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Abstract

:

Decarbonization plays an important role in future energy systems for reducing greenhouse gas emissions and establishing a zero-carbon society. Hydrogen is believed to be a promising secondary energy source (energy carrier) that can be converted, stored, and utilized efficiently, leading to a broad range of possibilities for future applications. Moreover, hydrogen and electricity are mutually converted, creating high energy security and broad economic opportunities toward high energy resilience. Hydrogen can be stored in various forms, including compressed gas, liquid hydrogen, hydrides, adsorbed hydrogen, and reformed fuels. Among these, liquid hydrogen has advantages, including high gravimetric and volumetric hydrogen densities and hydrogen purity. However, liquid hydrogen is garnering increasing attention owing to the demand for long storage periods, long transportation distances, and economic performance. This paper reviews the characteristics of liquid hydrogen, liquefaction technology, storage and transportation methods, and safety standards to handle liquid hydrogen. The main challenges in utilizing liquid hydrogen are its extremely low temperature and ortho- to para-hydrogen conversion. These two characteristics have led to the urgent development of hydrogen liquefaction, storage, and transportation. In addition, safety standards for handling liquid hydrogen must be updated regularly, especially to facilitate massive and large-scale hydrogen liquefaction, storage, and transportation.
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1. Introduction


The increase in atmospheric greenhouse gas (GHGs) concentrations has raised concern regarding climate change, which is currently regarded as the largest global issue that needs to be urgently mitigated. In 2019, the total carbon emitted from the energy-related sector was approximately 33 Gt-CO2 [1], approximately 87% of the total globally emitted CO2. Moreover, this value is predicted to increase due to increasing global energy consumption. The Kyoto Protocol [2], which was signed by 192 countries and entered into force in 2005, was an organized global effort to combat climate change. This effort was followed by the Paris Agreement [3] in 2015, which aimed to limit the global average temperature increase to under 2 °C while actively attempting to limit this increase to 1.5 °C. The strategy to establish a low-carbon energy system is believed to be crucial for reducing GHG emissions. Several evident efforts have been proposed, including reducing fossil fuel consumption, increasing the renewable energy share, and decreasing primary energy intensity by improving energy efficiency [4,5]. The energy transition considering a strong motivation for fuel decarbonization and an increase in renewable energy share must be taken seriously for establishing a carbon-free society. Japan and China have committed to achieving their carbon neutrality targets by 2050 and 2060, respectively [6].



Recently, the COVID-19 pandemic has caused several changes in systems, including the energy system. Lower energy demand during the pandemic has resulted in the reduction of fossil fuel consumption, especially coal [7], which was running to half of its capacity by 2020. In addition, the increasing share of renewable energy sources has also cumulatively added a positive effect on the global energy transition trend [8]. However, energy transition also faces several challenges, including the storage of renewable energy sources and energy balancing following the fluctuation of renewable energy sources [4].



In terms of energy transition, hydrogen is predicted to have a more significant and pivotal role in the future, owing to its characteristics and applicability. Hydrogen is a carbon-free fuel; hence, its oxidation leads to CO2-free utilization, leading to the actualization of fuel decarbonization. Hydrogen is the most abundant element on Earth, although it is naturally available in its oxidized state (water). It can be produced from primary energy sources through various conversion technologies, including thermochemical, electrochemical, and biological routes. In addition, hydrogen is convertible to and from other secondary energy sources, such as electricity and heat, leading to possible mutual conversion among these secondary energy sources. Hydrogen utilization covers a broad range of oxidation technologies, including turbine combustion, internal combustion engines, fuel cells, and fuel mixing [9,10]. Hydrogen can also be adopted as an effective energy storage system, such as batteries. Compared to conventional batteries, which have characteristics of self-discharge and capacity degradation following the storage period and cycle, hydrogen can store the energy for a longer period, while maintaining its high energy density.



The massive future hydrogen deployment is expected to establish the hydrogen economy, in which hydrogen can be economically competitive. This massive deployment demands a broad range of hydrogen storage and transportation, ranging from small scale (e.g., vehicles) to large scale (e.g., power generation). Hydrogen is the lightest substance in this universe, with a density of 0.081 kg/m3 at 27 °C and 1 atm. Hydrogen has an excellent gravimetric energy density with a lower heating value (LHV) of 118.8 MJ/kg, but it possesses a very low volumetric energy density of approximately 3 Wh/L at ambient conditions (temperature and pressure of 20 °C and 1 atm, respectively) [11]. These characteristics pose the largest challenge in hydrogen utilization; therefore, developing and adopting an effective storage method for hydrogen is crucial. In general, hydrogen can be stored through different storage technologies, including compression, liquefaction, adsorption, hydrides, and reformed fuels. Selecting appropriate technologies to store hydrogen is influenced by its application, transportation mode, storage period, and other conditions [12].



Among these hydrogen storage systems, liquid hydrogen is considered promising in terms of both gravimetric and volumetric hydrogen densities, high hydrogen purity, and the possibility for low-pressure storage [13]. Liquid hydrogen was initially produced in 1898, and its application as a rocket fuel was adopted at the beginning of the 1950s [14]. As the demand for aerospace and other applications is increasing, the production of liquid hydrogen also increases. Moreover, the rapid growth of various hydrogen applications, including fuel-cell-based power generators and vehicles, demand high purity of hydrogen on a large scale [14], which can be provided by liquid hydrogen-based storage and transportation. Additionally, liquid hydrogen is considered to be the most feasible storage and distribution method to facilitate the demand for mobility-based hydrogen considering economy, energy density, and technical issues [15].



Figure 1 shows the basic supply chain of liquid hydrogen, covering hydrogen production, liquefaction, transportation, distribution, and utilization. Hydrogen can be produced from various primary energy sources, including conventional fossil fuels, renewable energy sources, and surplus energy (heat and electricity). This conversion can be conducted through electrochemical (electrolysis), thermochemical (gasification, pyrolysis, steam reforming, and chemical looping) [16], and biological processes (fermentation, biophotolysis, and microbial electrolysis) [17]. The produced hydrogen is then liquefied before being loaded for transportation. Various transportation options are available, such as sea tankers, trucks, and railway tankers. Transportation covers long-distance international shipping and domestic distribution. In the utilization sites, liquid hydrogen is unloaded and regasified before being distributed to small sale consumers.



However, hydrogen liquefaction is an energy-intensive process. In addition, because of the extremely low temperature of −253 °C, handling and transporting liquid hydrogen requires advanced technologies and careful handling to minimize hydrogen loss and hazardous risks. Several technologies for liquefying gaseous hydrogen have been developed, including storage and transportation. This paper reviews the characteristics of liquid hydrogen, liquefaction technology, storage and transportation, and some safety aspects and standards required to manage liquid hydrogen.




2. Hydrogen Characteristics


2.1. Hydrogen Properties


Hydrogen is the simplest substance (one proton, one electron, and no neutron), non-toxic, and has no color, odor, or taste. In addition, at ambient conditions (temperature and pressure of 20 °C and 1 atm, respectively), the hydrogen molecule is extremely small (van der Waals radius of 120 pm) and about 14 times lighter than air at 2.016 g/mol, and has a high diffusion rate (0.61 cm2/s) and buoyancy [12]. The bombardment of neutrons with hydrogen leads to the formation of isotopes, including deuterium and tritium, which are radioactive and are utilized in many nuclear devices [18]. The flashpoint (the temperature at which the fuel generates sufficient vapor amount to facilitate a flame at its surface when the ignition source exists) of hydrogen is –231 °C, which is the lowest compared to other fuels. As the flashpoint indicates easy fuel combustion, the very low flashpoint of hydrogen is advantageous because of the possibility of a simpler system to ignite and combust hydrogen [19]. Table 1 lists the physical properties of hydrogen.



Figure 2 shows the correlation between hydrogen density and temperature at specific pressures. At ambient pressure (1 atm), hydrogen liquifies at a temperature of −253 °C, leading to a significant increase in its density. Hydrogen has a critical temperature and pressure of −240 °C and 1.3 MPa, respectively. Increasing the pressure to 1 MPa leads to an increase in the boiling point, although a similar graph is obtained at 0.1 MPa. When the pressure is increased further and higher than its critical point, different trends of graphs are shown because there is no latent heat under these supercritical conditions.




2.2. Comparison of Hydrogen Storage


Figure 3 shows some possible hydrogen storage options, including compression, liquefaction, hydrides, and adsorption. In physical storage, hydrogen can be stored through compression and liquefaction in the form of compressed, liquid, cryo-compressed, and slush hydrogen. In addition, chemical storage converts a broad range of materials to bind or react with hydrogen. These include hydrides (metal, interstitial metal, complex, and chemical hydrides), liquid organic hydrogen carriers (LOHC), reformed organic fuels, and hydrolysis. Among these, compression and metal hydrides are considered efficient methods for small- to medium-scale hydrogen storage [24]. Integrating large-scale energy storage into the electrical grid has the potential to solve grid problems, including the fluctuation of renewable energy [25] and storage of surplus energy.



Table 2 lists the characteristics comparison of several representative hydrogen storage methods, including compressed hydrogen, metal hydride, LOHC, liquid hydrogen, and liquid ammonia. These four methods are selected due to their hydrogen storage density, technological maturity, and no involvement of carbon during hydrogen utilization.



