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Introduction

With the growing interest in the hydrogen economy, Proton Exchange Membrane Fuel Cells are promising components for systems dedicated to transport applications. Indeed, their low operating temperature and high energy density make them suitable for the automotive industry. However, these systems are still facing several challenges on their way to mass market production. Reaching a durability of 5000 h recommended by the U.S. Department of Energy and decreasing system cost are major hurdles to their development.

Gases humidification in PEMFC systems is necessary to ensure best performance as well as long-term stability. It allows establishing a proper water management that is to say, operate with stable conditions avoiding cell flooding and drying in the stack, and favor a longer lifetime. Despite its large volume and thermal inertia, the most used technology at the cathode side is a passive humidification technique, called in this study "classic humidification". This technology allows transport to the cathode inlet of water collected at the cathode exhaust, thanks to selective mass transfer through hollow fiber membranes. It can be classified among "external humidification solutions", where humidification of the gaseous reactant flow is realized before the fuel cell inlet. Even though fuel cell durability is strongly dependent on water management [START_REF] Borup | Scientific Aspects of Polymer Electrolyte Fuel Cell Durability and Degradation[END_REF][START_REF] Yousfi-Steiner | A review on PEM voltage degradation associated with water management: Impacts, influent factors and characterization[END_REF][START_REF] Pei | Main factors affecting the lifetime of Proton Exchange Membrane fuel cells in vehicle applications: A review[END_REF], relative humidity control with such component is hardly feasible without affecting the operating conditions and stack voltage. Many other external humidification solutions have been developed, including liquid water transport through membranes, bubblers, enthalpy wheels, or direct water injection, in liquid or vapor form. The latter offers a possibility to control the water amount injected at the cathode inlet whereas passive techniques are completely dependent on the fuel cell operating conditions.

In some cases, no external humidification solution is used in fuel cell systems, which is designated as "internal humidification solutions". These latter consist in self-humidification of the fuel cell, where the reactant flows are humidified directly inside the fuel cell by the water produced by the electrochemical reaction. They can be improved by modifications of the cell components material composition in either the MEA or the gas diffusion layer or the cell design, more specifically channel design [START_REF] Williams | Operation of Nafion®-based PEM fuel cells with no external humidification: influence of operating conditions and gas diffusion layers[END_REF] [START_REF] Park | Effect of the hydrophilic and hydrophobic characteristics of the gas diffusion medium on polymer electrolyte fuel cell performance under non-humidification condition[END_REF]. Self-humidification can also be achieved by special operating control strategies such as low temperature operation or high pressure [START_REF] Eckl | Experimental analysis of water management in a self-humidifying polymer electrolyte fuel cell stack[END_REF] [7] focusing on water transport through the fuel cell membrane.

Several external and internal humidification solutions have been studied in literature. Büchi and Srinivasan [START_REF] Büchi | Operating Proton Exchange Membrane Fuel Cells Without External Humidification of the Reactant Gases Fundamental Aspects[END_REF] tested a single cell of 50cm² active area during 1800h with an internal humidification solution, i.e. fed with dry hydrogen and air. They observed 20 to 40% performance losses compared to an external humidification solution enabling the injection of gases saturated with water vapor. Besides, they noticed that the maximum temperature to establish a stable behavior of the fuel cell with the self-humidification mode was 70°C.

Otherwise, the cell tended to dry out. They also concluded that diffusion of water through the membrane was sufficient to ensure water management in a wide range of operating conditions. Recently, Martin et al. [START_REF] Martin | Long-term operation of a proton exchange membrane fuel cell without external humidification[END_REF] tested several Pt loading electrodes prepared by the electrospraying deposition technique. These cells were dedicated to self-humidification operation. They achieved long-term operation but at a maximum temperature of 60°C and obtained low performance: 600mV at 0.2A/cm². Hwang and Kim [START_REF] Hwang | An experimental study on the cathode humidification and evaporative cooling of polymer electrolyte membrane fuel cells using direct water injection method at high current densities[END_REF] studied the coupled effect of humidification and cooling using direct liquid water injection inside the fuel cell. The experiments were held at high current densities with a 5-cells PEMFC stack with 250 cm² MEA. They concluded that the method was more efficient for cell humidification at the lowest temperature (i.e. 60°C) and obtained better performance than with an external humidification system enabling an inlet relative humidity (RH) of 60%. Migliardini et al [START_REF] Migliardini | Experimental comparison between external and internal humidification in proton exchange membrane fuel cells for road vehicles[END_REF] studied three different external humidification solutions at the cathode including bubblers, heat and mass exchange by selective polymeric membranes and active humidification by water injection.

They compared it with an internal humidification solution. In their study, self-humidified fuel cells were considered as the best solution for automotive applications, with high control possibilities but at a maximum cell temperature of 55°C. Sanchez et al [START_REF] Sanchez | Analysis of the Influence of Temperature and Gas Humidity on the Performance Stability of Polymer Electrolyte Membrane Fuel Cells[END_REF] studied the performance and stability of the cell voltage with temperature and relative humidity variations. They compared voltage responses at 60°C and 80°C on a single cell of 142cm².

At equivalent relative humidity levels (50/50 at both sides), they recorded a voltage improvement of 4.8% at 80°C. However, decreasing cathode RH to 20% was sensitive and caused a drying behavior at higher temperature due to a flowrate higher at the cathode than at the anode. Indeed, the voltage response could drop of 21%. They noticed that drying could be compensated by a sursaturated flow at the anode side and recorded a voltage drop of only 8%. They finally recommended to operate at very high relative humidity at the anode when the humidification at the cathode is inferior to 50%. Iranzo et al. [START_REF] Iranzo | Investigation of the liquid water distributions in a 50 cm2 PEM fuel cell: Effects of reactants relative humidity, current density, and cathode stoichiometry[END_REF] performed a parametric study on a 50-cm² cell including RH, current density and air stoichiometric ratio variations and concluded that cathode RH had a stronger influence on the cell performance than anode RH. Neyerlin [START_REF] Neyerlin | Effect of Relative Humidity on Oxygen Reduction Kinetics in a PEMFC[END_REF] studied the Oxygen Reduction Reaction kinetics under low relative humidity and concluded that a minimum RH level around 50-60% was necessary for the ORR to occur independently from RH values.

