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The need to reduce PEMFC systems cost as well as to increase their durability is crucial for their integration in various applications and especially for transport applications. A new simplified architecture of the anode circuit called Alternating Fuel Feeding (AFF) offers to reduce the development costs. Requiring a new stack concept, it combines the simplicity of Dead-End Anode (DEA) with the operation advantages of the hydrogen recirculation. The three architectures (DEA, recirculation and AFF) are compared in terms of performance on a 5-kW test bench in automotive conditions, through a sensitivity analysis. A gain of 17% on the system efficiency is observed when switching from DEA to AFF. Moreover, similar performances are obtained both for AFF and for recirculation after an accurate optimization of the AFF tuning parameters. Based on DoE data, a gain of 25% on the weight of the anodic line has been identified compared to pulsed ejector architecture and 43% with the classic recirculation architecture with blower only (Miraï).

Introduction

These past few years, people measured the strong need to reduce their CO2 emissions to avoid a temperature increase and alleviate the climate change. According to the International Energy Agency, the transportations area represents a quarter of the greenhouse gases 2 emissions [START_REF]Tracking Transport[END_REF]. The Proton Exchange Membrane Fuel Cell technology only produces water as a by-product, when used in automotive powertrain. However, these systems are still too expensive and voluminous for mass-market production. Besides, their lifetime is still far from reaching the 8000 hours targeted by the US DoE (Department of Energy) [START_REF]DOE Technical Targets for Polymer Electrolyte Membrane Fuel Cell Components[END_REF].

One way to improve these three bottlenecks is to work on system architectures. System architectures can be simplified to reduce the development and investment costs as well as the system volume. New system architecture and gas management strategy could even improve the fuel cell performance.

Among the existing anode architectures, the Dead-End Anode (DEA) is the simplest to implement and control. Indeed, only two solenoid valves are required for the operation. The hydrogen outlet is thus maintained closed and opens intermittently. However, this particular operation often induces a heterogeneous behavior inside each cell, leading to performance losses. Several phenomena have been studied in recent years. One of them is the water accumulation at the anode outlet [START_REF] Lee | An experimental study on water transport through the membrane of a PEFC operating in the dead-end mode[END_REF][START_REF] Siegel | Measurement of Liquid Water Accumulation in a PEMFC with Dead-Ended Anode[END_REF][START_REF] Dubau | Carbon corrosion induced by membrane failure: The weak link of PEMFC long-term performance[END_REF][START_REF] Asghari | Investigation of self-humidified and deadended anode proton exchange membrane fuel cell performance using electrochemical impedance spectroscopy[END_REF][START_REF] Abbou | Time Evolution of Local Potentials during PEM Fuel Cell Operation with Dead-Ended Anode[END_REF][START_REF] Abbou | Impact of Water Management on Local Potential Evolutions during PEM Fuel Cell Operation with Dead-Ended Anode[END_REF]. Water transported through the membrane accumulates at the hydrogen outlet and thus decreases performance. A second phenomenon occurring in DEA is caused by the Nitrogen transport through the membrane. The accumulation of N2 at the hydrogen outlet decreases the H2 partial pressure in this area and can lead to fuel starvation. This induces performance losses [START_REF] Siegel | Measurement of Liquid Water Accumulation in a PEMFC with Dead-Ended Anode[END_REF][START_REF] Abbou | Time Evolution of Local Potentials during PEM Fuel Cell Operation with Dead-Ended Anode[END_REF][START_REF] Ahluwalia | Buildup of nitrogen in direct hydrogen polymer-electrolyte fuel cell stacks[END_REF][START_REF] Paganelli | Fuel Cell and Method for Stopping a Fuel Cell[END_REF][START_REF] Baik | Characterization of nitrogen gas crossover through the membrane in proton-exchange membrane fuel cells[END_REF][START_REF] Kocha | Characterization of gas crossover and its implications in PEM fuel cells[END_REF][START_REF] Meyer | Nitrogen Blanketing and Hydrogen Starvation in Dead-Ended-Anode Polymer Electrolyte Fuel Cells Revealed by Hydro-Electro-Thermal Analysis[END_REF][START_REF] Abbou | Local potential evolutions during proton exchange membrane fuel cell operation with dead-ended anode -Part II: Aging mitigation strategies based on water management and nitrogen crossover[END_REF][START_REF] Abbou | Local potential evolutions during proton exchange membrane fuel cell operation with dead-ended anode -Part I: Impact of water diffusion and nitrogen crossover[END_REF][START_REF] Nikiforow | Optimization study of purge cycle in proton exchange membrane fuel cell system[END_REF]. Both phenomena can even result in irreversible degradations [START_REF] Dubau | Carbon corrosion induced by membrane failure: The weak link of PEMFC long-term performance[END_REF][START_REF] Abbou | Time Evolution of Local Potentials during PEM Fuel Cell Operation with Dead-Ended Anode[END_REF][START_REF] Pei | Main factors affecting the lifetime of Proton Exchange Membrane fuel cells in vehicle applications: A review[END_REF][START_REF] Sanchez | Local impact of humidification on degradation in polymer electrolyte fuel cells[END_REF][START_REF] Sanchez | PEMFC operation failure under severe dehydration[END_REF][START_REF] Pozio | Nafion degradation in PEFCs from end plate iron contamination[END_REF][START_REF] Nandjou | Impact of heat and water management on proton exchange membrane fuel cells degradation in automotive application[END_REF][START_REF] Zhao | Experimental Observations of Microstructure Changes in the Catalyst Layers of Proton Exchange Membrane Fuel Cells under Wet-Dry Cycles[END_REF][START_REF] Lee | Pinhole formation in PEMFC membrane after electrochemical degradation and wet/dry cycling test[END_REF][START_REF] Guétaz | Study by electron microscopy of proton exchange membrane fuel cell membrane-electrode assembly degradation mechanisms: Influence of local conditions[END_REF][START_REF] Qiu | Effect of relative humidity cycles accompanied by intermittent start/stop switches on performance degradation of membrane electrode assembly components in proton exchange membrane fuel cells[END_REF]. In order to mitigate the effect of flooding and N2 stratification, the anodic purge strategy was extensively studied [START_REF] Nikiforow | Optimization study of purge cycle in proton exchange membrane fuel cell system[END_REF][START_REF] Rabbani | Effect of nitrogen crossover on purging strategy in PEM fuel cell systems[END_REF][START_REF] Chen | Optimization of purge cycle for dead-ended anode fuel cell operation[END_REF][START_REF] Strahl | Experimental study of hydrogen purge effects on performance and efficiency of an open-cathode Proton Exchange Membrane fuel cell system[END_REF][START_REF] Sasmito | A Factorial Study to Investigate the Purging Effect on the Performance of a Dead-End Anode PEM Fuel Cell Stack[END_REF][START_REF] Han | PEM fuel-cell stack design for improved fuel utilization[END_REF][START_REF] Werner | The impact of operating parameters and system architecture on the water management of a multifunctional PEMFC system[END_REF][START_REF] Eskin | Anode bleeding experiments to improve the performance and durability of proton exchange membrane fuel cells[END_REF] and often, frequent purges are recommended. However, this increases the hydrogen losses, impeding the system efficiency.

