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Green hydrogen is an important future energy source, which offers a vast potential to implement the decarbonization of the marine sector and advance broad shift to clean-energy alternatives globally. There are various advantages of offshore floating photovoltaics (FPVs) technology for hydrogen production; however, hydrogen storage in FPVs-based hydrogen production system faces several challenges. It is found that the major barrier concerning the system under investigation is related to safety. The current study aims to present an applicable offshore FPVs-based hydrogen production system, which involves both the FPV section and the hydrogen production section based on a project in China. A numerical 3D model is performed to investigate the characteristics of accidental damage through potential hydrogen storage device failure during system operation. The hydrogen release process of an FPVs-based hydrogen production system is presented with different offshore wind conditions, and the parameters for understanding the motion state and hydrogen release mode of hydrogen are also analyzed. The study further explores the dynamic development of hydrogen dispersion from a hydrogen production platform, including a momentum-dominated region, a horizontal spreading region, and a vertical buoyancy region. In addition, the influence of hydrogen explosive flame on thermal damage evaluation is illustrated, and thermal hazards under different offshore wind conditions are also discussed. The current study contributes to a better understanding of failure analysis of the FPVs–hydrogen production system and elaborates on damage evolution of hydrogen storage integrated with the system. The study also concentrates on marine environmental synergistic limits considering thermally damaged mechanical properties.
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1 Introduction

Green hydrogen, obtained sustainably from renewable energy sources, is becoming a vital pillar of the defossilization of global energy industry. Hydrogen offers a vast potential to advance the decarbonization of the marine sector and support the broad shift to clean-energy alternatives worldwide. Green hydrogen produced from pure water with renewable energy is the lowest-emission hydrogen. For countries like China, the large-scale production of green hydrogen already presents a challenge due to such factors as the competition for land use. For example, the hydrogen production at sea with an offshore floating photovoltaics (FPVs) system is an appropriate option. Offshore FPVs have a significant role in the energy industry, due to the provision of a proper environment to grow quality products even in renewable production (Anifantis et al., 2017). Developing urbanization further increases the demand for energy, and the green hydrogen becomes more popular in the energy industry. Currently, the electrolysis method produces hydrogen with zero carbon emissions since it depends on fresh water, which is more applicable at a small scale using renewable energy sources to produce hydrogen (Benghanem et al., 2024). The fresh water for the PEM electrolyzer is obtained from the desalinization of seawater using the waste heat generated by the electrolysis process. An FPVs-based hydrogen production platform, integrating solar PV with seawater splitting units for producing green hydrogen, is the preferred technology for the offshore environment. However, compressed hydrogen storage in the FPVs-based hydrogen production system faces several challenges, and it is found that the major barriers related to technologies under investigation are related to safety (Abdelkareem et al., 2023; Wang et al., 2024a).

Safety of the offshore FPV systems is crucial to ensuring the long-term lifetime of these systems. Meanwhile, the stability of FPV modules is adversely affected by the offshore environment. Many studies have been carried out to report the performance relating with design and structure. Ravichandran conducted a comparison between the performance of dams with and without adding FPVs in terms of evaporation rate and total produced energy (Ravichandran et al., 2021). This study indicated that the operational safety and maintenance of the existing system are divided into small capacities. Bugeja had investigated the effect of wave response motion on the insolation on offshore FPVs, which assessed the impact of wave response motion of floating structure on the incident of FPV modules (Bugeja et al., 2021). Xu presented a nonlinear fluid–structure interaction of free surface waves with large-scale polymer offshore FPVs (Xu and Wellens, 2022), in which the nonlinear solution provided the expressions of first-order waves and second-order waves and dispersion relation in closed forms. Golroodbari indicated the significant difference of wind behavior in the location, which showed that dynamic albedo should be used in performance evaluations of FPVs (Golroodbari and Sark, 2022). Offshore FPVs emergence is driven by a lack of available land and the immense decarburization targets. It was found that the marine environmental impacts can be expected from offshore FPVs (Vlaswinkel et al., 2023) and the interaction at future demonstrations of offshore FPVs with marine environment. Magkouris presented a boundary element method, which analyzed the floating structure carrying FPVs on deck (Magkouris et al., 2023). It indicated that safety in the offshore region necessitates the construction of resilient FPVs that can endure the wave and wind loads as well as degradation factors of the marine environment. Mannino evaluated the influence of marine environment on the degradation trend of FPV modules, which indicated that a greater degradation of FPVs occurred during the warmer months, in both offshore and onshore environments (Mannino et al., 2023). Song conducted a hydrodynamics-based structural response analysis of frames for multi-connected offshore FPVs and found the fluctuation of internal forces in the frame related to safety (Song et al., 2023). FPVs’ sector took advantage from offshore sectors to define the most appropriate solutions in terms of safety and savings in operations. Given the costs related to electrical system, two items should be considered (Ghigo et al., 2022). The balance of FPVs system (e.g., cabling, safety system, grid connection, and monitoring), and the marine cable connecting the power plant to coast (Li et al., 2023). Yan presented a hydrodynamic analysis of FPVs multi-body platforms with varying connector boundary conditions, which focused on coupling dynamic response analysis due to hinged connectors (Yan et al., 2023). The potential for failure at hinged joints under long-term load was found to be a critical point. Jiang carried out 1:60 scaled experiment subject to different conditions of waves (Jiang et al., 2023). The environmental factors including wave and wind effects have been considered for safety to structural design of FPVs system in terms of accidental state. Abubakar proposed an alternative tool, which can enhance the resolution of image classification for issues involving risk detection in the FPVs system (Abubakar et al., 2023). This tool was capable of detecting different types of faults in FPVs and inverters, leading to a solution for enhancing the performance and reliability of an offshore FPVs system. Peng presented a dynamic fusion model, which was used for analyzing the output characteristic of FPVs considering motion and environmental factors (Peng et al., 2023). This study showed that the accuracy of fusion model was over 98.7%, and the output efficiency of FPVs was approximately 94.2%. Bi conducted a numerical model to simulate the offshore FPVs system concerning modules connected in series. This study validated the feasibility of hybrid offshore FPVs system, which provided structure safety (Bi and Law, 2023). Rodríguez-Benítez revealed the equivalent effective energy density without electrolytic capacitors, and enhanced performance and durability in the FPVs system, which indicated that the stacked switched capacitors could be a power-decoupling tool for FPVs’ multi-stage connection application (Rodríguez-Benítez et al., 2023). Abdo carried out different parameter tests (Abdo et al., 2023), providing the effect of D-limonene in the detachment of ethylene vinyl acetate and the separation of back sheet layer of FPV modules. Liu presented a shading effect of an FPVs power station on the marine environment, which indicated that the FPVs could cause the effect of same order of magnitude as initial concentration (Liu et al., 2023). Some studies focused on the risk of fire accidents (Vaverková et al., 2022; Wang et al., 2024b; Wang et al., 2023) with the FPVs systems and found that the potential of fire risks went up in warm weather. The various types of FPV modules created different conditions, resulting in the different species compositions. The fire hazards of FPVs solar were high since FPV modules not only could cause a fire, but also contributed to fire development due to the combustibility of FPV modules when exposed to the external fire source (Aram et al., 2023). Moreover, the FPVs fire risks could increase by affecting or causing the flame propagation (Jens et al., 2020). In the fire accident of offshore PFVs, ignition time, heat release rate (HRR), combustion equivalent ratio, and total temperature distribution were measured parameters at different external heat flows and ventilation conditions. Liao carried out experimental tests to indicate that the ignition time was sensitive to the change of external heat flow (Liao et al., 2023); however, the strengthening of the ventilation condition had a great contribution to shortening FPVs’ ignition time. The similarity links the mass flow rate of helium release to HRR of actual FPVs fire. It found the dimensionless helium volumetric fraction with dimensionless temperature measured in the fire smoke test (Zhang et al., 2023). Obviously, the fire safety was of significant concern in applying FPVs as a novel energy system offshore (Wang et al., 2017; Yang et al., 2023). The relevant studies pointed out the future work and the directions that would help develop the offshore FPVs fire prevention strategies extensively.