All of these studies show that water management with either internal or external humidification solutions is complex. An accurate humidification can be achieved with selfhumidification in variable conditions but only at low temperature, whereas external humidifiers allow to achieve better cell performance at high temperature. Nevertheless, the latter are not suitable to ensure best water management following power variations, such as automotive conditions, because of their slow dynamic. Besides, low temperature operation lead to a higher cooling subsystem sizing. As automotive system volume tend to be reduced in order to ease their integration, operation temperature should be increased. Removing cathode external humidifiers from the system is highly desirable in the objective of decreasing the system mass and volume. However, in order to prevent membrane dehydration, we suggest a system composed of a recirculation loop at the cathode side. This architecture is called the Cathode Exhaust Gases Recirculation (CEGR) or cathodic recirculation. CEGR appears as a suitable solution to humidify air at the cathode side using water vapor produced by the fuel cell. Besides, cathodic recirculation has the advantage to modulate the relative humidity at stack inlet by varying the amount of water recirculated from the stack outlet. It can be considered as an active water management solution since the humid gas flow mixed with fresh air before the stack inlet is controlled with a compressor speed. In contrast, during operation with passive humidifiers, relative humidity at stack inlet is mainly imposed by operating pressure, temperature and stoichiometric ratio ("Sto").

Various recirculation architectures have been patented in recent years, as in [START_REF] Knoop | Apparatus for recirculation of a cathode gas in a fuel cell arrangement, method for shutting down such a fuel cell arrangement[END_REF][START_REF] Hild | Cathode humidification of a PEM fuel cell through exhaust gas recirculation into a positive displacement compressor[END_REF][START_REF] Goebel | Fuel cell shutdown and startup using a cathode recycle loop[END_REF][START_REF] Garrettson | Integrated recirculating fuel cell system[END_REF][START_REF] Greszler | Shutdown strategy to avoid carbon corrosion due to slow hydrogen/air intrusion rates[END_REF][START_REF] Pelch | Système de pile à combustible à recirculation intégrée[END_REF][START_REF] Goebel | Fuel cell shutdown and startup using a cathode recycle loop[END_REF].

However in literature only few studies deals with CEGR [START_REF] Yang | Study on self-humidified PEMFC with reactant circulation[END_REF][START_REF] Kim | Studies on the cathode humidification by exhaust gas recirculation for PEM fuel cell[END_REF][START_REF] Junming | Water management in a self-humidifying PEM fuel cell system by exhaust gas recirculation[END_REF][START_REF] Cheng | Air supply system model with exhaust gas recirculation for improving the life of fuel cell[END_REF][START_REF] Jiang | Experimental study on dual recirculation of polymer electrolyte membrane fuel cell[END_REF][START_REF] Xu | Self-humidification of a proton electrolyte membrane fuel cell system with cathodic exhaust gas recirculation[END_REF][START_REF] Jenssen | Improved PEM fuel cell system operation with cascaded stack and ejector-based recirculation[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] Alizadeh | The experimental analysis of a dead-end H2/O2 PEM fuel cell stack with cascade type design[END_REF]. To our knowledge, Yang et al. [START_REF] Yang | Study on self-humidified PEMFC with reactant circulation[END_REF] were the first to study a new stack architecture allowing humidification at the both sides of the membrane with reactant recirculation. They worked with three cascaded cells.

Therefore, the cells are connected in series, each of them humidifying the next one. A recirculation loop at both anode and cathode allows to humidify the first cell from the last one. Their study was mainly focusing on start-up at 30°C, 1 bar. They concluded that the cathode recirculation had more effect than the anode one. Moreover, they noticed that cathode flooding could be avoided thanks to the recirculation. More recent work from Kim and Kim [START_REF] Kim | Studies on the cathode humidification by exhaust gas recirculation for PEM fuel cell[END_REF] introduced the recirculation ratio defined as the ratio of the molar recirculated gas flow on the total gaseous flow at the cathode outlet. They suggested two different architectures of CEGR to remove external humidifiers. The first one included only one compressor for the mix of fresh and recirculated air. The second architecture had two compressors, one for fresh air compression and the second one for the recirculated flow.

They only modeled the first architecture and used simulation results to obtain the cathode gas inlet composition and carry out performance experiments on a 5-cells stack. They observed a voltage drop around 7% at 1.0 A/cm² with a low recirculation ratio. They also compared the effect of oxygen dilution and relative humidity at stack inlet on the cell voltage, and observed that the first one had a higher impact. Unfortunately, no experiment was performed with high recirculation. On the same architectures, Junming et al. [START_REF] Junming | Water management in a self-humidifying PEM fuel cell system by exhaust gas recirculation[END_REF] modeled only one system with a single compressor similarly to Kim and Kim [START_REF] Kim | Studies on the cathode humidification by exhaust gas recirculation for PEM fuel cell[END_REF] and proposed a control strategy for water management with cathode EGR. Cheng [START_REF] Cheng | Air supply system model with exhaust gas recirculation for improving the life of fuel cell[END_REF] was interested in oxygen dilution by recirculation for voltage clamping, while Jiang et al [START_REF] Jiang | Experimental study on dual recirculation of polymer electrolyte membrane fuel cell[END_REF] and Xu et al. [START_REF] Xu | Self-humidification of a proton electrolyte membrane fuel cell system with cathodic exhaust gas recirculation[END_REF] studied recirculation at both sides of the membrane. All of them concluded that recirculation could achieve the same relative humidity levels as external humidifiers, but that voltage could be reduced due to the oxygen dilution at the cathode inlet. This can be an advantage in startup or idle states, because it could avoid degradations occurring at voltage levels higher than 0.8V. However, all of these studies have been conducted at very low current and high stoichiometric ratios.

To our knowledge, very few experimental works have been performed with multi-scale analysis. On a real-scale system equipped with CEGR architecture, we focused on the system efficiency as well as the stack performance, and the different cells behaviors through the stack thanks to in-line electrochemical impedance spectroscopy. Some experimental studies have been performed on real-scale systems by Kim et al. [START_REF] Kim | Parametric study on interaction of blower and back pressure control valve for a 80-kW class PEM fuel cell vehicle[END_REF] on a 80-kW system, or Wahdame et al. [START_REF] Wahdame | Study of a 5 kW PEMFC Using Experimental Design and Statistical Analysis Techniques[END_REF] on a 5-kW system but both were only focused on stack and system performance. In our study, a 5 kW-system built for operation representative of automotive conditions has been used: pressure below 1.5 bar and temperature above 65°C. In this work, the system was equipped with a 70-cells stack. We studied the impact of CEGR under various current densities, temperatures, pressures, stoichiometric ratios and recirculation ratios, and a comparison with passive humidification was done. A design of experiments has been performed and analyzed to look for optimum operating conditions and evaluate the interest of cathode exhaust gases recirculation.
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System and stack architecture description

The fuel cell stack used in this work is a 70-cells stack. Commercial MEAs with active area 220cm² have been assembled with serpentine design bipolar plates. More details about cell design have been developed in previous work [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]. Table 1 presents the system specifications. Anode with some modifications to avoid water and nitrogen accumulation in the cells.

