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Energy management of the embedded hydride tanks considering efficiency degradation and life span

process is then realized combining a multi-joint state classifier.

The dynamic model of the embedded MH tank considering mass and energy conversion is proposed using optimized parameters identified through particle swarm optimization (PSO) algorithm.

Moreover, the dynamic behavior of the fuel cell system integrating proton-exchangemembrane fuel cell (PEMFC) and MH hydrogen storage tank is simulated with a mathematical model set and validated using a database from the real operation vehicles. A thermal management strategy with PID controller is proposed to reduce the degradation and extend the lifespan of PEMFC. Finally, a test bench is designed in laboratory and experiments are carried out to validate the proposed models and strategies. Titre : Energy management of the embedded hydride tanks considering efficiency degradation and life span on fuel cell vehicles Mots-cl és : stockage d'hydrog ène à hydrure m étallique, pile à combustible à membrane échangeuse de protons, estimation de l' état de charge, gestion thermique, fonctionnement longue dur ée R ésum é : Le d éveloppement des sources d' énergie alternatives devient tr ès important en raison de l'effet du changement climatique et de l' épuisement des combustibles fossiles. L'hydrog ène est prometteur gr âce à sa ressource illimit é, sa densit é énerg étique élev ée, sa grande flexibilit é technologique et sa nature respectueuse de l'environnement. Avec un potentiel élev é en mati ère de s écurit é et de fiabilit é, le stockage d'hydrog ène avec des hydrures m étalliques (MH) est consid ér é comme la meilleure m éthode. Cette th èse contribue à l' étude des performances des syst èmes de stockage de l'hydrog ène MH embouqu é, plus particuli èrement l' état de charge, la mod élisation dynamique et la gestion thermique la pile à combustible. Tout d'abord, des mod èles sont propos és pour l'analyse dynamique des performances et le calcul de l' état de charge (SOC). Le processus d'estimation SOC en ligne est ensuite r éalis é en combinant un classifieur d' états multi-joint.

Le mod èle dynamique du r éservoir prenant en compte la conversion de masse et d' énergie est propos é à l'aide de param ètres optimis és identifi és par un algorithme d'optimisation d'essaim partiel. De plus, le comportement dynamique du syst ème de pile à combustible int égrant la pile à combustible à membrane échangeuse de protons (PEMFC) et le r éservoir de stockage d'hydrog ène MH est simul é à l'aide d'un mod èle math ématique d éfini et valid é à l'aide d'une base de donn ées provenant des v éhicules r éels. Une strat égie de gestion thermique avec contr ôleur PID est propos ée pour r éduire la d égradation et prolonger la dur ée de vie de la PEMFC. Enfin, d'essai est conc ¸u en laboratoire et des exp ériences sont men ées pour valider les mod èles et strat égies propos és.

GENERAL INTRODUCTION

In last few decades, massive usage of the fossil fuels has lead to many kinds of critical environmental issues, including air pollution, global warming and so on. What's more, our society is facing the rapid growth of global energy demand, which will intensify the emission of greenhouse gases. As reported of U.S. Energy Information Administration (EIA) and the International Energy Outlook 2016 (IEO 2016), world energy-related carbon dioxide (CO 2 ) emissions will increase from 32.3 billion metric tons in 2012 to 35.6 billion metric tons in 2020 and to 43.2 billion metric tons in 2040 [START_REF] Diefenderfer | International energy outlook 2016 liquid fuels[END_REF]. This predictable of 40% increase in CO 2 emission tremendously pushed us forward in the research and development of renewable energy field as well.

Hydrogen is promoted worldwide as an ideal fuel for its inexhaustibly, cleanliness, convenience and independence from foreign control, which make it as the replacement for gasoline, heating oil, natural gas, and other fuels [2]. At the same time, the fuel cell is one of the most potential clean energy solutions as an energy conversion to transform the chemical energy to electrical energy in both stable and mobile applications. However, in spite of the high specific energy by weight, the hydrogen application meets the extremely challenging in storage and transportation because of its low energy density by volume [3]. According to the U.S. Department of Energy's Freedom Car Program targets, the ultimate targets to enable wide availability for the commercial use across all vehicle platforms are set to be 0.075 kg H 2 /kg system of hydrogen gravimetric density and 0.07 kg H 2 /L system of volumetric density [4]. Thus, further research is needed to achieve this goal.

Current hydrogen storage methods with relatively high energy density contain compression, liquefaction, absorption and chemical binding. Among these methods, absorbing hydrogen using some specific metal hydride (MH) draw a lot of attention. Such MH materials has been of great interest as kinds of promising carriers for hydrogen storage applications, due to their higher volumetric density when the weight of tank is not a major issue. In addition, the long-term stability with lower pressure and temperature during operation on fuel cell vehicles is also its outstanding advantages.

The practical application of MH hydrogen storage should be analyzed carefully, especially for the on-board integral application coupling with fuel cells. Besides, slow charging and discharging of the MH hydrogen storage units limited by heat transfer is a serious drawback requiring special engineering solutions. In order to improve the performance and maintain the durability of the MH tank, one need to understand:

• How to increase the ratio of the hydrogen mass stored to the weight of the MH tank?

• How to evaluate the state of charging/discharging of the on-board hydrogen storage system using MH tanks?

• What could impede these performances, especially for the degradation phexi xii CONTENTS nomenon after long-term operation?

• How does the heat exchange condition among the coupling system of MH hydrogen storage tank and fuel cell operate, and what strategies can help to improve the performance?

The objectives of this thesis are searching for the solutions to tackle with these issues through proposing models and strategies. To be specific, this thesis will focus on the optimized embedded application of the MH hydrogen storage system, including the characteristics evaluation, dynamic modeling and the thermal management. The two main issues we want to solve are the state of charge (SOC) estimation of an embedded MH tank and the effective thermal management of the on-board hydrogen energy system including fuel cell and MH tank.

Above all, the open issues we facing in the research and development of MH hydrogen storage technique are discussed. In order to realize the evaluation of MH hydrogen storage characteristics and the improvement of its efficiency, two major attempts are made.

The possibility of online SOC estimation is investigated through numerical study of the reaction mechanism and dynamic response. Then the effective thermal management and control strategy are analyzed. Moreover, experiments are designed for validation separately.

This dissertation is organized into six major chapters, which are planned as follows:

The first chapter provides the state of the arts and related works of this subject. The background and development of FCEHVs, fuel cells and hydrogen storage are introduced. It will be pointed out that electricity generated by PEM fuel cells equipped with MH hydrogen storage tanks has great potential for future power generation. Then, the main issues and challenges of each components in this system will be discussed, especially for automotive application. The objectives and motivations of our research work are therefore to be the characteristics estimation of MH hydrogen storage tanks and energy management of the on-board fuel cell and hydrogen tank coupling system.

In the second chapter, the numerical study of the MH hydrogen storage is carried out based on the databases collected from laboratory experiments and Mobypost project separately. Using the statistical theory, the performance of the main parameters including pressure, temperature, hydrogen flow rate and hydrogen mass are evaluated and modeled.

In the third chapter, combining with the chemical reaction characteristics of hydrogen and MH material, a P-C-T based SOC model is proposed. In addition, a multi-joint classifier is designed for classifying the reaction state during operation. The online SOC estimation method is then presented. It provides an effective online SOC estimation method to detect the remain hydrogen mass in the tank and optimize the operation method.

The fourth chapter discusses the dynamic physical model. Taking the embedded MH hydrogen storage tank as a gray box in the system, the parameters are identified using PSO algorithm. For all the operation conditions with different environmental temperatures, the simulation results of the dynamic model with the optimal parameters show a great agreement with the real operation data. This method provides an universal procedure for modeling the dynamic performance of MH tanks with different kinds of material and CONTENTS xiii structure.

The work presented in the fifth chapter focus on the development of a thermal management strategy for reducing the degradation of a long-term operating on-board fuel cell system. At first, a mathematical model describing the dynamic behavior of PEM fuel cell and MH tank is simulated and compared with real operation results. It presents the strong dependence of the dynamic response of the MH tank to the thermal condition supplied by the PEM fuel cell. Then, thermal exchange control strategy realizes by fan and circulation water are proposed to maintain the voltage of aged fuel cell. For the long-term operation of the applied integration PEMFC-MHT system, the fuel efficiency and fuel economy could be saved using this strategy.

At last, the test bench and experiments carried out in laboratory are introduced in chapter 6. The experimental results validate the theoretical research of MH hydrogen storage in previous chapters separately. The first experiment supplement the P-C-T based SOC model in discharging process, which provides the basis of online SOC estimation during vehicle operation. The second experiment validates the dynamic model of MH tank using optimized parameters and indicated that the model is avoidable for different hydrogen releasing flow rate. The third experiment focuses on the thermal effects that different value of extra heat are tested, which presented its influence on hydrogen desorption speed.

The manuscript ends with the conclusions and perspectives of the research work, together with the references, appendices of figures and tables.

FUEL CELL AND HYDROGEN TECHNOLOGY FOR TRANSPORTATION 1.1/ INTRODUCTION

In recent decades, with the accelerating development of industrialization, our society has become more dependent on fossil fuels. The environment issues caused by over consuming of fossil fuels and the energy crisis with the dwindling reserve of such resource are threatening the world. The harmful greenhouse produced by the fossil fuels such as oil is one of the main reasons leads to the global warming. 450 million tons of greenhouse gas emission could be avoided by 10-20% of reduction in America's oil usage [5]. In order to protect the environment, empower the economy for future and defend our quality of life, the European Union (EU) long-term strategy made an agreement of reducing the greenhouse gases emissions by 40% by 2030 compared to 1990 [6] and the Paris agreement made the total's ambition of cutting the carbon intensity by 15% between 2015 to 2030 [7]. In addition, the fossil fuels requirement for daily consumption is growing, the increasing rate is about 1.2% every year, which is much faster than the speed of discovery and mining. Even worse, the oil might dry among the whole word by the 2050. Thus, concerning the harmful effects of the greenhouse gases emission and the over depletion of fossil fuels, the research and application of alternative clean energy sources present great significance and potential. The alternative fuels like ethanol, compressed nature gas, soy oil, propane, palm oil and hydrogen are considered to replace the oil as fuels. However, all these fuels have to face numerous problems including the production technology, distribution phase, device update, energy supply and transportation. For the current stage, there are three alternative fuel sources, namely, electric vehicles, hydrogen fuel cells, and algae-based fuels, to be the most significant impact on fuel industry.

Automotive transportation is one of the principal symbols of modern civilization for human beings, which play an irreplaceable character of our daily life and social development. A report of U.S Energy Information Administration (EIA) presents that automotive transportation occupies about 55% of world's total energy consumption and 30.9% of CO 2 emission in 2014 [8]. Statistical forecast that three times more cars will occur on the roads in 2050 than today [9], which will further worsening the environmental issues and energy crisis. The vehicles powered by electric and fuel cell have seen a promising future that have huge potential to be the alternatives of the oil powered vehicles.

Electric vehicles (EVs) can reduce the greenhouse gas emissions, which have given rise to huge transform in the electrification of cars. The technology development and practical application of EVs have proliferated during the last couple of years. The application of the electric powertrain have already well developed and achieved great success. The modern high-speed trains show competitive performance over air travel in shorter land journal, including travel time declining and energy consumption saving. About 10% of fuel is saved per kilometer for one passenger [10]. However, EVs on road are still in the minority compared to traditional oil-based vehicles which are being extensively used. The key reason is the low energy density of the applied batteries, which restricts the driving range. More stacked batteries could help for extending the driving time. However, extra weight compounding aggravate the load and decline the distance of a battery-powered car could drive. Meanwhile, the additional production cost, namely, the energy source cost, takes almost one third of the total cost of a vehicle, eventually cut down the fuel economy of the EVs [START_REF] Das | Fuel cell hybrid electric vehicles: A review on power conditioning units and topologies[END_REF]. In general, as part of the solution for future sustainable transportation, EVs still have many challenges need to overcome.

Hydrogen is considered to be a critical and indispensable element of a decarbonized, sustainable energy system that could applied as a kind of cost-effective and non-polluting energy since thirty years before [START_REF] Of Energy | The green hydrogen report[END_REF]. With significant advantages in zero emissions, high energy density, high reserve and well recyclable, hydrogen energy and fuel cell powered vehicles seem to promise a bright future for transportation reform [START_REF] Vivas | A review of energy management strategies for renewable hybrid energy systems with hydrogen backup[END_REF][START_REF] Ahmadi | Improving fuel economy and performance of a fuel-cell hybrid electric vehicle (fuel-cell, battery, and ultra-capacitor) using optimized energy management strategy[END_REF]. On the other side, as another choice for transition to a low-carbon economy, hydrogen and fuel cell technologies also provides similar performance, operation and consumer experience to oil-powered technologies [START_REF] Staffell | The role of hydrogen and fuel cells in the global energy system[END_REF]. On the fuel cell vehicles (FCVs), fuel cells are connected in series to generate the required power through the reaction of hydrogen and oxygen.

The hydrogen is stored on-board as the power resource. Thus, longer distance travel could be achieved, which is also its more attractive performance. By the year of 2050, 17% of FCVs share in the market is estimated by the international energy agency (IEA) report [START_REF] Iea) | International energy agency on fcv vehicles share in the market[END_REF]. However, the fuel cell needs a relatively long starting time and the absorption of the dynamic of current will reduce its lifetime, which make it suitable for constant power demand. Thus, an additional energy storage system is packed up like battery or super capacitor, which improved the development of the fuel cell hybrid electrical vehicles (FCHEVs). Compared to EVs and FCVs, the energy management system on FCEHVs equipped with two power sources or more. As a result, longer driving distance than EVs and faster response to modified load than FCVs are achieved. Nowadays, FCHEVs have been perceived as one of the most promising technologies for future transportation [START_REF] Hu | Advanced power-source integration in hybrid electric vehicles: Multicriteria optimization approach[END_REF].

However, the further commercial promotion and comprehensive application of the FCHEVs still face several challenges. On-board hydrogen storage in a compactively, safety and efficiently way is one of the main issues. The hydrogen storage technologies of how to improve the hydrogen gravimetric and volumetric energy density have been a worldwide subject [START_REF] Lototskyy | The use of metal hydrides in fuel cell applications[END_REF][START_REF]Hydrogen storage options including constraints and challenges[END_REF][START_REF] Klebanoff | Hydrogen storage technology: materials and applications[END_REF]. The thermal management among the components is another essential topic. During operation, the heat generated by fuel cell could be transferred for hydrogen generation reaction [START_REF] Shabani | An experimental investigation of a pem fuel cell to supply both heat and power in a solar-hydrogen raps system[END_REF][START_REF] Sossan | A model predictive control strategy for the space heating of a smart building including cogeneration of a fuel cell-electrolyzer system[END_REF][START_REF] Nguyen | Pem fuel cell heat recovery for preheating inlet air in standalone solar-hydrogen systems for telecommunication applications: An exergy analysis[END_REF][START_REF] Faghri | Integration of heat pipe into fuel cell technology[END_REF][START_REF] Silva | A combined capillary cooling system for fuel cells[END_REF], which help not only save the fuel economy but also improve the dynamic performance [START_REF] Shabani | Energy and cost analysis of a solar-hydrogen combined heat and power system for remote power supply using a computer simulation[END_REF][START_REF] Shabani | Fuel cell heat recovery, electrical load management, and the economics of solar-hydrogen systems[END_REF]. Besides, the durability is also one of the central issues holding back the critical achievement of FCHEVs like the ageing of MH hydrogen storage tank, the degradation of fuel cell, other power source ageing including battery and super capacitor [9,[START_REF] Ansarey | Optimal energy management in a dual-storage fuel-cell hybrid vehicle using multidimensional dynamic programming[END_REF][START_REF] Wang | Power management system for a fuel cell/battery hybrid vehicle incorporating fuel cell and battery degradation[END_REF]. In addition to the technological innovations in materials, a well-designed thermal management strategy could help to find the maximum efficiency operation region, reduce the degradation and prognostic the remain useful lifetime [START_REF] Luna | Nonlinear predictive control for durability enhancement and efficiency improvement in a fuel cell power system[END_REF][START_REF] Huang | Model predictive control power management strategies for hevs: A review[END_REF][START_REF] Hu | Integrated optimization of battery sizing, charging, and power management in plug-in hybrid electric vehicles[END_REF].

In this chapter, state of the arts and related works of the thesis are presented in detail, namely, the introduction of FCEHVs, the fuel cell characters, the on-board hydrogen storage developments. Then the open issues and remaining challenges of the hydrogen storage and application on FCEHVs are discussed. At last, the motivations and objectives of the thesis are explained and the framework of developing an on-board thermal management strategy of the fuel cell system is proposed.

1.2/ FUEL CELL HYBRID ELECTRIC VEHICLES

1.2.1/ STATE OF THE ARTS OF FCHEV

The first success of fuel cell is achieved by Francis Bacon in 1932, an alkaline fuel cell system with porous electrodes is developed. Starting from 1950s, the Apollo space program introduced the fuel cell for energy supply, due to the significant advantages of safety, compact and light over others resources like nuclear, solar and battery [START_REF] Chan | The state of the art of electric, hybrid, and fuel cell vehicles[END_REF]. Then the fuel cells obtained generally application on Apollo, Gemini and space shuttles. In 1955, an engineer of General Electric (GE) called Willard Thomas Grubb created an ion-exchange membrane for the reaction of hydrogen and oxygen. Three years later, Leonard Niedrach, another engineer of GE designed a proper method to deposit platinum onto the membrane, which make it possible for transportation application. In 1967, a six-passenger fuel cell vehicle, named Electrovan, is produced in Gemeral Motor, which symbolizing the beginning of fuel cell vehicle era [START_REF] Cell Today | Fuel cell electric vehicles: The road ahead[END_REF].

In recent decades, a number of manufacturers including Daimler, Toyota and so on investing in the development of fuel cell technology for automobile application, which are supported by various government agencies. As mentioned before, General Motors has the longest fuel cell history and developed the first publicly drivable FCHEV in 1998. Since 2007, more than 120 vehicles were delivered to customers and applied for real deriving. The accumulated mileage is over two million miles on road, which make the company to achieve the world's largest FCHEV end user acceptance [START_REF] Cell Today | Fuel cell electric vehicles: The road ahead[END_REF]. In 2011, Daimler delivered a global demonstration of FCHEVs, and invested 36 fuel cell buses, of which the whole operation distance has reached 4.8 million kilometers. Toyota began to sell the FCV Mirai at the end of 2014, and extended its market layout to Europe and US. The Japanese government explicitly indicated the support of the development of fuel cell technology in the 2017 Energy White Paper. As a result, the number of fuel cell passenger cars in Japan is about 2000 till January 2018 and the fuel cell bus is expected to increase to 100 in 2020. Until December 2017, the total sales of fuel cell passenger cars globally reached about 6000, among which Toyota Mirai sold a total of 5300 vehicles, including 2900 in the US, 2100 in Japan, and 200 in Europe, accounting for more than 90% of the total sales of fuel cell passenger vehicles worldwide. As shown in Figure 1.1, through the production optimization, the cost of fuel cell system on Mirai is reduced, and 95% cost reduction is expected by Toyota in 2025 [START_REF] Toyota | [END_REF]. The research and commercial application of hydrogen fuel cells and FCVs are rapidly developing in Japan, the United States, and Europe. The global market for FCHEVs is estimated to reach about 583,360 units by 2030, with Asia Pacific (APAC) countries such as Japan and South Korea dominating the market with 218,651 and 80,440 units respectively [START_REF] Capros | Eu reference scenario 2016-energy, transport and ghg emissions trends to[END_REF]. FCHEV markets in Europe and North America are projected to reach 117,000 units and 118,847 units, respectively, by 2030, which is presented in Figure 1.2 [START_REF] Leo | Fuel cell electric vehicles: The genesis of a new era or myth-busting vehicle technology? Open Access Government[END_REF].

Figure 1.2: Fuel cell passenger car market: Global FCEVs sales by region midline scenario [START_REF] Leo | Fuel cell electric vehicles: The genesis of a new era or myth-busting vehicle technology? Open Access Government[END_REF].

1.2.2/ STRUCTURE AND COMPONENTS OF FCHEV'S POWERTRAIN

Different from EVs, which store electricity by batteries to power the vehicle, FCHEVs carries hydrogen storage tanks as energy resources. The fuel cell on FCHEVs is applied as an electrochemical device to convert the chemical energy of hydrogen into electrical energy with high energy density. Then, the FCHEVs operates the same way with EVs [START_REF] Delucchi | An assessment of electric vehicles: technology, infrastructure requirements, greenhouse-gas emissions, petroleum use, material use, lifetime cost, consumer acceptance and policy initiatives[END_REF]. For a better performance for dynamic driving load, a peak-power devices such as high-power batteries or super capacitors are embedded on the FCHEVs, which operate together with the fuel cell to supply the power [START_REF] Burke | Comparing fuel economies and costs of advanced vs. conventional vehicles. Sustainable transportation energy pathways: a research summary for decisionmakers[END_REF]. Thus, under this condition, compared to the EVs, the on-board battery in this power trains can be reduced in size, which help to decline the overall weight of the propulsion system [START_REF] Gielen | Global energy transformation: A roadmap to 2050[END_REF]. Meanwhile, the product of reaction in fuel cell is just water, zero-emission target is therefore achieved. Besides, the byproduct heat of the reaction of hydrogen and oxygen could be used as a heating resource for other component, like hydrogen tank or thermal circulation, this help to minimize the energy lost and improve fuel efficiency during operation.

Taking Toyota Mirai fuel cell vehicle as an example. A proton exchange membrane fuel cell (PEMFC) stack with the maximum output power of 144 kW and the volume power density of 3.1 kM/L, is applied as the premier power resource. Then, a high-power battery of 1.6 kW is embedded in parallel as the auxiliary power, for the purpose of response to sudden raised power demand at starting or accelerating, and save energy during regenerative braking. Besides, a high-capacity boost converter is developed between fuel cell and battery to promote the fuel cell output voltage to a maximum value of 650 V. The operation principle of this FCEHV is presented in Figure 1.3. On this vehicle, hydrogen is stored in two high-pressure tanks as the fuel. The nominal working pressure is 70 MPa with a storage density of 5.7 wt%. The tank could be refueled in the hydrogen station within a short time. Oxygen is extracted from air through a air compressor. The fuel cell generates electricity through the chemical reaction between hydrogen fuel on anode layer and oxygen on cathode layer. About 83% of energy in the hydrogen molecule could be convert into electricity by PEMFC, which is more than double energy efficiency of a petrol engine. Electricity produced by the fuel cell is delivered to an electric motor to drive the vehicle. Regenerated energy is stored in a secondary battery that supplements power from the fuel cell by providing auxiliary power to the electric motor [START_REF] Toyota | [END_REF]. Some other vehicles enterprise also interested in adopt this kind of parallel configuration made produced the commercial FCHEVs like Honda's Clarity fuel cell vehicle, Hyundai's NEXO fuel cell vehicle, etc. Different to Toyota Mirai, the lithium-ion battery is chosen on Honda Clarity and Hyundai NEXO.

Modifying the control strategy of energy distribution, adjusting the power sources arrangement, or selecting other energy storage device, other configurations of powertrain structure also exist in research lab and literature [START_REF] Chan | The state of the art of electric, hybrid, and fuel cell vehicles[END_REF][START_REF] Bubna | Analysis, operation and maintenance of a fuel cell/battery series-hybrid bus for urban transit applications[END_REF][START_REF] Zhao | Effects of different powertrain configurations and control strategies on fuel economy of fuel cell vehicles[END_REF][START_REF] Andreasen | Test of hybrid power system for electrical vehicles using a lithium-ion battery pack and a reformed methanol fuel cell range extender[END_REF][START_REF] Kelouwani | Impacts of blended mode and charge-sustaining mode on the battery efficiency for a serial fc-phev[END_REF]. Commonly used powertrain structure are presented in Figure 1.4. Figure 1.4(a) show a completely parallel FCHEV power train structure, on which fuel cell system and batteries connected in parallel and provide power separately. This kind of vehicle could operation in different mode: fuel cell alone mode, battery alone mode or combined mode. Thanks to the relatively independent working mode, simpler and complex propulsion devices are capable for the same performance with series configuration. Well designed energy management strategy is necessary for variation load demand due to the different character of fuel cell and battery. Besides, the regenerative braking mode only happens alone with the battery mode and combined mode. In Figure 1.4(b), fuel cell system is connected to the battery instead of accessing the load, indicating that the fuel cell system is applied as an extra power for battery and a range extender for vehicle. Through the same electric motor and internal combustion engines with EVs, the short mileage defect of EVs could be remedied and better performance could be achieved. The powertrain structure discussed above is shown as Figure 1.4(a), a series-parallel configuration that the fuel cell is the principle power source and the battery is used as a secondary source. The advantageous feature of both parallel structure and series structure can therefore be possessed. Nevertheless, a relatively more complicated control and energy management strategy is required and the manufacturing cost is raised. In spite of this, the commercial promoted vehicles prefer to adopt this kind of system, for the reasons that a better performance help to lead the market share and the technology is believed to be able to improved. 1.1 presents the comparison of the main features of these types of fuel cells [START_REF] Peighambardoust | Review of the proton exchange membranes for fuel cell applications[END_REF][START_REF] Merle | Anion exchange membranes for alkaline fuel cells: A review[END_REF][START_REF] Blomen | Fuel cell systems[END_REF][START_REF] Wang | A study on fuel additive of methanol for room temperature direct methanol fuel cells[END_REF].

The PEM Fuel cell is widely applied for automobile transportation for its ability to develop high power density under relatively low operating temperature and low pressure [START_REF] Galvez | Swinging bus operation of inverters for fuel cell applications with small dc-link capacitance[END_REF]. In the PEMFC, a proton exchange membrane is installed for conduction of protons, generally applied materials is Nafion, and platinum is widely used as the catalyst for reaction. AFC is one of the most developed fuel cell, which was the first practical applied fuel cell and has been applied in Apollo space program for both electrical and drinking water supply [START_REF] Mclean | An assessment of alkaline fuel cell technology[END_REF]. It operates at a relatively low temperature similar to PEMFC while the starting time is shorter. During reaction, the negative ions is transferred from anode to cathode via electrolyte, which is the aqueous solution of potassium hydroxide, meanwhile, producing water. High efficiency can be achieved of 60 -70%. However, the corrosive electrolyte decline the life span [START_REF] Kirubakaran | A review on fuel cell technologies and power electronic interface[END_REF].

PAFC is generally applied in stationary application, in which the used phosphoric acid is non-conductive liquid, therefore the electricity is produced through an external electrical circuit that positive hydrogen ions is delivered from anode to cathode [START_REF] Qingfeng | Phosphoric acid doped polybenzimidazole membranes: physiochemical characterization and fuel cell applications[END_REF].

The electrolyte applied in MCFC is composed of carbonate salts suspended in a porous ceramic matrix and chemically inert solid electrolyte of alumina beta. Electricity is produced by electrons migration from the cathode to anode, along with the reaction of hydrogen and carbonate ions generating water and carbon dioxide at the same time [START_REF] Dicks | Molten carbonate fuel cells[END_REF].

SOFC is also suitable for stationary application since the operating temperature is extremely high. Rather than liquid electrolyte, the electrolyte is combined by a solid ceramic inorganic oxide [START_REF] Singhal | High-temperature solid oxide fuel cells: fundamentals, design and applications[END_REF].

