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 The magnesium-based hydrogen storage alloy has a very good prospect to be applied in 

the market of lightweight automobile due to its merits of light weight, excellent discharge 

performance, long cycle life, and large hydrogen storage capacity. However, existing 

studies on magnesium-based hydrogen storage alloy have a series of shortcomings such as 

the insufficient works in terms of model reasonability analysis, heat transfer behavior 

analysis, heat control scheme design, and comparative experiment analysis, etc. In view of 

these problems, this paper studied the thermal effect and heat control strategy of the Mg-

based Hydrogen Storage Alloy (MHSA) system for lightweight automobile. At first, this 

paper constructed numerical models for the fluid-solid coupled heat exchange region and 

the heat conduction region in the system; then, based on the law of energy conservation, a 

heat transfer behavior model of the MHSA system was established and used to analyze the 

thermal effect of the system. After that, according to the driving process of hydrogen fuel 

cell electric vehicle, the working process of the MHSA system was further analyzed to 

study the heat control process. Next, this paper proposed a new idea for the heat control of 

the MHSA system, gave a few tips for the simulations, and presented the flow of the heat 

control scheme of the system. At last, the experimental results were given and analyzed. 

 

Keywords: 

Mg-based hydrogen storage alloy, 

lightweight automobile, thermal effect, heat 

control 

 

 

 
1. INTRODUCTION 

 

Hydrogen fuel is a kind of green, renewable, clean energy 

source that can provide powerful output for automobiles, and 

it has a very huge development potential [1-7]. Hydrogen 

storage is the largest constraint on hydrogen engines and 

hydrogen fuel cells used in electric vehicles and hybrid electric 

vehicles [8-13]. Compared with zirconium-based, titanium-

based, and rare earth elements-based hydrogen storage alloys, 

the magnesium-based hydrogen storage alloy has a few merits 

including light weight, excellent discharge performance, long 

cycle life, and large hydrogen storage capacity, thus it has a 

very good prospect to be applied in the market of lightweight 

automobile. 

During the hydrogen adsorption and desorption process, the 

Mg-based hydrogen storage alloy is subjected to the control of 

the heat transfer process. To make sure that the hydrogen 

supply could meet the driving requirement of automobile, it’s 

a necessary work to master the real-time temperature 

distribution of the Mg-based hydrogen storage alloy material. 

When a vehicle is running, its power and load are changing 

constantly, and the thermodynamic parameters of the Mg-

based hydrogen storage alloy would change with them 

accordingly [14-18]. In order to accurately attain the heat 

demand of the system, the changes of the temperature field 

need to be predicted in real time so that the heat control of the 

hydrogen supply process could be performed accurately.   

Xu and Xiao [19] designed an experiment to use the 

hydrogen storage performance tester and the Netzch STA 

449F3 thermo-analyzer to study the impact of TiMn2, TiAl, 

and Ti on the hydrogen storage properties of the Mg2FeH6 

system. The results of temperature programmed desorption 

test and isothermal hydrogen desorption test showed that, the 

hydrogen storage desorption kinetics of TiMn2/TiAl/Ti-doped 

Mg2FeH6 and unalloyed Mg2FeH6 are quite similar, and the 

reaction rate of the former is slightly higher. These catalysts 

can decrease the endothermic peak temperature by about 27°C, 

among them, the TiMn2 exhibited the best catalytic 

performance, followed by pure Ti, and the TiAl was the worst. 

Ouyang et al. [20] proposed that a key issue in the application 

of fuel cells is the research progress of high-capacity hydrogen 

storage alloys, among the many candidate alloys for storing 

hydrogen, the authors chose the Mg-based alloy based on its 

merits of high abundance, low density, and large hydrogen 

storage capacity. However, the actual use of Mg-based 

hydrogen storage alloy is still limited by its slow kinetics and 

relatively stable thermodynamic features. This paper 

summarized the advanced synthetic methods and effective 

strategies for enhancing the performance of Mg-based 

hydrogen storage alloy, including alloying, nano-structuring, 

doping with additives, and forming nano-composites with 

other hydrides. At last, the authors briefly discussed the 

prospect of further enhancing the performance of the Mg-

based hydrogen storage alloy material. Zhou et al. [21] took 

crystallized carbon prepared from anthracite coal as milling 

agent to prepare Mg-based hydrogen storage material through 

reactive milling of magnesium under hydrogen atmosphere. 