This study presents an offshore solar FPVs-inspired electrical energy power for the green hydrogen production and capacity of a hydrogen storage system. The FLACS model of a hydrogen energy storage platform integrated into an offshore FPVs system has been built, and damage analyses have been conducted by FLACS in order to assess the safety of this system in providing the required energy. Numerical analysis has been used especially for identifying the parameters of damage performance that are related to hydrogen production system failure. The release of hydrogen during the FPVs–hydrogen production process is studied computationally, and the release mode and characteristics are applied to the FPVs–hydrogen production system to explore the relevance for investigating environmental influences and potential accidents. Offshore wind condition is then used to partially determine the hydrogen dispersion and accumulation that will evaluate the safety demand considering vapor cloud explosion probability and destructive aspects. In addition, the thermal hazard analysis of the FPVs–hydrogen production system is implemented using a hydrogen/air explosion scenario simulation to effectively investigate the flame propagation and temperature behavior of the system components. The comparative evaluation of damage performance shows that an accidental release of hydrogen during the FPVs–hydrogen production process will be strongly affected by the system layout and offshore wind. This study presents a damage evaluation and numerical solution of potential system failure, serving as a valuable reference for providing safety supports in the zero-export offshore FPVs system with green hydrogen storage.




2 Numerical procedure



2.1 System description

The FPVs-based hydrogen production system involved in this study is built on an open seawater area offshore China, as shown in Figure 1. The system consists of two main parts, one for the FPV module and the another for the hydrogen production platform. The FPVs system is composed of PV modules and pontoons, of which the size of the PV module is 1.65 × 1.0 × 0.05 m (height × width × thickness). The pontoon is used to support the PV module to float stably on the seawater surface, and its size is 0.75 × 0.3 × 0.1 m. The FPVs system directly converts solar energy into electricity through FV modules, including independent PV power generation systems. The power generation system consists of a controller, an inverter, and a circuit, as well as electronic and mechanical components. The function of the inverter is to convert direct current energy into a constant frequency constant voltage or frequency modulation voltage converter, with a size of 0.5 × 0.3 × 0.7 m. It is composed of an inverter bridge, a control logic, and a filter circuit. Another important part of the system is the hydrogen production platform, which is composed of a seawater purification device, an electrolyzer, a compression device, and a hydrogen storage tank. PV modules can convert solar energy into electricity for storage. The reverse osmosis unit consists of a high-pressure pump that drives seawater through the reverse osmosis membrane. Since the specific concentration of solute is different, the pressure inside and outside the semi-permeable membrane displays a gap, so as to achieve seawater desalination and desalination. Meanwhile, the PV module supplies power to the electrolytic cell, which produces hydrogen through an electrolytic reaction. The hydrogen produced is stored in a hydrogen storage tank through a compressor.




Figure 1 | Offshore FPVs-based hydrogen production platform in this study.






2.2 Numerical model construction

According to a real offshore FPVs-based hydrogen production system, this study constructed an accident scenario model through FLACS, as shown in Figure 2. FLACS can realize the numerical simulation of gas release, dispersion, fire, explosion, and other consequences, providing effective data for the damage evaluation and safety design of offshore FPVs-based hydrogen production system. In the numerical model, the PV module, pontoon, inverter, seawater desalination device, electrolyzer, compressor, and hydrogen storage tank are constructed, and the dimensions of each component are consistent with the real situation. Based on the risk assessment of the system operation site, it is found that the hydrogen storage tank is most prone to failure, and the hydrogen release after failure will cause more serious accidents. Based on this, a certain hydrogen leakage position is set on the hydrogen storage tank, and the processes of hydrogen release and dispersion are simulated through the tank rupture. At the leakage location of the hydrogen storage tank, the grid encryption is adopted. The grid settings outside the accident area are gradually sparse, and the number of grids of the physical model in FLACS is 389,000. A total of 46 basic monitoring points (MG) are arranged in the physical model. MGs can output the data of gas concentration, pressure, impulse, temperature, and other related parameters in the corresponding area in the numerical simulations. The layout of basic MGs is arranged along the X axis, Y axis, and Z axis, and the angle with the X axis is 45°. The MGs in the area where the accident of the offshore FPVs-based hydrogen production system occurs are relatively dense.




Figure 2 | FLACS-based physical model of the FPVs-based hydrogen production platform.






2.3 Governing equation of buoyant jet and dispersion

In the offshore FPVs-based hydrogen production system, the hydrogen release and dispersion caused by the failure of high-pressure hydrogen storage tank belong to a buoyancy jet and dispersion process in essence. The hydrogen is ejected from the leakage source to the outer space at a certain velocity, and the release direction is perpendicular to the direction of the high-pressure hydrogen storage tank. The leaked hydrogen begins to disperse around the offshore FPVs-based hydrogen production system mainly under the action of buoyancy and initial momentum. The mass flux of the hydrogen buoyant jet satisfies the mass conservation equation (El-Amin and Kanayama, 2009), as shown in Equation 2.1.

	

where r is the radial distance, m; U is the axial velocity of hydrogen jet, m/s; α is the air entrainment coefficient, which is affected by buoyancy and initial momentum, dimensionless; b is the horizontal scale of hydrogen jet, m; ρc is the density on central axis of hydrogen jet, kg/m3; and ρ0 is the air density, kg/m3.

When the high-pressure hydrogen storage tank in the offshore FPVs-based hydrogen production system fails, the momentum conservation equation in the hydrogen buoyancy jet process can be defined as Equation 2.2:

	

where z is the axial distance, m; g is the gravitational acceleration, m/s2; and Uc is the velocity of hydrogen jet on center axis, m/s.