Operating conditions usually obtained with anode recirculation are achieved without the need of a pump or an ejector. The complete sequence is described in Figure 2. In Figure 2 (a)

hydrogen is fed at the left half stack. A solenoid valve opens the left circuit, feeding the left half-stack from its H 2 inlet. All the cells of this half-stack are fed in parallel from their H 2 inlet.

Since the outlet manifolds of both half-stacks are connected in the central plate, the right half-stack is fed from its H 2 outlet, and its cells are fed in parallel from their own H 2 outlet.

Then in Figure 2 A radiator and fan control on a deionized water-cooled loop ensures thermal management.

During operation, stack outlet temperature is maintained stable within ±1°C tolerance. The cooling loop is also used to preheat hydrogen before the anode inlet in a tubular heatexchanger.

For the purpose of comparison of different humidification solutions at the cathode side, two passive humidifiers FC-150 series, mounted in parallel, from Permapure® (not presented on Figure 1) are also installed on the test bench. They are used when the cathode recirculator is turned off, and by-passed when the recirculation mode is used. Thus, experiments carried out with the passive humidification mode are performed on the same system as recirculation experiments. Therefore, the impact of system components is equivalent and the results with both architectures can be compared.

Full factorial design of experiment

In order to deeply study the effect of cathodic recirculation on the PEMFC behavior, a complete Design of Experiments (DoE) has been built including 5 parameters. The current density, pressure (similar at anode and cathode), stack temperature, air stoichiometry as well as the recirculation ratio were identified as variables. For each one, three levels (low, medium and high) are investigated. All parameters and DoE levels are gathered in Table 2.

The limitations of the test bench in terms of fresh air flow and pressure, mentioned in Table 1, restricted their variation range.

In order to decrease system volume, automotive systems tend to increase temperature to decrease the radiator sizing. That is the reason why a temperature of 70°C was chosen as the maximum level in the DoE. The minimum temperature studied here is 60°C, considering that a lower temperature is not realistic for automotive application. So, the three temperature levels are 60, 65 and 70°C. The pressure range was chosen as large as possible, considering the capabilities of the compressor. Consequently, the three pressure levels were fixed at 1.2, 1.35 and 1.5 bar.

System stoichiometry in recirculation mode was intentionally set lower than with classic humidification since recirculation increases the flowrate at stack inlet. Therefore, to reduce the power consumption of compressor 1, system stoichiometry is set from 1.4 to 1.8 instead of 2 in classic humidification process. A definition of the recirculation ratio "R", similar as Kim and Kim's study [START_REF] Kim | Studies on the cathode humidification by exhaust gas recirculation for PEM fuel cell[END_REF], was used in the DoE and will be presented in the modelling section:

3.1. Recirculation ratio values could not be similar for the different current densities because of the limitations of the recirculation pump, which are both its maximum flowrate (20 Nm 3 /h) and its maximum pressure ratio (1.12). For each current density value, the maximum recirculation ratio reachable with the recirculation pump was determined: 0.60 for 0.3 A/cm² and 0.33 for 0.5 A/cm². It was also evaluated equal to 0.16 for a higher current density of 0.7 A/cm². However, it corresponds to a very limited range of recirculation ratio. As a consequence, this current density value was not studied further. Then three levels of recirculation ratio were determined for the remaining current density levels. The low, medium and high recirculation levels are respectively 0.19, 0.34 and 0.48 at 0.3A/cm² and 0.13, 0.22 and 0.32 at 0.5A/cm². The recirculation flow is limited by the dimensioning of recirculation components, and more precisely of the recirculation pump. When the recirculation flow increases, the pressure drops inside the air pipes and in the stack also increase. In the present study case, the pressure ratio of the recirculation pump is high enough to obtain recirculation ratios of 0.48 at 0.3 A/cm² and 0.32 at 0.5A/cm². 
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CEGR model description

In order to be able to predict the relative humidity at stack inlet for any operating conditions and demonstrate the benefits of the use of cathodic recirculation in a system, a simplified model based on mass balances was built. The model uses the following assumptions:

-Calculations on the gas phase is performed assuming ideal gas equations -Phase separators remove 100% of liquid water (or separator yield is 1) -Temperature is assumed constant in all components, except in compressors, and is equal to stack temperature -Gas and water transports through the fuel cell membrane are neglected -The system exhaust flow rate is saturated of water vapor To be able to control the recirculated flow, a new variable has to be defined as the recirculation ratio "R". This variable is defined as the ratio of the recirculated molar flow on the gaseous stack outlet molar flow , (only considering gas flow) to obtain a value ranging from 0 to 1:

= , (1) 
Assuming no gas transport through the membrane, nitrogen is conserved during operation at the cathode side. Introducing the system stoichiometric ratio , using the Faraday's law, and the usual molar fraction for the air composition, the nitrogen flow at the system outlet , is:

, = = • • • ."# $%• . & (2)
Where is the nitrogen molar flow at the system inlet coming from the ambient air, ' (( the number of cells in the stack, ) the current and * the Faraday constant.

Similarly, the oxygen flow in the exhaust gases + , can be defined using Faraday's law for oxygen consumption:

+ , = + -+ = • $% - -1/ (3) 
As water condensation occurs at the stack outlet, the gaseous mix at the system outlet is saturated. And so, the water molar fraction at the system outlet 0 1 + , can be expressed thanks to the saturation pressure at stack temperature 2 -3 / and the total pressure 2 , at the phase separator outlet:

0 1 + , = 4 56 -7 6 / 4 , (4) 
Then, the gaseous flow 8 , can be written thanks to a combination of equation ( 1) to (4): (5) At the cathode inlet, the molar flow rate of each specie A (oxygen and nitrogen) is expressed as:

B ,B = B ,B + • B , = + @ &=@ • B , (6) 
Where B ,B is the molar flow rate of specie A at the system inlet and B , the molar flow in the exhaust gases.

