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Abstract

:

A general rise in environmental and anthropogenically induced greenhouse gas emissions has resulted from worldwide population growth and a growing appetite for clean energy, industrial outputs, and consumer utilization. Furthermore, well-established, advanced, and emerging countries are seeking fossil fuel and petroleum resources to support their aviation, electric utilities, industrial sectors, and consumer processing essentials. There is an increasing tendency to overcome these challenging concerns and achieve the Paris Agreement’s priorities as emerging technological advances in clean energy technologies progress. Hydrogen is expected to be implemented in various production applications as a fundamental fuel in future energy carrier materials development and manufacturing processes. This paper summarizes recent developments and hydrogen technologies in fuel refining, hydrocarbon processing, materials manufacturing, pharmaceuticals, aircraft construction, electronics, and other hydrogen applications. It also highlights the existing industrialization scenario and describes prospective innovations, including theoretical scientific advancements, green raw materials production, potential exploration, and renewable resource integration. Moreover, this article further discusses some socioeconomic implications of hydrogen as a green resource.
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1. Introduction


The global community considers sustainable development to be a long-term subject because of the persistent challenges posed by diminishing fossil fuel supplies and worsening environmental conditions. The primary drivers of this fundamental change are rising energy demands, volatile fossil fuel prices, and massive greenhouse gas (GHG) emissions from fossil-fuel-powered automobiles and industries [1,2,3]. With the global population expected to surpass 8 billion by 2030, energy demand is expected to simultaneously rise. Renewable energy sources such as wind, solar, hydro, and geothermal have received much attention in recent decades. These types of energy do not generate gaseous or liquid transportation fuels. Their erratic and sporadic existence limits their applicability [4]. Furthermore, invasive plants, [5] food waste (particularly tree trimmings and agricultural crop waste) [6] are also low-cost and widely available for the transformation to clean energy production. Lignocellulosic feedstocks, food scraps, municipal waste residue, [7,8,9] agrochemical, pharmaceutical, animal waste [9,10], and mixed plastics [11] are plentiful and cheap. Energy is a necessary component of human life, social civilization, and economic growth. For over twenty decades, conventional fossil fuels, such as coal, gasoline, and natural gas, have been used, resulting in unsustainable oil use, unrestricted exploitation, and significant pollution. As a result, these non-renewable commodities are approaching degradation and exhaustion at an alarming rate. Specifically, the successive growth of the global population and rapid economic change is continually increasing energy consumption and amplifying the energy crisis [12]. Furthermore, the overexploitation and excessive consumption of fossil fuels have resulted in significant environmental pollution. As a result, the majority of countries are eager to develop an alternative supply of renewable energy [13,14].



Hydrogen has many favorable attributes, including an overall storage capacity, efficiency, renewability, cleanliness, massive distribution, high conversion, zero emissions, sources, versatility, and quick recovery, making it an excellent choice as an energy supply for heat and power, among many others [15,16,17]. As a result, it is regarded as the most environmentally friendly and promising energy source of the twenty-first century. It is central to industrial applications, such as ammonia production, oil refining, and water–gas switch reactions. Figure 1 illustrates how supply and demand tend to fluctuate; hydrogen is likely to be very flexible, and as a result, the manufacture of hydrogen has received a lot of media coverage worldwide.



Industrialization in traditional oil upgrading sectors, such as hydro-desulfuration, hydrogenation, and ammonia processing, has recently experienced a dramatic rise in demand for hydrogen. In industrial processing, most liquid-compressed hydrogen gas is commercially prepared using a compression method because of its cost-effectiveness and readily available supplies of hydrogen [18]. However, hydrogen from renewable resources such as lignocellulosic biomass or water separation may also be generated through solar power. Hydrogen from different sources can be obtained in various ways, such as through microorganisms, biofuels, petroleum-based liquids, or the electrolysis of water [19,20]. An illustration of the various hydrogen production methods is shown in Figure 2. Chemical heat reforming is based on the catalysis of methane (typically over 800 C) using steam to generate carbon dioxide and hydrogen [18]. The formed CO then interacts with water vapor to generate H2 and CO2 through the water–gas change reaction. Multiple hydrocarbon-based pathways for hydrogen generation involve improved alkaline renovations, thermal cracking modification, partial oxidation, and steam reforming.



While hydrogen has impressive power generation capacities, only a limited portion is utilized for such activities. A significant quantity of commercially generated hydrogen is used in various sectors, including metalworking, oil refining and recycling, fertilizers, and chemical processing (Figure 3). In the area of hydrogen processing [6,19,21,22,23] and storage [24,25,26], several prominent research articles have been published. However, with the growth of the modern hydrogen industries, the evidence for the availability of new hydrogen applications is limited, especially in the aerospace, maritime, and pharmaceutical industries.



Since hydrogen does not exist naturally as a molecule, it is synthesized by converting some hydrogen-containing primary sources such as water or carbohydrate. The current estimates indicate that around 48%, 30%, and 18% of hydrogen is derived from natural gas, naphtha reforming, and coal gasification, respectively [27]. Regrettably, most conventional methods for producing hydrogen from fossil fuels cause significant emissions of greenhouse gases, increasing environmental pollution and high energy utilization. As a result, there is an increased focus on deploying emerging technology for hydrogen production from sustainable and nuclear sources, in conjunction with progressively stringent and applicable environmental protection legislation globally [28]. These potentially transformative developments include water electrolysis, biomass, and nuclear/chemical conversion pathways. Despite these facts, hydrogen production can impact the ecosystem since any system relying on current or new technology uses a certain amount of raw chemicals and electricity, resulting in a net environmental loss [29,30,31,32,33]. We cannot critically analyze the economic and environmental benefits of various hydrogen production technology unless we have a comprehensive knowledge of each aspect of the mechanistic process. This research attempts to reinforce the current research on the following hydrogen generation technologies and their applications: the refinement of petrochemical/hydrocarbon fuels, the production of additives, hydrocarbon processing, fuel cells, materials synthesis, electronics, pharmaceuticals, utilization in ships and the aircraft industry, and other hydrogen applications [30,34,35,36,37,38]. The article summarizes the challenges and progress associated with hydrogen utilization.




2. Green Hydrogen Economy on the Move


Hydrogen is the first element in the periodic table and cannot be subdivided into other elements through chemical reactions. Hydrogen is distinctive in that it is the most basic and plentiful naturally occurring element, and it is designated by the letter H. Hydrogen is, in fact, very important in the world of chemistry. Indeed, it is so reactive that it almost always forms a constituent (substance) when mixed with other elements. Compounds are made up of two or more elements of the same or different atoms that are formed when hydrogen forms a bond with another element. Table 1 contains a comprehensive list of hydrogen’s essential properties.



The most abundant gas in the universe is hydrogen. It is colorless, odorless, tasteless, and constitutes approximately 75% of the universe’s mass [40]. Regardless of the reality that hydrogen is abundant throughout the universe, it is not found naturally as a free element or gas. Furthermore, it persists naturally in compounds with several other elements. Water is the most abundant compound on Earth that contains hydrogen. Methane is another hydrogen-containing molecule. It can also be found in a variety of other compounds. Hydrogen, for example, may be present in almost all living creatures on the planet. Using hydrogen as an energy carrier is complicated because earthbound hydrogen can only be found in compounds with other elements. Before hydrogen can be used as an energy source, it must be separated from its raw material. Natural gas steam reforming and water electrolysis are two of the most common hydrogen generation methods currently in use.



According to a statement released by the International Energy Agency, global energy demands will double by 2030 [41]. There is a clear correlation between the size of the human population and the amount of power consumed. According to the US Energy Information Administration (EIA), the energy demand increases as the human population expands. The world’s population is expected to increase threefold by 2030. There will be a 47% increase in worldwide energy demand over the next 30 years, primarily due to population and economic expansion in developing Asian countries. Without significant technological advancements or legislative alterations, this will necessitate increased oil and natural gas production. Approximately 28% of the world’s energy needs will be met by liquid fuel by 2050, compared with 27% of renewable energy resources. It is expected that a 36% rise in liquid fuel needs and a 165% rise in renewables from the 2020 values, which are considered in this scenario. Although carbon and energy intensity is decreasing in advanced and emerging economies, the EIA expects energy-related carbon dioxide emissions to climb between now and 2050 [42].



Methane, often known as natural gas, is the most prevalent energy source, containing one carbon atom and four hydrogen atoms. Hydrogen has emerged as an alternative fuel in recent years, and its demand is expected to increase in future years [43]. Hydrogen is made from renewable resources, such as water, which makes it a renewable energy source. It is possible to employ small devices such as fuel cells to convert hydrogen into valuable forms of energy-like electricity. Water is a harmless byproduct of the hydrogen-to-electricity conversion process. Hydrogen’s high energy density and environmental benefits make it an ideal fuel source. An illustration of the energy contents of various fuels can be found in Table 2 [44].



Utilizing hydrogen fuel as a sustainable energy source can alleviate the problem of the limitation of fossil fuels, and it has a wide range of applications. Furthermore, burning fossil fuels releases hazardous pollutants as byproducts, including carbon dioxide, sulfur dioxide, and nitrous oxide, all of which contribute to global warming [45]. There are a variety of fuel signifiers that provide information about how fuel affects the environment and its performance, such as the environmental impact factor (EIF), greenization factor (GF), and hydrogen content factor (HCF), as shown in Figure 4. The statistics in Figure 4 show that hydrogen fuel has a minimal impact factor and the greatest possible greenization factor, making it among the greenest of fuels.



