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Abstract

:

As one of the most promising clean energy sources, hydrogen power has gradually emerged as a viable alternative to traditional energy sources. However, hydrogen safety remains a significant concern due to the potential for explosions and the associated risks. This review systematically examines hydrogen explosions, with a focus on high-pressure and low-temperature storage, transportation, and usage processes mostly based on the published papers from 2020. The fundamental principles of hydrogen explosions, classifications, and analysis methods, including experimental testing and numerical simulations, are explored. Key factors influencing hydrogen explosions are also discussed. The safety issues of hydrogen power on railway applications are focused, and finally, recommendations are provided for the safe application of hydrogen power in railway transportation, particularly for long-distance travel and heavy-duty freight trains, with an emphasis on storage safety considerations.
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1. Introduction


Hydrogen power applications have rapidly expanded across nearly all global industries in recent years. As one of the most promising clean energy sources, hydrogen has the potential to replace fossil fuels due to growing concerns about carbon emissions. Moreover, with its higher energy density, hydrogen is particularly suited for use in a wide range of areas, including new energy vehicles, railway transportation, energy storage, and power generation. However, the widespread adoption of hydrogen is challenged by its highly flammable and explosive nature. Hydrogen has a broad range of flammable concentrations in the air and requires lower ignition energy than gasoline or natural gas, making it more prone to ignition. Accidental explosions and the resulting damage have underscored the critical importance of hydrogen safety. For very recent examples, a hydrogen tank explosion during testing in Austria [1] caused extensive damage to the test facility, while a valve failure in Australia [2] led to the release of pressurized hydrogen gas, resulting in an explosion and fire that injured three workers. In France [3], a chemical explosion and fire at a hydrogen electrolyser plant were triggered by a liquid spill during the transfer of chemical materials.



The challenges in hydrogen safety arise from its unique characteristics, including its tendency to leak, low ignition energy, wide flammability range, buoyancy, and susceptibility to embrittlement [4]. Hydrogen leaks are common in facilities, storage systems, vehicles, and pipelines due to the small size of hydrogen molecules, resulting in leak rates through steel and seals that are three times higher than those of natural gas [5]. The explosion characteristics of hydrogen gas have been extensively studied. Properties such as its colorlessness, odorlessness, rapid diffusion, low ignition energy, fast flame propagation speed, and potential to cause embrittlement make hydrogen production, transportation, storage, and usage particularly risky and accident-prone [6]. Table 1 summarizes typical accidents reported in references [6,7,8].



Studies have shown that equipment breakdowns have been a significant factor in the majority of H2-related fires and explosions [7]. Equipment failures, including hydrogen leaks caused by ruptured piping, faulty fittings, and valve malfunctions, are the primary causes of such incidents, accounting for 35.78% of 120 analyzed hydrogen incidents [9].



Hydrogen power can lead to both chemical and physical explosions [10]. Chemical explosions involving hydrogen typically manifest as deflagration, detonation, or flash fires. A hydrogen boiling liquid expanding vapor explosion (BLEVE), a type of physical explosion, occurs when a tank containing liquefied hydrogen (LH2) ruptures catastrophically, typically at a temperature above its boiling point at atmospheric pressure. Hydrogen BLEVE events generally involve liquefied hydrogen gases under both pressure and cryogenic conditions. Depending on how hydrogen mixes with air, the consequences of a BLEVE may include fireballs, vapor cloud explosions, or flash fires if an ignition source is present. Severe outcomes include detonation, significant blast wave overpressure, and tank debris being ejected by the explosion.



Although substantial research has been conducted on hydrogen’s safety characteristics, further research topics have been identified [11]. These include optimizing the kinetic mechanism for high-pressure hydrogen leakage reactions and turbulence modeling, exploring the expansion and dilution behavior of hydrogen clouds following liquid hydrogen release, investigating the spontaneous combustion mechanisms of leaked hydrogen and their interactions, and examining the synergistic damage effects of hydrogen with other components on materials. Particularly, future studies should focus on understanding the diffusion and dilution processes of hydrogen clouds in air, as well as the spontaneous combustion mechanism of leaked hydrogen [8]. Currently, research on high-pressure hydrogen diffusion after accidental leaks is limited [12]. Most studies on hydrogen leakage, diffusion, and transport are still centered on numerical simulations, with limited experimental work. Thus, future experimental research on high-pressure hydrogen leakage and diffusion will be crucial to uncovering diffusion and transport behaviors under various operating conditions, providing stronger safety assurances for the application, promotion, and use of hydrogen energy. Additionally, developing widely accepted risk assessment methods/tools is essential for predicting accidents in existing hydrogen facilities and designing safe new hydrogen systems. However, both remain challenging due to the complexity and diversity of hydrogen utilization systems.



Hydrogen-powered railway transportation has gained momentum in recent years, particularly in passenger services. In 2018, the Coradia iLint™ (Salzgitter, Germany) became the world’s first passenger train powered by a hydrogen fuel cell (FC) and entered commercial service in Germany [13]. This train produces electrical power for traction without carbon dioxide (CO2) emissions, emitting only water as exhaust. The hydrogen is stored in onboard tanks. However, hydrogen’s lower energy density compared to diesel currently limits its ability to convert energy into locomotive power, reducing its traction capability. In 2023, China Railway Rolling Stock Corporation (CRRC) unveiled Ningdong [14], the world’s most powerful hydrogen-powered locomotive, capable of running for up to 190 h and requiring just two hours to refuel its 270 kg LH2 capacity. Safety features in hydrogen FC systems include explosion-proof designs, intelligent monitoring, mechanical interlocks, fireproof and heat-insulated components, and a fireproof wall isolating hydrogen storage from the fuel cells. Additionally, an independent ventilation system is installed in the hydrogen storage room.



Safety concerns related to hydrogen-powered railway applications, particularly regarding the risk of explosions, have become increasingly prominent. This paper systematically reviews hydrogen explosions in storage tanks operating under high pressure and low temperature, transportation processes, and usage scenarios. It covers the fundamental principles and classifications of hydrogen explosions, as well as analysis methods, including experimental testing and numerical simulations. Key parameters influencing hydrogen explosions are discussed, and the safety considerations for hydrogen-powered locomotives in railway applications are addressed, along with recommended safety measures.




2. Hydrogen Storages & Refueling Stations


2.1. Hydrogen Storage Classifications


There are two primary hydrogen storage technologies: physical and material-based methods [15], as shown in Figure 1.



In Figure 1, the physical storage methods include compressed gaseous hydrogen (CGH2, at 35–70 MPa), cryo-compressed hydrogen (CcH2, up to 30 MPa), and liquefied hydrogen (LH2, at 0.4–1.6 MPa). Generally, higher pressure and lower temperature levels result in greater energy densities. While material-based storage methods can achieve even higher energy densities, they come with significant drawbacks, such as increased weight and more stringent system requirements. Additionally, metal hydride technology is limited by harsh operating and refueling conditions, and the high cost of metal hydride materials poses a barrier to commercialization [15]. As a result, these systems are rarely used in transportation applications. For the foreseeable future, CGH2 storage systems will remain the dominant onboard storage technology for vehicles, including light-duty rail vehicles, due to their ability to meet current demands and their relative maturity.



Hydrogen storage systems must meet a range of safety, operational, economic, and user-comfort criteria. At present, due to its lower volumetric density compared to other fuels, CGH2 is typically stored in metallic or composite tanks and containers for various applications. It is the most commonly used option at refueling stations and in hydrogen-powered vehicles, owing to its simple storage structure and fast charging and discharging capabilities. Onboard hydrogen storage tanks are generally classified into four categories: Type I, II, III, and IV [16]. Only Type III tanks (with pressures up to 45 MPa) and Type IV tanks (with pressures up to 100 MPa), which consist of a polymer liner wrapped in composite material, are used in vehicles [17]. CGH2 is typically stored at pressures of 25, 35, or 70 MPa [18], with higher pressures providing better economic efficiency in terms of driving range and space utilization.



LH2, with a density of up to 70.9 kg/m3 at 20.4 K and atmospheric pressure, is typically stored in double-walled vessels consisting of two metal tanks separated by a vacuum jacket filled with insulating material (e.g., perlite powder) or multilayer insulation. This design helps prevent the LH2 from evaporating easily, given its extremely low boiling point (−253 °C) [10]. In its liquid form, LH2 is more efficient and cost-effective for large-scale and long-distance hydrogen transportation compared to CGH2. Despite its relatively low confining pressure, usually less than 0.7 MPa, the low temperature of LH2 can embrittle various tank materials, potentially causing sudden cracks in the containment device [19]. Currently, creating a cost-effective liquid hydrogen tank system is challenging due to the need for vacuum insulation and radiation shields to minimize heat influx [20]. Metal hydrides present another option, but most hydrides are unsuitable due to excessively high or low decomposition temperatures and insufficient volumetric or gravimetric storage capacities.