The buoyancy flux conservation equation in the hydrogen buoyancy jet process can be expressed by Equation 2.3:

	

In the above equation, the velocity at any point in the hydrogen buoyancy jet has the following relationship with the velocity on the central axis of the jet, as shown in Equation 2.4.

	

Meanwhile, the density and mass fraction of any point in the hydrogen buoyant jet can be formed with the density and mass fraction on the central axis of the jet, as defined as Equations 2.5 and 2.6:

	

	

where λ is the buoyancy dispersion coefficient, dimensionless; and Y is the mass fraction, dimensionless.

By associating the expressions for the velocity, density, and mass fraction of any point in the hydrogen buoyancy jet with the buoyancy flux conservation equation, it can obtain the following Equations 2.7, 2.8 and 2.9.

	

	

	

where F is the buoyancy flux, m4/s3; K is the buoyancy coefficient, dimensionless; and U0 is the velocity of hydrogen jet at initial condition, m/s.

Equations 2.10 and 2.11 are defined by rewriting the mass flow rate and momentum flow rate of the hydrogen buoyancy jet by using the nondimensionalization of the geometric scale.

	

	

where M is the mass of leaked hydrogen, kg/s; P is the momentum of hydrogen jet, kg·m/s; h is the height from leakage source, m; α is the air entrainment coefficient, dimensionless; and A is the area of hydrogen release, m2.

In the initial stage of high-pressure hydrogen storage tank failure, since hydrogen at the leakage source is in the initial state, its entrainment coefficient α will be jointly affected by buoyancy and initial momentum, as shown in Equation 2.12.

	

where Ep is the initial momentum of hydrogen dispersion, kg·m/s; and Eb is the buoyancy flux of hydrogen dispersion process, m4/s3.

The effect of initial momentum is much greater than that of the buoyancy force in the range close to the leakage source. The effect of buoyancy on the entrainment coefficient of hydrogen is almost negligible. It can be concluded that the effect of hydrogen enrolling the surrounding air near the leakage source is directly determined by the initial momentum of hydrogen at the leakage nozzle of the high-pressure hydrogen storage tank. With the increase of the distance of the hydrogen jet, the initial momentum of the hydrogen at the leakage nozzle does not change, but the buoyancy effect gradually increases. At this time, the effect of buoyancy on the entrainment coefficient of hydrogen jet also becomes more significant. Since the entrainment coefficient in a certain range will be affected by the initial momentum and buoyancy of hydrogen, the law of the hydrogen buoyancy jet in this distance is dominated by both. As the hydrogen jet moves farther away from the leakage nozzle, the influence of the initial momentum on the entrainment of hydrogen reduces. The expressions of the initial momentum and buoyancy action are shown in Equations 2.13 and 2.14.

	

	

where ρ1 is the density at leakage source, kg/m3; U1 is the axial velocity at leakage nozzle, m/s; Fr is the Froude number, dimensionless; and σ is the relationship depending on whether the Froude number is less than or equal to 268.

By substituting the above equations with the endocyric coefficient expression into Equations 2.10 and 2.11, the description of hydrogen in the initial release stage can be obtained, as shown in Equations 2.15 and 2.16. The expressions can be solved using the Runge–Kutta method to obtain the required dimensionless parameters (e.g., height, mass, and momentum).

	

	

where p0 is the initial pressure, Pa; λ is the buoyancy dispersion coefficient, dimensionless; and F0 is the initial buoyancy force on a unit volume of gas, N.

Furthermore, the parameters of dispersion range, velocity, and mixed gas density at different heights on the central axis of the hydrogen jet can be obtained, wherein the volume fraction and mass fraction of the mixed gas on the central axis of the hydrogen jet are shown in Equations 2.17 and 2.18. The axial velocity, density, and mass fraction in the range of the hydrogen jet can be derived by substituting the obtained parameters into the expressions of velocity, density, and mass fraction at any point in the hydrogen buoyant jet.

	

	

where φc is the volume fraction of gas mixture at central axis, dimensionless; and Yc is the mass fraction of gas mixture at central axis, dimensionless.




2.4 Initial and boundary condition

According to meteorological data of the sea area where the offshore FPVs-based hydrogen production system is installed, four initial wind conditions with different wind velocities are set in this study, which are 2 m/s, 5 m/s, 10 m/s, and 20 m/s, respectively. The offshore wind velocity covers the main conditions in the four seasons encountered by offshore FPVs-based hydrogen production system in the course of year-round operation. In contrast, the ambient temperature in the sea is set according to the average temperature of the four seasons. The purpose of this study is to analyze the process of hydrogen release and dispersion in the sea area, so the accident location is set on the hydrogen storage tank. The hydrogen in the storage tank is in a high-pressure state, and the pressure in the tank is maintained at no less than 20 MPa. Hydrogen leaks and mixes with air to form a combustible mixture gas with an explosion limit range of 4.1%–74.2% (in air by volume). The material of the hydrogen storage tank is set as carbon fiber composite material. The diameter of the tank is 1.5 m, and the height of the tank is 2.2 m. The size of the leakage nozzle of the tank body is set as 0.05 × 0.05 m, and the initial state of leakage medium is a liquid–gas phase state. The boundary condition of the gas release direction is WIND, and the rest direction is Plane-Wave. The initial turbulence intensity is set to 0.01, turbulence scale is set to 0.02, and atmospheric stability is set to D. The specific characteristic parameters of the hydrogen release are shown in Table 1.


Table 1 | Properties of hydrogen in the storage tank of the FPVs-based hydrogen production platform.






2.5 Model validation

The current study targets the release process of the high-pressure hydrogen storage tank, and the numerical model is used to carry out the relevant experimental verification to ensure the accuracy of simulation results. FLACS has high precision numerical modules for gas release and explosion, and its simulation accuracy has been verified and recognized by some previous studies. FLACS is used to analyze the concentration distribution of the hydrogen release process, and the simulation results are compared with experimental tests (Daubech et al., 2013; Kuznetsov et al., 2015), revealing that simulations are in quite good agreement with experimental data even for a small vent. A previous study (Wang et al., 2020, 2022) built a numerical model based on the real accident scenario and restored the gas release and explosion scenarios through the simulation results. After comparing the investigation results of the accident site, it is found that the data of gas concentration, combustion temperature, and shock wave obtained by FLACS are effective. The previous studies are worthy of validating the results for hydrogen release, mixture dispersion, and combustion consequences. In the present work, a comparison between the experiment (Tanaka et al., 2007) and the FLACS-based model is undertaken, aiming to investigate the dispersion characteristics with the hydrogen release process in unconfined space. The hydrogen release experiment is carried out in an open space, involving a high-pressure hydrogen storage vessel with an internal pressure of 10 MPa. In the experiment, the leakage source has several nozzle diameters ranging from 0.8 mm to 1.6 mm. FLACS is used to numerically model the leakage source with a nozzle diameter of 0.8 mm. Figure 3 shows the trend of hydrogen concentration over time, where the blue and black data points represent the experimental data and the data obtained by FLACS-based simulation, respectively. As can be seen from Figure 3, hydrogen release through the 8-mm diameter nozzle reaches a concentration of 27% within a short period of time, which indicates a potential explosion risk. The comparison with the experimental data shows that the maximum deviation between the concentration data obtained by using FLACS to construct the hydrogen release model and the experimental data appears in the peak point time, and the deviation value is 8.89%. The deviation between the numerical simulations and the experimental data reflects the uniformity of the model boundary conditions, such as the constant wind velocity, and may also be influenced by many factors in the experiment process. The above-mentioned problems have been improved in the current model. Based on this, the offshore FPVs-based hydrogen production platform constructed by FLACS and the hydrogen release and dispersion simulations prove to be effective.