To overcome the heterogeneous cell behavior observed in DEA, hydrogen can be recirculated to the cell inlet using ejectors [START_REF] Arboleda | New Hyundai NEXO FCV, European Hydrogen Energy Conference[END_REF][START_REF] Milewski | Off-design analysis of SOFC hybrid system[END_REF][START_REF] Marsano | Ejector performance influence on a solid oxide fuel cell anodic recirculation system[END_REF][START_REF] Nikiforow | Discrete ejector control solution design, characterization, and verification in a 5 kW PEMFC system[END_REF] or recirculation pumps [START_REF] Konno | Development of Compact and High-Performance Fuel Cell Stack[END_REF][START_REF] Toghyani | A parametric comparison of three fuel recirculation system in the closed loop fuel supply system of PEM fuel cell[END_REF][START_REF] Zhao | Study on voltage clamping and selfhumidification effects of pem fuel cell system with dual recirculation based on orthogonal test method[END_REF][START_REF] Hasegawa | Development of the Fuel Cell System in the Mirai FCV[END_REF]. Hydrogen recirculation can be considered as the state-of-the-art anode architecture. Indeed, in addition to the gas homogenization, this configuration also offers a possibility of gas conditioning before entering the stack that participate to water management. The water vapor transported through the membrane from the cathode to the anode is recirculated so as to hydrate the membrane by the anode [START_REF] Ahluwalia | Buildup of nitrogen in direct hydrogen polymer-electrolyte fuel cell stacks[END_REF][START_REF] Lee | A gas management strategy for anode recirculation in a proton exchange membrane fuel cell[END_REF][START_REF] Migliardini | Optimization of hydrogen feeding procedure in PEM fuel cell systems for transportation[END_REF][START_REF] Migliardini | Hydrogen purge and reactant feeding strategies in self-humidified PEM fuel cell systems[END_REF][START_REF] Uno | Reactant recirculation system utilizing pressure swing for proton exchange membrane fuel cell[END_REF][START_REF] Steinberger | Anode recirculation and purge strategies for PEM fuel cell operation with diluted hydrogen feed gas[END_REF][START_REF] Jiang | Experimental study on dual recirculation of polymer electrolyte membrane fuel cell[END_REF]. Cell behavior in recirculation mode is often more stable than in DEA and better performance are reached [START_REF] Lee | A gas management strategy for anode recirculation in a proton exchange membrane fuel cell[END_REF][START_REF] Migliardini | Optimization of hydrogen feeding procedure in PEM fuel cell systems for transportation[END_REF]. However, this architecture becomes complex in terms of development and control. Indeed, to obtain a wide range of operation using ejectors, several components have to be implemented in parallel [START_REF] Kim | Development of the Variable Multi-ejector for a Mini-bus PEMFC System[END_REF] leading to a complex control. The use of variable section ejectors can be done [START_REF] Brunner | Design and characterization of an electronically controlled variable flow rate ejector for fuel cell applications[END_REF] but as well as all ejector types, they are known to be very sensitive to the gas density changes [START_REF] Li | Experimental determination of the water vapor effect on subsonic ejector for proton exchange membrane fuel cell (PEMFC)[END_REF]. As water vapor concentration evolves during operation, it can affect the control of the recirculation flow. If a recirculation pump is used, then the system efficiency is impacted and decreases due to the pump consumption [START_REF]Technology Assessment of a Fuel Cell Vehicle[END_REF].