Using Faraday's law for oxygen consumption and using the stoichiometric ratio at the system inlet , the equation ( 6) becomes for oxygen:

+ ,B = • $% D D1 + @ &=@ E - @ &=@ E (7) 
The stoichiometric ratio at the system inlet is a value classically used to control the air flow at the stack inlet. However, in our case the air flow at the system inlet is different from the stack inlet because of the recirculation. Consequently, a new definition of the stoichiometric ratio at stack inlet is defined as follows:

= D1 + @ &=@ E - @ &=@ (8) 
This definition shows that when recirculation is set at maximum namely R=1, → +∞ and when R=0 i.e. without recirculation, = .

The amount of water vapor reinjected at stack inlet may be expressed based on the equation ( 6) and a balance at the phase separator. In constant operation, all the water produced is rejected at the system outlet, either with the other gases in vapor form or in liquid form at the phase separator. Thus, the molar fraction of water 0 1 + ,B at the cathode inlet can be written independently from the water production rate but from the recirculation ratio, saturation pressure at stack temperature (in 0 1 + , ) and operating parameters: 

0 1 + ,B = > ?:9 5 • 6 6 5 ;@•> ?:9 , • , 6 6 ,H = 
The relative humidity at the stack inlet is then simply derived from the water fraction at stack inlet:

T ,B -3 / = > ?:9 ,H •4 ,H 4 56 -7 6 / * 100 [START_REF] Hwang | An experimental study on the cathode humidification and evaporative cooling of polymer electrolyte membrane fuel cells using direct water injection method at high current densities[END_REF] Finally, considering the balance of all species and with similar development to the equation ( 9), the oxygen molar fraction at stack inlet can be given by: 

0 + ,

Model results and validation

The expressions developed in the model show that water and oxygen content are dependent on the recirculation ratio and operating conditions but independent from the consumption/production rate.

The Figure 3 (a) shows the decrease of the oxygen molar fraction at the stack inlet with the increase of both the recirculation ratio and the stoichiometric ratio at the system inlet. It is worth mentioning that the consumption of oxygen during operation induces a decrease of the oxygen molar fraction at stack outlet, while nitrogen, which is an inert specie in the process, dilutes the other species. Therefore, at stack inlet, a higher system stoichiometric ratio increases the oxygen molar fraction, whereas a higher recirculation ratio decreases drastically the oxygen molar fraction. For example, the latter can drop down to 12.2%mol at Sto sy =1.4 and 0.8 recirculation ratio. Therefore, oxygen starvation effect might occur with high recirculation ratio impacting the stack performance. The Figure 3 (b) presents the simulated relative humidity levels reached with increasing recirculation and system stoichiometric ratio. It is observed that a relative humidity higher than 50% can be achieved with recirculation ratio higher than 0.4. According to the model results, a wide relative humidity range could be achieved varying the recirculation ratio (R).

For instance, at fixed Sto sy = 1.8, relative humidity could be set between 10 and 80% with R varying from 0.05 to 0.8. The Figure 4 shows the simulated RH at two different current densities (i.e. 0.3A/cm² and 0.5A/cm²), varying the recirculation ratio (R). In both cases, a very good agreement is observed between the model and experimental data obtained on the range of recirculation ratio feasible with the test bench. We can notice a gap at high recirculation ratio probably due to the pressure drops in the recirculation line, for which the accuracy of the model at high recirculation ratio can be discussed. Additionally, according to the model, no condensation is supposed to occur when mixing the recirculated flow with the fresh compressed air. Indeed, the fresh air at the system inlet being heated through the compressor 1, its temperature is close to the stack temperature. So, mixing both flows at similar temperature levels is achieved without liquid water formation. Relative humidity at stack inlet is thus only dependent on the amount of water recirculated in the gaseous phase. For instance, when using our test bench with passive humidification in standard conditions (1.2 bar, 60°C, 0.3A/cm², Sto=2), the relative humidity is around 85%. The lowest relative humidity achievable is about 35% and may be reached with a by-pass of one of the two humidifiers and an increase of the stack temperature from 60°C up to 80°C. The latter temperature increase may reduce the cell durability.
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Impact of the operation conditions on the stack performance

This section investigates the influence of the operating conditions on the stack performance with CEGR mode to compare it with passive humidification. Temperature, pressure as well as system stoichiometric ratio may have an impact on the stack performance.

The Figure 5 presents the influence of temperature, pressure and system stoichiometric ratio, on the cell voltage averaged over the stack and the measurement period for the three recirculation levels selected in the DoE definition. Regardless of the recirculation ratio, the stack performance decrease when increasing the stack temperature. Moreover, Figure 5 (a,b) highlights a severe voltage drop at 70°C at a minimum recirculation level. Indeed, the recirculation at a minimum level induces a lower relative humidity at stack inlet. This behavior is more pronounced at higher temperature, where the drying process is reinforced. The Figure 5 (a) shows an increase of the stack performance at a current density of 0.3 A/cm² when increasing R. It is different in Figure 5 (b), with a current density of 0.5 A/cm², where the cell voltage seems independent from the R level at 60 and 65°C. These low variations could be explained by the recirculator sizing since recirculation ratio range at 0.5A/cm² is quite small. However, performance at 70°C drastically drops for both current density cases and is even unstable at very low recirculation ratio (a stable voltage point cannot be obtained at 0.5A/cm²). At this higher temperature, the minimum relative humidity drops to 20% at 0.3 A/cm² for low R and is even lower at 0.5A/cm². Increasing the recirculation ratio to the maximum, the relative humidity reached at 0.3A/cm² is around 50% but only 30% at 0.5A/cm². So, water amount is not sufficient to obtain a correct hydration level of the membrane whatever the R value at 0.5 A/cm² and high temperature (i.e. 70°C). A higher recirculation ratio would be necessary to bring a higher water content with the aim of stabilizing the voltage at higher temperature. This is consistent with existing data in literature at low RH values [START_REF] Neyerlin | Effect of Relative Humidity on Oxygen Reduction Kinetics in a PEMFC[END_REF], [START_REF] Gößling | Analysis of liquid water formation in polymer electrolyte membrane (PEM) fuel cell flow fields with a dry cathode supply[END_REF].