Compression is the conventional and easiest way to store hydrogen. The hydrogen density stored in its compressed form depends strongly on the storage pressure. Typically, at pressure of 10 MPa, the volumetric density of the storage hydrogen is 7.8 kg-H2/m3 (temperature of 20 °C). It increases to 39 kg-H2/m3 when the pressure is increased to approximately 69 MPa. Compressed hydrogen is adopted in many applications, including vehicles, hydrogen refueling stations, and other industrial purposes. To achieve a high density, advanced materials for vessels are required, such as carbon fiber and glass fiber-reinforced plastics. However, due to manufacturing limitations, the vessel size is also limited. In addition, because of its high pressure, the permeation of hydrogen gas (permeated hydrogen gas amount) to the vessel wall becomes larger [30] leading to higher risk of accelerated embrittlement.



Hydrides for hydrogen storage include metal, complex, chemical, and interstitial metal hydrides. Metal hydrides are intermetallic compounds formed through a combination of stable hydride-forming elements and unstable-hydride-forming elements. Common metal hydrides include MgH2, AlH2, LaNi5, and Mn2Zn [31]. Metal hydrides have the benefits of absorption and desorption at constant pressure, moderate temperature operation, and stability and safety during storage (possibility of long-term storage) [32]. However, metal hydrides also face several challenges, including limited hydrogen storage, limited reversibility, packing limitation, thermal management, and heat demand during desorption to release hydrogen [33]. Furthermore, complex hydrides are generally defined as compounds with the general formula M(XHx)y, in which M and X represent metal cations and metal or non-metal elements that have covalent or iono-covalent bonding with hydrogen. Complex hydrides include alanates (e.g., LiAlH4 (10.4 wt%) and Mg(AlH4)2 (9.7 wt%)), amide–hydride composites (e.g., LiNH2-2LiH (11.5 wt%)), metal B-based complex hydrides (e.g., LiBH4(NH3BH3) (18.9 wt%), Mn(BH4)2·6NH3 (14.0 wt%)), and metalorganic hydrides [34]. Additionally, chemical hydrides are a promising option. Chemical hydrides are lighter than metal hydrides and have higher hydrogen densities. LiH (25.2 wt%), LiAlH (21.1 wt%), NaBH (21.3 wt%), and NH3BH3 (19.6 wt%) are promising chemical hydrides [35]. Although these complex and chemical hydrides have high hydrogen density, they continue to face several problems, including low reversibility, thermodynamic limitations during dehydrogenation, slow kinetics during hydrogenation and dehydrogenation, and potential evolution of another product [36].



Hydrogen can also be stored via adsorption, in which hydrogen molecules are physically bonded through van der Waals bonding with a material with a large specific surface area. However, as van der Waals bonding is relatively weak (3 kJ/mol-H2–10 kJ/mol-H2), gaseous hydrogen must be charged at relatively high pressures and low temperatures [37] to achieve a relatively high hydrogen storage density. The pressure during hydrogen charging is 1–10 MPa (depending on the adsorbent materials and application), while liquid nitrogen is generally adopted as the cooling medium [38]. Several adsorbents have been developed, including zeolites [39], metal organic frameworks (MOFs) [40], porous carbon materials [41], and porous polymeric materials [37]. Low adsorbent density, the requirement for additives to enhance heat conductivity, low volumetric hydrogen density [42], and requirement for heat management are challenges faced by hydrogen adsorption. The adsorption is exothermic; therefore, heat removal is required to facilitate a sufficient level of adsorption [37].



LOHC is a liquid that can store and release hydrogen reversibly through hydrogenation and dehydrogenation processes, respectively. The hydrogen density of LOHCs was in the range of 5–7 wt%. Promising LOHCs included toluene (C7H7)/methyl cyclohexane (C7H14), benzene (C6H6)/cyclohexane (C6H12), naphthalene (C10H8)/decalin (C10H18), biphenyl (C12H10)/bicyclohexyl (C12H22), and dibenzyltoluene (H0-DBT)/perhydrodibenzyltoluene (H18-DBT) with hydrogen storage densities of 6.2, 7.2, 7.3, 7.23, and 6.2%, respectively [43,44,45]. LOHCs are essentially liquid under atmospheric conditions (20 °C and 1 atm); therefore, their handling, storage, and transportation are highly convenient. In addition, it is stable, safe, and compatible with the existing fuel infrastructure [44]. However, LOHCs have disadvantages, such as low hydrogen density, the large amount of energy required during dehydrogenation, and the need for purification after dehydrogenation [46].



Hydrogen can also be physically stored in liquid conditions at a temperature of −253 °C. This liquefaction leads to high gravimetric and volumetric hydrogen densities of 100 wt% and 70.9 kg-H2/m3, respectively, which are higher than those of compressed hydrogen, hydrides, and adsorption-based hydrogen storage. Furthermore, the liquefaction of hydrogen leads to several possibilities of storage, including liquid hydrogen (at normal pressure), cryo-compression (at elevated pressure), and slush (suspension with solid) hydrogen. Hydrogen becomes supercritical at temperatures and pressures higher than −240 °C and 1.3 MPa, respectively. Cryo-compressed storage refers to a combination of cryogenic liquid and compressed storage [47]. This combination leads to a higher hydrogen storage density than liquid hydrogen, no change in phase, reduction in evaporation, increase in pressure buildup time, and reduction of boil-off losses [48,49]. However, the heat transferred from the surroundings results in evaporation, and the pressure inside the vessel increases accordingly. When the pressure limit was reached, the boil-off valve opened. Cryo-compressed hydrogen has several challenges, such as tank design, material, and expensive refueling infrastructure.



Slush hydrogen is defined as a cryogenic suspension of combined sub-cooled liquid and solid hydrogen at a triple point (−259.3 °C, 7.042 kPa) [50], and it has a higher gravimetric density (approximately 15–20% higher) than liquid hydrogen [51]. When the hydrogen slush contains 50% mass fraction of hydrogen solid, the gravimetric density and heat capacity are increased by 15.5 and 18.3%, respectively, compared to the liquid hydrogen at its boiling temperature. It has a higher density and heat capacity compared to liquid hydrogen, and is mainly adopted in aerospace rockets as a fuel [52]. Moreover, slush hydrogen can be achieved through any repeated freeze–thaw process, in which liquid hydrogen is brought near its boiling point and the pressure is reduced. This results in vaporization of liquid hydrogen, removing the latent heat, and decreasing its temperature [53]. When the liquid hydrogen is subsequently cooled down and its triple point is reached, solid hydrogen is formed on the surface of the vaporizing liquid. As the vacuuming is stopped, the pressure increases, leading to the melting of the formed solid hydrogen before it sinks and is agitated in liquid hydrogen. This process is repeated.



Storing hydrogen in the form of organic fuels, including methane and methanol, is considered non-carbon-free, as these materials involve carbon in their molecules. Among reformed organic fuels, ammonia is also considered promising for storing hydrogen due to its high hydrogen density (17.8 wt%), availability of infrastructure, wide possibility for utilization (with and without decomposition), and good storability (liquefaction at pressure of 0.8 MPa and temperature of 20 °C) [26,54]. However, ammonia faces several challenges, including high energy demand during its synthesis, narrow flammability range (15.15–27.35% and 15.95–26.55% in dry and 100% relative humidity of air, respectively), relatively higher apparent toxicity (approximately three orders of magnitude higher than methanol), and its potential to generate NOx during its combustion at high temperatures [52]. In addition, ammonia decomposition to release hydrogen requires a large amount of energy of 30.6 kJ/mol-H2.



Large-scale hydrogen storage demands a high density of hydrogen storage. Liquid hydrogen and ammonia are considered promising storage methods, considering their hydrogen storage density and utilization. According to Wijayanta et al. [26], liquid hydrogen is the most economically competitive when high-purity hydrogen is required during utilization. In addition, liquid hydrogen remains highly competitive compared to ammonia in many carbon-neutral applications. Liquid hydrogen is predicted to be applicable for advanced applications demanding high gravimetric energy density, such as maritime and aviation.




2.3. Characteristics of Liquid Hydrogen


Like gaseous hydrogen, liquid hydrogen is odorless, tasteless, and colorless. The main characteristics of liquid hydrogen distinguishing it from gaseous hydrogen are its very low temperature and liquid phase. The liquid phase leads to a significantly higher density (approximately 848 times that of gaseous hydrogen). The properties of liquid hydrogen are listed in Table 3.



Furthermore, discussion related to hydrogen isomers becomes very important when considering liquid hydrogen. Hydrogen has two different spin isomers that possibly coexist; they are ortho- and para-hydrogen. This phenomenon was initially observed in 1912 during experiments using hydrogen at low temperatures. The heat capacity at cryogenic temperatures showed different hysteresis compared to the cooling and heating curves. Subsequently, the existence of a hydrogen spin isomer was postulated [57] and experimentally proven [58] in 1927 and 1929, respectively.



Figure 4 shows the spin isomers of hydrogen and para-hydrogen concentrations in equilibrium hydrogen according to the temperature. In addition, Table 4 shows the characteristic comparison of ortho- and para-hydrogen. Ortho-hydrogen is defined as the condition in which both protons in the nuclei of both hydrogen atoms spin in the same direction; therefore, the resultant nuclear spin is one. Conversely, para-hydrogen refers to the conditions in which both protons in the nuclei of hydrogen atoms spin in opposite directions; hence, the resultant is zero. Both have slightly different physical properties, including thermal, magnetic, and optical properties [59,60], although their chemical properties are still equivalent. Therefore, both still have similar hazards when they are used.