DMFC is developed on PEMFC, in which the hydrogen fuel of reaction is replace by methanol. As a liquid form fuel, methanol is more stable than hydrogen, which is easier for storage and transportation. However, the fuel efficiency is not as high as other type of fuel cells [START_REF] Liu | A review of anode catalysis in the direct methanol fuel cell[END_REF]. 
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1.3.1.2/ STRUCTURE AND REACTION OF PEMFC

As shown in Figure 1.5, a PEMFC stack is consisted of several single fuel cells connected in series for the purpose of meeting the requirement of power load. One single fuel cell is combined by eight cell layers, including cathode gas supply channel layer, cathode gas diffusion layer, cathode catalyst layer, proton exchange membrane layer, anode catalyst layer, anode gas diffusion layer and anode gas supply channel layer. Besides, a cathode cooling channel layer is installed aside of cathode gas supply channel layer for thermal control for reaction [START_REF] Barbir | PEM fuel cells: theory and practice[END_REF][START_REF] Zhou | Dynamic phenomena coupling analysis and modeling of proton exchange membrane fuel cells[END_REF]. A typical operation principle of a single cell of a PEMFC is presented in Figure 1.6 [START_REF] Das | Recent advances and challenges of fuel cell based power system architectures and control-a review[END_REF].

During the reaction, the hydrogen is fed to the anode side and the air or pure oxygen is supplied to the cathode side. Then the hydrogen and oxygen are diffused through the gas diffusion layer to the catalyst layer on each side respectively. At anode catalyst layer, under the effect of platinum catalyst, the hydrogen molecules are disassociated to hydrogen ions and electrons. These hydrogen ions, also called proton, pass through the humidified polymer electrolyte, namely, the proton exchange membrane, migrating from the anode side to the cathode side. Meanwhile, the electrons flow through the external circuit from anode to cathode, the electrical current is therefore generated. At the cathode catalyst layer, the delivered hydrogen ions and electrons are combined with the local oxygen molecules and product water and heat. 

1.3.2/ DYNAMIC CHARACTERS AND POLARIZATION CURVES

Dynamic characters and performances are obviously significant for fuel cell analysis and applications. The current studies mainly focus on two aspects that numerical simulation and experimental study, on which a considerable amount of literature has been published [START_REF] Zhao | Dynamic behavior study on voltage and temperature of proton exchange membrane fuel cells[END_REF].

The numerical simulation study is mainly focuses on model design and simulation. Fifteen years before, Chen et al. had developed an unsteady mathematical model of PEMFC, and proved that the dynamic performance of the cell was related to the mass transport of water in the membrane [START_REF] Chen | Transient behavior of water transport in the membrane of a pem fuel cell[END_REF]. A simplified model which can well characterize the transient behavior of the output voltage and temperature of the PEMFC stack in the case of the current step change is then characterized by a simplified model proposed by Kim et al. [START_REF] Kim | A simple dynamic model for polymer electrolyte membrane fuel cell (pemfc) power modules: Parameter estimation and model prediction[END_REF]. The effect of heat transfer on the fuel cell dynamic performance is introduced by a non-isothermal transient model [START_REF] Wu | Non-isothermal transient modeling of water transport in pem fuel cells[END_REF]. Raga et al. proposed a black-box model that can capture the dynamic response process of the fuel cell only need to obtain the relationship between step current and time, and the fitting error did not exceed 4% [START_REF] Raga | Black-box model and identification methodology for pem fuel cell with overshooted transient response[END_REF]. The stack temperature significantly affected the dynamic characteristics of fuel cells, as well as the hydrogen purge on actual hydrogen consumption [START_REF] Hou | A dynamic model for hydrogen consumption of fuel cell stacks considering the effects of hydrogen purge operation[END_REF][START_REF] Soltani | Development of an empirical dynamic model for a nexa pem fuel cell power module[END_REF].

In terms of experimental research, large amount of test had been done in laboratories. It is reported that transient voltage behavior of the individual cell varied depending on its location in the stack. Specifically, the cell close to the reaction gas inlet had better dynamic performance than that of the last one [START_REF] Mocoteguy | Monodimensional modeling and experimental study of the dynamic behavior of proton exchange membrane fuel cell stack operating in dead-end mode[END_REF]. When the load suddenly rose or dropped, the voltage of the PEMFC stack would exhibit a significant undershoot or overshoot [START_REF] Tang | Experimental investigation of dynamic performance and transient responses of a kw-class pem fuel cell stack under various load changes[END_REF]. They explained that these phenomenon in the transient response process were closely associated with the mass transfer of water and gas. By measuring the local current density and high-frequency resistance, humidification was found to be a very important factor 12CHAPTER 1. FUEL CELL AND HYDROGEN TECHNOLOGY FOR TRANSPORTATION influencing the transient behavior of the current [START_REF] Jia | A study on current overshoot during start-ups and optimal start-up strategy of proton exchange membrane fuel cells[END_REF]. An air-cooled PEMFC stack is tested with the dead-end anode [START_REF] Jang | Dynamic cell performance of kw-grade proton exchange membrane fuel cell stack with dead-ended anode[END_REF]. They confirmed that purge can cause voltage fluctuations, and this effect was more significant at high current densities.

Polarization curve presents the typical static characteristic of fuel cell, which is a plot of cell voltage versus current to determine voltage-current relationship of fuel cell. Figure 1.7 present a typical single cell polarization curve operating at 100 circ C and normal air pressure [START_REF] Larminie | Fuel cell systems explained[END_REF]. The curve is characterized by three important regions: activation polarization, ohmic polarization, and concentration polarization [START_REF] Busquet | A new approach to empirical electrical modelling of a fuel cell, an electrolyser or a regenerative fuel cell[END_REF]. where P H 2 and P O 2 are the partial pressures of hydrogen and oxygen respectively and T is the cell temperature.

The overall activation potential (V act ) represents the slowness of the reactions that takes place on the surface of the electrode. The overall activation potential can be written as [START_REF] Mann | Development and application of a generalised steadystate electrochemical model for a pem fuel cell[END_REF]:

V act = ξ 1 + ξ 2 T + ξ 3 T * ln(C O 2 ) + ξ 4 T * ln(i cell ) (1.2)
where ξ(1...4) represents the semi-empirical parametric coefficients and C O 2 is the con-centration of oxygen at the catalytic interface of the cathode (mol * cm -3 ).

The central portion of ohmic polarization reflects the ohmic losses (V ohmic ) caused by the membrane, electrical and contact resistance. This voltage drop is proportional to current density and it is linear. The ohmic loss in the fuel cell can be mathematically represented as [START_REF] Mann | Development and application of a generalised steadystate electrochemical model for a pem fuel cell[END_REF]:

V ohmic = i * (R m + R c ) (1.3)
where R m and R c denote the electronic, and the ionic resistances(Ω * cm -2 ) respectively.

Depending on the amount of current drawn from the fuel cell along with other physical parameters, the output voltage of the fuel cell reduces. This loss is accounted as mass transport or concentration loss and can be determined by [START_REF] Mann | Development and application of a generalised steadystate electrochemical model for a pem fuel cell[END_REF]:

V conc = -b * ln(1 - J J max ) (1.4)
where b is a parametric coefficient (V), which depends on the cell and its operation states. J and J max represents the actual and maximum current density of the cell (A/cm 2 ). The relative humidity and operating temperature of fuel cell essentially effect on the polarization curves [START_REF] Riascos | Controlling operating temperature in pem fuel cells[END_REF]. Figure 1.8 shown the influence of operation temperature on fuel cell performance, which indicates that suitable choice of temperature is quite important for achieving better result, both too high or too low temperature could lead to extra voltage losses. A proper humidity level should be held in the fuel cell. Figure 1.9 illustrates the effects on the performance of a fuel cell with variation in the relative humidity. In this figure, the polarization curve with different relative humidity on the cathode side (CRH) is illustrated. According to the figure, the best performance occurs at about 70%. Pressure of the reactant gas has significant effects on fuel cell performance as well, as shown in Figure 1.10, when the pressure is varied from 1 atm to 4 atm, the fuel cell performance is improved [START_REF] Yan | Steady state and dynamic performance of proton exchange membrane fuel cells (pemfcs) under various operating conditions and load changes[END_REF].

Figure 1.9: The effects of gas humidity on fuel cell performance [START_REF] Yan | Steady state and dynamic performance of proton exchange membrane fuel cells (pemfcs) under various operating conditions and load changes[END_REF]. • Membrane:

1.3. PROTON EXCHANGE MEMBRANE FUEL CELL PROPULSION
The membrane play an important role in fuel cell because it not only allows the protons transport from the anode to the cathode thanks to its hydrophilic and hydrophobic domains, but also acts as a separation between the fuel and the air. Thus, the membrane must have an excellent proton conductivity, a thermal and chemical stability, a good mechanical resistance, flexibility, a low permeability to gases and a low water drag. Three impacts including chemical degradation, mechanical degradation and shorting generally combine the degradation of membrane. The chemical degradation attacks the polymer by radical species directly, which will lead to the decomposition of the membrane. The membrane might fracked due to cycled constrains or fatigue imposed by charging temperature or humidity. An over-compression of the cell or topographical irregularities of the neighboring components could lead to local over-compression and creep, and then the shorting is caused. In addition, the membrane also suffers from thermal degradation characterized by the decrease of proton conductivity at high temperatures [START_REF] Wu | A review of pem fuel cell durability: Degradation mechanisms and mitigation strategies[END_REF][START_REF] Gittleman | Membrane durability: physical and chemical degradation[END_REF].

• Electrodes:

The electrodes are composed of two layers: a catalyst layer and a carbon support layer. A conventional catalyst layer is made with platinum (Pt) nano particles and supported by a surface of black carbon in close contact with a controlled quantity of ionomer (membrane material). The carbon support allows the nano particles to have a high dispersion (2-3 nm) and provides a porous structure electronically conductive. Two main phenomena are responsible of the loss of performance with the electrodes: the catalyst layer degradation and the carbon support degradation. Together these phenomena lead to a loss of active area of the electrode and its consequent loss of electrochemical activity [START_REF] Jouin | Degradations analysis and aging modeling for health assessment and prognostics of pemfc[END_REF].

• Gas diffusion layers (GDL):

The reactant needs to diffuse from the flow fields to the active sites, where the GDL plays an essential role thanks to its porous nature. The generated vapor water mixed with the reactants and liquid water are also evacuated through GDL, which facilitated the water management in the catalyst layer and in the membrane. The degradation of GDLs is coupled together with membrane-electrodes due to its electrically conductive ability. When the GFLs are ageing, loss of hydrophobicity and changing of the carbon surface leads to the abnormal behavior of water. Besides, the loss of porosity will change the electrical and thermal resistances. Even the structure of GDL is modified due to the serious carbon corrosion and mechanical constraints after long time operation [START_REF] Jouin | Degradations analysis and aging modeling for health assessment and prognostics of pemfc[END_REF].

• Bipolar plates:

The bipolar plates are the skeleton of the stack, which installed between two single fuel cells in order to isolate the individual cells. They also used for conducting the current between the single fuel cells and providing flow fields for incoming reactants and outgoing products. Besides, the water and thermal managements are work on the bipolar plates. Along with time, the raised surface resistive on the plates well lead to a higher ohmic resistance. In addition, operational impacts such as thermal cycles, bed temperature distributions or non-uniform currents might rapidly accentuate fractures or deformation of the plates. Moreover, the corrosion of bipolar plates 16CHAPTER 1. FUEL CELL AND HYDROGEN TECHNOLOGY FOR TRANSPORTATION produced multivalent cations, which seriously affect the durability of the membrane and the catalyst layers [START_REF] Jouin | Degradations analysis and aging modeling for health assessment and prognostics of pemfc[END_REF].

• Sealing gaskets:

The assembly of the membrane and electrodes includes sealing components to prevent not only the mix of hydrogen and air but also the leak out of the stack.

All the components should be perfectly aligned to maintain the appropriate closing pressure. This is important to reduce the contact resistances and to avoid an overcompression of the GDLs [START_REF] Wu | A review of pem fuel cell durability: Degradation mechanisms and mitigation strategies[END_REF][START_REF] Gittleman | Membrane durability: physical and chemical degradation[END_REF].

Some constant load experiments have been done in laboratories. For example, a continually test lasting more than 1500 hours is did in FClab in France, the fuel cell stack is operated under a constant load of 60 A which corresponds to the nominal current given by the manufacturer [START_REF] Bressel | Extended kalman filter for prognostic of proton exchange membrane fuel cell[END_REF]. It is also generally acknowledged that the performance of a fuel cell is impacted by the dynamic load cycle much more strongly than by the constant load condition [START_REF] Liu | Durability study of proton exchange membrane fuel cells under dynamic testing conditions with cyclic current profile[END_REF][START_REF] Yan | The study on transient characteristic of proton exchange membrane fuel cell stack during dynamic loading[END_REF]. For the reason that under dynamic driving cycle, the variety of operation condition was much more dramatically compared to the steady condition than under constant load conditions. This may result to the oxidant starvation, local "hotspots" and physical degradation, so the performance of fuel cell would be much seriously degraded [START_REF] Lin | Investigation of dynamic driving cycle effect on performance degradation and micro-structure change of pem fuel cell[END_REF].

During operation, the performances of PEMFC might degraded for many reasons impacted by the fuel cell stack itself or by the auxiliaries. One of the constraints is the decrease of the fuel cell voltage in case of faulty operation of the stack. As an example, when the low temperature PEMFC stack does not operate with pure hydrogen, a poisoning risk by pollutants, especially carbon monoxide (CO) can occur. Poisoning leads to a blocking of the active platinum catalyst areas and leads to a decrease of the global electric voltage. A same tendency can occur during the ageing process of a fuel cell stack. Figure 1.12 illustrates the modification of the polarization curve due to CO poisoning or ageing phenomena [START_REF] De Bernardinis | First approach for a fault tolerant power converter interface for multi-stack pem fuel cell generator in transportation systems[END_REF].

Figure 1.12: Modification of the fuel cell polarization curve owing to the influence of ageing or CO poisoning [START_REF] De Bernardinis | First approach for a fault tolerant power converter interface for multi-stack pem fuel cell generator in transportation systems[END_REF].

Moreover, in a fuel cell stack operation, some of the cells can suffer from starvation: the cells are not fed with a sufficient amount of reactants (hydrogen, air). Then the voltage of the cells will drop down to a lower level that can be critical to the stack working and lifetime. In the case of real insufficient fuel feeding, the starved cells might drop to negative values due to electrolysis current [START_REF] Candusso | Fuel cell operation under degraded working modes and study of diode by-pass circuit dedicated to multistack association[END_REF]. Many factors like a sudden load current demand can cause starvation in a fuel cell. Among those operating problems, some severe stack degradation could leads to irreversible damage or drastic reduction of the lifetime operation.

1.3.4/ ADVANTAGES AND CHALLENGES OF PEMFC

Compared to other types of fuel cells discussed above, the PEMFC has significant advantages in automobile application, namely, high power density, low operating temperature and pressure, faster start-up, etc, [START_REF] Somaiah | Distributed maximum power extraction from fuel cell stack arrays using dedicated power converters in series and parallel configuration[END_REF]. Specifically, the structure and components allow a better performance. For one thing, a simple mechanical design using stable materials of construction make the fuel cell stack more compact and sturdy, which is of great importance for portable application. The applied electrolyte is in solid and dry form with no corrosive, the corrosion problems are minimized and the safety is raised. Besides, the electrolyte is also tolerant of carbon dioxide, that help to reduce the cost that air can be 18CHAPTER 1. FUEL CELL AND HYDROGEN TECHNOLOGY FOR TRANSPORTATION used as oxidant directly without extra purification [START_REF] Steele | Materials for fuel-cell technologies[END_REF]. For another thing, low temperature and pressure operating condition simplifies the operation process and improves the performance, which reduced start-up time and response time to instantaneous loads as well.

Nevertheless, challenges exist for widely commercialization of PEMFC to overcome its obvious drawbacks. For the fuel cell itself, the gas involved in the reaction need to be humidification, which not only increases the complexity of system, but also effects the performance of proton exchange membrane and accelerating the degradation [START_REF] Li | Net power control based on linear matrix inequality for proton exchange membrane fuel cell system[END_REF][START_REF] Zhang | A review of automotive proton exchange membrane fuel cell degradation under start-stop operating condition[END_REF].

The cost of platinum catalyst and membrane is one of the main impacts that blocking the process of commercialization. Another challenge for automobile application is the development of control and management strategy for on-board PEMFC and auxiliaries, which is of great help for optimizing the operation condition and performance. Besides, the durability of fuel cell system is not as well as internal combustion engines, reducing the degradation rate is necessary for practical application, especially in real world environments. Finally yet importantly, the on-board hydrogen storage is the key issue for PEMFC vehicles promotion. Without the safety, effective and enough capacity of on-board hydrogen storing, PEMFC, or almost all types of fuel cell are unable to function [9]. The key issue faced by hydrogen storage is that the energy density by volume of hydrogen is extremely low, which is only 40.6 J/m 3 at atmosphere temperature and pressure [START_REF] Lide | CRC handbook of chemistry and physics[END_REF].

Compared to fossil fuels, the energy density by volume of 9.9 MJ/m 3 , a huge storage vessels will be required for hydrogen storage [START_REF] White | The hydrogen-fueled internal combustion engine: a technical review[END_REF]. Obviously, it is unrealistic. The 2020 targets of hydrogen storage set by the US DOE are: gravimetric capacity of 5.5 wt.% and volumetric capacity of 40 g/L at an operating temperature of 50 • C to 70 • C under a maximum delivery pressure of 12 bar [START_REF] Energy | Doe technical targets for onboard hydrogen storage for lightduty vehicles[END_REF].

Generally, hydrogen storage method are presented in Figure 1.13, which can be divided into two main groups of physical storage and materials-based storage. Physical storage means change the physical form of hydrogen, including compressed gas form, cold or cry compressed form, and liquid form [START_REF] Niaz | Hydrogen storage: Materials, methods and perspectives[END_REF]. Material-based storage is storing the hydrogen in variety of materials through chemical reaction or physisorption between hydrogen and storage material. The technology of storage gas in a metallic pressure tank is developed since the end of 19th century for CO 2 storage. Using this high pressure tank to storage hydrogen was firstly occurred in 1880 for military, that a wrought iron tank stores hydrogen at 12 MPa [2]. Currently, four types of pressure tanks are developed for hydrogen storage, as presented in Figure 1.14 [START_REF] Abdalla | Hydrogen production, storage, transportation and key challenges with applications: a review[END_REF], that:

• Type I: Fully metallic pressure tanks, widely applied for industrial with pressure of 20 to 30 MPa, which is the most conventional and least expensive, however, is the heaviest.

• Type II: Steel pressure tank with a glass fiber composite over-wrap, is able to bear the highest pressure tolerance than other types.

• Type III: Full composite wrap with metal liner, is mainly carried by the composite structure while metal liner is applied for sealing purpose.

• Type IV: Fully composite, this type of tank is composed by polyethylene and carbon fiber so that the weight is the lightest.

Among these type of tanks, the steel tanks are generally used for stationary application for the purpose of reducing the cost, since the weight is not a problem. For automobile application, high pressure hydrogen storage tanks are widely used that 10, 000psi(70MPa) tanks have been commercially promoted for the promising of quick refueling [START_REF] Bogdanovi Ć | Catalyzed complex metal hydrides[END_REF]. However, the energy content of high pressure tanks is still significantly less than that of the same volume of gasoline, just like presented in Figure 1.14, the volume of the high pressure tank to store 6 kg of compressed hydrogen is about 150 L, in which the pressure is already high as 700 bar. Besides, under high pressure and high temperature conditions, the tank might crack due to the hydrogen embrittlement, the safety and durability issues raise big challenges for high pressure hydrogen storage theologies [START_REF] Sandí | Hydrogen storage and its limitations[END_REF].

1.4.1.2/ CRYGENIC STORAGE Cryogenic vessels are commonly used for the storage and transportation of industrial and medical gases, in which the gases are liquefied. Since the energy density by volume of hydrogen is drastically raised from gaseous form to liquid form, making the cryogenic storage an attractive medium. Hydrogen can be liquefied at -253 • C at ambient pressure. Under this situation, cryogenic tank is able to storage 0.07 kg/L of liquid hydrogen, higher than that about 0.03 kg/L of compressed hydrogen stored in high pressure tank. However, owing to the low boiling point of liquid hydrogen, the liquefaction process is intensive energy and time consuming, and the energy content lost estimated as 40% in contrast to energy lost for compressed hydrogen, about 10% [START_REF] Midilli | On hydrogen and hydrogen energy strategies: I: current status and needs[END_REF][START_REF] Crabtree | The hydrogen economy[END_REF]. For safety concerning, an extra protection vacuum jacket is covered outside of the tank [START_REF] Petitpas | Modeling of sudden hydrogen expansion from cryogenic pressure vessel failure[END_REF], it also essential to mitigate heat leakage.

As a result, the practical application of cryogenic storage is quite limited, which is often used for large scale storage and delivery, for the reason that the cost of hydrogen is not an important issue and the hydrogen is consumed in a relatively short time, such as truck delivery and intercontinental hydrogen shipping, as shown in Figure 1.15. Hydride storage is material-based storage that hydrogen is physical or chemical absorbed reversibly by solid compounds under certain temperature and pressure conditions. The physical sorption happens between hydrogen and materials that hydrogen molecular is absorbed on the surfaces by van der waal interactions. Available materials include some carbon-based materials like carbon nanotubes, fibers, fullerences metal organic frameworks (MOFs), covalent organic frameworks (COFs), etc. A recently discovery of microporosity (PIMs) is attractive as well. The reversibility of physical sorption is very strong that hardly any hydrogen loss during absorption and desorption. The fast kinetics make the quick refueling possible to achieve. The capacity problem is the critical drawback of physical storage that high capacity could only be obtained under extremely low temperature [START_REF] Niaz | Hydrogen storage: Materials, methods and perspectives[END_REF][102][START_REF] Prabhukhot Prachi | A review on solid state hydrogen storage material[END_REF][START_REF] Zhang | Development and application of hydrogen storage[END_REF][START_REF] Jia | Combination of nanosizing and interfacial effect: future perspective for designing mg-based nanomaterials for hydrogen storage[END_REF].

During chemical sorption, chemical reaction occurs between hydrogen and material that hydrogen molecules are split into atoms and integrated with the storage material then generates hydride. Practically, except the inert gas elements, almost all elements can combine with hydrogen and form hydrides [START_REF] Üttel | Hydrogen storage methods[END_REF]. However, most of them can not be put into practical usage due to the low storage capacity and reversibility. Some kind of metals have been attractive great attentions as the more promising materials for hydrogen chemical sorption, the main reasons containing the relatively low cost, low weight and low operating temperature and pressure. The first hydrogen absorption phenomenon was discovered in palladium, nowadays, some other metal, either pure or alloy are found, that have the capability to absorb hydrogen under moderate temperature. For example, with a catalyst, the theoretical hydrogen productivity of sodium boro hydride (NaBH 4 ) reaches to 10.8wt%. Recently, MH hydrogen storage has been considered as both an economically viable option and a long-term solution for storing hydrogen. Comparing to compressed hydrogen and liquid hydrogen, the energy density of MH is higher, the hydrogen storage density of magnesium hydride (6.5Hatoms/cm 3 ) is way higher than hydrogen gas (0.99Hatoms/cm 3 ) or liquid hydrogen (4.2Hatoms/cm 3 ), so that a complex hydrogen storage tank is possible for automobile application. As shown in Figure 1. [START_REF] Iea) | International energy agency on fcv vehicles share in the market[END_REF] Besides, the physisorption processes are cycling stability and fast kinetics, which contributes to the long-term usage for automobile application. As a solid storage medium, the vessels are generally special designed and barely no more empty space inside. The hydrogen purity is therefore guaranteed. Moreover, the hydrogen absorption and disorption process are both carried out under relatively low temperature and pressure. Even through extra heat is generated or should be provided, a slight change in pressure and temperature happened during the reaction. The potential of hydrogen leakage is quite small since the hydrogen is stored in atom form in a stable hydride material instead of the hydrogen molecular form which is flammable. Thus, the MH hydrogen storage method is quite safe, even for dynamic transportation missions. The challenges still exists in many impacts for MH hydrogen storage. For the material itself, low gravimetric storage capacity is still a key limitation. Numerous compounds known for their absorption properties are listed in the hydride database US Department of Energy (DOE) Hydrogen Storage Materials Database [110]. Interstitial hydride by their nature are composed of high atomic number transition metals, and therefore contain a low mass fraction of hydrogen. As shown in Figure 1.17, most of the known compounds have a reversible storage capacity less than 3 wt% of hydrogen [2]. Besides, high density leads to a comparatively heavy MH tank. It might not be a serious issue for stationary application, but novel light materials could of significant help in solving the problem of on-board hydrogen storage.

Nowadays, many research have done in MH material area. MgH 2 is the very attractive for its low raw material cost and high gravimetric capacity of 7.6 wt%, which was proposed 40 years ago for hydrogen storage [START_REF] Hoffman | Metal hydride storage for mobile and stationary applications[END_REF]. Some new techniques are proposed to overcome kinetics and thermodynamic limitations of hydrides and improve the the gravimetric capacity [START_REF] Rueda | Innovative methods to enhance the properties of solid hydrogen storage materials based on hydrides through nanoconfinement: A review[END_REF]. To reduce the heat of hydride formation and releasing hydrogen at lower temperature, new chemical species that reacts with the metal are introduced to forming an intermediate compound [113][START_REF] Liu | Effect of doped transition metal on reversible hydrogen release/uptake from naalh4[END_REF][START_REF] Wang | Recent advances in additive-enhanced magnesium hydride for hydrogen storage[END_REF]. Cation substitution to form dual-cation hydride is generally used as a technique to modify thermodynamic properties [START_REF] Fang | Formation and hydrogen storage properties of dual-cation (li, ca) borohydride[END_REF][START_REF] Miwa | Firstprinciples study on copper-substituted lithium borohydride,(li1-xcux) bh4[END_REF]. The reduction of the particle size of the hydride into nano scale allows to reduce the crystallite size and increase the surface area of the hydride. These changes are associated to an increase of surface energy of the metal hydride phases and a reduction of diffusion lengths, which improve the decomposition rate [START_REF] Crabtree | The hydrogen economy[END_REF].

Another challenge is the thermal management of the reaction. Focusing on the heat transfer and management of reaction when hydrogen is absorbed or released is of great significant. For all these single gaseous or thermal applications, the corresponding coupled effect has to be considered as the hydrogen storage/release and the heat removal/supply occur simultaneously.

The dynamic performance is important in the design and application of hydrogen storage. The numerical analyses of its performance in order to quantitatively analyze the characteristics in detail are of great significant [START_REF] Nakano | Experimental study on a metal hydride tank for the totalized hydrogen energy utilization system[END_REF]. Many different kind of mathematical models are designed to simulate the reaction kinetics, equilibrium conditions, heat and mass transfer inside the tank during absorption and desorption process [START_REF] Minko | Numerical simulation of sorption/desorption processes in metal-hydride systems for hydrogen storage and purification. part i: development of a mathematical model[END_REF][START_REF] Boukhari | Numerical heat and mass transfer investigation of hydrogen absorption in an annulus-disc reactor[END_REF][START_REF] Maeda | Numerical simulation of the hydrogen storage with reaction heat recovery using metal hydride in the totalized hydrogen energy utilization system[END_REF][START_REF] Momen | Experimental and numerical investigation of the thermal effects during hydrogen charging in packed bed storage tank[END_REF][START_REF] Nam | Three-dimensional modeling and simulation of hydrogen absorption in metal hydride hydrogen storage vessels[END_REF][START_REF] Muthukumar | Thermal modeling and performance analysis of industrial-scale metal hydride based hydrogen storage container[END_REF].

