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Introduction

Global growing demand for energy leads to a reduction in fossil fuels availability, which can put at risk the energy supply and increase even more the environmental impact of energy conversion systems [START_REF] Godula-Jopek | Hydrogen production: by electrolysis[END_REF]. In this scenario, hydrogen can represent a low-carbon energy carrier, which can be used in several sustainable ways. In this context, hightemperature steam electrolysis (HTSE) based on solid oxide cell technology (SOCs) presents a great potential to produce hydrogen at high efficiency. Besides, thanks to its reversibility in fuel cell mode, this technology could also constitute a solution to match the fluctuations between the electricity demand and the production when using intermittent renewable energy sources [START_REF] Aicart | [END_REF]3).

Many research efforts are nowadays focused to increase the efficiency and to reduce the costs of SOCs systems. For this purpose, many studies have been dedicated to the optimization of the stack design and the flow regime (4). Moreover, it is also essential to have a better understanding of the impact of material degradation on all the parameters affecting the cell operation (i.e. kinetics, transport phenomena in the electrode functional layers (FL), etc.) (5)(6)(7). However, it is not possible to achieve an exhaustive analysis of this complex system with only experimental measurements. In this frame, numerical modeling can be used to interpret the experimental data and to ensure a deconvolution of all the intertwined phenomena involved in the cell operation. This analysis must be conducted at different length-scales from the electrode microstructure up to the single repeat unit (SRU).

In this work, a dynamic multi-scale model has been proposed in order to unravel the relationships between SOC responses and the mechanisms taking place in the electrodes. This model is composed of three different length scale modules. The first one emulates digital twins of electrode microstructures made of classical SOCs materials. It is linked to electrodes models, which takes into consideration the elementary reactions combined with the mass and the charge transport phenomena in the active layers. Finally, all the models are coupled to a macroscopic description that includes the cell geometry and the design of the gas flow channels. This model allows the computation of the cell polarization curves, overpotentials, and electrochemical impedance spectroscopy (EIS) diagrams along with the local quantities in the SRU (i.e. distribution of the local current density, gas composition in the electrodes, etc.).

Models Presentation

Electrode Synthetic Microstructures Model

Microstructural properties of electrodes have an important role in the performance and durability of SOCs (8). Aiming at elucidating the complex effect of those in the cell response, two in-house models have been developed in order to obtain representative synthetic microstructures of typical SOCs electrodes such as the nickel and yttria stabilized zirconia (Ni-YSZ) cermet. The two models are based on geostatistical simulations and they allow producing two approximations of the real electrode microstructures. The first model has been developed in the frame of the truncated plurigaussian random field method [START_REF] Serra | Image analysis and mathematical morphology: Theoretical advances[END_REF][START_REF] Moussaoui | [END_REF]. In this case, the two solid phases of the electrode are represented by two random fields, which are generated with the convolution of a random noise with a weight function. The two fields are then jointly thresholded according to a specific procedure to obtain the synthetic microstructures [START_REF] Moussaoui | [END_REF]. The second model is based on an original sphere-packing algorithm (11). In this model, initial spheres are distributed in the domain according to a semi-random process. The volume is then densified by adding new particles with a constraint to control the particle interactions. Finally, a morphological operation is applied to the microstructure to smooth the solid/gas interface. It can be noticed that this model was also extended to produce the microstructure of thick cell support exhibiting a bimodal pore size distribution.

For the validation, the synthetic microstructures obtained with the two models have been compared to the 3D reconstructions of real electrodes. For this purpose, the active layers of the electrodes were reconstructed by synchrotron X-ray holotomography (12). The sample was composed of a composite of lanthanum doped strontium cobaltite ferrite and gadolinium doped ceria oxide (LSCF-CGO) for the oxygen side, while the investigated hydrogen electrodes were classical Ni-YSZ cermets. Specimens were first milled by Plasma Focused Ions Beam (PFIB) using Xenon ions and then scanned at the European Synchrotron Radiation Facility (ESRF) on the ID16A nano-imaging beamline (12,13).