Nowadays, the need to decrease fuel cell system cost is crucial. New system architectures have to be cheaper in terms of component design and development. Some scientists work in this way and recent studies showed homogeneous cell behavior with good cell performance using multiple hydrogen injection. This combines the effect of the recirculation with a simpler anode architecture since no ejector or recirculation pump are used. The principle is to reduce hydrogen losses and improve water management with overall DEA operation. Han et al. [START_REF] Han | PEM fuel-cell stack design for improved fuel utilization[END_REF] worked on a 15 kW-stack divided into 4 parts. The key objective was to reduce the anode purging frequency required for the evacuation of liquid water. Passing through a first stack fraction, the hydrogen flow is directed to a phase separator before entering the next fraction.

The authors achieved a reduction in hydrogen losses compared to a DEA operation with a better water management. Multiple injection also exists on the cathode side with a 2-stack configuration in series [START_REF] Werner | The impact of operating parameters and system architecture on the water management of a multifunctional PEMFC system[END_REF]. This modeling study showed the benefits of this cathodic architecture on flooding at low temperature. Another study [START_REF] Wang | New design of a cathode flow-field with a sub-channel to improve the polymer electrolyte membrane fuel cell performance[END_REF] carried out at the cell scale (3 points of injection of air along the active surface) analyzed the impact of the multiple injection of air at the cathode to better evacuate liquid water. The additional injection flows at the air inlet were voluntarily dry to increase the water discharge. This particular design allowed the authors to gain more than 13% power density compared to the single-feed case.

A few authors have studied the possibility to circulate hydrogen through the stack without any pump or ejector. A combination of a specific architecture integrating check-valves and a dedicated flow control method based on a pressure-swing concept have been developed [START_REF] Uno | Reactant recirculation system utilizing pressure swing for proton exchange membrane fuel cell[END_REF][START_REF] Grisard | Long Term Performance of the Pressure Swing Recirculation System[END_REF]. A stable operation with low hydrogen rejection is achieved, at both single cell and stack level.

This study focuses on a correlation between the anode architecture and water management since performance and durability of the fuel cell are strongly related to stack operating conditions and gas management strategies. It aims to adapt the gas management strategy in order to improve the water management at the anode and reach the same performance level as the state-of-the-art architecture, the anodic recirculation. Based on the DEA architecture and a new stack conception, this new architecture, using multiple hydrogen injection, simplifies the anode loop, keeping the advantages of the recirculation, namely the gas homogenization and humidification, without the need of an ejector or a recirculation pump.

Materials and Methods

Stack configuration for Alternating Fuel Feeding operation

At the anode side, a novel architecture called Alternating Fuel Feeding (AFF) is set up. The Figure 1 shows the AFF operation and a more detailed view of the stack configuration. Similar to the Dead-End Anode (DEA) strategy, a solenoid valve V3 at the system outlet intermittently opens for purges, and at the inlet, hydrogen is delivered at a predefined pressure by a pressure-regulating device, such as a pressure reducer (represented on Figure 2) or a controlled injector. Two solenoid valves V1 and V2 are required at the stack inlet because the latter is divided into two parts, each of them having an independent inlet port. In this study, the stack is composed of 70 cells, and thus two half-stacks of 35 cells are distributed on each side of a distribution plate. This new configuration allows the hydrogen to be fed by one or the other half-stack depending on the state of the two hydrogen feeding solenoid valves. As shown in This new configuration theoretically has several advantages on the cells humidification and on nitrogen stratification. To avoid nitrogen stratification and heterogeneities within the cells, the H2 feed locations are regularly inverted to create a circulation between the two half-stacks. The water vapor is thus homogenized throughout the cell instead of accumulating at the hydrogen outlet and the membrane can be hydrated homogeneously on the anode side. Moreover, nitrogen that also accumulated at the hydrogen outlet of a half-stack is homogenized throughout the anodic compartment avoiding stratification. In a similar manner to DEA, purges at regular intervals are required to remove accumulated species (nitrogen and liquid water) throughout the anode compartment of the cell. Furthermore, the special configuration of the stack allows to insert a phase separator in the central distribution plate to collect liquid water and mitigate cell flooding. The phase separator is shown on the Figure 1 on the central plate between the two half-stack. Liquid water accumulates in the phase separator during the alternated H2 feeding and is removed from the stack during the purge. As a result, the water management can be improved compared to conventional DEA operation. The purge period can therefore be extended and will be one of the parameters analyzed in this study.