Figure 3 | Comparison between experimental data (Tanaka et al., 2007) and numerical results with FLACS.







3 Results and discussion



3.1 Hydrogen release process

There are risks when the FPVs-based hydrogen production system runs in an offshore environment for a long time, especially in the area where there are high-pressure hydrogen storage devices, safety protection measures should be prioritized. Owing to the low volumetric energy density of hydrogen, it needs to be stored in the form of high-pressure during preparation. A high-pressure hydrogen storage tank is often prone to local failure, resulting in the formation of small leakage sources. When the compressed medium in the high-pressure hydrogen storage tank is communicated with the outside world through a small leakage nozzle, it will be released to the outside environment in the form of a jet. When the offshore wind velocity is 2 m/s, the hydrogen release process in the offshore FPVs-based hydrogen production system is shown in Figure 4. Because of the different pressure ratios between the leakage source and the offshore environment, the hydrogen release jet may be in different flow states at the failure position of the hydrogen storage tank. If the internal pressure of the hydrogen storage tank is close to the atmospheric pressure of the offshore environment, the pressure ratio of the two is lower than the critical pressure ratio of the leakage medium. In this accident scenario, hydrogen is in a state of full expansion at the leakage position, and the release form is subsonic jet. When the high-pressure hydrogen storage tank fails, it is obvious that the pressure ratio of the inner and outer interfaces of the failure location is higher than the critical pressure of hydrogen. At this time, the velocity of hydrogen at the leakage nozzle is close to the local sound velocity, and the hydrogen is in a state of underexpansion. Because the pressure is higher than the atmospheric pressure in the offshore environment, hydrogen expands further when it leaves the failure position of the hydrogen storage tank, forming a supersonic flow. Figure 4 indicates that when the failure of the high-pressure hydrogen storage tank occurs at 27.5 s, hydrogen concentration is significantly monitored to exceed 58%. When the hydrogen storage tank failure occurs at 50.1 s, high concentration of hydrogen has begun to spread to the FPV module area. Owing to the characteristics of hydrogen, floating behavior gradually occurs in the process of leaked hydrogen spreading to the offshore surrounding area.




Figure 4 | Hydrogen release of the FPVs-based platform with a crosswind velocity of 2 m/s. (A) Time = 0.0 s; (B) time = 27.5 s; (C) time = 50.1 s; (D) time = 102.5 s; (E) time = 155.7 s; (F) time = 207.9 s.



Under the effect of offshore wind conditions, the motion state and release mode of hydrogen will change. In this study, four kinds of transverse wind velocities are set based on offshore monitoring data, ranging from 2 m/s to 20 m/s. Only the hydrogen release behavior along the positive direction of the jet is observed, while the interference of variable air volume is ignored, and the offshore wind enters the computational domain parallel to numerical model. Figure 5 shows the horizontal release behavior of hydrogen under the influence of different offshore wind velocities at 202.5 s when the high-pressure hydrogen storage tank fails. Figure 5 reveals that the horizontal release distance of hydrogen increases at the initial period and then decreases with the increase of wind velocity. When the offshore wind velocity increases from 2 m/s to 5 m/s, it is found that the release concentration of hydrogen along the horizontal direction increases significantly. The hydrogen concentration at the same horizontal position under the action of high wind velocity is significantly higher than that under the monitoring data of low wind velocity. With the further enhancement of the offshore wind conditions, the leakage of hydrogen along the horizontal direction presents different results. The results indicate that the enhanced wind effect restricts the horizontal release distance of leaking hydrogen to a certain extent. When the offshore wind velocity increases from 5 m/s to 20 m/s, it can be obviously observed from the comparison of Figures 5B–D that the location where hydrogen produces high concentration is closer to the leakage source, which also indicates that the horizontal distance of hydrogen release is gradually decreasing. The analysis reveals that when the offshore wind velocity increases to 10 m/s, the wind condition is conducive to promoting the mixing degree of offshore air and leaking hydrogen, resulting in a decrease in hydrogen concentration. When the offshore wind velocity increases to 20 m/s, the horizontal distance of high-concentration hydrogen is further reduced, and the longitudinal upward release movement is greatly weakened.




Figure 5 | Hydrogen release of the FPVs-based platform with enhanced velocities. (A) Crosswind velocity = 2 m/s; (B) crosswind velocity = 5 m/s; (C) crosswind velocity = 10 m/s; (D) crosswind velocity = 20 m/s.



Figure 6 presents a comparison of hydrogen leakage changes of the high-pressure hydrogen storage tank in the process of increasing offshore wind velocity from an X-Y perspective. The time after failure of the high-pressure hydrogen storage tank captured is close to 102 s. The X-Y view can clearly show the range of hydrogen leakage after the failure of the hydrogen production platform. As can be seen in Figure 6, when the offshore wind velocity is 2 m/s, in less than 2 min, hydrogen is able to release to the farthest FPV module. Since the monitoring gas concentration set in the numerical model is the explosion limit range of hydrogen, it indicates that the farthest end is already in the dangerous area of ignition and explosion accident. Because there are many circuit equipment and pipelines in the offshore FPVs-based hydrogen production system, it is easy to generate current or static electricity on equipment surface, resulting in large-scale hydrogen/air vapor cloud explosion. When the offshore wind velocity increases to 5 m/s, the hydrogen concentration distribution in the middle of the FPV module region is observed to increase. Meanwhile, the concentration distribution of hydrogen in the explosion limit range expands to a further distance of the hydrogen production system. When the offshore wind velocity further increases to 10 m/s, the hydrogen concentration distribution area in the explosion limit range begins to decrease. Figure 6C shows that the hydrogen concentration in the region at the farthest end of the FPV module is lower than the lower explosive limit concentration. The results indicate that with the enhancement of offshore wind conditions, hydrogen concentration in the area near the release accident is within the explosion limit for a long time. Because of the enhanced wind in the offshore area for a long time in a year, it is extremely unfavorable to on-site emergency disposal work after the failure of hydrogen storage devices, and it is necessary to formulate a safety protection for the gas release and explosion accidents.