A.Jemni et al presented two-dimensional numerical model to emphasize the effect of the shape, pressure and cooling system more than 20 years before [START_REF] Jemni | Study of two-dimensional heat and mass transfer during absorption in a metal-hydrogen reactor[END_REF], which is widely applied in the later research in this area. A three-dimensional model figured out the parameters could be optimized to get an optimal storage are load pressure, the permeability and the thermal conductivity of the hydride [START_REF] Akanji | Modeling of heat and mass transfer in lani5 matrix during hydrogen absorption-desorption cycle[END_REF][START_REF] Freni | Finite element-based simulation of a metal hydride-based hydrogen storage tank[END_REF]. Dhaou et al. [START_REF] Jemni | Experimental and theoretical study of ametal-hydrogen reactor[END_REF] presented the pressure-composition-isotherm (P-C-T) curves for three temperatures for both absorption and desorption process. They also proposed an analytic expression of the equilibrium pressure by polynomial interpolation based on experimental data. As a determining factor of the direction of the reaction, equilibrium pressure shows a great dependent on the temperature and hydrogen concentration. Based on the analyses of equilibrium pressure, the effect of operating parameters including hydrogen flow input and output of the tank, temperature of the cooling fluid, volume of metal in the tank have also been deeply discussed [START_REF] Busqu É | Mathematical modeling, numerical simulation and experimental comparison of the desorption process in a metal hydride hydrogen storage system[END_REF][START_REF] Minko | Numerical and experimental study of heat-and-mass transfer processes in two-stage metal hydride hydrogen compressor[END_REF]. The mass and heat transfer during operating process are simulated to analysis the effects of these parameters to the efficiency of the reaction and supply capacity of the hydrogen storage system [START_REF] Souahlia | Experimental and comparative study of metal hydride hydrogen tanks[END_REF][START_REF] Chibani | Simulation of hydrogen absorption/desorption on metal hydride lani5-h2: Mass and heat transfer[END_REF].

1.4.3/ REACTION OF METAL HYDROGENATION

Most metals or alloys can react with hydrogen to form new components. The formation of a MH is an exothermic process associated with heat release. With the supply of a sufficient amount of heat, hydrogen can also be liberated from metal hydrides [START_REF] Gupta | Hydrogen fuel: production, transport, and storage[END_REF]. The reversible MH can undergo a reversible equilibrium reaction as follows:

M + x 2 H 2 MH x + Q (1.5)
where M represents the metal or alloy; MH x is metal hydride and Q is the generated of required heat. Another possibility for hydride reaction is electrochemical splitting of water that alkaline ions are generated besides water. The reaction can be present as:

M + x 2 H 2 O + x 2 e - MH x + x 2 OH -+ Q (1.6)
Except for single metal, large amount of inter-metallic hydrides contain at least two metals in addition to hydrogen that the general formula A m B n H x . In this kind of hydrides, metal A has a strong affinity for hydrogen and forms a stable binary hydride while metal B does not interact with hydrogen, such as LaNi 5 , T iNi, Mg 2 Ni, etc. By removing or providing the heat, the reaction will alternate in one direction or the other (reversible) and the hydrogen will be absorbed into the hydrogen tank, or be desorbed and realized from the tank [START_REF] David | An overview of advanced materials for hydrogen storage[END_REF]. The hydride formation is exothermic and consequently the reverse reaction is endothermic. The variation of pressure and temperature in the tank could be generally inferred form P-C-T isotherms, which show how the equilibrium hydrogen pressure depending on the amount of hydrogen absorbed from the solid phase at different constant temperatures. Figure 1.18 shows the trend of P-C-T curves and the atomic structure schematic of the MH formation process during absorption and desorp-tion, which could be separated into three stages.

These three stages of a MH or compound inter-metallic process could be described by a direct combination of the compound and hydrogen, according to the following steps [START_REF] Hirose | Handbook of hydrogen storage: new materials for future energy storage[END_REF]:

• Adsorption of the hydrogen molecule on the surface of the compound (physisorption).

• Dissociation of the hydrogen molecule in two atoms at the surface of the compound (chemisorption).

• Penetration of hydrogen atoms into the solid structure and formation of the solution.

During the whole process, the phase α corresponds that when the hydrogen concentration in the tank is low, the hydrogen atoms are in single-phase solid solution, which corresponds to the insertion of the hydrogen atoms in the crystal lattice. At this stage, the pressure increases rapidly until a critical value of concentration is reached. After the saturation state of phase α, the state in the tank turns into the mix phase of phase α and phase β. During this phase, the hydrogen is absorbed by the inter-metallic compound.

After the hydride is completely formed, the state is phase β. During this phase, the hydrogen pressure rises steeply with the increased hydrogen concentration since no more hydrogen could be absorbed. As can be seen in Figure 1.19, during the period of the mix phase of phase α and phase β, the isotherms show a flat plateau. The length of this plateau reveals the amount of stored hydrogen. Accompanying the increase of temperature, the pressure of its plateau increases linearly until the critical point T c , above which the phase transition of phase α to phase β take place continuously [START_REF] David | An overview of advanced materials for hydrogen storage[END_REF]. Figure 1.19 also presented a Van't Hoff plot on the right side, which is an appropriate way to estimate the pressure-temperature stability of hydrides, for the purpose of reporting the value of ln(P) as a function of 1/T as follow equation:

ln( P eq P 0 ) = ∆H RT - ∆S R (1.7)
where P eq is the equilibrium pressure and R is the gas constant. ∆H and ∆S are respectively the entropy and enthalpy of the formation of the hydride in phase β. The slope of the line is equal to the dehydrogenation entropy divided by the gas constant, namely, ∆H/R, and the intercept is equal to the enthalpy of formation divided by the gas constant that ∆S /R.

1.4.4/ SORPTION MEASUREMENT OF THE MH HYDROGEN STORAGE TANK

The need to accurately characterize the hydrogen storage properties of a variety of materials, including the thermodynamic and kinetic information, is of great importance for applications, including solid state hydrogen storage, electrochemical and thermal energy storage, and hydrogen gas compression and purification. Several methods are proposed for sorption measurement of a MH hydrogen storage [START_REF] Wei | A review on the characterization of hydrogen in hydrogen storage materials[END_REF] that:

• Gravimetric method:

In gravimetric method, the hydrogen uptake is measured by monitoring the mass of the sample by the micro balance following a step change in the hydrogen pressure [START_REF] Webb | Analysis of uncertainties in gas uptake measurements using the gravimetric method[END_REF]. Thermodynamic properties such as entropy and enthalpy of the reaction can be calculated by measuring the hydrogen sorption isotherm at different temperatures. There are two types of gravimetric instruments: single-sided balance and double-sided balance. A single-sided balance with a magnetic couple does not have a tare, so the calculation is simpler as it does not involve the correction in tare side. However, the double-sided balance with a tare tends to have a better accuracy in the mass change measurement. The schematic chart of a double-sided gravimetric instrument is shown in Figure 1.20 [START_REF] Wei | A review on the characterization of hydrogen in hydrogen storage materials[END_REF].

Figure 1.20: A schematic diagram of a simplified two side thermal gravimetric instrument [START_REF] Wei | A review on the characterization of hydrogen in hydrogen storage materials[END_REF].

In this method, the mass change of sample can be measured directly and continuously, this provides a better monitoring on the equilibrium of the reaction and also the gas uptake kinetics. In addition, the accuracy of density measurement here will be less stringent than that in volumetric methods. The main drawback of the gravimetric method is that the gas must be purified. Where there is a mixture of gases, the composition cannot be determined from the mass alone.

• Volumetry method:

The sorption measurement of volumetry method is based on the Sievert technique, which is the most popular technique to determine the hydrogen storage capacity of hydrogen storage materials since it is cost-effective, easy to set up, simple, physically robust and reasonably reliable. Figure 1.21 shows a generic Sieverts apparatus that the device can be used to measure the hydrogen uptake of a sample in the sample cell with a volume V S C , the starting hydrogen pressure in reference cell with a volume V re f will change when the valve V 2 is opened [START_REF] Blach | Sieverts apparatus and methodology for accurate determination of hydrogen uptake by light-atom hosts[END_REF]. The technique entails injection of a known quantity gas from a well calibrated reference volume into a known cell volume containing the sample. The quantity of gas adsorbed/absorbed by the sample is calculated from the difference between the expected and measured gas pressure of the system. Repeated applications of this pressure step at successively higher (for absorption) or lower (for desorption) pressures builds a map of hydrogen uptake as a function of pressure for a constant temperature. The resultant P-C-T isotherm can be repeated at different temperatures and used to determine the entropy and enthalpy of the reaction [START_REF] Sandrock | A panoramic overview of hydrogen storage alloys from a gas reaction point of view[END_REF].

• Secondary ion mass spectrometry:

The secondary ion mass spectrometry (SIMS) is a technique for qualitative/quantitative surface/subsurface characterization. In SIMS, the secondary ions produced by the ion bombardment on a sample surface will be analyzed to reveal the chemical compositions and structural information of the sample. SIMS is a very sensitive technique, which can detect most elements down topper level, and the lateral and depth resolutions range from tens to hundreds micron and a few nanometers to microns respectively [START_REF] Gnaser | Sims detection in the 1012 atoms cm-3 range. Surface and Interface Analysis: An International Journal devoted to the development and application of techniques for the analysis of surfaces[END_REF].

SIMS is a powerful tool for hydrogenation species characterization.This directdetecting, sensitive and rapid technique is able to quantitatively acquire localized hydrogen content across the sample surface and depth. It finds particular applications on the hydrogen analysis of thin films, and for the investigations that require rapid analyses of hydrogen depth profile and distribution in a material. However SIMS is not suitable for analyzing porous samples and materials that would degas easily under vacuum. In addition, SIMS does not provide thermal dynamic information such as entropy and enthalpy of hydrogenation,thus it is hard to compare the SIMS result with those results obtained from other methods. The expensiveness of instrument also makes SIMS not readily available.

• Thermal desorption spectroscopy: Thermal desorption spectroscopy (TDS) is a simple, non-isothermic, physically nondestructive technique to study the surface kinetic of adsorbates by measuring the gas desorption rate in vacuum/desired gas environments with controlled temperature ramping rate. TDS was originally used in the study of hydrogen concentration in the material and the assessment of interactions between the trapping sites with hydrogen atoms. It can also be used to identify the thermodynamic and kinetic properties of hydrogen storage alloys. There are four major parts in a TDS, namely, sample chamber, vacuum system, heating element and the detector. Mass spectrometer (MS) is frequently employed in TDS for better detection limit. Figure 1.22 shows a schematic chart of TDS with MS.

TDS has superior detection limit and only a small amount of sample is needed in a short experimental duration. Quantitative analysis is possible when a proper standard is provided. However, the TDS is only used to investigate the gas desorption process, and TDS-MS is not suitable for samples with high hydrogen diffusion since UHV is needed. In addition, it is difficult to distinguish the hydrogen signal from different trapping sites if the hydrogen desorption temperatures of these sites are similar. The case could be more complex when studying quasi-crystalline and amorphous materials, as they are likely to experience major changes in micro structure during the heating process. The interpretation of TDS spectra could be complicated and require mathematical models to extract meaningful results.

• Neutron scattering:

Neutron scattering is very similar to X-ray diffraction, but owning to the intrinsic properties of neutron, the study of light atoms in the lattice becomes possible. Neutron is an uncharged particle existing in atomic nuclei except for hydrogen atoms. It has a wave-length typically of 1-10 Å, and can be generated through nuclear fission or spoliation. Neutron reacts with the nuclei of atoms and this makes hydrogen visible to neutron [START_REF] Wei | A review on the characterization of hydrogen in hydrogen storage materials[END_REF].

Neutron scattering can be applied on varies types of materials like porous material and MHs for investigating the hydrogen diffusion and the structure of hydride in the materials. The high sensitivity and capability for in-situ experiment make neutron techniques a very powerful tool for the characterization of hydride. Nevertheless the beam flux is relatively small when compared with that in synchronous, larger sample size is required since neutrons react with matter weakly. Moreover, the beam source is not readily accessible for some researchers [START_REF] Wei | A review on the characterization of hydrogen in hydrogen storage materials[END_REF].

• Electrochemical characterizations:

The hydrogen can be used as fuel to generate energy by gas combustion, but it can also act as a charge carrier in battery systems to generate electricity. A very successful example is the nickel MH (N i -MH) battery, which utilizes a hydrogen storage alloy as its negative electrode. In this case, the electrochemical performance of a N i -MH battery is directly related to the hydrogen storage capacity and microstructural features of the hydrogen storage alloy in the negative electrode. Several electrochemical techniques have been reported to characterize the electrochemical properties of the negative electrode.These techniques mainly focus on the effects of hydrogen diffusion in bulk electrode and charge transfer at electrode-electrolyte interface [START_REF] Wei | A review on the characterization of hydrogen in hydrogen storage materials[END_REF].

Electrochemical methods are cost-effective, rapid, accurate and readily available. Unlike other techniques for hydrogen material characterization which usually require precise pressure and temperature controls, the electrochemical method has less stringent requirements. However, the compositions of the electrolyte, including the impurities and dissolved gases, play a critical role in the reproducibility of the evaluation. Likewise, the result acquired by electrochemical method is not simply dependent on the intrinsic hydrogen storage properties of the sample, it might also be affected by other factors such as cell volume, size of particle and additives and the surface conditions of the positive and negative electrodes. Metals with high corrosion susceptibility or surface passivity are obviously not suitable for electrochemical characterization.

It can be seen from the above information that each technique has its own merits and limitations. Thus the choice of a particular hydrogen characterization technique depends on the nature of the material to be examined; the amount of hydrogen to be detected and 30CHAPTER 1. FUEL CELL AND HYDROGEN TECHNOLOGY FOR TRANSPORTATION the accuracy required; the data or properties sought; and of course, the accessibility of such facility.

1.4.5/ DEGRADATION MECHANISM AND EFFECTION

The high quality of repeated hydrogen absorption and desorption process is required in practical applications of hydrogen storage. Therefore, understanding the degradation mechanisms of the hydrogen storage ability is the up most task for improving the cycling stability of the storage materials. Tanking LaNi-based MH materials as examples, it is found that the degradation of the alloys can be divided into extrinsic and intrinsic process [START_REF] Liu | Long-term hydrogen storage performance and structural evolution of lani4al alloy[END_REF]. The extrinsic process including poisoning caused by the low purity of hydrogen gas, which could be minimized by reducing the impurities in the charged hydrogen gas.

Hydrogen storage capacity can also be lost during extended cycling in pure hydrogen due to the intrinsic process dictated by thermodynamics of metal to hydrogen interactions [START_REF] Suzuki | Degradation of lani5 and lani4. 7al0. 3 hydrogen-absorbing alloys by cycling[END_REF]. The possible capacity degradation mechanisms of the reversible hydrogen storage reaction is caused by disproportion and disordering of the inter metallic alloy to form a stable binary hydride.

As example [START_REF] Lototskyy | Metal hydride hydrogen compressors: a review[END_REF], in the case of LaNi 5 , the reversible hydrogen absorption and desorption reaction in the hydrogen storage tank is:

LaNi 5 + 3H 2 LaNi 5 H 6 (1.8)
Another reaction between LaNi 5 and hydrogen can be expressed as:

LaNi 5 + H 2 → LaH 2 + 5Ni (1.9)
Reaction in Eq. 1.8 is less thermal dynamically favourable comparing to the irreversible at the same operation conditions disproportion process in Eq. 1.9. Moreover, some intermediate processes take place along with the reaction in Eq. 1.8 and Eq. 1.9, such as amorphisation, formation of lattice defects and H-trapping sites, and all these process reduce the hydrogen storage capacity of the MH.

M. Grollet al presented an experimental studies of degradation effects along with cycling that up to 90,000 thermal cycles have been tested [START_REF] Wanner | Thermodynamic and structural changes of various intermetallic compounds during extended cycling in closed systems[END_REF]. The reversible hydrogen capacities calculated as a function of cycle numbers were determined for several AB 5 -type and AB 2 -type alloys. Various investigations such as pressure-composition-isotherms (P-C-T), TDS, XRD, magnetization, laser granulometry, SEM/EDS were performed in order to determine the degradation and regeneration mechanisms involved.

Figure 1.23 presents the degradation phenomena of P-C-T curves variation along with cycle [START_REF] Suzuki | Degradation of lani5 and lani4. 7al0. 3 hydrogen-absorbing alloys by cycling[END_REF]. Compared to initial hydrogenation reaction, the plateau pressure decreased after numbers of absorping and desorption cycles. After 2000 cycles, the plateau pressure of the absorption P-C-T curve drops drastically from 0.6 MPa to 0.2 MPa. Figure 1.23 also shows that the hydrogen storage capacity of the decayed during the cycling. Some other researchers have reported similar effect in other AB 5 alloys like LaAl 5 , LaS n 5 , MmNi 5 and so on. This effect is stronger at higher temperatures and pressures. However, the original capacity of the materials could be recovered by heating to about 500 • C in vacuum, which can lead to the decomposition of binary hydrides and recombination of inter metalloid [START_REF] Bowman Jr | Characterization and analyses of degradation and recovery of lani4. 78sn0. 22 hydrides following thermal aging[END_REF]. In spite of no disproportion happened, the prolonged hydrogen absorption and desorption cycling can impair hydrogen storage properties as well. Indeed, a 20% reduction in hydrogen storage capacity accompanied by hysteresis increasing was observed for vanadium hydride during 1000 absorption and desorption cycles performed between 24 • C and 135 • C [START_REF] Lototskyy | Metal hydride hydrogen compressors: a review[END_REF]. The most probable reason for that was assumed to be sintering effects accompanied by grain growth and strain relaxation. In chemically related V -T i -FeBCC alloys a 40% total decrease of the hydrogen storage capacity was observed after 400 cycles at 10 bar hydrogen and 20 • C -600 • C. The cycling was accompanied by a BCC -BCT transition and by the formation of amorphous phase in the MH matrix [START_REF] Park | The intrinsic degradation behavior of (v0. 53ti0. 47) 0.925 fe0. 075 alloy during temperature-induced hydrogen absorption-desorption cycling[END_REF]. Structural analysis shows that with hydrogen absorption and desorption cycling, part of the LaNi 5 lattice structure is damaged because of the strains in the alloys and the mislocation of metal atoms in the lattice, leading to the degradation in the hydrogen storage property [START_REF] Liu | New insights into the hydrogen storage performance degradation and al functioning mechanism of lani5-xalx alloys[END_REF].

During the last decade the degradation issues for the MH compression materials were studied by Golben and DaCosta [START_REF] Golben | Disproportionation resistant alloy development for hydride hydrogen compression[END_REF], Bowman et al.

[150], Laurencelle et al. [START_REF] Laurencelle | Hydrogen sorption cycling performance of lani4. 8sn0. 2[END_REF], Liet al. [START_REF] Cheng | Effect of hydrogen absorption/desorption cycling on hydrogen storage performance of lani4. 25al0. 75[END_REF]. It was shown that disproportion resistance of AB 5 -type intermetallics increases with the raise of the binding energy between the metal atoms, and with introduction of the additives strengthening this interaction (e.g., tinsubstituted LaNi 5-x S n x ), which results in the improvement of the cycle stability [START_REF] Crivello | Electronic properties of lani4. 75sn0. 25, lani4. 5m0. 5 (m= si, ge, sn), lani4. 5sn0. 5h5[END_REF].

1.5/ OPEN ISSUES AND REMAINING CHALLENGES

1.5.1/ STATE OF CHARGE ESTIMATION OF THE HYDROGEN STORAGE SYSTEM

Among all the well known green alternatives energies, hydrogen is outstanding for transportation and application thanks to its abundance and diverse production sources. Therefore, Hydrogen Economy (HE) is highly valued and considerably funded by governments, in which hydrogen production, storage, delivery, and utilization are the key parts [START_REF] Moradi | Hydrogen storage and delivery: review of the state of the art technologies and risk and reliability analysis[END_REF].

Comparing with high pressure gaseous and low temperature liquid state hydrogen storage, solid state hydrogen storage is favored because of safety consideration and high energy density. However, applying and mentoring hydrogen in an efficient and safe way is one of the remaining challenges.

As mentioned above, several methods are proposed to characterize the hydrogen storage properties including gravimetric method, volumetry method, secondary ion mass spectrometry, TDS, neutron scattering, and electrochemical characterizations. In these methods, parameters like heat of formation or decomposition of the hydride, maximum hydrogen storage capacity, hydrogen absorption and desorption kinetics and cycle durability are considered to be the symbols to evaluate the performance of the MH hydrogen storage materials. It is critical and difficult to select a proper method for determining the thermodynamic and kinetic properties of a variety of materials in different forms, because the estimation errors can be exaggerated when inappropriate apparatus and assumptions are employed. For example, the sieverts apparatus may not be an ideal tool for characterizing the hydrogen storage properties of porous material such as MOFs, since it is difficult to define the sample density as well as the volume of the measuring system. On the other hand, electrochemical techniques are not suitable for sample with high corrosion susceptibility since the result can be significantly affected by corrosion product formed on the sample surface [START_REF] Wei | A review on the characterization of hydrogen in hydrogen storage materials[END_REF].

Mathematical modeling is also an effective way to simulate the state of the MH reactor during absorption and desorption process and determine the relationship between different effective factors like transport properties, equilibrium conditions and reaction kinetics [START_REF] Mohammadshahi | A review of mathematical modelling of metal-hydride systems for hydrogen storage applications[END_REF]. Many hydride tank models used to describe the process of absorption and desorption have been proposed [START_REF] Minko | Numerical simulation of sorption/desorption processes in metal-hydride systems for hydrogen storage and purification. part i: development of a mathematical model[END_REF][START_REF] Boukhari | Numerical heat and mass transfer investigation of hydrogen absorption in an annulus-disc reactor[END_REF]. However, numerous complex elements like heat transfer, MH density are needed to be taken into consideration in these models.

In addition of the evaluation of the hydrogen storage properties and performances of each MH material, the state of charge (SOC) estimation of an embedded MH hydrogen storage tank is of paramount importance in practical application. For the reason that estimating SOC with high accuracy not only provides the information of remaining useful energy, but also evaluates the reliability of a MH hydrogen storage tank. Moreover, an accurate and efficient SOC estimation gives the idea of charging/discharging strategies, which have a significant impact on thermal management of the reaction process, since the condition of the current MH tank might under different capacities due to ageing, operation temperature and manufacture difference. Therefore, the development of the SOC estimation is an interesting and unignorable research orientation in MH hydrogen storage application.

1.5.2/ EFFICIENCY AND THERMAL MANAGEMENT OF THE HYDROGEN STORAGE

PROCESS

The MH material is normally formed as a tank for the industrial application like hydrogen storage, heat pump, thermal compression, gas separation, etc. The performance of a MH tank is generally affected by its material, configuration and management, which deserve careful analyses. Given the complicated nature of the hydride formation and decomposition processes, a series of technical issues are involved in the design of MH tanks, such as primary configuration, thermal management, hydrogen transfer and mechanistic strength. These issues should be well addressed to fulfil the requirement of specific applications [START_REF] Yang | Design of the metal hydride reactors-a review on the key technical issues[END_REF].

The design of the practical MH hydrogen storage tank should respect to the different physical properties, namely, thermodynamics, kinetics, mass and energy transport, and all these need to be in a great agreement with the experimental conditions. Mathematical modelling is a useful tool to identify and predict the state of the MH during absorption and desorption as well as to determine the relationship between different effective factors with the aim of finding the best performance of the MH hydrogen storage system [START_REF] Mohammadshahi | A review of mathematical modelling of metal-hydride systems for hydrogen storage applications[END_REF]. In recent years, many attempts have been made to identify the relationship between different operating and design variables for the resultant performance. Important challenges are the hydrogen pressure and mass flow, thermal condition and energy transportation among the system, which affect the dynamic kinetics and mass transport of the reaction.

For the automobile application, a MH hydrogen storage system is generally connected with a fuel cell stack, and normally they are thermally integrated tightly through a common water circulation loop. Low hydrogen discharge rate from MH is a common challenge for this type of energy system. Researchers proposed several solutions containing the utilization of the heat generated by fuel cell with a fan matrix or heat pipes and applying an additional heater to warm the circulation water [START_REF] Tetuko | Study of a thermal bridging approach using heat pipes for simultaneous fuel cell cooling and metal hydride hydrogen discharge rate enhancement[END_REF]. For the purpose of releasing constant hydrogen flow under the request of fuel cell operation, the thermal management system should be carefully designed to deliver relatively uniform temperature distribution.

1.6/ CONCLUSION

This chapter is focus on the state of the arts and related works of the thesis: The FCEHVs are firstly introduced with the information of its development and structure. The typical commercial FCHEVs are presented in detail. Then, the fuel cell characters is introduced, namely, the structure and reaction of PEMFC, the dynamic characters during operation, the polarization curves, the degradation mechanism. The advantages and challenges of PEMFC is also discussed. Moreover, the on-board hydrogen storage developments are discussed. Three kind of hydrogen storage technologies are presented including high pressure storage, cryogenic storage and hydride storage. After analyzing the challenges of hydrogen storage, the MH hydrogen storage method is presented with its reaction, sorption measurement and degradation mechanism. In addition, the open issues of the hydrogen storage and application on FCEHVs are discussed. The remain challenges can be summarized as follows:

• How to estimate the SOC of an on-board MH hydrogen storage system?

• Which kind of model can be used to describe the dynamic response of a hydrogen storage system in an efficient and systematic way?

• How to design a thermal management strategy to control the desorption reaction and improve the efficiency of a fuel cell system?

In the following chapters, the analysis and solutions to the above problems will be discussed and explained in detail.

NUMERICAL BASED MODELING OF MH TANK 2.1/ INTRODUCTION

Fully understanding of the dynamic performance is the basis for designing and applying the metal hydride (MH) hydrogen storage tank in practical. Associated researches mainly focus on three regions, namely, the characteristic test of MH material to analysis the storage capacity and cycling stability [START_REF] Rusman | A review on the current progress of metal hydrides material for solid-state hydrogen storage applications[END_REF], the dynamic response analyses of a MH hydrogen storage tank through designing the mathematical model [START_REF] Minko | Numerical simulation of sorption/desorption processes in metal-hydride systems for hydrogen storage and purification. part i: development of a mathematical model[END_REF], the numerical analyse of the performance to quantitatively analyses the characteristics in detail [START_REF] Nakano | Experimental study on a metal hydride tank for the totalized hydrogen energy utilization system[END_REF].

The objective of this chapter is to propose the statistical model for describing the dynamic response based on the database created from real driving cycle and then to evaluate the effects of main parameters on hydrogen supply capacity of an on-board MH hydrogen tank. In this chapter, the applied databases in the research are introduced firstly, which are recorded from laboratory experiment and during the Mobypost European project respectively. The constitution and operation condition are also demonstrated in Section 2.2. In Section 2.3.1 and Section 2.3.2, the statistical models of the performance of the onboard hydrogen storage system in both charging and discharging process are presented.

For the detailed results and discussions, Section 2.3.3 focus on the analysis of the coefficients of the statistical models by comparing the database and model results. In addition, the meaning and relation of the coefficients are discussed.

2.2/ ANALYSIS OF THE APPLIED DATABASES

2.2.1/ LABORATORY EXPERIMENTAL DATABASE

The test bench in laboratory is used to detect the features of the applied MH hydrogen storage tank on the operation vehicle. The validation databases from these laboratory experiments are collected in the similar way of D. Chabane did for both charging and discharging process [START_REF] Chabane | A new method for the characterization of hydrides hydrogen tanks dedicated to automotive applications[END_REF]. The database includes the temperature on the surface of the tank, the pressure at the inlet of the tank, the hydrogen flow rate and the amount of hydrogen absorbed or desorbed.

In the process of absorption, the initial conditions were set as the ambient temperature and empty tank. In order to avoid high kinetics and to limit hydride temperature variations, the flow rate is deliberately kept at a low speed of 0.6 kg/h when filling the tank. A specific amount of hydrogen mass is also controlled, and a pause of 30 s is observed during the process after each packet of 0.5 g.