An additional advantage of the AFF strategy over the DEA is the introduction of a new degree of freedom, namely the switching valves frequency at the hydrogen inlet. This parameter will be called "AFF frequency" and will also be presented with the corresponding period called "AFF period". This new parameter can control the circulation flow between the two half-stacks and could be adapted to different operating conditions. Finally, Alternating Fuel Feeding operation combines the advantages of hydrogen recirculation without an ejector or a recirculation pump. Due to the reduced power consumption of the three solenoid valves, the architecture has a certain advantage in terms of energy efficiency compared to a recirculation performed with a pump. Moreover, the complexity of the hydrogen line can be reduced compared to the one developed with ejectors. Indeed, several ejectors are often necessary to reach a wide range of operation and to obtain a fast adaptability of the system. This makes the system complex and bulky. On the contrary, AFF architecture tends to simplify both the development and the control of the system. Indeed, the latter is limited to a pressure regulation at the inlet and to the operation of three valves. A techno-economic analysis based on DoE data [START_REF] James | Production Cost Estimation of Direct H2 PEM Fuel Cell Systems for Transportation Applications: 2017 Update[END_REF] highlights that the piping simplification of the AFF architecture could represent a gain of 25% on the weight of the anodic line compared to a pulsed ejector architecture. When compared to the recirculation architecture with blower only, the benefit is even higher and could reach 43%. Regarding the costs, a gain of 6% has been identified for 500.000 systems produced per year compared to the pulsed ejector architecture. Compared to the recirculation architecture from the Miraï with blower only, a huge gain is identified which is close to 57%.

System description

A 70-cell stack from PEMFC technology developed by CEA-LITEN was used for the current study. Membrane Electrode Assemblies with active area 220 cm² were assembled with serpentine design bipolar plates. Some additional details about the bipolar plates design and the MEAs can be found in previous works [START_REF] Nandjou | A pseudo-3D model to investigate heat and water transport in large area PEM fuel cells -Part 1: Model development and validation[END_REF][START_REF] Rodosik | Impact of humidification by cathode exhaust gases recirculation on a PEMFC system for automotive applications[END_REF].

The system can reach 5 kW for a maximum current of 120 A. Table 1 shows the system characteristics. The schematic of the test bench is presented in Figure 2. It has been adapted from a system previously used in [START_REF] Rodosik | Impact of humidification by cathode exhaust gases recirculation on a PEMFC system for automotive applications[END_REF].

At the cathode side, the air is first filtered and then compressed. The fresh gas is humidified before the fuel cell inlet, flowing through a passive membrane humidifier FC-150 series from Permapure ® . The fresh air in the passive humidifier, thanks to selective polymeric membranes, recovers the water vapor from the cathode exhaust gases. The relative humidity (RHc) at the cathode inlet ranges from 30 to 50 %. This relatively low RHc level was intentionally chosen to exacerbate the humidification effect by the anode side thanks to the novel anode architecture.

A backpressure solenoid valve, at the air outlet, ensures, with the compressor, the pressure regulation at the cathode inlet. At the anode side, the AFF architecture is set up.

Thermal management is performed with a deionized water loop. The refrigerant flows through the stack with a temperature regulation at its outlet. The hot coolant flow coming out of the stack preheats the fresh hydrogen flow before enters at the anode inlet, thanks to a doublepipe heat exchanger. During operation, excess heat is removed with variable speed fans placed in front of the radiator. Stack outlet temperature is maintained stable within ±1°C tolerance with a temperature difference between stack inlet and outlet close to 4 degrees. 

Experimental protocol

The AFF characterization has been designed over a wide range of operating conditions that can be suitable for automotive application. A 5-parameter sensitivity analysis was conducted to study the stack and system performance. DEA experiments were also performed on the system and stack with the same parameters for sake of comparison.

These parameters are: current density, temperature, pressure on both sides of the membrane, air stoichiometric ratio and AFF frequency. The chosen values are presented in Table 2. The analysis includes two levels for each parameter and an additional level for the AFF frequency.

The three switching frequency levels of the hydrogen valves were set at 0.5 Hz, 1 Hz and 1.5 Hz.

Special attention was paid to three parameters: air stoichiometric ratio (SR), temperature and air pressure. Indeed, these parameters mainly affect the sizing and the system efficiency. The maximum temperature was intentionally set at a high level, namely 80°C to mimic automotive conditions. The minimum level was set at 65°C. The pressure was set at 1.35 and 1.5 bar and the air stoichiometric ratio at 1.8 and 2. Considering that the maximum current density depends on the maximum flow delivered by the air compressor, the highest level could not be higher than 0.5 A/cm². 

Experimental results analysis and discussion

Cell behavior under Alternating Fuel Feeding operation

This section compares the fuel cell operation in AFF mode and DEA mode. Specifically, it focuses on the impact of the AFF strategy on the performance and behavior of the stack.

Sensitivity to AFF frequency, current density, temperature, pressure or air stoichiometry is studied.

The Figure 3 presents the different mean cell voltage profiles measured in DEA mode (Figure 3-a) and in AFF mode for three different frequencies: 0.5 Hz (Figure 3-b), 1 Hz (Figure 3-c) and 1.5 Hz (Figure 3-d). These profiles were recorded at 0.5 A/cm² at a temperature of 80°C, a hydrogen pressure of 1.5 bar and an air stoichiometry of 1.8. The measured cell voltages are averaged along the stack to obtain the average cell voltage of the stack (or "equivalent cell voltage"). The voltage threshold of the purge criterion is similar for the four tests. With this operating condition, its value is 0.566 V.

