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Abstract

:

To reach climate neutrality by 2050, a goal that the European Union set itself, it is necessary to change and modify the whole EU’s energy system through deep decarbonization and reduction of greenhouse-gas emissions. The study presents a current insight into the global energy-transition pathway based on the hydrogen energy industry chain. The paper provides a critical analysis of the role of clean hydrogen based on renewable energy sources (green hydrogen) and fossil-fuels-based hydrogen (blue hydrogen) in the development of a new hydrogen-based economy and the reduction of greenhouse-gas emissions. The actual status, costs, future directions, and recommendations for low-carbon hydrogen development and commercial deployment are addressed. Additionally, the integration of hydrogen production with CCUS technologies is presented.
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1. Introduction


The European Union set itself a goal to reach climate neutrality by the year 2050 through deep decarbonization and higher reduction of greenhouse-gas emissions [1]. To achieve climate neutrality by the year 2050, it is necessary to transform and modify the EU’s energy system. It is estimated that the EU’s energy system is accountable for about 75% of the EU’s greenhouse-gas emissions [2].



The EU Strategy for Energy System Integration [3], the report published by the EU Commission in 2020, provides assumptions and objectives for the energy transition. The current EU energy-consumption model for different sectors of the economy, with particular value chains, infrastructure development, planning procedures, and modes of operations, is not cost efficient and will not allow for obtaining climate neutrality by 2050. New innovative solutions and links between all of the economy’s sectors must be created and integrated into the new energy system. This new integrated system should be considered as a whole, connecting different energy-infrastructure facilities with different energy carriers and different energy-consumption sectors.



In this integrated energy system, hydrogen plays a primary role as an energy source and storage for different energy flows. The EU Hydrogen Strategy [4,5] conveys how to take advantage of hydrogen’s potential through proper investments, relevant regulations, market development, research, and innovations.



The main preference of the EU Hydrogen Strategy is the development of clean hydrogen (green hydrogen) using renewable energy. Currently, hydrogen production methods based on thermo-chemical and electrolysis processes have a promising future, especially when integrated with a Generation IV nuclear power reactor [6,7]. However, in the transition period, hydrogen based on fossil fuels (blue hydrogen) will be also used to decrease emissions and develop a manageable market.



The EU Hydrogen Strategy presents a three-step plan [4], starting with six gigawatts of electrolyser capacity to produce one million tons of green hydrogen up to 2024. By 2030, the EU plans for the installation of 40 gigawatts of electrolysers capacity to produce up to 10 million tons of green hydrogen. In the third step, in the years 2030 to 2050, the deployment of mature renewable hydrogen technologies at a large scale across all EU economy sectors will be realized.



According to these plans, the constructed electrolysers will be used for the production of renewable green hydrogen; then, local hotspots will be connected for end users as so-called “hydrogen valleys” joined into a large European hydrogen infrastructure. Lastly, mature clean hydrogen technologies will be deployed and utilized at a large scale [3].



To support this strategy, the EU Commission will introduce appropriate policy, common standards, energy legislation, support investments, logistical networks, and the necessary infrastructure in line with the EU’s sustainable development.



Hydrogen has received growing worldwide attention as an exclusive clean-energy solution with many potential applications in the industry, power, and transportation sectors as an energy carrier, storage media, and feedstock. Hydrogen is a carbon-free carrier; when used, it does not emit any pollution and is considered an important solution for the decarbonization of different economic sectors, even those with hard-to-abate carbon emissions. Thus, hydrogen’s role is essential for the EU’s commitment to achieve carbon neutrality by 2050. However, hydrogen is a leak-prone and indirect greenhouse gas, with a global warming potential GWP of 5.8 over a 100-year time horizon. To be an effective climate solution, hydrogen must be produced cleanly and used wisely [8].



The necessity to reduce greenhouse emissions, together with technological developments in renewable energy, is an additional reason for hydrogen to be a priority in the clean-energy transition process. In the EU strategy published in 2018 [9], the projected part of hydrogen in Europe’s energy is to grow from 2% [10] to 13–14% by 2050 [11].



The Commission’s recovery plan [12] lays stress on clean hydrogen as an essential issue in the process of the energy transition. The planned investments in electrolysers, up to 2030, range between EUR 24 and EUR 42 billion. EUR 220–340 billion will be required to scale up and connect renewable energy production to the electrolysers. Modernization of existing power plants by coupling with CCUS technologies would require around EUR 11 billion. It is estimated that the storage, transport, and distribution of hydrogen will also need EUR 65 billion in investments [11,12]. Generally, the European investments by 2050 in renewable green hydrogen are about EUR 180–470 billion and, for low-carbon fossil-based blue hydrogen, EUR 3–18 billion [13]. As predicted, clean hydrogen may meet 24% of world’s energy requirements by 2050 [14].



The hydrogen energy industry chain contains hydrogen production, storage, transportation, and utilization. Meaningful research on the hydrogen energy chain is still required if hydrogen is to become a main component of the energy market [14].



This study presents a current insight into the global energy-transition pathway for sustainable development by means of hydrogen energy. Comprehensive information is provided on hydrogen production, storage, transportation infrastructure reliability performance and stationary applications. The novel technological directions and developments in hydrogen production, storage and utilization are discussed.



The paper introduces the actual status, possibilities, and challenges conveyed by the hydrogen economy and its development. The potentials of hydrogen production, storage, and distribution methods are described and categorized together with various end users based on the energy sources, available feedstock, and hydrogen utilization. Future directions and recommendations for low-carbon hydrogen development are analyzed.



This study also discusses the coupling and integration of hydrogen production from fossil fuels with CCUS technologies and presents recent efforts toward renewable hydrogen production and its important role in the decarbonization of different economic sectors to reach carbon neutrality by 2050.




2. Hydrogen’s Role in Global Energy Supply


In Table 1, the global share of energy supply in 2019 is presented. As can be seen, fossil fuels have the largest share, reaching 80.9%, followed by renewable sources with a share of 14.1% of the energy supply. The nuclear energy share of 5.0% is the smallest one [15].



In Figure 1, the global share of energy supply, electricity generation, and CO2 emissions for various energy sources in Canada are compared [16].



It can be seen that conventional energy sources, such as oil, coal, and natural gas, possess the largest share of CO2 emissions, electricity generation, and primary energy supply.



The main drawback of consuming conventional energy sources is the growing emission of greenhouse gases and increasing global warming. These environmental problems and extreme challenges are related to the depletion of natural resources and lead to the research of alternative energy sources, new energy carriers, and storage media. Hydrogen has been recognized as an exclusive carbon-free energy solution with many potential applications. Moreover, the existing infrastructure used for storage and transportation in the case of other chemical fuels can also be used for the transport and storage of hydrogen.



In Figure 2, the comparison of hydrogen’s lower (red) and higher (blue) heating values (LHV and HHV) [MJ/kg] with conventional fuels is presented. The data show that the hydrogen heating values are significantly higher in comparison with other fuels [17].



Liquid fuels represent portable energy carriers which are convenient and attractive applications for different energy production methods. In Table 2, a comparison of the energy densities of hydrogen, conventional liquid fuels and batteries is presented [18].



Hydrogen is a highly energetic fuel, with 33 kWh/kg. In comparison with Tesla battery storage 250–260 Wh/kg, hydrogen gravimetric energy density is about 126 times higher; however, its volumetric energy density is only 3 kWh/m3 at 1 bar and 20 °C. Although the hydrogen gravimetric energy density is very high, its liquid density is only 70.85 kg/m3 (at −253 °C), and its volumetric energy density is 2–5 times lower in comparison with conventional liquid fuels, Table 2.



Compared to gasoline, a hydrogen fuel tank should have 4–5 times higher volume and 10 times higher mass. Liquid hydrogen is an energetically ineffective option because of the low required storage temperature (about −253 °C). Almost 30–40% of its combustion heat is lost in the liquefaction process.



Additionally, hydrogen’s ability to penetrate and diffuse through various materials causes some problems with the storage of compressed hydrogen. For this reason, pressurized hydrogen should be stored in tanks capable of withstanding the pressure in the range from 17 MPa to 70 MPa. When weight matters, specially designed tanks made of carbon fibre coated with aluminium or special polymers are used instead of steel.