The transition to renewables corresponds to the use of hydrogen as a zero-emission fuel for automobiles, industrial sectors, and power stations in a safe, cost-effective, and long-term manner. In the present situation, natural gas produces roughly 70 million tons of hydrogen annually, primarily by steam reforming, accounting for 6% of worldwide natural gas utilization [43]. According to Bartels et al., coal and natural gas are the most cost-effective methods for producing hydrogen, with projected costs of USD 0.36 and USD 1.83 per kg, respectively [47]. Steam reforming is perhaps the most efficient strategy, but it also has the highest emissions of CO2 and other pollutants, increasing the overall cost of hydrogen generation in capturing these releases. According to scientists, gasification and pyrolysis can produce hydrogen that costs between USD 1.44–2.83 and USD 1.47–2.57 per kg. The expense of hydrogen generation, on the other hand, is solely determined by the refinery capacity, technology, raw material characteristics, transport, communication, logistical support, usability, and commercial viability of byproducts.



Hydrogen generation and storage capabilities are still the biggest obstacles to its widespread use in a wide variety of industries. In terms of production technological innovations, the steam reforming process to produce hydrogen from fossil fuels is among the most established and cost-effective methods [48]. This approach is not sustainable because it is heavily reliant on fossil fuels. A few obstacles prevent the overall rise in hydrogen generation from steam reforming from meeting global demand. There are several obstacles to overcome, including (a) insufficient natural gas owing to the increased global demand; (b) the significant capital funding necessary to design hydrogen infrastructure available to cover the global growth; (c) insufficient innovative support for cost-effective carbon capture and storage technologies, and (d) tremendous emissions of greenhouse gases that contribute to global warming [49]. The generation of hydrogen from renewable sources is attracting a lot of attention. However, such technological advances are still in the preliminary phases and are prohibitively costly compared to hydrogen generation from fossil fuels.



Considerable safety precautions are required for preserving hydrogen in a liquefied condition at high pressures of over 100 MPa and cryogenic temperatures of around −253 °C. Many researchers are interested in innovative hydrogen storage materials, such as carbon nanostructures, metal, and complex hydrides that have recently been discovered [50]. High pressure or significantly lower cryogenic temperatures are not required for hydrogen storage in a solid form, making it a safer and more cost-effective method of hydrogen storage. Deploying hydrogen commercially in industry necessitates efficient packaging, storage, and transportation. The material for H2 storage shown in Figure 5 requires further investigation to guarantee that it is safe, trustworthy, and affordable [51,52]. The concept of hydrogen storage is recognized as challenging. The materials employed must not actively interact with hydrogen or any other process. In addition, traditional storage methodologies using high-pressure gas cylinders (compressed hydrogen) and liquid hydrogen; the physical adsorption of H2 on materials with significant variables, such as a large specific surface area; and hydrogen intercalation in metals and complex hydrides resulting in the storage of H2 in metals have been thoroughly examined [53,54,55,56].



Vajo et al. initially developed the 2LiBH4–MgH2 system and found that the dehydrogenation of MgB2 resulted in the reduction of reaction enthalpy to 25 kJ mol−1 H2. Reversible hydrogen storage was achieved with an acceptable performance by the 2LiBH4–MgH2 system; however, high temperatures and poor dehydrogenation kinetics were encountered [57]. Several dopants with a catalytic action may enhance the 2LiBH4–MgH2 system’s extensive hydrogen storage capabilities. Its dehydrogenation and rehydrogenation properties may be improved to some degree by doping the LiBH4 and LiBH4–MgH2 systems with a suitable quantity of catalyst, such as metals, oxides, halides, carbon, composites, etc., as shown in Table 3, to liberate hydrogen at low temperatures [58].



The overall world hydrogen generation capacity, abbreviated as MMSCFD, is 14,214 million standard cubic feet per day [43]. The United State of America (3859 MMSCFD), South Korea (1532 MMSCFD), Japan (1425 MMSCFD), Germany (742 MMSCFD), and Canada (446 MMSCFD) were the top five hydrogen-producing countries in 2017 based on the available data [68]. Implementing hydrogen for industrial consumers is now a profitable business all around the world. The demand for hydrogen has increased more than thrice since 1975 and continues to grow, as shown in Figure 6. The annual consumption of hydrogen in its pure form is estimated to be over 70 million tons (MtH2/yr.). This hydrogen is completely derived from fossil fuels, with hydrogen generation accounting for 6% of global natural gas and 2% of global coal [43]. As a result, hydrogen generation leads to CO2 emissions of around 830 million tons per year (MtCO2/yr.), roughly equal to the CO2 emissions of Indonesia and the United Kingdom combined. The Energy Transitions Commission (ETC) is a global alliance of energy professionals dedicated to attaining net zero emissions by 2050 in accordance with the goal of keeping global warming far below 2 °C, ideally 1.5°C [69]. The Paris Agreement, which was fully effective from November 2016, aims to achieve this and other set goals. However, achieving the Paris goals will be impossible without meaningful advances from emerging countries. Emerging countries’ contributions to global greenhouse gas emissions were minimal in the past. However, there has been a change in the yearly emissions balance. Six of the top ten fossil fuel producers belong to the developing world and are responsible for about 60% of total annual emissions [70]. To meet the energy demands of emerging countries, carbon constraints must be considered. Even if all industrialized nations meet the climate goals, poorer nations will not follow in their footsteps. Consequently, carbon-free energy is becoming more and more economical. According to data from2018, the total worldwide hydrogen consumption might increase 5–7-fold from 115 Mt per year to 500–800 Mt by 2050, including hydrogen (and its derivatives), contributing to 15–20% of ultimate energy demand, on top of the almost 70% of emissions caused by direct electricity [71,72,73].



In 2018, fossil fuel production yielded 70 Mt, with natural gas (71%) and coal accounting for most of the output (27%). Around 830 Mt of CO2 was emitted due to this output, accounting for around 2.2% of energy-related CO2 emissions. This hydrogen was mostly utilized in refining (38 Mt), ammonia production (31 Mt, primarily for fertilizer manufacture), and methanol production (12 Mt, used mainly as a fuel additive and for plastics production) [71]. Sustainable hydrogen will increasingly replace hydrogen obtained from unrestrained fossil fuels in present applications and will be used in various new technologies over the next 30 years. Its specific role compared to other decarbonization approaches (particularly direct electrification) is intrinsically unknown in some areas. However, realistic possibilities estimate that a zero-carbon economy in 2050 will require between 500 and 800 Mt of hydrogen per year [71].




3. Catalysts for Carbon-Free Energy Storage and Conversion Technologies


Fuel cells, metal–air batteries, and water splitting are examples of clean energy conversion and storage technologies that are undergoing extensive research due to their high efficiency, potential large-scale uses, and lack of pollution or greenhouse gas emissions [74]. However, noble metal catalysts (such as platinum, Pt, and its derivatives) are often employed in energy devices to stimulate critical chemical processes, such as an oxygen reduction reaction (ORR), oxygen evolution reaction (OER), and hydrogen evolution reaction (HER). The scarce resources and expensive cost of Pt catalysts have prevented the commercialization of the technology. As a result, low-cost, high-efficiency electrocatalysts must be developed. This proposed study is devoted to this crucial subject in the area of sustainable energy technology [74,75].



Various materials have been explored with the ability to replace conventional noble metal catalysts, including non-precious metals, metal oxides, carbon nanotubes, metal–organic frameworks (MOFs), and even single-atom catalysts [76]. Song et al. synthesized an efficient bifunctional electrocatalyst of Ni-Co mixed-metal oxides incorporated with cobalt/nitrogen-doped carbon with a hierarchical hollow nanostructure (H-Co/N–C@NiCo2O). Their catalyst demonstrates an excellent electrocatalytic activity and long-term stability for both the ORR and the OER of rechargeable Zn–air batteries [77]. With a high starting potential and large limiting current density, Xiao et al. synthesized a 3D highly ordered mesoporous MnO2@Ni-pc nanocomposite that considerably improves the ORR performance of MnO2, while maintaining a low cost [78]. According to Xu et al., a generic technique for manufacturing bi-metal Ni and Fe single-atom catalysts loaded on graphene to increase the activity of the OER was developed [79]. More recently, Qazi et al. successfully employed surface-modified copper foam along with NiCo–NiCoO2 nano-heterostructures for a superior bifunctional electrode material. Figure 7 illustrates the preparation process and its performance. Bimetallic thin-layered nano-heterostructures of NiCo–NiCoO2@Cu2O@CF show a synergic effect of doubly active metals Ni and Co to accomplish impressive small overpotentials of 133 and 327 mV to gain a current density of 10 mA cm−2 for HER and OER [36].



HER (hydrogen evolution reaction) catalysts are being developed in a variety of ways, as seen in the examples provided in Table 4. This comparison is based on the electrocatalytic performance and kinetic characteristics of these catalysts under various reaction scenarios. HER electrocatalysts may be divided into two categories. The first category is noble metal-based electrocatalysts, while the second is non-noble metal-based electrocatalysts, both discussed below. Several ways are being explored to improve the performance of noble-metal-based electrocatalysts, particularly Pt-based catalysts, while simultaneously lowering the price of electrocatalysts. For instance, alloying Pt with other low-cost transition metals that might increase Pt usage and the synergistic impact of the alloy could alter the electrical surroundings to optimize the activity of the transition metals and boost their effectiveness. Another key technique for improving alkaline HER activities is the binding of Pt with other water dissociation accelerators, which is extremely relevant for industrial applications in different fields. Regarding non-noble metal-based high-efficiency catalytic oxidation (HER) catalysts, much emphasis has been dedicated to their development, mostly motivated by the concerns of low cost and plentiful resources for the whole planet.



