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Abstract: The development of a hydrogen energy-based society is becoming the solution for more and 

more countries. Fuel cell electric vehicles are the best carriers for developing a hydrogen energy-based 

society. The current research on hydrogen leakage and the diffusion of fuel cell electric vehicles has been 

sufficient. However, the study of hydrogen safety has not reduced the safety concerns for society and 

government management departments, concerning the large-scale promotion of fuel cell electric vehicles. 

Hydrogen safety is both a technical and psychological issue. This paper aims to provide a comprehensive 

overview of fuel cell electric vehicles’ hydrogen dispersion and the burning behavior and introduce the 

relevant work of international standardization and global technical regulations. The CFD simulations in 

tunnels, underground car parks, and multistory car parks show that the hydrogen escape performance 

is excellent. At the same time, the research verifies that the flow, the direction of leakage, and the vehicle 

itself are the most critical factors affecting hydrogen distribution. The impact of the leakage location and 

leakage pore size is much smaller. The relevant studies also show that the risk is still controllable even if 

the hydrogen leakage rate is increased ten times the limit of GTR 13 to 1000 NL/min and then ignited. 

Multi-vehicle combustion tests of fuel cell electric vehicles showed that adjacent vehicles were not ignited 

by the hydrogen. This shows that as long as the appropriate measures are taken, the risk of a hydrogen 

leak or the combustion of fuel cell electric vehicles is controllable. The introduction of relevant standards 

and regulations also indirectly proves this point. This paper will provide product design guidelines for 

R&D personnel, offer the latest knowledge and guidance to the regulatory agencies, and increase the 

public’s acceptance of fuel cell electric vehicles. 

Keywords: fuel cell electric vehicle; hydrogen safety; hydrogen dispersion; hydrogen burn;  
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1. Introduction 

It is well known that the use of fossil fuels causes energy consumption and environmen-

tal pollution on a global scale, so renewable and clean energy sources have also become a 

research hotspot [1]. The development of hydrogen energy is one of the technical solutions, 

and the ultimate goal is to achieve a zero-emission hydrogen energy-based society. The Euro-

pean Union, Japan, China, and South Korea have released hydrogen energy development 

roadmaps [2–5]. The main uses of hydrogen (pure or mixed hydrogen) at present, include 

refining (33%), ammonia production (27%), methanol production (11%), and steel production 

through the direct reduction of iron ore (3%). Now, 76% of the hydrogen consumed is pro-

duced by natural gas, and 23% is coal [6]. This shows that hydrogen has been widely used in 

industrial production; correspondingly, its physical properties and safety have also been thor-

oughly researched. Current research on hydrogen safety covers hydrogen characteristics [7,8], 

diffusion mechanisms [9–19], burning behaviors [7,13], and explosions [20]. Review articles 

have systematically summarized this research [21,22]. 
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The best solution for building and developing a hydrogen energy-based society is to 

promote fuel cell electric vehicles. However, the current research on hydrogen safety has 

not been able to reduce the social and government management’s safety concerns when 

fuel cell electric vehicles are promoted on a large scale. Hydrogen safety is both a technical 

and psychological issue [23]. There has been much research on fuel cell electric vehicles, 

and in-depth research has been conducted on the characteristics of hydrogen diffusion 

and the burning behavior of vehicles. This paper aims to provide a comprehensive over-

view of the fuel cell electric vehicles’ hydrogen dispersion and burning behaviors and 

introduce the relevant work of international standardization and global technical regula-

tions. It will also provide the latest knowledge and guidance for regulators and public 

officials and improve the public’s acceptance of fuel cell electric vehicles. 

This paper first introduces the concept and the evaluation model of the hydrogen 

safety of fuel cell electric vehicles. Then, it introduces and summarizes the research status 

of the fuel cell electric vehicles’ hydrogen leakage, and the hydrogen burning behaviors 

and discusses the following research approach. Finally, it introduces the standards and 

regulations of fuel cell electric vehicles. 

2. Hydrogen Safety Concept for Fuel Cell Electric Vehicles 

Prior to discussing the safety of fuel cell electric vehicles, we need to distinguish three 

concepts: hazard, risk, and safety. A hazard is “a chemical or physical condition that may 

cause harm to people, property, and the environment”; risk is “a combination of the like-

lihood and the consequences that occur at a certain time”; safety is “the freedom from a 

risk that is not tolerable” [24]. 