3. The Hydrogen Energy Industry Chain


Building and developing a carbon-neutral hydrogen economy will require a full hydrogen energy chain approach. Renewable and low-carbon sources should be defined. The hydrogen production efficiency, relevant infrastructure, storage, supply chains, and end users should be determined. The hydrogen market needs to be created by determining and estimating affordable costs for clean technologies and energy input from renewable sources.



3.1. Hydrogen Production and Utilization


Different conventional and renewable energy sources, technologies, and processes can be used for hydrogen production, which results in different costs, material requirements, and emissions. Depending on the energy source, hydrogen can be produced from conventional energy sources, such as natural gas, coal, oil, and nuclear power [19,20,21], or from renewable energy sources, such as solar [22], wind [23], biomass [24], geothermal [25], hydro [26], and ocean thermal energy conversion (OTEC) [27,28,29].



A comparison of hydrogen production methods is shown in Figure 3 for various energy sources and technologies [17].



Currently, hydrogen production is mainly based on nonrenewable resources, such as coal, oil, and natural gas [30]. About 95% of the produced hydrogen is based on fossil fuels, whereas hydrogen production from water using electricity and from biomass represents only 4% and 1%, respectively [31]. Hydrogen production is generally classified into three categories depending on conventional or renewable energy sources and other production methods, Figure 3. Hydrogen from renewable energy sources produced through a water electrolysis process is called green because, during the production process, it does not emit any gases. Hydrogen based on fossil fuels and produced commonly by steam methane reforming (SMR) is called grey because it generates a large amount of CO2 emissions and causes environmental problems. Coupling hydrogen production from coal and natural gas with the CCUS processes reduces or eliminates CO2 emissions and thus obtained hydrogen is called blue or low-carbon hydrogen. Green hydrogen is produced based on an electrolysis process powered by solar energy, wind energy, hydro energy, ocean thermal energy conversion, or biomass gasification. Black hydrogen is produced by coal gasification. A large amount of emissions is produced in this process and released into the atmosphere. Hydrogen produced by other methods or new technologies, in small amounts, includes white/purple/aqua hydrogen based on the natural form of H2 in underground deposits, in oceans and the air, on nuclear power, and new technologies [17,21]. Aqua hydrogen is a new technology for extracting hydrogen from oil sands. By injecting oxygen into underground oil sands, a partial oxidation reaction occurs, producing CO water and H2 and releasing heat. When the temperature rises above 350 °C, water is split into hydrogen and oxygen. Hydrogen is then extracted from the subsurface through permeable membranes, leaving CO2 and other unwanted gases in the reservoir. The aqua hydrogen technology is highly efficient; it does not emit CO2. It is a revolutionary technology promoting zero-carbon hydrogen technology in the case of hydrogen production from fossil fuels. However, it is now in the early phase of development [21,32].



As can be seen in Figure 4, the conversion of fossil fuels is currently the most used method worldwide for hydrogen production (96% of world hydrogen production) [33,34,35]. Natural gas reforming, methane partial oxidation, and coal gasification are the main sources of hydrogen production.



When fossil fuels are used for hydrogen production, large amounts of pollution are generated, which is not environmentally friendly [36]. Therefore, there is a necessity to shift hydrogen production towards low-carbon hydrogen. Linking natural gas reforming (SMR) with CCUS technologies is the reasonable way to decarbonize the EU energy system by 2050 in comparison with the all-electric approach [37]. From 80 to 90% of CO2 emissions can be removed using CCUS technologies [38]. The average carbon dioxide emission for natural gas reforming is about 9 kg CO2eq/kgH2. When natural gas reforming is integrated with CCS and 90% of carbon dioxide is removed, the average carbon dioxide emissions is 1 kg CO2eq/kg H2, respectively [39]. Investment costs of hydrogen production by the electrolysis of water are much higher than for hydrogen production from natural gas integrated with CCUS processes [40].



Current CCUS technologies allow for hydrogen production from natural gas at an industrial scale, which is especially important for economic sectors with hard-to-avoid emissions. There is a growing conviction in the EU that carbon capture, storage, and utilization technologies (CCUS) integrated with low-carbon hydrogen production will be an important element in the short-term transition towards a carbon-free economy [41,42]. There are today a few SMR projects coupled with CCUS under feasibility analysis: H-Vision in the Netherlands up to 0.6 Mt H2/year and Magnum in the Netherlands with demand for 0.2 Mt H2/year [43].



As an alternative technology for SMR, auto thermal reforming (ATR) is mentioned. ATR is cheaper as a result of more concentrated emissions and higher CO2 recovery rates compared to SMR. ATR technology is already used in ammonia and methanol production, and there are new projects that plan to use that technology.



Hydrogen produced by the electrolysis of water covers only 4% of the world’s hydrogen production. When the electricity is derived from renewable sources, the so-called power-to-hydrogen (P2H) concept of hydrogen production is called clean because greenhouse-gas emissions in this case are close to zero. Power-to-power (P2P) applications may use generated hydrogen for storage and reconversion into energy. The main developed electrolysis technologies today are alkaline electrolysis cells (AEC), proton exchange membrane electrolysis cells (PEMEC), and solid oxide electrolysis cells (SOEC). Taking into account the increasing environmental problems, renewable energy is the best alternative to conventional fossil fuels [44].



Unfortunately, the present hydrogen production covers only a small part of the global energy, which is still produced mainly from natural gas or coal [10], releasing only in the EU annually 70 to 100 million tons of CO2. To reach the target of climate neutrality, the production of hydrogen needs to be fully decarbonized and reach a far larger scale.



It is estimated [43] that current hydrogen production, about 75 Mt H2 each year, corresponds to more than 800 Mt CO2 annually. The average reported emissions for natural gas and coal are, respectively, 9 t CO2/t H2 and 20 t CO2/t H2.



Today, there are seven projects in operation which generate hydrogen from fossil fuels integrated with CCUS, yielding over 0.4 Mt H2 with the ability to capture about 6 Mt CO2 [43]. Retrofitting existing facilities with CCUS significantly diminishes emissions from these facilities and enables them to have a continued sustainable operation. Combining CCUS technology with fossils-based hydrogen production is currently less expensive than water electrolysis using renewable energy.



The transition from renewables to a clean hydrogen strategy is expensive and requires the employment of costly end-use technologies [45] as well as the high costs involved with market deployment [46]. Therefore, efforts should be undertaken to reduce the costs of hydrogen production with low or zero carbon dioxide emissions and a cost-effective way of generating hydrogen energy to foster green hydrogen production on a large scale [47].



The reduction of hydrogen production costs and carbon dioxide emissions is investigated by a number of researchers. Valente et al. [48] have come to the conclusion that hydrogen production should be based on renewable energy sources to reduce its environmental impact. Haghi et al. [49] show the advantages of underground hydrogen storage, namely the reduction of hydrogen cost and emission of greenhouse gases. Im-orb et al. [50] confirmed that the production of hydrogen through water electrolysis is clean technology. Similarly Mehrpooya et al. [51] stated that the electrolysis of water combined with renewable energy generation may be considered the most environmentally friendly technology for hydrogen production.



Yadav and Banerjee [52] analyzed high-temperature steam electrolysis to produce hydrogen using solar energy. They found out that this method is not competitive and needs the reduction of component costs. El-Emam and Ozcan [42] propose to use nuclear and geothermal energy to obtain cheaper electricity and low-cost hydrogen. Generally, low-carbon hydrogen production embraces both green hydrogen produced from renewable electricity and blue hydrogen produced from fossil fuels with the use of CCUS technologies to remove CO2 emissions. Green hydrogen as a clean technology is rapidly developing and is used worldwide in pilot and commercial-scale operations [53]. However, its costs are very high today, especially in comparison with fossil-based hydrogen [42,48]. In the case of blue hydrogen, the additional cost of CCUS technology is also high [54]. A promising new technology called aqua hydrogen was developed by Proton Technologies Canada Inc. This technology makes hydrogen production based on fossil fuels carbon free. It allows hydrogen extraction from conventional oil fields. What is important, in this case, is that fossil fuels may be used to produce zero-carbon hydrogen.



A comparative study on the environmental impact of hydrogen production methods depending on a renewable or a conventional kind of energy sources was presented in [55], and assessment of the life cycle for hydrogen production methods was discussed in [56].



Haris Ishaq et al. presented a detailed review concerning hydrogen production methods, storage, infrastructure, transportation, distribution, and utilization based on system design, costs, and efficiencies [17]. They studied natural gas reforming, coal gasification, water electrolysis, and the thermochemical Cu-Cl cycle.