The results of XRD analysis showed that, in the presence of 

30 wt.% crystallized carbon, after being grinded for 3h under 

1 MPa H2, the Mg was easily hydrogenated and turned into β-

MgH2 with a crystal grain size of 29.7 nm and a small amount 

of γ-MgH2. The enthalpy and entropy changes of the hydrogen 
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desorption reaction were 42.7 kJ/mol and 80.7 J/mol K, 

respectively, and these values were attained from the 

calculation of the vant-Hoff equation based on the p-C-T data 

at 300-380°C. 

Field scholars in the world have conducted various studies 

on the optimization and design of the structure of the Mg-

based hydrogen storage alloy material, but after reviewing the 

relevant literatures carefully, it’s found that the existing works 

generally lack model reasonability analysis, heat transfer 

behavior analysis, heat control scheme design, and 

comparative experiment analysis. Therefore, regarding these 

issues, this paper aims to study the thermal effect and heat 

control strategy of MHSA system for lightweight automobile. 

In the second chapter, this paper constructed numerical models 

for the fluid-solid coupled heat exchange region and the heat 

conduction region in the system; then, based on the law of 

energy conservation, a heat transfer behavior model of the 

MHSA system was established and used to analyze the thermal 

effect of the system. In the third chapter, according to the 

driving process of hydrogen fuel cell electric vehicle, this 

paper analyzed the working process of the MHSA system to 

further study the heat control process. In the fourth chapter, 

this paper proposed a new idea for the heat control of the 

MHSA system, gave a few tips for the simulations, and 

presented the flow of the heat control scheme of the system. In 

the fifth chapter, the experimental results were given and 

analyzed.  

 

 

2. MODELING OF HEAT TRANSFER BEHAVIOR OF 

THE MHSA SYSTEM 

 

In recent years, the Mg-based hydrogen storage alloy has 

attracted more attention from field scholars due to its many 

merits of light weight, high hydrogen storage capacity, low 

price, green, and pollution-free. Table 1 gives the properties of 

the Mg-based hydrogen storage alloy, as can be seen from the 

table, the mass percent of hydrogen storage of the alloy is low, 

the hydrides are stable, and oxide films are easily formed on 

the surface. 

To analyze the thermal effect of the MHSA system, at first, 

this paper respectively constructed models for the fluid-solid 

coupled heat exchange region and the heat conduction region 

in the system. Figure 1 shows the structure of the hydrogen 

storage tank. The process of hydrogen storage reaction is 

accompanied by the desorption of energy, in this paper, the 

initial temperature of the heat exchange part is set to 300K. 

From inside to outside, the heat exchange part contains a 

heating sleeve, the inner and outer cooling sleeves, the inner 

and outer cooling pipes, and a heating rod.  
 

Table 1. Properties of Mg-based hydrogen storage alloy 
 

Type of the hydrogen storage 

product 
Hy-STOR301 

Nitrogen adsorption reaction Mg2Ni+3H2=MgH2+MgNiH4 

Density Kg/m3 3200 

Mass percent of hydrogen 

storage 

MgH2 7.1 

MgNiH4 3.5 

Mg2Ni 5.7 

Reaction heat kJ/mol.H2 63.8 

Hydrogen adsorption temperature ℃ 26 

Hydrogen desorption temperature ℃ 261 

Hydrogen adsorption pressure bar 0.004 

Hydrogen desorption pressure bar 2 

Daily leakage rate % 2 

 
 

Figure 1. Structure of the hydrogen storage tank 

 

Assuming: Sg represents the cross-sectional area of the 

cooling pipe; Cg represents the perimeter of the cross-section; 

eg represents the diameter of the cross-section, then, the feature 

size of the cooling medium channel in the cooling pipe group 

of the fluid-solid coupled region could be calculated based on 

the formula below: 
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Assuming: SNo represents the Reynolds coefficient of the 

smooth pipeline; φ represents the density of the cooling 

medium; κ represents the flow rate of the fluid; δ represents 

the viscosity coefficient of the cooling medium, then the flow 

form of the medium can be judged based on the following 

formula: 
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When SNo is less than 2300, the flow form is judged to be 

laminar flow; when SNo is greater than 4000, the flow form is 

judged to be turbulent flow; other cases are judged to be the 

transitional stage. In order to determine the convective heat 

transfer coefficient, the Nussel number needs to be calculated. 