Safety cannot be quantified, while risk can be qualified. Based on this, society can 

specify an acceptable level of risk. Therefore, the discussion of safety includes a risk anal-

ysis and an acceptance of risk. This means that safety is an abstract concept that cannot be 

separated from a risk analysis and an acceptance analysis. We aim to provide regulators 

and public officials with the latest knowledge and guidance and to increase public ac-

ceptance of fuel cell electric vehicles. 

3. Hydrogen Leakage of Fuel Cell Electric Vehicles 

This chapter will discuss the typical research results of hydrogen leakage in fuel cell 

electric vehicles, with the data obtained from simulations to actual vehicular research. In 

terms of the CFD simulations, Japan verified scenarios in tunnels, underground parking 

lots, and multistory parking lots, proving that hydrogen’s excellent escape performance 

is excellent. A series of studies have proven that the flow and leak directions are the most 

critical factors affecting hydrogen distribution. The impact of the leakage location and the 

leakage pore size is much smaller. In order to verify the effect of obstacles on hydrogen 

diffusion, the United States conducted a hydrogen diffusion comparison test with or with-

out vehicles in parking garages. For the parking garages, the obstacle is the vehicle itself. 

The results showed that although hydrogen has an excellent escape capability, obstacles 

still greatly influence the spatial distribution of hydrogen. As for the distribution of hy-

drogen in vehicles after a leak, Japanese research has shown that the impact of the leak 

direction is crucial. This has significant reference value for developing hydrogen leakage 

safety in fuel cell electric vehicles. I will cover the mentioned content in more detail. 

3.1. Research Progress 

It is of great significance to study the influence of different factors on the diffusion of 

hydrogen leakage in fuel cell electric vehicles in storage and application scenarios. There 

are relatively mature studies on the diffusion of hydrogen on a small scale, and the Reyn-

olds number is a primary parameter at the microscopic scale. In fluid mechanics, the Reyn-

olds number is the ratio of the inertial force of a fluid to the viscous force, and it is a di-

mensionless quantity. Inertial force and viscous force are calculated according to 
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Formulas (1) and (2). When the Reynolds number is small, the influence of the viscous 

force convection field is greater than that of the inertial force. The viscous force attenuates 

the flow rate’s disturbance in the flow field, and the fluid flow is stable and laminar. Con-

versely, if the Reynolds number is large and the inertial force’s influence on the flow field 

is greater than the viscous force, the fluid flow is more unstable. Small changes in the flow 

rate will develop a disordered and irregular turbulent flow field. 

inertial force =
��

�
  (1) 

viscous force =
��

��
  (2) 

where � is the density of the fluid, kg/m3; � is the flow speed, m/s; � is a characteristic 

linear dimension, m; � is the dynamic viscosity of the fluid, kg/(m·s); and � is the kine-

matic viscosity of the fluid, m2/s. 

France’s CEA (Atomic Energy and Alternative Energy Commission) analyzed the ef-

fects of hydrogen buoyancy and small leaks on the hydrogen diffusion in small flows [9]. 

The experimental results showed that the spatial and temporal variations in the volume 

fraction are entirely consistent with Worster and Huppert’s theoretical rate [25], which 

proves that the study of hydrogen diffusion at the microscopic level is relatively mature. 

However, a large flow leak is more dangerous. JARI (Japan Automotive Research 

Institute) conducted CFD (computational fluid dynamics) simulations of hydrogen leaks 

in tunnels, underground parking lots, and multistory parking lots [26]. The amount of 

leakage was 133 L/min. The simulation tests proved that the hydrogen escape perfor-

mance is excellent. It was found that, even in the absence of gas exchange, the hydrogen 

concentration will exceed the limit only in the location of the gas leak. In a tunnel, the 

hydrogen concentration on top of the tunnel will be below the explosive limit after the 

hydrogen leaks. In an underground parking lot, if there is no ventilation device, the hy-

drogen concentration above the leak point will exceed the explosive limit. If there is a 

ventilation device, the hydrogen concentration can be reduced below the explosive limit. 