A few large-scale projects for green hydrogen production are already running around the globe. Air Liquide [57] has the world’s largest green hydrogen plant (20 MW) in Quebec, Canada, yielding daily up to 8.2 tons of green H2. The OYSTER consortium is leading a project worth EUR 5 million investigating offshore hydrogen production [58].



Due to its properties and capabilities, hydrogen is a potential fuel option for electricity and transportation applications. It can be used as fuel in the transportation sector [59,60], as an energy carrier [61,62,63], and energy storage media [64,65,66]. Although hydrogen has shown its usefulness for clean-energy production, only a small fraction of currently produced hydrogen is applied for energy generation. The majority has been used as a feedstock for processing industries, with approximately 49% in ammonia production, 37% in petroleum refining, 8% in methanol production, and 6% in diverse smaller-volume uses. Balat [67] found out that hydrogen may be utilized as a fuel in combustion engines without any substantial modification. There are some advantages to hydrogen as a fuel for automobiles, such as rapid combustion speed, lack of toxic emissions, and high effective octane number [68].



In particular, hydrogen could be useful in heavy industrial sectors like the production of cement, iron and steel, chemicals, and synthetic fuels for ships and planes.



But, predominately, there is no sense to invert electricity from the grid to produce hydrogen, which then could be used in cars, homes, and commercial buildings. Electricity directly used for those needs is faster, easier, and cheaper.



Production of blue hydrogen from gas should prevent methane emissions as well as capture and sequester large quantities of carbon dioxide, for which currently, there is no significant capacity.



Blue hydrogen projects may prolong the life of the existing fossil-fuel infrastructure. New projects should meet certain social expectations and will require the acceptance and engagement of local communities.




3.2. Hydrogen Storage, Transportation, and Distribution


The hydrogen infrastructure compasses production, storage, transport, and distribution.



Hydrogen storage methods can be divided into two groups using physical and chemical processes (Figure 5). The main methods using physical processes are hydrogen compressing to pressures close to 700 atm, cryogenic liquefaction of hydrogen at temperatures of −253 °C, and indirect methods involving the compression of cooled hydrogen.



Chemical methods of storing hydrogen are based on adsorption and absorption processes. Adsorption methods include, for example, hydrogen adsorption on activated carbon grains, adsorption in carbon nanotubes, hydrogen adsorption in zeolites, and in complex structures: covalent organic frameworks (COFs), metal–organic frameworks (MOFs), and polymers of intrinsic microporosity (PIMs). Absorption methods involve the absorption of hydrogen in solutions, e.g., ammonia, ammonia borane, and liquid organic hydrogen carriers (LOHC), that can absorb and release hydrogen through chemical reactions and metal hydrides.



Hydrogen production, storage, and transportation costs are much higher in comparison to traditional energy sources. It is expected that hydrogen costs will decrease with time; nevertheless, the required investments to develop a hydrogen infrastructure are a major challenge [69].



A comprehensive refuelling infrastructure system with fuelling stations in strategic areas is essential for the development of the sustainable global hydrogen market. On a small scale, such a system is already present for fuel-cell vehicles (FCVs), with more than 920 hydrogen stations globally reported at the end of 2023 (Figure 6).



Figure 7 shows the planned European hydrogen distribution network (The European Hydrogen Backbone) [71]. Dark lines indicate existing pipelines that will be adapted to transport hydrogen, and yellow lines indicate new ones, dotted lines represent undersee pipelines and stars indicate cities. In a well-managed system with low leak rates, both green hydrogen and to a lesser extent blue hydrogen would significantly reduce warming compared with fossil fuels [72].



The technologies that enable the transport of commercially viable quantities of hydrogen in bulk are still in the developmental phases. Hydrogen is a challenging product to safely transport. It has the lowest density of all gases and is also highly flammable when mixed with any amount of air.



Contrary to common misconception LNG transport equipment cannot be easily adapted for hydrogen [73].



There are some promising recent technological developments in the transport of hydrogen by sea. Within a pilot project led by a consortium including Japan’s J-Power, Kawasaki Heavy Industries (a major LNG tanker builder), Shell, and AGL, the first gas tanker capable of carrying liquefied hydrogen was built. There are also other pilot projects realized in South Korea (building a ship for carrying liquefied hydrogen in bulk, expected to be operational by 2027) and Norway (building specialized containers to carry liquified hydrogen and related ship cargo and distribution systems, expected to be operational by 2024 [64]).



Apart from that, new rules and regulations are prepared concerning the design and construction of ships, specialized containers to carry liquified hydrogen, and safe transportation of bulk hydrogen by road. However, standards for the transport of pure hydrogen in bulk are still in development.





4. Hydrogen and CCUS


EU policy assumes the production of green and blue hydrogen. Both renewable (green) hydrogen received from renewable sources of energy and decarbonized hydrogen (blue), received from natural gas coupled with CCUS techniques, are needed in long- and short-term conditions.



To achieve greenhouse-gas emission reduction according to the Paris Agreement goal, a significant change in the energy industry chain (production, storage, and consummation) will be needed in upcoming years. The Paris Agreement goal expects to hold the increase in the global average temperature to well below 2 °C above pre-industrial levels and pursues efforts to limit the temperature increase to 1.5 °C above pre-industrial levels. The proposed changes in practice lead to a net-zero emissions strategy, which requires that any anthropogenic CO2 emissions be balanced by the removal of produced CO2 through industrial or nature-based means, such as afforestation, reforestation, land-use changes, or the use of CCUS-based processes.



The International Energy Agency (IEA) report “Energy Technology Perspectives 2020” underlines the significance of CCUS technology in global energy system transformation. CCUS together with electrification based on renewable sources, bioenergy and hydrogen are considered as four pillars of the transformation process. As follows, carbon-removal and storage technologies may help to decrease emissions from large sources, power stations, or large industrial plants. By combining CCUS with bioenergy (BECCS) or by direct CO2 capture from the air (DAC), it is possible to generate even negative emissions. It is pointed out that because of technical difficulties in removing emissions in certain sectors, such as steel, cement, chemicals, aviation, and transport, CCUS technologies will still be required. Therefore, CCUS technologies are strategic ones in the transition to net-zero emissions [9,43].



In Figure 8, hydrogen value-chain options are presented for low-carbon hydrogen combined with CCUS processes.



The application of CCUS in the production of hydrogen based on fossil fuels is the cheapest way today to produce low-carbon hydrogen. Not without significance is the fact that CO2 capture technology can be adapted to existing or recently built plants and allow for their operation in the decades to come. Without CCUS, power and industrial plants existing today could be further emitting about eight billion tons of carbon dioxide in 2050 [9,43]. In heavy industrial sectors such as those producing cement, iron and steel, chemicals, and synthetic fuels, CCUS can help reduce emissions.



Today CO2 from the majority of CCUS projects is used by oil companies in enhanced oil recovery (EOR), but CO2 may be used to produce chemicals, synthetic fuels, or building materials.



CCUS technologies also offer the possibility to remove CO2 from the atmosphere, DAC, or from processes of generating energy from biomass, BECCS technology (bioenergy combined with CCUS). Both BECCS and DAC represent so-called “negative emissions”. These negative emissions can be used to balance emissions from sectors in which net-zero emission is not justified due to economic or technical reasons.




5. CCUS’s Role in the Global Energy System


CCUS represents a strategic value for the transformation of the global energy system towards a net-zero goal by reducing existing emissions in particular economic sectors. In this way, CCUS provides a tool for the production of low-carbon hydrogen and the removal of carbon dioxide. When discussing CO2 capture, different technologies are taken into account, such as carbon capture and storage (CCS), carbon capture and utilization (CCU), or carbon capture, utilization and storage (CCUS).



Therefore, progress in CCUS technologies, and their development and deployment, may have resulted in significant improvements for economic sectors, including cost reductions and infrastructure development.



It is estimated that, in 2019, 30% of global CO2 emissions were emitted from coal power plants and that 60% of these power plants will be still in use in 2050, if not retired early. Thus, the only alternative solution for existing power and industrial plants, their infrastructure, and supply chains for continued use is integration with CCUS technologies. It can enable the preservation of production, employment, and economic prosperity and can help avoid the economic and social threats caused by early retirement. For example, Germany plans to retire 40 GW of coal-fired power plants before 2038, which will require a EUR 40 billion social package to compensate for the losses of coal mine and power plant owners and local communities [9].



