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The storage of hydrogen by adsorbent materials has been addressed by several researchers. These materials can serve as a reservoir of hydrogen at a very lower temperature and the emptying operation for fuel cells is simply heating the adsorbent bed. However, in order to maximize the ability of the adsorbent materials to meet the instantaneous hydrogen demand, adequate knowledge of desorbed hydrogen flow rate (DHR) must be investigated. The objective of this study is to model the control of the DHR induced by heating. The results show that the excess of hydrogen stored in the adsorbent material can be completely released at room temperature and the DHR increases with temperature. A solution is proposed for stabilizing the DHR, which consists in controlling the fuel cell supply section and, consequently, the power to be produced.

Introduction

Most of the energy used is produced from fossil fuels, which requires a lot of time to be renewable.

Although these energies are less expensive, they must meet the challenge of replacing them with renewable and environmentally friendly energies [START_REF] Abdalla | Hydrogen production, storage, transportation and key challenges with applications: A review[END_REF]. Power to hydrogen is a promising solution for storing variable Renewable Energy (RE) to achieve a 100% renewable and sustainable hydrogen economy [START_REF] Dawood | Hydrogen production for energy: An overview[END_REF]. For this reason, hydrogen appears as a potential alternative to fossil fuels and it became one of the most abundant elements on the planet [START_REF] Sinigaglia | Production, storage, fuel stations of hydrogen and its utilization in automotive applications-a review[END_REF]. In the ever growing demand of ___________________________________________________________________________ Page 3 of 19 future energy resources, production reaction of this fuel has attracted much attention among the scientific community [START_REF] Sharma | Hydrogen adsorption on pristine and platinum decorated graphene quantum dot: A first principle study[END_REF] and it can be obtained from many sources such as water, biomass, natural gas, ethanol, etc. [START_REF] Sinigaglia | Production, storage, fuel stations of hydrogen and its utilization in automotive applications-a review[END_REF].

Although hydrogen is considered to be one of the most promising green fuels, its efficient and safe storage and use still raise several technological challenges [START_REF] Czakkel | Static and dynamic studies of hydrogen adsorption on nanoporous carbon gels[END_REF]. The reason why the production and the storage of hydrogen have recently been the subject of particular attention [START_REF] Czylkowski | Hydrogen-enriched gas production from kerosene using an atmospheric pressure microwave plasma system[END_REF], because the exploitation of this gas as a clean fuel has many advantages [START_REF] Md Arshad | Preparation of activated carbon from empty fruit bunch for hydrogen storage[END_REF]. Its impact on the environment is greatly reduced and comes from a clean and sustainable renewable energy source. Hydrogen will gradually replace non-renewable energies for clean energy purposes [START_REF] Oriňáková | Recent applications of carbon nanotubes in hydrogen production and storage[END_REF], as in fuel cells technologies for vehicles matrices with the expansion of H2 filling infrastructures in Europe [START_REF]Germany adds more hydrogen stations in Wolfsburg, Ingolstadt[END_REF].

However, the treatment of hydrogen as a fuel must have the same degree of risk as other conventional liquid and gaseous fuels and, since this gas operates at high pressure, its existence in a confined space presents a risk of explosion [START_REF] Shirvill | Effects of congestion and confining walls on turbulent deflagrations in a hydrogen storage facility-part 1: Experimental study[END_REF]. Therefore, the storage of hydrogen for commercial purposes with high gravimetric density is a major task [START_REF] Sathe | First-principles study of hydrogen storage in metal functionalized [4,4]paracyclophane[END_REF][START_REF] Barthelemy | Hydrogen storage: Recent improvements and industrial perspectives[END_REF]. Safe storage of large capacities is an essential step in the exploitation of hydrogen as renewable energy [START_REF] Edalati | Design and synthesis of a magnesium alloy for room temperature hydrogen storage[END_REF].