The hydrogen mass flow filling into the tank was controlled via the software interface during the test. A threshold of temperature is defined to control the process that hydrogen filling will be stopped when the temperature reached the threshold. During the process of hydrogenation, by imposing the hydrogen mass flow rate, the hydride undergoes a volume expansion, then it changes to another state. At the same time, the exothermic absorption process causes the temperature in the tank to increase. It could lead to the pressure increases based on the ideal gas equation of state, since the volume of the tank is relatively stable. After convection and heat transfer with the circumstance water and atmosphere, the system will naturally return to the ambient temperature and the pressure will decrease as well. This process of charge will be repeated several times until the tank is fully charged. During this entire process, the data of temperature, mass of hydrogen absorbed, pressure were recorded. As part of P-C-T curves, data related to pressure and hydrogen mass at certain temperature are saved at the same time. For the experimental result, three stages of the MH behavior depending on hydrogen concentration were fully analyzed. At first stage, most of hydrogen is in gaseous form and the pressure in the tank increased quickly until a critical value. For the second stage, the hydrogen is absorbed by the inter-metallic compound and turned from gaseous form to hydride form. During this stage, the pressure grows slowly with the stable increased of the hydrogen concentration. The end of this stage is determined by the hydrogen storage capability of the MH material. For the last stage, the hydride is completely formed so the hydrogen been charged into the tank maintains in gaseous form, which leads to the pressure rises steeply. Similar to absorption process, the discharging process is controlled by software that the temperature threshold is set and the hydrogen flow is defined. The database will be used for characteristic analysis of the MH hydrogen storage, which will be presented below. 

2.2.2/ DATABASE FROM MOBYPOST PROJECT

The real operation database applied in this thesis is collected from Mobypost European project. This project is aiming to develop a new sustainable mobility concept and meet the challenge of developing a whole system combining a carbon neutral vehicle with a novel technology based on a solar hydrogen fuel cell system [159]. optimizing of the fuel cell hybrid electrical vehicles. According to the demands of postal delivery services, the hybrid electric vehicles are produced with batteries and fuel cell system including a low pressure MH hydrogen storage tank. After the design and built of the infrastructure in part one and hybrid vehicles in part two, practical applications are necessary for testing and optimizing the system, which is achieved in the next two parts. Part three focus on the hydrogen tank charging process. The MH tanks on vehicles are charged at the refueling station with low pressure hydrogen supply. In part four, the vehicles are used by postmen for the delivery mission and their characteristics are tested during operation. Then the experimental results could be used to optimize the vehicles.

For one step of this project, ten FCEHVs powered of hydrogen fuel cells were designed and tested. The vehicles are powered by PEMFC stacks that recharges the batteries. Two MH hydrogen storage tanks work in parallel. They are charged at refueling station and discharged under the request of fuel cell during vehicle operation. As shown in Figure 2.9, the supervisors of the Post put the MobyPost vehicles in refueling station for charging the hydrogen storage tanks. The initial conditions were set as the ambient temperature and pressure. The pressure of the refueling station provided is set as 10 bar, the differential pressure between refueling station and tank help to move the gaseous hydrogen into the tank. The hydrogen flow altered also due to the vibration of the differential pressure. The value of pressure and flow are measured and recorded by the sensors located at the tank outlet. Temperature control system works together during the process, to remove the heat of the hydrogenation reaction inside the tanks through the circulation water. Temperature sensors record the variation during the charging process, the flow of water is also being recorded. The charging process is stopped when the value of hydrogen flow is lower than 5 NL/min and this phenomenon continues more than 3 min, which considered as the result of zero differential pressure. This refueling process of hydrogen will take around 2 to 3 hours. Significant data of these ten vehicles are recorded each working day of postmen, which constitutes the database of our research. The profile of the database is shown in Table 2.1. The MH hydrogen storage tanks on the vehicles undergone 131 cycle in total and the whole charging time is about 375 hours. For these ten vehicles, the fuel cell operation time is around 450 hours. In this project, the vehicle No. 5 is applied as the reference vehicle without any operation. This large amount of data is of great significant not only in MH hydrogen storage research but also in fuel cell system analysis. seconds, a large amount of gaseous hydrogen was charged into the tanks, which can be seen in Figure 2.11(a). As a result, the pressure grows rapidly which also leads to the rise of temperature, as presented in Figure 2.11(c). When it comes to the second stage, the pressure remained stably as hydrogen turned into hydride form. In spite of the exothermic absorption reaction, the temperature gradually decreases because of the heat transfer between the tank and atmosphere. Figure 2.12 shows the main parameters variation of the tank during the vehicle operation including pressure, temperature, mass of hydrogen and hydrogen flow. The hydrogen flow at the outlet of tank obeys to the request of fuel cell. In Figure 2.12(c), one can see the first stage where the state of tank was turned from its equilibrium state to desorption state, the gaseous hydrogen was discharged and the pressure decreased rapidly. For the second stage, the hydrogen was desorbed from the MH material and then discharge out of the tank. The pressure reducing slowly until the balance state is achieved between inside and outside of the tank. In Figure 2.12(b), it shows the decrease of hydrogen mass of the tank from 300 g to about 70 g. During the discharging process, a mean value of hydrogen flow about 12 NL/min with a lot of peaks due to the periodic purges of the fuel cell, which is presented in Figure 2.12(a). For the purpose of get the best performance of the on-board MH hydrogen storage tank, fully understanding of the hydrogen absorption and desorption reaction mechanisms as well as the dynamic response during charging and discharging process of a MH tank are of great significance. The database introduced in Section 2.2.2 is used for the analysis of the dynamic response of the embedded MH tank.

On the Mobypost vehicles, the hydrogen storage system is constituted of the MH tank and heat exchange system as shown in Figure 2.13. The heat exchange system is combined together with tanks to constitute the hydrogen storage system in order to modify the temperature of reaction. The variation of main parameters including temperature, pressure, hydrogen flow rate and mass are analyzed separately. The charging process is constituted by two stages. In the first stage, the differential pressure between refueling station and on-board hydrogen tank is relatively big, so the hydrogen flow is strong which leads to the rapid growth of temperature and pressure. In the second stage, hydrogen flow keeps in a low value and the reaction carried out in a high speed. Therefore, the density of gaseous hydrogen in the tank increased slowly and the variation of pressure is small. Due to the effect of energy exchange between tank and heat exchange system, the temperature decreases.

Take the moment t bp as boundary point of these two stages, the statistical model of the hydrogen flow rate input to the tank, the modified temperature, pressure, and the hydrogen mass in the tank could be expressed as follows:

f low = k f 1 + k f 2 * exp(-t k f 3 ) 0 < t ≤ t f bp k f 4 + k f 5 * (t -t f pb ) t > t f bp (2.1) T = k T 1 + k T 2 * exp(-t k T 3 ) 0 < t ≤ t T bp k T 4 + k T 5 * (t -t T pb ) t > t T bp (2.
2) During discharging, the hydrogen is desorbed from the tank and supplied to the fuel cell as presented in Figure 2.14. According to the request of fuel cell, the hydrogen flow rate out of tank is relatively stable and the hydrogen mass in the tank reduced continuously.

P = k P1 + k P2 * exp(-t k P3 ) 0 < t ≤ t Pbp k P4 + k P5 * (t -t Ppb ) t > t Pbp (2.3) mass = k m1 + k m2 * exp(-t k m3 ) 0 < t ≤ t mbp k m4 + k m5 * (t -t mpb ) t > t mbp (2.4)
The statistical model of hydrogen mass can be expressed as follow:

mass = l m1 * t + l m2 (2.5)
The state variation of temperature and pressure during discharging process could be divided into four stages considering that the MH tank are completely discharged.

No matter the process begins at which hydrogen concentration, pressure dropped quickly in the first stage since the gaseous hydrogen is released from the tank. Meanwhile the temperature of the tank increases rapidly with the heat supplied. During the second stage, the discharging process proceeds smoothly under the collective effect of endothermic reaction and heat exchange. The temperature increases continuously, and the variation of pressure is low. In the third stage, the hydrogen concentration in the tank reaches a lower level which leads to the decrease of pressure. The temperature keeps growth as the results of the temperature control of the heat exchange system. At the end of the third stage, hydrogen pressure reduced to the threshold value which is to low to meet the request of fuel cell. In order to promote the reaction to proceed, the water temperature in the heat exchange system is increased to heat the tank. So in the fourth stage, the hydrogen system starts to work in a new state.

The temperature of circulation water in the heat exchange system growth rapidly with heating, which leads to the increase of temperature of the tank in a higher speed until the hydrogen flow out of the tank paused. Since the dehydrogenating reaction inside the tank is promoted, the gaseous hydrogen desorbed from the MH material leads to the growth of pressure. Meanwhile the temperature of the tank shows a down trend. After stop heating the tank and restart to discharge the hydrogen, the variation of temperature and pressure show the same trend with the first stage. This process continues only a short period since the hydrogen concentration still low. This stage repeats for several times until the tank is completely discharged. The statistic models for the whole discharging process are expressed as follows:

T =                                l T 11 + l T 12 * exp(-t l T 13 ) 0 < t ≤ t T bp1 l T 21 + l T 22 * (t -t T bp1 ) t T bp1 < t ≤ t T bp2 l T 31 + l T 32 * (t -t T bp2 ) t T bp2 < t ≤ t T bp3                l T 41 + l T 42 * (t -t T bp3 ) l T 43 + l T 44 * (t -t T bp3 ) l T 45 + l T 46 * exp(- t-t bp3 l T 47 )
...

t > t T bp3
(2.6)

P =                                  l P11 + l P12 * exp(-t l P13 ) 0 < t ≤ t Pbp1 l P21 + l P22 * (t -t Pbp1 ) t Pbp1 < t ≤ t Pbp2 l P31 + l P32 * exp(- (t-t Pbp2 ) l P33 ) t Pbp2 < t ≤ t Pbp3                l P41 + l P42 * (t -t Pbp3 ) l P43 + l P44 * (t -t Pbp3 ) l P45 + l P46 * exp(- t-t bp3 l P47 ) ... t > t Pbp3
(2.7)

2.3.3/ RESULTS AND DISCUSSION

The database of Mobypost vehicle No. 2 is used to valid the statistical models proposed before. As presented in Figure 2.16 to Figure 2.18, the results of the statistical model identification of the main parameters including temperature, pressure, hydrogen flow rate and mass during charging process are compared to the experimental data.

Coefficients k n in the statistical models during charging process can be identified using the nonlinear regression method. The results are given in The function y = k 1 + k 2 * exp(-x/k 3 ) has the same characteristics with one order system unit step response function, in which k 1 represent the final stable value of the function, k 1 + k 2 represents the initial state and k 3 corresponds to the response time. In one order system unit step response function, the response time T res characterizes the speed of the system transition, and the system trends to stable when it comes to 5 * T res . As one can see, in the statistical model of temperature and pressure, the speedy increase stage stopped at the time of t bp , so the value of k 3 is about equal to t bp /5, which is also be verified in the identification result.

The hydrogen flow rate is caused by the pressure differential. Based on aerodynamics function:

f low = ( ∆P * ρ g * S * L ) 1 2 (2.8)
in which ∆P is differential pressure, ρ represents the density, g is gravity acceleration, S and L are the parameters of the pipeline. As the refueling station pressure is stable, the responses time of flow is two time of pressure, which means t f bp equals to 2 * t bp and k f 3 equals to 2 * k T 3 and 2 * k P3 .

The hydrogen mass absorbed into the tank is the integral of hydrogen flow, so the relation of the coefficients satisfy to the function that t mbp = t f bp and k m3 = k f 3 . The coefficients k 3 could determine the response speed of the system. After fixing the coefficients of k 3 , the other coefficients in the statistical model of flow and mass could be identified.

The average errors of k 1 and k 2 are 9.53% and 1.13% respectively of 20 times charging processes happened on vehicle No. 2. For the first stage, the originally gaseous hydrogen stored in the tank is released, which lead to the rapidly reduce of pressure. This phenomenon happens in the first stage of all the discharging process regardless of the initial hydrogen concentration. Temperature altered under the influence of the reaction inside the tank and heat exchange system, which affect the duration of the first stage. The second stage is in equilibrium state.

It will come to the end when the hydrogen concentration is low. Since the hydrogen desorption process occurs during the postal delivery, in which the flow of hydrogen is based on the operation mission, so that the hydrogen tanks might not be discharged from the fully charged state and end to the completely empty state. In the third stage, equilibrium pressure decreased as the result of low hydrogen concentration, which leads to the reduce reaction speed and pressure. Under the collective effect of temperature and concentration, when the equilibrium pressure equals to the pressure, the third stage stops. In actual operation of Mobypost project vehicles, tanks are heated before the reactions termination in order to fully discharge the tanks and obtain more hydrogen. This leads to the start of the fourth stage. During the fourth stage, the heating system works intermittently. When the system is heated, the equilibrium state is broken, and a new state is built. After heating, the variation of parameters shows the same trend with stage 1 until next heating period. Since the hydrogen concentration is quite low, the speed of hydrogen mass released from the tank decreased.

Table 2.3 shown the coefficients l n of the statistical model of temperature, pressure and hydrogen mass during discharging process, which are identified by using the method of nonlinear regression with smaller errors. The errors of temperature, pressure and mass calculated with the database of 27 times discharging processes of vehicle 2 are lower than 2.3%, 5.3% and 6.5%.

2.4/ CONCLUSION

This chapter focuses on the data based study of the embedded MH hydrogen storage tank. The studied databases are collected from laboratory experiments and Mobypost project separately, which are representative for reflecting the performance of the hydrogenation reaction. The models designed in this chapter are based on the statistical theory to characterize the performance of the main parameters of reaction including hydrogen flow rate, pressure, temperature and hydrogen mass. Coefficients in the statistical models are identified by using the method of nonlinear regression and the errors between database and model results are acceptable. These statistical models provide the detailed and accurate explanation of the charging and discharging process during practical traffic missions. Next chapter will further discuss its performance based on these databases.

Another mathematical model will be presented based on the reaction proprieties between MH material and hydrogen. Combining with the dynamic performance discussed in this chapter, the online state of charge estimation method well be proposed.

3.1/ INTRODUCTION

State of charge (SOC) estimation is always an important issue and challenge for all energy storage devices, namely, batteries, oil tank, hydrogen storage tank. High precise estimating the remaining energy like electric, oil or hydrogen in the devices is of great help on both reliability evaluation and control strategy design. Moreover, an accurate and efficient SOC estimation gives the information of the health condition of a real applied energy storage device, which have a significant impact on the control of practical operation in charging and discharging process. Thus, SOC of the embedded MH hydrogen storage tank should be estimated. The development of an online SOC estimation strategy, which is of great importance for the real on-board operation.

Generally, the hydrogen content of a sample is indicated by the hydrogen to host atomic ratio that:

H X = n H n X = m H /M H m X /M X (3.1)
where X is the number of moles of the host material and H represents hydrogen. In this equation, n H and m H are the number of moles and the mass of hydrogen absorbed in the MH sample respectively. M X is the molar mass of host material and M H represents the molar mass of hydrogen. As a result, the mass proportion of hydrogen p H in the host metal material can be expressed as:

p H = m H m X + m H = H/X H/X + M X /M H (3.2)
which can be used to evaluate the hydrogen storage capacity of the MH material and estimate the SOC of a tested sample.

In practical application of a MH hydrogen storage tank, the stored hydrogen mass can be calculated by the hydrogen flow refueled into or released out of the tank. A gas flow sensor is well developed to measure the gaseous hydrogen. However, in long-term operation along with repeated charging and discharging cycle, the measurement error of sensor is accumulated. The expanded error of hydrogen flow leads to the decline of the SOC estimation accuracy, it might resulting in an erroneous control strategy and an irreversible 53 damage on the MH hydrogen storage tank. Therefore, an online SOC estimation method is required to measure and calibrate the remaining hydrogen in the tank.

This chapter is arranged as that the applied databases in the research are introduced firstly, and then the attempts for SOC estimation based on these databases are presented respectively. Based on the physical characters of the reaction, a mathematical model is used to simulate the pressure-composition-isotherm (P-C-T) curves and calculate the proportion of hydrogen stored in the MH tank. Then the mathematical models of the dynamic performance of both charging and discharging process are discussed. In addition, an online SOC estimation method is proposed based on the P-C-T character and dynamic performance.

3.2/ P-C-T BASED METHOD FOR SOC ESTIMATION

3.2.1/ MATHEMATICAL MODEL

The hydrogen mass stored in MH tank is one of the most important feature of the hydrogen tank, which dominates SOC of the tank as well. During charging or discharging process, the state of MH including pressure and temperature varied and the trend of these state could be generally inferred form P-C-T isotherms, which show how the equilibrium hydrogen pressure depends on the amount of hydrogen absorbed or desorbed from the solid phase at different constant temperatures.

From the experimental data introduced above in Section 2.2.1, which were collected by controlling the temperature threshold, several P-C-T curves under different temperatures of the studied MH tank could be extracted. For each P-C-T curve, the complete process of both hydrogenation and hydrogen extraction can be described in three phases, namely slowly increase phase, quick increase phase and tend to be constant phase. Moreover, all these P-C-T curves have the same trend. This kind of feature is similar to the probability distribution function. So, the relationship among mass of hydrogen absorbed, pressure and temperature could be identified through the least squares method and the hydrogen mass could be directly described by the following equation. The mathematical model of hydrogen mass could be presented as follows:

Mass = k1 + k2 1 + e (k3 * P+k4) (3.3)
where Mass represents the mass of hydrogen absorbed by the host material; P represents the tank pressure. k1, k2, k3 and k4 are the coefficients reflecting the influence of temperature and cycle on the reaction of hydrogen absorption and desorption.

The coefficient k1 = mass ini (n) corresponds to the initial condition of the tank, ideally the tank was empty and k1 is zero. Under actual circumstances the tank could not be completely discharged after several times of charging and discharging cycles. Assuming the parameter n to define the number of cycles, the coefficient k2 becomes k2 = mass(n, T ), which corresponds to the amount of hydrogen mass absorbed into a fully charged tank at the end of the charging process. The latter not only depends on the number of cycles n determined by the effect of ageing, but also corresponds to the temperature T . At the end of the process, the whole mass of hydrogen in the tank could be presented by k1 + k2.

The coefficients k3 = f (T ) and k4 = g(T ) are the functions of temperature corresponding to the equilibrium pressure in the tank, which will determine the shape of P-C-T curves.

The SOC of a MH tank at each moment i during absorption can be expressed as the following equation:

S OC(i) = Mass(i)mass ini mass end (3.4) where S OC(i) represents the SOC of the tank at certain sampling time of i. Mass(i) corresponds to the hydrogen mass being charged into the tank at this sampling time.

Based on Eq. 3.3, through modifying the mathematical model of hydrogen mass, the SOC of the tank can then be expressed as follows:

S OC(i) = 1 1 + e ( f (T ) * P+g(T )) (3.5)
As can be seen in Eq. 3.5, the SOC of a MH tank can be reflected by the pressure and temperature, no matter of the ageing degree. However, the hydrogen mass stored in the tank and the hydrogen concentration inside is tightly corresponding to the MH tank capacity.

In order to modeling the hydrogen capacity of the MH hydrogen storage tank, database of the real operation FCHEV is analyzed, the detail information of which is present in Section 2.2.2. The database indicates the dynamic performance of the embedded MH hydrogen storage tanks, while the model proposed above deals only with the behaviors under certain equilibrium state. Thus, in order to show the influence of the cycling on the P-C-T curves of the tanks, the constant temperature of 34 As shown by each isotherm curve, the absorption process mainly occurred during the pressure from 2 bar to 4 bar. When the hydrogen concentration is too low, hydrogen cannot be absorbed. The hydrogenation process will start after the concentration reaches a certain value, which leads to the pressure increasing. After the MH material distributed in the tank was fully charged, the pressure rises steeply with the increased concentration of gaseous hydrogen. The coefficients k1, k2, k3 and k4 used to draw these curves of the mathematical model in Figure 3.1 are given in Table 3.1. As one can see, the maximum and the minimum value of the error between proposed model and experimental data are 9.6% and 2.5% respectively, which are acceptable. All these data points are extracted from the same absorption process. As a result, the initial state of the tank are the same. Therefore, the identification results of the coefficient k1 are ideally to be the same, which can be seen from the Table 3.1 that the identification results are approximate. The coefficient k2 corresponding to the hydrogen mass stored in fully charged MH tank, which can be influenced by the temperature. So, for different operation temperature, the capacity of a MH tank could be varied. The cycle number would effect the capacity as well, which will be discussed below. As mentioned in the mathematical model of Mass above, k3 and k4 reflect the effect of temperature on the equilibrium pressure, which determines the shape of P-C-T curves.

The values of equilibrium pressure under each temperature could also be obtained by plotting the equations of the relationship between k3 and k4 and temperature. Figure 3.5 shows the state of charge of the tank, which is calculated by the model based on Eq. 3.4. Since the number of cycle only effect the capacity of the tank, the percentage of hydrogen concentration can be calculated by the value of pressure and temperature, namely, the SOC of the tank is not affected by how many times the tank was charged and discharged.

3.2.2.2/ DESORPTION CASE

Similar to the absorption case, the data points of pressure under certain temperature during hydrogen desorption process can be extracted. The results of the mathematical model of hydrogen mass stored in a MH hydrogen storage tank during desorption process under one cycle is presented in Figure 3.6. Obviously, the desorption process is normally carried out in a lower pressure zone than absorption, for the tested tank, between 1 bar to 2 bar. The desorption reaction cannot keep going automatically when the pressure is relatively too low at the end period of discharging process due to the low hydrogen concentration. Special measures are necessary to fully discharge a MH hydrogen storage tank like heating. Hydrogen retention in the tank would lead to the capacity degradation of a embedded tank used for practical operation since the temperature condition cannot achieved, which should be paid particular attention. The coefficients of the model for desorption process are presented in Table 3.2, in which the maximum error is acceptable that the value is 2.5%. As shown in Figure 3.7, the error occurs when the pressure is low, as a result, higher difficulty is inevitable for SOC estimation at low hydrogen concentration. 

3.2.2.3/ CAPACITY DEGRADATION

The database of Mobypost project introduced in Section 2.2.2 show the dynamic behaviors of the embedded MH hydrogen storage tanks where we recognize one and second order variations. The tanks undergone several times of charging and discharging cycles with the operation mission. However, the models presented before deal only with the behaviors under certain equilibrium state. Thus, the preprocess and classification of the database is necessary.

Based on the prior knowledge of the trend of the database, useful databases are picked out in order to identify the coefficients of hydrogen mass model in Eq. 3.3. In our study the constant temperature of 34 • C was considered as the unified equilibrium state. The aim is to show the influence of the cycling on the hydrogen capacity and the mathematical model of the MH tanks. The data corresponding to 21 times of charging process of the Mobypost vehicle No. 4 are used. Knowing that the tanks of Mobypost are of the same technology with the one studied before, the model and coefficients developed in Section 3.2.1 can be assumed to be valid. So, for the coefficients k3 and k4 corresponding to the temperature of 34 • C are easily to be computed using the fitting functions of Eq .3.6 and Eq. 3.7. The obtained values are k3 = -1.23 and k4 = 9.34, which remain constant while the temperature is stable. Otherwise the coefficients k1 and k2 will change according to the cycle conditions.

Figure 3.8 shows the identified model of hydrogen mass absorbed of different cycles during charging process, of which the data points are collected from Mobypost project database. For each cycle of charge, the values of the equilibrium pressure under different reaction temperature remained stable as the atmosphere temperature did not changed a lot. The charging pressure provide by the refueling station is 10 bar, which of great effect on the reaction temperature and speed the hydrogeneration process. As a result, the main process of hydrogenation occurs when the pressure is between 7 bar and 9 bar. Along with the increased cycle numbers, the performance of the tank undergoes a sustained degradation that the capacity declined. Due to the operation condition, the tank can not be completely charged and discharged every time, which could lead to the total hydrogen mass supplied by the tank decreasing with the cycle. Assuming that the hydrogen absorption reaction process is evenly distributed in two parallel MH tank, it can be noticed in Figure 3.8 that, for the first cycle, the hydrogen supply capability of one MH hydrogen storage tank is about 163 g while after 21 times of charge and discharge, the supply capability is only about 158 g. What should be declared is that the database of Mobypost project is collected in real FCHEVs operation, in which the postmen are responsible for the charging and operation process. Therefore, the experiment is not strict controlled under the premise that the requirement of postal tasks are considered first. As can be seen in Figure 3.8, even the hydrogen capacity of the tank under the first cycle is lower than that had tested in laboratory, namely, about 180 g. This might caused by the inadequate execution of the termination conditions that the postmen driven the vehicle for deliver mission before the tanks are fully charged. Besides, the discharging process stops along with the end of vehicle operation, instead of the completely use of hydrogen, which leads to the hydrogen remaining in the tank before next charging process. Moreover, according to the data sheet provide by the manufacture and the background knowledge from literature, the tested MH tank is possible to be used for around 1000 number of charging and discharging cycles.

The database of 21 times of cycle provided by the Mobypost vehicles is not enough for degradation analyses. More test reflecting the degradation situation of the tank is required for improving the accuracy of the coefficient identification results of k1 and k2.

3.3/ ONLINE SOC ESTIMATION WITH A STATE CLASSIFIER

3.3.1/ FRAMEWORK OF THE PROCESS

For transportation application, the SOC of a MH tank should be carefully estimated. In spite of the summation calculation of the hydrogen flow during a dynamic charging or discharging process provides the hydrogen mass been stored into the tank or released out of a tank, the uncertain information of the initial hydrogen concentration make the result inaccuracy. During charging process, the tank is well controlled at the refueling station and the SOC of the tank can be measured by the pressure difference. However, the discharging process occurred with the vehicle operation don't have such information for SOC estimation. Meanwhile, the remained hydrogen in the tank is of great importance for the embedded energy management system to monitor the mission.

The physical state of the MH tank, namely, pressure and temperature, is effected by the inside hydrogen concentration and the reaction condition. Hence, the SOC of a MH hydrogen storage tank can be estimated through monitoring its pressure and temperature. As discussed in Section 2.4, the variation of the physical state of a tank during absorption process can be separated into two stages and the desorption process can be separated into four stages. In the second stage of both absorption and desorption process, the reaction between MH and hydrogen stay in equilibrium state and the physical state preformed by the tank are mainly dominated by the P-C-T condition, which means that the pressure and temperature in this stage are determined by the hydrogen concentration. Therefore, the mathematical model proposed in Section 3.2.1 can be used for SOC estimation. In this section, an online SOC estimation method is proposed. In the offline stage, the historical database is analyzed and preprocessed. For the purpose of quick classification, the optimal feature vectors reflecting the characteristics and state should be extracted from the recorded database. The statistical characters including slope, kurtosis, entropy, etc, are of great potential as the feature vectors for classifying. Afterwards, the state classifier is trained by the feature vectors training set. When the trained state classifier comes to the online stage, the feature vectors extracted form the real measured database is able to be classified and therefore the SOC of the tank could be estimated. In this process, classifier is a model set describing the characteristics and features of the database, which can be used to identify the category of unknown data, namely, map the unknown state to a discrete classification set. The data-based classification method includes fuzzy logic identification, neural network, Bayes classify, support vector machine (SVM) and so on. In this work, a joint multi-classifier is designed through combining the Naive Bayes classifier and SVM classifier, the detailed information of which will be presented below.

In the online stage, the feature vectors extracted from real operation database are putted into the joint multi-classifier to recognize the current reaction state. As discussed in Section 2.3 and Section 3.2, the second stage of the hydrogenation reaction is stable, and in this stage, the hydrogen concentration is performed by the dynamic performance like pressure and temperature. Thus, the remaining hydrogen can be calculated by the proposed mathematical model.

3.3.2/ DESIGN OF THE STATE CLASSIFIER

3.3.2.1/ NAIVE BAYES CLASSIFIER

Based on Bayes statistical theory, Naive Bayes (NB) classifier is developed to identify the category to which the observation belongs to, it has been widely applied in many situations [START_REF] Zhang | The naive bayes classifier for functional data[END_REF]. The feature vectors to be examined are assumed to follow a certain probability distribution and can be reasoned based on these probabilities, thus, the optimal classification decision can be made. Although the independence assumption between the feature vectors is oversimplified, the NB classifier bring a competitive performance compared to other state of the art classifiers in many complex real-world situations [START_REF] Baesens | Benchmarking state-of-the-art classification algorithms for credit scoring[END_REF].