In order to realize the net-zero goal, emissions from different economic sectors (energy, industry, and transport) must be reduced. This also includes sectors with hard-to-abate emissions like heavy industry sectors, which are accountable for about 20% of global CO2 emissions [39], as well as aviation, road freight, and maritime shipping. Some sectors will simply not be able to reach net-zero emissions without coupling with CCUS. As an example, the production of cement is mentioned where limestone (calcium carbonate) is heated and large amounts of CO2 are emitted. These emissions are not the result of fossil-fuel usage and are responsible for about 4% of all energy sector emissions. In this case, CCUS is the only option. In iron, steel, and chemicals production, CCUS can yield significant emissions reductions. Currently, in the production of virgin steel, fertilizers and methanol low-carbon hydrogen based on CCUS are the cheapest solutions for reducing emissions [39].



The IEA report states that CCUS is the only solution to reduce CO2 emissions from natural gas processing. Natural gas layers may contain even up to 90% of CO2, which needs to be removed before the gas can be sold or liquefied. On the other hand, this CO2 can be stored in geological formations or used in the EOR process instead of releasing it into the atmosphere.



CCUS is also an option to decarbonize long-distance transport, including aviation. As an alternative to fossil fuels for aviation, synthetic hydrocarbon fuels and biofuels based on CO2 supply can be used. The required CO2 in this case should come from bioenergy or from the air to realize the net-zero emission goal.



Hydrogen is considered a universal energy carrier that is able to support the decarbonization of different economic sectors [39], even those with hard-to-abate emissions. CCUS can help decrease emissions from the already existing production of hydrogen, which is based on natural gas and coal (grey hydrogen) methods, which are accountable for more than 800 Mt CO2 annually.



Carbon-removal technologies such as CCUS, BECCS, and DAC, together with natural processes like afforestation, reforestation, or natural bioprocesses, can help reduce or even achieve some net negative emissions in heavy industry sectors or technically challenging and prohibitively expensive sectors.



Although carbon capture and storage (CCS) is a feasible method, there are still various challenges to deploying this technology concerning social resistance and environmental concerns. In these cases, carbon capture and utilization (CCU) technologies can be favourable [74], and some additional costs tied with CCS can be avoided, for example, CO2 purification, additional infrastructure expense, and storage and monitoring costs [75,76,77]. Currently, the permanent CCU storage technologies include carbonation, mineralization, and EOR. Synthetic fuels and chemicals are temporary storage media because, when used, the CO2 contained in them is again released into the atmosphere [78,79]



CCUS offers a way to decarbonize the production of low-carbon hydrogen from existing hydrogen plants by decreasing emissions and may provide the least cost-efficient solution for scaling up new hydrogen production [43].




6. Hydrogen Production Costs


In Figure 9, the average costs of hydrogen production are presented. As can be seen, the costs of hydrogen from fossil fuels are about EUR 0.5–2/kg and are significantly lower than costs for electrolysis based on renewable energy, EUR 3–7.5/kg [39].



Presently, hydrogen based on fossil fuels is still cost competitive when compared to hydrogen based on renewable energy or fossil hydrogen produced from fossil fuels integrated with CCUS processes.



A comparison of hydrogen production costs for different production methods and energy sources (with gasoline for reference) was presented in Table 3 [80].



In comparison with the gasoline price (as a reference), the current price of hydrogen from renewable energy sources is very high.



A summary of various hydrogen production technologies with their efficiencies is presented in Table 4 [80].



As can be seen, only steam reforming, biomass gasification, and electrolysis achieved currently the commercial maturity stage. The other technologies need more research and development. Only steam reforming efficiency exceeds 80%.



It is estimated that with carbon dioxide emissions prices in the range of EUR 55–90/tons of CO2, gas- or coal-based hydrogen with CCUS (blue hydrogen) costs will be lower than for gas- or coal-based hydrogen without CCUS (black or grey hydrogen).



Green hydrogen costs are supposed to be going down. Electrolyser costs are expected to decrease by about 50% by 2030 and may be competitive with fossil-based hydrogen costs, especially in regions with cheap renewable electricity. The fossil-based hydrogen and renewable hydrogen costs in the EU in 2030 were predicted to be, respectively, between EUR 2–2.5/kg and EUR 1.1–2.4/kg [39]. But taking into account the currently unstable and rising prices of energy sources, these forecasts are uncertain and should be considered carefully.



To minimize the negative impact of the hydrogen sector on the environment and climate, a life-cycle study approach will be needed. An appropriate support and trade policy will be expected in a transition phase to realize the European Green Deal and EU Strategy for Energy System Integration tenets [2,5] based on low-carbon hydrogen. These strategies contribute towards and are in line with the goals of sustainable development and the tenets of the Paris Agreement.




7. Pros and Cons of Low-Carbon Hydrogen Production


Currently, green hydrogen is produced from renewable sources, blue hydrogen is based on fossil-fuel sources with CCUS technology, and white/purple/aqua hydrogen is based on the natural form of H2 in underground deposits, in oceans, and the air, as well as hydrogen based on nuclear power and new technologies, may be considered as parts of the low-carbon economy. All of them represent some challenges that may affect future directions and recommendations.



The low-carbon hydrogen production costs are the base of the hydrogen economy. Unfortunately, current green hydrogen technology with reasonable efficiency is not available and production costs are too high [81,82]. The price of green hydrogen produced from renewable electricity is in the range of EUR 2.28–7.43/kg and is much higher than black and grey hydrogen and higher than blue hydrogen (Figure 8). Green hydrogen costs are too high for a wide deployment; it is estimated that the price of green hydrogen may fall low enough around the year 2030 [83,84].



There are mentioned two main factors influencing the price of green hydrogen. These are the cost of electrolysis and the price of green electricity. Presently, the capacity of global electrolysis is limited and green electricity prices are too high. Thus, water electrolysis is related to high costs [85] and large energy demands [86].



To reduce the green hydrogen cost in the long term, the cost of renewable electricity should be lowered [87] and some future technological innovations introduced to achieve the maturity of electrolysis-based technologies [42].



The growing number of wind and solar power generation systems has a significant effect on renewable [88] electricity and large-scale green hydrogen application. However, the high capital cost of a renewable energy infrastructure and its weather-dependent character and intermittency may increase the cost of generated green hydrogen [42].



The costs of blue hydrogen are higher in comparison with black hydrogen and grey hydrogen, Figure 8. The costs of blue hydrogen mainly depend on the coal and natural gas prices. But not without significance is the cost of capture, storage, and utilization of carbon dioxide.



According to the Global Carbon Capture and Storage Institute, there were 18 large CCS projects running worldwide in 2018. But at present, CCUS technologies are still immature, with high energy consumption, with the need for large-scale applications, and with a weak transport link. Generally, the CCUS technologies are in the early stages of development with high costs and low efficiency.



Currently, the capital cost of a blue hydrogen plant coupled with CCUS technologies is about half that of an electrolytic plant. But in the future, with supposed falling costs of renewable energy and rising prices of carbon emission, the costs of green hydrogen will decrease and make blue hydrogen less competitive [89].



Carbon dioxide emissions in the case of blue hydrogen are lower than in the case of black and grey hydrogen, but there are still some emissions that cannot be avoided. As it is estimated, there is 5–15% leakage. The CO2 capture for the SMR and ATR processes is 85–90% and 90%, respectively. Thus, large-scale blue hydrogen production will release millions of tons of emissions each year which may cause potential environmental uncertainty.



Aqua hydrogen is quite a new technology which needs development, scaling up, an increase of investment, and promotion. Aqua hydrogen is produced underground, at a temperature above 350 °C, and CO2 is stored underground. But, some environmental concerns and hazards are noticed, such as the increased water acidity, infringement of ecological balance, CO2 leakage, impact on health, and social acceptance.




8. Trends, Challenges, and Limitations in Hydrogen Technology


As a clean-energy carrier, hydrogen is supposed to play a significant role in the implementation of 2050 net-zero targets.



Over the last decade, the global decarbonization efforts and developments in existing technologies accelerated the main hydrogen trends impacting the hydrogen economy in 2024. In the presented industry research [90], the biggest impact was found for hydrogen fuel cells currently contributing to greenhouse-gas emissions reduction in zero-emissions heavy-duty vehicles. Fuel cells find applications in marine, land, and aviation operations, including ships, trains, planes, drones, cars, trucks, buses, and heavy industrial vehicles. The Australian startup H2X designs and develops hydrogen fuel-cell-powered vehicles. US-based startup BWR Innovations provides portable hydrogen fuel-cell solutions.