Figure 6 | Panoramic view of hydrogen release from the FPVs-based platform. (A) Crosswind velocity = 2 m/s; (B) crosswind velocity = 5 m/s; (C) crosswind velocity = 10 m/s; (D) crosswind velocity = 20 m/s.






3.2 Hydrogen dispersion evolution

High-pressure hydrogen release caused by the failure of offshore FPVs-based hydrogen production system makes it easy to form supersonic flow. When the high-pressure hydrogen storage tank leaks, as the pressure of the leakage source is much higher than the atmospheric pressure, the release velocity reaches the local sound velocity. The gas flow pressure at the leakage nozzle is still higher than the ambient pressure, and hydrogen accelerates to supersonic flow after leakage. Figure 7 shows the comparison of hydrogen dispersion evolution processes under different offshore wind conditions at the time of 39.45 s. When the initial release occurs, the high-pressure underexpanded jet forms a complex shock wave structure near the leakage position. This is because the greater pressure difference after the high-pressure underexpanded jet at the nozzle causes a drastic change in hydrogen velocity, and the flow field in the leakage area is unstable. It is also the main difference between the behavior of high-pressure underexpanded jets when hydrogen releases and that of subsonic jets when conventional tank failure occurs. As can be seen from Figure 7, the dispersion concentration of hydrogen around the platform is lower in the middle region, while the dispersion concentration near the FPV module is higher. The analysis indicates that because the hydrogen in high-speed jet causes air entraining around the dispersion area, a large amount of air involved in the dispersion area mixes with hydrogen, diluting the hydrogen concentration to a certain extent. It is found that the change of offshore wind conditions has little effect on the hydrogen dispersion near the leakage nozzle. Owing to the change of wind conditions, the dispersion concentration distribution of hydrogen away from the leakage position presents different results. As shown in Figure 7, when the offshore wind velocity is 2 m/s, the dispersion distance of hydrogen in the horizontal direction is more than 9.27 m.




Figure 7 | Hydrogen concentration contours at the ZY plane with a time of 40.0 s. (A) Crosswind velocity = 2 m/s; (B) crosswind velocity = 5 m/s; (C) crosswind velocity = 10 m/s; (D) crosswind velocity = 20 m/s.



This study also finds that in the middle region close to the FPV module, the hydrogen concentration required for an explosion is not reached. It reveals that under weak offshore wind conditions, hydrogen can disperse further in the horizontal direction, and cannot form explosive concentrations in the sea surface. The above situation can be further illustrated by the change of hydrogen dispersion concentration over time, as shown in Figure 8. At 22.35 s after the high-pressure hydrogen storage tank failure, hydrogen concentration reaches 47.19%. With the offshore wind velocity maintained at low value, hydrogen dispersion remains in the high concentration range, and its average concentration reaches 47.21%. With the increase of offshore wind velocity to 5 m/s, in the comparison of hydrogen dispersion distance increases with the weak wind condition, the hydrogen explosion concentration range rises to 9.61 m. Because of the enhancement of offshore wind velocity, the hydrogen dispersion concentration in the area near the FPV module remains low, not within the explosion limit concentration range. According to the data shown in Figure 8, it can be seen that after the initial hydrogen release, the dispersion concentration in the scenario of 5 m/s wind velocity reaches 53.36% in a short time. Under this wind condition, the hydrogen dispersion concentration subsequently produces a large fluctuation behavior. The hydrogen dispersion concentration is gradually stabilized in the later stage of the accident, and its average concentration remains at approximately 44.13%. Owing to the influence of enhanced offshore wind conditions, atmospheric turbulence is more conducive to mixing hydrogen vapor clouds with air. When the vapor cloud is heated and diluted, the light gas effect of the mixture cloud begins to weaken, causing it to spread rapidly downwards. When the offshore wind velocity increases to 10 m/s, the horizontal dispersion distance of hydrogen decreases significantly, and the horizontal dispersion distance decreases to 5.36 m. High-concentration hydrogen is mainly distributed in the hydrogen production platform and the adjacent two rows of FPV modules, and the hydrogen dispersion concentration with explosion conditions is still formed near the offshore. According to the data of hydrogen concentration, the increase of wind velocity to 10 m/s has a great effect on the time variability of hydrogen concentration. The fluctuation frequency of hydrogen dispersion concentration increases with time, and its fluctuation amplitude increases significantly. At a time of 117.35 s after the high-pressure hydrogen storage tank failure, the hydrogen dispersion concentration reaches 62.91%. Although the dispersion behavior fluctuates greatly under the severe influence of offshore wind conditions, the final hydrogen concentration still exceeds 65.46%. The research shows that the increase of offshore wind velocity can enhance the local hydrogen/air mixing degree in a certain range, so as to reduce the hydrogen concentration, especially in the shortening of horizontal dispersion distance, and the concentration of explosive gas on the offshore is increased accordingly.




Figure 8 | Hydrogen concentration changes with time under different crosswind velocities.



High-pressure gas leakage can determine the subsonic jet by the dominant physical mechanism according to the size of the Froude number (Fr). If the Fr value is higher, it indicates that the initial jet momentum of the leaking gas is larger, and the inertial force effect is stronger. The initial jet momentum of hydrogen generated after the failure of offshore FPVs-based hydrogen production system dominates the jet velocity and horizontal dispersion distance. Competitive relationship between the initial momentum and buoyancy of hydrogen jet determines the evolution model of hydrogen dispersion behavior and range. The characteristics of hydrogen jet are influenced by the interaction between the initial momentum and the buoyancy force, which is a result of the joint effect of the initial momentum and the buoyancy force. Figure 9 shows the comparison of hydrogen dispersion ranges under different offshore wind conditions at nearly 65 s. Through comparison, it reveals the hydrogen dispersion range changes in both horizontal and vertical space when the wind conditions continue to increase. When the offshore wind velocity is 2 m/s, the hydrogen dispersion range is concentrated in the upper space of the accident area, which accords with the characteristics of hydrogen. Far away from the leakage source, the air can still form a hydrogen dispersion concentration distribution of not less than 16%. The data from four MGs located approximately 3 m away from the FPV module are analyzed, as shown in Figure 10. MG 7, MG 8, MG 11, and MG 14 are set at a vertical height of 3 m, respectively, arranged at different intervals from the leakage position. The data analysis shows that the hydrogen dispersion concentration near the leakage source reaches the peak value in a short period, and the hydrogen concentration can reach 12.13% when it is approximately 55.1 s. Subsequently, because of the action of hydrogen jet, hydrogen dispersion is further transferred to the horizontal direction, so the concentration data at MG 7 drop sharply. At a distance of 2 m between MG 8 and MG 7, the peak concentration appears after MG 7, with a value of 100.1 s. The maximum hydrogen dispersion concentration that could be achieved at the MG 8 is more than 18%, close to the equivalent ratio required for an explosion after mixing hydrogen with air. With the increase of the distance between the MG and the leakage source, the peak occurrence time of hydrogen dispersion concentration is delayed continuously, and the peak occurrence time of hydrogen dispersion concentration at the distance of 9 m is 210.59 s. The results indicate that the distribution of hydrogen dispersion concentration in the region far from the leakage source is in the high concentration range for a long time. When the offshore wind velocity increases to 5 m/s, the dispersion degree of hydrogen in vertical space is inhibited. Figure 9B shows that the dispersion distance of hydrogen in vertical space is 8.75 m, and the dispersion height decreases by 12.5% compared with that in the weak wind condition. When the offshore wind velocity increases to 10 m/s, the hydrogen dispersion height drops to 5.56 m, and the decrease is significantly obvious. This reveals that the enhanced wind conditions have a strong inhibition effect on the hydrogen dispersion process to a certain extent. If the offshore wind velocity continues to increase and reaches 20 m/s, the hydrogen dispersion height further decreases to 4.17 m. In this scenario, hydrogen dispersion concentration is concentrated in the area near the hydrogen production platform, leading to higher requirements for on-site emergency treatment after the hydrogen production system failure.