The Figure 5 (c) and (d) show the positive impact of a pressure increase on stack voltage, respectively at 0.3 A/cm² and 0.5 A/cm². At 0.3A/cm², the low pressure case meets the optimum conditions at medium recirculation ratio. However, at higher pressure, the increase of oxygen partial pressure seems to slightly move the optimum to higher recirculation ratios than the one measured. At 0.5A/cm², the voltage increases with the recirculation ratio at low pressure, when the partial pressure of water is low. On the contrary, with higher pressure, the recirculation level seems to have no effect due to the increase of water partial pressure, reducing the drying effect.

Finally, Figure 5 (e) and (f) present the influence of the system stoichiometric ratio on stack voltage, respectively at 0.3 A/cm² and 0.5 A/cm². Maximum performance is observed at Sto sy =1.8 at 0.3A/cm² and Sto sy =1.6 at 0.5A/cm². In additions, optimum performance is obtained at medium recirculation ratio at Sto sy =1.8 for both current densities and Sto sy =1.6 at 0.5A/cm².The existence of an optimum behavior will be analyzed in part 4.2. Indeed, higher Sto sy might increase stack voltage by increasing the oxygen content at the stack inlet, but also induces a voltage drop due to cell drying (i.e. too much dry air is fed in the total air flowrate at the cathode inlet). The drying effect was effectively observed at high current density (0.5A/cm²) when best performance is obtained at Sto sy =1.6. Indeed, in this case, relative humidity was 4% higher than the case at Sto sy =1.8. The behavior at Sto sy 1.6 and low current density seems to show that the optimum is not reached and would be at a higher recirculation ratio than 0.48. A rise of R can increase the relative humidity at stack inlet, but will decrease oxygen partial pressure too. Combining both phenomena, we can observe optimum performance with a set of stoichiometric ratio/recirculation ratio.

At low current density, rising the stoichiometric ratio increases the voltage for any recirculation ratio. The optimum voltage of 710 mV is observed at medium recirculation ratio with Sto sy =1.8. It is different at higher current density where, a Sto sy of 1.6 with medium recirculation ratio gives the best performance: 586 mV. 

bar and 65°C

In order to show the limited impact of temperature and pressure on RH with passive humidifiers, several experiments have been performed. The influence of the pressure was first investigated, the other operating parameters remaining constant: 0.5A/cm², 65°C, Sto sy =2. The results showed a relative humidity decrease of 8% with a cell voltage increase from 611 mV to 628 mV when the pressure rises from 1.35 up to 1.5 bar. Secondly, a temperature step of 5°C was imposed, from 65 to 70°C with constant parameters: 0.3A/cm², 1.5 bar, Sto=2. Similarly, a low relative humidity decrease of 4% has been recorded with a 3mV voltage loss, namely from 703 mV to 700 mV. These experiments highlight the limitations of water management with passive humidifiers since it is mainly designed for a narrow operating range. It could be enlarged with cathodic recirculation, thanks to RH modulation.

Impact of recirculation on cell performance around optimum conditions

This second section investigates more deeply the influence of the recirculation ratio on the cell performance for both current densities namely 0.3 and 0.5 A/cm². The Figure 6 illustrates the behavior of mean cell voltage (stack voltage divided by cell number) as well as the lowest cell voltage in the stack and the highest one when increasing the recirculation ratio.

All three values are averaged over the measurement period. Three different domains can be distinguished as a function of the recirculation ratio. At very low recirculation levels referred to as zone I in Figure 6 (a) and (b), performance is at its maximum level. However, the gap between the mean and lowest cell voltage value is also maximum, while the difference between mean and highest value is low. This indicates that decreasing recirculation ratio increases cell voltage heterogeneity in the stack. The high difference between lowest and mean voltage, contrasting with the low difference between highest and mean voltage, confirms the hypothesis of cells drying or flooding. However, flooding occurs usually with high relative humidity levels. This latter behavior is probably due to cells drying, because the relative humidity at stack inlet is below 43% at 0.3A/cm² and 51% at 0.5A/cm² when R is lower than 0.3. Some cells located near the air inlet, and potentially subject to a higher air flow than the average, are suspected to be dried.

At moderate or high recirculation rates, the cell voltages are more uniform while the mean cell voltage follows a decreasing tendency. In zone II with recirculation levels between 0.3 and 0.4, as shown in Figure 6 (a), higher stack homogeneity is achieved at 0.3 A/cm². The homogeneity is confirmed by the reduced cell voltage difference between the highest and the lowest value, and the central position of the mean value inside this voltage range. The voltage level is likely comparable to the previous case at low recirculation ratio because of oxygen dilution at the stack inlet. The corresponding relative humidity values are consistent with the cells behavior. Namely, RH was measured at 43% at R=0.3 and RH was recorded at 57% at R=0.4. The same behavior can be observed in Figure 6 (b) with the same recirculation ratios. However, the profile is shortened due to the recirculation compressor limitations. The beginning of zone II can be identified from R=0.3 while the gap between the maximum and minimum cell voltages is reduced and mean cell voltage start to decrease. At higher recirculation levels in zone III as referred in Figure 6 (a), the mean cell voltage drop is more visible (-0.5% to -2%) due to the reduction of oxygen partial pressure (see Figure 3). Nevertheless, relative humidity values are still increased with R from 57% to 87% at R=0.4 to 0.57 respectively. It appears that stack homogeneity is similar to the previous recirculation zone. It can be concluded that CEGR ensures an efficient cells humidification in zones II and III.

At low current density, namely 0.3A/cm², optimum conditions highlighted through the DoE are reached at 60°C, 1.5 bar and Sto sy = 1.8. The experiments performed at various recirculation ratios show that maximum performance is observed at R=0.2, which appears to be a good compromise. With lower recirculation ratio, the decrease of the relative humidity lowers the performance. With higher recirculation ratio, a performance decrease is observed due to oxygen depletion. However, a better homogeneity among the cells is obtained with a higher recirculation ratio around 0.3. Indeed, higher stack stoichiometric ratio and relative humidity resulting from a higher R favor a higher cells homogeneity. That is why we choose to operate with a slight performance loss at a recirculation ratio close to 0.3 in these conditions. Further investigations can be observed in Figure 7 for a specific test at low recirculation ratio (zone I) where both dried and flooded cells can be detected. The operating conditions of the test can be considered as dry conditions, with a low recirculation ratio of 0.17, a high system stoichiometric ratio of 1.8, medium temperature and pressure of 65°C and 1.35 bar respectively, and a low current density of 0.3 A/cm². The relative humidity at stack inlet is only 22% in this conditions. The mean cell voltage, averaged over the complete experiment, is 626 mV. Figure 7 (a) shows the cell voltage profile along the stack with mean cell voltages recorded during the experiment. Three particular cell behaviors were compared, corresponding to three different locations inside the stack: close to the air inlet, where cell drying is often observed in dry conditions (cell n°66), between the two half-stacks on the central distribution plate (cell n°36) and in the middle of the other half-stack (cell n°21).