2.2. Hydrogen Storages in Rail Applications


Most hydrogen-powered rail locomotives are equipped with multiple 35 MPa CGH2 tanks [21] to ensure adequate operational range, which is more suitable for light rail or city train locomotives. Currently, a variety of 35 MPa CGH2 Type III and IV hydrogen tanks for hydrogen-powered trains are available from manufacturers [15]. For example, Alstom’s Coradia iLint prototype is fitted with 32 roof-mounted Type IV tanks, offering a range of up to 1000 km. The 35 MPa CGH2 tank systems are less expensive than LH2 or 70 MPa CGH2 systems. However, this configuration for hydrogen-powered locomotives increases the complexity of pipelines and valves, takes up more space, and raises safety concerns due to the risk of hydrogen leaks.



For long-distance and heavy-haul freight locomotives, CGH2 storage technology may not be suitable due to the significant hydrogen requirements. To date, no widely adopted commercial hydrogen storage technology exists for long-distance heavy-haul locomotives, which require far more energy than passenger trains that primarily use 35 MPa storage systems. Some studies have proposed energy tenders to increase hydrogen storage capacity in rail transport, but further research is needed [15].



LH2 storage technology is a potential option, though challenges remain in establishing LH2 supply stations, supporting infrastructure, and safety systems. Another possibility is CcH2 technology, which could become the next-generation onboard energy storage solution for rail locomotives. However, it is still in the prototype stage and not yet ready for large-scale commercial use [21]. A demonstration LH2 locomotive by the Korea Railroad Research Institute and Hyundai Rotem is expected to be completed in 2024 [22].



Material-based storage systems are also attractive due to their higher hydrogen storage density, safety, and compact design, though they are currently better suited for stationary applications [23]. Once the challenges associated with these systems are resolved, they could replace current technologies and become the future standard for locomotive hydrogen storage.




2.3. Hydrogen Refueling Stations


The global number of hydrogen refueling stations has increased dramatically. By the end of 2019, there were 432 operational hydrogen fueling stations worldwide [24], most of which operated at 35 MPa, with no large-scale infrastructure tested yet. A hydrogen refueling station was described [24] as being composed of an electrolysis system to produce hydrogen, hydrogen storage systems at the electrolysis generation system pressure of 3.5 MPa, a hydrogen compression system up to 50 MPa, high-pressure hydrogen storage (at 50 MPa, using Type IV tanks), and high-flow hydrogen dispensers with a maximum flow rate of 7.2 kg/min per dispenser, capable of supplying up to 20 Coradia iLint trains.



The basic layout of a hydrogen refueling station (HRS) for railways depends on several factors, primarily related to different hydrogen delivery and storage concepts [15]. Key factors affecting an HRS layout include the required refueling speed, state-of-charge (SoC), the number of vehicles to be refueled, the necessary quantity of hydrogen, and the need for parallel refueling. Mobile HRS concepts, particularly container and trailer refueling solutions for various modes of transport, are becoming increasingly available from manufacturers in the gas industry, mostly for testing and demonstration purposes.



A significant issue is the lack of rail-specific regulations and standards for the use of hydrogen storage systems (HSS) [15]. Existing regulations from other areas of hydrogen usage, combined with railway-specific standards, can address most hazards. However, some risks must still be managed individually, and a uniform procedure for addressing these hazards has not yet been established. A comprehensive strategic overview of current regulations for the construction and maintenance of hydrogen fueling stations has been provided [25], addressing the lack of systematic analysis regarding equipment and operating standards for hydrogen refueling stations (HRS).



A conceptual refueling station design for heavy-duty vehicles (HDVs) was presented [26], featuring two methods for transferring LH2 from the fuel station to the HDV: via a pump system or a pressure build loop, as shown in Figure 2. In the pressure build loop, LH2 passes through an evaporator/heater and returns to the cryogenic tank as gaseous hydrogen (GH2). The pressurized GH2 then drives the flow of LH2 out of the tank. Compared to the pump system, the pressure build loop offers some advantages, such as reducing the need for electrical power and moving parts, but it also increases overall boil-off, requiring more LH2 to maintain proper system pressure.



As mentioned earlier, using LH2 as fuel onboard vehicles has advantages such as higher storage capacity and faster refueling compared to CGH2. However, there are concerns about hydrogen losses due to boil-off, potential safety hazards, gaps in codes and standards for cryogenic hydrogen fuel, and technical challenges with LH2 systems in widespread transportation applications [26].





3. Fundamentals of Hydrogen Explosions


Hydrogen is the lightest element in nature, colorless, odorless, tasteless, and harmless to humans and the environment. However, hydrogen gas has a very low volumetric density (0.0838 kg/m3) at atmospheric conditions, making it difficult to detect and invisible to the naked eye. Due to its low ignition energy, all potential ignition sources must be avoided in hydrogen applications. Three basic conditions are necessary for hydrogen combustion [19]:




	
Suitable concentration of hydrogen: The flammability limit of a hydrogen–air mixture ranges from about 4% to 75%. Various factors can affect hydrogen’s flammability limits, including temperature, pressure, the presence of diluents, and the shape of the surrounding structure. The detonation range for hydrogen–air mixtures is between 18% and 58%, as recommended by ISO standards.



	
Suitable concentration of oxidizer: For hydrogen explosions, the equivalence ratio (hydrogen to oxygen ratio divided by stoichiometry) is around 1.6 without obstacles and between 0.9 and 1.3 with obstacles.



	
Ignition source with sufficient energy: At atmospheric pressure (101.3 kPa) and ambient temperature, hydrogen’s minimum ignition energy is approximately 0.02 mJ.








A critical event is often described as a loss of containment (LOC) or loss of physical integrity (LPI) due to hydrogen explosions [10]. All types of mechanical and physical failures can lead to LOC, including:




	
Collisions during transportation, such as train collisions or derailments in the rail sector.



	
Mechanical failures of hydrogen equipment, such as safety devices (valves), storage tanks, vents, exhaust systems, and vaporization systems.



	
Material embrittlement in LH2 due to hydrogen’s low boiling point and inadequate insulation, leading to material degradation and equipment ruptures.



	
The formation of a mixture of LH2 and oxygen, which can occur if air enters the tank during filling or if LH2 spills onto the ground. This mixture can detonate easily when exposed to low-energy ignition sources, such as mechanical sparks, electrostatic discharges, welding and cutting operations, catalyst particles, lightning strikes, or external shock waves.



	
Boil-off gas (BOG), which must be vented when the tank reaches a safety pressure threshold. If not, BOG production can cause equipment rupture, leading to physical or chemical explosions.








In the GH2 phase, four types of critical events can occur under atmospheric conditions or when stored in pressurized tanks [18]:




	
Start of fire, leading to LPI.



	
Breach in the vapor-phase shell.



	
Leakage from a gas pipe.



	
Catastrophic rupture.








Additional hazards can arise when tanks are exposed to fire conditions, such as hydrogen explosions due to tank rupture or jet fires from hydrogen venting [18]. Mechanical collisions (e.g., road accidents or crashes) and thermal aggressions (e.g., nearby fires or onboard fires) are common causes of vehicle fires, which pose potential burst hazards for tanks. Therefore, each onboard hydrogen storage tank is required to be equipped with a thermal pressure relief device (TPRD) to safely release high-pressure hydrogen gas during fire exposure.



It is believed [27] that the principal hazard associated with hydrogen facilities is the uncontrolled accumulation of hydrogen in (semi-) confined spaces, followed by ignition. Another significant hazard is the combustion of accidentally released hydrogen gas or liquid. The primary consequences of fire hazards include injuries or fatalities, and damage to facilities and equipment due to high air temperatures, radiant heat fluxes, or direct contact with hydrogen flames. The potential consequences of hydrogen explosions on humans, structures, or equipment include blast wave overpressure effects, impact from explosion-generated fragments, building collapse, and heat effects from subsequent fireballs.




4. Classifications of Hydrogen Explosions


Hydrogen explosions are classified into three categories [19]: (1) expansion and deflagration, (2) mixture deflagration and detonation, and (3) deflagration-to-detonation transition (DDT). In engineering applications, the two most catastrophic scenarios are the hydrogen pressure vessel burst (PVB) and the hydrogen boiling liquid expanding vapor explosion (BLEVE).