All the profiles exhibit a periodic shape, with a sudden rise of the voltage after purging and a slow decrease until next purge. This is generally observed in DEA operation due to the accumulation of nitrogen and water to the hydrogen outlet. Because the AFF operating mode is derived from the DEA with an intermittent opening of the hydrogen outlet valve, a similar voltage decrease behavior was expected. Nevertheless, the voltage decrease in AFF mode is significantly slower than that observed in DEA. This voltage behavior also noted by Siegel et al. [START_REF] Siegel | Measurement of Liquid Water Accumulation in a PEMFC with Dead-Ended Anode[END_REF], is associated with a more gradual accumulation of liquid water. To quantify the impact of both architectures on the performance of the stack, several criteria are identified:

-the purge period ;

-the maximum voltage reached after purge ;

-the period of maintaining the maximum voltage (at ± 3 mV) ;

-the time averaged value of the equivalent cell voltage of the stack ;

Each of these four parameters is measured on the records showed in Figure 3 and reported in Figure 4.

The first parameter analyzed is the purge period. In DEA, it was recorded around 20 seconds whereas it reaches 231 to 374 seconds in AFF respectively with 0.5 and 1 Hz. In AFF, the purge period is extended with a factor of 11 up to 18 with the same purge criterion as DEA.

This evolution already shows a clear improvement in the operating conditions of the fuel cell with AFF strategy. The average performance of the stack is also evaluated by the average voltage obtained between 2 purges (time average of the equivalent cell voltage). The three AFF frequencies give similar results. However, the best one is observed at 0.5 Hz with an averaged voltage of 625 mV. These are much better once again than that of the DEA test, which shows a voltage of 572 mV, a drop of 53 mV compared to AFF.

The fourth parameter defined as the period where the maximum voltage is hold. This parameter supports the hypothesis of a better hydration state of the membrane as well as a reduced nitrogen and water accumulation. Indeed, this period is close to zero in DEA but is larger than one minute in the case of AFF operation. A maximum period of 97 seconds is obtained at a frequency of 1 Hz. The lowest is measured at 1.5 Hz but is still higher than one minute with 63 s. This parameter, like the first one ( ), can differentiate the AFF tests according to the switching valves frequency. This frequency therefore has an impact on the voltage response of the stack.

Finally, better performances are recorded in AFF compared to DEA. On the one hand, the time-averaged values of the equivalent cell voltage are higher in AFF than in DEA and the purge periods are much longer. On the other hand, the AFF frequency has an impact on the voltage profile and the average voltage level. In this case, the profile recorded at 0.5 Hz gives the best performance. It is also the one among the 3 AFF tests that has the shortest purge period. In order to confirm these observations, a study of the performance of the stack as a function of AFF frequency was carried out under different operating conditions in section 3.3.

Hydrogen efficiency comparison

AFF operation has been tested under different operating conditions to analyze the sensitivity of the process to system operating conditions (Table 2). The purpose is to characterize the losses of hydrogen during operation.

The hydrogen efficiency

, is given by Equation ( 1) and was used as a comparison parameter since it allows to take into account both hydrogen losses (purge period) and the performance of the cell (voltage average):

, = × × × "# $ %&'() %&'() * (1) 
Where +,is the lower heating value of hydrogen, . / 01 is the flow rate of consumed hydrogen which is calculated depending on the current set point thanks to Faraday's law, and . / 234 is the flow rate of purged hydrogen (losses of hydrogen). The latter depends on the system sizing and we observed only a small variation when changing inlet pressure. It is not measured online, but it has been estimated offline, based on volume measurements, at a value in the range 90 ± 10 NL/min. In addition, it can be noted that during the purge, the total flow rate at the stack inlet is the addition of the hydrogen consumed . / 01 and the hydrogen purged . / 234 . Finally, and 5 234 are the purge period and purge duration (the latter being set constant at 1 second to remove accumulated species and renew the anode gas compartment). This efficiency enables to compare several systems regardless of the chosen architecture because it is independent of auxiliary power consumption. For the sake of synthesis, only the results obtained at 0.5 A/cm², a pressure of 1.5 bar and an air stoichiometry of 2 are analyzed in this section. Figure 5 presents the hydrogen efficiency of the fuel cell at two temperature levels (65 and 80°C). It is plotted against the AFF period and not its frequency. This allows to visualize the DEA on the same graph at a period equal to 0 s.

A first observation enables to conclude on the effectiveness of the AFF strategy compared to the DEA. All the results obtained in AFF, whatever the period chosen, are superior to those recorded in DEA. The most obvious deviation is observed at 80°C and 1.5 bar, which shows a hydrogen efficiency of 0.52 while the point in DEA reaches only 0.35, being a difference of 0.17. The gap is reduced with a lower temperature at 65°C to reach a difference of 0.06. This behavior seems to show that the water management in AFF operation reduces the drying effect at higher temperature and the flooding at lower temperature.

Depending on the AFF period, the best efficiencies regardless of the conditions are observed at 1 second. The maximum efficiency was measured as 0.531 for a temperature of 65°C and 0.52 at 80°C. The impact of the AFF period seems very low at 65°C. However, it seems that an optimum AFF period giving the best performances exists at higher temperature. Regarding these first observations, this optimum ranges at a period between 1 and 2 seconds.

Sensitivity analysis on the AFF frequency

Experimental results

Additional tests were carried out with AFF frequencies varying from 0.1 to 1.5 Hz with a step of 0.2 Hz. Three different conditions were selected for these tests. The first one sets the operating parameters to their minimum level of the first sensitivity analysis (see Table 2) at 0. In a first approach, the results confirm that an adjustment of the AFF frequency enables to optimize the stack performances whatever the operating conditions. The most obvious example was recorded at 0.5 A/cm², 80°C, 1.5 bar, and SR = 2, for which a maximum efficiency of 0.492 is obtained at a AFF period of 1.54 seconds (i.e. 6 788 = 0.65 Hz) while the efficiency is only 0.474 (i.e. a difference of 0.018) with a longer period around 3.3 seconds.