Figure 9 | Hydrogen concentration contours at the ZY plane with a time of 65.0 s. (A) Crosswind velocity = 2 m/s; (B) crosswind velocity = 5 m/s; (C) crosswind velocity = 10 m/s; (D) crosswind velocity = 20 m/s.






Figure 10 | Hydrogen concentration changes with different horizontal positions (crosswind velocity is 2 m/s).



The greater the offshore wind velocity, the more favorable the atmospheric turbulence is for the mixture between the vapor clouds and the air. High-humidity air in the marine environment dilutes the hydrogen vapor cloud released from the high-pressure hydrogen storage tank, and the faster the non-heavy gas effect is weakened. It gradually shows a downward dispersion movement behavior, and thus, the downwind dispersion concentration decreases. Figure 11 shows the distribution of hydrogen dispersion concentration under the influence of wind velocity in different offshore environments at 122.5 s. Hydrogen rapidly expands outward from the leakage source, forming a positive shock wave (Mach disk). In the core area of hydrogen jet, the pressure of air flow gradually increases until it reaches the ambient pressure. Meanwhile, the velocity of hydrogen jet decreases to subsonic velocity. In the boundary layer around the core region of hydrogen jet, a complex compression wave is formed. In the boundary layer region, hydrogen keeps supersonic flow for a long distance downstream of the Mach disk. When the offshore wind velocity is 2 m/s, hydrogen dispersion conforms to the law that momentum dominates near the leakage source, while the distant region is dominated by buoyancy. In the area where the vertical height of the FPV module exceeds 10 m, the hydrogen dispersion concentration is between 16% and 22%, which has a great potential to trigger vapor cloud explosion. When the offshore wind velocity increases to 5 m/s, the concentration profile of hydrogen dispersion changes, mainly in the direction of hydrogen dispersion height, while the distance between the location of explosive concentration and the leakage source increases. As the offshore wind velocity increases to 10 m/s, it is found that the combination of initial momentum and wind force greatly weakens the buoyancy effect. In the scenario of strong wind condition, hydrogen dispersion height is reduced to less than 5 m. The dispersion range of high-concentration hydrogen is reduced to the FPV module area. As the offshore wind conditions continue to increase, the hydrogen dispersion range is greatly affected accordingly. The hydrogen dispersion height is reduced to approximately 4 m, and the horizontal dispersion distance is greatly reduced to less than 15 m.




Figure 11 | Hydrogen concentration contours at the ZY plane with a time of 122.5 s. (A) Crosswind velocity = 2 m/s; (B) crosswind velocity = 5 m/s; (C) crosswind velocity = 10 m/s; (D) crosswind velocity = 20 m/s.



Figure 12 shows the evolution law of hydrogen dispersion concentration over time in a region with a vertical height of 3 m under strong wind conditions. In Figure 12, two accident scenarios with an offshore wind velocity of 10 m/s and 20 m/s are compared. It is found that greatly enhanced offshore wind conditions will not promote the increase of hydrogen dispersion concentration, but inhibit it within a certain range. Figure 12A reveals that the horizontal distance ranges between MG 7 and MG 8, with a distance from the hydrogen production platform of 3 m and 5 m, respectively. When the offshore wind velocity is 10 m/s, the hydrogen dispersion concentration near the leakage source is lower than the concentration farther away, which indicates that the peak concentration of hydrogen dispersion is likely to appear 5 m away from the leakage source. As can be seen from Figure 12B, under the same offshore wind condition, hydrogen dispersion concentration at MG 11 (horizontal distance is 7 m) is higher than that of data farther away. The data provided by the above MGs show that when the offshore wind velocity is 10 m/s, in the space of 3 m from the offshore area, the hydrogen dispersion concentration increases first and then decreases, and the peak concentration appears in the area with a horizontal distance of 5 m from the leakage source. When the offshore wind velocity reaches 20 m/s, the peak concentration of hydrogen dispersion reaches the area near the leakage source, and the occurrence time is approximately 37.1 s. With the increase of horizontal distance, it is found that the hydrogen dispersion concentration continues to decrease, and the peak concentration at a distance of 9 m from the leakage source is 7.58%. The result indicates that when the offshore wind velocity increases to 20 m/s or even stronger, it has an inhibition effect on hydrogen dispersion distance, and the high concentration distribution area of hydrogen dispersion appears near the leakage source.




Figure 12 | Hydrogen concentration changes with time under different crosswind velocities. (A) Horizontal position is 3 m and 5 m; (B) horizontal position is 7 m and 9 m.






3.3 Thermal hazards analysis

According to the previous section, hydrogen release caused by the failure of hydrogen storage tank in the offshore FPVs-based hydrogen production system forms the distribution of combustible mixture gas vapor clouds within a certain range. Once the ignition is induced in the system operation site, it causes explosion accidents of different scales, which produce flames accompanied by different degrees of thermal damage. In view of the possible thermal damage caused by accident site, this study conducts simulation around the vapor cloud explosion induced by hydrogen dispersion on the hydrogen production platform, with a focus on discussing the flame propagation under the influence of different offshore wind conditions. Furthermore, this study analyzes the scope of thermal damage under hydrogen explosion. It is more practicable to determine a range of damage thresholds for the thermal hazards based on the criteria set forth by the CCPS (CCPS, 1994; Wang et al., 2019). The areas with the most severe thermal damage are classified as fatal zone, while the area without any thermal damage are classified as safe zone. In cases of vapor cloud explosions, where the thermal hazards act in a shorter time than the target, thermal equilibrium is reached so that the heat received by the target is not dissipated in time. Table 2 presents the degree of thermal damage and its corresponding temperature threshold. By comparing the values in the standard and combining the temperature data output from FLACS-based results, the thermal damage degree in different areas of the FPVs-based hydrogen production system is determined.