The calculation formulas for laminar flow and turbulent flow 

are: 
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The convective heat transfer coefficient of the fluid-solid 

coupled interface can be calculated by the following formula: 
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From inside to the outside, the heat exchanges between the 

heating rod, the inner cooling sleeve, the inner and outer 

hydrogen storage layers, and the outer cooling sleeve belong 

to the heat conduction process. Assuming: Wμ represents the 

heat flux; μ represents the thermal conductivity coefficient; Ψ 

represents the temperature; S represents the area; ∂Ψ/∂m 

represents the temperature gradient, based on the Fourier’s 

Law, the expression of the mathematical model of the heat 

conduction region is: 
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The law of energy conservation is the basis for analyzing 

the distribution of temperature field in the MHSA system, thus 

the law is applied to the microelements in the system, the sum 

of the work done by the volume force and surface force of the 

microelement and the net heat flux flowing into the 

microelement is equal to the increase of its internal 

thermodynamic energy. Assuming: f represents the specific 

enthalpy; ε represents the density; ϑ represents the time; t 

represents the pressure; Ṽ represents the velocity vector of the 

microelement and it satisfies Ṽ=(v, u, q); μ represents the 

thermal conductivity coefficient; P represents the temperature; 

ϕ represents the heat energy produced by viscosity; Rf 

represents the inner heat source of the microelement; t divṼ 

represents the work done by the surface force on the 

microelement, then there is: 
 

( ) ( ) ( ) ( )

( ) f

f vf uf qf

a b c

tdivV div gradP R

   



 

 
+ + +

   

= − + + +

 (7) 

 

Because the Mg-based hydrogen storage alloy material is 

solid, there are Ṽ=0, ϕ=0, and f=dtP; assuming h represents the 

volume heat source, then there is: 
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3. WORKING PROCESS OF THE MHSA SYSTEM 
 

For electric vehicles and hybrid electric vehicles, the 

required driving power is directly related to the state of 

hydrogen supply, therefore, to meet the driving requirements 

of automobiles, it’s necessary to accurately control the 

hydrogen supply state of the MHSA system.  

Since reaching the temperature of the hydrogen desorption 

platform, and a hydrogen-desorption pressure greater than 

ambient pressure, are the two necessary conditions for the 

hydrogen desorption of the Mg-based hydrogen storage alloy, 

the heat control design of the MHSA system is the basis for 

ensuring the driving requirement of the automobile, and the 

purpose is to ensure than the system could always run at a 

temperature suitable for hydrogen desorption. 

Figure 2 shows the driving process of the hydrogen fuel cell 

electric vehicle. The cooperation of the MHSA system, the 

hydrogen fuel cell electric vehicle, and the driving system of 

the vehicle completes the driving process of the vehicle. To 

better figure out the heat control process, this paper analyzed 

the working process of the MHSA system. 

Assuming: Iout represents the output current of the fuel cell; 

S1 represents the area of the interface of the catalyst layer; id 

and ix represent the local current density of the cathode and the 

anode catalyst layers; Uout represents the output voltage of the 

fuel cell; O represents the thermodynamic electromotive force 

of the fuel cell; δAC,d and δAC,x represent the activation 

polarization overpotential of the cathode and the anode; δOL,ME 

and δCH,DI represent the ohmic polarization overpotential of the 

proton membrane and the diffusion layer, then the external 

features of the fuel cell can be described by the following 

formulas: 
 

1 1

1 1i i

out
d s

I dS dS
S S

= = −     (9) 

, , , ,out AC d AC x OH ME OH DIU O    = − − − −  (10) 

 

The formula for calculating the output power of the fuel cell 

is: 

 

G CE CE OUGL U SD− = •  (11) 

 