The classification using Bayesian method needs to be carried out under certain conditions, that is, the probability distribution of each category is consistent; the number of categories to be classified is certain. For a given observation simple set S , the feature vectors is assumed to be A 1 , A 2 , ..A n with the number of n. Therefore, the sample set to be classified is X with the characters x 1 , x 2 , ..., x n , in which x i is the specific value of A i . The number of categories contained in the observation sample set is c, and C = C 1 , C 2 , ..., C c . Moreover, the posterior probability of the sample to be classified belonging to a certain class C i is set as P(X|C i ), and c(X) presents the label of category obtained by the classification. Thus, the NB classifier can be expressed as:

c(X) = argmax C i =C P(C i )P(X|C i ) (3.10)
The NB classification is developed on Eq. 3.10 with a hypothesis that all the features A i are independent to each other under the condition that the category is given, which means:

P(A i |C, A j ) = P(A i |C), ∀A i , A j , P(C) > 0 (3.11)
In NB classification method, the probability and category label of each features can be learned independently at the same time. The posterior probability calculated by a NB classifier for certain category is:

P(C = c|A i = a 1 , ..., A n = a n ) = αP(C = c) n i=1 P(A i |C = c) (3.12)
where a i is the probability of each category, which remained constant. The category of the unknown sample set with the highest posterior probability can therefore be predicted.

Generally speaking, the optimal classification result should satisfy the following condi-tions:

p(c i |a 1 , ..., a n ) = p(a 1 , ..., a n )|c i p(a 1 , ..., a n ) p(c i ) (3.13) p(c i |a 1 , ..., a n ) > p(c j |a 1 , ..., a n ); j i (3.14)
The advantages of the NB classifier model includes:

• The algorithm logic is simple and easy to implement;

• The time and space overhead during the classification process is small;

• The performance of the algorithm is stable. The classification results varies little for different characteristics, namely, the model is robust.

The NB classification method is widely used thanks to its high efficiency, high precision, and solid theoretical foundation. It is based on the conditional independence hypothesis that the effect of the attribute on a given class is independent to other features. The smallest misclassification rate can be achieved by NB classifier under the establishment of the conditional independence assumption.

However, in practical applications, the prior probability and the class conditional probability density of each category are difficult to achieve, which limits the scope of application of the NB classifier.

3.3.2.2/ SVM CLASSIFIER

Support Vector Machine (SVM) is a robust machine learning model that shows high accuracy with different classification problems, which is widely used for various embedded applications. Based on the VC dimension theory and structural risk minimization principle in statistical learning theory, SVM is originally proposed for the classification problem of the two-type patterns in the case of linear separability. For the given observer set S = (x i , y i ), ..., (x i , y i ) ⊂ χ × -1, +1, in which χ ⊂ R n is the input feature space and y i ∈ -1, +1 is the label of the sample. The objective of training is to construct a decision function that would classify the test sample as accurately as possible.

As presented in Figure 3.11, two classes of sample are fully separated by a classification hyper-plane expressed as

Γ = w • x + b = 0, w ∈ R n , b ∈ R.
Assumed that the minimum distance of these two categories in the sample to the classification hyper-plane H is d + = mind i |y i = +1 and d -= mind i |y i = -1, two parallel hyper-plane H 1 and H 2 are therefore determined. The other parallel hyper-plane H 0 located in the middle of H 1 and H 2 have optimal classification property thanks to the equal distance of separating the two categories. The distance between hyper-plane H 1 and H 2 is named as the classification interval ∆ of hyper-plane H 0 . Under the presupposition of correctly classifying all learning samples, the hyper-plane H 0 is considered as the optimal classification hyper-plane if ∆ is the maximum classification interval [START_REF] Vapnik | The nature of statistical learning theory[END_REF]. For the linear separability situation, the formulation of searching the optimal hyper-plane can be considered as the quadratic programming problem. The classifier can be expressed as:

f (x) = sgn(w * • x + b * ) = sgn( i i=1 α * i y i (x • x i ) + b * ) (3.15)
in which α is the lagrange multipliers for each sample and α * is the optimal value. The sample satisfies to the condition that α * > 0 is defined as the support vector, which located on the boundary of the classification interval. As can be seen in Figure 3.11, the hyper-plane H 1 and H 2 are the interval boundary hyper-plane, the samples on which are support vectors.

Replacing the hyper-plane with a hyper-surface, then searching for a maximum spacing hyper-surface which can classify all samples correctly is the effective way of solving the linear unclassifiable problem. Such classifier is remarked as the support vector machine. It is generally expressed as:

f (x) == sgn( i i=1 α * i y i K(x • x i ) + b * ) (3.16)
SVM classification is a supervised learning model for analyzing data in classification and regression research. The accuracy of classification is guaranteed for the high dimensional spaces and complex interaction characteristics. However, it can only be used for two category classification problems, which limits the application in complex state classi-fication.

An effective multi-classification strategy can be realized that decomposing the multiclassification problem into several number of two-classification problems through decomposition and reconstruction. These two-classification problems can be solved respectively, and the optimal results can then be determined. For the multi-classification problem with the category number of c, the SVM classifier is constructed between each category. Therefore, c(c -1)/2 SVM classifiers is required. The training samples of each SVM classifier are two related categories. The voting method is used to determine the classification results that the category got the maximum votes is the class to which the sample belongs. This kind of multi-classifier has significant advantages. Since each SVM classifier only considers two types of samples, the training process is simple to achieve. Using the majority voting method for making the final decision is easy to implement with a high speed.

Meanwhile the classification accuracy is high. However, when there are many categories to be distinguished, the number of SVM classifiers increases sharply, which affects the training and test speed, the accuracy might be decreased as well. The integration method of multi-classification contains two types that the simple classifiers are connected in series and in parallel, the structure of them are presented in Figure 3.12. In the series multi-classifier, the previous simple classifier provides the classification information to the next one, which means the results of the previous simple classifier and the other input information are combined as the input of the next simple classifier. While in parallel multi-classifier, each simple classifier operates separately. Thus, its speed of classification is significantly increased than that of series multi-classifier. Moreover, the results of each simple classifier can be complementary. However, if the simple classifiers and the combination rules are not properly selected, the results of the parallel multiclassifier may not rise but fall.

As discussed above, in order to fully demonstrate the advantages while suppressing the weakness of the single basic classifier, a joint multi-classifier is designed for classification.

NB classification method and SVM classification method are used to construct the this joint multi-classifier for the state classification of the MH hydrogen storage tank operation process. In this process, the combination weight is effected by the classification ability of simple classifiers and state characteristics of the analyses system.

3.3.3/ SIMULATION RESULTS AND DISCUSSION

3.3.3.1/ TRAINING FOR JOINT MULTI-CLASSIFICATION

The variation of the physical state during charging and discharging process of the embedded MH hydrogen storage tank are studied separately. The real operation data of ten process are picked randomly form Mobypost project database. In order to reflect the characteristics of each physical state in different stage, feature vectors are selected for classification.

There are two stages in charging process as discussed in Section 2.3.1. The time domain features of these data based on statistical characteristics are typical for the performance since the recorded data is time sampled. The energy density variation could also present the characteristic of the data. Therefore, in this work, kurtosis feature and entropy feature are picked for classification feature vectors, the parameter index of them are presented in Table 3.3. The discharging process can be separated into four stages as mentioned in Section 2.3.2. Except for the feature vectors extracted from the database of temperature, pressure and flow, the index of heater is added for classification training. The optimal weight is searched during classifier training process using Grid Search (GS) method. GS is an exhaustive search method that all the candidate weight set are tested to find out the best preforming one as the final result. As a result, the optimal weight with highest classification precision can be obtained. Since the number of categories is not too much, the disadvantage of time consuming can be ignored.

3.3.3.2/ CROSS VALIDATION OF THE CLASSIFIER

K-folds cross validation method is applied for testing the classification accuracy of the designed joint multi-classifier. Figure 3.14 gives the flow chart of this process. The sample set is combined by n group of data from real operation process, in which (n -1) processes are set as the training set and the other one is set for testing at one iteration procedure. After repeating the procedure for n times, the average value of the mean square error of all the iteration is regarded as the error of the classifier.

In our test, nine group of data are picked for classification validation in both charging process and discharging process. The highest accuracy of state classification using joint multi-classifier are 91.3% and 83.2% respectively. In charging test, with the combine weight of NB classifier and SVM classifier are 0.4 and 0.6 separately, while in discharging test, the combine weights are 0.5.

Actually, both two single classifiers have a good consequent on the state classification of hydrogenation and dehydrogenating process, and the classification accuracy rate of the tested databases have reached more than 70%. The NB classifier has a simple structure, thus the time required for classifier training and for state classification of each group of test data are short. While the multiple SVM classifier is composed of several single SVM classifiers, in which each state category in the data is trained in pairs and takes a relatively long time. However, the correct recognition rate of the test database by the joint multi-classifiers is higher than that of each single classifier, which make it has higher application value. In the joint multi-classifier training, the GS algorithm needs to perform multiple iterations when seeking the optimal weight, which leads to a significant increase in training time compared to the single classifier. However, the classification time for each set of test data is still short, which can meet the time limit in practical applications. 

3.3.3.3/ ONLINE SOC ESTIMATION

As discussed above, the online SOC estimation during charging and discharging process are quite difficult but important. In this section, the proposed online SOC estimation algorithm is validated. For both charging and discharging process, ten group of data are picked from the Mobypost project database respectively for training and validating the joint multi-classifier, then exploited for online state classification. In the picked database of discharging process, the data was recorded in a continuously vehicle operation process, before that the hydrogen storage tank is fully charged at refueling station. Therefore, the recorded data of remaining hydrogen mass is calculated by the released hydrogen flow rate. For the purpose of protecting the fuel cell, the hydrogen storage tank is controlled to be closed when the estimated remaining hydrogen mass is less than 10%. The classification result can be used to estimate the SOC of the embedded MH hydrogen storage tank. Based on the mathematical model proposed in Section 3.2 and performed in Figure 3.5, the SOC of the tank can be estimated by the data point recognized as second stage. Since the degradation of the MH hydrogen storage tank is not taken into consideration, the hydrogen remaining in the tank at the period of recognized second stage can be estimated.

Figure 3.17 gives the estimation result during charging process, in which the period of recognized first stage is calculated by the recorded data of hydrogen flow rate. Compared to the value of hydrogen mass in the tested database, the online SOC estimation results shows a great agreement with the error of 0.2%. As introduced in Section 2.3.1, the hydrogen flow rate filling into the tank is mainly dominated by the pressure difference so that at the beginning period the flow rate is quite high, which might lead to high kinetics and effect the absorption speed. Therefore, the estimated SOC is low than the calculated value in the head of the second stage. Besides, the real operation data is recorded every second, and the testing time for one group of data is less than 0.1 ms. Thus, this online SOC estimation with high accuracy and low time consumption is of practical value. Due to the lack of database of discharging test for larger scale of temperature, the P-C-T based mathematical model for SOC estimation can not be defined precisely, namely, the SOC can not be estimated online during discharging in spite of the good result of online state classification. Therefore, more experiment should be preformed to complete the model, which will be introduced in Section 6.3.

3.4/ CONCLUSION

In this chapter, the designed mathematical models are based on the statistical theory to characterize the performance of the main parameters of reaction including pressure, temperature, hydrogen flow rate and hydrogen mass. Then the P-C-T based SOC estimation method is proposed on the basis of the main physical character of the reaction process. More data in large range of temperature distinguish and long time operation will of great help to complete and improve the model. In addition, an effective online SOC estimation method is proposed through designing a joint multi-classifier to recognize the stage of reaction, and then combining with the mathematical model, the remain hydrogen in the tank is estimated on real time.

From next chapter, the dynamic performance based on the physical reaction will be studied. More detailed information about the reaction and thermal variation will be discussed.

DYNAMIC MODELING AND PARAMETER ANALYSIS OF MH TANK 4.1/ INTRODUCTION

In practice using of metal hydride (MH) basd hydrogen storage, packed bed reactors for MH material are usually utilized to take advantage of the porous and discontinuous structure of the reactant metal alloy to increase the slide gas interface and promote the reaction [START_REF] Wijayanta | Effect of pressure, composition and temperature characteristics on thermal response and overall reaction rates in a metal hydride tank[END_REF]. Besides of the structure and distribution of the MH inside the container, many other variables such as operation temperature, hydrogen pressure, hydrogen flow rate and concentration have significant impact on the performance of a MH hydrogen storage tank. Mathematical modelling is a useful tool to identify and predict the state of MH during absorption and desorption as well as to determine the relationship between different effective factors with the aim of finding the best performance of a MH hydrogen storage system [START_REF] Mohammadshahi | A review of mathematical modelling of metal-hydride systems for hydrogen storage applications[END_REF].

Attempts have been made to identify the relationship between different operating and design variables. Many different mathematical models are designed to simulate the reaction kinetics, equilibrium conditions, heat and mass transfer inside the tank during absorption and desorption process [START_REF] Minko | Numerical simulation of sorption/desorption processes in metal-hydride systems for hydrogen storage and purification. part i: development of a mathematical model[END_REF][START_REF] Boukhari | Numerical heat and mass transfer investigation of hydrogen absorption in an annulus-disc reactor[END_REF][START_REF] Maeda | Numerical simulation of the hydrogen storage with reaction heat recovery using metal hydride in the totalized hydrogen energy utilization system[END_REF][START_REF] Momen | Experimental and numerical investigation of the thermal effects during hydrogen charging in packed bed storage tank[END_REF][START_REF] Nam | Three-dimensional modeling and simulation of hydrogen absorption in metal hydride hydrogen storage vessels[END_REF][START_REF] Muthukumar | Thermal modeling and performance analysis of industrial-scale metal hydride based hydrogen storage container[END_REF]. The first two-dimensional numerical model is presented 20 years earlier to emphasize the effect of the shape, pressure and cooling system [START_REF] Jemni | Study of two-dimensional heat and mass transfer during absorption in a metal-hydrogen reactor[END_REF], which is widely applied in the later research. The three-dimensional models are more exhaustively designed to figured out the permeability and the thermal conductivity of the hydride [START_REF] Akanji | Modeling of heat and mass transfer in lani5 matrix during hydrogen absorption-desorption cycle[END_REF][START_REF] Briki | Dynamic study of a new design of a tanks based on metallic hydrides[END_REF].

Dhaou et al. [START_REF] Jemni | Experimental and theoretical study of ametal-hydrogen reactor[END_REF] presented the P-C-T curves under three temperatures of both absorption and desorption process. The relationship between the equilibrium pressure of reaction, hydrogen composition in the MH and temperature is expressed by these P-C-T curves, which are of great interest since the difference between hydrogen pressure and equilibrium pressure constitutes a driving force for the reaction. They also proposed an analytic expression of the equilibrium pressure by polynomial interpolation based on experimental data. As a deterministic factor of the reaction direction, equilibrium pressure shows a great dependent on temperature and hydrogen concentration. Based on the analysis of equilibrium pressure, a deep discussion was made on the effect of operating parameters, including hydrogen flow, temperature of the cooling fluid and volume of metal in the tank [START_REF] Busqu É | Mathematical modeling, numerical simulation and experimental comparison of the desorption process in a metal hydride hydrogen storage system[END_REF][START_REF] Minko | Numerical and experimental study of heat-and-mass transfer processes in two-stage metal hydride hydrogen compressor[END_REF]. The mass and heat transfer during operating process are simulated to analysis the effects of these parameters to the efficiency of the reaction and supply capacity of the hydrogen storage system [START_REF] Souahlia | Experimental and comparative study of metal hydride hydrogen tanks[END_REF][START_REF] Chibani | Simulation of hydrogen absorption/desorption on metal hydride lani5-h2: Mass and heat transfer[END_REF].

However, in the practical application of hydrogen storage system with MH, an extremely meticulous mathematical model with numerous complex elements is unnecessary, for which could lead in excessive calculations and errors. Meanwhile, although the previous studies show great performance in simulating the dynamic response of the absorption and desorption process and evaluate variables of reaction kinetics, the proposed models are just validated in simulation and laboratory experiments. The real operation condition of the on-board hydrogen storage system is not fully considered. Furthermore, the effect of the parameters on the efficiency of both absorption and desorption process is highly demanded in practical application.

This chapter presents a dynamic modeling process for the embedded MH hydrogen storage system on FCEHVs. Starting from the dynamic response model, particle swarm optimization (PSO) algorithm is used to identify and investigate the parameters of this model. The modeling method will be detailed in the second section. In the third section, PSO is introduced and the identification process with PSO algorithm will be presented.

The section four is dedicated to validate the proposed model through a comparison study between simulation result and real measurement data. As shown in Figure 4.1, the studied system is the same with the Mobypost project vehicles introduced in Section 2.2.2. Fuel cell stacks act as the first power source to charge the batteries and the used hydrogen during fuel cell operation is stored in the MH hydrogen storage tanks. The configuration of the on-board hydrogen storage and application system is also present in the red square in Figure 4.1, including MH hydrogen tanks, fuel cell stacks, circulation water of temperature control system and the sensors of each significant parameter. The heat exchange system is combined by the circulation water channel, which is arranged around the storage tank to control the thermal condition. Figure 4.2 shows the process of charging and discharging of a bottle-like geometry modeled MH hydrogen storage tank, which matches the real vessels available in the practical application. During the operation process, the thermodynamic state of the tank modified with the reaction situation and state of charge (SOC) inside the tank. As an exothermic reaction, heat generated and released during charging process. The cooling system to remove the heat is necessary since the high temperature suppresses the progress of the exothermic reaction. On the contrary, heat transfer system should provide heat to the tank to release hydrogen from the hydride formation during discharging process.

During charging process, the MH hydrogen storage tanks are filled in hydrogen refueling station with a stable pressure hydrogen providing. When the vehicle is driven, constant hydrogen flow is discharged from the MH tanks to support the fuel cell operation. The thermal situation is managed to control the desorption reaction. In this section, the dynamic model is focus on the discharging process based on the real operation database. Since the used MH hydrogen storage tank is a seal container filled with uncertain material and structure, the dynamic model of the tank is like a gray box with unknown parameters.

4.2.2/ DYNAMIC MODEL OF THE HYDROGEN STORAGE SYSTEM

4.2.2.1/ MODEL ASSUMPTIONS

The overall performance of the MH hydrogen storage tank is determined by the hydrogen storage capacity and the cycling numbers. However, its dynamic performance, namely, the parameters of pressure, temperature and hydrogen concentration distribution are also of great significant. Figure 4.1 also shows the model structure of the on-board hydrogen storage system charging and discharging process, considering the heat exchange with circulated water. During the operation process, the thermodynamic state of the tank modified with the reaction situation and the SOC of the tank. In order to design a simplified model for practical use and reduce the compute processing time, assumptions and simplifications are usually made [START_REF] Busqu É | Mathematical modeling, numerical simulation and experimental comparison of the desorption process in a metal hydride hydrogen storage system[END_REF][START_REF] Bao | Three-dimensional modeling and sensitivity analysis of multi-tubular metal hydride reactors[END_REF][START_REF] Cho | Dynamic modeling and simulation of hydrogen supply capacity from a metal hydride tank[END_REF][START_REF] Kyoung | Three-dimensional modeling and simulation of hydrogen desorption in metal hydride hydrogen storage vessels[END_REF][START_REF] Chabane | Energetic modeling, simulation and experimental of hydrogen desorption in a hydride tank[END_REF].

1. Stable test temperature is guaranteed;

2. The physical properties of the system are also assumed to be stable;

3.

Hydrogen is considered to be an ideal gas;

4. The MH hydrogen storage tank degradation homogeneous;

5.

The modeled geometry has a bottle-like shape as shown in Figure 4.1 that matches the real MH tank for vehicle application;

6.

The MH characteristics such as thermal conductivity, porosity and volume remain constant during reaction;

7.

The MH physical characteristics of thermal conductivity, porosity and volume remain constant;

8. The heat convection inside the tank is neglected, which means the temperature of the tank interior and its surface are assumed to be the same;

9. Heat radiation on the MH tank is ignored, namely, the heat transfer only appears between tank and circulation water;

10. The model is developed incorporating the mass conservation and thermal energy balances in the hydrogen storage system to describe the dynamic performance of discharging process.

4.2.2.2/ STATE MODEL

The state in the tank is assumed to follow the ideal gas equation all the time during charging and discharging process:

P = ρ g RT (4.1)
in which P and T are represent the pressure and temperature inside the tank, ρ g is the density of gaseous hydrogen in the tank, R is the universal gas constant.

Based on the continuity of MH material, the mass flow rate variation of the desorped hydrogen can be expressed as:

ṁMH = (1 -ε) ∂ρ s ∂t (4.2)
where ρ s is the density of hydrogen stored in the hydride, and ε presents the porosity of the MH structure distributed inside the tank. Thus, the variation rate of hydride hydrogen density can be presented as:

ṁMH = m MH /V MH (4.3)
Due to the mass conservation of gaseous hydrogen, the mass flow rate of gaseous hydrogen in the tank varies as:

ṁH 2 = V tank V MH -1 + ε ∂ρ g ∂t (4.4) in which ( V tank V MH -1 + ε)
is the empty space inside the tank dominated by the distribution of the MH material.

The mass flow rate of gaseous hydrogen is influenced by two parts. During the charging process, the hydrogen is pushed into the tank and absorbed by the MH material, therefore the mass flow rate of gaseous hydrogen is:

ṁH 2 = f in -ṁMH (4.5)
When discharge the tank, the hydrogen is released out, which results in the decrease of gaseous hydrogen mass inside the tank. Meanwhile, the desorpted hydrogen from MH material leads to the increase of the gaseous hydrogen mass. Thus, the mass flow rate of gaseous hydrogen in the tank during desorption process can be expressed as:

ṁH 2 = ṁMH -f out (4.6)
The hydrogen mass flow rate generated from the MH material ṁMH is dominated by the equilibrium pressure. As introduced in Eq. 1.5, the reaction proceeds to the right side to form the hydride or to the left to generate hydrogen depending on the relation between pressure and equilibrium pressure. When the pressure inside the tank higher than the equilibrium pressure for absorption, hydrogen is absorbed. Hence, the mass flow rate of hydrogen absorbed by MH material can be calculated by:

ṁMH = C a * exp - E a RT ln P P eq (ρ s s -ρ s ) (4.7)
in which C a is the constants of absorption rate, E a is the relative activation energy of absorption.

While the pressure inside the tank is lower than the equilibrium pressure for desorption, hydrogen generated from the hydride composed by hydrogen and MH material. Its rate can be calculated as:

ṁMH = -C d exp - E d RT P -P eq P eq (ρ s s -ρ s ) (4.8)
where C d is the constants of desorption rate, E d is the relative activation energy desorption.

The other situation that the current pressure is between absorption and desorption equilibrium pressure, the reaction stay in balance and no more hydrogen can be absorbed or released. That is to say: ṁMH = 0 (4.9)

When modeling the discharging process, the applied equilibrium pressure could be fitted from the P-C-T curves of the MH tank and be formed as [START_REF] Dhaou | Measurement and modelling of kinetics of hydrogen sorption by lani5 and two related pseudobinary compounds[END_REF] :

P eq = f (r)exp ∆H R 1 T - 1 T r (4.10)
in which ∆H is the reaction enthalpy corresponding to the MH material in the tank, T is the current reaction temperature and T r is the reference temperature. Equilibrium state of the reaction not only effected by temperature but also influenced by the hydrogen concentration that represent by r, which is calculated by the hydrogen to metal ratio:

r = H H max = 2(ρ s -ρ s 0 )M MH ρ s 0 M H 2 (4.11)
Researchers measured the equilibrium pressure of hydrogen desorption on several material by experiments and approximates f (r) as a ninth-order polynomial function that [START_REF] Dhaou | Measurement and modelling of kinetics of hydrogen sorption by lani5 and two related pseudobinary compounds[END_REF]:

f (r) = 9 n=1
p n * r (10-n) + p 10 (4.12)

4.2.2.3/ THERMAL MODEL

The thermal condition in the system is controlled by the circulation water. Though the assumption of uniform temperature does not exactly describe the actual phenomena, the difficulty in estimating the exact value of the heat transfer coefficient also arises in multi-dimensional numerical modeling. Therefore, an overall heat transfer coefficient is introduced to investigate the effect of heat transfer rate. The energy exchanges between MH material and circulation water could be expressed as:

V tank V MH -1 + ε C pg ∂(ρ g T ) ∂t + (1 -ε)C ps ∂(ρ s T ) ∂t = Q + ṁMH ∆H (4.13)
in which C pg and C ps are the heat capacity of hydrogen an MH material separately.

The overall heat exchange between the MH tank and the circulation water is developed based on the energy balance. The amount of heat transfer can therefore be expressed as:

Q = Q w ṁw C p,w (T w,in -T MH )(1 -e -A ) (4.14) 
where ṁw represents the water flow rate across the tank and C p,w is the water heat capacity. T w represents the temperature of water, that the temperature of input water to the tank is T w,in and the output water temperature is T w,out . T MH is the temperature of the MH material during reaction.

Therefore, the variation of circulation water temperature after heat transfer can be expressed as:

T w,out = T MH + (T w,in -T MH ) * e -A (4.15) 
in which A is the heat exchange coefficient.

4.2.2.4/ INITIAL AND BOUNDARY CONDITIONS

It is necessary to specify appropriate initial state and boundary conditions of the model, and these conditions are normally determined by the shape and structure of the tank, the operating conditions and the efficiency of the associated cooling system.

Initial conditions are typically taken as identical throughout the whole system. The initial temperature is taken to be the same with the atmospheric temperature and the initial pressure is often chosen to be equal to the equilibrium pressure at the initial temperature and hydrogen to metal ratio:

T 0 = T atm (4.16) 
P 0 = P eq (4.17)

Besides, the initial MH density is set to be ρ ini . It might be equal to the hydrogen saturated MH density or lower if the metal is only partially filled.

Generally, the boundary conditions of a MH hydrogen storage tank can be classified into three types [START_REF] Yang | Investigation on the influences of heat transfer enhancement measures in a thermally driven metal hydride heat pump[END_REF]: adiabatic wall, heat transfer wall and mass transfer boundary. In our model, the mass transfer boundary is taken into consideration, namely, the operation stops when the tank is fully charged or completely discharged. In addition, a Danckwerts' boundary condition is applied to make sure that the flow rate is continuous across the boundary [START_REF] Yang | Investigation on the influences of heat transfer enhancement measures in a thermally driven metal hydride heat pump[END_REF].

The above equations for the dynamic response of the MH hydrogen storage system are applied as a gray box with unknown parameters in our study. It is incomplete and the parameters need to be identified.

4.3/ PSO-BASED PARAMETER IDENTIFICATION

4.3.1/ PSO METHOD

PSO algorithm is an evolutionary computation for obtaining an optimal solution by searching for the best position in space through information sharing and collaboration among particles, which is inspired by social behavior of flocks of birds and fish looking for food [START_REF] Shi | Particle swarm optimization[END_REF]. Observers found that every bird could find its best direction to search for food through the information shared among the whole group. They took the birds in the group as particles:

X i = (x i1 , x i2 , ..., x iD ) (4.18) 
Then they summarized that through update the particles' velocities and positions with the best experience for enough generations, the optimal positions of the particles could be approached. The velocities and positions are expressed as:

V i = (v i1 , v i2 , ..., v iD ) (4.19) 
X i = (x i1 , x i2 , ..., x iD ) (4.20) 
The experience information including the position of each particle P best and the information of the whole group G best . For each generation, the particles update their velocity and position according to the following functions:

v id (n + 1) = w * v id (n) + c 1 * rand 1 * (p id (n) -x id (n)) + c 2 * rand 2 * (p gd (n) -x id (n)) (4.21) 
x id (n + 1) = x id (n) + v id (n + 1) (4.22) 
where w is the inertia weight; c 1 and c 2 are the acceleration constants; rand 1 and rand 2 are two random values in the range of [0, 1]. The iteration index of each generation is n = 1, 2, ..., n max , and n max is the maximum iteration times, which could be defined at the initial step of the process. The fitness function F is designed to evaluate the the current position in each iteration. • Step 1: Set the size and range of the particle swarm under the request of application.