The concentration of ortho- and para-hydrogen depends strongly on the temperature. Particularly at lower temperatures, below −120 °C, the concentration of para-hydrogen increased significantly under equilibrium conditions. There was no significant change in the concentration ratio of both ortho- and para-hydrogen at temperatures higher than −120 °C. Under atmospheric conditions (20 °C and 1 atm), gaseous hydrogen consists of 75 and 25% ortho- and para-hydrogen, respectively [63], and is generally referred to as normal hydrogen. However, when the temperature is cooled to near zero, the concentration of para-hydrogen approaches 100%.



When gaseous hydrogen with 75% ortho-hydrogen is cryogenically liquefied from ambient temperature, the conversion of ortho- to para-hydrogen gradually occurs to achieve the equilibrium condition. Para-hydrogen has a lower energy stage than ortho-hydrogen. The complete conversion of ortho- to para-hydrogen generates heat of 703 kJ/kg. Hence, it can be calculated that in the case of normal hydrogen (para-hydrogen concentration of 25%) is liquefied, its conversion generates a heat of 527 kJ/kg. As the latent heat of vaporization of liquid hydrogen is 446 kJ/kg, boil-off occurs following the storage period, leading to a lower storage efficiency.



At low temperatures, ortho-hydrogen, especially in liquid hydrogen, is unstable and changes to a more stable para-hydrogen. This isomer change leads to heat generation and promotes vaporization of liquid hydrogen.





3. Brief Review on Liquefaction Technologies


As hydrogen is a permanent gas (a gas that cannot be liquefied, except at very low temperatures), it cannot be liquefied only by compression at 1 atm. To liquefy the hydrogen, it should be cooled down to its critical temperature (−240 °C), which is then stored in vacuum-insulated vessels below the boiling temperature (−253 °C at 1 atm). Through cryogenic cooling, the volume of hydrogen is reduced by 1/848, leading to significantly efficient hydrogen storage. Hydrogen liquefaction is considered an established technology, although several improvements are being carried out, specifically further reducing energy consumption. The current global production of liquid hydrogen is approximately 355 t/d, with the largest liquefaction plant producing up to 34 t/d [64].



Hydrogen has been initially liquefied in 1898 by Sir James Dewar in Scotland using a small liquefaction device with a capacity of 0.24 L/h [65], several years before a pre-cooled Hampson–Linde cycle was tested in a laboratory-scale liquefaction system [64]. Dewar initially pressurized gaseous hydrogen to 18 MPa, and then pre-cooled using carbolic acid and liquid air to a temperature of −250 °C. This liquefaction system is relatively similar to the Hampson–Linde cycle, which is currently adopted for air liquefaction [64]. Several other liquefaction processes were developed around 1900, including Claude, pre-cooled Claude, and helium-refrigerated systems. In 1957, a relatively large hydrogen liquefaction plant that would utilize a pre-cooled Claude system was developed to meet the demands of the chemical and aerospace industries. In this system, hydrogen is initially pre-cooled using liquid nitrogen to a temperature of approximately −193 #xB0;C, which is followed by refrigeration using hydrogen until liquid hydrogen is formed [65].



During hydrogen liquefaction, throttling and Joule–Thomson effects are important concepts. Throttling is generally employed in large gas liquefaction cycles after increasing the pressure and/or decreasing the temperature to create non-ideality [66]. Conversely, the Joule–Thomson effect deals with the maximum inversion temperature compared to the ambient temperature. Cooling during throttling occurs if the inversion temperature is higher than the ambient temperature. Moreover, the Joule–Thomson coefficient represents the extent and direction of the temperature change during the isenthalpic change of state. A positive Joule–Thomson coefficient indicates that the temperature decreases following a decrease in isenthalpic pressure. The concept of a positive Joule–Thomson coefficient is adopted during hydrogen liquefaction, in which a rapid pressure change can be facilitated using a nozzle. Conversely, a negative Joule–Thomson coefficient leads to a temperature increase during the decrease in isenthalpic pressure. This concept was utilized during the hydrogen filling of the high-pressure vessel. This section describes several basic hydrogen liquefaction processes, catalyzed ortho- to para-hydrogen conversion, and specific energy consumption during hydrogen liquefaction.



3.1. Linde Process


The Hampson–Linde (or Joule–Thomson expansion) process is considered the most basic and simplest liquefaction process [56]. In this process, the hydrogen gas under ambient conditions is compressed and then cooled via heat exchange. Subsequently, the isenthalpic Joule–Thomson expansion for this compressed and cooled gas was conducted through a throttling valve. As the system relies on the Joule–Thomson effect for liquefaction, a high pressure of hydrogen is generally required [67]. A part of the compressed gas becomes liquid, while the rest (which is still in gaseous form) is recirculated back for the subsequent cooling process. This process is appropriate for gas that can be cooled by expansion at room temperature, such as nitrogen. However, hydrogen, such as helium, warms up during expansion at room temperature. Therefore, to cool down the hydrogen following expansion, hydrogen must be initially cooled to its inversion temperature (−73 °C at 1 bar) or lower [68]. Liquid nitrogen (boiling temperature of −195 °C at 1 bar) can be used to pre-cool the hydrogen. It is important to note that the inversion temperature is strongly influenced by the pressure; hence, pressure adjustment is crucial to facilitate sufficient pre-cooling.



Figure 5 shows a schematic of the Linde–Sankey process for hydrogen liquefaction [56]. Gaseous hydrogen is compressed and cooled in subsequent heat exchangers for cooling using compressed and liquid nitrogen. After the temperature of compressed hydrogen is lower than its inversion temperature, Joule–Thomson expansion is conducted, and as a result, a part of the hydrogen liquefies. The remaining gaseous hydrogen was then recirculated and mixed with the new gaseous hydrogen feed.




3.2. Claude Process


A crude process was successfully developed by Georges Claude in 1902 to liquefy air using a reciprocating expansion machine [64]. This process combines the expansion engine and the Joule–Thomson expansion effect. Isenthalpic expansion leads to the simplicity of the system; however, it suffers from low energy efficiency [69]. The introduction of an expansion engine in the Claude process can produce a lower temperature before isenthalpic expansion (as adopted by the Linde process). In addition, as the expansion engine becomes the main refrigeration source, cooling using liquid nitrogen is not essential. However, Timmerhaus and Flynn mentioned in their study that 50–70% higher exergy efficiency can be established when liquid nitrogen is additionally utilized for pre-cooling [70].



Figure 6 shows a schematic diagram of the Claude process for hydrogen liquefaction [69]. The compressed gaseous hydrogen is cooled through several series of heat exchangers, where an expansion engine is installed between the heat exchangers. A part of the compressed gas is fed to the expansion engine and used to cool the remaining gas. Theoretically, isothermal compression and isenthalpic expansion are employed. The expansion engine cannot practically be used for condensation, as the liquefied substance potentially damages this expansion engine. Using this expansion engine, a part of the high-pressure hydrogen is expanded to generate a lower temperature of hydrogen. Then, it was mixed with cold hydrogen at a low temperature, which was then heat exchanged with the high-pressure hydrogen in the heat exchanger (HE2).




3.3. Collins Process


The Collins process was initially developed for helium liquefaction [71]. Figure 7 shows a schematic diagram of the Collins process [56]. The Collins process is called the modified Claude process due to its similarities to the Claude process. The gaseous hydrogen is compressed and then fed to several heat exchangers before being expanded through the Joule–Thomson expansion valve. Following the expansion, the pressure of the hydrogen decreases and a part of the hydrogen condenses, while the remaining gaseous hydrogen flows back to the heat exchangers in the counter-current mode. Cooling must be conducted until the temperature reaches or below the inversion temperature. For cooling, two adiabatic expansion engines working at different working temperatures were adopted.




3.4. Helium Brayton Cycle


Figure 8 shows schematic diagrams of helium Brayton cycle hydrogen liquefaction [67]. Several possible structures include simple helium Brayton cycle, helium Brayton cycle with pre-cooling using liquid nitrogen, and two-steps helium Brayton cycle. The Brayton cycle is generally adopted for jet engines or gas turbines in power generation plants. In Brayton refrigeration system, helium and hydrogen commonly used as refrigerant. Helium—primarily used as a refrigerant, not as a liquefier—is cooled down to a temperature lower than the hydrogen temperature [72]. In a system with liquid nitrogen pre-cooling, liquid nitrogen is used to additionally provide a cold heat; hence, the compressor work can be reduced.




3.5. Magnetic Refrigeration/Liquefaction System


Magnetic refrigeration utilizes a magnetic field to both magnetize and demagnetize the magnetic material repeatedly, resulting in a magnetocaloric effect. Therefore, a low temperature of heat can be produced owing to this magnetocaloric effect [72]. The magnetocaloric effect is a phenomenon in which a change in the magnetic field results in a reversible change in the working material temperature. The first magnetic refrigerator was initially developed in 1930 [73]. Furthermore, a near room temperature magnetic refrigerator was successfully developed in 1976 by Brown [74]. By using gadolinium and changing the magnetic field (0–7 T), Brown successfully realized a 47 K no-load temperature difference between hot and cold ends (temperatures of 319 and 272 K, respectively) [74]. Gadolinium alloys have been broadly adopted as working magnetic materials, although some other promising materials have also been developed and evaluated [75].