The MHSA system continuously feeds hydrogen into the 

fuel cell, reactions happen at the electrodes inside the fuel cell 

to convert hydrogen and oxygen into liquid water. Assuming: 

O represents the electromotive force of the cell; O0 represents 

the standard reversible electromotive force; TF2 and Te1 

represent the pressure of hydrogen and oxygen; Ψ represents 

the operating temperature of the fuel cell; G represents the 

Faraday constant; S represents the molar gas constant, then the 

relationship between TH2, To1, and O can be expressed as: 

 

( ) ( )
2 2

0 3 1/20.85 10 298.15
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F E
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− 
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Assuming: ud and ux represent the inlet flow rate of oxygen 

and hydrogen; aE2,in and aH2,in represent the molar ratio of 

oxygen and hydrogen at the inlet; T0,d and T0,x represent the 

cathode pressure and the anode pressure; Φd and Φx represent 

the chemical equivalent inlet coefficient of oxygen and 

hydrogen; X2 represents the cross-section of the inlet of the 

flow channel, then the relationship between ud, ux, and Iout can 

be expressed as: 
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According to above formulas, Iout increases linearly with the 

increase of ud and ux. 

 

 
 

Figure 2. Driving process of the hydrogen fuel cell electric 

vehicle 

 

 

4. HEAT CONTROL SCHEME FOR THE MHSA 

SYSTEM 

 

To make sure that the MHSA system can output the amount 

1313



 

of hydrogen gas that meets the power required for automobile 

operation, it is necessary to control the amount of additional 

heat of the system, namely to perform heat control on the 

system.  

After analyzing the working process of the hydrogen fuel 

cell vehicle, it’s known that the working process of the MHSA 

system is affected by three kinds of heat power: the convective 

heat exchange power generated by convective heat exchange 

with environment ẆCO, the heat power consumed for reaching 

the temperature of the hydrogen desorption platform ẆN, and 

the heat power consumed by heat adsorption ẆF2, then the total 

input heating power of the system ẆHE can be expressed as: 

 

2HE CO N FW W W W= + +  (15) 

 

To calculate the size of ẆHE, the calculation of ẆCO, ẆN, 

and ẆF2 must be completed first. The calculation of ẆCO needs 

to analyze the surface temperature field of the MHSA system 

and its distribution, and the calculation of ẆN and ẆF2 needs 

to judge whether the surface temperature field of the system 

reaches the working temperature or not. When the surface 

temperature is lower than the working temperature, ẆN will 

heat the Mg-based hydrogen storage alloy, when the surface 

temperature reaches the working temperature, ẆF2 will be 

generated accordingly and used for absorbing heat and 

releasing hydrogen of the Mg-based hydrogen storage alloy.  

To compile the 3D simulation software for analyzing the 

thermal effect and stimulating the heat control process of the 

MHSA system, we need to figure out the influencing factors 

of the temperature field change during the working process of 

the MHSA system used for lightweight electric vehicles and 

analyze the relationship between these factors and the 

temperature field. According to the thermal effect analysis and 

simulation verification of the MHSA system, a few parameters 

including vehicle speed, ambient temperature and fuel cell 

output power were selected, and were mainly considered 

during the simulation of the heat control process. Assuming: 

Mv represents the Nusselt number; fAI represents the convective 

heat transfer coefficient of the air side; Ef represents the 

hydraulic radius of the cross-section of the MHSA system; lAI 

represents the heat conduction coefficient of the air side; SN 

represents the Reynolds number; U represents the vehicle 

speed; uAI represents the moving viscosity of the air, then there 

are: 
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Assuming: Pg represents the ambient air temperature; PN 

represents the surface temperature of the MHSA system, then 

there is: 

( )CO AI g NW f P P= −  (18) 

 

According to above analysis, it’s known that U can affect 

SN, and then have an impact on fAI further. The convective heat 

transfer power ẆCO generated by the convective heat transfer 

with the environment can reflect the impact of ambient 

temperature on heat exchange. The impact of two factors, U 

and ambient temperature, on the MHSA system is the 

convective heat transfer loss generated between the system 

and the environment. 