High strength steel coatings have been used on high pressure gas cylinders containing hydrogen or natural gas. Nevertheless, hydrogen penetration is possible in this coating layer, making the material brittle to withstand the damage caused by high pressures [START_REF] Yoon | Hydrogen damage in 34CrMo4 pressure vessel steel with high tensile strength[END_REF]. To be able to store energy on board, the success of fuel cells requires a compact, lightweight and affordable hydrogen storage system to replace pressurized hydrogen tanks under pressure [START_REF] Sadhasivam | Dimensional effects of nanostructured Mg/MgH2 for hydrogen storage applications: A review[END_REF]. Therefore, the challenge of its storage extremely confined its applications. Current researchers are mostly focused on the development of porous nanomaterials having large specific surface areas for improving the gravimetric densities, which undoubtedly restrain the volumetric densities of hydrogen storage [START_REF] Nabi | Gallium vacancies role in hydrogen storage of single-crystalline GaN hexagonal micro-sheets[END_REF]. The discovery of new hydrogen storage materials has advanced hydrogen storage technology in recent decades [START_REF] Wang | Recent advances in additive-enhanced magnesium hydride for hydrogen storage[END_REF]. In this respect, various developed composite and nanostructured materials are currently considered promising candidates for the storage of hydrogen to supply fuel cells [START_REF] Sadhasivam | Dimensional effects of nanostructured Mg/MgH2 for hydrogen storage applications: A review[END_REF][START_REF] Garroni | Recent progress and new perspectives on metal amide and imide systems for solid-state hydrogen storage[END_REF][START_REF] Li | Nanostructured Materials for Next-Generation Energy Storage and Conversion: Fuel Cells[END_REF][START_REF] Broom | Hydrogen storage materials: the characterisation of their storage properties[END_REF].

In a previous work dealing with on the simultaneous generation and conditioning of hydrogen storage, under minimum pressure by continuous solar adsorption in activate carbon AX-21 to supply a fuel cell [START_REF] Cherrad | Conditioning of hydrogen storage by continuous solar adsorption in activated carbon AX-21 with simultaneous production[END_REF], the adsorption rate of H2 was modeled to be suitable for production rate.
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The system used adsorbent beds as a storage unit that could play two roles, one as a fuel storage tank and the other as a fuel supply unit, as shown in Fig. 1. The previous work did not deal with the second role of the storage unit, which will be studied in this work.

While the high-density reversible hydrogen storage as a vehicular fuel is a biggest challenge [START_REF] Sathe | Hydrogen storage capacity of low-lying isomer of C24 functionalized with Ti[END_REF] and a reliable, efficient, and affordable medium that can store hydrogen reversibly at ambient temperature and pressure for on-board applications is also current challenge for researchers worldwide [START_REF] Rather | Preparation, characterization and hydrogen storage studies of carbon nanotubes and their composites: A review[END_REF], one of the main technical barriers associated with adsorbent-based hydrogen storage systems are their ability to effectively discharge hydrogen, depending on the real-time demand of the fuel cell [START_REF] Corgnale | Hydrogen desorption using honeycomb finned heat exchangers integrated in adsorbent storage systems[END_REF]. Hydrogen can be evacuated if necessary by increasing the temperature or decreasing the external pressure [START_REF] Jain | Hydrogen storage in Mg: A most promising material[END_REF]. However, the hydrogen release rate is not easy to control because it also varies with the temperature and composition of the materials [START_REF] Graetz | Controlled hydrogen release from metastable hydrides[END_REF]. Graetz and Vajo [START_REF] Graetz | Controlled hydrogen release from metastable hydrides[END_REF] have developed a kinetic equation of rates from a series of isothermal measurements to describe the relationship between temperature, hydrogen release rate and composition for aluminum hydride and metastable hydrides, during operation of a fuel cell at a controlled rate of about 1% wt%/hr. Although different kinetic models of hydrogen desorption for some adsorbent materials have been reported in the literature [START_REF] Kitagawa | Development of a kinetic model of hydrogen absorption and desorption in magnesium and analysis of the rate-determining step[END_REF][START_REF] Ma | Kinetics of hydrogen desorption from titanium hydride under isothermal conditions[END_REF][START_REF] Yang | Improved hydrogen absorption and desorption kinetics of magnesium-based alloy via addition of yttrium[END_REF][START_REF] Yang | Hydrogen absorption and desorption behavior of Ni catalyzed Mg-Y-C-Ni nanocomposites[END_REF][START_REF] Gabis | Kinetics of hydrogen desorption from the powders of metal hydrides[END_REF][START_REF] Terrani | The kinetics of hydrogen desorption from and adsorption on zirconium hydride[END_REF], these models did not consider the control of hydrogen flow rate as a function of real-time demand of the fuel cell.