Accordingly, the cell voltage versus time profile of these three cells are presented in the Figure 7 (b). Cell number 21 is considered healthy since its mean voltage (633 mV) is higher than the mean cell voltage of the experiment (626 mV). Its location is not impacted by the stack architecture, as it is neither close to the air or hydrogen inlets, nor close to a terminal plate or central plate, where side effects might occur (refer to Figure 2 for flow feed locations). Even if the cell number 21 seems to be healthy, cells number 36 and 66 might be considered as flooded and dried because of their low cell voltage and location in the stack.

Cell number 36 is considered flooded because its voltage profile during measurement was periodically rising after each anode purge. As one of the main function of the purge is liquid water removal, it can be anticipated that anode flooding occurs in this cell. The cell number 66, for which the cell voltage is 14 mV lower than the healthy cell, is assumed dried, considering its location near the air manifold inlet, with relatively dry operating conditions. It has to be noticed that thermal side effects have an influence on the cell voltage behavior.

Voltages recorded for cells number 68 to 70 are higher than cell 66. Their temperature maybe colder than cell 66 that can explain a lower drying effect.

To confirm these hypotheses, Electrochemical Impedance Spectra have been performed.

The frequency ranged between 5000 and 0.1 Hz with 10 points per decade by using a single sine signal in galvanostatic mode (66 A with 10% amplitude). Figure 7 (c) shows the EIS spectra obtained for cells 21, 36 and 66 with their respective mean voltages obtained in the measurement conditions. On the EIS spectra, low frequency loop may be distorded due to the system instabilities. Ping-Pong alternating feed frequency as well as anode purges generate pressure and relative humidity instabilities which can have an impact on the cell behavior. Therefore, only the high frequencies are used for this analysis. So, high frequency resistance measured at 854 Hz characterizing the membrane resistance [START_REF] Zhang | Electrochemical Impedance Spectroscopy in PEM fuel cells[END_REF][START_REF] Springer | Characterization of Polymer Electrolyte Fuel Cells Using AC Impedance Spectroscopy[END_REF] are compared in the Figure 7 (d). For the healthy cell 21, the high frequency resistance measured at 854 Hz is 0.973 mΩ. For the flooded cell 36, the high frequency resistance measured at 0.645 mΩ confirms this behavior since the value is lower than the healthy cell.

As the membrane conductivity is improved with a good hydration level, the resistance is reduced with a higher water content. Therefore, a low resistance value coupled to a low and unstable voltage profile points out a flooding behavior.

For the cell number 66, the high frequency resistance is measured at 1.1 mΩ which is 0.138 mΩ higher than the healthy cell and the typical 45° branch, which looks like a warburg impedance in the high frequency region for dry spectrum, hints a drying behavior.

These analyses highlight the heterogeneous cell voltage behaviors occuring at low recirculation ratio (in zone I in Figure 6). As relative humidity at stack inlet is reduced, some cells may suffer from drying. Additionally, as the flowrate at cathode inlet is reduced, some particular cells can suffer from flooding.

Impact of recirculation on stack performance at 70°C

The Figure 8 presents two polarization curves measured with both architectures: passive humidification and recirculation. The common operating conditions for both architectures were set at the same values: temperature at 70°C, pressure at 1.2 bar. These conditions were determined considering automotive conditions. In order to maximize system efficiency, pressure has to be lowered to avoid the energy loss due to the compressor efficiency.

Temperature should also be higher to minimize the radiator size.

In order to obtain a stack stoichiometric ratio close to a value of 2 for both cases, a system stoichiometric ratio of 1.8 was imposed for the recirculation mode, with high recirculation ratio. The highest recirculation ratio was also chosen to reach a relative humidity level as high as possible for the complete polarization curve since RH level achieved with classic humidification was close to 85% in this case. The first polarization curve was recorded with classic humidification mode using the passive humidifiers. The second one was recorded with CEGR as humidification solution. An impact of the recirculation process on the fuel cell performance is observed, leading to a small stack voltage loss. During polarization curves, all parameters have to be kept stable, and the speed of the compressor 2 was set to maintain a maximum recirculation ratio for each current density value ranging from R=0.7 to 0.33.

At 70 A (i=0.32A/cm²), we observed a voltage difference of 50 mV. This gap is partly explained by the oxygen dilution and by the reduced relative humidity achieved at 70°C. As highlighted in the Figure 3 

Impact of recirculation on the system performance at 70°C

Performance decrease with recirculation architecture has also an impact on the system efficiency. System efficiency a is calculated as follows: a = 4 65 b =4 5cR d1e ?: •% ?:

Where P stack is the stack power P aux , the power consumption of ancillaries and LHV H2 the Lower Heating Value of hydrogen and 1 hydrogen molar flow.

Power consumption of the water pump, solenoid valves or sensors are assumed negligible compared to compressors consumption and so only the latter are considered for calculations (P aux =P comp ). For sake of simplicity, ideal compressor efficiencies are considered to be free from real component specifications as set in equation ( 13):

2 f = &.$ &.$=& B ,B • • 3 gD 4 4 5 E L.NML L.N -1h (13) 
Where B ,B is the air flow rate at the system inlet in moles, the perfect gas constant, 3 and 2 the ambient temperature and pressure respectively, 2 the outlet pressure of the compressor. 

and variable recirculation ratios

The Figure 9 presents the system efficiencies obtained with both architectures (passive humidification and recirculation) for two different current densities. In the case of CEGR, the recirculation ratio was ranging from 0.19 to 0.48 at the 0.3A/cm² and from 0.13 to 0.32 at 0.5A/cm². As passive humidification experiments have been performed previously for a polarization curve at 70°C and 1.2 bar and Sto=2, cell voltage measurements in CEGR mode have been extracted from the DoE at the same temperature and pressure conditions with variable recirculation ratios and stoichiometric ratios to compare their system efficiencies.