Various methods and procedures have also been discovered that may be used to minimize the consumption of noble metals while boosting their activity and stability. A cost-effective Pt-based catalyst immobilized on functionalized Vulcan carbon was synthesized by Luo et al. using an exquisite and manageable atomic layer deposition (ALD) technique from the hydrothermal process of a Ru precursor and ethylene glycol solution, which displays significantly increased HER activity and stability [87]. Li et al. developed four COP models (COP-Bn, with n = 3, 4, 5, and 6), tested them using density functional theory (DFT) methodologies, and found that they performed well in terms of ORR. While it has been established that heteroatom-doped carbon nanomaterials may be used as an effective electrocatalyst for ORR, the activity of these materials is reduced in acidic conditions [88].



Figure 8 highlights GO and its derivatives, which are being studied in a variety of electrochemical energy storage applications, including batteries, capacitors, and fuel cells, owing to their excellent and unique features [89,90,91]. GO has the potential to act as an oxidant by decreasing its oxygen functional groups, and the formation of composites using GO’s remarkable properties is a prime example. Its unusual design has resulted in strong and adaptable functionalities that are used for viable energy system instruments.



GO, and rGO have a large surface area, making them ideal for use as electrode materials in a variety of applications, such as batteries, fuel cells, double-layered capacitors, and solar cells [92,93,94,95]. The development of GO is more easily scaled up than that of certain other graphene compounds. As a consequence, it may be used in the near future for energy-related applications. Because of its ability to store hydrogen, it might one day act as an important model for storing hydrogen fuel in hybrid automobiles. Owing to their high capacity, lithium-ion batteries containing nanocomposites of graphene oxide and rGO may be able to store substantial quantities of energy. In this specific case, rGO was encapsulated with metal oxide nanoparticles in order to improve the performance of these materials when used in battery pack applications. This project included the construction of a Li-ion battery system using an anode material consisting of reduced graphene oxide coated Fe3O4. When comparing the device to a system constructed entirely of pure Fe3O4 or pure Fe2O3, it was revealed that the energy storage capacity and good durability of the device significantly increased [92,93,94,95,96,97,98,99,100].



Zhu et al. employed microwave-assisted exfoliation to synthesize high-surface-area rGO, resulting in a reduction in the quantity of GO needed for the production of the supercapacitors used in energy storage devices; similar results were found in [37,101]. Following the publication of their paper, Bo et al. successfully produced electronic gas sensors and supercapacitors utilizing caffeic acid (CA)-rGO, observing that they have outstanding performance for potential sensors and energy storage applications [102,103].
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Figure 8. Illustration of GO-based electrochemical energy storage applications (Reprints from [104]. Copyright (2022), with permission). 
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4. Numerous Sustainable Hydrogen Production Approaches


All types of hydrogen utilized to speed up carbonization must be environmentally friendly. This might be accomplished by the so-called “green” way of electrolyzing water with zero-carbon power. Conversely, low-carbon (but not zero-carbon) hydrogen can be generated using the “blue” pathway, which involves extracting hydrogen from natural gas hydrocarbons, while incorporating carbon capture and storage (CCS) and reducing any methane outflow (a significant greenhouse gas) to almost zero throughout the natural gas production, processing, transport, and use processes. As a result, the sustainable green method is expected to prevail in the long run, with blue hydrogen playing a pivotal role in its transition and select specialized localities. Different pathways for hydrogen production with corresponding advantages, disadvantages, feedstock, cost/kg, and efficiencies are discussed in Table 5.



A significant amount of hydrogen gas is presently generated by natural gas, steam methane reforming (SMR), or coal gasification technologies (especially in China). Only a small percentage is generated in a low/zero-carbon manner. Several methods might be used to produce very low/zero-carbon hydrogen [71] (Figure 9). However, many are only in the early phases of development or suffer from intrinsic drawbacks. Hydrogen production routes from biomass are unlikely to play a significant role due to the overall limited resources of sustainable biomass; however, they may offer pathways toward harmful emissions via the sequestration of CO2 [62,65,71,105].
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Figure 9. Numerous clean and green hydrogen-generating routes are conceivable (reprints with permission) [71]. On the other hand, power input is determined by plant design and carbon dioxide collection. The combustion process generally generates electricity from fossil fuels. * CCS is stands for carbon capture and storage (Reprints from [106]. Copyright (2022), with permission). 
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Table 5. Various hydrogen production pathways with corresponding advantages, disadvantages, feedstock, cost/kg, and efficiencies.
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Process

	
Feedstock

	
Advantages

	
Disadvantages

	
Efficiency (%)

	
Hydrogen Production Cost (USD/kg)

	
Ref.






	
Steam reforming

	
Natural gas

	
Technological advancements in industrial processes and existing infrastructure

No oxygen is required.

Low-temperature functioning Good H2/CO ratio

	
CO2 emissions

	
70–85

	
1.03–2.27

	
[41,43,47,107,108,109,110]




	
Partial oxidation (POX)

	
Natural gas

	
Low requirement of desulphurizationNo catalyst

Low methane emission

An already existing infrastructure and technology

	
Low H2/CO ratio

High operating temperature

Complex handling process

	
60–75

	
1–1.83




	
Autothermal reforming

	
Natural gas

	
Compared to POX, a lower process temperature is required

Low methane slip

Existing infrastructure and existing technology

	
Requires air and O2

New technology

	
60–75

	
1.48




	
Biomass pyrolysis

	
Biomass

	
Feedstock is abundant and inexpensive; CO2 neutral.

	
Tar formation: feedstock supply and contaminants affect the amount of H2 produced.

	
35–50

	
1.25–2.20; 3.8




	
Biomass gasification

	
Biomass

	
Feedstock is abundant and inexpensive; CO2 neutral.

	
Tar formation: H2 content depends on feedstock availability and impurities

	
35–50

	
1.77–2.05; 4.63




	
Bio-photolysis

	
Water; algae

	
Byproduct is O2; operate under mild conditions; CO2 is consumed

Abundant supply

	
Need sunlight; low H2 rates and yields; expensive raw material; O2 sensitive; need large reactor volume

	
0.5–10

	
1.42–2.13




	
Dark fermentation

	
Organic biomass

	
Simple; H2 generation in the absence of light; aids to the recycling of waste; no O2 limitation; CO2 neutral

Can use varieties of waste streams

Simple reactor technology

High production rates

	
The elimination of fatty acids; low H2 yields and rates, poor conversion performance; need large reactor volume

Low COD removal

Variety of reactor to reactorLarge amount of byproducts

	
60–80

	
2.57




	
Photo-fermentation

	
Organic biomass

	
Utilize a variety of organic wastes and wastewaters; CO2 neutral; supports to the recycling of waste

Almost complete substrate conversion

	
Requires sunlight; low H2 rates and yields; low conversion efficiency; O2 sensitive.

Requires large reactor volume

	
0.1

	
2.83




	
Photo-electrolysis

	
Water

	
Feedstock is plentiful; emission free

Byproduct is O2

	
Low conversion performance; require sunlight; non-effective photocatalytic materials

	
0.06

	
10.36










5. Net Zero Emissions by 2050 Strategies: The Importance of Hydrogen


Technologies from a variety of sources will be needed to achieve net zero emissions by the year 2050. The following factors stand out when decarbonizing the global energy system: increased energy performance, a shift in consumer habits, electrification, alternative fuels, hydrogen, and carbon capture utilization and storage (CCUS). The rising percentage of hydrogen in overall final energy consumption (TFC) reflects its relevance in the Net Zero Emissions Scenario. Hydrogen and hydrogen-based fuels accounted for less than 0.1 percent in 2020, but by 2030, they will increase to 2% of TFC, and by 2050, they will increase to 10% [111,112].



However, simply increasing demand is insufficient for supporting hydrogen, a significant component of decarbonization. Hydrogen generation should also become considerably more environmentally friendly than it is now. For example, about 80% of the 90 Mt H2 utilized in 2020 came from fossil fuels, essentially unabated. The rest was almost entirely made up of leftover gases from refineries and the petrochemical industries. This resulted in about 900 Mt CO2 emissions from hydrogen generation, which is equal to Indonesia’s and the United Kingdom’s total CO2 emissions combined [43,113].



Hydrogen production will experience an unprecedented shift under the Net Zero Emissions Scenario. By 2030, when overall output exceeds 200 Mt H2, low-carbon technologies will account for 70% of total production (electrolysis or fossil fuels with CCUS). By 2050, hydrogen production will have risen to over 500 Mt H2 due to low-carbon technology. To meet these targets, the operational electrolysis capacity would need to expand from 0.3 GW today to almost 850 GW by 2030 and over 3600 GW by 2050, while CO2 absorbed in hydrogen production will need to increase from 135 Mt today to 680 Mt in 2030 and 1800 Mt in 2050 (Figure 10) [114].




6. Futuristic Hydrogen Applications


In 2020, global hydrogen consumption was estimated to be approximately 90 Mt, an increase of 50% since the beginning of the century. Refining and industrial usage contribute to almost all of this demand. Refineries use almost 40 Mt of H2 per year as feedstock, reagents or energy sources. In industrial manufacturing sectors, the demand is slightly greater (more than 50 Mt H2), mainly for feedstocks. Approximately 45 Mt H2 of the demand is satisfied by chemical processing, which comprises three-quarters of ammonia and one-quarter of methanol. The leftover 5 Mt H2 is used as direct reduced iron (DRI) in the steel-making process. Except for a minor demand rise in DRI manufacturing, this distribution has remained nearly stable since 2000. Hydrogen has been consumed in large quantities in innovative ways, most of which happened in the previous ten years, when fuel cell electric vehicle (FCEV) implementation commenced, and pilot programs immediately started supplying hydrogen into gas networks and utilizing it to generate power. Due to these achievements, significant hydrogen technological advances have proceeded towards commercialization [115].