Figure 9 shows a schematic diagram of the magnetic hydrogen liquefaction. Magnetic refrigeration principally adopts the reversed Carnot cycle and consists of four continuous steps: adiabatic magnetization, isothermal magnetization, adiabatic demagnetization, and isothermal demagnetization [76]. In adiabatic magnetization, the working material is installed in a thermally insulated environment. When an external magnetic field is applied and increased, the magnetic atom dipoles are aligned, leading to a decrease in the entropy and heat capacity. Subsequently, the process was continued with isothermal magnetization (isomagnetic enthalpy transfer), where the heat was removed by another fluid, while the magnetic field was kept constant to avoid heat absorption by the dipoles. Furthermore, the working material is placed under adiabatic conditions in adiabatic demagnetization; hence, the total enthalpy remains constant. In this step, as the magnetic field decreases, the generated heat results in magnetic moments overcoming the magnetic field. Therefore, the working material was cooled. The thermal entropy was converted to the magnetic entropy. In the last step, isothermal demagnetization (isomagnetic entropy transfer) is conducted, in which the magnetic field is kept constant to prevent material reheating. In this step, the working material has thermal contact with the hydrogen to be refrigerated or liquefied. As the environment temperature is higher than the working material temperature, heat is transferred to the working material.



The theoretical efficiency of this cycle is higher than that of the Carnot cycle-based system, especially compressed-gas refrigeration. The magnetic refrigeration system can establish approximately 50% theoretical Carnot efficiency, which is much higher than that of the compressed-gas refrigeration system, which has an efficiency of 38% theoretical Carnot efficiency [77]. Moreover, by adopting a solid magnetic material in a magnetic refrigeration system, the liquefying plant will be more compact owing to its higher entropy density than gas.




3.6. Catalyzed Ortho- to Para-Hydrogen Conversion


The non-catalyzed conversion of ortho- to para-hydrogen is very slow, and when this conversion occurs during storage and transportation, hydrogen loss due to boil-off may occur. To minimize the conversion of ortho- to para-hydrogen and thus minimize the heat release during storage, a catalyst is used during liquefaction to accelerate the change of ortho- to para-hydrogen. Therefore, a high para-hydrogen concentration can be achieved, and boil-off due to ortho-to-para-hydrogen conversion can be minimized [61]. The catalytic conversion of ortho- and para-hydrogen can be described using the following reaction:


  ortho − H 2 +  catalyst     ⇔   k  o p   ,    k  p o     para − H 2 +  catalyst     



(1)






   k 0  =  k  o p   +  k  p o    



(2)




where k0, kop, and kpo are the total conversion rate constant, ortho- to para-hydrogen conversion rate constant, and para- to ortho-hydrogen conversion rate constants, respectively.



Fradkov and Troitskii [78] reported a hydrogen liquefaction system equipped with an ortho- to para-hydrogen conversion module in 1965. They found that to improve the output, ortho- to para-hydrogen conversion should be performed at several temperature levels. In addition, they also suggested utilizing liquid nitrogen as the pre-coolant to partially remove the conversion heat. Their system indicated a very high conversion rate of 98%. Figure 10 shows the possible installation of an ortho-to-para-hydrogen conversion reactor in different liquefaction systems of the helium Brayton cycle with liquid nitrogen pre-cooling and a two-step helium Brayton cycle [67]. The conversion reactor can be installed in a multistage manner to achieve effective conversion. As shown in Figure 10, two ortho-to-para-hydrogen conversion reactors (CV1 and CV2) were installed in a two-stage arrangement. In both systems, the first conversion reactor was installed at an intermediate temperature in the gas phase, while the second conversion reactor was located at the end of liquefaction, where liquid hydrogen was produced. In the former system (Figure 10a), the first ortho- to-para-hydrogen conversion reactor was installed in the first heat exchanger under isothermal conditions at liquid nitrogen temperature; therefore, the conversion heat can be covered by liquid nitrogen. Conversely, in the latter system, the first conversion reactor was installed under adiabatic conditions, where the hydrogen temperature increased following ortho- to-para-conversion. The second conversion reactor in both liquefaction systems was conducted under isothermal conditions at −253 °C.



Various catalysts have been developed and evaluated, especially in terms of their ortho- to para-hydrogen conversion performance. The kinetics of the catalytic conversion of ortho- to para-hydrogen include seven consecutive steps: (a) diffusion of ortho-hydrogen from the liquid to the surface of the catalyst; (b) diffusion of ortho-hydrogen in the catalyst pore reaching the active site; (c) ortho-hydrogen adsorption; (d) surface reaction of ortho- and para-hydrogen (ortho-hydrogen ↔ para-hydrogen); (e) desorption of para-hydrogen; (f) diffusion of para-hydrogen in the catalyst pore to the catalyst surface, and (g) diffusion of para-hydrogen to the liquid through the boundary film [79,80].



Some materials, such as silver [81,82,83], copper [84,85], charcoal [56], graphite [86], and supported chromium [87,88] and ferric [89,90] oxides, have been found to be effective for this conversion. Schmauch and Singleton [91] compared the following three catalysts: APACHI, iron gel, and chromia on alumina. They found that the APACHI catalyst displayed an excellent conversion activity, which was approximately 10 times that of iron gel (2.6 min−1 compared to 0.27 min−1). In addition, the smaller particle size of the catalyst leads to higher activity because of the smaller average pore length and higher diffusion. Sullivan et al. [92] compared chromic oxide (CrO3) and ferric hydroxide (Fe(OH)3) for ortho- to para-hydrogen conversion, and they found that chromic oxide supported by silica gel has a highly efficient catalytic surface for conversion at low temperatures. In addition, chromic oxide is less susceptible to poisoning than ferric hydroxide. Moreover, Hartl et al. [88] compared chromium-doped silica and ferric oxide gel, and they found that chromium-doped silica has better adsorption and desorption, leading to better surface mobility. In addition, chromium-doped silica can adsorb more hydrogen per surface area. These characteristics improve the performance of chromium-doped silica during the conversion. Recently, Boeva et al. [93] used gold nanoparticles supported on γ-Al2O3 and reported high catalytic activity and reaction rate, although they also found that there was no significant impact of particle size on the catalytic activity and reaction rate.




3.7. Specific Energy Consumption for Hydrogen Liquefaction


Theoretically, the minimum work required for hydrogen liquefaction is 2.7 kWhel/kg-H2 at a feed pressure of 2.5 MPa [94]. However, in practical applications, the specific energy demand for hydrogen liquefaction is approximately 10 kWhel/kg-H2, although it is predicted that the demand can be reduced to approximately 6 kWhel/kg-H2 with further process improvements [37,94]. Hydrogen liquefaction is a very energy-intensive process because of its very low boiling temperature (−253 °C at 1 atm). In addition, as hydrogen cannot be cooled down through throttling processes, including adiabatic and isenthalpic expansion, for temperatures higher than −73 °C, pre-cooling during the liquefaction process, such as by evaporating liquid nitrogen, is required. This pre-cooling increases the energy consumed during liquefaction [15]. The US Department of Energy (DOE) has set the ultimate energy consumption target for hydrogen liquefaction to 6 kWhel/kg-H2 (large-scale liquefaction, 300,000 kg-H2/d) [95]. It is important to note that although the energy consumed for liquefaction can be lowered by adopting further process integration and improvements, the capital cost for liquefaction remains a challenge [96], as this capital cost for liquefaction may dominate approximately 40–50% of the total liquefaction process (assuming a liquefaction capacity of 100 t/d) [97].



Efforts to reduce energy consumption during hydrogen liquefaction have been undertaken by various researchers and industries. In addition, more complicated liquefaction processes have been developed. A large-scale Linde hydrogen liquefaction plant, installed in Ingolstadt, Germany, has specific energy consumption of 13.58 kWhel/kg-H2 and capacity of 4.4. t/d by applying the Claude process with nitrogen pre-cooling [98]. Very large hydrogen liquefaction with a capacity of 50 t/d was modeled and developed by adopting helium pre-cooling and four ortho- to para-hydrogen conversion catalyst beds by Shimko and Gardiner. The system can achieve a specific energy consumption of 8.73 kWhel/kg-H2 [99]. Zhang and Liu modeled the Claude pre-cooling cycle combined with the Joule–Brayton refrigeration cycle, and obtained a specific energy consumption of 5.85 kWhel/kg-H2 [100]. A hydrogen liquefaction system consisting of a pre-cooling process using mixed refrigerants and four cascaded Joule–Brayton refrigeration cycles was developed by Krasae-In et al. [64]; their developed system indicated extremely high energy efficiency, with a specific energy consumption of 5.35 kWhel/kg-H2. Matsuda and Nagami [101] evaluated the Joule–Brayton pre-cooling Claude process employing four different refrigerants and found that neon with a cold pump showed the lowest specific energy consumption of 8.49 kWhel/kg-H2. Quack et al. [102] developed an ethane-propane Joule–Brayton pre-cooling Claude process using helium-neon as a refrigerant in the cryogenic module, and the system showed a specific energy consumption of 5 kWhel/kg-H2–7 kWhel/kg-H2. Further efforts to reduce the energy consumption during hydrogen liquefaction are required; consequently, the liquefaction cost can be further reduced, leading to a low total hydrogen cost.