In a multistory parking lot scenario, the hydrogen concentration can also be controlled 

below the explosive limit because there is a ventilation device. The CFD simulations ini-

tially proved that hydrogen has a perfect escape performance. 

In order to further verify the diffusion characteristics of hydrogen and the influenc-

ing factors, a test verification is required. The University of Orléans in France assessed the 

leak location (top, upside, lateral down) in an equivalence miniature scenario of 1/15 (0.47 

m× 0.33 m × 0.20 m), with a leakage flow (5.4 Nm3 h−1, 1.8 Nm3h−1, 0. 1 Nm3 h−1), and a 

combination of obstacles [11]. The axis direction is shown in Figure 1. 

X

Z

0.47 m

0.
2 

m

 

Figure 1. Experimental enclosure scheme of The University of Orléans. 
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The research parameter combination is shown in Table 1. 

Table 1. Examples of hydrogen diffusion tests in confined spaces. 

Release Traffic Case 1 Case 2 Case 3 

Release Position Top Upside Lateral Down Top Upside 
Lateral 

Down 
Top Upside 

Lateral 

Down 

X-axis direction (m) 0.17 0 0 0.17 0 0 0.17 0 0 

Y-axis direction (m) 0.165 0.165 0.165 0.165 0.165 0.165 0.165 0.165 0.165 

Z-axis direction (m) 0.2 0.13 0.01 0.2 0.13 0.01 0.2 0.13 0.01 

Release direction −z x x −z x x −z x x 

Flow rate (Nm3 h−1) 5.4 1.8 0.1 

Duration (s) 1 3 46 

Re 4500 1500 83 

Ri 1.27 × 10−6 1.14 × 10−5 3.70 × 10−3 

ls (m) 2.41 0.8 0.045 

The experimental results showed that the flow rate has the most significant influence 

on the hydrogen diffusion. When the Reynolds number is large, the momentum of the 

hydrogen occupies the dominant position. The layer thickness formed at the top is nar-

rower than that when the Reynolds number is small. This is because the buoyancy is dom-

inant when the Reynolds number is small. However, no matter how large the flow rate, 

as long as the amount of hydrogen injected is fixed, the concentration of the hydrogen in 

the enclosed space will be consistent. The effect of the position on the maximum hydrogen 

concentration, the mixing time, and the curve of the increase in the hydrogen concentra-

tion within 20 s is not apparent. However, it can be seen that the difference caused by the 

position, decreases as the flow increases. The influence of the obstacles on the diffusion of 

hydrogen has two aspects. On the one hand, the obstacle increases the hydrogen concen-

tration gradient. On the other hand, the mixing time becomes longer, almost twice the 

original amount of time. 

To assess the effect of the jet diameter on the diffusion of hydrogen, France’s CEA 

(Atomic Energy and Alternative Energy Commission) studied the effect of the hydrogen 

volume (test 1 and test 2) and the injection port caliber (test 3 and test 4) [27] on the hy-

drogen concentration distribution. In order to evaluate the diffusion of the hydrogen con-

centration, a confined space was constructed with 30 sensor matrices; the experimental 

enclosure scheme is shown in Figure 2. 

Z

5.84 m

2
.5

 m

 

Figure 2. Experimental enclosure scheme of France’s CEA. 

The research parameter combinations are shown in Table 2. 

  



Energies 2022, 15, 7295 5 of 13 
 

 

Table 2. Effects of the different injection conditions on the hydrogen diffusion. 