The diversity and accessibility of renewable energy systems, as well as advanced electrolysis technologies (AEM Electrolyzers, Large-Scale Electrolyzers), allow for sustainable hydrogen production from renewable energy sources.



Using renewable energy systems for green hydrogen eliminates carbon emissions common in conventional hydrogen production. Other options for hydrogen production using solar energy include photocatalytic and thermochemical water splitting.



Renewable hydrogen and CCUS have a major influence because of their inter-relationship with the production of clean hydrogen.



Other sustainable hydrogen production methods are biomass gasification and the set of X-to-Hydrogen-to-X technologies. Hydrogen distribution and storage are closely linked, as distribution depends on the fuel’s proper storage and handling capabilities. Combined heat and power and green propulsion represent important applications of hydrogen which show the availability of hydrogen as an energy carrier.



Generally, the following trends and their impact on the hydrogen economy in 2024, include hydrogen fuel cells (24%), renewable hydrogen (15%), advanced electrolysis (15%), x-to-hydrogen-to-x (19%), hydrogen carriers (9%), carbon capture (8%), utilization and storage (24%), hydrogen distribution (6%), hydrogen liquefaction and compression (6%), combined heat and power (5%), and hydrogen propulsion (1%) [90].



Unfortunately, the current state of hydrogen infrastructure is not sufficient. The shortcomings of production, storage, transportation, and distribution facilities challenge the adoption of hydrogen energy as a mainstream energy source in the future [91]. There are also obstacles being reported concerning hydrogen strategy. These are challenges related to hydrogen deployment and the costs of renewable hydrogen, which are too high in comparison with hydrogen based on fossil fuels. Further investments, regulatory frameworks, new markets, research, innovations, and a large-scale infrastructure network are needed.



The development of hydrogen infrastructure is associated with significant challenges [72]. The infrastructure will have to operate at high pressures to store and transport hydrogen. It can be expensive and technically difficult. For transportation, hydrogen needs to be compressed to over 700 atm. It will require specialized compressors and storage containers.



The current technology is not yet efficient enough and not ready to be used for large-scale hydrogen production or deployment. Other critical issues that must also be addressed are durability and leaking. The infrastructure’s durability is significant for cost reductions and end-user safety. Hydrogen is a highly flammable gas that can leak from pipelines or storage tanks, creating safety concerns and increasing maintenance costs.




9. Conclusions


The increasing continued use of fossil fuels accompanied by growing greenhouse-gas emissions leads to environmental problems and air pollution. To reach climate neutrality by 2050 and reach the Paris Agreement target of holding the increase of the global temperature, deep decarbonization and reduction of greenhouse-gas emissions are required.



In the research on fossil-fuel alternatives, hydrogen was recognized as a clean carbon-free solution. Hydrogen is an efficient energy carrier and storage media and can be used to decarbonize many sectors of the global economy.



In this study, the hydrogen energy industry chain was described. The production methods, storage methods, distribution infrastructure network, and hydrogen applications were analyzed. The building and development of a hydrogen-based economy needs an investigation and analysis of the full hydrogen energy industry chain. Renewable and low-carbon sources should be defined. The hydrogen production efficiency, as well as a relevant infrastructure to supply hydrogen to the end users, should be determined. A hydrogen distribution network should be developed and presented together with planned hydrogen hub centres. The market for increasing hydrogen supplies and demands must be created by decreasing the costs of new clean technologies and determining affordable energy costs from renewable sources. A life-cycle analysis and further study are also required to avoid the negative impacts of the hydrogen sector on climate and the natural environment. Further research on the hydrogen energy industry chain is still needed for hydrogen to become a key for the carbon-neutral global energy system and the new hydrogen economy.



Comprehensive information on hydrogen production, storage, transportation infrastructure performance, and stationary hydrogen applications are provided and compared. The new trends and technological developments for clean hydrogen production, storage and utilization are presented in the study.



The EU policy Strategy for Energy System Integration and EU Hydrogen Strategy ultimately insists on the production and development of renewable hydrogen (green hydrogen) and hydrogen produced from fossil fuels coupled with CCUS technologies (blue hydrogen) in the short-term conditions to decrease emissions and develop a manageable market.



Renewable energy sources and CCUS technologies are supposed to play a main role in diminishing and reducing greenhouse-gas emissions. The IEA reports that, by 2040, solar energy and wind power will become the largest source of low-carbon electricity. In the European Union, renewables will account for 80% of new capacity soon after 2030 [1,92].



It should be noted that electricity generation based on renewable sources is weather dependent, which results in instability and potential problems in energy supply and demand. To manage the imbalance of these sources, hydrogen is more likely to be the most promising solution for energy storage from renewable sources [4,93]. Thus, hydrogen is considered today as a primary technology for the long-term storage of renewable energy.



Green hydrogen is the main route for carbon-free energy production. Therefore, many countries make an attempt to develop green hydrogen production from renewable sources. However green hydrogen costs are presently too high. So, in the short term, fossil-fuel hydrogen will be used. According to the European Union reports, this transition period may take a decade or more [94]. Blue hydrogen is to be used in a transition stage to help achieve carbon-free hydrogen production in the decades to come.



There is a need to foster green hydrogen production on a large scale to diminish its costs more quickly. The green hydrogen development needs the lowering of electrolysis costs and green electricity prices, governmental policy frameworks [95], and public acceptance.



Blue hydrogen based on fossil fuels together with CCUS technology can reduce emissions of greenhouse gases at a relatively low cost. However, there are also potential environmental and technical challenges using CCUS [96], such as risks of CO2 leakage, environmental impact, limited CO2 capture efficiency, and the high cost of the CCUS technology. There is still a need to increase research and government support for CCUS technology.



New technologies such as aqua hydrogen based on fossil fuels may allow for obtaining carbon-free hydrogen at a low cost. But as a new technology, it needs commercial investment and promotion, especially for large-scale production. The environmental concerns related to this technology require a full life-cycle approach assessment of the environmental impact.



There are also obstacles being reported for the application of hydrogen in industrial processes and transportation such as costs of the green and blue hydrogen which are not competitive today and also the high costs of necessary investments into hydrogen equipment, storage, and utilization facilities. Other problems include deployment challenges, scaling up, connecting renewable energy production capacity to the electrolysers, and retrofitting the existing plants with CCUS technology. Further investments, regulatory frameworks, new markets, research, innovations, and a large-scale infrastructure network are needed.



CCUS technologies represent strategic value in the transition process to net-zero emission. CCUS can favour low hydrogen production from natural gas or coal and provide low-carbon hydrogen at a lower cost in the near future. Currently, the cost of hydrogen production integrated with CCUS is at least 50% lower than hydrogen production based on electrolysis and renewable sources of energy. It is estimated that CCUS coupled with hydrogen production would be a competitive solution, even with the declining costs of electrolysers and renewable electricity.



The application of CCUS in the production of hydrogen based on fossil fuels is the cheapest way to produce low-carbon hydrogen today. CCUS can help decrease emissions from the already existing production of hydrogen, which is based on natural gas and coal (grey hydrogen) and is responsible for more than 800 Mt CO2 annually. Of great importance is also the fact that CCUS can be coupled with existing power and industrial plants, which without CCUS could emit about eight billion tons of carbon dioxide in 2050. CCUS can help reduce carbon dioxide emissions in heavy industrial sectors, such as the production of cement, iron and steel, chemicals and synthetic fuels, or in aviation.



CCUS can also remove CO2 from the atmosphere to manage emissions that are unavoidable or technologically difficult to remove. Although CCUS technologies are useful, challenges exist in the deployment of these technologies taking into account social resistance and environmental concerns.



In a transition stage toward a clean hydrogen economy, appropriate support will be needed for low-carbon hydrogen to realize the targets of the European Green Deal and the Strategy for Energy System Integration [2,39], which contribute towards the achievement of the Sustainable Development Goals and the tenets of the Paris Agreement.
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	PIMs
	Polymers of Intrinsic Microporosity



	SMR
	Steam Methane Reforming



	SOEC
	Solid Oxide Electrolysis Cells







References


	



European Environment Agency. The European Green Deal; European Environment Agency: Copenhagen, Denmark, 2019. [Google Scholar]

	



GROWTH—Powering a Climate-Neutral Economy: Commission Sets out Plans for the Energy System of the Future and Clean Hydrogen. Available online: https://ec.europa.eu/newsroom/growth/items/682535 (accessed on 8 November 2022).