At a lower air pressure and stoichiometric ratio (0.5 A/cm², 80°C, 1.35 bar, SR = 1.8), the maximum efficiency is 0.491 at a period of 1.43 seconds (i.e. 6 788 = 0.7 Hz). A significant decrease of 0.05 is measured with a shorter period at 788 = 0.9 s.

At lower current, 0.3 A/cm², 65°C, 1.35 bar, SR = 1.8, the period corresponding to the maximum efficiency (0.555) is higher, around 3.3 seconds. The difference between the maximum (at 788 = 3.3 s) and the minimum (at 788 = 0.66 s) measured under these conditions is around 0.04. Regarding these last results, it appears that the period corresponding to the maximum efficiency on the operating conditions.

The higher the current and the temperature, the lower the frequency where the maximum efficiency is located. The identification of the maximum performance frequency may depend on:

-the hydrogen consumption rate (depending on the current set point),

-operating conditions (temperature, pressure, relative humidity at the cathode),

-the geometry of the stack.

The influence of these parameters on the maximum AFF frequency is discussed in the next section.

Maximum AFF frequency limit identification

As presented in the previous section, adjusting the AFF frequency allows to optimize the performance even though all other parameters are fixed. This section shows how to determine the optimum of the AFF frequency depending on the operating conditions.

We suppose that this optimum frequency is reached when the hydrogen filling the anodic compartment is totally renewed at each change of direction of the flow. Under these conditions, the liquid water is driven up to the hydrogen outlet or the phase separator. Thus, maximum performance should be observed for this particular flow rate . 9:; for recirculating hydrogen between the two half-stacks:

Where -1 is the volume of the anode compartment, 788 9:; the limit AFF period equivalent to a residence time in the anode compartment and 6 788 9:; the limit AFF frequency (or optimum AFF frequency).

During AFF operation, the flow rate through the anode compartment is the hydrogen consumption rate noted . 01 . This value (in m 3 /s) can be derived from the Faraday law and adapted according to the operating conditions: 

. 01 =
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Where D 99 is the total number of cells, E the total current, F, the ideal gas constant, G, the Faraday's constant, , the stack temperature and H 1 , the anode pressure.

In order to ensure total gas recirculation at the anode, the consumption rate must be equal to the limit flow. Therefore, taking . 01 = . 9:; , the AFF frequency 6 788 9:; can be calculated according to the operating conditions of the stack and the anodic volume of the stack:

In this way, the limit frequency is calculated, under the same conditions as the previous section.

The AFF periods calculated according to Equation ( 4) are summarized in Table 3. The periods where the hydrogen efficiency is maximum (Figure 6) are also reported. The measured anode volume is 1.2 L for the stack.

The calculated period and the measured period are in good agreement, particularly at high current (0.5 A/cm²). The period measured at 0.5 A/cm², 1.35 bar and SR = 1.8 is between 1.4 and 2 s, i.e. frequencies from 0.5 to 0.7 Hz. The limit frequency calculated at 0.7 Hz is within this range. Similarly, at 0.5 A/cm², 1.5 bar and SR = 2, the measured period is between 1.1 and 2 s and a maximum hydrogen efficiency is visible around 1.5 s which corresponds to the calculated limit frequency, i.e. a frequency of 0.65 Hz.

At lower current (0.3 A/cm²), the calculated limit period is 2.4 seconds in agreement with the experimental results, which indicates a maximum between 2 s and 3.3 s. 

Sensitivity analysis on the purge period

As presented in section 2.1, the AFF strategy introduces two specific periods: the AFF period and the purge period. The previous section demonstrated that an adequate AFF period maximizes stack performance. Nevertheless, these efficiencies were calculated for a unique purge period. In a similar manner to the AFF period, this purge period can be adapted to the operating conditions to maximize the performance of the stack.

6 788 9:; = 1 )?? •C•< /8• #• # (4) 
This section presents the method implemented to carry out a sensitivity analysis on both the AFF and the purge periods parameters. The ultimate goal is to determine pairs of AFF / purge periods as a function of the operating conditions. The analysis focusses on the stack performance.

It is well known that shorter purge periods increase the average cell voltage. However, shortening the purge period increases hydrogen losses and therefore decreases the hydrogen efficiency (Equation ( 1)). The first step is therefore to highlight the most appropriate purge period to maximize the cell voltage.

The Figure 7 shows the set of hydrogen efficiencies (Equation ( 1)) from the profiles obtained at 0.5 A/cm², 80°C, 1.35 bar and SR = 1.8 at an AFF frequency of 1 Hz. The purge periods are spread over the entire range from 10 to 200 seconds. It is observed that a maximum hydrogen efficiency exists for a given purge period. Under the conditions specified above, the optimal purge period would be close to 90 seconds with a maximum H2 efficiency of 0.49. It can also be noted that the difference between the minimum and the maximum reaches almost 0.02.