Subprojects Test 1 Test 2 Test 3 Test 4 

Volumetric flow rate 

(NL/min) 
668 668 18 18 

Mass flow rate (g/s) 1.99 1.99 0.05 0.05 

x-axis direction (m) 2.88 2.88 2.88 2.88 

y-axis direction (m) 1.48 1.48 1.48 1.48 

z-axis direction (m) 0.22 0.22 0.22 0.22 

Diameter (mm) 20.7 20.7 5 29.7 

Garage temperature (°C) 20 20 20 20 

Release speed (m/s) 35.5 35.5 16.4 0.5 

Release direction 
Vertically 

upwards 

Vertically 

upwards 

Vertically 

upwards 

Vertically 

upwards 

Release type 
Uninterrupt

ed release 

Uninterrupte

d release 

Uninterrupted 

release 

Uninterrupted 

release 

Release time (s) 121 500 3740 3740 

Release hydrogen volume 

(Nm3) 
1.35 5.57 1.12 1.12 

Release hydrogen mass (g) 240 994 200 200 

Target concentration (%) 3.53% 14.6% 2.94% 2.94% 

Re0 (20 °C) 6150 6150 686 115 

Ri0 (20 °C) 9.9 × 10-4 9.9 × 10-4 1.1 × 10-3 8.3 

The test results of test 1 and test 2 showed that, under the same conditions, the dif-

ferent leakage amounts will also affect the hydrogen diffusion. The leak time of test 2 was 

500 s, while the leak time of test 1 was 121 s, but the hydrogen concentration of test 2 was 

not four times that of test 1, but only by about twice that. Over time, the hydrogen con-

centration in the top region gradually decreases, and the hydrogen concentration in the 

bottom area gradually increases. This will form a state of uniform mixing. It can be seen 

that the hydrogen layer formed in test 2 was thicker than that in test 1. Tests 3 and 4 com-

pared the effects of the different leakage diameters on the hydrogen diffusion at the same 

flow rate, i.e., the impact of the different Reynolds numbers. The experimental results 

showed that the leakage diameter has little effect on the hydrogen diffusion. 

France’s INES (National Institute of Industrial Environment and Risk) conducted a dif-

fusion test, and the parameters included the flow rate and leakage diameter. The highlight 

of the test was designing a device that can accurately control the hydrogen flow. Using sen-

sors, video, and other methods to trace the trajectory of hydrogen and helium, we can better 

understand the stratification of hydrogen in the air [28]. To further explore the influence of 

the pressure and air exchange law on the hydrogen leakage law, in Norway, a large-scale 

hydrogen leakage under different pressures, flow rates, leakage diameters, and ACHs (air 

exchange laws) was tested [29]. The combined parameters are shown in Table 3. The results 

of the study are consistent with those mentioned above, but more systematic. 

Table 3. Hydrogen diffusion test parameter settings. 

Serial 

Number 

Nozzle 

Diameter 

(mm) 

ACH 

Setpoint 

(1/h) 

Outlet 

Pressure (bar) 

Mass Flow 

(g/s) 

Release Time 

(s) 

Outlet 

Temperature (°C). 

1 0.5 10 120 1.1 30 −1 

2 0.5 10 120 0.8 60 −1 

3 0.5 10 160 1.1 60 −1 

4 0.5 6 160 1.0 60 −3 

5 0.5 6 120 0.7 60 −3 
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6 0.5 6 60 0.4 60 −3 

7 1.0 6 160 6.0 60 −3 

8 1.0 10 160 6.0 60 −3 

9 1.0 10 120 5.2 60 −3 

10 1.0 10 120 4.2 60 −3 

11 1.0 6 120 4.2 60 −1 

12 1.0 6 60 2.2 60 −1 

13 1.0 10 60 2.2 60 −1 

14 1.0 10 140 5.3 1000 −1 

15 0.5 10 700 7.9 1000 −5 

16 0.5 6 700 7.8 1000 −3 

17 0.5 6 360 4.2 1000 −4 

18 0.5 6 207 2.5 1000 −2 

19 0.5 10 360 4.2 1000 −3 

The United States’ NIST (National Institute of Standards and Technology) built a 

physical garage and conducted hydrogen aggregation tests. The test results showed that 

the hydrogen accumulation curve differs depending on whether the car is in the garage 

or not [13]. At the same time, the experiment showed a severe hazard at a concentration 

of 16% hydrogen, which was different from the results of a Japanese study [30]. In the 

garage without a car, using the sensor at 2.6 m as a benchmark, the test results showed 

that the hydrogen concentration sensor at the highest place detected hydrogen first each 

time. Then, the hydrogen concentration sensor in the lower place detected hydrogen. In 

contrast, over time, the rate of accumulation of the hydrogen concentration at the top 

gradually slowed down, compared to the concentration of hydrogen in lower places. In 

the garage with a car, the diffusion of hydrogen was different from the case without a car. 