4. Liquid Hydrogen Storage and Transportation


Liquid hydrogen can be transported via road and rail transportation. The former is usually utilized for short and medium domestic and international transportation, while the latter is utilized for long-distance international transportation. The amount of transported liquid hydrogen can reach up to 4000 and 10,000 t per truck and shipment, respectively [18].



4.1. Liquid Hydrogen Storage


As the temperature is extremely low, the apparatuses (pipe, tank, vessel, vent, valve, etc.) having direct contact with the liquid hydrogen must be designed and manufactured such that they can withstand this low temperature. In addition, the formation of ice surrounding the pipes, valves, and vents needs to be minimized, as it potentially leads to material rupture, especially when a strong pressure and force are impacted. Moreover, liquid hydrogen is non-corrosive; hence, providing any special material to prevent corrosion is unnecessary.



4.1.1. Boil-Off


The phenomenon in which liquid hydrogen vaporizes to its gaseous state during storage is usually referred to as boil-off. The evaporation of hydrogen during storage results in two different losses: the energy loss for liquefaction and the hydrogen loss due to purging of the evaporated gas to avoid pressure buildup inside the vessel [37]. This boil-off is correlated with the thermal insulation, tank shape and dimension, and the ortho- to para-hydrogen ratio. The vaporized hydrogen should be released from the storage tank and vessel; otherwise, the inner pressure of the tank and vessel increases significantly, leading to the possibility of breakage or explosion. This release of gaseous hydrogen from the storage tank indicates the loss of hydrogen capacity in the tank and vessel. As the expansion ratio of liquid to gas hydrogen is approximately 848, when the tank/vessel is completely contained and has an initial pressure of 1 atm, the inner pressure of the tank/vessel may increase to approximately 172 MPa when the liquid hydrogen is completely vaporized.



Boil-off occurs due to several causes or mechanisms, including ortho- to para-hydrogen conversion (spin isomer conversion), heat leakage, thermal stratification, sloshing, and flashing. The details of each mechanism are provided below.



	
Change of spin isomer (ortho- to para-hydrogen conversion)



As described in Section 2.3, ortho- to para-hydrogen conversion results in heat generation, leading to the evaporation of liquid hydrogen, followed by an increase in pressure inside the vessel. Therefore, the accelerated conversion of ortho- to para-hydrogen should be performed before liquid hydrogen is stored and transported, especially for a long period of time. Hence, the amount of conversion can be defined by the storage and transportation durations;



	
Heat transferred from surrounding environment



Liquid hydrogen is stored in a very well-insulated vessel and tank. However, there is no insulation that can completely neglect the heat transfer from the surroundings to the liquid hydrogen, especially when the temperature difference is very large. The liquid hydrogen is partially vaporized because of the heat transferred from the surroundings. In stationary liquid hydrogen storage, this type of hydrogen loss is considered the most significant one, which can reach 1% or might be higher in the case of small storage tanks (tanks with volumes of 0.1 and 100 m3 have boil-off of approximately 2 and 0.06%, respectively) [56]. However, this loss can be reduced when the size of the storage tank is increased (scale effect) [63], as a larger tank dimension leads to a better surface-to-volume ratio. Heat transfer from the surroundings to the liquid hydrogen occurs through conduction, convection, and radiation. The conduction heat transfer is reduced by a material with low heat conductivity, while the convection can be minimized by facilitating a vacuum space between the outer and inner walls. Furthermore, the radiation heat transfer can be reduced by installing a multilayer insulation facing the inner walls;



	
Sloshing and flashing



Sloshing is defined as the motion of liquid hydrogen inside a tank or vessel due to acceleration, deceleration, and shaking during movement or any other causes. The generated kinetic energy is then transformed into thermal energy, which is transferred to the liquid inside the tank or vessel. The generated thermal energy also increases the amount of evaporated liquid hydrogen. Conversely, flashing refers to the phenomenon that occurs during the transfer of liquid hydrogen from a tank with higher pressure to that with lower pressure. This pressure difference leads to the evaporation of some parts of the liquid hydrogen;



	
Thermal stratification and overfill



When the heat is transferred to the liquid hydrogen inside the vessel (such as due to thermal leakage), hydrogen with a relatively higher temperature is drawn to the surface due to lower density, resulting in a liquid–vapor interface. Consequently, this layer creates different pressures, in which the pressure of the vapor is higher than that of the bulk liquid. This stratification in liquid hydrogen is relatively stable because of the poor thermal conductivity of liquid hydrogen (0.0012 W/cm·K at −253 °C) [56]. Moreover, the thermal overfill represents the condition when the tank is filled with liquid hydrogen, and the saturation pressure is higher than the maximum operating pressure of the vessel. In this case, the surface layer exhibits liquid surface temperature, which corresponds to the tank operating pressure (not the higher pressure of bulk liquid hydrogen). As a result, rapid boil-off may occur as the system achieves equilibrium conditions following a change in the surface layer.






The boil-off can be minimized (zero boil-off) through various active and passive efforts, such as acceleration of isomer change from ortho- to para-hydrogen during liquefaction, minimization of surface-to-volume ratio of the vessel (such as spherical shape), excellent insulation of the vessel to reduce the heat transfer from the surrounding environment, and the adoption of a cryocooler [37]. A combination of liquid hydrogen storage vessels and metal hydrides has been proposed to reduce the total hydrogen loss from the system [103]. The evaporated liquid hydrogen can be stored further by utilizing metal hydride hydrogen storage. Cryocoolers and passive insulation have also been developed to minimize boil-off [104]. The cryocooler is adopted to reject the heat leak; therefore, evaporation can be avoided. Another method to minimize the heat leak is to shield the vessel wall using liquid nitrogen [105]. The liquid nitrogen cools the vessel, and therefore, the heat transfer to the hydrogen liquid can be significantly minimized. It was demonstrated that the system is able to realize zero boil-off for approximately 12 days of storage [56]. Furthermore, if the liquefaction plant and liquid hydrogen storage vessel are located in the same area, or relatively near, the boil-off gas can be reliquefied and refed to the storage vessel. In addition, boil-off gas can be utilized for any application, including power generation to cover the electricity consumed by the surrounding equipment and fuel for tankers and trucks.



Xu et al. [106] proposed a combination of fuel cells, refrigeration systems, and passive insulation to establish zero boil-off liquid hydrogen storage.




4.1.2. Materials and Equipment Structures


The materials employed for hydrogen handling, including pipes, vessels, valves, and fittings, must be selected carefully to fulfill their suitability with hydrogen characteristics. The main considerations for materials used to handle liquid hydrogen include hydrogen embrittlement, permeability, and capability to withstand very low temperatures. This embrittlement weakens the material. However, as the hydrogen solubility decreases with decreasing temperature, hydrogen embrittlement for liquid hydrogen is significantly lower than that for gaseous hydrogen [56]. Permeability handles the passage of hydrogen through the material. Recently, high-performance composites have been developed as promising material options, facilitating high strength in both pressure and temperature, low permeability, and reduced embrittlement risk. In addition, owing to the very low temperature, the application of new materials for liquid hydrogen requires sufficient material testing in the storage environment.



In addition, the equipment must be designed to be adaptable to any physical fluctuation, including thermal expansion and contraction, due to temperature fluctuations. The pipes used to transfer the liquid hydrogen from the vessel tanker to the storage vessel must be able to withstand a wide range of temperature changes, from room temperature to its liquid temperature (approximately 280 °C temperature difference).



The storage vessels used to store liquid hydrogen generally have two walls that are highly vacuumed between them; hence, both convection and conduction heat transfers can be minimized [47]. In addition, several materials, including alumina-coated polyester sheets, combined layers of aluminum foil and glass fiber, aluminum, silica, and perlite particles, are also added between these walls to reduce the radiation heat transfer [37,107,108]. Through excellent insulation and a low surface-to-volume ratio (large spherical tank), the boil-off can be suppressed to less than 0.1% per day [37]. Large storage vessels for liquid hydrogen have the potential to be more economical than storing hydrogen under compressed conditions [107]. Currently, National Aeronautics and Space Administration (NASA) has the largest liquid hydrogen storage vessel worldwide, with a capacity of 230–270 t [107].



When designing the liquid hydrogen tank, several design parameters are set, including the operating temperature, pressure, and insulation quality. Two different structural and material approaches are generally adopted considering thermal insulation. The first design adopted closed-cell foams that were installed between the walls. In addition, different metallic layers were considered to improve the performance of this foam. The second approach utilizes a multilayered system that is low emissive and highly reflective, and they are separated by fiber glass. Low thermal conductivity due to the partial vacuum between the layers and low radiation heat transfer can be established.



Correlating with the boil-off phenomenon, as the storage tank and vessel are not designed for very high pressure (the average operating pressure is approximately 5 bar), the liquid hydrogen tank/vessel must be equipped with a pressure-relief apparatus to avoid any excessive pressure. Although it is a very small amount, boil-off is unavoidable; therefore, purging and pressure controlling systems must be provided. The purging/venting system should consider the flow of evaporated hydrogen, and a system that prohibits air infiltration into the line and tank. Air infiltration can potentially freeze and block the line.