• Step 2: Set the iteration index to zero, then initialize the velocity V 0 and position X 0 of the particles randomly to start the process.

• Step 3: Calculate the objective function value of the current parameter swarm to evaluate the fitness.

• Step 4: Evaluate the previous performance and determine the new global optimal particles. The current best positionP best (n) and global best G best (n) are updated as follow:

P best (n) = X i (n) if F(X i (n) < F(P best (n -1)) P best (n -1) if F(X i (n) F(P best (n -1)) (4.23) G best (n) = G best (n) if F(X i (n) < F(G best (n -1))) G best (n -1) if F(X i (n) F(G best (n -1))) (4.24) 
• Step 5: Update the velocity of particles based on Eq. 4.21 and move the particles to the new position according to Eq. 4.22.

• Step 6: Analysis the current state to investigate whether the end criterion is satisfied or not, which could be the sufficiently great fitness F min or the maximum iteration number n max . If the end criterion is not reached, loop to step 3. Proceeding the identification process until the optimal parameter swarm is found out.

4.3.2/ IDENTIFICATION PROCESS

Since the MH hydrogen storage tank used on the vehicle is a seal container filled with unknown material and structure, the tank is a like gray box in our model with some uncertain parameters as mentioned above. PSO method can be applied to identify the parameters of the MH tank model for on-board hydrogen storage system.

As the diagram shown in Figure 4.4, PSO algorithm is applied for the parameter identification in our study. For the purpose of identifying the parameters in the on-board MH hydrogen storage system, the parameters are considered as the particles. Thus, the optimal particles' position represents the results of parameter identification.

The fitness function is determined to evaluate the accuracy of parameters. Fitness is the errors between model simulation results and real operation data. Generally, the optimal parameters are obtained when the fitness value is small enough. As a consequence, the fitness function is set as:

F = 1 N N i=1 f (S (i), E(i), Φ) 2 (4.25)
where S (i) and E(i) represents the dynamic model simulation results and the related measurement results from the real operation database respectively. N is the size of the simulated and experimental data, and the set of parameters need to be identified is:

Φ = [M MH , C ps , ∆H, ρ 0 s , ε, A, C d , E d ] (4.26) 
Figure 4.4: Schematic of the applied identification method with PSO algorithm.

In this work, the calculation of fitness F is divided into two parts: physical characteristic measurement of the tank and dynamic response simulation of the operation system, which is shown in Figure 4.4. The first part is the measurement of physical characteristics analysis of the tank, which corresponds to the equilibrium pressure. From the database of the laboratory test, P-C-T curves of the tank could be extracted for identifying the parameters M MH and ∆H of equilibrium pressure P eq . The second part is the investigation of the dynamic model of the embedded MH hydrogen storage system. The behaviors of this system can be observed from the database of the real operation test. By combining the mathematical model of the dynamic response and the equilibrium pressure obtained in laboratory test, the fitness value F of the current parameter swarm can then be calculated.

The previous performance of particles is evaluated by fitness. The parameters will be updated and the procedure of PSO will loop to fitness calculation, unless the end criterion is satisfied. The end criterion is generally set as the fitness falls below the threshold, or, the iterations exceed the maximum number. Finally, the optimal parameter swarm can be obtained as the identified parameters.

The result of the parameter identification based on PSO algorithm will be discussed in next section.

4.4/ RESULT AND DISCUSSION

4.4.1/ PCT TEST RESULTS

The proposed method for parameter identification of the embedded MH hydrogen storage system using PSO algorithm is verified through the analysis of the dynamic model and operation data. The results are evaluated by the fitness value of PSO and the errors of variables. This process is implemented by MATLAB software [172]. In order to verify the equilibrium pressure model of the tank shown in Eq. 4.10, the database of the laboratory experiments introduced in Section 2.2.1 is investigated. • C, which are extracted from the laboratory database. These curves show the equilibrium state of the reaction inside the tank. The equilibrium pressure changes with temperature and hydrogen concentration, which is consistent with the equation of P eq in Eq. 4.10. The effect of hydrogen concentration on equilibrium pressure has been approximated by a ninth-order polynomial function as Eq. 4.12. This polynomial function is fitted depending on the identified parameters of the tank and the database of P-C-T curves from laboratory experiment. Table 4.1 gives the coefficients p 0 , p 1 , ..., p 10 of f (r), which are calculated when the optimal parameters are obtained in this study. Thanks to the robustness to control variables and high computational efficiency, PSO algorithm is applied to identify the parameters of the dynamic model of desorption process. For the purpose of accelerating the convergence speed and optimization rate, the range of the parameter is narrowed based on the prior information from experiments and literature, which are presented in Table 4.2. In the initialization, the particle swarm is defined under the request of parameter identification for the on-board hydrogen storage system. The performance of the studied system is directly affected by the MH material, the structure inside the tank and the efficiency of the heat exchange system. Therefore, the particles are defined to be the parameters given in Table 4.2. Among the parameters, M MH , C ps and ∆H are the significant properties of hydride material, ρ s 0 and ε describe the internal structure of the tank, and A represents the effect of the heat exchange system. In addition, C d and E d signify the direction and efficiency of the reaction. As a more complex procedure associated with the whole operation of the vehicle, the desorption process is the main object of our analysis. The end criteria of PSO is set as maximum iteration number reached to avoid over calculation. 4.3 gives the results of the parameter identification of the hydrogen storage system using PSO algorithm. Among the database of real operation, 14 qualified desorption process are tested and the average value of the identified parameters for these 14 set are adopted as the final result.

A discharging process on a real operation FCHEV is taken as the example to present the results and discussion in detail. The vehicle was operated in 3rd July with the atmosphere temperature of 27 • C. This process lasted for about 1.6 hours until the hydrogen is fully released from the storage tank. The MH hydrogen storage tanks applied in the operation test are brought from the market with limit information. The tanks are bottle-shaped with the weight of 19 kg and the volume of 4 L. The on-board hydrogen storage system is equipped with two tanks in parallel with the hydrogen capacity of about 300 g, and a temperature control system designed as the configuration shown in Figure 4.1.

As shown in Figure 4.6, the hydrogen flow discharged from the tank is controlled to be relatively stable for the protection of fuel cell, the performance of the system can then be evaluated by the variations of pressure, temperature and hydrogen capacity. The fitness is calculated by the optimized parameters, simulation results and real operation data according to Eq. 4.25. The simulation errors of pressure, temperature and hydrogen mass are 7.5%, 4.4% and 3.5% respectively. The curves of simulation results and operation data match well, as the result that the identified parameters are validated. As shown in Figure 4.7, the pressure drops during the discharging process of the tank since the hydrogen concentration decreased. Before operation, the state inside the tank is stable and under equilibrium. The hydrogen under gaseous state satisfies to the ideal gas state equation:

PV = nRT (4.27)
Thus, at the beginning of the operation the pressure satisfies with:

P 0 = k * Mass 0 * T 0 (4.28) 
where P 0 , Mass 0 and T 0 is the initial value of pressure, hydrogen mass and temperature respectively. The range of coefficient k is [0.0012, 0.0015] tested by all the discharging process in the database of operation.

At the initial stage of operation, the discharging process is dominated by the differential pressure between hydrogen tank and fuel cell. The pressure of the tank drops rapidly due to the release of gaseous hydrogen. The dehydrogenating reaction starts until the pressure reaches to the current equilibrium state, and this stage is considered as response period. During this period, the state of the MH inside the tank changes form seal equilibrium to desorption equilibrium. According to the analysis of the database, the response period lasts for about 1000 s, no matter of the initial hydrogen capacity inside the tank.

Since the proposed model mainly focuses on the reaction process of MH with some idealized hypotheses, the response period is not simulated comprehensively. In addition, this period is relatively short to the entire operation process. Therefore, the model with identified parameters using PSO algorithm in our study can be applied to describe the dynamic response of hydrogen discharging process. Hence, the heat exchange system is used to improve the efficiency by providing high temperature circulation water during operation. After heat transfer, the lower temperature circulation water is exported. As a consequence, the temperature of the tank is increased as well. The simulation results show the consistency with the real operation data.

In addition, in our operation test, the circulation water of the heat exchange system is also used to fully discharge the tank. When the hydrogen concentration decreases and the pressure drops to a value lower than what is required of the fuel cell application, the higher temperature water is brought into the circulation channel to heat the tank. As a result, the pressure of desorped hydrogen raises, which keeps the discharging process going on. This stage could also be presented by the mathematical model with the identified parameters. The simulation results show the same tendency with the operation condition. The deviation might be the consequence of the temperature sensors' location.

The temperature in the dynamic model is assumed to be the internal temperature of the tank, while operation database is measured by the surfaced sensors.

Figure 4.9 presents the operation data and dynamic model results of the hydrogen mass inside the tank. In order to protect the efficiency of fuel cell, the discharging process is suspended when the hydrogen pressure is too low. Thus, the tanks are not totally discharged.

Figure 4.9: Real operation data of hydrogen mass and simulation result with optimal parameters.

4.4.3/ HEATER OPERATION

In the studied hydrogen storage and application system, the circulation water of the heat exchange system is also of great help to fully discharge the tank. When the hydrogen concentration is low, the hydrogen generation reaction speed decreases, which leads to the hydrogen pressure drops to a value lower than the requirement of the fuel cell application. Thus, higher temperature water is brought into the circulation channel to heat the tank for the purpose of promoting the dehydrogenating reaction and furthering the discharging process.

In the practical operation, an extra heater is used to increase the temperature of circulation water. Figure 4.10 gives the schematic of the detailed water circulation system, on which one can see the water circulation direction clearly. The circulation water is stored in a tank and embedded on the vehicle. The pump is turned on when the operation starts. Thus, the water keeps flowing inside the pipe follow a sequence of hydrogen tank, heat ex-changer with fan, heater, and then go back to the next round of circulation. Normally, the heater is turned off under the condition that hydrogen pressure and flow rate satisfy to the requirement of fuel cell operation. The heat exchange treatment leading to the fluctuation of temperature and pressure is monitored by heat ex-changer and fan. The heater starts to warm the water when the hydrogen pressure is lower than a set threshold.

For the current stage, the controller of the heater used on the vehicle is under On/Off strategy. The continuous simulation of the dynamic model could cause the response delay. Replacing it by an analog controller like Proportional or Proportional-Integrator Controller on the vehicle could be of great help to improve the smoothing of the curve and then decrease the error. Besides, the location of temperature sensors leads to a time response delay between the operation test and simulation model as well. The operation database is measured by the surfaced sensors while the temperature in the dynamic model is assumed to be the internal temperature. A more complicated model considering the heat conduction applied to simulate this phenomenon could improve the accuracy.

4.4.4/ EFFECT ON VEHICLE DESIGN AND APPLICATION

As a parameter used for expressing the condition of heat exchange system, A represents the heat exchange coefficient. During the discharging process, the heat transmits between hydrogen tank and water circulatory system, which affects the temperature variation rate and the reaction speed inside the tank. Under real operation condition, the heat generated by the reaction of fuel cell influences the tank temperature as well. As introduced above, the heat radiation is ignored, its influence is therefore be contained in the parameter of the dynamic model. The value of A can be identified using PSO method.

The efficiency of heat exchange system mainly affects the temperature variation of the tank. Figure 4.11 shows the results of this analysis that the temperature of the tank could be dramatically different when the parameter A is modified. The generating rate of hydrogen changes correspondingly. When we design and manufacture a fuel cell vehicle, the applied hydrogen storage tank is generally commercially available that it is inappropriate to open it up or modify the structure. The only measure we can take is to improve the efficiency of the tank and achieve its best performance during operation. Under this situation, the design of the heat exchange system is of great significant. The optimal heat transfer coefficient A can be realized through modifying the flow rate or change the liquid of the circulatory system.

4.5/ CONCLUSION

This chapter discussed the dynamic performance of the practical application of an embedded MH hydrogen storage tank. Since the material and structure of the MH inside a commercial tank is unknown, it has been considered as a gray box for the modeling process. The PSO algorithm is applied to search for the optimal parameter set for the purpose of identifying the missing parameters. For all the operation conditions with different environmental temperatures, the simulation results of the dynamic model with the optimal parameters show a great agreement with the real operation data, and the errors are lower than 9%. This deviation, between simulation result and operation data, is mainly caused by the activated heater. It can be reduced through two strategies: The first one is to include the heater in the model by considering the heat conduction and heat radiation.

The second strategy is to improve the current control algorithm to smooth the pressure waveform at the end of the discharging process of the tank.

In the next chapter, detailed information about the thermal condition and energy transfer will be studied on the basis of the context of this chapter. One interesting application will be the energy management of the system associating the MH tank and fuel cell generator including heat exchange smoothing and ageing aspects.

THERMAL MANAGEMENT OF THE PEMFC-MHT SYSTEM

5.1/ INTRODUCTION

As discussed in the first chapter, the fuel cell vehicles are expected to play an important role in the future clean energy transportation for its renewable energy source and zero carbon emissions [START_REF] Qu | A comprehensive review on hybrid power system for pemfc-hev: Issues and strategies[END_REF]. On these vehicles, fuel cell is an energy conversion device converting the chemical energy into electrical energy taking hydrogen as the source.

Based on the advantages of relatively high power density, high energy density and environmental friendly byproduct, the fuel cell power system has considered to be the promising alternative to the tradition power generation technologies for transportation application [START_REF] Vivas | A review of energy management strategies for renewable hybrid energy systems with hydrogen backup[END_REF][START_REF] Ahmadi | Improving fuel economy and performance of a fuel-cell hybrid electric vehicle (fuel-cell, battery, and ultra-capacitor) using optimized energy management strategy[END_REF][START_REF] Ahmed | On-grid hybrid wind/photovoltaic/fuel cell energy system[END_REF].

Proton-exchange-membrane (PEM) fuel cell introduced in chapter one is one type of fuel cell technologies with high power density and compactness. Meanwhile, it operate at relatively low temperature (-20 • C to 100 • C), which contributes to a fast starting from idle to full load operation [START_REF] Chauhan | A review on integrated renewable energy system based power generation for stand-alone applications: configurations, storage options, sizing methodologies and control[END_REF]. Thus, PEM fuel cell is more suitable for the embedded application on the long-range transportation.

MH hydrogen storage tanks provide a low pressure charging, transportation and operation method for on-board hydrogen storage and application. Due to the advantages of safety, pollution-free, and reusable, the MH hydrogen storage tanks have been widely developed and applied on fuel cell vehicles [START_REF] Abdalla | Hydrogen production, storage, transportation and key challenges with applications: a review[END_REF]. The hydrogen flow rate drawn from a MH tank is strongly influenced by the heat transfer rate at reaction zone [START_REF] Macdonald | Impacts of external heat transfer enhancements on metal hydride storage tanks[END_REF]. Faster reaction kinetics is one of the most important and essential attributes of MH alloys. The reaction kinetics of the hydride bed is strongly influenced by the rate at which the heat can be removed/supplied from/to the reaction bed [START_REF] Muthukumar | A critical review on design aspects and developmental status of metal hydride based thermal machines[END_REF]. Often, the heat transfer rate is the controlling variable that determines the hydrogen gas flow rate can be extracted from a tank. Hence, increasing heat transfer rates is important for optimizing the design of MH hydrogen storage applications [183]. The absorption reaction is accompanied by the released heat which needs to be removed from the system, on the contrary that additional heat needs to be supplied for the desorption process. Therefore, removing or providing extra heat from or to the MH reaction bed is an important factor for ensuring efficient hydrogen storage or generation.

Multiple studies have addressed the issue of heat transfer in MH based hydrogen storage.
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Foam and expanded natural graphite are attempted to add to the MH reaction bed for the purpose of improving the thermal conductivity of MH tank [START_REF] Garrier | Mgh2 intermediate scale tank tests under various experimental conditions[END_REF][START_REF] Lozano | Optimization of hydrogen storage tubular tanks based on light weight hydrides[END_REF][START_REF] Delhomme | Large scale magnesium hydride tank coupled with an external heat source[END_REF][START_REF] Ferekh | Numerical comparison of heat-fin-and metal-foam-based hydrogen storage beds during hydrogen charging process[END_REF]. Moreover, extra heat transfer enhancements like fins, cooling tubes, cooling coils, etc, are introduced to facilitate effective heat transfer [START_REF] Muthukumar | Thermal modeling and performance analysis of industrial-scale metal hydride based hydrogen storage container[END_REF][START_REF] Nyamsi | An optimization study on the finned tube heat exchanger used in hydride hydrogen storage system-analytical method and numerical simulation[END_REF][START_REF] Anbarasu | Tests on lmni4. 91sn0. 15 based solid state hydrogen storage device with embedded cooling tubes-part a: Absorption process[END_REF][START_REF] Ma | Optimization of heat transfer device and analysis of heat & mass transfer on the finned multi-tubular metal hydride tank[END_REF]. Recently, combinations of these techniques have been employed, yielding favorable results [START_REF] Afzal | Design of a large-scale metal hydride based hydrogen storage reactor: Simulation and heat transfer optimization[END_REF]. Garrison et al. studied the effect of a concentric cooling tubes equipped with transverse fins and longitudinal fins respectively on a sodium alienate system [START_REF] Garrison | Optimization of internal heat exchangers for hydrogen storage tanks utilizing metal hydrides[END_REF]. The results pointed to a configuration involving multiple cooling tubes at small distances as the most viable. Besides, Ferekh et al. compared the performance of metal fins versus metal foam and found that metal foam based design was superior to the fin based design [START_REF] Ferekh | Numerical comparison of heat-fin-and metal-foam-based hydrogen storage beds during hydrogen charging process[END_REF].

During hydrogen discharging process, a particularly thermal management strategy is necessary to obtain the desired hydrogen flow from the MH hydrogen storage tank. For an integrating system, the generated heat from fuel cell could act as the thermal source for hydrogen desorption [START_REF] Jiang | Simulation of a thermally coupled metal-hydride hydrogen storage and fuel cell system[END_REF]. Thus, the components in the fuel cell system are thermally coupled tightly. The heat pipes are applied to increase the hydrogen desorption rate from the MH tanks using the fuel cell heat [START_REF] Tetuko | Thermal coupling of pem fuel cell and metal hydride hydrogen storage using heat pipes[END_REF][START_REF] Dhaou | Improvement of thermal performance of spiral heat exchanger on hydrogen storage by adding copper fins[END_REF]. Heat exchange fans and circulation water have also been introduced to this integrate system for thermal management [START_REF] Liu | Novel fuel cell stack with coupled metal hydride containers[END_REF][START_REF] Miled | Improvement of the performance of metal hydride pump by using phase change heat exchanger[END_REF]. This reaction heat has a great bearing upon the system performance as it controls the MH reaction bed temperature, which in turn controls the equilibrium pressure.

In FCHEV powertrain, another energy sources, namely, batteries, super capacitors, etc, are applied to provide or absorb the fast peak power under the vehicles short-term accelerations or brakes. Therefore the fuel cell is maintained in high efficiency operation mood at partial loads [START_REF] Zhou | A comparative study of extremum seeking methods applied to online energy management strategy of fuel cell hybrid electric vehicles[END_REF][START_REF] Lv | Novel control algorithm of braking energy regeneration system for an electric vehicle during safety-critical driving maneuvers[END_REF]. The durability of the currently available energy devices is a central issue holding back the critical achievement of the FCHEVs [START_REF] Kaya | Two new control strategies: For hydrogen fuel saving and extend the life cycle in the hydrogen fuel cell vehicles[END_REF]. In addition to the development of materials technology and structure designing of the devices, the effective control strategies on the operating conditions are proved to be possible to mitigate the deleterious effects of degradation [START_REF] Vivas | A review of energy management strategies for renewable hybrid energy systems with hydrogen backup[END_REF]. However, the performance and limitation of the hydrogen storage containers are not taken into account. The self regulation ability of the fuel cell system coupled with the hydrogen storage system need to be recognized and valued. So an active thermal management strategy is proposed to maintaining the performance and extending the life span of fuel cell along with time in this chapter.

This chapter is organized as follows: Section 5.2 gives the configuration and dynamic model set in detail, including the structure of the studied integrate hydrogen system, the dynamic model of the MH hydrogen storage tank, the PEM fuel cell, the heat ex-changer and air below. The dynamic performance of this integrating system of PEM fuel cell and MH hydrogen storage tank system (PEMFC-MHT system) is simulated and the model set is validated by the database collected form the real operation FCHEVs. In Section 5.3, the degradation model of both MH tank and PEM fuel cell are introduced to present the influence and phenomenon of the ageing system. Section 5.4 provide an thermal management strategy for long-term operation. The function of this strategy is simulated by 1000 hours. Then the fuel efficiency and economy of the hydrogen storage and application system are applied for evaluation. The last part gives a rapid summary of the main contribution and some prospects of this chapter. Commonly used FCEHV configuration mainly includes fuel cell system and battery as power source. As shown in Figure 5.1, a series hybrid configuration is studied in this research including hydrogen storage tank, fuel cell, batteries, electric machine, mechanical drive line and controllers. The fuel cell system is connected to the batteries via a DC/DC converter and operates as a range extender to increase the driving distance and level up the speed. Under this condition, the fuel cell is possible to be held in a relatively steady state and controlled to operate in its max efficiency region [START_REF] Bubna | Analysis, operation and maintenance of a fuel cell/battery series-hybrid bus for urban transit applications[END_REF][START_REF] Andreasen | Test of hybrid power system for electrical vehicles using a lithium-ion battery pack and a reformed methanol fuel cell range extender[END_REF][START_REF] Kelouwani | Impacts of blended mode and charge-sustaining mode on the battery efficiency for a serial fc-phev[END_REF]. This mathematical model of PEMFC-MHT system is applied to describe the dynamic responses of the embedded MH hydrogen storage tank and PEM fuel cell. The polarization curves under different operation condition of fuel cell, the reaction kinetics and equilibrium conditions of hydrogen storage tank and the heat transfer and exchange situation among the system are modeled and simulated in detail. In order to design a simplified model for practical use, some assumptions are made as following [START_REF] Busqu É | Mathematical modeling, numerical simulation and experimental comparison of the desorption process in a metal hydride hydrogen storage system[END_REF]:
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• 1. Stable test temperature is guaranteed;

• 2. The degradation of fuel cell has no extreme effect to the operation during a short period, namely, operation less than 10 hours;

• 3. The degradation happening on each area of the fuel cell stack is held on the same degree;

• 4. The MH hydrogen storage tank degradation is homogeneous;

• 5. The modeled geometry has a bottle-like shape as shown in Figure 5.3 that matches the real MH tank applied on the FCHEVs;

• 6. Used hydrogen is considered to be an ideal gas;

• 7. The MH physical characteristics of thermal conductivity, porosity and volume remain constant;

• 8. The heat convection inside the tank is neglected, which means the temperature of the tank interior and its surface are assumed to be the same;

• 9. The equipment in heat ex-changer remain constant operation efficiency.

5.2.2.2/ PEMFC STACK MODEL

During operation, PEMFC releases water by combining hydrogen and oxygen and generate the required electrical energy. For the applied mathematical model, four factors determine the output of PEMFC for operating load [START_REF] Larminie | Fuel cell systems explained[END_REF]200], which are presented as follows:

The reversible potential is calculated by the Nernst equation:

E nernst = E 0 + RT 2F * ln P H 2 * P 1 2 O 2 P H 2 O (5.1)
where E 0 is the theoretical real voltage, T is the fuel cell operating temperature, P H 2 ,P O 2 and P H 2 O are the effective pressure of hydrogen, oxygen and gaseous water. F represents the Faraday constant.

The activation over voltage is obtained by:

V act = -RT 2αF * ln( i i 0 ) (5.2)
in which α is change transfer coefficient and i 0 is the exchange current density. i is the current density of fuel cell stack. P eq (ρ s s -ρ s )

Equilibrium pressure

P eq = f (r)exp ∆H R 1 T -1 T r
Energy balance

V tank V MH -1 + ε C pg ∂(ρ g T ) ∂t + (1 -ε)C ps ∂(ρ s T ) ∂t = Q + ṁMH ∆H Heat transfer Q = Q w ṁw C p,w (T w,in -T MH )(1 -e -A )
Water temperature T w,out = T MH + (T w,in -T MH )e -A

5.2.2.4/ MODEL OF AIR BLOWER

The oxygen required by fuel cell is extracted by a blower from atmosphere. The flow rate determined by the fuel cell operating condition is:

f air = S * M air 4M O 2 * F * I FC (5.9)
where S is the stoichiometric ratio, M air is the number of air moles [START_REF] Li | Online adaptive equivalent consumption minimization strategy for fuel cell hybrid electric vehicle considering power sources degradation[END_REF].

As a main auxiliary component for the PEMFC-MHT system, the power consumption of the air blower is calculated as follows [START_REF] Zheng | Fuel economy evaluation of fuel cell hybrid vehicles based on equivalent fuel consumption[END_REF]:

P blower = C pair * T atm * f air η blower * ( p sm p atm ) (γ-1)/γ -1 (5.10)
In this equation, T atm is the atmospheric temperature, η blower is the blower coefficient, γ is the ratio of the specific heats of air, p sm is the pressure inside the supply manifold and p atm is the atmospheric pressure.

5.2.2.5/ MODEL FOR HEAT EX-CHANGER

Figure 5.3 also presents the simplified thermal circulation in this PEMFC-MHT system. The thermal radiation from the relatively high-temperature PEM fuel cell and the heat generated by operating Q FC are transferred to the radiator through fan matrix. The fan speed is controlled by the motor and the function between the fan torque τ and the motor speed N can be expressed as [START_REF] Lelkes | Bldc motor for fan application with automatically optimized commutation angle[END_REF]:

τ = k * N 2 (5.11)
Under this situation, the electrical power of the motor provided to fan could be determined by introducing an empirical model that:

P Fan = 2π * k 60(aN 2 + bN + c) * N 3 (5.12)
The transfer efficiency of the fan λ Fan is depending on the fan torque that:

λ Fan = m * τ (5.13)
Therefore, under ideal situation, the heat absorbed by the heat ex-changer can be calculated as:

Q exc = λ Fan * Q FC (5.14)
In the PEMFC-MHT system, the radiator is applied to heating the circulation water. A transfer function is applied to indicate the time response of temperature variation. Based on specific heat function that:

T w,in = (T w,out - Q exc C pw * m w ) * (1 -exp(- t R s )) (5.15) 
in which T w,in presents the temperature of the water input to the tank and T w,out is the water temperature at the outlet of tank. R s represent the response time of the transfer function.