A minimum gap of 3.7% on the system efficiency is observed at a current density of 0.3 A/cm² with R=0.48 and Sto sy =1.8 whereas a larger one of 10.1% is observed at a current density of 0.5 A/cm² with R=0.32 and Sto sy =1.6. The best performance is obtained with a high recirculation ratio instead of medium because of the operating temperature. The sensitivity analysis in part 4.2 was performed at 60 and 65°C where relative humidity could be slightly lowered without affecting cell performance and stability. In the present case temperature is 70°C, which requires a higher water content at the stack inlet and thus a higher R.

The efficiency difference between passive humidification and recirculation system can be explained with three elements, related to oxygen dilution, relative humidity at stack inlet, and compressor power. First, oxygen dilution at stack inlet induces a voltage drop due to the decrease of oxygen activity in the catalyst layer of the cell. Second, lower inlet gas humidification at the cathode inlet when decreasing the recirculation ratio has a detrimental effect on the stack performance. Finally, theoretical power consumed to compensate stack and air loop pressure drops can represent 4% to 20% of total power consumption for air compression slightly decreasing the system efficiency. The stack power and system efficiency are therefore lower than the one obtained in passive humidification mode.

To visualize the impact of compression power during operation, the consumption of both compressors is modeled based on the isentropic case written in equation ( 13) for compressor 1 (fresh air compression). Figure 10 presents the total power consumed by air compression as a function of both the recirculation ratio and the system stoichiometric ratio.

It is observed in Figure 10 (a) that ideal recirculation compression is limited compared to fresh air compression and particularly when R is lower than 0.35. Indeed, the compression ratio of the recirculation pump being low compared to the first compressor, the ancillaries power consumption is not very far from the reference case without recirculation. Besides, as

Sto st is increased with recirculation, system stoichiometry could be reduced to limit the first compressor consumption and achieve a total power consumption close to the system without recirculation. As an example, a case without recirculation at a Sto sy of 2 has a power consumption equivalent to a recirculation case at Sto sy =1.75 and R=0.5. Therefore, a simulation with reduced stack pressure drops has been implemented to observe the benefits on total power consumption. Figure 10 (b) presents the power consumed with stack pressure drops reduced of a third. It is observed that power consumed is lower than the previous case, the decrease being more pronounced at higher recirculation ratio. For instance, at Sto sy =1.8 and R=0.6, the total power consumption is 123W in the first case and 110W in the second case allowing a 10% gain. This highlights the fact that pressure drops in the air loop have to be minimized. The recirculation induces a higher air flowrate at the cathode side and therefore higher pressure drops in the fuel cell. An optimization of the cell design reducing the total stack pressure drops could drastically reduce the power consumption of compressor 2 with a positive impact on the system efficiency.

Impact of recirculation on the system dynamic

Another advantage of CEGR for integrating in automotive systems compared to classic humidification would be the dynamics. Indeed, relative humidity can be controlled thanks to the recirculation ratio as already presented in part 3.2 and handle large RH ranges.

Additionally, CEGR has a faster dynamic than passive humidification. Actually, the water vapor production follows the fuel cell dynamics and is almost immediately recirculated. On the contrary, the dynamic behavior of the passive humidifier is limited by the water transport through the hollow-fiber membranes at its operating temperature and pressure. In Figure 11 (b) is presented a temperature increase from 70°C to 80°C and at the same time a pressure variation from 1.2 to 1.3 bar with passive humidification. It is observed in Figure 11 (b) that the temperature reached the set point by a ramp and the relative humidity followed the same trend. Indeed, temperature variations cannot be achieved with steps. On the contrary, as observed in Figure 11 (a), relative humidity can be adjusted instantaneously with recirculation ratio steps.

Besides, with passive humidification, the pressure and temperature changes have a limited effect on relative humidity with a decrease from only 47% to 39%. In contrast, recirculation mode can handle a relative humidity variation from 85 to 26%. The large relative humidity range obtained with recirculation could be a useful tool for water management during fuel cell operation. Indeed, drying could be reduced by recirculation ratio increase to reach relative humidity close to 85%. Additionally, flooding could be avoided by reducing the recirculation ratio.

Conclusion

Despite their large volume and thermal inertia, passive humidifiers are classically used in PEMFC systems to humidify the fresh air before the cathode inlet. Besides, their slow dynamic make them not suitable to ensure the best performance following power variations enforced by automotive conditions. In this work, we studied experimentally and theoretically the possibility to reduce the system volume replacing passive humidifiers by a specific architecture at the cathode side, while achieving best performance and stability. This architecture is called the Cathode Exhaust Gases Recirculation (CEGR) and uses the water vapor produced by the fuel cell to humidify the cathode inlet flow. Contrary to passive humidifiers, CEGR offers a possibility to control the water amount injected at the cathode inlet whereas passive techniques are completely dependent on the fuel cell operating conditions. The impact of CEGR was investigated on a 5-kW-system under various current densities (0.3 and 0.5A/cm²), temperatures (60 to 70°C), pressures (1.2 to 1.5 bar), stoichiometric ratios (1.4 to 1.8) and recirculation ratios. It was also compared with performance and stability with passive humidification through a complete Design of Experiment. At first, a simplified model based on mass balances was built in order to predict relative humidity levels at the cathode inlet. The model was validated, and predicts a relative humidity higher than 50% for a recirculation ratio higher than 0.3 and achieve a relative humidity range as large as 60% at 0.3A/cm².

Behavior of the stack under various recirculation ratio conditions was investigated for a fixed temperature, pressure, and system stoichiometric ratio. Three zones were identified as a function of the recirculation ratio value. The first one at low recirculation ratio allows the best performance but also the worst stability since the water amount is not sufficient to humidify the membrane which started to dry out. In the second zone at medium recirculation ratio, performance is almost equal to the previous one but stability is highly increased. A suitable hydration level was achieved. The third one at high recirculation ratio gives the best stability but performance decrease is higher than in the previous zone (-2%) due to the higher oxygen dilution, even if relative humidity was in a high range. Although performance is lower than with passive humidifiers and current densities higher than 0.5A/cm² were not tested due to system components limits, we can recommend using a medium or high recirculation ratio (i.e. zone 2 or 3) for long terms performance and stability for transport applications.

Air humidification thanks to CEGR could also be of great advantage in long-term operation since voltage is reduced by the oxygen dilution. Indeed, carbon corrosion as well as catalyst degradation mechanisms are likely to occur at high cell potential. Decreasing cell voltages when operating at low current may reduce the performance loss and longer the fuel cell lifetime. Durability studies should be performed in order to complete this investigation on the benefits of the architecture.