Table 2 | Thermal damage criteria due to flame propagation in hydrogen explosion (Yarmolenko et al., 2011; Jacklitsch et al., 2016; ASTM C856/C856M-20, 2020).



Figure 13 shows the temperature distribution over time after hydrogen explosion on the hydrogen production platform. The perspective provided is the X-Y horizontal plane. In the accident scenario, the offshore wind velocity is 10 m/s, and the ignition source is set to electric spark. When the hydrogen explosion occurred (time = 40.29 s), the flame generated by explosion is propagated from the high-pressure hydrogen storage area, and the offshore temperature field distribution is accompanied by changes. In the initial stage of hydrogen explosion in the FPVs-based hydrogen production system, the temperature in the area with a radius of approximately 1.5 m around the hydrogen storage device rapidly rises to 1610 K. According to the temperature threshold standard corresponding to the thermal damage degree (see Table 2), the cable piping and steel framing device here completely cause irreversible and severe damage. Meanwhile, the temperature in the 3.5-m radius area from the explosion source is between 560 K and 680 K. Under this temperature range, the crystalline silicon material of PV module is deformed. At the same time, the pontoon of the FPV module is completely melted by thermal effect, and the connecting cable suffered serious high-temperature damage. With the hydrogen explosion occurring to 175.11 s, the high-temperature area has covered the first and second rows of FPV modules near the hydrogen production platform, and the temperature in this area exceeds 2,000 K. At 306.77 s after the hydrogen explosion, it is found that the row of FPV modules furthest away from hydrogen production platform is in a high-temperature region above 1,520 K. According to previous section, when the offshore wind velocity is 10 m/s, a large amount of hydrogen does not disperse with wind movement, but forms an explosive concentration in the FPV module area. Therefore, when a hydrogen mixture vapor cloud is ignited, high-temperature damage is concentrated in the area where the FPV module is laid. At 740.51 s, almost the entire FPV module area is affected by thermal damage to varying degrees, and the damage range of the high-temperature area expands to 14.89 m.




Figure 13 | Panoramic view of flame propagation induced by hydrogen explosion. (A) Time = 40.29 s; (B) time = 175.11 s; (C) time = 306.77 s; (D) time = 449.53 s; (E) time = 598.33 s; (F) time = 740.51 s.



Since the relevant MG is set for the surface of each FPV module during the construction of the FLACS-based model, the degree of thermal damage can be more intuitively determined by temperature data, as shown in Figure 14. MG 5, MG 10, MG 13, and MG 16 in Figure 14A show the surface temperature data of the FPV module perpendicular to the direction of the hydrogen production platform, while MG 20, MG 23, MG 26, and MG 29 show a set of FPV module surface temperature data parallel to the hydrogen production platform. Both transverse and longitudinal heat transfer decrease with increasing distance from the explosion location. The surface temperature of the FPV module near the high-pressure hydrogen storage tank increases the fastest, and the surface temperature rises to 1,802.9 K within 90 s, and the temperature rising rate exceeds 43.3 K/s. The FPV module consists of high-efficiency crystalline silicon solar cells, an ultra-white cloth tempered glass, EVA, a transparent TPT backplane, and an aluminum alloy frame (Pandeya et al., 2022; Xiao et al., 2022a; Xiao et al., 2022b; Xiao et al., 2022c), of which only aluminum alloy material can withstand the high temperature (less than 900 K). It indicates that the FPV module in the immediate vicinity of hydrogen explosion area is completely destroyed by flame-driven thermal damage. The maximum surface temperature of the FPV module parallel to hydrogen production platform reaches 493.8 K. In Table 2, under the temperature strength and hardness create FPVs modules attribute. Moreover, for the material of pontoon, it causes the occurrence of combustion behavior. Under the thermal influence of such temperature, the consequence induced by thermal damage degree is classified with moderate grade. Heating at this temperature for a long time causes the overall deformation and partial melting of the FPV module. Figure 14B shows the FPV module arranged along the hydrogen production platform at an angle of 45°, and its surface temperature is time-varying under the action of hydrogen explosive flame. Near MG 19 of the hydrogen production platform, the surface temperature rises to near the highest temperature at an extremely rising rate of 187.8 K/s. The highest temperature that finally reaches MG 19 is 2251.6 K, at which the FPV module is almost completely burned out. At the same time, the temperature near MG 19 is stable, maintaining an average temperature of approximately 2,200 K for the duration of hydrogen explosion. The surface temperatures at MG 35 and MG 38 show the same trend, and the highest temperature reaches 1,429.9 K and 1,151.8 K, respectively. According to the thermal damage criteria, when the temperature is higher than 1,100.0 K, it leads the spheroidization, austenitization, and melting of cementite in the hydrogen storage tank and pipeline. Furthermore, the carbon steel passivation film of FPV modules is destroyed, and the carbon steel undergoes serious mechanical deformation. The surface temperature of the FPV module located in the middle shows a trend of late increase, which is especially reflected in the data changes obtained at MG 41. The surface temperature of the FPV module begins to gradually increase at 134.6 s after hydrogen explosion, and the temperature rising rate is small. After the hydrogen explosion occurs at 264.9 s, the surface temperature of the FPV module at MG 41 reaches the peak temperature, approximately 2,284.5 K. The surface temperature of the FPV module within a relatively long distance changes more steadily; for instance, temperature data at MG 44 are maintained below 500 K within 229.3 s. Since the FPV attachment material is HDPE material, its temperature resistance range is between 233 K and 358 K. In this temperature range, the pontoon has completely melted down. Affected by the hydrogen explosion flame propagation, the surface temperature of the farthest FPV module further increases after 270 s, with a final highest temperature of 997.3 K. The thermal damage caused by the flame formed by hydrogen explosion is close to the fatal level.




Figure 14 | Temperature trend in different directions away from the FPVs-based hydrogen production platform. (A) Parallel and perpendicular directions; (B) diagonal direction.



Under the influence of wind conditions in the marine environment, hydrogen explosion in the offshore FPVs-based hydrogen production system has a different evolution process. Figure 15 presents the comparison of temperature distribution in space of flame generated by hydrogen explosion when offshore wind velocity changes. The hydrogen explosion shown in Figure 15 occurs at the same time of 175 s. When the offshore wind velocity is 2 m/s, the temperature field is subject to the thermal action of hydrogen explosive flame. The distribution of the temperature field at the side shows a relatively regular vertical and horizontal direction. The mixed vapor cloud of hydrogen and air spreads upward along the centerline of the jet after leaving the leakage source for distance in a weak wind condition. Therefore, once the hydrogen/air mixture vapor cloud is ignited, the air temperature in the area where the accident occurred changes dramatically. According to the temperature distribution shown in Figure 15A, the temperature data located on the surface of the FPV module in the fourth row are less than 720 K. Combined with the thermal damage level and the corresponding temperature threshold presented in Table 2, it shows that the metal materials of FPV modules in this area are significantly deformed by high temperature, while the pontoon and cable are still unbroken. When the offshore wind velocity increases to 5 m/s, the enhanced wind condition promotes the hydrogen dispersion to a further distance and also restricts the buoyancy behavior in vertical space. When the hydrogen/air mixture vapor cloud is ignited, the temperature distribution begins to gradually extend in a horizontal direction. Because of the increased offshore wind velocity across the sea surface, the FPV modules located nearly 11.5 m away from the explosion source are damaged by thermal damage. A maximum temperature of 710 K on the surfaces of the FPV modules is monitored in this distance range, which triggers the structural failure of the metal support material of the FPV module.