Assuming: ṅF2 represents the hydrogen supply of the MHSA 

system, by adjusting ṅF2, the value of ẆF2 can be determined 

and then the size of the output power of fuel cell could be 

determined further, and ẆF2 has a great impact on the 

temperature field of the system. Assuming: Δf represents the 

heat of the hydrogen desorption reaction during the working 

process of the Mg-based hydrogen storage alloy, namely the 

enthalpy change of the reaction, then the relationship between 

ṅF2 and ẆF2 can be expressed as follows: 

 

2 2F FW n f=   (19) 

 

On the one hand, the amount of hydrogen supplied by the 

MHSA system can affect the heat adsorption power of the Mg-

based hydrogen storage alloy ẆF2 and the total heating control 

power ẆHE, on the other hand, the output power of the fuel cell 

and the driving requirement of the automobile should be met, 

therefore, the driving status of the vehicle should be figured 

out to calculate the amount of hydrogen supplied by the 

MHSA system. Based on the comprehensive analysis of the 

working process of the hydrogen fuel cell, the MHSA system, 

and the driving system of the automobile, the changes in the 

amount of hydrogen supplied by the MHSA system during the 

working process could be summarized.  

 

 
 

Figure 3. Flow of the heat control scheme for the MHSA 

system 

 

When GLG-CE remains unchanged, the amount of hydrogen 

supplied by the MHSA system is constant. Assuming: ΔfG-CE 

represents the enthalpy of the hydrogen participating in the 

fuel cell reaction; M represents the number of fuel cell stacks 

contained in the fuel cell, then the relationship between ṅF2 and 

GLG-CE is given by the following formula: 
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2 2

OU

G CE F G CE G CE

MK
GL n F F

G
− − −= • =   (20) 

 

It can be known that, when the driving requirement of the 

automobile changes, GLG-CE will change in real time, and this 

can affect the amount of hydrogen supplied by the MHSA 

system ṅF2 to a certain extent. 

Figure 3 shows the flow of the heat control scheme for the 

MHSA system. The flow is divided into four links: parameter 

input of the heat transfer behavior model, temperature 

distribution of the system temperature field, calculation of 

hydrogen adsorption and desorption, and save calculation 

results.  

 

 

5. EXPERIMENTAL RESULTS AND ANALYSIS 

 

Test pieces of the Mg-based hydrogen storage alloy were 

prepared by two methods, the ingot casting method, and the 

fast quenching method, then their isothermal curves of 

hydrogen adsorption and desorption were tested, and the 

results are shown in Figure 4. The values of the hydrogen 

adsorption capacity of the test pieces prepared by the two 

methods are close, but there’re large differences between the 

two in terms of the hydrogen desorption platform. 

 

 
 

Figure 4. Isothermal curves of hydrogen adsorption and 

desorption of the MHSA system 

 

 
 

Figure 5. Isothermal curves of hydrogen adsorption and 

desorption of heat-treated Mg-based hydrogen storage alloy 

 

The prepared test pieces of Mg-based hydrogen storage 

alloy were subjected to heat treatment in a vacuum heat 

treatment furnace for 3 hours at different temperatures. Figure 

5 shows the isothermal curves of hydrogen adsorption and 

desorption of the heat-treated Mg-based hydrogen storage 

alloy. For the test pieces of Mg-based hydrogen storage alloy 

prepared by the two methods, after subjected to heat treatment 

at 800℃, 900℃, and 1000℃, in the isothermal balance of the 

hydrogen adsorption and desorption of the test pieces, the 

hydrogen adsorption and desorption platform grew wider to a 

certain extent, and the capacity of hydrogen adsorption and 

desorption had improved as well. By comparing the isothermal 

curves of hydrogen adsorption and desorption of test pieces 

prepared by the same method but heat-treated at different 

temperatures, it’s known that the heat treatment temperature 

for the maximum hydrogen adsorption and desorption 

capacity is 900℃, and the hydrogen storage performance at 

this time is the best. 