  (b), Hydrogen feeds of the right half stack. 1.1 second after the first sequence in (a), the left solenoid valve closes and the right one opens. The same process beginning by the right half-stack arises. Right cells are fed from their inlet and left cells from their outlet. Finally, in Figure 2 (c) is presented the purge sequence. As liquid water and nitrogen accumulate, every 50 seconds, all 3 solenoid valves open to remove efficiently the non-desired species. With purge period set at 50 seconds and purge duration 0.5 second, anode stoichiometric ratio is 1.02 and equal to DEA anode stoichiometric ratio in the same conditions. Figure 2 (d) presents the air feed configuration. The air is fed by the terminal plate close to cell number 70. Then air flows through all cells in parallel and exhaust gases are removed at the same side as the air feed.
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 12 Figure 1: Schematic of the fuel cell system
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 3 Figure 3: Simulation with constant parameters 0.3A/cm², 1.35 bar, 65°C and air feed at ambient temperature (20°C, 40% RH, Patm) (a) Oxygen molar fraction variations at stack inlet and (b) Relative humidity variations at stack inlet with recirculation ratio and system stoichiometric ratio.
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 4 Figure 4: Model validation of the relative humidity levels reached with recirculation ratio variations at operating conditions: 1.5 bar, 60°C, Sto sy =1.8, (a) 0.3 A/cm², (b) 0.5 A/cm²The relative humidity range available with recirculation ratio control is very interesting compared to the passive humidification possibilities. In the examples presented in the Figure4, variation range can reach 60% at 0.3A/cm² and 38% at 0.5A/cm² respectively. The RH range is reduced when the current density increases due to the limitations of the recirculation device in terms of flow and pressure ratio. With passive humidifiers, variations of the relative humidity can only be hardly established by varying all the operating conditions of the stack.

Figure 5 .

 5 Figure 5. Mean cell voltages obtained with variable recirculation levels: (a) impact of stack temperature at 0.3A/cm², 1.35bar and Sto sy =1.8, (b) impact of stack temperature at 0.5A/cm², 1.35bar and Sto sy =1.8, (c) impact of stack pressure at 0.3A/cm², 70°C and Sto sy =1.8, (d) impact of stack pressure at 0.5A/cm², 65°C and Sto sy =1.8, (e) impact of Sto sy at 0.3A/cm², 1.2 bar and 60°C, (f) impact of Sto sy at 0.5A/cm², 1.2 bar and 65°C

Figure 6 :

 6 Figure 6: Voltage response of minimum (red dashed line), maximum (green dotted line) and mean (black squares) cells in the stack as a function of the recirculation ratio at 60°C ; 1.5 bar ; system stoichiometric ratio = 1.8, (a) 0.3 A/cm², (b) 0.5 A/cm²

Figure 7 :

 7 Figure 7: Stack and cell behaviors in dry conditions at 0.3A/cm², 65°C, 1.35 bar, system stoichiometric ratio = 1.8 and recirculation ratio = 0.17 with (a) cell voltage profile along the stack during experiment, (b) Cell voltage temporal measurement for cells 21, 36 and 66 (c) Electrochemical Impedance Spectra of 3 particular cells in the stack : cells 21 healthy, 36 flooded and 66 dried (d) Parameters evaluated from impedance spectra at high frequency : resistance measured at 854 Hz and 45° branch for the dry cell

  , oxygen partial pressure is reduced due to dilution with recirculation: Y Z[ \,] ^_`= 0.15.
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 8 Figure 8: Polarization curves for classic humidification (black triangles) and maximum recirculation (red circles), operating conditions 1.2 bar, 70°C, Sto syst = 2 for classic humidification and Sto syst = 1.8 for recirculation mode and recirculation ratio variation (dotted line)

Figure 9 :

 9 Figure 9: System efficiency with and without recirculation taking into account only compressors as ancillaries for system efficiency calculations. Cell voltage measured at 70°C, 1.2 bar, for classic humidification (red circles) at fixed stoichiometry=2, and for recirculation mode (black triangles) Sto sy = 1.4 to 1.8 and variable recirculation ratios
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 10 Figure 10 : Theoretical power consumed in Watt by both fresh air compressor and recirculation pump with recirculation ratio and system stoichiometric ratio at the cathode side for a simulated current density at 0.3A/cm², 1.35 bar, 65°C (a) normal case based on pressure drops measurements during operation (b) reducing 33% of stack pressure drops While an increase of the recirculation ratio improves cell voltage stability, it also increases the parasitic power consumed by the recirculation component. One of the main factors influencing this consumption is the value of the pressure drops along the recirculation loop.

Figure 11 :

 11 Figure 11: Humidification dynamics comparison between (a) recirculation steps from R=0.6 to 0.15 at 0.3A/cm², 1.5bar, 60°C and (b) Passive humidification with a pressure step from 1.2 to 1.3 bar, temperature step from 70 to 80°C and i=0.4A/cm². The Figure 11 compares the dynamic behavior of the relative humidity with either recirculation or classic humidification. In Figure 11 (a), Recirculation ratio was decreased from 0.6 to 0.15 in several steps with a current density of 0.3A/cm², a temperature at 60°C and pressure at 1.5 bar set as constant parameters.

Table 1 : System characteristics

 1 

	Parameter	Value
	MEA	Commercial
	Cell number	2×35
	Max power	5 kW
	Operating temperature	60 to 70°C
	Operating pressure	1.2 to 1.5 bar
	Maximum fresh air flow	20 Nm3/h

Table 2 : Design of Experiment parameters and levels used for recirculation characterization

 2 

	DoE values	Lower level	Medium level	Higher level
	Current density	0.3 A/cm²	0.5 A/cm²	-
	Temperature	60°C	65 °C	70°C
	Pressure	1.2 bar	1.35 bar	1.5 bar
	Stoichiometry	1.4	1.6	1.8
	Recirculation ratio	low	Medium	high

The DoE gathered 162 operating points, which were performed randomly for each temperature value since thermal steady state was long to establish. At start-up, the test bench steady state was considered to have been reached after operating 40 minutes at fixed operating conditions. Between each operating point, steady state was considered to have been reached after 15 minutes. In every case, the measurement was recorded during 800 seconds after stabilization.
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