Hydrogen expansion and deflagration can occur when a cracked or heated hydrogen tank or container leads to rapid hydrogen expansion. If ignited, this creates a fireball, causing a sharp rise in internal pressure that breaches the vessel walls. When hydrogen mixes with air to a sufficient degree, a hydrogen–air cloud deflagration can occur upon ignition if the flammable limit is reached. Unlike deflagration, hydrogen–air cloud detonation generates significantly higher blast loading, with much greater overpressure. In confined spaces or blocked environments, a hydrogen–air cloud deflagration can transition into detonation due to the violent mixing of unburned hydrogen and air near obstacles, accelerating the flame.



A hydrogen pressure vessel burst (PVB) occurs when a high-pressure tank or container ruptures, often due to leaked and ignited hydrogen. Various factors can cause this, including the malfunction of safety pressure relief devices or valves, an internal pressure increase due to external heating (such as a nearby fire), or tank failure from hydrogen embrittlement and material damage (e.g., a traffic collision). Despite its practical relevance to hydrogen storage, transportation, and usage, existing studies on hydrogen PVB are limited, and more research is needed in this area [19].



A BLEVE of an LH2 storage tank or container can happen in the event of a collision, or if LH2 leaks into the vacuum layer due to internal wall failure from fatigue. As a result, the temperature rises, causing the LH2 to overheat within the tank or container. When the critical temperature is reached, the LH2 rapidly boils and evaporates, causing the pressure to rise until the tank or container ruptures. Additionally, the spontaneous combustion of vaporized hydrogen leaks can further heat the remaining LH2, increasing the pressure and potentially leading to a physical explosion. However, existing experimental and numerical studies on hydrogen BLEVEs are relatively limited [19].




5. Research Methods and Assessments on Hydrogen Explosions


5.1. Theoretical and Experimental Research Methods


To better understand hydrogen BLEVE, other explosion scenarios, and their consequences, as well as to assess the damage caused by hydrogen explosions, existing studies mainly focus on experimental tests, computational fluid dynamics (CFD) modeling, and empirical methods. These studies are reviewed and summarized in this section.



In one experimental study on a 6.8 L 30 MPa hydrogen tank [10], the maximum diameter of the fireball was nearly 4.48 m. The safe zones, where no injury to humans or damage to structures would occur, were identified as 61.6 m and 17.3 m from the explosion source, respectively. Another study involved the explosion of a 70 MPa hydrogen tank installed in the lower part of a vehicle. It was found that injury and structural damage could be expected at distances of approximately 10 m and 3 m, respectively. The maximum overpressure, measured at 173 kPa, occurred in the opposite direction of the debris scatter, at a distance of 3 m [28].



Infrared filtering technology was employed to capture the evolution of the flame front, while the explosion overpressure was measured at four monitoring points using free-field sound pressure sensors [29]. This study aimed to evaluate the dynamics of a hydrogen cloud explosion in the presence of built-in obstacles.



A systematic review and comparison of experimental and numerical studies on BLEVE overpressure prediction have been presented [30]. This includes the effects of critical parameters such as tank rupture pressure, rupture temperature, liquid fill ratio, and tank volume on BLEVE overpressure generation. The review also covers various BLEVE overpressure prediction models, including CFD models, recently developed artificial neural network (ANN) models, and numerical-based empirical methods.



A comprehensive overview of BLEVE research was also provided [31] by analyzing a vast collection of publications. The aim was to improve understanding of the topic and to establish new trends in research. Additionally, a novel machine learning approach was used to predict BLEVE loads on an idealized structure [32]. The results demonstrated accurate pressure and impulse predictions with less than 14% relative error, yielding an accurate pressure-time history and providing a comprehensive characterization of BLEVE loads on structures.



The consequences associated with BLEVEs from LH2 storage and transport systems were estimated using integral models [33], offering a comparative assessment of the results. A CFD model [34] was developed to predict the maximum pressure in the blast wave following the rupture of an LH2 storage tank (pressure range: 0.2 to 1.13 MPa) in a fire. The results showed that the maximum pressure was generated by the gaseous phase, with the shock wave enhanced by the combustion of hydrogen at the contact surface, which had been heated by the shock wave.



Incorporated analytical and CFD methods [35] provide meaningful guidelines for tunnel engineers to calculate initial BLEVE energies, tank rupture pressures, and peak incident and reflected pressures on tunnel walls. Due to the time-consuming nature of numerical simulations, empirical formulas and charts were developed [36] to enable easy and accurate predictions of BLEVE pressure, which can be used in the analysis and design of structures to withstand BLEVE loads.



The advantages of CFD simulations in process safety, particularly for fires, explosions, dispersions of flammable and toxic materials from accidental releases, incident investigations, reconstructions, and other areas, have been reviewed based on various published papers, and the future of CFD applications in this research area was outlined [37]. A CFD model [38], validated against testing data, was used for parametric analysis, examining the effects of different filling degrees, initial pressures, and temperatures of the tank on blast wave propagation. The simulation outcomes showed good agreement with LH2 burst scenario test results. A study investigated a hydrogen leak in an on-road mobile hydrogen refueling station (MHRS) using CFD simulation. The research examined the dispersion of the hydrogen leak and determined the minimum safe distance for explosion risk of the MHRS [39].



Another CFD model, verified using experimental results, was applied to analyze the damage effects of hydrogen tank explosions due to pressure propagation in underground parking lots and road tunnels [40]. A time-efficient numerical approach to modeling high-explosive blast wave propagation using CFD was presented [41], which accurately defined the initial blast wave properties resulting from ignition and subsequent explosion.



Theoretical models, validated by experimental results, were adopted to analyze the consequences of LH2 tank explosions, including fragment dispersion, and to provide critical insights for planning prevention and mitigation strategies [42]. A comparative study was conducted to assess different models and determine which were the most and least conservative in analyzing LH2 physical explosions, particularly considering the combustion process [43]. In another study, three LH2 vessels were tested for explosions, and assessments based on internal pressure and temperature measurements indicated that the LH2 inside the vessel exceeded the most conservative value of hydrogen’s superheat limit at the moment of failure [44].




5.2. Assessments on Hydrogen Explosions


A harm criterion for use in quantitative risk assessments (QRAs) of hydrogen facilities was developed to translate the consequences of accidents, evaluated using deterministic models [27]. Recommendations were also made on the criteria that should be utilized for hydrogen-related hazards. A reliable and comprehensive safety risk analysis methodology [45] was established for a hydrogen production plant. The results indicated that the maximum vulnerability distances were caused by a vapor cloud explosion (280 m, at 0.001 MPa) and a jet fire (275 m, at 4 kW/m2).



An efficient model for assessing hydrogen–air deflagration in engineering applications [46] was developed, demonstrating good agreement with medium- and large-scale cases. A comprehensive set of best practice guidelines (BPGs) for numerical CFD simulations in fuel cells and hydrogen applications [47] was introduced to support hazard and risk assessments of hydrogen facilities, covering phenomena such as release, dispersion, ignition, jet fire, deflagration, and detonation.



To better understand the safety challenges of hydrogen use, detailed risk analyses are essential [48], including consequence modeling and risk assessment through the CFD approach. A CFD analysis [49] was conducted to investigate the behavior of a cryogenic hydrogen storage tank under external fire conditions, providing valuable insights for the safety assessment of LH2 applications. Another CFD model [50] was developed to better understand experiments performed on a ferry using LH2 as fuel.



All BLEVE consequence typologies were evaluated through theoretical and analytical models [51], which were validated against experimental results. These models could be used for blind predictions, though their drawbacks, uncertainties, and the knowledge gaps in LH2 physical explosions were also highlighted.



A two-level risk assessment and design optimization approach for hydrogen applications was proposed in [52]. This approach enables rapid consequence calculations during the concept selection stage, followed by more precise risk assessment using CFD simulations for final design. Techniques such as a hazard and operability study (HAZOP) and failure mode and effect analysis (FMEA) [53] were employed to analyze potential accident scenarios involving hydrogen fuel cell vehicles. These scenarios included accidental hydrogen cylinder bursts, debonding of plastic liners and metal bosses, hydrogen releases from pressure relief devices, improperly attached tube fittings, and valve seal failures. Safety measures were implemented accordingly.



Contemporary engineering tools, such as quantitative risk assessment (QRA), should be used to determine hazard distances by assessing the decay strength of a blast wave following the rupture of a high-pressure hydrogen storage tank in a fire. This approach would support broader adoption of safety engineering design within the hydrogen and fuel cell community, especially among hydrogen systems and storage solution developers [54]. A QRA procedure was conducted to assess the hazardous effects of jet fires and explosions, converting the risk of a hydrogen energy storage system (HESS) into a quantitative estimate. However, few studies have systematically examined the risks associated with HESS [55].