	



Powering a Climate-Neutral Economy: An EU Strategy for Energy System Integration. Available online: https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=COM:2020:299:FIN (accessed on 8 November 2022).

	



A Hydrogen Strategy for a Climate-Neutral Europe. Available online: https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52020DC0301 (accessed on 8 November 2022).

	



Appunn, K. EU Aims for 40GW of Green Hydrogen Electrolysers, and One Million Jobs, by 2030. Available online: https://reneweconomy.com.au/eu-aims-for-40gw-of-green-hydrogen-electrolysers-and-one-million-jobs-by-2030/ (accessed on 8 November 2022).

	



Şahin, S.; Şahin, H.M. Generation-IV Reactors and Nuclear Hydrogen Production. Int. J. Hydrogen Energy 2021, 46, 28936–28948. [Google Scholar] [CrossRef]

	



Frangoul, A. There’s a Buzz about Green Hydrogen. But Pink, Produced Using Nuclear, May Have a Huge Role to Play Too. Available online: https://www.cnbc.com/2023/02/03/why-pink-hydrogen-produced-using-nuclear-may-have-a-big-role-to-play.html (accessed on 23 January 2024).

	



Derwent, R.; Simmonds, P.; O’Doherty, S.; Manning, A.; Collins, W.; Stevenson, D. Global Environmental Impacts of the Hydrogen Economy. Int. J. Nucl. Hydrog. Prod. Appl. 2006, 1, 57–67. [Google Scholar] [CrossRef]

	



A Clean Planet for All a European Strategic Long-Term Vision for a Prosperous, Modern, Competitive and Climate Neutral Economy; European Commission: Brussels, Belgium, 2018.

	



Fuel Cells and Hydrogen 2 Joint Undertaking (EU Body or Agency) Now Known as Hydrogen Roadmap Europe: A Sustainable Pathway for the European Energy Transition; Publications Office of the European Union: Luxembourg, 2016; ISBN 978-92-9246-331-1.

	



Moya, J.; Tsiropoulos, D.; Tarvydas, D.; Nijs, W. Hydrogen Use in EU Decarbonisation Scenarios. Available online: https://joint-research-centre.ec.europa.eu/jrc-news/hydrogen-use-eu-decarbonisation-scenarios-2019-04-17_en (accessed on 8 November 2022).

	



Europe’s Moment: Repair and Prepare for the Next Generation. Available online: https://ec.europa.eu/commission/presscorner/detail/europa_tokens:europa_interface_language/ip_20_940 (accessed on 8 November 2022).

	



Global Renewables Outlook: Energy Transformation 2050. Available online: https://www.irena.org/publications/2020/Apr/Global-Renewables-Outlook-2020 (accessed on 8 November 2022).

	



Chintala, V.; Subramanian, K.A. Experimental Investigations on Effect of Different Compression Ratios on Enhancement of Maximum Hydrogen Energy Share in a Compression Ignition Engine under Dual-Fuel Mode. Energy 2015, 87, 448–462. [Google Scholar] [CrossRef]

	



Supply—Key World Energy Statistics 2021—Analysis. Available online: https://www.iea.org/reports/key-world-energy-statistics-2021/supply (accessed on 23 January 2024).

	



Canada—Electricity Generation by Source. Available online: https://www.iea.org/countries/canada (accessed on 8 November 2022).

	



Ishaq, H.; Dincer, I.; Crawford, C. A Review on Hydrogen Production and Utilization: Challenges and Opportunities. Int. J. Hydrogen Energy 2021, 47, 26238–26264. [Google Scholar] [CrossRef]

	



Gür, T.M. Review of Electrical Energy Storage Technologies, Materials and Systems: Challenges and Prospects for Large-Scale Grid Storage. Energy Environ. Sci. 2018, 11, 2696–2767. [Google Scholar] [CrossRef]

	



Naterer, G.F.; Dincer, I.; Zamfirescu, C. Hydrogen Production from Nuclear Energy; Springer: London, UK, 2013; ISBN 978-1-4471-4937-8. [Google Scholar]

	



Al-Bassam, A.M.; Conner, J.A.; Manousiouthakis, V.I. Natural-Gas-Derived Hydrogen in the Presence of Carbon Fuel Taxes and Concentrated Solar Power. ACS Sustain. Chem. Eng. 2018, 6, 3029–3038. [Google Scholar] [CrossRef]

	



Muresan, M.; Cormos, C.-C.; Agachi, P.-S. Techno-Economical Assessment of Coal and Biomass Gasification-Based Hydrogen Production Supply Chain System. Chem. Eng. Res. Des. 2013, 91, 1527–1541. [Google Scholar] [CrossRef]

	



Tani, T.; Sekiguchi, N.; Sakai, M.; Ohta, D. Optimization of Solar Hydrogen Systems Based on Hydrogen Production Cost. Sol. Energy 2000, 68, 143–149. [Google Scholar] [CrossRef]

	



Briguglio, N.; Andaloro, L.; Ferraro, M.; Di Blasi, A.; Dispenza, G.; Matteucci, F.; Breedveld, L.; Antonucci, V. Renewable Energy for Hydrogen Production and Sustainable Urban Mobility. Int. J. Hydrogen Energy 2010, 35, 9996–10003. [Google Scholar] [CrossRef]

	



Kalinci, Y.; Hepbasli, A.; Dincer, I. Biomass-Based Hydrogen Production: A Review and Analysis. Int. J. Hydrogen Energy 2009, 34, 8799–8817. [Google Scholar] [CrossRef]

	



Wang, F.; Deng, S.; Zhao, J.; Wang, J.; Sun, T.; Yan, J. Performance and Economic Assessments of Integrating Geothermal Energy into Coal-Fired Power Plant with CO2 Capture. Energy 2017, 119, 278–287. [Google Scholar] [CrossRef]

	



Ravinuthala, S.; Das, S.K.; Nithya, R.; Das, S.P. Ocean, Tidal and Wave Energy: Science and Challenges. In Status and Future Challenges for Non-Conventional Energy Sources Volume 1; Joshi, S.J., Sen, R., Sharma, A., Salam, P.A., Eds.; Clean Energy Production Technologies; Springer: Singapore, 2022; pp. 1–21. ISBN 9789811645051. [Google Scholar]

	



Rau, G.H.; Baird, J.R. Negative-CO2-Emissions Ocean Thermal Energy Conversion. Renew. Sustain. Energy Rev. 2018, 95, 265–272. [Google Scholar] [CrossRef]

	



Kazim, A. Hydrogen Production through an Ocean Thermal Energy Conversion System Operating at an Optimum Temperature Drop. Appl. Therm. Eng. 2005, 25, 2236–2246. [Google Scholar] [CrossRef]

	



Khanmohammadi, S.; Baseri, M.M.; Ahmadi, P.; Al-Rashed, A.A.A.A.; Afrand, M. Proposal of a Novel Integrated Ocean Thermal Energy Conversion System with Flat Plate Solar Collectors and Thermoelectric Generators: Energy, Exergy and Environmental Analyses. J. Clean. Prod. 2020, 256, 120600. [Google Scholar] [CrossRef]

	



Serban, M.; Lewis, M.A.; Marshall, C.L.; Doctor, R.D. Hydrogen Production by Direct Contact Pyrolysis of Natural Gas. Energy Fuels 2003, 17, 705–713. [Google Scholar] [CrossRef]

	



Das, D.; Khanna, N.; Nejat Veziroǧlu, T. Recent Developments in Biological Hydrogen Production Processes. Chem. Ind. Chem. Eng. Q. 2008, 14, 57–67. [Google Scholar] [CrossRef]

	



Ikpeka, P.M.; Ugwu, J.O. In Situ Hydrogen Production from Hydrocarbon Reservoirs—Modelling Study. RSC Adv. 2023, 13, 12100–12113. [Google Scholar] [CrossRef]

	



Yilmaz, F.; Selbaş, R. Thermodynamic Performance Assessment of Solar Based Sulfur-Iodine Thermochemical Cycle for Hydrogen Generation. Energy 2017, 140, 520–529. [Google Scholar] [CrossRef]

	



Mosca, L.; Medrano Jimenez, J.A.; Wassie, S.A.; Gallucci, F.; Palo, E.; Colozzi, M.; Taraschi, S.; Galdieri, G. Process Design for Green Hydrogen Production. Int. J. Hydrogen Energy 2020, 45, 7266–7277. [Google Scholar] [CrossRef]

	



Yu, M.; Wang, K.; Vredenburg, H. Insights into Low-Carbon Hydrogen Production Methods: Green, Blue and Aqua Hydrogen. Int. J. Hydrogen Energy 2021, 46, 21261–21273. [Google Scholar] [CrossRef]

	



Schmidt Rivera, X.C.; Topriska, E.; Kolokotroni, M.; Azapagic, A. Environmental Sustainability of Renewable Hydrogen in Comparison with Conventional Cooking Fuels. J. Clean. Prod. 2018, 196, 863–879. [Google Scholar] [CrossRef]

	



Pöyry Point of View Fully Decarbonising Europe’s Energy System by 2050; PÖYRY: Helsinki, Finland, 2018.