The hydrogen concentration in the passenger compartment was lower than in other parts. 

The hydrogen concentration near the hood also increased rapidly, while the hydrogen 

concentration in other places was more uniform than when there was no car. In 2007, JARI 

conducted a real-vehicle hydrogen leakage test. The leakage location was below the front 

wheel axle, the middle position of the vehicle, and the bottom of the rear wheel axle. There 

were five measurement points in the engine compartment. The variables included the 

leakage flow, direction, location, and effect of the underbody skid plate on the hydrogen 

diffusion [30]. The results showed that the diffusion of hydrogen for the whole vehicle 

was in line with the above conclusions on the diffusion of hydrogen, in addition to the 

mentioned leakage flow, the leakage location, and the impact of the obstacles on the hy-

drogen diffusion in the vehicle test. It was found that the leakage direction had a signifi-

cant effect on the accumulation of hydrogen in the engine compartment. The concentra-

tion of hydrogen after the downward hydrogen leakage was significantly lower than that 

in the upward direction. The main reason is that part of the gas escapes from the bottom 

of the car when the leakage direction is downward. 

3.2. The Following Research Approach 

Much of the research is focused on fuel cell electric vehicles’ hydrogen leakage and 

diffusion. The influencing factors include the pressure, flow rate, leakage diameter, ACH, 

and obstacles, which have essential reference values for guiding product design. The fol-

lowing research approach should connect hydrogen leakage with specific scenarios, such 

as driving in a tunnel and ship transportation. However, the current research only focuses 

on the passenger car scenario. Commercial vehicles are the more common application sce-

narios for fuel cell electric vehicles. The amount of hydrogen carried and the layout of the 

onboard hydrogen storage system, are different for commercial vehicles, so conducting 

the relevant research on hydrogen leakage in the application scenarios for fuel cell electric 

vehicles will be necessary. 
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Another commonly used risk analysis model is the sequence diagram, which con-

tains the accident source, the probability of the accident occurring, and the consequences 

after the accident [31], which align with the safety concept introduced in Chapter 2. Many 

researchers have adopted ESD (enhanced sequence diagram) models [32,33]. In the appli-

cation of ESD models for the safety assessment, it is challenging to assess the possibility 

of an accident and the consequences after the accident. Many analyses using ESD models 

are unconvincing due to the lack of complete and accurate data. Therefore, the next step 

is to sort out the leakage scenario, the probability, and the consequence analysis of the fuel 

cell electric vehicles, and improve the database. 

4. Burning Behavior of Fuel Cell Electric Vehicles 

This chapter will discuss the typical research results on the hydrogen-burning behav-

ior of fuel cell electric vehicles, by looking at the simulation research and the actual vehic-

ular research. Normally, we think of the flammability limit of hydrogen as 4%, but in ac-

tual tests, it usually takes 8% to ignite. According to the GTR 13, the leakage rate of hy-

drogen after a collision cannot exceed 131 NL/min. Studies in Japan have shown that the 

risk of hydrogen being ignited at this leakage rate is low. In order to explore the safe 

boundaries of hydrogen leakage, Japan has further increased the hydrogen leakage rate 

by ten times, to 1000 NL/min, and then ignited it. The results show that the risk is still 

controllable. The hydrogen leakage rate was increased to 2000NL/min before an unac-

ceptable hazard occurred, but the risk remained controllable if combined with a forced 

exhaust. At the same time, Japan conducted three fuel cell electric vehicle combustion test, 

and the results showed that the car was not ignited by hydrogen. I will cover the men-

tioned content in more detail. 

4.1. Research Progress 

The NIST research showed that although the accepted flammable limit for hydrogen 

concentrations is 4%, hydrogen was not ignited at 4% in the test but at 8% [13]. In 2001, 

Swain studied the burning behavior of hydrogen and gasoline. As a result, gasoline vehi-

cles were severely damaged, while fuel cell vehicles were not damaged, and the maximum 

surface temperature (rear window position) of the fuel cell vehicles was 117° F (47.2 °C) 

[34]. The disadvantage of this research is that the ignition position of the hydrogen was 

above the vehicle. However, the gas cylinder installation position of the actual vehicle is 

under the vehicle. 