QRA is recognized as a vital tool for the safe deployment of hydrogen fueling stations, and four QRA tools have been critically reviewed for their quality and usability [56]. New response strategies [57] have been developed to address typical hydrogen vehicle accidents, such as road collisions, vehicle fires in parking lots, and hydrogen leaks during refueling. These strategies include rapid initial assessment techniques, firefighting strategies, rescue operation tactics, and waste disposal pre-treatment.



Additionally, a quantitative risk analysis for the transport of LH2 through tunnels was conducted [58], focusing on the potential hazards in worst-case scenarios. Common techniques for assessing the consequences of failure in hydrogen technologies were identified [59], offering critical insights into risk assessment practices. Further, FMEA, a review of safety codes and standards, and a design review of an onboard LH2 system for heavy-duty vehicles were performed to highlight potential safety issues and gaps in the current standards [26]. Engineering correlations for assessing hazard distances, such as the size of a fireball after a liquid hydrogen spill or the rupture of a high-pressure hydrogen tank during a fire, were also presented [60].



The consequences of hydrogen leaks from storage vessels [22] were simulated using the hydrogen risk assessment model (HyRAM) software Version 3.1, with recommendations provided for preventive measures and safety distances to guide the safe construction and operation of hydrogen fueling stations. Finally, based on the hydrogen incidents and accidents database 2.0 (HIAD 2.0), the promotion of a safety culture was suggested as a means to improve the management of both abnormal and normal events and to encourage the widespread adoption of hydrogen technologies [61].



Overall, LH2 is anticipated to play a more significant role than GH2 in powering the global transportation sector. Given hydrogen’s extreme properties, it is essential to develop and implement comprehensive safety procedures for transport, storage, and refueling stations. The safety challenges associated with hydrogen are distinct from those of conventional fuels, often requiring unconventional design solutions [50]. For instance, leaks from flanges, valves, instruments, compressors, and filters are more frequent [22].



The underlying physical mechanisms behind blast wave generation following the rupture of LH2 storage tanks in a fire are still not fully understood [34]. Current prediction methods for estimating blast loading from hydrogen–air cloud explosions are primarily empirical [19]. However, due to the inherent differences between hydrogen–air clouds and solid explosives or conventional flammable gases, the accuracy of these approaches remains questionable and requires further investigation. Research on BLEVE overpressure predictions and their effects on surrounding structures is also relatively limited [29]. Additionally, there is insufficient knowledge regarding the consequences and probabilities of catastrophic LH2 tank ruptures [42,43].



The rise in hydrogen fuel cell electric vehicles (FCEVs) is expected to introduce various hazards on the road [40]. Hydrogen-powered vehicles pose significant risks, including hydrogen vapor cloud explosions, jet fires caused by leaks, and hydrogen tank explosions. These risks are expected to increase in semi-enclosed environments, such as underground parking lots and road tunnels. Furthermore, hydrogen’s extreme combustion properties, combined with its ability to permeate and embrittle most metallic materials, raise significant safety concerns [61].





6. Safety Considerations in Hydrogen Power in Railway Applications


6.1. Development of Hydrogen-Powered Rail Vehicles


Currently, most hydrogen fuel cell (FC)-powered rail vehicles are hybridized with energy storage systems (ESS) comprising batteries, supercapacitors, and/or flywheels, as reviewed in [62,63,64]. The first hydrogen-powered locomotive for mining, utilizing a polymer electrolyte membrane fuel cell (PEMFC) with metal hydride storage and batteries, was designed and demonstrated in the USA in 2002. Historically, much attention has been directed toward hydrogen applications in rail passenger vehicles. For instance, JR East in Japan tested a rail vehicle between 2006 and 2007, powered by a fuel cell system with 35 MPa gaseous hydrogen storage and 19 kWh batteries, reaching a maximum speed of 100 km/h.



In 2016, Alstom introduced the “Coradia iLint”, which was claimed to be the world’s first hydrogen fuel cell-powered passenger train. This train could travel up to 1000 km at a maximum speed of 140 km/h. In June 2019, the UK launched the “HydroFlex” train, which could be powered by overhead lines or third rails, with a hydrogen fuel cell system available for sections where either power source was unavailable. The hydrogen power system was housed in one car, with 20 kg of hydrogen stored in four high-pressure tanks.



While significant advancements have been made in passenger rail vehicles, promising developments are also occurring in the freight rail sector. In 2003, a 109-ton, 1.2 MW diesel–electric shunting locomotive in the USA was retrofitted with a 250 kW PEMFC and 1250 kW lead–acid batteries, with 68 kg of hydrogen stored in a 35 MPa storage system. Since 2002, there has been intensive activity in developing fuel cell technology for both passenger and freight rail applications.




6.2. Layouts of Hydrogen Storage Systems


The layout of hydrogen storage systems in rail vehicles plays a critical role in ensuring safety. In Alstom’s Coradia iLint prototype, compressed hydrogen (CH2) gas tanks are stored on the roof, as shown in Figure 3, along with the PEMFC, which converts hydrogen into direct electric current [65]. Placing CH2 tanks on the roof offers a potential safety advantage, as it allows for the quick and harmless dissipation of hydrogen into the atmosphere in the event of a leak. However, due to gauge limitations in the UK, the hydrogen tanks on the Class 230 battery electric multiple unit (BEMU) train are placed underneath the trailer cars, rather than on the roof [66].



A prototype hydrogen PEMFC–battery hybrid switcher locomotive was developed in the USA [68,69], as shown in Figure 4. This locomotive weighs 127 tons, delivers continuous power of 250 kW, and has transient power exceeding 1 MW. Similar to the Coradia iLint prototype, the roof houses 14 tanks of a 35 MPa CH2 storage system. Each tank is made of carbon fiber and aluminum, measuring 0.416 m in diameter and 2.1 m in length (0.285 m3), with a combined storage capacity of 70 kg of CH2.



Two key safety factors influenced the decision to place the storage system on the roof [69]. First, due to hydrogen’s buoyancy, storing it below void spaces within the locomotive platform, battery rack, or rear hood could confine leaked hydrogen and increase the risk of detonation. Second, positioning the hydrogen tanks at the roofline minimizes the likelihood of damage from common incidents such as derailments, track debris, and impacts from yard traffic, including fueling trucks.



Additionally, for safety reasons [68], each tank incorporates several protective features. These include an excess flow valve that shuts off in the event of a line rupture between the tank and the distribution manifold, two thermally activated pressure relief devices (PRDs) that vent tank contents through an upward-directed vent line if excessive heat (above 109 °C) is detected, such as from a battery fire, and a temperature sensor that regulates refueling speed and provides over-temperature warnings. The system also features an electronically controlled solenoid valve that remains closed by default and is powered open during operation and refueling modes, closing automatically if a high-level system fault is detected, as well as a manual shut-off valve for additional control.



China’s first hydrogen PEMFC prototype shunting locomotive [70], shown in Figure 5, features a hydrogen storage system located in the middle compartment. This system consists of nine 35 MPa carbon fiber–aluminum tanks that collectively store approximately 23 kg of CH2. To prevent explosion hazards, hydrogen is automatically discharged if the impact pressure reaches or exceeds 80 MPa. Under normal conditions, any leaked hydrogen is vented through the PEMFC stack module’s ventilation outlet, with ventilation fans located on the upper side of the locomotive helping to prevent the confinement of accidentally leaked hydrogen. A programmable logic controller (PLC) in the central control system monitors all sensor inputs in the power plant for abnormal or unsafe conditions [71]. If an unsafe condition is detected, appropriate actions are taken, typically resulting in either a soft or emergency shutdown or a reduction in power output.



The feasibility of a hybrid hydrogen FC shunting locomotive was examined in Germany, with the prototype shown in Figure 6 [72]. The hydrogen tanks were positioned at the front of the vehicle, but no specific preventive safety measures were mentioned.



A layout for a shunting locomotive powered by a hydrogen FC was presented [73], representing the most common shunting locomotive on the Russian railway network. As shown in Figure 7, the hydrogen fuel tanks were placed beneath the locomotive platform. The operational tests on the prototype of the hydrogen–aluminum generator were the primary focus of the study [73].