Generally, liquid hydrogen vessels are made of stainless steel and aluminum. In addition, a combination of lightweight fiber-reinforced materials and metallic inner has been developed. Currently, double-walled vessels made of austenitic stainless steel, which are vacuumed between the walls, are mainly adopted. Passive insulation includes multilayer [109], spray-on foam [110], and hollow-glass microsphere [111]. Vacuum multilayer insulation shows extremely low thermal conductivity, which can be approximately 10−6–10−5 W/m·K [112], while non-evacuated insulation (such as foams and fibrous insulation) has a thermal conductivity of approximately 10−2 W/m·K [56]. In addition, by combining with variable-density multilayer insulation, the above thermal conductivity can be further reduced by 10–50% [113]. Spray-on foam insulation (e.g., polystyrene, polyurethane, rubber, and silicone) generally has a thermal conductivity of 10−3–10−2 W/m·K [114]. Furthermore, insulation using hollow-glass microspheres has a thermal conductivity of 10−3–10−4 W/m·K [115]. Both spray-on foam insulation and hollow-glass microsphere show no significant difference in thermal conductivity under vacuum or non-vacuum conditions; therefore, they can play a crucial role considering faults in vacuum insulation [116]. Further combinations of insulation materials can establish different thermal conductivities, depending on the insulation demand.



Thermodynamic vent systems can be adopted to realize zero-boil-off storage. This system may comprise a cryogenic pump, Joule–Thomson expansion system, heat exchanger, and longitudinal spray bar system. It is able to maintain the pressure stability inside the liquid hydrogen vessel through mixing and Joule–Thomson expansion [117,118]. Moreover, the adoption of cryocoolers significantly increases the reliability and storage duration [113].



A cryo-compressed hydrogen storage tank has been developed in which liquid hydrogen can be stored under high-pressure conditions, leading to a higher hydrogen capacity. The internal pressure can reach approximately 23 MPa, although the tank can operate at a much higher pressure. This tank can store hydrogen under both gaseous and liquid conditions.





4.2. Liquid Hydrogen Transportation and Loading/Unloading


Large-scale sea transportation can be performed using a large tanker with a total volume larger than 10,000 m3. Moreover, land transportation has many options for transportation methods and tank sizes. Road transportation can utilize a trailer, which typically has a tank size of 30–60 m3 that can hold 2100–4200 kg; for rail transport, a larger container of 115 m3 (approximately 8000 kg) can be utilized. For safety reasons considering the thermal expansion, the amount of filling during vessel refueling is limited to approximately 85% of the vessel volume [54]. Furthermore, the DOE set the lifetime target of liquid hydrogen tank trailers to 30 years for 2020 and beyond 30 years as the ultimate target [95].



The boil-off of liquid hydrogen storage in liquid tanker ranges from 0.3 to 0.6% per day, and additional boil-off may occur when the liquid hydrogen is transferred from the tanker to the storage vessel [63]. Transporting liquid hydrogen under atmospheric pressure is considered to have lower losses compared to transporting it at higher pressures. This is due to the rapid vaporization (flash losses) occurring during the transfer of high-pressure liquid hydrogen to lower pressure, which typically ranges from 10–20% or even much higher. However, storing liquid hydrogen at a lower pressure means that a lower volume of hydrogen is stored. In addition, vaporization during the transfer of liquid hydrogen from the tanker to the storage vessel occurs because of the temperature difference between the liquid hydrogen, pipelines, and storage vessel. Pre-cooling the transferring pipelines using liquid nitrogen is not recommended because of the possibility of nitrogen solidification in the pipelines.



Transfer of liquid hydrogen should be performed in a vacuum-insulated system to minimize the loss due to vaporization and avoid the formation of liquid air with subsequent enrichment of oxygen. In addition, this transfer should be conducted in a closed system with a proper safety relief device to avoid a flammable atmosphere or explosive mixture of air and liquid hydrogen. Liquid hydrogen is purged with helium gas, avoiding any solidification of the substance, owing to the lower boiling point of helium than that of hydrogen. Moreover, the device or facilities to transfer liquid hydrogen should be vacuum-insulated and grounded.



In consumer distribution sites, safety in hydrogen refueling stations must also be ensured. When liquid hydrogen is adopted, several risks, including low-temperature risk, overpressure, overfilling, and overheating must be carefully considered, especially because of the very low temperature characteristic of liquid hydrogen. Overfilling may easily occur when the ambient temperature is low; therefore, when the vessel is exposed to higher temperatures or when the ambient temperature is increasing, the vessel pressure increases gradually and might be higher than its operational pressure. Overheating also potentially occurs at a low remaining pressure of the vessel and a high ambient temperature. Moreover, hydrogen sensors are installed in several locations in the hydrogen refueling station to detect hydrogen leaks.



Figure 11 shows a schematic diagram of a typical refueling station with liquid hydrogen delivery. Most hydrogen refueling stations employ compressed gaseous hydrogen to be delivered and stored, and very few of them adopt liquid hydrogen. Liquid hydrogen is delivered to the station using a delivery trailer, and liquid hydrogen is transferred to the liquid hydrogen vessel. Both boil-off gas and liquid hydrogen are utilized together, and are evaporated and compressed before being stored in compressed hydrogen tanks. The hydrogen dispenser was connected to these compressed hydrogen tanks.



Purging, conducted during storage and transportation, is important to avoid the formation of flammable mixtures. Purging can be performed using several methods. Helium is ideally used to purge liquid hydrogen from the storage tank/vessel because helium has a lower boiling temperature than hydrogen. However, helium is expensive. Moreover, when hydrogen is purged with nitrogen, the nitrogen must be purged initially, followed by the purging of gaseous hydrogen under ambient conditions. The vessel and pipes should be equipped with a purging system (evacuation procedure).





5. Safety


5.1. General Safety


Hydrogen has been adopted for a long time since it was artificially produced in 1766; therefore, its standards and regulations for handling and management are available worldwide. It is generally accepted that hydrogen is not more dangerous or hazardous than other currently adopted fuels [119]. Table 5 lists the comparison of the combustion properties of several fuels at a temperature of 25 °C and pressure of 1 atm. Hydrogen is highly flammable and has very wide range of flammability, with both lower and higher flammability limits of 4.1 and 74.8% (at temperature of 25 °C and pressure of 1 atm), and the explosion range exists in these between [20]. Lower and higher flammability levels represent the range of fuel concentration in the air in which the mixture of fuel and air becomes flammable.



Hydrogen safety, including the prevention and mitigation of danger, and the success of handling the danger when it occurs, becomes the key issue to increase the social acceptance of hydrogen in the community. The dangers of hydrogen can be categorized into: physical (embrittlement, failures, and phase change), physiological (frostbite, suffocation, hypothermia, asphyxiation, and respiratory problems), and chemical (fire, explosion) [20]. The challenge in hydrogen safety is due to its characteristics, including vulnerability to leakage, low ignition energy, and a wide range of fuel-to-oxygen ratios for combustion, buoyancy, and embrittlement [121,122].



Hydrogen has a high auto-ignition temperature (the temperature at which the fuel ignites without any external ignition source, 585 °C). Owing to its broad flammability range, the auto-ignition temperature of hydrogen seems to be unchanged, although at higher oxygen concentrations and pressures [18]. From a safety perspective, a high auto-ignition temperature indicates that it is safer. However, the energy required to initially ignite hydrogen is very low compared to that of other fuels. In addition, hydrogen also has an extremely low electro-conductivity rate, which means that both flow and agitation of hydrogen have the potential to generate an electrostatic charge that might trigger the spark, whether in liquid or gaseous conditions. Hence, eliminating any potential ignition and heat sources (such as static electricity, hot objects, open flames, and electrical equipment) and electrically grounding the devices dealing with hydrogen are important. On burning, hydrogen has an almost invisible, pale blue color, making it difficult to detect; hence, it requires very careful handling during ignition and combustion. The flame of a hydrogen fire is usually in the form of a torch or jet originating at the point of hydrogen discharge.



The vapor-from-liquid generation speed of hydrogen is significantly faster compared to any fossil fuel, resulting in very short period of hydrogen fire (0.1–0.2 of hydrocarbon-based fire for the same fuel volume) [123]. However, as the combustion produces water, the inhalation of smoke from hydrogen combustion is safe, with no risk of smoke asphyxiation. Hydrogen is relatively sensitive to detonation [124], and its wide range of oxygen mixtures potentially lead to convenient ignition and detonation [19], resulting in the demand for very careful attention during its storage. A very rapid hydrogen burning rate leads to a reduction in the total energy that is radiated for equal volumes of fuels; therefore, the heat transferred to the object surrounding the flame through radiation becomes smaller. This results in a lower risk of secondary burns and ignition [63]. Furthermore, the mixture of hydrogen and air has a higher propensity to detonate compared to a mixture of other fuels with air. However, this detonation seemingly occurs in confined spaces because of the rapid dispersion of hydrogen [63].




5.2. Safety of Liquid Hydrogen


Compared to gaseous hydrogen, liquid hydrogen requires further careful attention and treatment owing to its extremely low temperature (boiling temperature of −253 °C at 1 bar) and high hydrogen density. Direct contact with liquid hydrogen and cold oil-off gas from liquid hydrogen leads to severe burns, which are similar to thermal burns, including frostbite and hypothermia. Moreover, inhalation of cold vapor can cause respiratory ailments and asphyxiation [12]. Some tissues of the human body can be injured due to exposure to liquid hydrogen and its boil-off gas in a relatively short time. The contact between the insufficiently insulated equipment and the human body also potentially causes the skin to stick and tear. Moreover, owing to the cold temperature, the condensed air that drips from the equipment may also result in cold burn hazards.