In 2006, JARI’s study compensated for the shortcomings of the Swain study by using hy-

drogen and methane for testing. The study showed that there was minimal harm with a leak-

age rate of 131 NL/min. The plastic parts in the front hatch did not melt, and the paper tissue 

in the front air grid did not burn [35]. JARI’s research still has two deficiencies: first, it did not 

use a higher hydrogen flow rate for testing, that is, to study the upper limit of safety; second, 

an actual vehicle test was not used. This means that the TPRD was invalidated. 

In 2007, JARI’s research compensated for the first deficiency, by placing the ignition 

location in the middle of the vehicle chassis and the hydrogen leakage rates at 200 NL/min, 

400 NL/min, 600 NL/min, and 1000 NL/min. The leakage duration was 600 s [30]. Ignition 

at 1000 NL/min caused the deformation of the front cover, resulting in a shape variable of 

up to 25 mm. A 15 kPa shock wave was observed on the side of the vehicle, with 1.1 kPa 

on the vehicle’s front end. According to the research, 41 kPa will damage the eardrum, 

and 35kPa will cause a nose bleed. The sound intensity in this test exceeded 130 db at 1 m 

and 129.2 db at 5 m. The sound intensity of 130 db can cause discomfort, and 150 db can 

damage the eardrum. The temperature at the measuring point did not exceed 300 °C at a 

maximum. According to Eisenberg’s study, people can feel the heat when a heat flow 

value of 14.2 kW/m2 lasts more than 18 s [36]. However, the heat flow value in this test 

peaked at 14.2 kW/ m2, and the duration was only 0.5 s. 
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In 2011, JARI’s research made up for the second deficiency. A fuel cell electric vehicle 

and a gasoline vehicle were placed together, and the fuel cell vehicle was ignited. Then, 

multiple fuel cell vehicles were placed together, and one of them was ignited [37], as 

shown in Figures 3 and 4. 

 

Figure 3. Fuel vehicle and hydrogen fuel cell vehicle stored side by side in a fire simulation. 

 

Figure 4. Multiple hydrogen fuel cell vehicles stored together in a centralized fire simulation test. 

In the first case, the TPRD was placed downward. Once the flame activated the TPRD, 

the hydrogen gas was released, but at this time, it did not ignite the gasoline car next to it. The 

gasoline car was ignited nearly half an hour after the TPRD was activated. However, it was 

not ignited by the hydrogen, although the interior parts in the fuel cell vehicle were ignited. 

In the second case, the TPRD was 45 °C facing down, and eventually, all three vehicles’ TPRDs 

were activated (except for the front TPRD of vehicle C). Therefore, in the transport scenario, 

the TPRD early detection before activation is essential. In the same study, the FCV-A’s adjacent 

vehicle, FCV-B, caught fire first, and then FCV-C caught fire. This phenomenon was con-

firmed by the CFD Simulation Institute of Tongji University, and the vehicles parallel to the 

accident vehicle are more dangerous [38]. 

In 2014, JARI’s research further explored the quantitative boundaries of hydrogen safety 

for vehicles that have already leaked. Even if the leakage reaches 2000 NL/min, the risk of the 

hydrogen burning behavior can be reduced by blowing up the front or side. If a wind speed 

of 10 m/s or higher is used, the hydrogen concentration can be reduced below the ignition 

point, which can greatly slow down the power of the shock wave even if ignited [39]. The 

simulation study by Tsinghua University further revealed that in the process of diluting hy-

drogen in the fan, only the concentration of the underside of the car could not be reduced to 

4%. At the same time, in order to provide passengers with a safer escape space, it is recom-

mended to place the fan in front of the vehicle [40].The United States also studied the effect of 

natural and mechanical ventilation on slowing down the burning behavior in a parking gar-

age. Hydrogen was leaked at a fixed time and rate and ignited under natural and mechanical 

ventilation conditions. Mechanical ventilation significantly reduced the damage [41]. The test 

matrix is shown in Table 4. 
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Table 4. Hydrogen release test in a parking garage. 