Simultaneously, awareness of global warming has increased, governments and businesses have made firm promises to decrease CO2 emissions. Despite the fact that this has accelerated the deployment of hydrogen for modern innovations, there is still a lack of demand in this field. Yearly hydrogen consumption in transportation, for example, is less than 20 kt H2 for about 0.02 percent of overall hydrogen demand. According to the IEA’s Net Zero by 2050 framework, meeting government decarbonization targets would necessitate a significant acceleration in hydrogen technology deployment throughout various energy industry sectors. Enhancing hydrogen as an alternative energy component is a long-term project since emerging fuels might take several years to fully integrate into the energy supply. As a result, immediate intervention is necessary to speed up the scaling-up operation and establish the circumstances essential to make sure that, by 2030, hydrogen technologies can be broadly adopted and employed in a long-term strategy for a low-carbon economy [116].



Despite their current significant pace, existing projects show that expected hydrogen technology implementation in demanding categories does not yet correspond with the Net Zero Emissions Scenario’s aspirations. The Government’s current emphasis is on decarbonizing hydrogen generation rather than encouraging demand for new uses. Apart from noteworthy outliers in China, Korea, Japan, and a few EU nations for implementing multiple kinds of FCEVs, few government goals intend to promote hydrogen-based fuels in end-use industries [117,118]. Furthermore, the present country goals to promote hydrogen usage for futuristic applications are insufficient to satisfy their net zero commitments. Setting goals and objectives as a long-term indication are inadequate for producing the market dynamics required to liberate private sector investments and accelerate the implementation of hydrogen technology. Fundamental policies must complement plans to help them be met, such as significant growth initiatives that establish distinct markets [116,119,120].



There are four kinds of possible hydrogen usages in a zero-carbon economy, as illustrated in Figure 11 [121]:




	⮚

	
Current hydrogen applications provide prominent short-term prospects for a conversion to clean hydrogen and a high degree of long-term demand predictability.




	⮚

	
Long-term demand is assured for these applications, even if they require years to create.




	⮚

	
Opportunities that are potentially short-term yet intermediate.




	⮚

	
Futuristic applications for the relative costs and benefits over direct electrification and other decarbonization alternatives are still uncertain.









Present hydrogen applications wherein clean hydrogen may temporarily replace grey hydrogen generation, generally with modest upgrading, and eliminate the 830 Mt of generated CO2 include:



Crude oil refining, desulphurisation, and hydrocracking are two processes that employ hydrogen to improve remaining heavy oils. As the demand for oil-based fuels declines, particularly in the transportation sector, its usage will decrease in the medium to long term. Plastic manufacturing will require less oil due to reprocessing and the possible use of bio-feedstocks.



In 2020, the most significant single user of hydrogen was the oil refining industry (close to 40 Mt H2). Hydrogen is used in refineries to eliminate contaminants (particularly sulfur) and improve existing heavy oil composition to lightweight products. China uses the most hydrogen for refining (about 9 Mt H2/yr), followed by the United States (approximately 7 Mt H2/yr) and the Middle East (around 4 Mt H2/yr). These three areas are responsible for a significant portion of worldwide demand. Roughly half of refineries’ hydrogen needs are fulfilled by byproduct hydrogen from other refinery operations (e.g., catalytic naphtha reforming) or other petrochemical processes incorporated into specific refineries (e.g., steam crackers). The remaining needs are fulfilled by specialized on-site generation or externally acquired merchant hydrogen. Natural gas reforming accounts for the most significant part of on-site production, except coal gasification, which accounts for about 20% of committed hydrogen production in Chinese refineries. Hydrogen generation to fulfill refining demand emitted over 200 Mt of CO2 in 2020 [122,123].



Ammonia is generated using the Haber–Bosch process, which utilizes hydrogen as a significant player [90,124,125,126]. The Haber–Bosch process produces 180 Mt of ammonia each year, with 80 percent of this being used for fertilizer manufacture. In light of the escalating demand brought on by the advanced applications, the ammonia demand for existing users is anticipated to stay flat or modestly expand. Wind and solar energy are expected to perform a crucial part in future zero-carbon energy prospects [91,127,128,129]. Long-term sustainable energy storage is required to balance demand-driven energy procurement with low-carbon energy assurance from these intermittent sources. Sustainable ammonia generation has the potential to influence the transformation to zero-carbon by decarbonizing its present significant application in fertilizer manufacturing. Perhaps more importantly, it has the following possible applications:




	
Chemical energy may be stored and transported using ammonia, which decomposes entirely or partially to yield hydrogen as a byproduct.



	
When used as a transportation fuel, it can either be directly burned in an engine or converted into electrical energy through a chemical reaction with ambient air in a fuel cell.



	
Heat is stored via water absorption and material phase transitions (for example, liquid to gas).








Ammonia might be the foundation of a new, integrated global renewable energy storage and distribution system due to its comparatively high energy density of roughly 3 kWh/liter and existing international transportation and storage infrastructure [130,131]. These characteristics show that ammonia might be viable for transferring zero-carbon energy by road, rail, ship, or pipeline. Ammonia has been utilized as a fertilizer for over a century, playing a critical role in ensuring that the world has a sufficient food supply. Ammonia is now produced mainly through steam reforming methane to generate hydrogen, then put through the Haber–Bosch process, which synthesizes the ammonia [103,132]. A benign ammonia production with possible current and futuristic applications is shown in Figure 12. Ammonia manufacturing contributes to around 1.8 percent of worldwide CO2 emissions. Hydrogen generation, either by carbon capture and storage or via water electrolysis employing sustainable power, is the major focus of decarbonization solutions. Ammonia is capable of having a considerable influence over the following decades by allowing us to move away from our worldwide reliance on fossil fuels and substantially contribute to the mitigation of climate change.



Direct air capture and storage for CO2: A well-known reality is that carbon dioxide is one of the airborne constituents that contribute to global warming and greenhouse gas emissions [133]. Global carbon dioxide emissions are mostly attributed to industrial activities, with transportation-related emissions and other similar sources contributing to the remaining portion [134]. These dangerous gases need to be reduced to restore the integrity of ecosystems. For this, the greatest brains in energy science must unite and develop sustainable technologies to accomplish this goal. Carbon dioxide (CO2) emissions are drastically growing as the economy progresses. The elimination of CO2 is required to accomplish zero-carbon emissions [135,136]. Several techniques are actively pursued to capture and store CO2 to keep it out of the environment and minimize potential destruction. However, such advancements are still in progress and face problems such as a low performance, energy loss, and other issues. As a result, research has focused on more effective technologies for reducing CO2 emissions, such as fuel cells [72,137,138,139].



Carbon capture and storage is a groundbreaking method for decreasing CO2 levels in the atmosphere and storing CO2 in a way that prevents it from being released. For decades, CO2 has been utilized to increase the effectiveness of oil recovery from reservoirs; therefore, this technique is much more commonly employed in the refinery field [140,141,142,143]. CO2 can be captured from the atmosphere using a variety of methods, including geological sequestration, storing it in seas, and employing metal–organic frameworks (MOFs) [144,145]. The quantity of CO2 captured annually is enormous, necessitating a significant amount of storage space. As a result, storing CO2 beneath the Earth is seen as a viable option, as the available area is adequate for keeping all captured CO2.



Unfortunately, there are leakage problems connected with this way of storage; thus, many individuals are engaged in analyzing this technology and creating emerging strategies to reduce such issues [146,147,148,149]. A thorough evaluation of the strategy for managing underground storage has been conducted. It is often better to utilize the collected CO2 in substances, such as syngas, methanol, and other chemical compounds, by various processes, such as the electrochemical or biochemical transformation of the stored CO2 for future use. Due to rising expenses and a lack of monetary profit, businesses find it challenging to store CO2 indefinitely. When technologies such as electrochemical CO2 conversion and CO2-based improved oil recovery are researched, they may assist enterprises in making money [150,151,152].



Because of technological breakthroughs, advanced technology implementation will become increasingly important in the future. Electrochemical fuel cells have been developed to generate fuel and energy from CO2 [153,154,155]. It is quite possible that coal-fired energy generation, which significantly increases CO2 emissions, will be substituted with electrochemical cells. Due to various developments in systems such as a solid oxide co-electrolyzer (SOCE) and carbon formation reactor (CFR) cells, the market for electrochemical fuel cells is expected to rise.



To turn CO2 into formic corrosive and format salts, the Norwegian company DNV GL developed the electrochemical reduction of carbon dioxide to formic acid (ECFORM) method. As illustrated in Figure 13, this approach employs an electrolysis reactor [156,157]. It makes formate salts from CO2 using a tin-based amalgam as cathodes, while the anode generates oxygen. Furthermore, an ionic membrane is also part of the reactor design. The reactor cell potential is low, and resistance difficulties increase the procedure’s energy performance, making it more commercially feasible [158]. The cell consumes around 5.5 MWh/ton of energy, which might be satisfied by renewable sources. The Norwegian manufacturer has developed a semi-pilot ECFORM reactor. The daily limit for lowering CO2 is around 1 kg per day. Formic acid is synthesized in an amount equal to the amount of CO2 utilized, with each ton of CO2 used resulting in a reduction of 1.04 tons of CO2 emissions [158,159].



Methanol is now manufactured at a rate of 100 Mt per year from natural gas or coal-derived hydrogen, carbon dioxide, and carbon monoxide. Paints, plastics, and explosives are just a few examples of methanol may be used for. If this trend continues, the need for plastics made from renewable resources will undoubtedly rise. Methanol production ranks second among industrial hydrogen consumers with a consumption rate of 130 kg H2/t. Multiple fuel applications are essential either directly before or after formaldehyde conversion (e.g., methyl-tert-butyl ether). It is estimated that the 100 Mt of globally generated methanol contributes to 28% of industrial hydrogen consumption and 25% of the chemical sector needs. Using coal as an alternative to traditional oil-based manufacturing processes, methanol is used as an intermediary to generate olefins (essential chemical intermediates for the manufacture of plastics). On average, methanol manufacturing produces 2.2 tons of CO2 for every ton of final product. Because of the growing preference for ammonia and methanol, the chemical industry’s requirement for hydrogen is expected to rise [160,161,162].