A visual comparison between the synthetic microstructures and 3D reconstruction of the LSCF-CGO electrode is provided as an illustration in Figure 1. At a first sight, no large difference is found between the numerical microstructures and the electrode. For a complete validation, the microstructural properties extracted from the two models have been compared to the ones measured on the reconstructions. Whatever the type of studied electrodes, a good agreement was found between the different datasets. For instance, it has been found for the LSCF-CGO electrode that the two models are able to predict the geometrical tortuosity factor and the density of active triple phase boundaries length (TPBls) with an error of less than ± 4%. More specific information can be found in [START_REF] Moussaoui | [END_REF]11,14) and (12,15) for the electrode synthetic microstructure modeling and the procedure for 3D reconstruction, respectively. 

Electrochemical Electrode Models

In the modeling approach, all the microscopic processes taking place in the active functional layer of each electrode are described thanks to microscale models. These electrode models are essential to propose a fine analysis of the reaction mechanisms depending on the electrode microstructure. In this frame, models have been developed for the hydrogen and oxygen electrodes considering the classical LSCF, LSCF-CGO and Ni-YSZ materials (16)(17)(18). The models were built considering a slice of porous electrode represented by an equivalent homogeneous medium. It should be noticed that the models are able to simulate the stationary and dynamic electrode response with the possibility of operation in both anodic and cathodic polarizations. The mass and charge transport properties in the solid and gas phases are linked to the microstructural parameters obtained from the 3D volumes. A particular attention was paid to the kinetic description of each electrode. It consists of a sequence of elementary steps with complex reaction pathways that can be activated depending on the polarization (17,18). The mass and charge balances expressed for all the simulated species constitutes a set of partial differential equations (PDEs) implemented in COMSOL Multiphysics ® .

For the reactive mechanism in the O 2 composite electrode, the reaction pathway is split into two parallel paths named bulk and surface path. Considering an operation in electrolysis mode, the bulk path consists of the migration of oxygen ions in the CGO, followed by the ionic transfer at the LSCF/CGO interface and the solid-state diffusion in LSCF. The oxygen is finally released from the bulk to produce ad-ions on the LSCF surface (17). In parallel to this pathway, the surface one takes into consideration the possibility of a direct electrochemical oxidation at the triple phase boundary length (TPBl) to form directly the oxygen ad-ions. Finally, the diffusion and reactions on the surface up to the final oxygen desorption in the electrode porosity are taken into account in a common path.

For the Ni-YSZ electrode, an elementary kinetic model based on the hydrogen spillover mechanism proposed in (19) has been implemented. In this model, it is assumed that the steam can interact with both the Ni and YSZ surface in two parallel pathways. The first path consists in the steam adsorption on the Ni surface where water molecules are electrochemically reduced at the TPBl, forming H and OH -on the Ni and YSZ surfaces, respectively. For the second path, H 2 O can be adsorbed on the YSZ surface where it is dissociated into a second hydroxyl ion and an oxygen ion. The OH -are then reduced at TPBls, leading to the production of a second hydrogen ad-atom on Ni and a second oxygen ion on YSZ. Finally, the H species are associated into a H 2 molecule before to be desorbed in the gas phase while the oxygen ions are incorporated into the YSZ lattice. The two electrode models have been thoroughly calibrated and validated with dedicated experiments obtained on symmetrical cells tested in a three-electrode set-up. Thanks to the electrode reconstructions, all microstructural properties were known for the simulations. In this condition, as illustrated in Figure 2, it has been shown that all the implemented models are able to reproduce correctly the polarization curves and the impedance spectra over a large range of gas composition (13,17,18,20). Therefore, the microscale models have been considered validated and coupled to the macroscopic SRU description.