Inside the tank, the energy exchanges between MH tank and circulation water, which could be expressed as:

V tank V MH -1 + ε C pg ∂(ρ g T ) ∂t + (1 -ε)C ps ∂(ρ s T ) ∂t = Q + ṁMH ∆H (5.16)
The overall heat exchange between MH tank and circulation water is developed based on the energy balance. The amount of heat transfer can therefore be expressed as:

Q tank = Q w ṁw c p,w (T w,in -T MH )(1 -e -A ) (5.17) 
As a result, the temperature of circulation water changes after heat transfer can be expressed as: T w,out = T MH + (T w,in -T MH )e -A (5.18

)
where A is the coefficient of heat exchange between MH material and water.
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5.2.3/ DYNAMIC SIMULATION OF THE MODEL

The model of the purposed PEMFC-MHT system is verified by the real tested FCHEVs through the contradistinction between dynamic performance simulation and recorded operation database. The parameters applied for simulation are presented in Table 5 Figure 5.4 presents the results of the embedded PEM fuel cell response to the power load. Under this stable driving condition, the load power required by batteries stay constant. The output power of fuel cell system is observed to follow the trail of the load with some delay. Such delay happens due to the current response, which caused by several elements. In one part, the fuel cell is controlled to operate under a relatively high temperature, the heater for fuel cell is turned on when the fuel cell mode starts, while it takes amount of time for the operating temperature to reach the predetermined value. Low operating temperature effects the performance of PEM fuel cell. In the other part, a certain concentration of hydrogen and oxygen is necessary for the reaction. The dynamic behavior of the MH hydrogen storage tanks causes the time delay as well. During the response period, the voltage appeared to be higher than demand. It is due to one of the characteristics of fuel cell that is expressed as the polarization curve. Figure 5.6, shows the pressure and equilibrium pressure variation condition. The equilibrium pressure corresponding to the hydride concentration and temperature, which has been explained in Eq. 4.10. Thus, at the start period, hydrogen cannot be desorbed from the MH autonomously, additional heat is required. Thanks to the gaseous hydrogen releasing and the heat delivering from the circulation water, the pressure drops and the equilibrium pressure raises. Therefore, the prerequisites of the dehydrogenating reaction are achieved and the hydrogen desorption process begins. For the remaining period, the desorption rate follows the requirement well and the simulated pressure tracks the real operation data within reasonable deviation. Figure 5.7 presents the estimated hydrogen mass remained in the tank.

The extra heat generated by PEM fuel cell during the electrochemical reaction is exploited for hydrogen desorption from MH material. Figure 5.8 represents the heat production and transformation under the management of the heat ex-changer. The simulation results indicate that the transferred heat from PEMFC to MH hydrogen storage tanks is adequate to arouse and maintain the desorption reaction. After short period of delay, the stable operating PEM fuel cell provides continuously constant heat, which is simulated to be 600 W. Around 30% of heat is delivered by fan matrix to the radiator, so the circulation water temperature is raised, for the purpose of hydrogen desorption. According to the simulation results, the heat absorbed by the radiator is enough for hydride reaction consumption, even though there is an inevitable time delay of the heat transfer process. The simulated heat provides to the tank not only applied for the dehydrogenating reaction, the circulation water absorbs the energy and it is heated as well. The heat radiation to the environment is also considered. The temperature variation during the simulated process are presented in Figure 5.9, which performed the results of the thermal management of the heat exchange system. At the beginning of hydrogen desorption process, a surplus of heat is provided to the tank, which causes the temperature of circulation water and tank raised rapidly. When the reaction has stabilized, the growing rate of temperature gradually decreases. During the suspend phase between two operation process, the temperature decreases gradually to the ambient temperature. The temperature response speed of the water and tank are unequal due to the different specific heat capacity. What worth to mention is that the heat for hydrogen desorption is not just provided by the fuel cell. In real operation situation, the circulation water plays the same role once in a while. As shown in the detail part of Figure 5.8, when the heat provided to the tank is less than the reaction consumption occasionally, the rest part of energy is absorbed from the circulation water. Thus, the water temperature dropped rapidly during this short period, which is shown in Figure 5.9. The practical applications of the MH hydrogen storage tank have a high requirement for long-term hydrogen absorption/desorption cycling, which leads to the degradation of hydrogen storage properties [START_REF] Spodaryk | Description of the capacity degradation mechanism in lani5based alloy electrodes[END_REF]. The degradation rate k of the tank capacity during cycling is calculated according to the following empirical equation [START_REF] Liu | New insights into the hydrogen storage performance degradation and al functioning mechanism of lani5-xalx alloys[END_REF][START_REF] Mordkovich | Degradation of lani5 by thermobaric cycling in hydrogen and hydrogen-nitrogen mixture[END_REF]:

C n = C n-1 * exp(-kn) (5.19)
where C n is the hydrogen storage capacity at the cycle number of n. As shown in Figure 5.3.1, the degradation rate reaches the highest at the first 30 cycles, and then reduces along with the further cycling. In the first 100 times of charging and discharging process, the hydrogen capacity is obviously degraded, while after 200 cycles the performance steady decline. 

5.3.2/ DEGRADATION MODEL OF THE PEM FUEL CELL

The PEM fuel cell degradation takes place with a high number of stops and starts which applies a relatively high load on fuel cells and leads to the output voltage drops. This dwindles the performance and efficiency of the fuel cell stack.

The semi-empirical degradation model of PEM fuel cell used in this thesis is based on the model first developed in [START_REF] Bressel | Extended kalman filter for prognostic of proton exchange membrane fuel cell[END_REF]. For a given current, the effect of ageing and degradation on stack voltage could be estimated separately:

R ohmic (t) = R ohmic0 * (1 + g(t)) (5.20) i L (t) = i L0 * (1 -g(t)) (5.21) 
The parameter g(t) reflects the time relation of the change in the resistance and limiting current, where g(t) = βt and β approximates to constant.

5.4/ THERMAL MANAGEMENT FOR LIFE SPAN EXTENDING OF THE PEMFC

5.4.1/ PROBLEM FORMULATION AND OBJECTIVE FUNCTION

The stack voltage drop is the most principle performance which leads to the power degradation of the fuel cell system after long time operation. Raising the hydrogen flow rate is an effective approach to maintaining the performance of fuel cell and extending its lifespan [START_REF] Yadav | Effect of mass flow rate and temperature on the performance of pem fuel cell: an experimental study[END_REF].

The mass flow rate of hydrogen required by PEM fuel cell can be calculated using the fuel cell model. The following equation is applied considering a hydrogen utilization factor of 0.95 [START_REF] Larminie | Fuel cell systems explained[END_REF].

f FC = 1.05 × 10 -8 * P out V out /0.95 (5.22) 
The hydrogen mass generation rate of the MH tank is dominated to meet this requirement through appropriate thermal management strategy. In practical on-board system, the tank thermal variation is mainly depending on the efficiency of the heat transfer fan. Therefore, through effectively control, the long-term performance of the PEMFC-MHT system could be improved.

5.4.2/ CONTROLLER DESIGN

.13 presents the block diagram of the thermal management in the PEMFC-MHT system achieved by controlling the speed of fan matrix. As a simple but useful and efficient control logic, PID control algorithm is applied. The electrical power responsed by fuel cell in this PEMFC-MHT system is denoted as the control variable. The objective of the controller is adjusting the hydrogen mass flow rate released of the tank to meet the requirement of PEM fuel cell. The input of the diagram is the electrical power required by battery, which should be provided by the PEMFC-MHT system. Proportion, integration and derivative coefficients in the PID controller are adjusted to minimize the error between the required power and real response power. The control parameter u(t) determines the heat transfer coefficient from fuel cell to radiator. In the physical system, the transfer coefficient is dominated by the speed of fan. Modifying the fan speed will let us to control the amount of heat transferred between PEM fuel cell and MH tanks. With more heat supply, the speed and quantity of hydrogen extracted from MH tank will increase and then, the power delivered by the fuel cell is improved correspondingly. We consider here, that, the PEM fuel cell is always well supplied by the oxygen.

In long-term operation of the PEMFC-MHT system for transportation application, the aged PEM fuel cell cannot fully response to the load power. Thus, the error e(t) in this diagram represents the degradation degree of the PEM fuel cell. As mentioned above, the powertrain of the studied system is in series so that the load power of fuel cell corresponding to charging the batteries is constant. The error due to the variation of load demand is not considered as the degradation of PEM fuel cell.

5.4.3/ RESULTS AND DISCUSSION

5.4.3.1/ SIMULATION RESULTS

The long-term operation controller (LTOC) designed above is introduced to modify the fan speed for the purpose of maintaining the power response and decreasing the degradation degree of the PEM fuel cell after long time using of vehicle.

Figure 5.14 and Figure 5.15 shows the effect of the thermal management strategy that the fan speed increased 2.2%, which leads to the transfer efficiency raising 4.6% according to Eq. 5.11. As a consequence, more energy is transferred from PEM fuel cell to MH hydrogen storage tank to accelerate the dehydrogenate reaction and obtaining more hydrogen. Thus, the efficiency of the PEMFC-MHT system is improved and the degradation rate is reduced, which contribute to meet the requirement of load and maintain the output power. What have to be aware of is that the response time of the hydrogen desorption from the MH hydrogen storage tanks to meet the requirement cannot be ignored, the fuel cell starting time as well. Therefore, during this time, the power of PEM fuel cell cannot response to the load in the simulation results. However, although the starting counts of fuel cell have a serious impact on degradation, the results of thermal control are not changed, for the reason that the driving cycle is not additionally considered in our simulation. The output voltage is widely used to demonstrate the degradation phenomenon of fuel cell. Figure 5.17 shows that with the thermal management strategy, the degradation of voltage is reduced from 6.8% to 4.4% after 1000 hours of operation. Thus, in the case of a constant mission profile, 2.4 % of power degradation is prevented. 

5.4.3.2/ FUEL EFFICIENCY

Fuel efficiency is a significant criterion for a fuel cell system. Normally the efficiency of an energy conversion is defined as the ratio between the useful energy output and the energy input [START_REF] Basualdo | Pem fuel cells with bio-ethanol processor systems[END_REF]. Thus, for the applied PEMFC-MHT system, the fuel efficiency could be calculated as follows [START_REF] Li | Online adaptive equivalent consumption minimization strategy for fuel cell hybrid electric vehicle considering power sources degradation[END_REF]:

η FCS = P FCS P H 2 = η T H * η AUX (5.23)
where η T H is the theoretical efficiency that indicates the energy conversion efficiency of the fuel cell stack; η AUX presents the auxiliary efficiency of the system.

In this paper, the air blower and fan are the main auxiliary equipment which affect the fuel efficiency of the system. Therefore, the fuel efficiency in Eq. 5.24 could be rewrite as:

η FCS = V FC 1.
25 * P FC -P blower -P f an P FC (5.24)

Figure 5.19 presents the fuel efficiency calculation results of the applied PEMFC-MHT system at different stage of operation. The fuel efficiency reduces due to the fuel cell and MH tank degradation. The introduced PID controller for thermal management is proved to be effective to reduce the power and voltage decline. However, the raised speed of fan leads to the extra auxiliary power consumption. As shown in Figure 5.19, at initial time, the PEMFC-MHT system operated at the optimal efficiency zone, which is about 40.8%. The degradation of fuel cell seriously impacts the efficiency of the system that reduced to 33.8%. The thermal control of the hydrogen supply tank helps to reduce the degradation degree of fuel cell, meanwhile the fuel cell efficiency of the PEMFC-MHT system is improved to 37% after 1000 hours. The auxiliary power affection on efficiency is relatively low that reducing the efficiency less than 0.5%. Thus, the proposed method on thermal management of the PEMFC-MHT system is effective on fuel efficiency, that 3.2% has been raised.

Figure 5.19: Fuel cell system efficiency along with current.

5.4.3.3/ FUEL ECONOMY

Fuel economy is also an important criterion to judge a fuel cell system. According to the 2020' automotive fuel cell system target defined by the US Department of Energy [206], the cost function of a fuel cell system could be calculated as follows:

Cost = Cost D FC + Cost D MH + Cost H 2 (5.25)
In the cost function, the fuel cell degradation speeding Cost D FC is depends on the fuel cell degradation degree D FC and the fuel cell cost FC cost = 600$. Similarly, the degradation of MH hydrogen storage tank D MH expends MH cost = 380$ [START_REF] Klebanoff | Final report for the doe metal hydride center of excellence[END_REF]. The hydrogen cost is calculated by the hydrogen consumption M H 2 and the unit price H 2cost = 3.5$/kg H 2 [START_REF] Depature | Ieee vts motor vehicles challenge 2017-energy management of a fuel cell/battery vehicle[END_REF]. Therefore:

Cost = D FC * FC cost + D MH * MH cost + M H 2 * H 2cost (5.26)
For the proposed PEMFC-MHT system, the effects of the thermal management strategy on the ageing degree of PEM fuel cell and MH hydrogen storage tank are opposite.

The degradation of PEM fuel cell is decelerated while the MH hydrogen tank undergoes an accelerated ageing. Meanwhile, more hydrogen has been consumed. However, the operation cost of the fuel cell system in 1000h are around 199.08 $ and 178.44 $ sepa-rately. As a consequence that the thermal management strategy is worth to apply on the PEMFC-MHT system since 10.4% of economy could be saved.

5.5/ CONCLUSION

The objective of this chapter was to develop a thermal management strategy for reducing the degradation of a long-term operating on-board PEMFC-MHT system. The system integrates PEM fuel cell and MH hydrogen storage system through a heat exchange system. A mathematical model describing the dynamic behavior of PEM fuel cell and MH tank is presented, the thermal coupling among the components through fan and circulation water were modeled as well. A database recorded from real operation mission of FCHEVs is applied to validate the model. The simulation results show a great agreement considering the same operation condition assumption. Meanwhile, the strong dependence of the dynamic response of the MH tank to the thermal condition supplied by the PEM fuel cell is presented.

The ageing model presenting the degradation phenomenon for PEM fuel cell and MH tank are replenished to the dynamic model. The voltage of PEM fuel cell reduced along with operating time, and the capacity of MH tank decreased after cycling of charging and discharging. A thermal management strategy is proposed that the fan speed is modified by a PID controller. As a consequence, the output power of the PEMFC-MHT system can be maintained by raising the hydrogen supply rate from the MH tank. 1000 hours of stable operation has been simulated. In this procedure, the voltage degradation of PEM fuel cell is reduced from 7% to 3%, which is helpful to extending the remain useful life. The raised hydrogen consumption speedy the capacity decline of the MH tank, the degradation rate is increased from 11.1% to 11.6% after 1000 hours, which is acceptable.

The fuel efficiency and economy are calculated for determining the effect of the proposed thermal control strategy. For the long-term operation of the applied integration PEMFC-MHT system, the fuel efficiency has been raised 3.2% and 10.4% of fuel economy could be saved in 1000 hours.

This chapter also presents a new idea for fuel cell system design. For automobile application, the choice of the load power of PEM fuel cell and the number of the MH hydrogen storage tank could be optimized for the purpose of extending the lifespan of PEM fuel cell, which could maintaining the output power, the fuel efficiency and fuel economy at the same time. Since the degradation mechanism of PEM fuel cell and MH tank are different, the synchronous of ageing degree has a great impact on the performance of the entire FCHEV. This should be taken into consideration in fuel cell system sizing as well.

EXPERIMENTAL VALIDATION 6.1/ INTRODUCTION

In order to further experimentally validate the studies of MH hydrogen storage in the previous chapter, extra experiments are required. Thus, a test bench is design and built on the fundamental of the previous experimental platform in our laboratory. In this chapter, the experimental platforms are generally introduced. Then, the detailed configuration of the test bench is presented. Moreover, for the purpose of validate the research in above chapters, different experimental procedures are designed. At last, the experimental results are presented and discussed in detail respectively. In the laboratory, a test bench is built to validate models and thermal condition proposed above. As presented in Figure 6.1, two MH hydrogen storage tanks are connected in parallel for testing. The hydrogen flow supplied in the laboratory is 7.8 bar with the maximum 113 flow rate of 120 NL/min. The discharged hydrogen is released to atmosphere via the air circulation system in the test room. During the test, thermal condition is controlled by fan matrix, heater and circulation water. The fan matrix is used for heat dissipation when the temperature is too high, while the heater is used to warm the circulation water to provide more energy to the reaction. In addition, an extra radiator is used to simulate the heat generated by a fuel cell stack during operation on a vehicle. The heat generation power is adjustable from 500 W to 1800 W.

6.2/ EXPERIMENTAL PLATFORM

The tested MH tank are the same with the embedded one on the Mobypost vehicles introduced in Section 2.2.2, which are shown in Figure 6.2. The commercial properties provided by the manufacture are presented in Table 6.1. Through this test bench, pressure at the outlet of the tank, temperature at the surface of the bottles and the hydrogen flow rate can be measured and then used to validate the models and management strategies. The charging process starts from when the tank is empty. The pressure of the supplied hydrogen in the laboratory is constant at 7.8 bar, the hydrogen flow rate filling into the tank is dominated by the pressure difference. In order to avoid high kinetics and limit the temperature variation speed, the valve opening area is controlled manually so that the flow rate is limited under 10 NL/min. Due to the exothermic absorption reaction and pressure raising, the temperature of the tank increases with the hydrogen filling. An upper limit temperature is set as 26 • C. The charging process is stopped when the temperature reaches the threshold. By heat convection, the tank temperature drops to ambient with the help of fan matrix. When the temperature fall to the low limit threshold 22.5 • C, the valve is opened and the charging process restarts. This process is repeated until the tank is fully charged, namely, the pressure in the tank reaches 7.8 bar and no more hydrogen can be filled into the tank.

Similarly, the discharging process test is controlled by the temperature threshold of 18 • C to 24 • C. The hydrogen flow rate released from the tank is determined by the pressure difference between the atmospheric pressure and the hydrogen pressure in the tank. The temperature drops during discharging due to the endothermic desorption reaction and the pressure variation. The heater operated to accelerate the temperature recovery. In the end of test, the pressure inside the tank equals to atmospheric value and the hydrogen flow rate is zero. During the experiment, the physical states are measured by these sensors and then recorded for analyse. As mentioned above, one can see that the SOC of a MH hydrogen storage tank can be directly achieved by its physical performance. However, the hydrogen storage capacity is not only influenced by the ageing condition but also depending on the manually operation method. More hydrogen can be stored through appropriate setting. In order to compare the simulations with experimental results using corresponding test condition, the following experimental setup is implemented.

Before testing, the MH hydrogen storage tanks on the test bench are fully charged, namely, under ambient temperature condition, no more hydrogen can be charged into the tank with the supplied pressure of laboratory. During the discharging process, the valve is completely turned on and the hydrogen flow rate is only dominated by the pressure difference between the test room and inside the tank. The generated hydrogen gas can be released freely. The circulation water is warmed by an extra heater, which is helpful for promoting the hydrogenation reaction. When the measured hydrogen releasing flow rate comes to zero, the test is stopped and the discharging process is regarded as completely finished.

The control and data acquisition system is programmed in LabV IEW. Through this experimental setup, temperatures at the surface of tanks, pressure at the outlet, input and output water temperatures and the released hydrogen flow rate are recorded and then used to calibrate the parameters of the computational simulation.

6.4.2/ RESULTS AND DISCUSSION Figure 6.12 shows the dynamic performance of the hydrogen continuity during test. Since the MH tanks is a partial volume with a porosity, some gaseous hydrogen exists in the tank, which is discharged rapidly when the tank is open. In this test, the valve is completely opened without being controlled so that at beginning a significant decrease of hydrogen flow rate happened, as presented in Figure 6.12(a). As a result of the stable reaction, hydrogen is continuously desorped from the MH and released out of the tank. Until the hydrogen concentration inside the tank drops to a certain value, the hydrogen to metal ratio is too low to generate hydrogen in a high speed. The flow rate decreases to zero, which is considered as the end of discharging process. On the test bench, about 250 g of hydrogen can be discharged form two tested MH hydrogen storage tanks. Figure 6.13 and Figure 6.14 present the comparison of the results between experiment and simulation. In Figure 6.13, the experimental pressure is measured at the outlet of the tank while the simulation result is calculated by the inside pressure and equilibrium pressure model. For both of results, a sharp drop of pressure are observed at the beginning due to the rapid release of the gaseous hydrogen. Then the composed hydrogen in MH is desorped, which contributes to the pressure maintaining or increasing. With the discharging procedure, pressure drops with equilibrium pressure, which is leaded by the decreases of hydrogen to metal ratio. At the end, pressure is equal to equilibrium pressure, namely, the tank reaches balance condition and no more hydrogen can be desorped. The deviations are a consequence of the sensor location that pressure distributed inside the tank is not uniform like the assumptions on the simulated model. The heat generated by fuel cell is of significant effect on the dynamic performance of MH hydrogen storage tank. On the test bench, a modifiable radiator is used to simulate the heat supplied by fuel cell. Therefore, the influence of the extra heat on the hydrogen discharge characteristics can be observed.

Similar to the schematic presented in Figure 5.3, the radiator is located at the place of fuel cell. The maximum power can be provided by the radiator is 1800 W. Three group of test is designed that the radiator power is set as 0, 900 W and 1800 W separately. In each test, the discharging process starts from the same condition that the atmosphere temperature is 20 • C and the tanks are fully charged. During two hours of discharging, the valve is fully opened and the hydrogen releasing flow rate is only influenced by the hydrogen generation rate.

6.5.2/ RESULTS AND DISCUSSION Figure 6.16 presents the comparison of the experimental results under different power of radiator. As shown in Figure 6.16(a), the hydrogen discharging rate is sensitive to the supplied heat. As discussed before, high flow rate at the beginning is caused by the remaining gaseous hydrogen in MH tank before test. Then, the hydrogenation reaction speed lead the performance. Without extra heat supply, the speed of this endothermic reaction is slow, which results in a low hydrogen releasing flow rate. Meanwhile, no more energy is provided to circulation water and the reaction need to absorb heat from circulation water. Thus, the water temperature decreases follow the variation of tank temperature, as shown in Figure 6.16(b). The heat transfer rate is correspondingly slow, which can be seen in Figure 6.16(c). In level 1, the radiator power is 900W. With this extra heat supply, the hydrogenation speed is raised so that the flow rate is increased. As can be seen in Figure 6.16(b), the circulation water temperature almost unchanged, namely, a heat exchange balance is achieved between endothermic reaction and extra heat supplied by radiator. In level 2, 1800 W of heat is generated by radiator and supplied to the test bench. The hydrogen desorbed and released out rapidly. The circulation water and tank are both heated except for the effect of quick dropped pressure at the beginning. Figure 6. 16(d) shows the hydrogen mass variation under these three test conditions. Obviously, extra heat is of great help to promote the hydrogen releasing speed. 

6.6/ CONCLUSION

This chapter has presented the test bench used to validate the theoretical research of MH hydrogen storage in previous chapters separately. In the test bench, the hardware system is composed by a MH reaction reactor and a heat exchange system, meanwhile, the software system is programmed by LabV IEW for data acquisition.

On this test bench, three different experiment procedures are tested for validating corresponding models and strategies. The first experiment tested the characteristics of the used MH hydrogen storage tank. The results not only validate the proposed P-C-T based model for charging, but also supplement the discharging model with more experimental data. The online SOC estimation process during discharging the tank is also tested using real operation data based on the complete SOC model. The second experiment tested the dynamic performance during the whole discharging process. The evolution of temperature, pressure, hydrogen to metal ratio and heat transfer rate along with time are carefully recorded and studied, which show great agreement with the proposed model simulation. In the third test, a radiator is added to simulate the function of fuel cell in thermal affection to hydrogen desorption. The results presented the close thermal coupling situation between fuel cell and MH tanks, which prove the possibility of an effective thermal control strategy for monitoring and optimizing the operation application.

GENERAL CONCLUSION

As a promising way to replace the fossil fuel and mitigating environmental problems, the main challenges hydrogen energy facing are production, storage, transportation and application. The works presented in this thesis are the contributions to the on-board hydrogen storage and application using MH tank. Combining the testing results from both laboratory experiments and real operational tests on FCEHVs equipped with MH hydrogen storage tanks, effective methods for online SOC estimation, dynamic modeling process and energy management strategy are proposed for optimizing the embedded hydrogen storage and application way.

Indeed, our research work concentrated on the analysis of the properties and performance of MH hydrogen storage system, the thermal exchange among hydrogen storage tank and fuel cell, the active management strategy of this coupling hydrogen system constituted of PEM fuel cell and MH tank. Firstly, in order to study the properties of MH reaction, statistical models are proposed through analyzing great number of data recorded from MH hydrogen storage tank charging and discharging tests. Combining with the characters of the reaction between hydrogen and MH material, a state classifier is designed through weighting the classify results of Naive Bayes classifier and Support Vector Machine classifier. The online state of charge estimation are therefore realized in both charging and discharging process. Then the performance of an embedded MH hydrogen storage tank are studied for the purpose of designing the dynamic model. Since the parameters of a commercial used MH tank are uncertain, particle swarm optimization algorithm has been used to identify these parameters of the model. In addition, the coupling PEMFC-MHT system is modeled to specify the thermal and heat exchange situation. An active thermal control strategy is proposed to optimize the operation mode of this system considering degradation, hydrogen consumption and power efficiency. Finally, a test bench is designed in laboratory and experiments are carried out to validate the proposed models and strategies.

Otherwise, the present research work opens several prospects for the future in the following aspects:

• In this study, the proposed dynamic models and validated using not only previous real operation FCEVs database, but also new designed test bench. However, the degradation model and thermal management strategy are just simulated through software. In the future, more test can be carried out on the test bench, such as MH hydrogen storage tank cycling test, thermal control test and energy management 127 test. By performing real experiment, the SOC model can be further supplemented and the control strategies can be validated in practical applications.

• For automobile application, the choice of the load power of PEM fuel cell and the number of the MH tank could be optimized for the purpose of extending the lifespan of PEM fuel cell, which could of great help in maintaining the output power, the fuel efficiency and fuel economy at the same time. Since the degradation mechanism of PEM fuel cell and MH tank are different, the synchronous of ageing degree has a great impact on the performance of the FCEHVs. This should be taken into consideration in fuel cell system sizing as well.