Most hydrogen storage systems in demonstrator, prototype, and ordered railway vehicles are mounted either on the roof or inside compartments. Placing hydrogen tanks on the roof is generally preferable because, in the event of a leak, hydrogen can quickly dissipate into the atmosphere. In contrast, if hydrogen tanks are located inside the locomotive compartment or beneath the platform, leaked hydrogen could become confined, increasing the risk of an explosion. However, in confined spaces like tunnels and underground areas, hydrogen gas can easily accumulate above the train, heightening the risk of combustion, which could result in a jet fire or explosion. Additionally, factors such as wind speed, wind direction, and the specific location of the hydrogen leak within the tunnel or underground area also influence the diffusion process and safety risks associated with hydrogen leaks.




6.3. Numbers of Hydrogen Storage Tanks


In the examples discussed in the previous subsection, the number of hydrogen tanks in locomotives typically ranges from 9 to 14. It is well known that gaseous hydrogen has a low volumetric energy density (4.6 MJ/L at 35 MPa) compared to diesel (35.8 MJ/L). Consequently, the limited space available for hydrogen tanks in a locomotive significantly restricts their application, making current hydrogen-powered locomotives suitable only for light-duty operations without high-speed, high-acceleration, or long-range capabilities. For instance, when 35 MPa, 70 MPa, and metal hydride hydrogen storage systems were evaluated, simulations indicated that 47 tanks at 70 MPa would be required to meet the benchmarking criteria [74]. If safety measures were implemented for each tank [68], the storage system would require a substantial number of valves, devices, and sensors. The large number of hydrogen tanks presents significant safety concerns and hazards. Furthermore, the available space on the locomotive would be insufficient to accommodate such a high number of tanks. A potential solution is to place the hydrogen tanks in a tender car [15,75].



For example, in one study [76], CH2 tanks at 35 MPa with an overall energy density of 1633 Wh/kg allowed a single hydrogen wagon to store up to 93 MWh of energy. With a volumetric density of 0.533 MWh/m3, the volume required for the 93 MWh storage was estimated to be 175 m3. Given that the length of such wagons is 19.5 m, and the cross-section is 9.93 m2, the available volume of 193 m3 is sufficient to store the necessary hydrogen tanks.




6.4. Safety Considerations in Railway Applications


Currently, Type IV CH2 cylinders with a storage pressure of 70 MPa are widely used in light-duty vehicles, such as cars—for example, the Toyota Mirai [21]. In contrast, Type III cylinders with a storage pressure of 35 MPa are typically used in heavy-duty vehicles, including commercial buses, trucks, and rail locomotives, such as the HydroFLEX 1.0, CRRC Datong, and Coradia iLint. Due to the long-range and heavy-duty requirements of railway applications, a greater volume of hydrogen is needed to ensure sufficient power, compared to light-duty vehicles. This requires multiple hydrogen tanks, leading to additional safety considerations. Furthermore, hydrogen fuel cell stacks and storage tanks are generally mounted on the roofs of rail vehicles for safety, a significant difference from light-duty vehicle designs.



Safety concerns must be taken seriously when using hydrogen power in railway applications. Hydrogen is highly flammable, burns in the atmosphere with an almost invisible flame, and diffuses rapidly. To achieve higher energy density, hydrogen must be compressed, liquefied, or combined with materials, and stored in various tanks for on-board railway applications [77]. The safety considerations for hydrogen tanks are outlined as follows [78]:




	
All pressurized hydrogen tanks and connection pipes should be designed according to appropriate codes, and all materials selected for hydrogen storage must meet the specific requirements for railway operations. Every pressurized tank should be equipped with safety valves, with the valve discharge directed to a common header to safely release gases into the atmosphere.



	
Hydrogen tanks must be designed with material compatibility in mind. The phenomenon of hydrogen embrittlement poses a long-standing threat to material safety in hydrogen environments, and the degradation of metallic materials can present a serious risk to hydrogen systems.



	
Hydrogen tanks are also vulnerable to accidents caused by improper handling. If hydrogen in the tanks mixes with other gases, there is a risk of explosion due to dangerous chemical reactions under certain conditions. It is recommended that nitrogen be used both at refueling stations in large quantities and on trains in smaller quantities. This is necessary to purge the piping lines between the train and its refueling station, where air or oxygen could enter upon disconnection.



	
During layout design, zones around any potential leak points must be kept free of any potential ignition sources.








One of the greatest challenges in hydrogen-powered railway applications is the lack of comprehensive safety regulations and standards [77] for on-board hydrogen storage and refueling stations, particularly concerning hazard and risk analysis, evaluation, and management. While many hazardous situations in hydrogen applications can be controlled by adapting existing regulations for other hazardous gases and combining them with current rail-specific standards, specialized regulations and standards tailored for railway applications are still needed.



Different technologies may be more suitable for various rail applications (e.g., long-haul freight, regional passenger rail, or switcher yards) [79]. These technologies should be selected based on factors such as economics, environmental impact, safety hazards, and public acceptance. Smaller and shorter routes will likely use GH2 for on-board storage, while longer and larger applications may require LH2. In general, the safety strategies used for natural gas (NG) and liquefied natural gas (LNG) should be applicable to hydrogen, with adjustments for the specific details of GH2 and LH2 implementation [79]. Additionally, proper ventilation is crucial for the safe use of hydrogen, as it helps dilute flammable gas to safe concentrations and removes fuel–air mixtures from enclosed spaces [79].



Finally, the vibration and shock experienced in the railway environment are significantly more severe than in other settings where hydrogen storage systems and FCs have typically been used. This makes vibration testing for all aspects of hydrogen storage systems and FC technologies critically important. If LH2 is involved, it is equally important to conduct testing at the cryogenic temperatures the equipment will encounter. The methodology for designing hydrogen on-board storage systems in railway applications may include:




	
Train dynamics simulation models are available, including the longitudinal train model and the three-dimensional multibody dynamic (MBD) train model, which can be developed using software packages such as Gensys, Vampire, and Nucars.



	
Various dynamics simulations can be performed, taking into account severe track geometry irregularities, wheel and/or rail defects, turnouts, and sharp curved tracks. Train collision simulations [80,81] should also be included, and if necessary, finite element (FE) simulation of train collisions [82] can be conducted.



	
Finite element modeling can be used for hydrogen storage tanks or tenders, with loading spectra derived from train simulations applied to the FE tank or tender model. These simulations are essential for optimizing the design of hydrogen storage systems for railway applications.



	
Valves, devices, and sensors on each tank or tender can be evaluated under simulated harsh loading conditions. For tenders, the connection devices to locomotives can also be assessed.



	
CFD modeling can be utilized to analyze and assess potential hydrogen explosion hazards in the storage tanks or tenders. CFD simulations, combined with other methods like the TNO multi-energy method, can help determine the optimal ventilation scenario for hydrogen storage systems on moving trains. This approach assesses the distribution of the hydrogen cloud envelope, diffusion height, and hydrogen cloud volume, taking into account the effects of train speed, ambient wind speed, and wind direction.



	
Finally, necessary experimental testing can be conducted to validate the numerical simulation results.










7. Conclusions


Hydrogen power holds great promise to replace fossil fuels in the near future due to its zero emissions. As hydrogen power is increasingly adopted to provide clean energy in railways, the risk of accidental leakage and explosion becomes inevitable. Therefore, it is crucial to understand the explosion characteristics, accurately predict blast loads, design appropriate hydrogen storage systems, and implement effective prevention and protection measures. Adequate leak detection and ventilation are essential components in the design of safe hydrogen systems. However, there is still a lack of systematic analysis in this area, and more effective and efficient mitigation and reinforcement strategies are needed.



Currently, CGH2 storage is considered a mature technology for railway applications, though it is more suitable for small-scale storage. For example, Type IV tanks can withstand pressures up to 70 MPa while offering high hydrogen storage density. However, for larger-scale railway applications, LH2 and CcH2 could be better options. CcH2, in particular, can achieve greater storage densities than CGH2 and LH2 at moderate pressure and temperature ranges, and has already been applied in road vehicles [23]. It has been noted [16] that although the failure of cryogenic tanks is improbable, such a failure could lead to the release of both GH2 and LH2 due to valve and pressure relief failures. Moreover, a failure of the outer tank could result in a boiling liquid expanding vapor explosion (BLEVE).



Optimal design for railway hydrogen on-board storage applications requires in-depth investigations using multibody dynamics (MBD), finite element analysis (FEA), and computational fluid dynamics (CFD) approaches, along with experimental testing, to predict and improve thermo-mechanical behavior, especially during explosion incidents associated with railway operations. The proposed methodology for designing hydrogen on-board storage systems for railway applications could greatly enhance the optimal design of hydrogen storage systems for future hydrogen-powered railway transportation, especially in terms of safety considerations for long-distance travel and heavy-duty freight trains.