Macroscale SRU Model

The macroscale model aims to describe the global response of a complete SRU considering a two-dimensional approach (21,22). At this level, the model takes into account the cell geometry and the design of the gas channels. Moreover, the active functional layers, which are not explicitly described, are restricted to the electrode/electrolyte interface. The model couples locally fluidic and electrochemical steps, which enables the analysis of the distribution of gas composition, overpotentials and current density in the cell. Gas transport through the porous electrodes is described in the frame of the Dusty Gas Model (DGM) as for the microscale electrode model. This model takes into account the molecular and Knudsen diffusion in the porous electrodes. It should be noticed that the diffusive coefficients are calculated as a function of the microstructural parameters (e.g. volume fraction, tortuosity factor, and mean pore diameter) extracted from the synthetic or real reconstructions (21). Thanks to the good electrical properties of the metallic interconnect, the cell voltage (U cell ) is assumed constant all along the cell length. In this way, Eq. [START_REF] Godula-Jopek | Hydrogen production: by electrolysis[END_REF] is used to calculate the local current density i (1).

[ 1]

Where E i=0 is the Open Circuit Voltage (OCV) calculated by Nernst's equation. The other terms are the overpotentials increasing/decreasing the cell voltage in electrolysis/fuel cell mode, respectively. The ohmic losses η ohm include the contributions of the material resistance to ionic and electronic flows as well as the contact resistances between the electrodes and the interconnect. The concentration overpotentials η conc are caused by the difficulty to keep the gas composition at the active sites. They can be further decomposed in two contributions, the diffusion and conversion overpotentials (cf. Eq. [START_REF] Aicart | [END_REF]).

[ 2]

The gas diffusion overpotentials are due to the losses induced by the gas transfer through the porous electrodes. On the other hand, the conversion overpotentials are thermodynamic losses related to the change of gas composition in the electrodes due to the consumption or production of gaseous species along the cell length. Finally, the activation overpotentials are expressed using a phenomenological Butler-Volmer expression as follows in Eq. [3] (21,23).

act O electrode T sinh T sinh [3]
The terms and represent the 'apparent' exchange current densities for each electrode, and they are calculated in Eq. [4] and [5]. They are expressed in the model as a function of the simulated local partial pressures taken in operation at the electrode/electrolyte interface.

[4] [5] Where the parameters and are the activation energies for each electrode while m, n and p denote the exponents on the partial pressures. It can be noticed that more details of the macroscopic description of this macroscale model can be found in (21,22,24). The governing equations have been implemented in Matlab ® or Comsol ® depending on the simulated geometry.

Multi-scale model

In the multiscale approach, the parameters of the exchange current densities (i.e. activation energies and exponents) are determined using the microscale models. For this purpose, the partial pressures taken at the electrolyte interface in the cell model are used as boundary conditions in the electrode models, which provide an explicit description of the functional layers. The parameters for the exchange current densities are then identified in such a way that the local activation overpotentials at the cell level match the electrode overpotentials in the active layer. Thanks to this method, the activation overpotentials depend on the local cell operation and they include all the microscopic processes taken into account in the electrode models. The activation energies and the exponents are provided in Table I for the SOFC and SOEC operations. In fuel cell mode, the exponents for the H 2 electrode are 0.07 for m and 0.43 for n, which is in good agreement with the literature (25). In the same way, for the O 2 electrode, the exponent p was found equal to 0.25 what is consistent with publications (26). It can also be noticed that the global activation energies for the electrodes are in good agreement with the data reported in (27). To summarize the multiscale approach, an illustration of the overview of the models can be seen in Figure 3. The synthetic or real microstructure (Figure 3a) is the starting point to provide all the morphological properties required for the simulations. The electrode and SRU models (Figure 3b and3c) are then coupled to simulate the global SRU response depending on the local phenomena in the active layers (Figure 3d). 

TABLE I. Electrochemical parameters of the electrodes.