Methanol as a source of onboard hydrogen production: There are concerns about hydrogen storage and transportation. Hence on-site manufacturing methods are gaining popularity. Because of its high hydrogen to carbon ratio (H/C), versatility, and sustainability, methanol is one of the hydrogen carriers that has attracted the most attention in recent years. Hydrogen is the ray of hope for energy transition because it has the potential to transform both transportation and industrial processes sustainably. However, there is still only a limited supply currently available, as transporting hydrogen is such a complicated operation. Finding a solution to this problem may be possible by transforming hydrogen into methanol. Indeed, methanol is simpler to transport than hydrogen, but it can also be practically retained at room temperature and under pressure. This lays the foundations for developing environmentally friendly hydrogen in locations with abundant sunlight, as well as its conversion into methanol and simplified delivery. The carbon dioxide that is necessary for the synthesis of methanol may be acquired in one of two ways: either by removing it from the environment or by obtaining it from industrial activities such as the formation of cement. In addition, one liter of methanol can provide around 4.8 kilowatt-hours of energy, making it a source of fuel with a very high energy density. Furthermore, the International Energy Agency projects that the price of methanol will be very competitive, in the range of six cents per kilowatt-hour in the near future [163,164].



To make enough use of the energy stored in methanol, a methanol reformer and steam are utilized at the location where the hydrogen is required, such as in an automobile, to transform the methanol back into hydrogen and carbon dioxide. Therefore, the entire carbon footprint is neither positive nor negative. However, traditional reformers continue to have a few shortcomings that need to be addressed. Consider, for instance, the catalysts that are essential for the reactions to take place. They are made up of powder catalysts that combine copper oxide and zinc oxide, which are introduced to the reactor in the form of extruded pellets. On the other hand, the constant movement required for mobile applications always causes catalyst deterioration, which contaminates the fuel cell. In addition, the catalyst material is not exploited to its maximum potential, and the reaction rate is slow since the temperatures at which the reaction occurs are relatively low. Heat management presents another obstacle: the reactor needs a source of heat to power the steam reforming process, but this is also where a significant amount of efficiency is lost. The heat that is produced by the fuel cell’s off-gases cannot be effectively used either. Sophisticated research is required to explore and design a comprehensive hydrogen supply–demand network that synchronously meets economical, efficient, and attainable benchmarks, taking into account the cost of manufacturing and transportation, the effectiveness of energy conversion, safety issues, and the transformation timeframe of energy structure. One of these approaches involves producing hydrogen on-site using a liquid hydrogen carrier that is both renewable and stable enough to be used in onboard system applications [163,164].



Iron and steel: The iron and steel industry contributes 10% of the overall industry hydrogen consumption, owing to its usage in the DRI-EAF steelmaking process, contributing 7% of total crude steel output worldwide. When iron ore is reduced to sponge iron in the DRI process, hydrogen is generated as a component of synthesis gas. Based on the energy source utilized in DRI manufacturing, synthetic gas combines carbon monoxide and hydrogen. For every ton of sponge iron, roughly 40 kg of hydrogen gas is required. Traditionally, the DRI combination might have a hydrogen content ranging from 0% to 70%. Nowadays, the most popular steel manufacturing method (the integrated route, consisting of a blast and basic oxygen furnaces) does not demand hydrogen since it reduces iron ore with carbon monoxide-rich gases. However, a limited quantity of hydrogen is still produced as an intermediate and byproduct in the blast furnace’s process off-gases. In the Declared Pledges Forecast, hydrogen consumption from iron and steel nearly doubles by 2030 and more than fivefold by 2050 as a consequence of published programs and strategies, as well as increasing steel production through the DRI-EAF process [165,166].



Primary steel manufacturing presently contributes 7% (3 Gt) of worldwide CO2 emissions from the energy and industrial sector, where hydrogen can substitute coking coal as the reducing agent. The direct electrolysis processes of CCU/S and iron ore are two deep decarbonization options that have reached pre-commercial scale technology maturity. Arcelor Mittal, BaoWu Steel, SSAB, and ThyssenKrupp are among the prominent steel companies that have established net zero emissions objectives for 2050, with hydrogen technologies identified as significant technology. Numerous pilot programs are also looking into the possibility of co-feeding hydrogen into existing blast furnaces to boost GHG efficiency during the changeover phase [167,168,169].



Long-distance shipping: A new ETC paper suggests that long-distance transportation might use hydrogen-based fuels, such as ammonia or methanol, burned in upgraded versions of current marine engines. The direct electrification of short-distance ferries and cruise ships may also utilize hydrogen as a fuel [120,170,171].



Long-distance aviation: Direct electrification is currently difficult to implement for long-distance flights. The most cost-effective method of decarbonization would probably require the deployment of a zero-carbon substitute for current jet fuel. The commercial aviation sector might need some synthetic “power to liquid” jet fuel if renewable fuels are limited. According to a recent assessment from ATAG (the Air Transport Action Group), synthetic fuels will dramatically grow over time. The EU is seriously debating a fuel directive to promote the establishment of sustainable aviation fuels (SAF) pathways. With modern planes, hydrogen may be directly utilized across shorter distances [172,173,174].



Power system balancing: Hybrid fuels are considered a significant interest in maintaining a seasonal balance and synchronous generators in power networks influenced by variable renewables (ETC clean electrification report). As long as a power source is more significant than the demand, electrolysis will generate hydrogen. When the demand surpasses the supply, it will be converted back to electricity (most likely via burning in gas turbines) [175,176].



Potential short-term but transitional applications: There are various possible short-term, transitional uses that might help reduce emissions from a high-carbon infrastructure, which will ultimately be phased out in a net zero economy in the forthcoming years [177,178]:




	⮚

	
Co-firing ammonia in coal power plants: Co-fired ammonia power stations will only be viable in countries with significant restrictions on renewable electricity supply. In Japan, coal-fired ammonia power plants are now being tested. The use of ammonia as a co-product should not postpone the closure of coal-fired power facilities [179,180,181].




	⮚

	
Co-firing hydrogen in gas power stations: Hydrogen and modern turbines can use up to 50% hydrogen with low capital expenditure. To achieve the full decarbonization of the electricity industry, either modern turbines’ capability of utilizing 100 percent hydrogen or carbon capture and storage (CCS) foundation will need to be deployed. (ETC clean electrification report) [180,182].




	⮚

	
Co-feeding hydrogen in steel blast furnaces: Co-feeding hydrogen into steel blast furnaces, ammonia plants, and refineries can significantly speed up the early stages of green hydrogen commercialization. Regrettably, only tiny amounts of clean and benign hydrogen can be co-fed before more significant adjustments to the asset are needed [183,184,185].




	⮚

	
Incorporating a minimal amount of hydrogen with available natural gas grids: Incorporating a modest amount of hydrogen into an existing transmission infrastructure stimulates the early demand for zero-carbon hydrogen and reduces the carbon severity of methane usage. Steel pipe stress corrosion cracking and the necessity of modifying or replacing appliances will probably restrict this mixing to 5–20 percent by volume. Higher gas quantities necessitate extensive gas grid and appliance retrofits (including up to 100 percent). Low-level hydrogen merging in the grid would significantly impact industrial consumers of natural gas (e.g., the petrochemical sector) since it reduces the quality of the natural gas raw material [186,187,188].









Potential Practical implications: Where relative benefits vs. alternative decarbonization possibilities are currently unknown as electricity generation continues to improve, and technical/cost breakthroughs that might affect their economic viability with hydrogen are probable but typically not included:




	⮚

	
Long-distance transportation: Trains, buses, and forklift trucks are examples of long-distance transport. Electric vehicles (BEVs) can compete with hydrogen FCEVs for a wider variety of distances and sizes because of dramatic price reductions in lithium-ion batteries and continuous advances in battery energy density and charging times. This is a particular advantage for business strategies and distribution channels that provide overnight charging facilities and highly suited for this product. However, FCEVs could play a pivotal role in the long-distance transportation sector only when trucks infrequently return to terminals overnight in regions where high-capacity charging outlets cannot be provided, or for energy-intensive applications (e.g., high loads, refrigerated trucks) [189]. In addition, hydrogen-powered trains may be used for long-distance rail networks where overhead electricity is unaffordable to provide. Hydrogen-powered forklifts can compete with battery-electric vehicles (BEVs) in various applications because their (a) lower temperature tolerance is higher and (b) BEVs recharge at a quicker rate than conventional vehicles. Similarly, hydrogen could be used for high-capacity mining machinery and trucks and airport auxiliary services. [190,191].




	⮚

	
Residential heating Systems: There are several factors to consider when decarbonizing residential heating. Electricity (especially if heat pumps are used) is almost always more productive (by up to five or six times) and less expensive than piping hydrogen into hydrogen boilers in recently constructed and renovated buildings. The use of hydrogen fuel burning could be a decarbonization solution in places where natural gas is generally used for heating and direct electricity is not available (e.g., owing to inadequate building insulating material). However, this would cost a lot of money in a committed hydrogen power system and require renovating or replacing existing natural gas grids. It could suffer severe public opinion and safe operation complexities [192,193,194].




	⮚

	
Hydrogen for short-duration power backup at specific energy-intensive sites: As a backup power supply for certain energy-intensive facilities, hydrogen may be more cost-effective than a fuel cell to power data infrastructure in the event of power disruptions. Batteries will probably be the most cost-effective choice for shorter storage timeframes (e.g., less than 4 h), as economies of commercial scale in the EV industry will encourage further cost savings and improved efficiency. Sustainable hydrogen substitutes may be a better option as a long-term backup plan, rather than a more pricy diesel power generators [195,196,197].