The optimization of the purge period is therefore not negligible. Once the optimal purge period has been identified, the next step is to repeat the process for different AFF frequencies and thus select the pair of AFF/purge period to obtain maximum hydrogen efficiency. This method can then be applied to all the operating conditions for defining a series of optimum operating points.

The optimization profile of the hydrogen efficiency as a function of the AFF parameters, namely the purge period and the AFF period, is illustrated in Figure 8. The measurements are shown as a surface and two different characteristic curves are also plotted.

In Figure 8-a, the line in black dots is identical to the one presented in Figure 7 and represents the hydrogen efficiency as a function of the purge period for a unique AFF period, set at 1 s.

The dashed blue curve, called "maximum efficiency curve", highlights the maximum hydrogen efficiencies identified for each AFF period. In this particular operating condition, the maximum efficiency is observed for this pair AFF period / purge period "1.43 s / 90 s". There is a difference of 0.052 in hydrogen efficiency between the DEA and the optimum AFF conditions identified.

The Figure 8-c shows the projection of the maximum efficiency curve of Figure 8-a on the axes {AFF period / Purge period}. The maximum purge period of 95 seconds is observed for AFF periods of 1 and 1.11 second, i.e. 0.9 and 1 Hz. These optimum points are slightly different from those obtained when considering the hydrogen efficiency. This highlights the fact that reaching the maximum hydrogen efficiency does not necessarily mean achieving a maximum purge period. Optimizing hydrogen efficiency takes into account both the losses of hydrogen and the performance drop of the fuel cell for unfavorable conditions.

It is also important to note that all the purge periods achieved in AFF are higher than in DEA.

The hydrogen efficiency in AFF is therefore improved both by a higher cell voltage and by a lower loss of hydrogen. These results may also depend on the bipolar plate designs. As only the "F" design from CEA was available for this study, no conclusion can be done on the fluid pattern influence.

AFF operation compared with hydrogen recirculation

Today, the most common anode architecture used in mobile systems is hydrogen recirculation.

As detailed in the introduction section, this architecture is efficient and shows much more stable voltage profiles than the DEA. Although the DEA architecture is the closest to AFF, it is also interesting to compare the AFF performance against hydrogen recirculation, which is the state of the art. This section therefore proposes to compare the stack performance obtained with both architectures: AFF and recirculation.

In this part of the study, the system was equipped with a recirculation pump at the hydrogen side. Thus, the comparison of the 2 architectures is possible on the same system with similar conditions. The operating conditions are as follows: 0.36 A/cm², 80°C., 1.3 bar, and SR = 1.8

on the air side. The passive humidifier at the cathode under these conditions can reach a relative humidity as high as 35%. These conditions are therefore relatively dry and are set with the objective to reduce the system volume and increase its efficiency with high temperature and lower pressure than actual automotive systems. The purge was kept constant for both configurations at 70 seconds. Thus, only the average voltage levels obtained are compared. The recorded profiles are shown in Figure 9. The AFF frequency is fixed at 0.7 Hz, while in recirculation, the recirculated hydrogen flow rate is fixed at 50 NL/min, which corresponds to a hydrogen stoichiometry of 2.2.

The voltage in AFF appears less stable than in recirculation. Oscillations with very low amplitude (5 mV) are observed, which may be due to the presence of liquid water displaced at each switching period of the H2 supply valves. Moreover, the voltage level is slightly lower than the recirculation with a 6 mV drop. This difference is not significant, especially if we compare the stack powers for each configuration. In AFF, the stack power is 3 434 W while in recirculation it is 3 484 W, being a difference of 50 W. However, it should be noted that the recirculation in this test was carried out with a recirculation pump and its consumption in the system cannot be neglected. At this hydrogen flowrate (50 NL/min), its consumption is close to 50 W, which makes the two architectures comparable in terms of system power and efficiency.

Conclusion

To reduce the complexity and volume of the fuel cell systems, a new fluidic architecture denoted as Alternating Fuel Feeding (AFF) has been implemented at the anode. Based on the 20 Dead-End Anode (DEA), this architecture only requires an additional solenoid valve. The principle also requires a new configuration of the stack which is divided into two parts allowing

to alternate the location of the hydrogen supply. This alternation causes a circulation of the gases in the whole anode compartment between the two half-stack. The goal is to get closer to the performance and stability obtained in hydrogen recirculation without the use of a recirculation pump or ejectors and avoiding their drawbacks in terms of energy-consumption or complexity of control. Removing those components would be an asset in embedded systems.

AFF stack performance was first compared to DEA. The purge period in AFF has been multiplied by a factor of 10 at least compared to DEA. In addition, the overall performance has been improved by selecting an adapted switching valves frequency. Simple optimization of AFF frequency and purge period improved up to 0.17 the hydrogen efficiency compared to the DEA. The optimization method requires only a minimum of tests to operate at a maximum efficiency since the study of the process could limit one of the parameters according to the anodic volume and the operating conditions: the AFF frequency. AFF performance were also compared to hydrogen recirculation. The same performance levels were obtained for both architectures.

This simple AFF architecture can be easily integrated into all types of systems. In this study, its integration was successfully achieved in a 5-kW system. Moreover, the sensitivity analysis to the operating conditions implemented showed a major performance increase at higher temperature. This demonstrates that this AFF architecture can be perfectly adapted to automotive conditions, which tend towards high temperature and low pressure. Nevertheless, further investigations should be led also on a dynamic point of view to fully validate the AFF operation. The behavior of AFF should be tested and compared to hydrogen recirculation on current cycles. A more powerful system has been tested at higher current densities than presented in the study but more data should be produced to be able to analyze the impact of high current in AFF operation.