Partial pressure exponent

Activation energy (kJ mol

Experimental description

Experimental setup

All the experimental tests for the validation of the multiscale approach were performed using a 9.08 cm² active area single-cell operated in a test bench adapted for operation in fuel cell and electrolysis mode. The gases were introduced in the center of the electrodes with a radial co-flow configuration, delivered by mass flow controllers. The O 2 electrode was fed with dry air whereas the H 2 electrode was supplied by a controlled ratio of H 2 and steam. The gas tightness of the fuel side is guaranteed by a glass-ceramic seal. For an adequate current collection, a nickel grid was used on the hydrogen side and platinum and gold grids on the oxygen side. Moreover, a pressure of 400 g.cm -2 was applied to improve the electrical contacts between the grids and the electrodes. A schematic illustration of the cell can be seen in Figure 4a.

In this study, a special attention was paid to validate the local current distribution with an original experimental setup. A specific design of the oxygen interconnect made of inconel Ni-based alloy allows local measurement along the cell radius. The geometry is shown on Figure 4. It can be observed that the metallic support is divided in several pins located from the gas inlet to the gas outlet. Nine of them were drilled to allow the passage of wires welded on the extremity of each pins. They were used to probe the local voltage drop in the pins. Knowing their geometry and the electrical conductivity of the interconnect material, it was possible to calculate the local current density collected by each pin along the cell radius. Therefore, this setup offers the possibility to perform local current measurements with classical cells without specific segmentation of the O 2 electrode (28). 

Experimental conditions

The experiment was started by heating the cell under air at a rate of 1 °C.min -1 up to 860 °C for a sealing pretreatment of 90 min. For the next step, the temperature was lowered to 800 °C before starting the reduction of the cermet. This process aims to reduce the nickel oxide to the metallic state increasing gradually the amount of hydrogen in the gas stream. The electrochemical tests were then performed in fuel cell and electrolysis modes. For the experiments in fuel cell mode, the H 2 and O 2 electrodes were supplied with dry hydrogen and synthetic air, respectively. For the electrolysis mode, a ratio pH 2 /pH 2 O = 10/90 was used whereas the oxygen electrode was still fed with synthetic air.

Polarization curves were recorded in galvanostatic mode with a current rate of 21 mA.s -1 . The molar flow rates in the fuel electrode were changed (2.02 x 10 -5 , 4.06 x 10 -5 , 6.08 x 10 -5 , and 8.10 x 10 -5 mol.s -1 ) whereas a constant molar flow rate of air was kept during the entire experiment (2.78 x 10 -4 mol.s -1 ). Finally, these measurements were carried out at different temperatures (700, 750, and 800 °C).

Results and Discussion

Experimental and simulation results for complete cell Figure 5 reports the polarization curves measured on the complete cell for SOFC and SOEC operations in different experimental conditions. As it can be observed in Figure 5a, the OCV is changing with the inlet gas flow rate. This behavior is explained by a slight leakage in the glass seal on the fuel side (29). As expected, this problem of gas tightness tends to be less visible at a high gas flow rates. Moreover, the high flow rate allows reaching higher performances. Besides, the cell has also better performances when the temperature is increased (Figure 5b and5d).

The comparisons between the simulated polarization curves and the experimental data are provided in Figure 5. It can be noticed that the model is able to reproduce correctly the electrochemical measurements without additional fitting in SOFC and SOEC modes. For both cases, the impact of the flow rate and temperature on the cell response is also accurately predicted by the model. A slight difference can be seen between the simulated and experimental curves in the region of the limiting current density. This divergence can be related to an underestimation of the diffusion processes across the thick electrode, which can increase the concentration overpotential and decrease the cell performances (30). 

Experimental and simulation results for local measurements

To go further in the model validation, the measured local polarization curves and the distribution of the current densities along the cell radius have been compared with the simulations. The resulting polarization curves in SOFC mode at 700 °C with a total molar flow rate of 4.06 x 10 -5 mol.s -1 are shown in Figure 6a for the inlet, middle, and gas outlet. It can be observed that the cell response is heterogeneous along the radius, with performances decreasing continuously from the inlet to the outlet. This loss in performances is caused by a strong hydrogen gradient along the cell radius (depletion followed by starvation), which increases the concentration overpotentials (see also Figure 7b) (21,28). A very good agreement has been found between the simulated and the experimental polarization curves. These results show that the model is able to simulate accurately the local polarization curves along the cell length.