According to Hansen [125], some challenges faced in handling liquid hydrogen include several factors. A large release or leak of liquid hydrogen leads to a hydrogen-rich atmosphere and the accumulation of liquid hydrogen and solidified air outside the vessel. This condition is considered very dangerous as detonation may occur, releasing a larger amount of energy than gaseous hydrogen. When this condition occurs, water can be sprayed to vaporize immediately and mitigate the accumulation of liquid hydrogen and solidified air. Moreover, the small release or leakage of liquid hydrogen also potentially results in explosion due to exposure to liquid hydrogen, which may vaporize quickly to become gaseous hydrogen, and react with the air. In addition, as the vaporized liquid hydrogen can form hydrogen gas clouds, a high concentration of hydrogen gas is created and not immediately released into the atmosphere.



The vaporizing liquid hydrogen, which disperses to its gaseous state, has different characteristics from gaseous hydrogen, especially immediately after vaporization. This vaporizing hydrogen has a very cold temperature and a higher density (higher than air); therefore, it accumulates at a low level and acts as a dense gas for a certain period of time [63]. An immediate contact between cold hydrogen and hot liquid potentially leads to a rapid phase transition (RPT) explosion. RPT is a physical process, and it is different from any explosion due to a chemical reaction; therefore, the energy following RPT is significantly lower. This type of RPT explosion has been confirmed in dripping liquefied natural gas (LPG) in water [126]. Further observation of the possibility of an RPT explosion in the case of liquid hydrogen is required to ensure its safety.



Oxygen has higher melting and boiling temperatures than nitrogen; therefore, when air is solidified, it seems that oxygen may condense faster than nitrogen, leading to oxygen enrichment in the solidified material. The concentration of this oxygen may increase with an increase in the time period and cycle of refilling and pressurization. When the storage system is maintained and returned to room temperature, the solidified material may evaporate. Therefore, the regasified material contains a higher concentration of oxygen, leading to a high-pressure and oxygen-enriched flammable gas mixture [63]. A high concentration of oxygen in the gas leads to a lower ignition energy; hence, it increases the combustion rate of combustible materials and the possibility of detonation. Precautions during the maintenance of this phenomenon should be taken intensively. Furthermore, the liquid hydrogen spill or flow may lead to condensation and solidification of air surrounding the liquid hydrogen. This type of mixture (liquid hydrogen and solidified air) is shock-sensitive, and when the mixture is regasified, flammable conditions can be obtained.



When liquid hydrogen leaks and spills, it vaporizes rapidly with decelerated buoyancy and tends to spread horizontally with strong concentration fluctuations. The rapid spillage of liquid hydrogen leads to cloud dispersion to a relatively safe concentration level and becomes positively buoyant, owing to thermal and momentum-induced turbulence. The cloud due to the rapid evaporation of liquid hydrogen may extend widely because of the condensation of water in the air. In addition, because of the higher density of liquid hydrogen than air, the release of liquid hydrogen is much slower and takes a longer time to be completely dissipated into the atmosphere. This leads to a larger dispersion hazard distance during handling of liquid hydrogen. Extremely low temperatures of liquid hydrogen and hydrogen embrittlement demand very well-designed vessel and containment facilities, including material and structure. Liu et al. [127] studied the effect and behavior of liquid hydrogen spillage in an open environment; they found that the wind speed positively affects the transport of evaporated gas, atmospheric turbulence, and cloud-air shear force, leading to an increase in the safety distance. However, a significantly higher wind speed potentially decreases the safety distance. Moreover, the spill rate of liquid hydrogen positively correlated with the safety distance.



The liquid hydrogen storage tank is equipped with several safety devices, including overfilling protection, pressure-relief valves, rupture disks, and pressure-safety valves. The pressure-relief valve vents the evaporated liquid hydrogen owing to the overpressure inside the vessel to a safe location. Overfilling of liquid hydrogen in the vessel potentially dumps the pressure-relief valve, resulting in non-functioning of the pressure-relief valve or the possibility of liquid hydrogen release. A rupture disk may be installed on the pressure-relief valve line. It works together with a pressure-relief valve and breaks when the pressure inside the vessel rises higher than the set pressure of the pressure-relief valve.




5.3. Safety Standards


Various standards have been established to support the adoption of hydrogen, both in gaseous and liquid conditions, although the standards for liquid hydrogen require further modifications. The International Standardization Organization (ISO) has issued several guidelines related to the use of hydrogen. The Technical Committee (TC) 197 is dedicated to developing standards related to the systems and devices used for hydrogen production, storage, transportation, and measurement. ISO/TR 15916:2004 has been established to provide guidelines for hydrogen utilization in both gaseous and liquid forms. It consists of basic safety concerns, basic hydrogen properties, and risks. In addition, ISO 13984:1999 and ISO 13985:2006 were issued to provide guidance related to the dispensing of liquid hydrogen to vehicles and the required specifications of the liquid hydrogen fuel tank, respectively.



The separation distance (safety distance) is defined as the minimum separation distance between the hazard source and the object, including humans, that can avoid any effect of likely foreseeable incident and prevent the extension of minor incidents to increase. The European Industrial Gases Association (EIGA) has recommended several minimum separation distances for liquid hydrogen for each corresponding application [127]. According to this list, the separation distances for liquid hydrogen facilities installed in public spaces, near the occupied building, and combustible liquid and solid are 60, 20, and 10 m, respectively [128]. The separation distance can be reduced by adopting several mitigation measures, such as water sprays (reducing thermal radiation effects) and walls (protecting from explosion). It is important to establish that one important point to consider is the mitigation of another new hazard. The separation distance is established by considering both the consequence of the failure event and the likelihood of its occurrence. EIGA also recommended that liquid hydrogen storage vessels are not installed inside buildings, while underground storage demands additional requirements to be fulfilled. Regarding piping and fittings, owing to the existence of ammonia and chlorine as contaminants, pipes and fittings made of copper and alloys of copper, tin, zinc should not be used because of potential attacks by these contaminants.



In the United Kingdom, several regulations deal with the handling of liquid hydrogen and its associated infrastructure, including dangerous substances and explosive atmosphere regulations (DSEAR) 2002, Control of Major Accident Hazard (COMAH), Pressure Equipment Regulations (PER) 1999, and Carriage of Dangerous Goods (CDG) regulations. DSEAR deals with risk management for using dangerous substances in the workplace, including any substance with explosive potential, such as flammable gases and liquids, and one that is corrosive to metals [129]. DSEAR regulations are managed by the Health and Safety Executive (HSE). DSEAR covers measures to mitigate and prevent the occurrence of hazardous concentrations of flammable gases and liquids. The explosive atmosphere in DSEAR is defined as a mixture of flammable material with air in the form of gas, liquid, mist, and dust, which potentially ignites and spreads to the entire unburned mixture under atmospheric conditions. In addition, the explosive atmosphere is regulated by ATEX, which refers to two European directives that regulate the explosive atmosphere. ATEX includes ATEX 137 (Directive 99/92/EC and is also called ATEX Workplace Directive) and ATEX 95 (Directive 94/9/EC, also called the ATEX Equipment Directive). Considering liquid hydrogen, ATEX 137 requests the employer to provide an explosion protection document that describes the fire and explosion hazards, areas in which the explosive atmospheres may exist, risk evaluation, and measures to mitigate and prevent accidents [130].



The COMAH Regulations were brought into effect in 1999 and then amended in 2005 by the COMAH Regulations 2005, implementing the EU Directive 96/82/EC (Serveso II Directive) [131]. The regulations correlated to the threshold quantities (both lower-tier and top-tier) of dangerous materials stored in the chemical industry or storage facilities. The site operators of lower-tier levels have the obligation to notify the competent authority (CA), prepare the major accident prevention policy, decide all necessary measures to prevent and mitigate the accident, and report the major accidents. In addition, the operators of top-tier sites have to prepare a safety report and arrange for emergency planning, in addition to completing the tasks required for lower-tier site operators. The lower- and top-tier thresholds for hydrogen are 5 and 50 t, respectively. Based on this regulation, hydrogen refueling stations can be categorized as lower-tier sites [63].



In the United States, the National Renewable Energy Laboratory (NREL) issued a Hydrogen Technologies Safety Guide, summarizing various codes and standards, including liquid hydrogen [132]. The National Fire Protection Association (NFPA) has issued several codes related to hydrogen handling, including NFPA 2 [133] and NFPA 55 [134] (which renewed previous codes of NFPA 50A and NFPA 50B). Both NFPA 2 and NFPA 55 used the liquid hydrogen system defined by the Compressed Gas Association, Inc. (CGA) P-28: OSHA Process and Safety Management (OSHA PSM) and EPA Risk Management Plan (EPA RMP) Guidance Document for Bulk Liquid Hydrogen Systems. The system consists of a liquid hydrogen tank, a pressure buildup circuit, an economizer, a vaporizer, and a pump. In addition, CGA P-28 describes the hazard and operability of bulk liquid hydrogen systems, including delivery (trailer, hose, and filling line), storage tank, pressure buildup circuit and economizer, hydrogen line (liquid through vaporizer to the final line), hydrogen pump, venting system, and other general aspects [135]. CGA P-12 and CGA PS-17 are dedicated to the safe handling and underground installation of liquid hydrogen storage, respectively. Moreover, CGA H-3 provides standards for cryogenic hydrogen storage.



