Natural Gas-Air Filtration 
Combustion. Int. J. Hydrog. Energy 2017, 42, 5513–5522. 

101. Saidur, R.; Ahamed, J.U.; Masjuki, H.H. Energy, Exergy and Economic Analysis of Industrial Boilers. Energy Policy 2010, 38, 
2188–2197. https://doi.org/10.1016/j.enpol.2009.11.087. 

102. Sagir, E.; Ozgur, E.; Gunduz, U.; Eroglu, I.; Yucel, M. Single-Stage Photofermentative Biohydrogen Production from Sugar Beet 
Molasses by Different Purple Non-Sulfur Bacteria. Bioprocess Biosyst. Eng. 2017, 40, 1589–1601. https://doi.org/10.1007/s00449-
017-1815-x. 

103. Lepage, T.; Kammoun, M.; Schmetz, Q.; Richel, A. Biomass-to-Hydrogen: A Review of Main Routes Production, Processes 
Evaluation and Techno-Economical Assessment. Biomass Bioenergy 2021, 144, 105920. 
https://doi.org/10.1016/j.biombioe.2020.105920. 

104. Wang, J.; Yin, Y. Fermentative Hydrogen Production Using Pretreated Microalgal Biomass as Feedstock. Microb. Cell Factories 
2018, 17, 22. https://doi.org/10.1186/s12934-018-0871-5. 

105. Kaparaju, P.; Serrano, M.; Thomsen, A.B.; Kongjan, P.; Angelidaki, I. Bioethanol, Biohydrogen and Biogas Production from 
Wheat Straw in a Biorefinery Concept. Bioresour. Technol. 2009, 100, 2562–2568. https://doi.org/10.1016/j.biortech.2008.11.011. 

106. Zhao, B.; Zhang, X.; Sun, L.; Meng, G.; Chen, L.; Xiaolu, Y. Hydrogen Production from Biomass Combining Pyrolysis and the 
Secondary Decomposition. Int. J. Hydrog. Energy 2010, 35, 2606–2611. https://doi.org/10.1016/j.ijhydene.2009.04.011. 

107. Wang, Y.; Wang, S.; Zhao, G.; Guo, Y.; Guo, Y. Hydrogen Production by Partial Oxidation Gasification of a Phenol, Naphthalene, 
and Acetic Acid Mixture in Supercritical Water. Int. J. Hydrog. Energy 2016, 41, 2238–2246. 
https://doi.org/10.1016/j.ijhydene.2015.12.115. 

108. Guan, Q.; Wei, C.; Chai, X.; Ning, P.; Tian, S.; Gu, J.; Chen, Q.; Miao, R. Energetic Analysis of Gasification of Biomass by Partial 
Oxidation in Supercritical Water. Chin. J. Chem. Eng. 2015, 23, 205–212. https://doi.org/10.1016/j.cjche.2014.10.001. 

109. Marechal, F.; Favrat, D.; Jochem, E. Energy in the Perspective of the Sustainable Development: The 2000W Society Challenge. 
Resour. Conserv. Recycl. 2005, 44, 245–262. https://doi.org/10.1016/j.resconrec.2005.01.008. 

110. Smeets, E.M.W.; Faaij, A.P.C.; Lewandowski, I.M.; Turkenburg, W.C. A Bottom-Up Assessment and Review of Global Bio-
Energy Potentials to 2050. Prog. Energy Combust. Sci. 2007, 33, 56–106. https://doi.org/10.1016/j.pecs.2006.08.001. 

111. Agyekum, E.B.; Amjad, F.; Mohsin, M.; Ansah, M.N.S. A Bird’s Eye View of Ghana’s Renewable Energy Sector Environment: 
A Multi-Criteria Decision-Making Approach. Util. Policy 2021, 70, 101219. https://doi.org/10.1016/j.jup.2021.101219. 

112. Hasnaoui, S.; Pauss, A.; Abdi, N.; Grib, H.; Mameri, N. Enhancement of Bio-Hydrogen Generation by Spirulina via an 
Electrochemical Photo-Bioreactor (EPBR). Int. J. Hydrog. Energy 2020, 45, 6231–6242. 
https://doi.org/10.1016/j.ijhydene.2019.12.144. 

113. Balat, H.; Kırtay, E. Hydrogen from Biomass—Present Scenario and Future Prospects. Int. J. Hydrog. Energy 2010, 35, 7416–7426. 
https://doi.org/10.1016/j.ijhydene.2010.04.137. 



Membranes 2022, 12, 173 30 of 30 
 

 

114. Rosen, M.A.; Koohi-Fayegh, S. The Prospects for Hydrogen as an Energy Carrier: An Overview of Hydrogen Energy and 
Hydrogen Energy Systems. Energy Ecol. Environ. 2016, 1, 10–29. 

115. Why Hydrogen Could Be the Future of Green Energy. Available online: https://www.weforum.org/agenda/2018/05/this-
forgotten-element-could-be-the-key-to-our-green-energy-future-heres-why/ (accessed on 16 December 2021). 