	⮚

	
Industrial utilization of high-temperature heat: For example, manufacturing cement demands high temperatures of above 1000°C. The direct electrification of this heat may be conceivable in the future, although ongoing efforts are only at TRL 4 (Technical Readiness Level). Cement manufacturing in the UK now employs bioenergy in 17 percent of the process, but the overall sustainable biomass supply is expected to be restricted (ETC bio-economy report). Cement manufacturing may be better served by using fossil fuels associated with CCS (which will be necessary to collect cement process emissions in any event) than hydrogen, which may potentially be used to achieve extremely high temperatures, according to a number of studies. However, the accurate and consistent balance between direct electricity and hydrogen in these industries is unknown. Technical improvement is necessary for both pathways in other high-temperature heat processes (e.g., furnaces, boilers, burners in refineries, glass, ceramics industry) [198,199,200,201].




	⮚

	
Manufacturing of plastics and other chemicals: Hydrogen might be used in novel production methods for plastics and chemicals, such as in methanol-to-olefin (MTO) and methanol-to-aromatics (MTA). The use of long-term CO2 sources will be necessary for these procedures (e.g., derived from direct air capture or sustainable biomass). More efficient decarbonization alternatives may include a mix of more extensive recycling (which reduces the requirement for primary plastic manufacturing) and the direct use of bio feedstocks (if accessible since there is a limited sustainable supply) [202,203,204].









Pharmaceutical applications: Hydrogen’s widespread use extends to the pharmaceutical business, where it is used to produce certain medications [205,206]. Hydrogen may be used to make hydrogen peroxide, table sugar, and hydrochloric acid, all of which are employed in the pharmaceutical industry. In the pharmaceutical sector, hydrogen peroxide is a transparent liquid frequently recognized as a critical chemical and oxidant [207]. The anthraquinone auto-oxidation technique produces a colorless and odorless liquid [208,209]. Hydrogen, air, and anthraquinone are all raw components in this synthesis. In a perpetual cycle, hydrogenation, filtration, oxidation, and extraction occur after each other. The antimicrobial, anti-infective, and biocidal properties of hydrogen peroxide make it a popular choice [210,211]. Hydrogen peroxide can be utilized in the industry as an oxidizing agent for long-term oxidation processes. It has been demonstrated in biomedical sciences that hydrogen peroxide is a more impactful oxidant than the more hazardous oxidants (e.g., chromates and hypochlorite) [212]. Increasingly, the use of hydrogen as a therapeutic medicinal gas has received research attention in medical sciences. Iida et al. described using molecular hydrogen to alleviate reperfusion or reoxygenation injuries [213,214]. Anorexia-induced tissue damage, also known as ischemia-reperfusion injury, occurs when blood flow is interrupted for a brief period. Hydrogen has been found to have anti-inflammatory, anti-allergenic, and anti-apoptotic properties in biomedical research (i.e., programmed cell death) [215]. The use of hydrogen in the treatment of rheumatoid arthritis, brain stem infarction, diabetes mellitus, neurodegenerative illnesses, cancer, and exercise- or sports-induced oxidative stress are among the other therapeutic applications of hydrogen that have been established [216,217,218,219,220,221,222,223,224]. Hydrogen is a physiological and metabolic regulating component that regulates protein phosphorylation and gene expression [225]. Hydrogen might be given as an antioxidant by injecting a hydrogen-saturated saline solution, breathing hydrogen gas, drinking or swimming in hydrogen-dissolved water, or stimulating intestinal bacteria to produce hydrogen [226,227].




7. The Current Situation of National Hydrogen Plans across the World


Throughout its almost 100-year history, The World Energy Council has been at the forefront of global, regional, and national energy discussions, promoting ideas and pushing meaningful measures throughout the world to attain the advantages of clean energy for everyone. The first and only genuine global member-based energy network, the Council brings together more than 3000 organizations from nearly 90 countries, including government agencies, private and public enterprises, academics, and new system influencers. As an international energy transformations forum, the Council, brings together the world’s most knowledgeable professionals in the energy industry to catalyze and enlighten global energy policy discourse, generate influence, and drive practical action. The World Energy Council’s objective, with EPRI and PwC, is that the research on energy will provide a solid insight into the worldwide advances in the use of hydrogen. A major Development Perspectives Briefing on Hydrogen was issued in July 2021 to launch a multi-stakeholder, global community debate on the role of hydrogen in modernization.



Though only in its initial phases, there is a growing worldwide involvement and endorsement of the “hydrogen economy”. The nationwide hydrogen plans of 12 countries and the EU have been released, with nine plans coming out in the last year. More than a dozen nations have plans in place to disclose their policies by 2021, indicating a growing level of awareness on the part of governments, which might help to encourage such plans (Table 6). Hydrogen policies in a few nations have had a significant impact. Japan’s initial commitment to the Asian–Pacific area sparked interest in the region, with South Korea and Australia soon moving ahead. Germany was an early adopter of the EU hydrogen plan and served as EU president at this time. Chile has made rapid progress in Latin America, and several of its neighbors are also formulating their plans.




8. Expected Difficulties and Enabling Factors


The unique properties of hydrogen make it an attractive alternative for future use as a fuel. Hydrogen is an energy carrier similar to electricity that may be utilized to ‘charge’ batteries in the same way that electricity can (comprised of fuel cells). However, it is very volatile and produces an excess of heat when ignited. Chemicals with such properties can be stored in tanks or pipelines for a prolonged period. In numerous ways, it is similar to fossil fuels. At the same time, hydrogen is distinguishable from the rest of the energy supply chain. Despite the fact that much of the hydrogen technology is already in existence, hydrogen value chains are still in their immaturity. The hydrogen technology that we now have is not groundbreaking, and hydrogen has been around for decades. However, as emerging technologies are anticipated, new concepts, procedures, and approaches will be required to meet energy demands. According to survey reports, current hydrogen objectives are underestimating the restrictions and difficulties of implementation. Infrastructure and affordability are two of the most significant roadblocks, with the correct legislation, followed by the carbon price, regarded as the most effective enablers. Establishing the hydrogen economy will also require demonstrating the framework of risk management (see Table 7) [229,230,231].



Investing in infrastructure and resources to support our objectives: Hydrogen for commercial-scale implementation is being pursued by governments and industries across a wide range of sectors, including energy storage, transportation, buildings, and the private sector. Hydrogen production, transportation, storage, distribution, and integration into the overall energy system require a broad range of sufficient infrastructure. The hydrogen economy has a significant impact on energy transition. It must be commercially constructed, cheap and convenient [232,233]. The lack of progress in infrastructure is a significant obstacle to developing the hydrogen economy. The underinvestment in hydrogen infrastructure is a substantial source of concern for potential investors. People are not currently investing in or participating in hydrogen-related activities because of inadequate infrastructure. There may be certain exceptions to this trend regarding natural gas delivery. A large amount of money would have to be invested in repurposing natural gas for hydrogen production. Because of this, there is growing confidence that it can be efficiently accomplished [234,235].



Safe and secure systems for hydrogen storage: Establishing the hydrogen economy will require a high level of safety by addressing a list of problems that might hinder growth in the hydrogen economy. Globally approved hydrogen regulations and suggested methodologies need to be followed, which are essential for safety management. Safety must be at the forefront of hydrogen initiatives in the event that hydrogen is widely implemented in residential care and for modern innovations outside of existing industrial usage. Industry and authorities must establish stringent safety guidelines for each individual use case, just as they would for other possibly harmful compounds [236,237,238].



The expense of downscaling: Despite the need for increased infrastructure, the price of green and blue hydrogen must be reduced. One of the main cited disadvantages is the high cost of producing low-carbon hydrogen, which is now prohibitively expensive. All the way from manufacturing to distribution and utilization, commercialization is the only means of lowering operational costs. Hydrogen producers and consumers must work together in agreement, without competing with each other in price reductions. Energy demand must be addressed in most economies, where a considerable portion of infrastructural development is designed to allow humanity to keep running on green hydrogen, aside from regulations and laws. Even more troubling, it is impossible to use the renewable electricity generated by wind and solar farms throughout the economy. Assuming that significant technical advances are achieved, hydrogen will soon become the dominating fuel for technological advancements and worldwide transportation [239,240,241].



Regulations are a deciding factor: The final dangers that firms confront in a hydrogen economy is policy shifts or a lack of appropriate legal frameworks. Whenever the question is asked of which factor would be most critical between now and 2030 in enabling a viable hydrogen economy, regulations are in first place. Practical, reliable, and encouraging policies are required for the hydrogen economy to flourish. Presently, legal frameworks may hinder hydrogen commercialization. Not only are there rules that directly control hydrogen, but there are also professions where hydrogen might be employed or industries that might promote hydrogen generation.



Proposals for advancing the hydrogen economy: The Government’s intentions and policies are typically the driving force behind the legislation. There are initiatives to increase hydrogen production and/or utilization in a wide range of nations and regions, including the US, South Korea, Australia, Canada, Chile, Finland, France, Germany, Japan, the Netherlands, Norway, and Portugal. It is very helpful to have clear policy frameworks that are explicit on long-term targets. In business choices that promote hydrogen investment, additional certainty is provided, for example, by EU objectives [242,243].




9. Future Direction and Suggestions


Hydrogen is a viable alternative energy source that does not emit any carbon. Hydrogen is an excellent choice for a carbon-free society and for assisting in the process of hydrogenization (the use of hydrogen as a major energy source). Each hydrogen generation method has its own unique set of requirements and activities to overcome these limitations. Many alternative hydrogen production methods will be employed for diverse purposes. No one technology can achieve all of the objectives in order to reach optimum, dependable, inexpensive, clean and efficient hydrogen production targets.