The use of LH2 or CcH2 in locomotives could be a viable option. However, challenges remain, including the development of liquefied hydrogen hybrid propulsion systems, high-insulation cryogenic storage technologies, and fast-refueling technologies. These areas require further research and effort to ensure the safety of hydrogen-powered railway systems.







Funding


This research received no external funding.




Data Availability Statement


Not applicable.




Conflicts of Interest


The author declares no conflicts of interest.




References


	



Available online: https://www.hydrogeninsight.com/industrial/hydrogen-explosion-in-austria-i-live-more-than-3km-away-and-the-blast-made-my-windows-shake/2-1-1498784 (accessed on 20 December 2023).

	



Resources Safety & Health, Queensland. Hydrogen Explosion and Fire During the Recommissioning of Plant Equipment Post Maintenance; Mineral Mines & Quarries Inspectorate, Alert, No. 437 V1; RSHQ: Brisbane, QLD, Australia, 2023. [Google Scholar]

	



Chemical Explosion and Fire at Hydrogen Electrolyser Maker McPhy’s Recently Vacated Headquarters. Available online: https://www.hydrogeninsight.com/electrolysers/chemical-explosion-and-fire-at-hydrogen-electrolyser-maker-mcphy-s-recently-vacated-headquarters/2-1-1404644 (accessed on 20 August 2023).

	



Aziz, M. Liquid hydrogen: A review on liquefaction, storage, transportation, and safety. Energies 2021, 14, 5917. [Google Scholar] [CrossRef]

	



Ahad, M.T.; Bhuiyan, M.M.H.; Sakib, A.N.; Becerril Corral, A.; Siddique, Z. An overview of challenges for the future of hydrogen. Materials 2023, 16, 6680. [Google Scholar] [CrossRef] [PubMed]

	



Wei, R.; Lan, J.; Lian, L.; Huang, S.; Zhao, C.; Dong, Z.; Weng, J. A bibliometric study on research trends in hydrogen safety. Process Saf. Environ. Prot. 2022, 159, 1064–1081. [Google Scholar] [CrossRef]

	



Qureshi, F.; Yusuf, M.; Khan, M.A.; Ibrahim, H.; Ekeoma, B.C.; Kamyab, H.; Rahman, M.M.; Nadda, A.K.; Chelliapan, S. A State-of-The-Art Review on the Latest trends in Hydrogen production, storage, and transportation techniques. Fuel 2023, 340, 127574. [Google Scholar] [CrossRef]

	



Guo, L.; Su, J.; Wang, Z.; Shi, J.; Guan, X.; Cao, W.; Ou, Z. Hydrogen safety: An obstacle that must be overcome on the road towards future hydrogen economy. Int. J. Hydrogen Energy 2024, 51, 1055–1078. [Google Scholar] [CrossRef]

	



Yang, F.; Wang, T.; Deng, X.; Dang, J.; Huang, Z.; Hu, S.; Li, Y.; Ouyang, M. Review on hydrogen safety issues: Incident statistics, hydrogen diffusion, and detonation process. Int. J. Hydrogen Energy 2021, 46, 31467–31488. [Google Scholar] [CrossRef]

	



Ustolin, F.; Paltrinieri, N.; Berto, F. Loss of integrity of hydrogen technologies: A critical review. Int. J. Hydrogen Energy 2020, 45, 23809–23840. [Google Scholar] [CrossRef]

	



Li, H.; Cao, X.; Liu, Y.; Shao, Y.; Nan, Z.; Teng, L.; Peng, W.; Bian, J. Safety of hydrogen storage and transportation: An overview on mechanisms, techniques, and challenges. Energy Rep. 2022, 8, 6258–6269. [Google Scholar] [CrossRef]

	



Yang, N.; Deng, J.; Wang, C.; Bai, Z.; Qu, J. High pressure hydrogen leakage diffusion: Research progress. Int. J. Hydrogen Energy 2024, 50, 1029–1046. [Google Scholar] [CrossRef]

	



Towards Clean and Future-Oriented Mobility. Available online: https://www.alstom.com/solutions/rolling-stock/alstom-coradia-ilint-worlds-1st-hydrogen-powered-passenger-train (accessed on 20 January 2024).

	



Nilson, P. CRRC Unveils “World’s Most Powerful” Hydrogen Train. Available online: https://www.railway-technology.com/news/crrc-unveils-worlds-most-powerful-hydrogen-train/?cf-view (accessed on 19 June 2023).

	



Böhm, M.; Del Rey, A.F.; Pagenkopf, J.; Varela, M.; Herwartz-Polster, S.; Calderón, B.N. Review and comparison of worldwide hydrogen activities in the rail sector with special focus on on-board storage and refuelling technologies. Int. J. Hydrogen Energy 2022, 47, 38003–38017. [Google Scholar] [CrossRef]

	



Barthélémy, H.; Weber, M.; Barbier, F. Hydrogen storage: Recent improvements and industrial perspectives. Int. J. Hydrogen Energy 2017, 42, 7254–7262. [Google Scholar] [CrossRef]

	



Cheng, Q.; Zhang, R.; Shi, Z.; Lin, J. Review of common hydrogen storage tanks and current manufacturing methods for aluminium alloy tank liners. Int. J. Lightweight Mater. Manuf. 2023, 7, 269–284. [Google Scholar] [CrossRef]

	



Wang, X.; Li, B.; Han, B.; Jin, X.; Zhang, D.; Bi, M. Explosion of high pressure hydrogen tank in fire: Mechanism, criterion, and consequence assessment. J. Energy Storage 2023, 72, 108455. [Google Scholar] [CrossRef]

	



Hu, Q.; Zhang, X.; Hao, H. A review of hydrogen-air cloud explosions: The fundamentals, overpressure prediction methods, and influencing factors. Int. J. Hydrogen Energy 2023, 48, 13705–13730. [Google Scholar] [CrossRef]

	



Bosu, S.; Rajamohan, N. Recent advancements in hydrogen storage-Comparative review on methods, operating conditions and challenges. Int. J. Hydrogen Energy 2024, 52, 352–370. [Google Scholar] [CrossRef]

	



Xu, Z.; Zhao, N.; Hillmansen, S.; Roberts, C.; Yan, Y. Techno-economic analysis of hydrogen storage technologies for railway engineering: A review. Energies 2022, 15, 6467. [Google Scholar] [CrossRef]

	



Zhang, X.; Qiu, G.; Wang, S.; Wu, J.; Peng, Y. Hydrogen Leakage Simulation and Risk Analysis of Hydrogen Fueling Station in China. Sustainability 2022, 14, 12420. [Google Scholar] [CrossRef]

	



Hassan, I.A.; Ramadan, H.S.; Saleh, M.A.; Hissel, D. Hydrogen storage technologies for stationary and mobile applications: Review, analysis and perspectives. Renew. Sustain. Energy Rev. 2021, 149, 111311. [Google Scholar] [CrossRef]

	



Guerra, C.F.; Reyes-Bozo, L.; Vyhmeister, E.; Salazar, J.L.; Caparrós, M.J.; Clemente-Jul, C. Sustainability of hydrogen refuelling stations for trains using electrolysers. Int. J. Hydrogen Energy 2021, 46, 13748–13759. [Google Scholar] [CrossRef]

	



Genovese, M.; Cigolotti, V.; Jannelli, E.; Fragiacomo, P. Current standards and configurations for the permitting and operation of hydrogen refueling stations. Int. J. Hydrogen Energy 2023, 48, 19357–19371. [Google Scholar] [CrossRef]

	



Baird, A.R.; Hecht, E.; Ehrhart, B.D.; Muna, A. Liquid Hydrogen Heavy-Duty Vehicle Safety Review and Refuelling Facility Design; SANDIA REPORT SAND2022-11745; U.S. Department of Energy Office of Scientific and Technical Information OSTI: Oak Ridge, TN, USA, 2022. [Google Scholar]

	



LaChance, J.; Tchouvelev, A.; Engebo, A. Development of uniform harm criteria for use in quantitative risk analysis of the hydrogen infrastructure. Int. J. Hydrogen Energy 2011, 36, 2381–2388. [Google Scholar] [CrossRef]

	



Park, B.; Kim, Y. Reenacting the hydrogen tank explosion of a fuel-cell electric vehicle: An experimental study. Int. J. Hydrogen Energy 2023, 48, 34987–35003. [Google Scholar] [CrossRef]

	



Li, Y.; Bi, M.; Zhou, Y.; Jiang, H.; Huang, L.; Zhang, K.; Gao, W. Experimental and theoretical evaluation of hydrogen cloud explosion with built-in obstacles. Int. J. Hydrogen Energy 2020, 45, 28007–28018. [Google Scholar] [CrossRef]