NFPA 2 suggested a safety distance of the bulk liquid hydrogen system of 15.2 m when a sufficient mitigation system is installed in the system, including connection to the vent stack system, equipment of emergency shutdown device and fast-acting liquid hydrogen shut-off valve during the trans-fill process, and a sign indication. Moreover, the standard also adopts ASME B31.3: Process Piping as the piping system requirements, and CGA S-1.1. to 1.3 as pressure-relief device standards. Moreover, the International Fire Code (IFC) issued various guidelines related to liquid hydrogen storage, covering equipment locations, and containers. IFC 2209.3 suggested that a liquid hydrogen vessel and its equipment should be placed at least 7.62 m from buildings with combustible walls or one-hour fire resistance wall surfaces, wall openings, public streets, and parked vehicles. In addition, IFC 3204 and 3205 contain cryogenic fluid storage and use and handling guidelines, respectively. The dispensing system and its operation and maintenance have been regulated in various guidelines, including NFPA 2 (10.2 and 10.3), CGA G-5.5, IFC 2204, IFC 2209, and NFPA 30A. Tubing, valving, and venting were also provided by ASME B31, CG G-5.4, IFC 2209, IFC 3203, and IFC 3005. Finally, fire safety, including construction, equipment, and signage, has been regulated by various regulations, including IFC 911, IFC 706, IFC 404, IFC 2209, NFPA 52, NFPA 55, and CGA H-3 [132]. In the aviation sector, the technical guidelines for installing, operating, and maintaining liquid hydrogen storage in aircraft are provided by SAE AS6679 [136].



Through its Standardization Administration of the People’s Republic of China (SAC), China has issued several standards for hydrogen storage and transportation. GB/T 34583 [137], GB/T 34584 [138], and GB/T 29729 [139] are standards related to safety issues for hydrogen storage, especially in refueling stations.





6. Conclusions


As a non-carbon-based fuel, hydrogen has the potential to replace carbon-based fuels being used currently, which are mainly dominated by fossil fuels. The massive adoption of hydrogen demands a broad range of hydrogen storage and transportation systems. Liquid hydrogen shows high potential for efficient hydrogen storage and transportation owing to its high gravimetric and volumetric energy densities and hydrogen purity. The very low temperature of liquid hydrogen and ortho- to para-hydrogen conversion are challenging characteristics of liquid hydrogen, which should be appropriately and sufficiently managed. Ortho- to para-hydrogen conversion needs to be accelerated before liquid hydrogen is stored and transported, especially for long durations and distances. In addition, several safety points during the storage and transportation of liquid hydrogen must be considered carefully. These include materials that can withstand very low temperatures, overpressure protection mechanisms, ice buildup, air and nitrogen condensation, cold vapor and liquid leakage, and hazards related to flammability, ignition, and explosion. Physical infrastructure and its management must be strictly developed, improved, and maintained to avoid any occurrence of incidence. Additionally, hydrogen liquefaction with high energy efficiency (low specific energy consumption) must be intensively developed. A specific energy consumption of approximately 5–6 kWhel/kg-H2 should be established in the near future. This agrees with zero boil-off storage and transportation technology; therefore, the total cost of production, storage, and transportation of liquid hydrogen can be reduced significantly. Safety aspects such as the standards and regulations that comprehensively cover the installation, operation, maintenance, and accident management related to liquid hydrogen need to be emphasized.
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Figure 1. Basic liquid hydrogen supply chain, covering hydrogen production, liquefaction, transportation, storage, transportation, and utilization. 
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Figure 2. Correlation of hydrogen density and temperature under different pressure [23]. 
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Figure 3. Hydrogen storage options, including physical and chemical storages. 
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Figure 4. Spin isomers of molecular hydrogen and its para-hydrogen concentration in equilibrium hydrogen for each corresponding temperature [61]. 
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Figure 5. Basic schematic diagram of Linde–Sankey process for liquid hydrogen production. 
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Figure 6. Basic schematic diagram of Claude process for hydrogen liquefaction [69]. 
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Figure 7. Basic schematic diagram of Collins process for hydrogen liquefaction. 
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Figure 8. Basic schematic diagram of Brayton cycle for hydrogen liquefaction: (a) simple helium Brayton cycle; (b) helium Brayton cycle with liquid nitrogen pre-cooling, and (c) two-step helium Brayton cycle [67]. 
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Figure 9. Schematic diagram of magnetic hydrogen liquefaction. 
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Figure 10. Schematic diagram of possible installation of ortho- to-para-hydrogen converter in: (a) helium Brayton cycle with liquid nitrogen pre-cooling, and (b) two-step helium Brayton cycle [67]. 
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Figure 11. Schematic diagram of typical hydrogen refueling station with liquid hydrogen delivery. 
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Table 1. Physical properties of hydrogen.
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	Properties
	Value
	Ref.





	Molecular weight (g/mol)
	2.016
	[18,20]



	Lower heating value (MJ/kg)
	118.8
	[18]



	Higher heating value (MJ/kg)
	143
	[18]



	Viscosity at 25 °C (cP)
	0.000892
	[20]



	Boiling temperature at 1 atm (°C)
	−253
	[18,20]



	Melting temperature (°C)
	−259
	[18,20]



	Critical temperature (°C)
	−240
	[20]



	Critical pressure (MPa)
	1.3
	[20]



	Density of gaseous hydrogen at 0 °C (kg/m3)
	0.08987
	[20]



	Density of liquid hydrogen at −253 °C (kg/m3)
	70.85
	[20]



	Density of solid hydrogen at −259 °C (kg/m3)
	858
	[20]



	Critical density (kg/m3)
	31.2
	[20]



	Heat capacity of gaseous hydrogen at 0 °C (kJ/kg·°C)
	14.3
	[20]



	Heat capacity of liquid hydrogen at −256 °C (kJ/kg·°C)
	8.1
	[20]



	Heat capacity of solid hydrogen at −259.8 °C (kJ/kg·°C)
	2.63
	[20]



	Heat of vaporization at −253 °C (kJ/kg)
	447
	[20]



	Heat of fusion at −259 °C (kJ/kg)
	58
	[20]



	Thermal conductivity at 25 °C (W/cm·K)
	0.018
	[20]



	Ionization energy (eV)
	13.5989
	[18]



	Liquid-to-gas expansion ratio at atmospheric condition
	1:848
	[18]



	Adiabatic flame temperature (°C)
	2107
	[18]



	Research octane number (RON)
	>130
	[18]



	Thermal conductivity (20 °C, 1 atm) (W/m·K)
	0.1825
	[21]



	Specific gravity of gas hydrogen at 20 °C and 1 atm
	0.0696
	[22]



	Specific gravity of liquid hydrogen at −253 °C and 1 atm
	0.0710
	[22]



	Latent heat of vaporization (kJ/kg)
	461
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Table 2. Brief comparison of representative hydrogen storage technologies [26,27,28,29].
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	Properties
	Compressed Hydrogen
	Metal Hydride (MgH2-10wt%Ni)
	Liquid Organic (C7H8/C7H14)
	Liquid

Hydrogen
	Liquid

Ammonia





	Density (kg/m3)
	39 (69 MPa, 25 °C)
	1,450
	769 (1 atm, 20 °C)
	70.9 (1 atm, −253 °C)
	682 (1 atm, −33.33 °C)



	Boiling point (°C)
	−253
	-
	101
	−253
	−33.33



	Gravimetric hydrogen density (wt%)
	100
	7.10
	6.16
	100
	17.8



	Volumetric hydrogen density (kg-H2/m3)
	42.2
	
	47.1
	70.9
	120.3



	Hydrogen release temp. (°C)
	-
	250
	200–400
	−253
	350–900



	Regeneration temp. (°C)
	-
	-
	100–200
	-
	400–600



	Enthalpy change to release hydrogen (kJ/mol-H2)
	-
	118
	67.5
	0.899
	30.6
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Table 3. Physical properties of liquid hydrogen.
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	Properties
	Value
	Ref.





	Density (kg/m3)
	70.85
	[20]



	Volumetric energy density (kWh/L)
	2.36
	[55]



	Gravimetric energy density (kWh/kg)
	33.3
	[55]



	Heat of evaporation (kJ/kg)
	446
	[56]



	Heat of ortho- to para- hydrogen (−253 #xB0;C) (kJ/kg)
	703
	[56]
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Table 4. Characteristics comparison of ortho- and para-hydrogen [62].
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	Properties
	Ortho-Hydrogen
	Para-Hydrogen





	Spin direction
	Same direction
	Opposite direction



	Spin alignment
	Parallel
	Antiparallel



	Energy state
	Higher energy state
	Lower energy state



	Nuclear magnetic resonance (NMR) spectroscopy
	Triplet
	Singlet
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Table 5. Comparison of combustion properties among fuels at atmospheric condition (temperature and pressure of 25 °C and 1 atm, respectively) [18,120].
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	Properties
	Hydrogen
	Methane
	Propane
	Gasoline





	Flammability limit (vol%)
	4.1–74.8
	5.3–17.0
	1.7–10.9
	1.0–6.0



	Detonation limit (vol%)
	18.3–59.0
	6.3–13.5
	3.1–9.2
	1.1–6.0



	Auto-ignition temp. (°C)
	585
	540
	490
	246–280



	Min. ignition energy (mJ)
	0.017
	0.274
	0.24
	0.24



	Stoichiometric mixture (vol%)
	29.6
	9.5
	4.0
	1.9



	Laminar burning velocity (cm/s)
	270
	37
	47
	30
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