	⮚

	
Long-term, reliable policies adoption to encourage novel technologies and market growth: Government funding for research and development should attempt to adopt improved renewable and low-carbon emission approaches, as well as carbon dioxide capture and sequestration technology.




	⮚

	
Advanced separation and purification technologies: In multifuel gasifiers, oxygen plants are a high-cost component; reducing this cost would contribute to the overall economic development of hydrogen generation. The purification of hydrogen produced by dispersed innovators, such as those found in homes or automobile filling stations, must be compact, low-cost, and have a high efficiency. Even though specific purification methods operate efficiently at massive commercial facilities, scaling them down to the required level for distributed generation is typically challenging.




	⮚

	
Impactful reforms: It is possible to supply hydrogen to several initial fleets and major retailers using modest reformers that operate on natural gas, propane, or methanol. Enhanced dependability, extended catalyst life, and interactions with storage systems and fuel cells are all areas where the technology may be improved.




	⮚

	
Improved and low-priced electrolyzers: There must be a major emphasis on reducing the price and enhancing the productivity of electrolyzers, which are suitable for distributed energy resources and might provide emerging and growing market possibilities. More extensive knowledge of high-temperature and pressure electrolysis should decrease the price of electrolysis, which is more expensive than thermal manufacturing.




	⮚

	
Innovative carbon-free renewable energy sources: Photolytic methods employ sunlight to split water and generate hydrogen, possibly saving money and increasing efficiency.




	⮚

	
Improved nuclear energy technologies for hydrogen production: Identifying and developing cost-effective techniques for generating hydrogen by utilizing nuclear energy. Prospective nuclear plant models may feature thermochemical water splitting employing improved nuclear plant energy.




	⮚

	
Novel methods for CO2 capture: A low-cost method of sequestering carbon dioxide would allow for large-scale hydrogen generation with zero-carbon emissions.




	⮚

	
Advanced hydrogen generation technologies: It will be more cost-effective to combine manufacturing technology with other parts of the hydrogen framework, such as commercial applications. Market interest might be stimulated by highlighting safety and other advantages in such presentations.







Academic, government and business cooperation must be persistent and adaptive to innovative research and invest in hydrogen energy systems that lead to greener future outcomes. Academically advanced technologies, practical government commitment, and lawmaking backing, combined with worldwide investments from public and private enterprises, are essential for long-term success. Figure 14 demonstrates the concept of hydrogen energy systems used in a greener future Japanese society from manufacturing to end-users. The future of hydrogen energy systems’ existence is more likely to be built on more sustainable forms of energy and raw materials (such as sun and water).




10. Conclusions and Outcomes


The main objective of this paper is to comprehend the significance of hydrogen in futuristic energy systems, its conceivable implementations, and proposed solution to specific issues associated with the widespread utilization of hydrogen energy systems. This article also aims to stimulate substantial funding in the infrastructure, modernization, construction, and assessment of innovative hydrogen energy systems. The development of hydrogen energy systems is increasing, as seen by the historical shift in fuel consumption. When wood-burning technologies were phased out because of industrialization, hydrogen content as a fuel continued to rapidly increase. Coal was increasingly replaced by lighter fossil fuels, such as oil and subsequently natural gas. The eventual objective is to reduce GHG emissions by eliminating the overall carbon content in fuels. By virtue of its extremely high GF (global warming potential), hydrogen is strong enough to support both current and future energy systems. In the present state of things, more than 90 percent of worldwide hydrogen generation is derived from fossil fuels for energy and raw materials. This proportion must be minimized as much as possible so that fossil-fuel-related GHG emissions are eliminated or reduced. Hydrogen-powered ammonia generation is currently the leading industry. Hydrogen is also consumed in substantial quantities by the chemical and refinery sectors. By developing a whole range of hydrogen energy systems, including production, distribution and usage, and public acceptability, the hydrogen industry’s energy sector is predicted to become its most important component in near future. Due to its wide range of applications in the energy sector (fuel cells), fuel processing/upgrading, pharmaceutical, and metallurgical sectors, growth for hydrogen continues to dramatically increase. When it comes to the energy industry, hydrogen can be utilized as a significant fuel, in power-to-gas systems, in the formation of liquid fuels and higher alcohols, aviation fuels, and the diversification of crude oil or bio-oil. Hydrogen is regarded as a promising alternative for the development of next-generation biofuels and an essential component of the world’s energy future. Hydrogen is used for medical imaging, spectroscopy, and drug discovery in the pharmaceutical industry. In metallurgical processes, hydrogen consumption in the oxy-hydrogen sparks derived from welding and cutting metals has been extensively documented.



Hydrogen production technologies must be improved and expanded through research, development, and experimentation. Efforts to reduce manufacturing costs, maximize productivity, and establish carbon sequestration methods are needed. Improved strategies are required for fundamental hydrogen generation and uniformly distributed hydrogen production. SMR, multifuel gasifiers, water electrolysis, PEC electrolysis, biological technologies, and advanced techniques, such as biomass pyrolysis and nuclear thermochemical water splitting, should emphasize initiatives. On the other hand, global energy projections must accept that they cannot accurately portray future energy systems since they do not include all of the necessary minute elements and complexities. Much more transparency about the techniques and input assumptions underlying energy projections are required so that the consequences of the outcomes may be appropriately comprehended. Simulations designers should also strive to regularly improve their practices, drawing on results from other sources. The impact of emerging innovations in future energy systems may be explored in various ways, including phenomenological possibilities and more comprehensive energy system modeling in lower domains. This exploration should be taken into consideration.



Sustainable energy systems are required on a worldwide platform to establish economic stability and living standards. These systems must satisfy the competing needs for excess production and better energy safety, while maintaining necessary elements, minimizing impacts on ecosystem human health, and preventing pollution. Hydrogen and hydrogen energy systems are well-established as a strategic technology to achieve these goals. Based on the findings of this comprehensive research, hydrogen energy systems have the potential to produce win–win opportunities for both public and commercial parties. After governmental rewards and private initiatives to promote and grow the key markets, the stationary power generation and transportation sectors, are implemented, it is anticipated that the advantages will start to become significant and widespread. This should be carried out in a fair manner that considers the most cost-effective usage of the alternative primary energy sources and energy carriers that are currently available.



Additionally, there are obstacles related to hydrogen storage, distribution, and transportation that negatively influence the widespread utilization of hydrogen as a transmitter and vector of energy. As a result of its high combustibility and exothermicity, hydrogen storage systems must fulfill strict regulatory standards. Several factors limit the practical utilization of hydrogen in passenger or heavy-duty vehicles, such as hydrogen’s high gravimetric and volumetric density. Hydrogen production, distribution, and uses might be commercialized if sophisticated hydrogen synthesis and storage techniques are developed.
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Figure 1. Illustration of the hydrogen relationship between supply chain and demand with corresponding potential sources. 
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Figure 2. Hydrogen production technologies. 






Figure 2. Hydrogen production technologies.



[image: Energies 15 04741 g002]







[image: Energies 15 04741 g003 550] 





Figure 3. Current and future industrial applications of hydrogen. 
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Figure 4. Variety of fuel signifiers that provide information about how fuel affects the environment, and its performance are discussed in impact factors such as Greenization factor (GF), hydrogen content factor (HCF), and environmental impact factor (EIF) of various fuels. The corresponding lines indicate that with increasing hydrogen content (HCF), the energy sources become greener (increasing GF) and the environmental impact (EIF) decreases. (Reprints from [46]. Copyright (2022), with permission). 
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Figure 5. Comparison of the storage capacity of hydrogen liquefaction in accessible containers with that of hydrogen storage systems based on various materials (Reprints from [51,52]. Copyright (2022), with permission). 
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Figure 6. The yearly increase in the global demand for hydrogen since 1975 (Reprints from [43]. Copyright (2022), with permission). 
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Figure 7. (a) OER linear sweep voltammetry (LSV) curves for as-prepared samples of IrO2, CF, Cu2O@CF, Ni-NiO@Cu2O@CF, Co-CoO@Cu2O@CF, and NiCo-NiCoO2@Cu2O@CF electrodes in alkaline media. (b) Corresponding Tafel plots. (c) LSV curves for OER stability test (2000 cycles), inset is OER time dependence of current density under a constant overpotential at 327 mV of NiCo-NiCoO2@Cu2O@CF without stirring. (d) HER LSV curves for as-prepared samples of Pt/C, CF, Cu2O@CF, Ni-NiO@Cu2O@CF, Co-CoO@Cu2O@CF, and NiCo-NiCoO2@Cu2O@CF electrodes in alkaline media. (e) Corresponding Tafel plots. (f) LSV curves for HER stability test (2000 cycles), inset is HER time dependence of current density under a constant overpotential at 133 mV of NiCo-NiCoO2@Cu2O@CF without stirring. (Reprints from [36]. Copyright (2022), with permission). 
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Figure 10. By 2050, the government has set goals for possible hydrogen use to attain net zero-carbon emissions. Ammonia, on the other hand, is utilized as a feedstock for hydrogen synthesis (Reprints from [114]. Copyright (2022), with permission). 
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Figure 11. Various potential applications of hydrogen (Reprints from [121]. Copyright (2022), with permission). 
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Figure 12. Benign ammonia production with possible current and future applications (Reprints from [132]. Copyright (2022), with permission). 
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Figure 13. ECFORM electrolysis reactor (Reprints from [157]. Copyright (2022), with permission). 
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Figure 14. In Japan, hydrogen-powered communities are imagined in the future (Reprints from [244,245]. Copyright (2022), with permission). 
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Table 1. Hydrogen properties (Reprints from ([39]. Copyright (2022), with permission).
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	Properties
	Value
	Units