The objective of this work is therefore to develop a single model based on general equation to control the rate of hydrogen desorption when supplying the fuel cell. In such system, (i) the release of hydrogen from activated carbon AX-21, applied as an adsorbent material, is induced by the rise in temperature, and (ii) the hydrogen flow relies on the pressure difference between the adsorbent storage bed and the hydrogen inlet into the fuel cell. The inlet pressure is considered to be set at atmospheric pressure, and the pressure in the adsorbent bed is modeled using the modified Dubinin-Astakhov equation [START_REF] Richard | Gas adsorption process in activated carbon over a wide temperature range above the critical point. Part 1: modified Dubinin-Astakhov model[END_REF], which proved to be a good analytical tool for describing hydrogen adsorption in a wide range of pressures and temperatures for several adsorbents [START_REF] Sdanghi | Application of the modified Dubinin-Astakhov equation for a better understanding of high-pressure hydrogen adsorption on activated carbons[END_REF] and in supercritical conditions [START_REF] Sdanghi | Modelling of a hydrogen thermally driven compressor based on cyclic adsorption-desorption on activated carbon[END_REF].

The study presents a general mathematical model and a calculation algorithm for estimating the desorbed hydrogen flow rate (DHR) as a function of supply time and temperature. It proposes a condition to stabilize the DHR by controlling the monitoring of the flow section of the hydrogen supply of the fuel cell, thus controlling the generated power and time.

System scheme

To release hydrogen gas to the fuel cell, a desorption process is required by heating the absorbent bed in ambient air at room temperature to increase the pressure of the stored hydrogen [START_REF] Cherrad | Conditioning of hydrogen storage by continuous solar adsorption in activated carbon AX-21 with simultaneous production[END_REF]. In our system, the adsorption is automatically synchronized with an intermittent solar energy source.

Thus, during the day, the solar irradiation is used to heat the beds and to desorb the hydrogen gas, while at night the water of hot fluid tank is used in place of the solar radiation.

The evaluation of heat exchange in the system can be based mainly on the work of Cherrad et al. [START_REF] Cherrad | Effect of heating time of adsorber-collector on the performance of a solar adsorption refrigerator[END_REF][START_REF] Cherrad | Transient numerical model for predicting operating temperatures of solar adsorption refrigeration cycle[END_REF]. The opening of the valve, which connects the outlet of the adsorbent bed and the fuel cell inlet (Fig. 1), induces the flow of gas into the fuel cell by pressure difference. However, this difference becomes stable when the two pressures are equal in the adsorbent bed and at the fuel cell inlet, and does not guarantee the release of all of the excess hydrogen stored hydrogen. The solution to release a maximum of fuel is therefore the increase of the temperature of the adsorbent bed.

Fig. 1. Hydrogen desorption scheme for supplying the fuel cell

Mathematical modeling of DHR

To evaluate and optimize the performance of hydrogen storage systems, it is necessary to take into account the thermodynamic characteristics, in particular temperature and pressure [START_REF] Xiao | Adsorption-desorption cycle thermodynamics for adsorptive hydrogen storage system[END_REF]. 

The adsorption storage phase occurs at a low temperature (liquid nitrogen temperature of about -195.79 °C) and at a pressure close to that of the atmosphere. Heating the adsorbent bed to room temperature Tamb increases the pressure. The higher the temperature, the more the pressure increases. The density of the bulk gas ρg is estimated using the state equation of an ideal gas at atmospheric pressure:

𝜌 𝑔 = 𝑃 𝑎𝑡𝑚 𝑅.𝑇 (2) 
In the case of the activated carbon AX-21, as adsorbent material, the data of the modified Dubinin-Astakhov model parameters are given in Table 1. 

Equation ( 3) above means that the pressure in the adsorbent can be controlled for the same constant values in table [START_REF] Abdalla | Hydrogen production, storage, transportation and key challenges with applications: A review[END_REF] and the different parameters which can be modified.

 Hydrogen desorption

The desorption of hydrogen from activated carbon AX-21 occurs at the same time as the fuel cell supply. It can be calculated from the dynamic pressure deduced from the difference of the static pressure between the adsorbent bed and the admission of the fuel cell (pressure Pi). Thus, the desorption rate of hydrogen desorption is expressed by:

𝑉 𝑑𝑒𝑠 = √ 2(𝑃-𝑃 𝑖 ) 𝑀 ℎ .𝜌 𝑔 (4) 
The mass flow of hydrogen depends on the flow section S of the valve as shown in Fig. 1 and is described as follows:

𝑞 𝑑𝑒𝑠 = 𝑀 ℎ . 𝜌 𝑔 . 𝑆. 𝑉 𝑑𝑒𝑠 (5) 
During desorption, the excess amount of stored hydrogen in adsorbent material decreases with time and can be estimated by the following equation:

𝑚 ℎ 𝑡+∆𝑡 = 𝑚 ℎ 𝑡 - 𝑞 𝑑𝑒𝑠 .∆𝑡 𝑚 𝑑 (6) 

Numerical modeling of DHR

The process stops if one of the below conditions is verified:

|𝑃-𝑃 𝑖 | 𝑃 𝑖 ≤ 𝜀 (7) 
Or

|𝑚 ℎ 𝑡 -𝑚 ℎ 𝑡=0 | 𝑚 ℎ 𝑡 ≤ 𝜀 (8) 
Verification of the condition of equation ( 7) does not mean that all the excess amount of stored hydrogen has been released, because the pressure P (equation ( 3)) depends on the temperature of the adsorbent material and the amount of hydrogen (not yet described). To realize the maximum of the excess hydrogen, the temperature must be increased to increase the pressure until the condition of the equation ( 8) is verified. At this point, no hydrogen can be desorbed from the adsorbent material.

An iterative process with time variation is necessary for equation ( 8) to estimate the change in mass flow of hydrogen during the hydrogen supply of the fuel cell. The computational algorithm for the DHR model is shown in Fig. 2.

Start

Read data: n max , P 0 , α, β, V a , M h , R, Δt, ΔT, P atm , T(t=0), ε, m d , S, m h (t=0), ΔS, q des * t←0, T←(T(t=0)-ΔT) T←(T+ΔT) t←(t+Δt) Equation ( 7)

Equation ( 8)

No

No Equations ( 2), ( 3) and ( 4)

End * Only for a constant mass flow rate q des Equation ( 9)* Equations ( 5)

Recording: q des , t, T and S* 

DHR variation

The variation of the desorbed hydrogen flow rate as a function of time was first estimated at the storage temperature T=-195.79 °C and at atmospheric pressure (considered for adsorption storage phase when the liquid nitrogen is used as cooling fluid), for a flow section set a at 1mm 2 and an initial excess of hydrogen stored mh=50 g for 1 kg of adsorbent material having a mass of 100 kg. When the adsorbent bed was heated to ambient air, the pressure increases automatically, while the pressure at the fuel inlet remains atmospheric (Pi=Patm). 

Released excess amount

Fig. 4 shows that the excess amount of stored hydrogen is completely released from temperature above -50°C. This observation results from the significant increase of the initial pressure in the adsorbent material with temperature. Higher pressures obtained from ambient temperatures are useful for transporting hydrogen over a long distance. A positive result, seen in Fig. 4, is the ___________________________________________________________________________ Page 11 of 19 complete release of hydrogen at ambient temperature, which minimizes the heating energy supplied to the desorption phase.

Fig.4.

Excess amount of hydrogen released by the adsorbent material and the initial pressure relative to the desorption temperature (S=1mm 2 and initial mh t=0 =50 g/kg).

Desorption duration

Fig. 4 describes the relationship between excess hydrogen released and temperature. However, it may be rather useful to describe the desorption time of hydrogen as a function of temperature. As shown in Fig. 5, increasing the temperature accelerates the release of hydrogen into the fuel cell.

Which requires finding a way to stabilize it according to hydrogen demand of the fuel cell. The minimum desorption time occurs at high temperatures above 100°C, after a total pressure drop. 
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Condition to stabilize the DHR

The above results show that the desorbed hydrogen rate is not stable and may not be useful for the fuel cell, since a constant mass flow rate is required to produce a constant power. Precise mass flow control therefore requires controlling the flow section S of the valve (equation 5) to stabilize the desorption.

For a constant mass flow rate qdes and a variable flow section S, the condition to be verified is given as follows:

𝑆 = 𝑞 𝑑𝑒𝑠 𝑀 ℎ .𝜌 𝑔 .𝑉 𝑑𝑒𝑠 (9) 
In this way, the flow section S is controlled to ensure a constant supply of fuel. We have found that the hydrogen mass flow rate depends on the fuel cell supply required to produce the required power. High flow sections in square millimeters have been selected to allow the desorption of hydrogen in its maximum capacity. However, during a long supplying period, it is possible to reduce the desorbed hydrogen rate by decreasing the flow section to the square micromillimeter (μm 2 ). Then, the key to regulating the desorbed hydrogen rate and its duration is the flow section for providing the appropriate hydrogen release rates to a fuel cell.