 

 
 

Figure 6. Temperature change verification curves of the 

reaction layer of the MHSA system 

 

The temperature field of the MHSA system was tested 

through experiment. Referring to the mass conservation 

equation and the energy conservation equation, this paper built 

a heat transfer behavior model for the MHSA system, and the 

energy source term of the MHSA system was simulated and 

compiled by the UDF programming method in Fluent. Then, 

the simulation results and the experimental results of test 

pieces prepared by the two methods were compared. Figure 6 

gives the temperature change verification curves of the 

reaction layer of the MHSA system. According to the figure, 

the temperature change law of the reaction layer of the MHSA 

system is basically consistent with the experimental curves of 

the test pieces, which had verified the effectiveness of the 

constructed model. 

Figure 7 shows the changes in the hydrogen supply pressure 

of the MHSA system under different doping conditions. As 

can be seen from the figure, under the condition that the 

hydrogen pressure at the inlet of the automobile fuel cell is 

fixed, for the doped and un-doped alloys, there’re certain 

differences in the time duration for maintaining normal 

hydrogen supply, wherein the un-doped alloy can only supply 

hydrogen for about 1 minute and 50 seconds, the hydrogen 

supply pressure of the alloys doped with AlCl3 and Nb2O5 can 

supply hydrogen for about 2 minutes and 40 seconds. The 

pressure fluctuation of the doped alloy is smaller, and the 

reason is that the addition of AlCl3 and Nb2O5 has effectively 

lowered the apparent activation energy of the decomposition 

and hydrogen desorption of the alloy. 

Figure 8 shows the changes in the hydrogen supply pressure 

of the MHSA system at different ambient temperatures. 

According to the figure, at the ambient temperature of -10℃ 

to 40℃, within 1 minute before hydrogen desorption, the 

hydrogen supply pressure of the system didn’t differ much. 

After 1 minute, the hydrogen supply pressure of the system at 
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-10℃ was smaller than that at 40℃, and the decrement 

increased gradually. It can be inferred that the ambient 

temperature has a certain effect on the convective heat transfer 

of the shell, and its impact on the hydrogen supply pressure of 

the system is average. 

 

 
 

Figure 7. Hydrogen supply pressure of the MHSA system 

under different doping conditions 

  

 
 

Figure 8. Hydrogen supply pressure of the MHSA system at 

different ambient temperatures 

 

 
 

Figure 9. Hydrogen supply pressure of the MHSA system 

under different output power values 

Figure 9 shows the changes in the hydrogen supply pressure 

of the MHSA system under different output power values of 

automobile fuel cell. According to the figure, under different 

driving conditions of the automobile, the output power of fuel 

cell has a significant impact on the hydrogen supply pressure 

of the MHSA system. As the hydrogen desorption process 

went on, the hydrogen supply pressure of the system kept 

dropping; at the same time, as the output power increased from 

20 kW to 80 kW, the hydrogen supply pressure decreased 

accordingly. 

 

 

6. CONCLUSION 

 

This paper studied the thermal effect and control strategy of 

MHSA system for lightweight automobile. At first, this paper 

constructed numerical models for the fluid-solid coupled heat 

exchange region and the heat conduction region in the system; 

then, based on the law of energy conservation, a heat transfer 

behavior model of the MHSA system was established and used 

to analyze the thermal effect of the system. After that, 

according to the driving process of hydrogen fuel cell electric 

vehicle, the working process of the MHSA system was further 

analyzed to study the heat control process. Next, this paper 

proposed a new idea for the heat control of the MHSA system, 

gave a few tips for the simulations, and presented the flow of 

the heat control scheme of the system.  

Combining with experiment, the isothermal curves of 

hydrogen adsorption and desorption of the MHSA system 

were plotted, a 3h heat treatment comparative experiment was 

carried out, and the experimental results showed that the heat 

treatment temperature for the maximum hydrogen adsorption 

and desorption capacity is 900℃, and the hydrogen storage 

performance at this time is the best. Then, the simulation 

results and the experimental results of test pieces prepared by 

two methods were compared, and the experimental results 

showed that the law of temperature change of the reaction 

layer of the MHSA system was basically consistent with the 

experimental curves of the test pieces, which had verified the 

effectiveness of the constructed model. Moreover, the changes 

in the hydrogen supply pressure of the MHSA system under 

different doping conditions, different ambient temperatures, 

and different output power values were given. At last, the 

corresponding analysis results and conclusions were drawn. 
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