• Since the integration of MH tank and PEM fuel cell mainly relates to their thermal coupling, the effective thermal management strategy is of great importance to improve the efficiency. Except for optimizing the current heat exchange system like fan matrix and circulation water used in this thesis, other methods are worth to considering and designing. 
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 2 Figure 2.1 to Figure2.2 show part of the principle of the method used to characterize the MH based on the thermal variation control. By using this process, the experimental data points of each P-C-T curve for this MH hydrogen storage tank were obtained. As we can see, the hydrogen absorption process is characterized by three phases which are depending on the temperature and pressure in the tank. The amount of hydrogen that absorbed by the MH hydrogen storage tank is shown in Figure2.2. For this tank, the hydrogen quantity absorbed is about 180 g. Figure2.3 shows the pressure variations in the tank during the process, which are limited by the threshold of temperature. The detailed information of the relationship between temperature and pressure are presented in Figure2.4. Obviously, the variation cycle of temperature and pressure are synchronous that they influence each other.
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 2 Figure 2.5 to Figure 2.7 presents an example of the discharging test in laboratory experiment.Similar to absorption process, the discharging process is controlled by software that the temperature threshold is set and the hydrogen flow is defined. The database will be used for characteristic analysis of the MH hydrogen storage, which will be presented below.
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 28 Figure 2.8: Concept of Mobypost European project.
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 2 Figure 2.8 shows the concept of the Mobypost European project which is divided into four parts. The first part is infrastructure part, which aims at designing and building a hydrogen production and distribution station. Photovoltaic generator is used to meet the mission of daily on site hydrogen production. The second part is about the designing and
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 2 Figure 2.11 show an example of the database recorded during the process of charging the tanks on the vehicle. The first stage of absorption was occurred in the first 1000 seconds, a large amount of gaseous hydrogen was charged into the tanks, which can be seen in Figure2.11(a). As a result, the pressure grows rapidly which also leads to the rise of temperature, as presented in Figure2.11(c). When it comes to the second stage, the pressure remained stably as hydrogen turned into hydride form. In spite of the exothermic absorption reaction, the temperature gradually decreases because of the heat transfer between the tank and atmosphere. Figure2.11(d) shows the variation of temperature during the charging process. As practical application, the absorption process might not be completely carried out and the tank was not fully charged to the end of second stage. For the Mobypost vehicle, two tanks are connected in parallel on board of the vehicle to provide enough hydrogen which have a total mass of about 350 g, while only 300 g of hydrogen is charged into the tank in this example as presented in Figure2.11(b).
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 211 Figure 2.11: Mobypost database profile in charging process: (a) Hydrogen flow rate of charging; (b) The mass of hydrogen absorbed; (c) Pressure variations; (d) Temperature variations.
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 212 Figure 2.12: Mobypost database profile of the discharging process: (a) Hydrogen flow rate of discharging; (b) The mass of hydrogen remaining in the tank; (c) Pressure variation; (d) Temperature variation.
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 32 Figure 2.14: Schematic of the discharging process.
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 215 Figure 2.15: Experimental database and statistical model of hydrogen flow in one charging process of the vehicle No. 2.
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 216 Figure 2.16: Experimental database and statistical model of temperature in one charging process of the vehicle No. 2.
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 217 Figure 2.17: Experimental database and statistical model of pressure in one charging process of the vehicle No. 2.
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 218 Figure 2.18: Experimental database and statistical model of hydrogen mass absorbed in one charging process of the vehicle No. 2.
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 2 Figure 2.21 to Figure 2.22 shows the the identification results of one discharging process.The rad wine line in each picture is the label of heater. Normally the label is 0, which means the heater is turn off. The hydrogen storage system is heated when it turns to 1. The model of each parameter is divided into four stages. The duration of each stages is determined by temperature and hydrogen concentration in the tank.
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 219 Figure 2.19: Experimental database and statistical models of hydrogen flow rate in one discharging process of vehicle No. 2.
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 220 Figure 2.20: Experimental database and statistical models of temperature in one discharging process of vehicle No. 2.
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 221 Figure 2.21: Experimental database and statistical models of pressure in one discharging process of vehicle No. 2.
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 222 Figure 2.22: Experimental database and statistical models of hydrogen mass remained in the tank during one discharging process of vehicle No. 2.
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 3 Figure 3.1 shows the identification results of the mathematical model for calculating the hydrogen mass in a MH tank during the whole process of absorption under one cycle. As shown by each isotherm curve, the absorption process mainly occurred during the
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 31 Figure 3.1: Parameter identification of the absorption model for one cycle.
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 32 Figure 3.2: Errors of identification of absorption model for one cycle.
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 3 Figure 3.2 gives the deviation of under different pressure. One can see that the errors of the proposed model are concentrated in the pressure zone of 1.5 bar to 2.5 bar, where

Figure 3 . 3 :

 33 Figure 3.3: Coefficients fitting of k3 and k4 with P-C-T curves for one cycle.
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 3 Figure 3.4 shows the model of the hydrogen mass absorbed under certain temperature and the pressure without considering degradation. It is can be seen that for the first time charged tank, the coefficient of k1 is zero and the mass of hydrogen charged is only depending on the temperature and the pressure.
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 34 Figure 3.4: Mathematical model of hydrogen mass absorbed into the tank.
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 35 Figure 3.5: SOC model of the MH hydrogen storage tank.
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 36 Figure 3.6: Parameter identification of desorption model for one cycle.
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 37 Figure 3.7: Identification errors of desorption model for one cycle.
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 38 Figure 3.8: Hydrogen mass charged into the tank of Mobypost project vehicle for different cycles.
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 39 Figure 3.9: Coefficients fitting of k1 and k2 with the number of cycle.
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 3 Figure3.9 highlights how the cycles influence the initial hydrogen mass and the final hydrogen mass in the MH tank. After several cycles of charging and discharging, its capability to storage hydrogen will decrease until no more hydrogen could be absorbed
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 310 Figure 3.10: Framework of the online SOC estimation with a state classifier.
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 3 Figure 3.10 gives the schematic of the framework of SOC estimation procedure. A state classifier is designed to classify the physical state of the tank. After training the state classifier offline using the historical database, the real data recorded during test can be characterized into relating stage, which can be realized online.
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 311 Figure 3.11: Maximum interval classification hyper-plane.
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 312 Figure 3.12: Structure of the multi-classifier: (a) Series multi-classifier; (b) Parallel multiclassifier.
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 313 Figure 3.13: Flow chart of joint multi-classification.
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 314 Figure 3.14: Flow chart of cross validation.
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 3 Figure 3.15 and Figure 3.16 give the example of the online state classification result of charging and discharging test. Obviously, the classification error is merely appears in transition of the first stage to the second stage in charging test while concentrated in the first stage and the third stage in discharging process. In the second stage, the performance of the classifier is stable and excellent.
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 315 Figure 3.15: Online state classification result of a charging process.
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 316 Figure 3.16: Online state classification result of a discharging process.
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 317 Figure 3.17: Online SOC estimation result during charging process.
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 41 Figure 4.1: Schematic of the hydrogen storage and application system.
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 42 Figure 4.2: Schematic diagram of absorption and desorption process in a MH hydrogen storage tank.
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 43 Figure 4.3: Flowchart of PSO algorithm.
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 4 Figure 4.3 presents the flow chart of PSO algorithm, which is described in detail as below:
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 4 Figure 4.5: P-C-T curves of the tested MH hydrogen storage tank.

Figure 4 .

 4 Figure 4.5 presents the P-C-T curves of the hydrogen desorption process under three different temperatures 21 • C, 22 • C and 23• C, which are extracted from the laboratory database. These curves show the equilibrium state of the reaction inside the tank. The equilibrium pressure changes with temperature and hydrogen concentration, which is consistent with the equation of P eq in Eq. 4.10. The effect of hydrogen concentration on equilibrium pressure has been approximated by a ninth-order polynomial function as Eq. 4.12. This polynomial function is fitted depending on the identified parameters of the tank and the database of P-C-T curves from laboratory experiment. Table4.1 gives the coefficients p 0 , p 1 , ..., p 10 of f (r), which are calculated when the optimal parameters are obtained in this study.
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 46 Figure 4.6 to Figure 4.9 show the comparison between real operation data and simulation results applying the identified parameters.
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 46 Figure 4.6: Real operation data and simulation value of hydrogen flow.
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 47 Figure 4.7: Real operation data of pressure and simulation result with optimal parameters
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 48 Figure 4.8: Real operation data of temperature and simulation result with optimal parameters.
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 4 Figure 4.8 shows the variation of temperature of both circulation water and MH tank during operation. The dehydrogenating reaction inside the tank is an endothermic process.Hence, the heat exchange system is used to improve the efficiency by providing high temperature circulation water during operation. After heat transfer, the lower temperature circulation water is exported. As a consequence, the temperature of the tank is increased as well. The simulation results show the consistency with the real operation data.
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 410 Figure 4.10: Schematic of water circulation system with a heater.
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 411 Figure 4.11: Simulation results of temperature with different exchange coefficient.
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 251 Figure 5.1: Architecture of the tested vehicle.
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 52 Figure 5.2: PEMFC-MHT system on the studied vehicle.

Figure 5 .

 5 Figure5.2 presents the photo of the embedded PEMFC-MHT system on the tested vehicles, its detailed schematic is then shown in Figure5.3. Such system, namely, an on-board PEMFC-MHT system, is combined by PEM fuel cell, MH hydrogen storage tank, air blower, radiator, fan matrix and circulation water. Through the reaction of oxygen and hydrogen, PEMFC transforms the chemical energy into electric energy and serves as the main source of the FCEHV powertrain. An air blower is applied to provide enough oxygen for the reaction. Hydrogen is stored in the MH tanks through hydrogenation reaction and carried on the vehicle. To supply the proper hydrogen flow, the reaction speed and operation temperature are controlled through the heat ex-changer. A copper tube for circulating water is installed to control the temperature and regulate the equilibrium pressure of the MH reaction bed. The extra heat generated by the PEMFC is exploited for raising the circulating water temperature through the radiator and fan matrix. The heat transfer condition is depicted in Figure5.3. This schematic is also the configuration of the mathematical model used in our study, which will be discussed in Section 5.2.2.
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 53 Figure 5.3: Schematic of PEMFC-MHT system on tested vehicles.
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 84 Coefficient of fan power -5.6 × 10 -Coefficient of fan power 5.3 × 10 -Coefficient of fan power -0.38 On the tested vehicle, the configuration of drive train is distributed as Figure 5.1. The fuel cell system is applied as the first power source to charge the batteries. A PEMFC stack of 1.1 kw, composed by 40 single fuel cells, is installed on the vehicle and operated under the temperature of 55 • C. The database for model validation is collected when the atmosphere temperature is 17 • C. The FCHEV is continuously operated in three separate phases, with the fuel cell mode turns on all the time during operation.

Figure 5 . 4 :

 54 Figure 5.4: Fuel cell operating condition under required power load.
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 5 Figure 5.5 to Figure 5.7 presents the dynamic performance of the MH hydrogen storage tank during the tested vehicle operation process. As one can see from Figure 5.5, the
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 55 Figure 5.5: Hydrogen flow rate of MH tank under required power load.
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 56 Figure 5.6: The pressure of MH hydrogen storage tank under required power load.
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 57 Figure 5.7: Hydrogen mass remained in the MH hydrogen storage tank required power load.
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 58 Figure 5.8: Heat generated and transferred in the fuel cell system.

Figure 5 .

 5 Figure5.8 also presents the consumed heat of the tank in actual test. At least 60 W of heat is required for hydrogen desorption. The simulated heat provides to the tank not only applied for the dehydrogenating reaction, the circulation water absorbs the energy and it is heated as well. The heat radiation to the environment is also considered. The temperature variation during the simulated process are presented in Figure5.9, which performed the results of the thermal management of the heat exchange system. At the beginning of hydrogen desorption process, a surplus of heat is provided to the tank,
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 59 Figure 5.9: Temperature variation along time.
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 510 Figure 5.10: Temperature of circulation water variation along time.
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 53 1 presents the hydrogen storage capacity variation of the MH tank during the life span. The reduction of capacity occurs with the growing number of charging and discharging cycles. The storage tank meets its end of life for transportation application after about 2500 cycles since more than 25% capacity degradation happens[206].
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 511 Figure 5.11: MH degradation rate against cycle numbers.
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 5 Figure 5.12: SOC degradation of the MH hydrogen storage tank.
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 513 Figure 5.13: Block diagram of a fuel cell system with a PID controller.
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 514 Figure 5.14: Fan speed without and with LTOC.
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 515 Figure 5.15: Heat transfer efficiency without and with LTOC.
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 5 Figure5.16 presents the variation of hydrogen discharging flow rate during 1000 hours of vehicle operation. Under the adjustment of the heat exchange system, 11% more hydrogen is desorbed from MH hydrogen storage tank and provided to PEM fuel cell. Thus, the efficiency of the PEMFC-MHT system is improved and the degradation rate is reduced, which contribute to meet the requirement of load and maintain the output power. What have to be aware of is that the response time of the hydrogen desorption from the MH hydrogen storage tanks to meet the requirement cannot be ignored, the fuel cell starting time as well. Therefore, during this time, the power of PEM fuel cell cannot response to the load in the simulation results. However, although the starting counts of fuel cell have a serious impact on degradation, the results of thermal control are not changed, for the reason that the driving cycle is not additionally considered in our simulation.
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 516 Figure 5.16: Responses hydrogen flow rate from MH tank without and with LTOC.
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 517 Figure 5.17: Fuel cell voltage along with time without and with LTOC.
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 5 Figure 5.18 presents how the hydrogen capacity of the MH tank modified during 1000 hours. Obviously the capacity presents a drop trend with time. Due to the growing discharging hydrogen flow rate, the thermal management strategy helps to maintain the efficiency of fuel cell while accelerate the degradation of MH hydrogen storage tank. During this long time, the number of charging and discharging cycle of the on-board MH tank is 348 and 369 separately, and the degradation rate of the MH tank capacity is about 11.2% and 11.5%. The influence will be discussed at both fuel efficiency and fuel economy part.
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 518 Figure 5.18: MH tank capacity degradation along time.

Figure 6 . 1 :

 61 Figure 6.1: Experimental setup of the test bench.
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 62 Figure 6.2: Applied MH hydrogen storage tank.

Figure 6 .

 6 Figure 6.3 presents the measurement system in the test bench. The hydrogen flow charged into the tank and released form it are measured by an EL-FLOW base mass flow meter F -111AC from Bronkhorst High Tech which has a range from 0 to 120 NL/min.An electrical valve with a pressure sensor is installed at the outlet of the tank. When the MH tanks are open and the electrical valve is closed, the pressure measured by sensor is regarded as the pressure inside the tank. This pressure sensor is an industrial pressure transmitter AT M.1S T .
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 63 Figure 6.3: Sensors of the measurement system in the test bench.
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 3 VALIDATION OF P-C-T BASED MODEL 6.3.1/ EXPERIMENT PROCESS The experiments for testing the characteristics of the used MH hydrogen storage tank are designed and carried out on the test bench. At the same time, the proposed P-C-T based mathematical model for SOC estimation in Section 2.3 is validated.
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 32 RESULTS AND DISCUSSION 6.3.2.1/ CHARGING CASE
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 64 Figure 6.4 to Figure 6.6 show the physical state measured during charging test. As the equilibrium temperature is extracted from Figure 6.4, corresponding data of pressure and capacity can be regarded as part of the P-C-T curves.
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 64 Figure 6.4: Temperature variation during experiment.
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 65 Figure 6.5: Pressure variation during experiment.
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 66 Figure 6.6: Hydrogen mass charged into the tank during experiment.
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 67 Figure 6.7: P-C-T based SOC model.
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 68 Figure 6.8: P-C-T curves of discharging process.

Figure 6 .

 6 Figure 6.10 shows the integral model of the SOC model during discharging process. Similar to charging process model, this model determines the percentage of hydrogen remained in the tank, which is only affected by the physical state.
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 6 Figure 6.10: P-C-T based SOC model.
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 323 ONLINE SOC ESTIMATION DURING DISCHARGING PROCESSAs mentioned in Section 2.4, the online SOC estimation can now be tested with the complete P-C-T based model for discharging process. Thanks to the mathematical model presented in Figure6.10, the SOC of the tank can be calculated by the data point recognized as second stage.
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 6 Figure 6.11: Online SOC estimation result during discharging process.

Figure 6 .

 6 Figure 6.11 presents the online SOC estimation result during discharging process. Compared to the value of hydrogen mass in the tested database, the online SOC estimation
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 612 Figure 6.12: Time evolution of the hydrogen discharge characteristics form the MH tank on the test bench (a) Hydrogen releasing flow rate; (b) Hydrogen mass remaining in the tank.
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 613 Figure 6.13: Pressure variation during discharging process.

Figure 6 .

 6 Figure 6.14 depicts the comparison of temperature variation. The temperature of circulation water keeps raising thanks to the heater. The reason why the surface temperature of the tank drops at the beginning is composed of two parts. For one thing, based on the ideal state equation, the rapid pressure drop leads to the temperature decrease. For other, the heat supplied by the circulation water is not enough for the endothermic reaction. Then, they come to a kind of small slope region thanks to the adequate heat transfer rate between circulation water and MH material. Finally, the low reaction speed caused by low hydrogen to MH ratio reduced the heat requirement. Extra heat supplied by the circulation water leads to the raise of tank temperature.

Figure 6 . 14 :

 614 Figure 6.14: Temperature variation during discharging process.

Figure 6 . 15 :

 615 Figure 6.15: Time evolution of the hydrogen discharge characteristics form the MH tank on the test bench (a) Hydrogen to metal atomic ratio; (b) Heat transfer rate.

Figure 6 .

 6 Figure 6.15 presents the evolution of the characteristics during test. The hydrogen to metal atomic ratio decreases with hydrogen desorption process. However, the gaseous hydrogen stored in the tank before discharging is not taken into consideration. The accu-

Figure 6 . 16 :

 616 Figure 6.16: The effect of the supplied heat on the hydrogen discharge characteristics: (a) Hydrogen releasing flow rate; (b) Temperature variation; (c) Heat transfer rate; (d) Hydrogen mass remaining in the tank.
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  As one of the most attractive and potential energy generation device in recent years, fuel cell draw great attentions of research and application on a global scale. Fuel cells are energy conversion device that the chemical energy stored in fuel, usually hydrogen, and oxidant from air or pure oxygen are converted into electricity through the electrolyte.

	1.3/ PROTON EXCHANGE MEMBRANE FUEL CELL PROPULSION
	1.3.1/ GENERAL DESCRIPTION OF PEMFC
	1.3.1.1/ FUEL CELL TYPES

The type of electrolyte dominates the chemical reaction condition inside the fuel cell, including the operation temperature, reaction speed and dynamic performance. The main applied fuel cell types categorized by electrolyte types include Proton Exchange Membrane Fuel Cell (PEMFC), Alkaline Fuel Cell (AFC), Phosphoric Acid Fuel cell (PAFC), Molten Carbonate Fuel Cell (MCFC), Solid Oxide Fuel Cell (SOFC), Direct Methanol Fuel cell (DMFC), etc

[START_REF] Hoogers | Fuel cell technology handbook[END_REF]

. Table
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	1: Fuel cells comparison

  Several prototypes of complex hydrides vessels mostly with NaAlH 4 and

	Mg(NH 2 ) 2 -LiH have been developed and tested with confirmed high energy densities
	[107]. The common used low temperature hydrides for hydrogen storage can be grouped
	based on the stoichiometries as AB 5 -type (e.g. LaNi 5 ), AB 2 -type (e.g. T i -Zr alloys),
	A 2 B-type (e.g. S b 2 T i, S n 2 Co) and AB-type (e.g. T i -Fe alloys), where A represents
	elements with high affinity for hydrogen typically rare-earth or alkaline earth metal (e.g.,
	Ca, T i, Y, Zr, H f , La, Ce, etc.) and B represents elements with low affinity for hydrogen
	typically a transition metal that forms only unstable hydrides (e.g., Cr, Mn, Fe, Co, Ni)
	[102, 103, 107, 108].
	1.4.2/ ADVANTAGES AND CHALLENGES OF HYDROGEN STORAGE

  , a medium size vehicle powered by fuel cell needs 4 kg of hydrogen to drive a distance of 400 km, the volumetric scale for storing 4 kg of hydrogen in different way are compared to the vehicle visually separately. Obviously, the volumetric densities of chemical hydrides are much higher than that of compressed hydrogen and liquid hydrogen, the examples of MH materials are Mg 2 NiH 4 22CHAPTER 1. FUEL CELL AND HYDROGEN TECHNOLOGY FOR TRANSPORTATION and LaNi 5 H 6 .Figure 1.16: Volume of 4 kg of hydrogen compacted in different ways, with size relative to the size of a car [109].
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	1	8	14.81	17.82
	2	22	148.26	177.14
	3	14	27.78	33.21
	4	22	57.09	59.31
	5	0	0	0
	6	27	51.51	66.57
	7	16	35.51	42.06
	8	8	15.41	16.52
	9	1	0.63	27.04
	10	13	23.6	35.19

1: Mobypost project database profile Vehicle cycles (n) H2 charging time (h) Discharging time (h)

Table 2 .

 2 2. Considering 20 times of charging processes of vehicle No. 2, the average absolute errors between identified model and experimental data are 0.54%, 1.72%, which are acceptable.

	Table 2.2: Identified coefficients of charging model
	Coefficient	Flow	Temperature Pressure	Mass
	k 1	6.9	37.65	8.75	180.05
	k 2	82	-19.97	-6.81	-119.89
	k 3	768.86	384.43	384.43	768.86
	k 4	8.19	40.07	8.73	149.6
	k 5	-5.3e-4	-5.3e-4	4.5e-5	0.0083

Table 2 .
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	3: Identified coefficients of discharging model
	Model Temperature	Pressure	Mass
	Stage 1		

  • C is considered as the equilibrium state. The data recorded for Mobypost vehicle No. 4 is used, in which the MH tanks undergone 21 times of cycles of charging and discharging. The applied MH tanks on the Mobypost vehicles are of the same technology with the one test in laboratory experiment, so that the mathematical model developed above can assumed to be valid. Therefore, the parameters of k1 to k4 present the same meaning of the MH tanks' physical characteristics. Under the picked temperature of 34 • C, the parameters k3 and k4 are easily to be calculated. The detail information about the simulation results and further discussion will be presented in the next section.

	3.2.2/ RESULTS AND DISCUSSION
	3.2.2.1/ ABSORPTION CASE
	From the database test in laboratory experiment, which is presented in Section 2.2.1, the
	pressure under same temperature can be extracted. Therefore, certain data point on P-
	C-T curves under different temperature of absorption process can be determined. Here,
	these picked temperature are of 22

• C, 23 • C, 24 • C and 25 • C.

Table 3 .

 3 1: Identified parameters for absorption model.

	T (C)	22	23	24	25
	k1	10 -8	10 -14	10 -6	10 -6
	k2	177.3635 175.8193 172.0149 167.0116
	k3	-3.8324	-3.5680	-3.3795	-3.1786
	k4	10.6431	10.4728	10.4141	10.3063
	Error(%)	9.6	9.1	7.4	2.5

Table 3 . 2

 32 

	: Identified parameters for desorption model
	T ( • C)	19	20	21
	k1	14.3184	14.0725	13.0102
	k2	155.7164 155.6490 155.4380
	k3	-9.5933	-9.5522	-9.7628
	k4	12.1947	12.9445	14.3836
	Error(%)	0.82	1.51	2.47

Table 3 .
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	3: Parameter index
	Name	Formula
	Kuitosis 1 N	N i=1 (x i -x) 4 /RMS 4
	Entropy	-

i P(x i ) log b P(x i )

Table 4 .

 4 1: The polynomial function coefficients of equilibrium pressure.

	Coefficient	Value	Coefficient	Value
	p 1	0.0191	p 6	-97.2922
	p 2	-0.3869	p 7	121.3925
	p 3	3.3691	p 8	-93.9727
	p 4	-16.5014	p 9	41.5605
	p 5	50.0302	p 10	-5.6286
	4.4.2/ PSO-BASED PARAMETERS IDENTIFICATION RESULTS

Table 4 .

 4 2: Parameters optimization with PSO method.

	Parameter	Symbol(Unit)	Range	Reference
	Metal molecular weight	M MH (g/mol)	[200,600]	[115, 173, 174]
	Metal heat capacity	C ps (J/kg/K)	[100,400]	[115, 173, 174]
	Reaction enthalpy	∆H (J/kg H 2 )	[2E7,4E7]	[115, 173, 174]
	Empty density	ρ s 0 (kg/m 3 )	[7000,7400]	[159]
	Porosity	ε	[0.2,0.7]	[166, 175, 176]
	Heat transfer coefficient	A	[0.1,0.7]	[166]
	Desorption rate constant	C d (1/s)	[2,15]	[125, 166, 177]
	Activation energy	E d (J/mol)	[15000,30000] [125, 166, 177]

Table 4 .

 4 3: Value of the optimal parameters with PSO method.

	Parameter	Optimal value
	Metal molecular weight	417
	Metal heat capacity	285
	Reaction enthalpy	30605000
	Empty density	7144
	Porosity	0.4
	Heat transfer coefficient	0.3524
	Desorption rate constant	10.82
	Activation energy	21682

Table
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 5 1: Model equations of MH hydrogen storage tank

	Model	Equation
	State equation	P = ρ g RT
	MH continuity	ṁMH = (1 -ε) ∂ρ s ∂t
	Hydrogen mass conservation	ṁH 2 = V tank V MH -1 + ε ∂ρ g ∂t
	Reaction kinetics	Absorption: ṁMH = C a exp -E a RT ln P P eq (ρ s s -ρ s )
		RT Desorption: ṁMH = -C d exp -E d	P-P eq

  .2 and Table 5.3. This process is implemented by MATLAB software [172].

	Table 5.2: The properties applied in PEM fuel cell model [80, 200]
	Properties		Value	Unit
	F	Faraday constant	96485	C/mol
	T	Temperature of the cell	55	• C
	α	Change transfer coefficient	0.1	-
	S cell	Active area in single cell	62	cm 2
	N cell	Number of cells	40	-
	β	Degradation coefficient	3.5×10 -3 -
	Table 5.3: The parameters applied in simulation [202, 203]
	Parameters	Value	
	S	Stoichiometric ratio	2	
	γ	Specific heats ratio of air	1.4	
	η blower	Efficiency of air blower	0.8	
	p sm	Pressure inside the supply manifold 2 atm	
	k	Coefficient of fan torque	4.03 × 10 -11

Table 6 . 1

 61 

	: MaHyTec proprieties
	Type	RHGV 3181L
	Tradename	MHT-HyCube-12 kg
	Mass	19 kg
	Volume	4 NL
	Operating temperature	-20 • C -85 • C
	Maximum pressure	10 bar
	Maximum absolute pressure	5 bar
	Maximum flow	35 NL/min
	Life span	3 years

l T 11 : 34.65 l P11 : 2.73 l m11 : 102.647 l T 12 : -8.16 l P12 : 1.41 l m11 : -0.0199 l T 13 : 550.56 l P13 : 175.26 Stage 2 l T 21 : 33.99 l P21 : 2.92 l m11 : 102.647 l T 22 : 0.0027 l P22 : 0.00008 l m11 : -0.0199 Stage 3 l T 31 : 39.03 l P31 : 2.73 l m11 : 102.647 l T 32 : 0.0027 l P32 : -0.00006 l m11 : -0.0199 l P33 : -777.25 Stage 4 l T 41 :45.37 l P41 : 1.78 l m41 : 8.4797 l T 42 : 0.011 l P42 : 0.00066 l m42 : -0.011 l T 43 : 40.28 l P43 : 14.64 l T 44 : 0.011 l P44 : 0.0026 l T 45 : 44.63 l P45 : 1.6075 l T 46 : -2.06 l P46 : 0.9857 l T 47 : 45.47 l P47 : -12.6618

thanked for funding me to study and live in France. With the funding, I could concentrate on my research project, and could also travel around Europe to explore a new world.

CHAPTER 5. THERMAL MANAGEMENT OF THE PEMFC-MHT SYSTEM

The ohmic over voltage is determined as:

V ohmic = i * S cell * R ohmic (5.3) in which S cell is the cell active area and R ohmic represents the ohmic resistance.

The concentration voltage drop could be calculated as:

where i L represents the limiting current.

Thus, the output voltage of a single PEMFC is:

Taking N cell as the number of cells, the power generated by the embedded fuel cell and used for load can be calculated as [START_REF] Tetuko | Thermal coupling of pem fuel cell and metal hydride hydrogen storage using heat pipes[END_REF]:

Meanwhile the heat generation rate of the operating fuel cell stack can be calculated. The value of the voltage is 1.48V when the water product is in liquid form and 1.25V is used in vapour form [START_REF] Chabane | Energetic modeling, simulation and experimental of hydrogen desorption in a hydride tank[END_REF][START_REF] Tetuko | Thermal coupling of pem fuel cell and metal hydride hydrogen storage using heat pipes[END_REF].

5.2.2.3/ MH HYDROGEN STORAGE TANK MODEL

In the PEMFC-MHT system, the hydrogen supply flow rate of the MH tank should be adequately controlled to meet the requirement of fuel cell operation. Unlike the high pressure tank, the hydrogen flow rate released from a MH tank in this integrate hydrogen system is controlled by thermal management. Thus, the dynamic responses of the MH hydrogen storage tank to the PEM fuel cell demands could be expressed as the state alteration such as pressure or temperature. The model is developed incorporating the mass conservation and thermal energy balances in the hydrogen storage system [START_REF] Cho | Dynamic modeling and simulation of hydrogen supply capacity from a metal hydride tank[END_REF][START_REF] Kyoung | Three-dimensional modeling and simulation of hydrogen desorption in metal hydride hydrogen storage vessels[END_REF], for describing the reaction kinetics, mass and energy transfer during FCHEVs operation process.

The model introduced in Section 3.2 are applied to describe the dynamic performance of the MH hydrogen storage tank, as presented in Table 5.1. Document generated with L AT E X and: the L AT E X style for PhD Thesis created by S. Galland -http://www.multiagent.fr/ThesisStyle the tex-upmethodology package suite -http://www.arakhne.org/tex-upmethodology/