Control of producing power of fuel cell

The relationship between the amount of hydrogen consumed and the current supplied by the fuel cell is expressed as follows:

𝑞 𝑑𝑒𝑠 = 𝐼 2𝐹
. 𝑀 ℎ [START_REF] Shirvill | Effects of congestion and confining walls on turbulent deflagrations in a hydrogen storage facility-part 1: Experimental study[END_REF] where, I is the current delivered by the cell and F is the Faraday's constant.

For a given voltage V, we can estimate the power Pe produced by the fuel cell as a function of desorbed hydrogen rate using equation [START_REF] Shirvill | Effects of congestion and confining walls on turbulent deflagrations in a hydrogen storage facility-part 1: Experimental study[END_REF] as follows: 

𝑃 𝑒 = 2𝑉.𝑞 𝑑𝑒𝑠 .𝐹 𝑀 ℎ (11) 
This means that the control of the valve of the control unit (Fig. 1) makes possible to adjust by automatic control the output power. The control unit can operate only by receiving a signal of four parameters as input data, namely: the temperature T and the pressure P in the adsorbent material, the pressure Pi at the admission inlet of the fuel cell and the power Pe selected by the user. A user control panel allows selecting the output power and display the power generation time before turning on the fuel cell. The control system program of the control unit can be based on the modeling of this study.

Conclusion

A hydrogen desorption rate modeling during fuel cell fueling has been proposed. The system process is based on hydrogen storage by adsorption in AX-21 activated carbon material. The system control program is based on the DHR model of this study, in which an iterative process with time variation was presented to estimate the change in hydrogen mass flow supply.

It can be seen that the mass flow rate of hydrogen decreases with time as the pressure difference between the adsorbent bed and the fuel cell inlet decreases. The pressure drop at a lower desorption temperature cannot release all the excess amounts of hydrogen stored. The excess of hydrogen released by the adsorbent material after a total pressure drop is greater at high temperature than at low temperature. However, the excess hydrogen is completely released at ambient desorption temperatures, which is a better result in minimizing the heating energy supplied to the desorption phase.

In addition, the minimum desorption time, after a total pressure drop, corresponds to higher temperatures. The results show that the DHR is not stable, which is why a condition has been proposed to stabilize the desorption rate by controlling the feed section of the fuel cell. However, another study also seems necessary to estimate the thermal energy supplied to the hydrogen desorption process.
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 19 Hydrogen adsorptionFrom the modified Dubinin-Astakhov equation, it can be estimated the excess amount of hydrogen (mh) in kg per kg of adsorbent material as a function of pressure and temperature, as follows.𝑚 ℎ = 𝑀 ℎ . (𝑛 𝑚𝑎𝑥 𝑒𝑥𝑝 [-[ 𝜌 𝑔 . 𝑉 𝑎 )

Fig. 2 .

 2 Fig.2. Computational algorithm of DHR model to estimate the variation of the mass flow of desorbed hydrogen during the supply of the fuel cell.

Fig. 3 (Fig. 3 .

 33 Fig.3(A) clearly shows the decrease in the mass flow rate of hydrogen other the time, resulting from the decrease in the difference between the pressures of the adsorbent bed and the fuel cell inlet , as shown in Fig.3(B).
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 195 Fig.5. Duration of desorption as a function of temperature after a total pressure drop (S=1mm 2 and initial mh=50 g/kg).
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 6196 Fig.6. Variation of the controlled flow section versus stable desorbed hydrogen flow rates and supply time at ambient temperature (T=25°C).

Fig. 7 .

 7 Fig.7. Variation of maximum flow section as a function of stabilized mass flow rate for different ambient temperatures.
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 198 Fig.8shows the variation decrease of the generated power associated to the diminution of the mass flow rate as a function of the desorption time.

Fig. 8 .

 8 Fig.8. Variation of the produced power and the mass flow rate of hydrogen as a function of the desorption time (T=25°C, S=1mm 2 and V=0.7 V).

  

  

Table 1 :

 1 Modified Dubinin-Astakhov model parameters in the case of the AX-21 activated carbon[START_REF] Richard | Gas adsorption process in activated carbon over a wide temperature range above the critical point. Part 1: modified Dubinin-Astakhov model[END_REF].It results that for a given stored excess of hydrogen and a given temperature of the adsorbent bed, the pressure in the adsorbent bed can be deduced from equation (1) as follows:

	Parameter	Value
	nmax	71.6 mol/kg
	P0	1470 Mpa
	α	3080 J/mol
	β	18.9 J/(mol.K)
	Va	0.00143 m 3 /kg
	Mh	2.0159×10 -3 kg/mol
	R	8.314 J/(mol.K)