	



Sadler, D.; Cargill, A.; Crowther, M.; Rennie, A.; Watt, J.; Burton, S.; Haines, M. H21 Leeds City Gate Report; Nothern Gas Networks: Leeds, UK, 2016. [Google Scholar]

	



IEA Hydrogen Technology Collaboration Programme 2019 Annual Report; Hydrogen TCP; IEA: Paris, France, 2019; p. 42.

	



Whiriskey, K. CCS and Europe’s Contribution to the Paris Agreement—Modelling Least-Cost CO2 Reduction Pathways; European Zero Emission Technology and Innovation Platform: Brussels, Belgium, 2017. [Google Scholar] [CrossRef]

	



van Hulst, N. The Clean Hydrogen Revolution: How, by Whom, When? Available online: https://energypost.eu/the-clean-hydrogen-revolution-how-by-whom-when/ (accessed on 9 November 2022).

	



El-Emam, R.S.; Özcan, H. Comprehensive Review on the Techno-Economics of Sustainable Large-Scale Clean Hydrogen Production. J. Clean. Prod. 2019, 220, 593–609. [Google Scholar] [CrossRef]

	



IEA CCUS in Clean Energy Transitions—Analysis. Available online: https://www.iea.org/reports/ccus-in-clean-energy-transitions (accessed on 9 November 2022).

	



Ishaq, H.; Dincer, I. The Role of Hydrogen in Global Transition to 100% Renewable Energy. In Accelerating the Transition to a 100% Renewable Energy Era; Uyar, T.S., Ed.; Lecture Notes in Energy; Springer International Publishing: Cham, Switzerland, 2020; pp. 275–307. ISBN 978-3-030-40738-4. [Google Scholar]

	



Shafiei, E.; Davidsdottir, B.; Leaver, J.; Stefansson, H.; Asgeirsson, E.I. Energy, Economic, and Mitigation Cost Implications of Transition toward a Carbon-Neutral Transport Sector: A Simulation-Based Comparison between Hydrogen and Electricity. J. Clean. Prod. 2017, 141, 237–247. [Google Scholar] [CrossRef]

	



Huang, Y.; Liu, S. Efficiency Evaluation of a Sustainable Hydrogen Production Scheme Based on Super Efficiency SBM Model. J. Clean. Prod. 2020, 256, 120447. [Google Scholar] [CrossRef]

	



Islam, A.; Teo, S.H.; Awual, M.R.; Taufiq-Yap, Y.H. Improving the Hydrogen Production from Water over MgO Promoted Ni–Si/CNTs Photocatalyst. J. Clean. Prod. 2019, 238, 117887. [Google Scholar] [CrossRef]

	



Valente, A.; Iribarren, D.; Dufour, J. Harmonised Life-Cycle Global Warming Impact of Renewable Hydrogen. J. Clean. Prod. 2017, 149, 762–772. [Google Scholar] [CrossRef]

	



Haghi, E.; Raahemifar, K.; Fowler, M. Investigating the Effect of Renewable Energy Incentives and Hydrogen Storage on Advantages of Stakeholders in a Microgrid. Energy Policy 2018, 113, 206–222. [Google Scholar] [CrossRef]

	



Im-orb, K.; Visitdumrongkul, N.; Saebea, D.; Patcharavorachot, Y.; Arpornwichanop, A. Flowsheet-Based Model and Exergy Analysis of Solid Oxide Electrolysis Cells for Clean Hydrogen Production. J. Clean. Prod. 2018, 170, 1–13. [Google Scholar] [CrossRef]

	



Mehrpooya, M.; Bahnamiri, F.K.; Moosavian, S.M.A. Energy Analysis and Economic Evaluation of a New Developed Integrated Process Configuration to Produce Power, Hydrogen, and Heat. J. Clean. Prod. 2019, 239, 118042. [Google Scholar] [CrossRef]

	



Yadav, D.; Banerjee, R. Economic Assessment of Hydrogen Production from Solar Driven High-Temperature Steam Electrolysis Process. J. Clean. Prod. 2018, 183, 1131–1155. [Google Scholar] [CrossRef]

	



IHS Markit Production of Carbon-Free “Green” Hydrogen Could Be Cost Competitive by 2030. Available online: https://news.ihsmarkit.com/prviewer/release_only/slug/bizwire-2020-7-15-ihs-markit-production-of-carbon-free-green-hydrogen-could-be-cost-competitive-by-2030 (accessed on 9 November 2022).

	



Wang, Z.; Li, L.; Zhang, G. Life Cycle Greenhouse Gas Assessment of Hydrogen Production via Chemical Looping Combustion Thermally Coupled Steam Reforming. J. Clean. Prod. 2018, 179, 335–346. [Google Scholar] [CrossRef]

	



Acar, C.; Dincer, I. Comparative Assessment of Hydrogen Production Methods from Renewable and Non-Renewable Sources. Int. J. Hydrogen Energy 2014, 39, 1–12. [Google Scholar] [CrossRef]

	



Cetinkaya, E.; Dincer, I.; Naterer, G.F. Life Cycle Assessment of Various Hydrogen Production Methods. Int. J. Hydrogen Energy 2012, 37, 2071–2080. [Google Scholar] [CrossRef]

	



Collins, L. World’s Largest Green-Hydrogen Plant Inaugurated in Canada by Air Liquide|Recharge. Available online: https://www.rechargenews.com/transition/worlds-largest-green-hydrogen-plant-inaugurated-in-canada-by-air-liquide/2-1-952085 (accessed on 9 November 2022).

	



Bioenergy International. OYSTER Consortium Receives Funding to Investigate Offshore Hydrogen Production. Available online: https://bioenergyinternational.com/oyster-consortium-receives-funding-to-investigate-offshore-hydrogen-production/ (accessed on 9 November 2022).

	



Anstrom, J.R. 17—Hydrogen as a Fuel in Transportation. In Advances in Hydrogen Production, Storage and Distribution; Basile, A., Iulianelli, A., Eds.; Woodhead Publishing: Sawston, UK, 2014; pp. 499–524. ISBN 978-0-85709-768-2. [Google Scholar]

	



Zhang, Y.; Hu, G.; Brown, R.C. Life Cycle Assessment of the Production of Hydrogen and Transportation Fuels from Corn Stover via Fast Pyrolysis. Environ. Res. Lett. 2013, 8, 025001. [Google Scholar] [CrossRef]

	



Mitsushima, S.; Hacker, V. Chapter 11—Role of Hydrogen Energy Carriers. In Fuel Cells and Hydrogen; Hacker, V., Mitsushima, S., Eds.; Elsevier: Amsterdam, The Netherlands, 2018; pp. 243–255. ISBN 978-0-12-811459-9. [Google Scholar]

	



Helen McCay, M. Chapter 23—Hydrogen: An Energy Carrier. In Future Energy, 2nd ed.; Letcher, T.M., Ed.; Elsevier: Boston, MA, USA, 2014; pp. 495–510. ISBN 978-0-08-099424-6. [Google Scholar]

	



Kojima, Y. Hydrogen Storage Materials for Hydrogen and Energy Carriers. Int. J. Hydrogen Energy 2019, 44, 18179–18192. [Google Scholar] [CrossRef]

	