Finally, this architecture is simpler and cheaper in terms of investment of system components, and is as efficient as the current state-of-the-art architecture: hydrogen recirculation. Benefits on the weight of the anodic line (25% compared to pulsed ejector, and 43% compared to blower architecture) and on the costs (6% compared to pulsed ejector, and 57% compared to blower architecture) have been demonstrated. It adapts to all operating conditions and is easily optimizable, making it a prime candidate for future embedded systems. Its sensitivity to liquid water could however be improved by a modification of the stack design and the geometry of the bipolar plates. Further investigations with updated bipolar plate designs would be of a great interest. To go further, a study of the impact of this architecture for long-term operation including transient conditions is necessary to fully validate its advantages.
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 1 Figure 1-a, the two half-stacks are connected in cascade considering the hydrogen supply. In AFF operation, when the left solenoid valve V1 is open, the right one V2 is closed. Therefore, the half-stack on the right side of the central distribution plate is fed by the left half-stack. The same process is illustrated in Figure 1-b with reverse circulation. The solenoid valve V2 is open and V1 is closed, allowing to feed the half-stack on the left by the right one. Finally, the hydrogen outlet valve V3 being closed during the alternating hydrogen supply, liquid water and nitrogen accumulate at the cell outlet. As a result, purges at regular time intervals are essential. The state of the valves during the purge is illustrated in Figure 1-c. The three valves open simultaneously to remove water and nitrogen. A complete sequence of AFF operation is an alternation of Figure 1-a and b, periodically interrupted by Figure 1-c.
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 1 Figure 1: Alternating fuel feeding operation a) left stack feeding, b) right stack feeding, c) purge

Figure 3 :

 3 Figure 3: Voltage profiles obtained a) in DEA, and b) in AFF at 0.5 Hz, c) in AFF at 1 Hz and d) in AFF at 1.5 Hz

Figure 4 : 3

 43 Figure 4: Specific values measured in DEA and AFF based on Figure 3The second parameter observed is the maximum voltage reached after each purge. This voltage is very low in DEA, measured at 578 mV, and remains very close to the purge criterion.The values obtained in AFF are higher and can reach 643 mV at 1 Hz and 637 mV at 0.5 and 1.5 Hz. The increase of the purge period and the maximum voltage level reached after the purge can be explained by a better homogenization of the gaseous flow along the hydrogen circuit compared to the DEA.
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 5 Figure 5: Hydrogen efficiency obtained for different AFF periods and in DEA at 0.5 A/cm², SR = 2 for different stack temperature and pressure, 65°C and 1.5 bar (black stars), 80°C and 1.5 bar (red diamonds)
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 3 /cm², 65°C, 1.35 bar, and SR = 1.8. The second one uses theirs maximum operating parameters: 0.5 A/cm², 80°C, 1.5 bar and SR = 2. The last ones were chosen for the optimization of automotive systems at high temperature and low pressure: 0.5 A/cm², 80°C, 1.35 bar and SR = 1.8. The relative humidity levels reached at the cathode are in the order of 50% at 65°C and 35% at 80°C. The hydrogen efficiencies are shown in Figure 6 for the different values of the AFF period.
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 6 Figure 6: Hydrogen efficiencies of the stack according to the AFF frequency for three conditions: 0.3 A/cm², 65°C, 1.35 bar, SR = 1.8 (black diamonds); 0.5 A/cm², 80 ° C, 1.5 bar, SR = 2 (red circles); 0.5 A/cm², 80°C, 1.35 bar, SR = 1.8 (blue squares).

Figure 7 :

 7 Figure 7: Hydrogen efficiencies calculated for 20 voltage profiles with purge periods varying between 10 and 200 seconds at 0.5 A/cm², 80°C, 1.35 bar and SR = 1.8

Figure 8 :

 8 Figure 8: a) Optimization of the hydrogen efficiency depending on the AFF frequency and the AFF purge period at 0.5 A/cm², 80°C, 1.35 bar, and SR = 1.8, b) projection of the maximum hydrogen efficiencies for each AFF period, c) projection of the optimum purge periods at the maximum hydrogen efficiencies for each AFF period

Figure 9 :

 9 Figure 9: Voltage profiles recorded a) in optimized AFF at 0,7 Hz and b) in hydrogen recirculation at 50 NL/min at 0.36 A/cm², 80°C., 1.3 bar, and SR = 1.8

Table 1 : System characteristics Parameter Value

 1 

	MEA

Table 2 : Design of experiments parameters and levels used for recirculation characterization
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	Parameter	Lower level	Medium level	Higher level
	Current density	0.3 A/cm²	-	0.5 A/cm²
	Temperature	65°C	-	80°C
	Pressure at anode	1.35 bar	-	1.5 bar
	Air stoichiometric ratio	1.8	-	2
	AFF frequency	0.5 Hz	1 Hz	1.5 Hz

Table 3 : Comparison between calculated and experimental AFF periods for several operating conditions Operating conditions Calculated period
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	Experimental
	period