	Molecular weight
	2.0159
	amu



	Triple point pressure
	0.0965
	atm



	Triple point temperature
	13.803
	K



	Normal boiling point (NBP)
	20.268
	K



	Critical pressure
	12.795
	Atm



	Critical temperature
	32.976
	K



	Density at critical point
	0.0324
	g/mL



	Density of liquid at triple point
	0.077
	g/mL



	Density of solid at triple point
	0.0865
	g/mL



	Density of vapor at triple point
	0.0001256
	g/mL



	Density of liquid at NBP
	0.0708
	g/mL



	Density of vapor at NBP
	0.000134
	g/mL



	Density of gas at normal temperature and pressure (NTP)
	0.000083746
	g/mL



	Density ratio: NBP liquid to NTP gas
	845
	-



	Heat of fusion
	58.23
	J/g



	Heat vaporization
	445.59
	J/g



	Heat of sublimation
	507.39
	J/g



	Heat of combustion (to steam at 100 °C)
	119.93
	MJ/kg



	Heat of combustion (to water at 0 °C)
	141.86
	MJ/kg



	Specific heat (Cp) of NTP gas
	14.89
	J/g K



	Specific heat (Cp) of NTP liquid
	9.69
	J/g K



	Specific heat ratio (Cp/Cv) of NTP gas
	1.383
	-



	Specific heat ratio (Cp/Cv) of NBP liquid
	1.688
	-



	Viscosity of NTP gas
	8.75 × 10−5
	g/cm s



	Viscosity of NBP liquid
	1.33 × 10−4
	g/cm s



	Thermal conductivity of NTP gas
	1.897
	mW/cm K



	Thermal conductivity of NBP liquid
	1
	mW/cm K



	Surface tension of NBP liquid
	1.93 × 10−3
	N/m



	Dielectric constant of NTP gas
	1.00026
	-



	Dielectric constant of NBP liquid
	1.233
	-



	Index of refraction of NTP gas
	1.00012
	-



	Index of refraction of NBP liquid
	1.11
	-



	Adiabatic sound velocity of NTP gas
	1294
	m/s



	Adiabatic sound velocity of NBP liquid
	1093
	m/s



	Compressibility factor (z) of NTP gas
	1.0006
	-



	Compressibility factor (z) of NBP liquid
	1.712 × 10−2
	-



	Gas constant (R)
	40.7037
	mL atm/g K



	Isothermal bilk modules of NBP liquid
	50.13
	MN/m3



	Volume expansivity of NBP liquid
	1.658 × 10−2
	



	Limits of flammability in air
	4–75
	vol%



	Limits of detonability in air
	18.3–59
	vol%



	Stoichiometric composition in air
	29.53
	vol%



	Minimum energy for ignition in air
	0.02
	MJ



	Auto ignition temperature in air
	858
	K



	Hot air jet ignition temperature
	943
	K



	Flame temperature I air
	2318
	K



	Thermal energy radiated from flame
	17–25
	%



	Burning velocity in NTP air
	265–325
	cm/s



	Detonation velocity in NTP air
	1.48–2.15
	km/s



	Diffusion coefficient in NTP air
	0.61
	cm2/s



	Diffusion velocity in NTP air
	2
	cm/s



	Buoyant velocity in NTP air
	1.2–9
	m/s



	Maximum experimental safe gap in NTP air
	8 × 10−3
	cm



	Quenching gap in NTP air
	4.6 × 10−3
	cm



	Detonation induction distance in NTP air
	100
	cm



	Limiting oxygen index
	5
	vol%



	Vaporization rate of liquid pools
	2.5–5
	cm/min



	Burning rate of spilled liquid pools
	3.0–6.6
	cm/min
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Table 2. Comparison of the energy contents among several fuels.
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	Fuel Energy Content (MJ/Kg)
	Fuel Energy Content (MJ/Kg)





	Hydrogen
	120



	Liquefied natural gas
	54.4



	Propane
	49.6



	Aviation gasoline
	46.8



	Automotive gasoline
	46.4



	Automotive diesel
	45.6



	Ethanol
	29.6



	Methanol
	19.7



	Coke
	27



	Wood (dry)
	16.2



	Bagasse
	9.6
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Table 3. Catalysts doped with LiBH4 have shown hydrogen storage characteristics (Reprints from [58]. Copyright (2022), with permission).
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	Catalysts
	Onset Desorption Temperature (°C)
	Main Desorption Temperature (°C)
	Desorption Capacity (wt%)
	References





	LiBH4@CA@CoNiB
	192
	350
	9.33
	[59]



	LiBH4–Ni–TiO2@CA
	-
	350
	6.75
	[60]



	20 wt% Ni/G-doped LiBH4
	180
	275, 465
	15.2
	[61]



	10 wt% Pt/G-doped LiBH4
	230
	290, 480
	13.7
	[62]



	10 wt% Pt/C-doped LiBH4
	280
	430
	16.3
	[63]



	LiBH4-(Ac-carbon)
	277
	380
	7.1
	[64]



	LiBH4-ACNFs
	274
	350
	11.7
	[65]



	LiBH4 + mulberry-like CoB
	170
	350
	10.4
	[65]



	LiBH4/Ni-TNT(2)
	100
	260
	11
	[66]



	LiBH4–33 wt% Li3BO3
	105
	450
	4.12
	[67]
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Table 4. Overview of the studied electrocatalysts for HER effectiveness.
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	Catalyst
	η@10 mA/cm2 (mV)
	Tafel Slope
	Electrolyte
	Reference





	Ni-Cr@CF
	144
	88
	1M KOH
	[38]



	Co/WC@NC
	158
	95
	1M KOH
	[80]



	Ni-Mo-Cu
	240
	200
	6M NaOH
	[81]



	RuSe2/CNTs)
	48
	80
	1M KOH
	[82]



	Cu@N-CNT/CF
	123
	83
	1M KOH
	[83]



	NiCo-nitride
	74
	67
	1M KOH
	[82]



	Cu/Cu2O, Cu
	130–260, 300–400
	60–80, 200–300
	Neutral, Acid/Alkaline
	[84]



	Ru55@CN
	31
	39
	1M KOH
	[82]



	NiCoP@Cu3P/CF
	54–263
	72–110
	1M KOH
	[85]



	Sulfured-CuCo2O
	154
	180
	0.1M NaOH
	[86]
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Table 6. An overview of hydrogen production strategies launched by countries (World Energy Council; 2021) (Reprints from [228]. Copyright (2022), with permission).
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Global Policy Discussions, Official Statements, Initial Demonstration Projects

	
Strategies in Preparation

	
Strategies Available






	
Africa

	
Cape Verde Burkina Faso

	
Mali

Nigeria

	
South Africa

Tunisia

	
Egypt

Morocco

	




	
Asia

	
Bangladesh

	
Hong Kong China

	
India

	
China

New Zealand

Singapore

Uzbekistan

	
Australia (2019)

Japan (2017)

South Korea (2019)




	
Europe

	
Bulgaria Croatia Czech Republic Denmark Estonia

Finland Georgia

	
Greece

Iceland

Latvia

Lithuania Luxembourg Malta

	
Romania

Serbia

Slovenia

Switzerland Turkey Ukraine

	
Austria

Belgium

Italy

Poland

Russian Federation Sweden

Slovakia

United Kingdom

	
European Union (2020)

France (2020)

Germany (2020) Netherlands (2020) Norway (2020)

Portugal (2020)

Spain (2020)

Hungary (2021)




	
Latin America and the Caribbean

	
Argentina Bolivia

Costa Rica

	
Panama Paraguay

	
Peru

Trinidad and Tobago

	
Brazil

Columbia

Uruguay

	
Chile (2020)




	
Middle East and Gulf States

	
Israel

	
United Arab Emirates

	
Oman

Saudi Arabia

	




	
North America

	
Mexico

	
United State of America

	

	
Canada (2020)
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Table 7. The involvement of high-impact risk factors in a fast hydrogen economy, robust factors for targeted zero-carbon achievement by the year 2030, and reasons for commercial approach and interest from private organizations.
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	Major Risk Factors in the Fast-Developing Hydrogen Economy
	Involvement of Robust Factors of Hydrogen Economy for Zero-Carbon Achievement in 2030
	Lack of Interest from Private Sector Organizations to Invest in Innovative Hydrogen Projects





	
	❖

	
High cost of benign hydrogen production




	❖

	
Continuous changes in regulation or lack of required legislative frameworks




	❖

	
Poor infrastructure for hydrogen investment




	❖

	
Poor support for investment in advanced technology and innovation




	❖

	
Lack of government policies and legal consent in research projects




	❖

	
Failure in transmitting commercial-scale green hydrogen production.




	❖

	
Safety problems




	❖

	
Lack of skills development




	❖

	
Innovation in durable and higher charge storage batteries






	
	❖

	
New regulation implementation




	❖

	
Carbon pricing




	❖

	
Innovation in low-cost electrolyzers




	❖

	
Launching clear targeted hydrogen strategies and road maps




	❖

	
Government-funded projects guideline




	❖

	
Globally accepted hydrogen standards and recommended practices




	❖

	
Larger-scale, lower-cost CCS




	❖

	
Environmental, social, and governance focused investment




	❖

	
Private sector innovation




	❖

	
Free market forces






	
	❖

	
Poor hydrogen framework




	❖

	
Lack of technical expertise related to hydrogen




	❖

	
Lack of opportunities to enter the hydrogen market




	❖

	
Better prospects in other energy industry investments




	❖

	
Hydrogen is not an effective or efficient way to decarbonize energy




	❖

	
Not a viable/profitable business strategy




	❖

	
Lack of government subsidies/support for hydrogen




	❖

	
Financial risks are too high




	❖

	
Insufficient demand for hydrogen




	❖

	
Asset prices (and valuations for hydrogen companies) are too high




	❖

	
Insufficient supply of hydrogen
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