	



Wang, Y.; Li, J.; Hao, H. A state-of-the-art review of experimental and numerical studies on BLEVE overpressure prediction. J. Loss Prev. Process Ind. 2022, 80, 104920. [Google Scholar] [CrossRef]

	



Baraza, X. The Boiling Liquid Expanding Vapour Explosion (BLEVE): A bibliometric review and future trends. J. Loss Prev. Process Ind. 2023, 83, 105104. [Google Scholar] [CrossRef]

	



Li, Q.; Wang, Y.; Li, L.; Hao, H.; Wang, R.; Li, J. Prediction of BLEVE loads on structures using machine learning and CFD. Process Saf. Environ. Prot. 2023, 171, 914–925. [Google Scholar] [CrossRef]

	



Ustolin, F.; Salzano, E.; Landucci, G.; Paltrinieri, N. Modelling Liquid Hydrogen BLEVEs: A comparative assessment with hydrocarbon fuels. In Proceedings of the 30th European Safety and Reliability Conference and the 15th Probabilistic Safety Assessment and Management Conference, Venice, Italy, 1–5 November 2020; Baraldi, P., Di Maio, F., Zio, E., Eds.; Research Publishing: Singapore, 2020. [Google Scholar]

	



Cirrone, D.; Makarov, D.; Molkov, V. Rethinking “BLEVE explosion” after liquid hydrogen storage tank rupture in a fire. Int. J. Hydrogen Energy 2023, 48, 8716–8730. [Google Scholar] [CrossRef]

	



Li, J.; Hao, H.; Chen, W.; Cheng, R. Calculation of BLEVE energy and overpressures inside a tunnel using analytical and CFD methods. Tunn. Undergr. Space Technol. Inc. Trenchless Technol. Res. 2022, 120, 104263. [Google Scholar] [CrossRef]

	



Wang, Y.; Lia, J.; Hao, H. Development of efficient methods for prediction of medium to large scale BLEVE pressure in open space. Process Saf. Environ. Prot. 2022, 161, 421–435. [Google Scholar] [CrossRef]

	



Shen, R.; Jiao, Z.; Parker, T.; Sun, Y.; Wang, Q. Recent application of Computational Fluid Dynamics (CFD) in process safety and loss prevention: A review. J. Loss Prev. Process Ind. 2020, 67, 104252. [Google Scholar] [CrossRef]

	



Ustolin, F.; Tolias, I.C.; Giannissi, S.G.; Venetsanos, A.G.; Paltrinieri, N. A CFD analysis of liquefied gas vessel explosions. Process Saf. Environ. Prot. 2022, 159, 61–75. [Google Scholar] [CrossRef]

	



Li, Y.; Wang, Z.; Shi, X.; Fan, R. Safety analysis of hydrogen leakage accident with a mobile hydrogen refuelling station. Process Saf. Environ. Prot. 2023, 171, 619–629. [Google Scholar] [CrossRef]

	



Park, J.; Yoo, Y.; Ryu, J.; Lee, H. Study on the Explosion of the Hydrogen Fuel Tank of Fuel Cell Electric Vehicles in Semi-Enclosed Spaces. Energies 2023, 16, 241. [Google Scholar] [CrossRef]

	



Mohotti, D.; Wijesooriya, K.; Weckert, S. A simplified approach to modelling blasts in computational fluid dynamics (CFD). Def. Technol. 2023, 23, 19–34. [Google Scholar] [CrossRef]

	



Collina, G.; Ustolin, F.; Tincani, G.; Giannini, L.; Salzano, E.; Cozzani, V. Fragments Generated during Liquid Hydrogen Tank Explosions. Chem. Eng. Trans. 2023, 99, 253–258. [Google Scholar]

	



Ustolin, F.; Giannini, L.; Pio, G.; Salzano, E.; Paltrinieri, N. On the Mechanical Energy Involved in the Catastrophic Rupture of Liquid Hydrogen Tanks. Chem. Eng. Trans. 2022, 91, 421–426. [Google Scholar]

	



Wingerden, K.; Kluge, M.; Habib, A.K.; Ustolin, F.; Paltrinieri, N. Medium-scale Tests to Investigate the Possibility and Effects of BLEVEs of Storage Vessels Containing Liquified Hydrogen. Chem. Eng. Trans. 2022, 90, 547–552. [Google Scholar]

	



Mohammadfam, I.; Zarei, E. Safety risk modeling and major accidents analysis of hydrogen and natural gas releases: A comprehensive risk analysis framework. Int. J. Hydrogen Energy 2015, 40, 13653–13663. [Google Scholar] [CrossRef]

	



Pu, L.; Shao, X.; Li, Q.; Li, Y. A simple and effective approach for evaluating unconfined hydrogen/air cloud explosions. Int. J. Hydrogen Energy 2018, 43, 10193–10204. [Google Scholar] [CrossRef]

	



Tolias, I.C.; Giannissi, S.G.; Venetsanos, A.G.; Keenan, J.; Shentsov, V.; Makarov, D.; Coldrick, S.; Kotchourko, A.; Ren, K.; Jedicke, O.; et al. Best practice guidelines in numerical simulations and CFD benchmarking for hydrogen safety applications. Int. J. Hydrogen Energy 2019, 44, 9050–9062. [Google Scholar] [CrossRef]

	



Abohamzeh, E.; Salehi, F.; Sheikholeslami, M.; Abbassi, R.; Khan, F. Review of hydrogen safety during storage, transmission, and applications processes. J. Loss Prev. Process Ind. 2021, 72, 104569. [Google Scholar] [CrossRef]

	



Schiaroli, A.; Scarponi, G.E.; Cozzani, V.; Ustolin, F. Numerical modelling of liquid hydrogen tanks performance during fire engulfment. In Proceedings of the 33rd European Safety and Reliability Conference (ESREL 2023), Southampton, UK, 3–8 September 2023; Brito, M.P., Aven, T., Baraldi, P., Čepin, M., Enrico Zio ©2023 ESREL2023 Organizers, Eds.; Research Publishing: Singapore. [Google Scholar] [CrossRef]

	



Hansen, O.R.; Hansen, E.S. CFD-modelling of large-scale LH2 release and explosion experiments. Process Saf. Environ. Prot. 2023, 174, 376–390. [Google Scholar] [CrossRef]

	



Ustolin, F.; Paltrinieri, N.; Landucci, G. An innovative and comprehensive approach for the consequence analysis of liquid hydrogen vessel explosions. J. Loss Prev. Process Ind. 2020, 68, 104323. [Google Scholar] [CrossRef]

	



Hansen, O.R. Hydrogen infrastructure—Efficient risk assessment and design optimization approach to ensure safe and practical solutions. Process Saf. Environ. Prot. 2020, 143, 164–176. [Google Scholar] [CrossRef]

	



Shen, Y.; Lv, H.; Hu, Y.; Li, J.; Lan, H.; Zhang, C. Preliminary hazard identification for qualitative risk assessment on onboard hydrogen storage and supply systems of hydrogen fuel cell vehicles. Renew. Energy 2023, 212, 834–854. [Google Scholar] [CrossRef]

	



Kashkarov, S.; Li, Z.; Molkov, V. Blast wave from a hydrogen tank rupture in a fire in the open: Hazard distance nomograms. Int. J. Hydrogen Energy 2020, 45, 2429–2446. [Google Scholar] [CrossRef]

	



Le, S.T.; Nguyen, T.N.; Linforth, S.; Ngo, T.D. Safety investigation of hydrogen energy storage systems using quantitative risk assessment. Int. J. Hydrogen Energy 2023, 48, 2861–2875. [Google Scholar] [CrossRef]

	



West, M.; Al-Douri, A.; Hartmann, K.; Buttner, W.; Groth, K.M. Critical review and analysis of hydrogen safety data collection tools. Int. J. Hydrogen Energy 2022, 47, 17845–17858. [Google Scholar] [CrossRef]

	



Sun, K.; Li, Z. Development of emergency response strategies for typical accidents of hydrogen fuel cell electric vehicles. Int. J. Hydrogen Energy 2021, 46, 37679–37696. [Google Scholar] [CrossRef]

	



Caliendo, C.; Genovese, G. Quantitative Risk Assessment on the Transport of Dangerous Goods Vehicles Through Unidirectional Road Tunnels: An Evaluation of the Risk of Transporting Hydrogen. Risk Anal. 2021, 41, 1522–1539. [Google Scholar] [CrossRef]

	