Serial 

Number 

Garage 

Inside 

Release Speed 

(kg/h) 

Release Hydrogen 

Mass (g) 

Theoretical 

Outlet Speed 
Lm (m) Fr 

Release 

Time (min) 

Ventilation Air 

Volume 

1 Empty 9.22 3.07 668 18.7 667 20 
Natural 

ventilation 

2 There is a car 9.04 3.01 653 18.3 648 20 
Natural 

ventilation 

3 There is a car 0.88 0.44 63 1.8 62 30 
Natural 

ventilation 

4 Empty 3.3 2.2 240 6.7 238 40 0.12 

5 Empty 3.33 2.22 247 6.9 245 40 0.19 

6 Empty 3.27 2.18 241 6.8 240 40 0.42 

7 Empty 6.70 4.47 502 14.1 499 40 0.1 

8 Empty 1.65 1.10 124 3.5 123 40 0.1 

9 Empty 1.52 1.01 113 3.2 112 40 0.2 

10 Empty 1.55 1.03 116 3.2 115 40 0.38 

11 Empty 4.92 3.28 367 10.3 365 40 0.1 

12 Empty 4.98 3.32 361 10.1 359 40 0.19 

13 Empty 4.92 3.28 360 10.1 357 40 0.38 

If a fuel cell electric vehicle accident occurs in a semi-enclosed space, such as in a tunnel, 

it is possible to cause more significant harm to the human body. So far, there are no real car 

tests, and simulation studies have shown that the profiles of scaled impulse profiles are be-

low the threshold at the elevation below 2 m (possible area for human beings) as the maxi-

mum overpressure decreases along the height. Meanwhile, the scaled impulse is still lower 

than the curve of 99% survival probability for the area above 2 m. Whatever the pressure 

wave will cause lung damage, severe damage to the ear drum, although is not lethal [42]. 

4.2. The Following Research Approach 

The research on the burning behavior of fuel cell electric vehicles has become a 

hotspot. The research area includes the hydrogen burning behavior in a parking lot sce-

nario and the chain reaction of the fuel cell electric vehicle burning behavior when the 

TPRD fails. However, the current research focuses on the passenger car scenario. Com-

mercial vehicles are more commonly used in scenarios of fuel cell electric vehicles. The 

amount of hydrogen carried and arranged in the onboard hydrogen storage system of 

commercial vehicles is different from that of passenger cars, so the following approach is 

to conduct the relevant research on the burning behavior hazards of commercial fuel cell 

electric vehicles. 

Unfortunately, there is a lack of data on the burning behavior of commercial fuel cell 

electric vehicles, including the risk sources, probabilities, and consequences. Therefore, it 

is now necessary to further improve the database. This situation is similar to the hydrogen 

leakage scenario of fuel cell electric vehicles mentioned in Chapter 3.2. 

5. Standard and Regulations of the Fuel Cell Electric Vehicle Safety 

5.1. Research Progress 

In addition to basic research and application research, governments are also actively 

promoting the commercialization of fuel cell electric vehicles in standards and regulations 

on the safety requirements in hydrogen production, hydrogen storage, and transportation 

[23]. Benefiting from other hydrogen applications in the industrial field, we have a rela-

tively complete standard framework. The usual standard is ISO/TR 15916:2015-Basic con-

siderations for the safety of hydrogen systems [43]. The standard is currently being re-

vised, and the guidelines are provided for the use of hydrogen in gaseous and liquid 

forms. It identifies the fundamental safety issues, hazards, and risks and describes the 
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safety-related properties of hydrogen. The different international standards deal with the 

detailed safety requirements associated with the specific hydrogen applications. 

The representative regulations in the field of fuel cell electric vehicles are UN R 134, 

the uniform provisions concerning the approval of motor vehicles and their components 

about the safety-related performance of hydrogen-fueled vehicles (HFCV) [44], and the 