Figure 6b shows the evolution of the current density along the electrode radius for different cell voltages. The experimental data were obtained by taking the current density of each pin at a given cell voltage. The values are plotted with red lines for each position in the cell (gas inlet, middle and outlet). For each condition, the current density profile decreases from the inlet to the cell outlet. This behavior is more pronounced when the operating current density is higher. When comparing Figure 6a and 6b, it can be noticed that higher values of current density are found in the region close to the gas inlet. It presents a tendency to decrease along the cell radius due to a consumption of hydrogen. When increasing the polarization, the difference of current density between the gas inlet and outlet is more pronounced. This evolution is ascribed to the fact that, in these conditions, the gradient of concentration of hydrogen evolves more drastically in the direction of the gas outlet. Finally, it is worth noting that the model is able to reproduce the current density profile along the electrode radius whatever the value of cell voltage. This statement allows validating all together the model capability to predict the local quantities such as the current densities in the electrodes but also our original setup for current density measurements along the cell radius. 

Simulated molar fraction distribution

The multiscale model allows a more detailed analysis of the cell performance. It is possible to investigate the distribution of the gaseous species in the electrode. The fraction of the gaseous compounds at the electrochemical interface are shown in Figure 7a for a corresponding cell voltage equal to 0.68 V in SOFC mode. As hydrogen is consumed by the electrochemical reaction, its molar fraction along the anodic functional layer is found to decrease from at the gas inlet to 0.47 close to the gas outlet. At lower inlet flow rates, the hydrogen can be fully consumed leading to a fuel starvation, which can accelerate the processes of degradation in the electrode. For instance, these conditions can induce the local reoxidation of Ni particles into NiO that presents no catalytic activity and a higher volume when compared to the Ni grains. Therefore, this type of analysis plays an important role since it is possible to identify critical operating conditions for the cell, which cannot be detected when only considering the complete polarization curve (28,31).

On the contrary, the molar fraction of steam increases from at the gas inlet to 0.57 at the gas outlet, since water is produced by the electrochemical reaction (Figure 7a). At the oxygen electrode side, the distribution of oxygen partial pressure is not strongly affected by the operation along the electrode radius. This result is explained by the high inlet flow rate of air that was chosen to maintain a sufficient concentration of oxygen in the electrode.

Simulated overpotentials distribution

The evolution of the overpotentials along the cell radius can also be computed with the model (Figure 7b). In our conditions at 0.68 V in SOFC mode, it is found that the main contribution to the voltage drop is the Ohmic losses. They are mainly attributed in our case to high contact resistances between the grids and the electrodes. Therefore, they could be optimized by applying a higher compressive load to improve the mechanical contact between the grids and the cell. As expected, the Ohmic losses are correlated with the current density evolution from the cell center to the periphery. Furthermore, the impact of this overpotential tends to be more predominant as the current density increases in conditions away from OCV.

The second contribution to the voltage drop corresponds to the concentration overpotentials for the hydrogen electrode. Their rather high values are related to the mass transfer limitation across the thick cermet substrate (250 µm) resulting in substantial gas diffusion overpotentials (cf. Eq. [START_REF] Aicart | [END_REF]) (32). As shown in Figure 7b, the concentration overpotential are found to increase all along the cell radius. This evolution is caused by the consumption of hydrogen and the production of steam increasing the conversion overpotentials (which are also involved in the concentration losses according to Eq. [START_REF] Aicart | [END_REF]).