116. IRENA Hydrogen from Renewable Power: Technology Outlook for the Energy Transition. Available online: 
https://www.irena.org/publications/2018/sep/hydrogen-from-renewable-power (accessed on 17 December 2021). 

117. Nowotny, J.; Veziroglu, T.N. Impact of Hydrogen on the Environment. Int. J. Hydrog. Energy 2011, 36, 13218–13224. 
https://doi.org/10.1016/j.ijhydene.2011.07.071. 

118. Council, H. Hydrogen Council Hydrogen Scaling Up: A Sustainable Pathway for the Global Energy Transition; Hydrogen Council: 
Brussels, Belgium, 2017. 

119. IRENA. Hydrogen: A Renewable Energy Perspective; IRENA: Abu Dhab, United Arab Emirates, 2019; p. 52. 
120. Council, H. Hydrogen Council Path to Hydrogen Competitiveness: A Cost Perspective. Hydrogen Council: Brussels, Belgium, 2020. 
121. Sharma, S.; Agarwal, S.; Jain, A. Significance of Hydrogen as Economic and Environmentally Friendly Fuel. Energies 2021, 14, 

7389. https://doi.org/10.3390/en14217389. 
122. Abdalla, A.M.; Hossain, S.; Nisfindy, O.B.; Azad, A.T.; Dawood, M.; Azad, A.K. Hydrogen Production, Storage, Transportation 

and Key Challenges with Applications: A Review. Energy Convers. Manag. 2018, 165, 602–627. 
https://doi.org/10.1016/j.enconman.2018.03.088. 

123. Acar, C.; Dincer, I. Hydrogen Production. In Comprehensive Energy Systems; Dincer, I., Ed.; Elsevier: Oxford, UK, 2018; pp. 1–40, 
ISBN 978-0-12-814925-6. 

124. IRENA Making Green Hydrogen a Cost-Competitive Climate Solution. Available online: 
https://www.irena.org/newsroom/pressreleases/2020/Dec/Making-Green-Hydrogen-a-Cost-Competitive-Climate-Solution 
(accessed on 19 December 2021). 

125. Scita, R.; Raimondi, P.P.; Noussan, M. Barriers to the Implementation of a Clean Hydrogen Economy; Green Hydrogen: Kolding, 
Denmark; Fondazione Eni Enrico Mattei (FEEM): Milan, MI, USA, 2020; pp. 8–15;. 

126. Ma, J.; Liu, S.; Zhou, W.; Pan, X. Comparison of Hydrogen Transportation Methods for Hydrogen Refueling Station. J. Tongji 
Univ. Nat. Sci. 2008, 36, 615–619. 

127. Litvinenko, V. The Role of Hydrocarbons in the Global Energy Agenda: The Focus on Liquefied Natural Gas. Resources 2020, 9, 
59. https://doi.org/10.3390/resources9050059. 

128. Litvinenko, V.S.; Tsvetkov, P.S.; Dvoynikov, M.V.; Buslaev, G.V. Barriers to Implementation of Hydrogen Initiatives in the 
Context of Global Energy Sustainable Development. Записки Горного Института 2020, 244. 

129. Olabi, A.; Bahri, A.S.; Abdelghafar, A.A.; Baroutaji, A.; Sayed, E.T.; Alami, A.H.; Rezk, H.; Abdelkareem, M.A. Large-vscale 
hydrogen production and storage technologies: Current status and future directions. Int. J. Hydrog. Energy 2021, 46, 23498–
23528. https://doi.org/10.1016/j.ijhydene.2020.10.110. 

130. Al-Qahtani, A.; Parkinson, B.; Hellgardt, K.; Shah, N.; Guillen-Gosalbez, G. Uncovering the True Cost of Hydrogen Production 
Routes Using Life Cycle Monetisation. Appl. Energy 2021, 281, 115958. https://doi.org/10.1016/j.apenergy.2020.115958. 

131. Parkinson, B.; Balcombe, P.; Speirs, J.F.; Hawkes, A.D.; Hellgardt, K. Levelized Cost of CO2 Mitigation from Hydrogen 
Production Routes. Energy Environ. Sci. 2019, 12, 19–40. https://doi.org/10.1039/C8EE02079E. 

132. Esposito, D.V. Membraneless Electrolyzers for Low-Cost Hydrogen Production in a Renewable Energy Future. Joule 2017, 1, 
651–658. https://doi.org/10.1016/j.joule.2017.07.003. 

133. Midilli, A.; Ay, M.; Dincer, I.; Rosen, M.A. On Hydrogen and Hydrogen Energy Strategies: I: Current Status and Needs. Renew. 
Sustain. Energy Rev. 2005, 9, 255–271. 

134. IEA. The Future of Hydrogen: Seizing Today’s Opportunities; IEA: Paris, France, 2019; p. 203. 
135. Ratnakar, R.R.; Gupta, N.; Zhang, K.; van Doorne, C.; Fesmire, J.; Dindoruk, B.; Balakotaiah, V. Hydrogen Supply Chain and 

Challenges in Large-Scale LH2 Storage and Transportation. Int. J. Hydrog. Energy 2021, 46, 24149–24168. 
https://doi.org/10.1016/j.ijhydene.2021.05.025. 

 