Figure 15 | Lateral view of flame propagation from the FPVs-based hydrogen production platform at a time of 175 s. (A) Crosswind velocity = 2 m/s; (B) crosswind velocity = 5 m/s; (C) crosswind velocity = 10 m/s; (D) crosswind velocity = 20 m/s.



With the offshore wind velocity further increasing to 10 m/s, the hydrogen explosive flame is dominated by horizontal direction. Owing to the existence of a relatively high concentration of explosive vapor clouds farther away in horizontal direction, flame propagates immediately from the burned area to the unburned area. The horizontal distance affected by high temperature is more than 17 m, and the high temperature distribution is close to the offshore and FPV module. With the further enhancement of the offshore wind velocity to 10 m/s, the flame generated by the hydrogen explosion reaches the maximum propagation distance in the horizontal direction, and the resulting thermal damage distance to the FPV module also reaches the farthest. More than 15 m from the explosion source, the FPV module surface temperature is between 870 K and 910 K, resulting in falling in the strength and corrosion resistance of materials. Meanwhile, the deformation and creep of carbon steel reduced the strength of stainless steel at a severe level. If offshore wind velocity continues to rise to 20 m/s, the high-temperature effect in the horizontal direction does not extend all the way, but begins to weaken. The result can reveal that hydrogen dispersion behavior is limited under the action of strengthened offshore wind, and the explosive vapor cloud accumulates in the area near the leakage source. When the ignition source appears, the high temperature distribution generated by flame propagation is concentrated within a horizontal distance of 10 m. Because of the strong offshore wind velocity on the contrary, the flame propagation distance formed a certain inhibition effect, so the surface temperature of the FPV module outside the range of 10 m from the explosion source is 330 K. For the FPV modules, pontoons, inverters, and other equipment are in a relatively safe range. However, in the area within 7 m from the explosion source, the surface temperature of the FPV module is always higher than 880 K, which causes serious thermal damage consequences for both components and connected devices in the offshore FPV system. This study shows that the enhancement of offshore wind conditions restricts the upward hydrogen dispersion, resulting in temperature distribution concentrated in the horizontal direction. When offshore wind velocity continues to increase, it does not promote flame propagation, but forms a significant high temperature distribution zone in the area near the leakage source.

Figure 16 presents the temperature changes at different horizontal intervals under weak and strong offshore wind conditions. In Figure 16, the solid point indicates a wind velocity of 2 m/s, the hollow point means a wind velocity of 10 m/s, and the dotted point indicates a wind velocity of 20 m/s. Meanwhile, the red dot indicates that the position from the leakage source is 3 m away, the blue dot indicates that the position from the leakage source is 5 m away, the green dot means that the position from the leakage source is 7 m away, and the brown dot indicates that the position from the leakage source is 9 m away. Under the same offshore wind velocity, temperature increases with time. With the increase of distance between the horizontal position and leakage source, the change of temperature value is variable. When the offshore wind velocity is weak, temperature data show a decreasing trend with the increase of horizontal distance, and the temperature difference at different positions goes up gradually. In the marine environment characterized by strong wind, the data at 5 m and 7 m are close to temperature difference near the leakage source. It indicates that in this scenario, the high-temperature area is concentrated in the middle of the FPV module system. For the same accident time point, the change of temperature value produces different changes. If the time before the hydrogen explosion is 40.1 s, the difference of temperatures at changed horizontal positions under the influence of elevated wind velocities is small. With the development of time to 60 s, the temperature of different horizontal positions under strong wind conditions has a significant difference. After hydrogen explosion at a time of 106 s, the temperatures of different horizontal positions under strong and weak wind conditions show significant variation. It is found that the temperature with a long horizontal distance rises the most with the strengthening of wind conditions, while the temperature data are always lower than 569.9 K under weak wind conditions. According to the thermal damage criteria, the temperature decreases to moderate level at such temperature value. It leads the strength and hardness of cable decrease, and tempering color appears on the surface. Moreover, the melting and combustion of the pontoon may occur. The comparison of temperatures under strong and weak wind conditions reveals that the strengthening of offshore wind velocity causes the temperature difference at elevated horizontal positions to gradually rise with time. The high-temperature area in the weak wind environment is mainly in the range of 0–3 m horizontal spacing, while the high-temperature area in the strong wind environment is in the range of 5–7 m horizontal spacing.




Figure 16 | Thermal profiles of flame temperature growth sub-processes with the changed distances for varying offshore wind conditions.







4 Conclusions

This study investigates an engineering–numerical evaluation of damage performance in the offshore FPVs-based hydrogen production system due to potential hydrogen storage failure. It targets hydrogen leakage that is influenced by elevated offshore wind velocities in the system region. Throughout this study, the release mode, dynamic dispersion, and thermal hazard of each condition in the process are analyzed and determined to investigate their impact on the hydrogen production system. The main findings are presented as follows:

	1) Enhanced wind effect restricts horizontal hydrogen release distance to a certain extent. Offshore wind condition is conducive to promoting the mixing degree of offshore air and hydrogen leakage, resulting in a decrease in hydrogen concentration. When wind velocity rises to 20 m/s, the horizontal distance of high concentration is reduced, and the longitudinal upward release movement is greatly weakened.

	2) Under weak wind conditions, hydrogen disperses further in the horizontal direction, which cannot form explosive concentrations in the sea surface. The increase of wind velocity to 10 m/s has a great effect on time variability of hydrogen concentration, the fluctuation frequency of hydrogen dispersion concentration increases with time, and its fluctuation amplitude enhances significantly.

	3) Offshore wind velocity increases to 20 m/s or even stronger, which has an inhibition effect on hydrogen dispersion distance. Hydrogen dispersion height reduces to nearly 4 m, and horizontal dispersion distance greatly decreases to less than 15 m.

	4) Both transverse and longitudinal heat transfer decrease with the increase of distance from the explosion location. The FPV module in the immediate vicinity of explosion area is completely destroyed by flame-driven thermal damage. If offshore wind velocity rises over 20 m/s, thermal effect in the horizontal direction does not extend all the way, but begins to weaken.
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