Ustolin, F.; Campari, A.; Giannini, L.; Baboi, E.; Paltrinieri, N. Identification of Consequences of Failure for Hydrogen Equipment. Chem. Eng. Trans. 2023, 98, 189–194. [Google Scholar]

	



Makarov, D.; Shentsov, V.; Kuznetsov, M.; Molkov, V. Hydrogen Tank Rupture in Fire in the Open Atmosphere: Hazard Distance Defined by Fireball. Hydrogen 2021, 2, 134–146. [Google Scholar] [CrossRef]

	



Campari, A.; Akel, A.J.N.; Ustolin, F.; Alvaro, A.; Ledda, A.; Agnello, P.; Moretto, P.; Patriarca, R.; Paltrinieri, N. Lessons learned from HIAD 2.0: Inspection and maintenance to avoid hydrogen-induced material failures. Comput. Chem. Eng. 2023, 173, 108199. [Google Scholar] [CrossRef]

	



Sun, Y.; Anwar, M.; Hassan, N.M.S.; Spiryagin, M.; Cole, C. A review of hydrogen technologies and engineering solutions for railway vehicle design and operations. Railw. Eng. Sci. 2021, 29, 212–232. [Google Scholar] [CrossRef]

	



Stobnicki, P.; Gallas, D. Adoption of modern hydrogen technologies in rail transport. J. Ecol. Eng. 2022, 23, 84–91. [Google Scholar]

	



Nqodi, A.; Mosetlhe, T.C.; Yusuff, A.A. Advances in Hydrogen-Powered Trains: A Brief Report. Energies 2023, 16, 6715. [Google Scholar] [CrossRef]

	



Ling-Chin, J.; Giampieri, A.; Wilks, M.; Lau, S.W.; Bacon, E.; Sheppard, I.; Smallbone, A.J.; Roskilly, A.P. Technology roadmap for hydrogen-fuelled transportation in the UK. Int. J. Hydrogen Energy 2024, 52, 705–733. [Google Scholar] [CrossRef]

	



On Track: Advances in UK Hydrogen Rail. 2020. Available online: https://www.theengineer.co.uk/on-track-advances-uk-hydrogen-rail/ (accessed on 5 April 2024).

	



Pugi, L.; Berzi, L.; Spedicato, M.; Cirillo, F. Hydrogen for railways: Design and simulation of an industrial benchmark study. Int. J. Model. Identif. Control 2023, 43, 43–53. [Google Scholar] [CrossRef]

	



Miller, A.R.; Hess, K.S.; Barnes, D.L.; Erickson, T.L. System design of a large fuel cell hybrid locomotive. J. Power Sources 2007, 173, 935–942. [Google Scholar] [CrossRef]

	



Hess, K.S.; Miller, A.R.; Erickson, T.L.; Dippo, J.L. Demonstration of a hydrogen fuel-cell locomotive. In Proceedings of the Locomotive Maintenance Officers Association Conference, Chicago, IL, USA, 22 September 2008. [Google Scholar]

	



Chen, W.; Peng, F.; Liu, Z.; Li, Q.; Dai, C. System integration of China’s first PEMFC locomotive. J. Mod. Transp. 2013, 21, 163–168. [Google Scholar] [CrossRef]

	



Peng, F.; Chen, W.; Liu, Z.; Li, Q.; Dai, C. System integration of China’s first proton exchange membrane fuel cell locomotive. Int. J. Hydrogen Energy 2014, 39, 13886–13893. [Google Scholar] [CrossRef]

	



Konrad, M.; Jäger, V.; Pagenkopf, J.; Böhm, M. Concept and design of a shunting locomotive equipped with a hybridized fuel cell hydrogen powertrain. In Proceedings of the 2021 Sixteenth International Conference on Ecological Vehicles and Renewable Energies (EVER), IEEE, Monte-Carlo, Monaco, 5–7 May 2021; pp. 1–5. [Google Scholar]

	



Asabin, V.V.; Garanin, M.A.; Kurmanova, L.S.; Mishkin, A.A.; Svechnikov, A.A. Prospects for using hydrogen on railway transport. IOP Conf. Ser. Mater. Sci. Eng. 2020, 953, 012074. [Google Scholar] [CrossRef]

	



Hoffrichter, A.; Hillmansen, S.; Roberts, C. Conceptual propulsion system design for a hydrogen-powered regional train. IET Electr. Syst. Transp. 2016, 6, 56–66. [Google Scholar] [CrossRef]

	



Knibbe, R.; Harding, D.; Cooper, E.; Burton, J.; Liu, S.; Amirzadeh, Z.; Buckley, R.; Meehan, P.A. Application and limitations of batteries and hydrogen in heavy haul rail using Australian case studies. J. Energy Storage 2022, 56, 105813. [Google Scholar] [CrossRef]

	



Zenith, F.; Isaac, R.; Hoffrichter, A.; Thomassen, M.S.; Møller-Holst, S. Techno-economic analysis of freight railway electrification by overhead line, hydrogen and batteries: Case studies in Norway and USA. Proc. Inst. Mech. Eng. Part F J. Rail Rapid Transit 2020, 234, 791–802. [Google Scholar] [CrossRef]

	



Wang, J.; Gao, Y.; Sun, S.; Shi, L. Safety Technologies and Challenges of Hydrogen-Powered Rail Transport. In World Hydrogen Technology Convention; Springer Nature: Singapore, 2023; pp. 100–107. [Google Scholar]

	



Atteridge, W.J.; Lloyd, S.A. Thoughts on use of hydrogen to power railway trains. Proc. Inst. Mech. Eng. Part A J. Power Energy 2021, 235, 306–316. [Google Scholar] [CrossRef]

	



Ehrhart, B.D.; Klebanoff, L.E.; Mohmand, J.A.; Markt, C. Study of Hydrogen Fuel Cell Technology for Freight Rail Propulsion and Review of Relevant Industry Standards (No. SAND-2021-3165R); Sandia National Lab. (SNL-NM): Albuquerque, NM, USA; Sandia National Lab. (SNL-CA): Livermore, CA, USA, 2021. [Google Scholar]

	



Sun, Y.Q.; Cole, C.; Dhanasekar, M.; Thambiratnam, D.P. Modelling and analysis of the crush zone of a typical Australian passenger train. Veh. Syst. Dyn. 2012, 50, 1137–1155. [Google Scholar] [CrossRef]

	



Quan Sun, Y.; Spiryagin, M.; Cole, C. Rail passenger vehicle crashworthiness simulations using multibody dynamics approaches. J. Comput. Nonlinear Dyn. 2017, 12, 041015. [Google Scholar] [CrossRef]

	



Stringfellow, R.; Rancatore, R.; Llana, P.; Mayville, R. Analysis of colliding vehicle interactions for the passenger rail train-to-train impact test. In Proceedings of the ASME/IEEE Joint Rail Conference 2004, Baltimore, MD, USA, 6–8 April 2004; Volume 41634, pp. 11–18. [Google Scholar]








[image: Hydrogen 05 00047 g001] 





Figure 1. Current hydrogen storage technologies [15]. 
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Figure 2. A conceptual LH2 refueling station design for HDV [26]. 
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Figure 3. Coradia iLint prototype by Alstom [21,65,67]. 






Figure 3. Coradia iLint prototype by Alstom [21,65,67].



[image: Hydrogen 05 00047 g003]







[image: Hydrogen 05 00047 g004] 





Figure 4. A prototype hydrogen-fueled fuel cell–battery hybrid switcher locomotive [68]. 
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Figure 5. China’s first hydrogen PEMFC prototype shunting locomotive [70]. 
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Figure 6. A prototype shunting locomotive [72]. 
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Figure 7. A layout of a shunting locomotive with a fuel cell power plant [73]. 






Figure 7. A layout of a shunting locomotive with a fuel cell power plant [73].



[image: Hydrogen 05 00047 g007]







 





Table 1. Summary of typical accidents reported in [6,7,8].
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	Time
	Site
	Type
	Cause
	Loss





	04/08/2021
	Shenyang, China
	Explosion and fire
	H2 tanker hose ruptured
	No statistics



	30/07/2020
	Dongguan, China
	Fire
	A break in the hose
	Car loss



	07/04/2020
	North Carolina, USA
	Explosion
	Under investigation
	Damage to 60 houses



	10/06/2019
	Oslo, Norway
	Explosion
	H2 leak from plugs
	Two injured



	01/06/2019
	California, USA
	Explosion and fire
	Leak in H2 storage tank
	Several H2 tankers



	23/05/2019
	Gangneung, Korea
	Explosion
	H2 tank safety device
	Two dead, six injured



	18/12/2015
	Uni lab, North China
	Explosion
	H2 leak from a cylinder
	One dead
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