GTR 13 Global Technical Regulation concerning hydrogen and fuel cell vehicles [45]. Both 

were developed under the framework of the United Nations. They stipulate the safety 

requirements for fuel cell electric vehicles and onboard hydrogen storage systems. The 

representative standard is SAE J2579 (Fuel Systems in Fuel Cell and Other Hydrogen Ve-

hicles) [46]. It regulates the design, construction, operation, and maintenance require-

ments for the road vehicles’ hydrogen fuel storage and handling systems. This standard 

also defines the performance-based requirements for validating the design prototypes and 

producing hydrogen storage and processing systems. Additional test protocols (for type 

approval or self-certification) are described to require the design (and/or production) to 

meet the specified performance requirements. Among the safety requirements of fuel cell 

electric vehicles, in China’s national standard GB/T 24549, the fuel cell electric vehicle 

safety requirement [47], the confined space test requirements for fuel cell electric vehicles 

are stipulated. This standard is an exploration of hydrogen safety in actual use scenarios 

[48]. The test results show that if there is no leakage in the fuel cell electric vehicles, the 

primary hydrogen source is shut down and purging. 

For the treatment after a disaster, the NFPA, in the United States, provides guidelines 

for firefighters and, in 2020, launched the second edition of the Hydrogen Energy Tech-

nical Guideline [43], which puts forward the requirements for buildings and equipment 

that use hydrogen. 

5.2. The Following Research Approach 

There has been in-depth research on the hydrogen safety of fuel cell electric vehicles. 

The next step should be to continue to explore the hydrogen safety of fuel cell electric 

vehicles interacting with a specific application scene and put forward more hydrogen 

safety requirements for fuel cell electric vehicles in related scenarios, such as in tunnels, 

ro-ro ships, parking lots, and transport vehicles. The aim is to provide the latest 

knowledge and guidance for regulators and public officials and to improve the public’s 

acceptance of fuel cell electric vehicles. 

6. Conclusions 

Hydrogen safety is both a technical and psychological problem. Therefore, it is nec-

essary to research the safety of fuel cell electric vehicles themselves. This paper summa-

rizes the representative results of the hydrogen safety of fuel cell electric vehicles as the 

research object, covering the typical characteristics of the vehicles’ hydrogen diffusion and 

burning behavior. The aim is to provide the latest knowledge and guidance for regulators 

and public officials and improve the public’s acceptance of fuel cell electric vehicles. 

There is much research on the hydrogen leakage and diffusion of fuel cell electric 

vehicles, and the influencing factors of the study include the pressure, flow rate, leakage 

diameter, ACH, and obstacles. The research on the burning behavior of fuel cell electric 

vehicles is also becoming a hotspot, such as the hydrogen-burning behavior in a parking 

lot scenario and the chain reaction of the burning behavior of a fuel cell electric vehicle 

following the failure of the TPRD. These are essential guides for product design. 

It also shows that fuel cell electric vehicles have a high level of safety. CFD simula-

tions in tunnels, underground car parks, and multistory car parks show that the hydrogen 

escape performance is excellent. At the same time, the test verifies that the flow, the direc-

tion of the leakage and the vehicle itself are the most important factors affecting the hy-

drogen distribution, and the impact of the leakage location and leakage pore size is much 

smaller. The results of the relevant tests also indicate that even if the hydrogen leakage 

rate is increased by 10 times to 1000 NL/min and then ignited, the risk is still controllable. 



Energies 2022, 15, 7295 11 of 13 
 

 

The hydrogen leakage rate was increased to 2000 NL/min before an unacceptable hazard 

occurred, but the risk remained manageable if combined with a forced exhaust. Multi-

vehicle combustion tests of real fuel cell electric vehicles show that adjacent vehicles are 

not ignited by hydrogen. However, the current research focuses on the passenger car sce-

nario. Commercial vehicles are more commonly used in scenarios of fuel cell electric ve-

hicles. The amount of hydrogen carried and the layout of the onboard hydrogen storage 

system in commercial vehicles are different from those of passenger cars. Therefore, the 

next step is to conduct the relevant research on hydrogen leakage and burning behavior 

hazards in the application scenarios of commercial fuel cell electric vehicles. 

The application of ISO/IEC GUIDE 51 for safety analysis is an essential method for 

quantitative analysis of safety; however, the difficulty lies in assessing the possibility of 

an accident and the consequences after the accident, and the current application cases are 

not convincing due to the lack of complete and accurate data. Therefore, in the next step, 

it is necessary to sort out the risk sources, probabilities, and consequences of fuel cell elec-

tric vehicle leakage and burning behavior scenarios and further improve the database. 
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