Heinemann, N.; Alcalde, J.; Miocic, J.M.; Hangx, S.J.T.; Kallmeyer, J.; Ostertag-Henning, C.; Hassanpouryouzband, A.; Thaysen, E.M.; Strobel, G.J.; Schmidt-Hattenberger, C.; et al. Enabling Large-Scale Hydrogen Storage in Porous Media—The Scientific Challenges. Energy Environ. Sci. 2021, 14, 853–864. [Google Scholar] [CrossRef]

	



Davoodabadi, A.; Mahmoudi, A.; Ghasemi, H. The Potential of Hydrogen Hydrate as a Future Hydrogen Storage Medium. iScience 2021, 24, 101907. [Google Scholar] [CrossRef]

	



Zheng, X.; Yuan, X.; Lai, X.; Jia, R.; Zhu, Y.; Zhang, Z.; Hou, X.; Zhao, Y.; Zhao, G.; Peng, Y. Hydrogen Storage Performance of HPSB Hydrogen Storage Materials. Chem. Phys. Lett. 2019, 734, 136697. [Google Scholar] [CrossRef]

	



Balat, M. Potential Importance of Hydrogen as a Future Solution to Environmental and Transportation Problems. Int. J. Hydrogen Energy 2008, 33, 4013–4029. [Google Scholar] [CrossRef]

	



Bartels, J.R.; Pate, M.B.; Olson, N.K. An Economic Survey of Hydrogen Production from Conventional and Alternative Energy Sources. Int. J. Hydrogen Energy 2010, 35, 8371–8384. [Google Scholar] [CrossRef]

	



Making The Breakthrough Green Hydrogen Policies and Technology Costs IRENA. Available online: https://energycentral.com/c/cp/making-breakthrough-green-hydrogen-policies-and-technology-costs-irena (accessed on 13 February 2024).

	



Europe Is Increasingly Adapting Its Growing Hydrogen Refuelling Infrastructure to Include Heavy-Duty Vehicle Refuelling. Available online: https://hydrogen-central.com/europe-is-increasingly-adapting-its-growing-hydrogen-refuelling-infrastructure-to-include-heavy-duty-vehicle-refuelling/ (accessed on 13 February 2024).

	



The European Hydrogen Backbone (EHB) Initiative | EHB European Hydrogen Backbone. Available online: https://ehb.eu/ (accessed on 28 March 2024).

	



Can Hydrogen Live up to Its Clean Energy Promise? Here Are 3 Key Challenges Environmental Defense Fund. Available online: https://www.edf.org/blog/2022/12/13/can-hydrogen-live-its-clean-energy-promise-here-are-3-key-challenges (accessed on 13 February 2024).

	



The Next Frontier: Challenges and Developments in the Transport of Hydrogen in b. Available online: https://www.allens.com.au/insights-news/insights/2022/04/challenges-and-developments-in-the-transport-of-hydrogen-in-bulk/ (accessed on 13 February 2024).

	



Sandalow, D.; Aines, R.; Friedmann, J.; McCormick, C.; McCoy, S. Carbon Dioxide Utilization (CO2U) ICEF Roadmap 2.0. Draft October 2017; Lawrence Livermore National Lab. (LLNL): Livermore, CA, USA, 2017. [Google Scholar]

	



Kolster, C.; Mechleri, E.; Krevor, S.; Mac Dowell, N. The Role of CO2 Purification and Transport Networks in Carbon Capture and Storage Cost Reduction. Int. J. Greenh. Gas Control 2017, 58, 127–141. [Google Scholar] [CrossRef]

	



Sanna, A.; Uibu, M.; Caramanna, G.; Kuusik, R.; Maroto-Valer, M.M. A Review of Mineral Carbonation Technologies to Sequester CO2. Chem. Soc. Rev. 2014, 43, 8049–8080. [Google Scholar] [CrossRef] [PubMed]

	



Sanna, A.; Hall, M.R.; Maroto-Valer, M. Post-Processing Pathways in Carbon Capture and Storage by Mineral Carbonation (CCSM) towards the Introduction of Carbon Neutral Materials. Energy Environ. Sci. 2012, 5, 7781–7796. [Google Scholar] [CrossRef]

	



Bazzanella, A.; Ausfelder, F. Low Carbon Energy and Feedstock for the European Chemical Industry; DECHEMA, Gesellschaft für Chemische Technik und Biotechnologie e.V.: Frankfurt am Main, Germany, 2017. [Google Scholar]

	



Alberici, S.; Noothout, P.; Mir, G.U.; Stork, M.; Wiersma, F.; Mac Dowell, N.; Shah, N.; Fennell, P. Assessing the Potential of CO2 Utilisation in the UK-Final Report; ECOFYS; Imperial College: London, UK, 2017. [Google Scholar]

	



Hosseini, S.E.; Wahid, M.A. Hydrogen Production from Renewable and Sustainable Energy Resources: Promising Green Energy Carrier for Clean Development. Renew. Sustain. Energy Rev. 2016, 57, 850–866. [Google Scholar] [CrossRef]

	



Dincer, I. Green Methods for Hydrogen Production. Int. J. Hydrogen Energy 2012, 37, 1954–1971. [Google Scholar] [CrossRef]

	



Fragiacomo, P.; Genovese, M. Modeling and Energy Demand Analysis of a Scalable Green Hydrogen Production System. Int. J. Hydrogen Energy 2019, 44, 30237–30255. [Google Scholar] [CrossRef]

	



Hydrogen Economy Outlook—Key Messages. Available online: https://www.readkong.com/page/hydrogen-economy-outlook-key-messages-march-30-2020-4991233 (accessed on 9 November 2022).

	



Green Hydrogen: A Guide to Policy Making. Available online: https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2020/Nov/IRENA_Green_hydrogen_policy_2020.pdf (accessed on 9 November 2022).

	



da Silva Veras, T.; Mozer, T.S.; da Costa Rubim Messeder dos Santos, D.; da Silva César, A. Hydrogen: Trends, Production and Characterization of the Main Process Worldwide. Int. J. Hydrogen Energy 2017, 42, 2018–2033. [Google Scholar] [CrossRef]

	



Liu, B.; Liu, S.; Guo, S.; Zhang, S. Economic Study of a Large-Scale Renewable Hydrogen Application Utilizing Surplus Renewable Energy and Natural Gas Pipeline Transportation in China. Int. J. Hydrogen Energy 2020, 45, 1385–1398. [Google Scholar] [CrossRef]

	



Ayodele, T.R.; Munda, J.L. Potential and Economic Viability of Green Hydrogen Production by Water Electrolysis Using Wind Energy Resources in South Africa. Int. J. Hydrogen Energy 2019, 44, 17669–17687. [Google Scholar] [CrossRef]

	



Nematollahi, O.; Alamdari, P.; Jahangiri, M.; Sedaghat, A.; Alemrajabi, A.A. A Techno-Economical Assessment of Solar/Wind Resources and Hydrogen Production: A Case Study with GIS Maps. Energy 2019, 175, 914–930. [Google Scholar] [CrossRef]

	



Chapman, A.J.; Fraser, T.; Itaoka, K. Hydrogen Import Pathway Comparison Framework Incorporating Cost and Social Preference: Case Studies from Australia to Japan. Int. J. Energy Res. 2017, 41, 2374–2391. [Google Scholar] [CrossRef]

	



StartUs Insights. Top 10 Hydrogen Trends in 2024. Available online: https://www.startus-insights.com/innovators-guide/top-10-hydrogen-economy-trends-innovations-in-2021/ (accessed on 28 March 2024).

	



Developing Green Hydrogen Projects. Energy Notes 2019. Available online: https://hsfnotes.com/energy/2019/03/20/developing-green-hydrogen-projects/ (accessed on 13 February 2024).

	



IEA. World Energy Outlook 2017—Analysis; OECD/IEA: Paris, France, 2017. [Google Scholar]

	



López González, E.; Isorna Llerena, F.; Silva Pérez, M.; Rosa Iglesias, F.; Guerra Macho, J. Energy Evaluation of a Solar Hydrogen Storage Facility: Comparison with Other Electrical Energy Storage Technologies. Int. J. Hydrogen Energy 2015, 40, 5518–5525. [Google Scholar] [CrossRef]

	



Baxter, T. Hydrogen Isn’t the Key to Britain’s Green Recovery—Here’s Why; The Conversation: London, UK, 2020. [Google Scholar]

	



He, W.; Abbas, Q.; Alharthi, M.; Moh