The activation overpotential of the hydrogen electrode has an impact especially at the cell inlet where the current density is the highest. Indeed, the expression for the activation overpotential is an increasing function of the current density (cf. Eq. [3]). Moreover, its absolute value is also dependent on the exchange current density . This parameter is directly related to the electrochemical activity of the electrode. As it can be seen in Eq. [4], the exchange current density depends on the partial pressure of hydrogen and steam at the functional layer with a dependency defined by the exponents m and n. As reported in Table I, the value of the exponent related to the steam is higher than the one related to the hydrogen. It means that a gas composition with a higher content of water leads to higher values of exchange current density, resulting in a lower activation overpotential. This phenomenon reinforces the gradient in the activation overpotentials along the electrode radius with lower values at the cell outlet (where the steam concentration is the highest in SOFC mode).

Regarding the oxygen electrode, the activation overpotential is slightly decreasing in the direction of the cell periphery. Compared to the H 2 electrode, the gradient is more limited. It can be explained by the exchange current density which is slightly decreasing along the cell radius due to the consumption of oxygen by the electrochemical reaction. This evolution is slowing down the decrease of the activation overpotential. Finally, the concentration overpotential of the oxygen electrode presents no important contribution on the voltage losses whatever the position along the electrode radius. Two reasons can explain this result. Firstly, the oxygen electrode presents a low thickness and a large porosity. These properties allow an adequate diffusion across the electrode domain. Secondly, the conversion rate of the oxygen is low (cf. Figure 7a), due to a high air flow rate in the inlet. 

Conclusions

An in-house multiscale numerical approach was developed to elucidate the complex relationships between the SOC response and the reaction mechanisms that occur in the electrodes. This physically based model consists of a combination of three different length-scales. The first one concerns the emulation of representative digital twins of real electrode microstructures. The microstructural properties extracted from these synthetic volumes are used as input data in the multiscale electrochemical modeling. Reaction mechanisms and transport phenomena taking place in the electrode functional layers are described thanks to elementary kinetic models. These microscale models developed for the two electrodes are linked to a SRU description that allows the simulation of complete cell polarization curve as well as local distribution of current density, gas composition and overpotentials along the cell length. To connect the two length-scales, the apparent exchange current densities depending on the gas partial pressure at the SRU level have been determined using the elementary kinetic models. To validate the multiscale approach, a specific experimental setup has been developed to measure the global and local current density along the cell radius. Experimental data have been acquired in different operating conditions of flow rates, temperatures and gas compositions in order to compare the evolutions with the model. It has been found that the multiscale approach was able to reproduce accurately the experimental curves, and especially the evolution of the current density along the cell length. The analysis of this distribution showed that the cell presents a loss of performance in the direction of the gas outlet. This behavior can be attributed to the fuel depletion that arises at the cell outlet. This result was confirmed by the distribution of molar fractions and overpotentials. The extension of this model to compute the impedance spectra not only at the electrode level but also for the complete cell is ongoing. The updated version of the model will be especially relevant to investigate the contribution of the degradation mechanisms in the electrodes.
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 1 Figure 1. Visual comparison between the synthetic microstructure and the reconstructed Ni-YSZ electrode.
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 2 Figure 2. Full elementary model validation for the (a) polarization curves and (b) EIS of LSCF-CGO, and (c) polarization curves and (d) EIS of Ni-YSZ electrodes.
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 3 Figure 3. Schematic view of the multi-scale approach: (a) 3D reconstruction of electrode microstructures by tomography techniques or synthetic methods, (b) microscale models for the active layers, (c) macroscale model of the cell, and (d) local and global resulting measurements.
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 4 Figure 4. Schematic illustration of (a) the cell setup, (b) cross-section and (c) 3D view of the interconnect at the oxygen side for the local current measurements.
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 5 Figure 5. Polarization curves for SOFC mode: (a) effect of flow rate at 750 °C, (b) effect of temperature at F H2/H2O = 4.06 x 10 -5 mol.s -1 ; and for SOEC mode: (c) effect of flow rate at 750 °C, (d) effect of temperature at F H2/H2O = 4.06 x 10 -5 mol.s -1 .
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 6 Figure 6. (a) Polarization curves for different positions of the cell and (b) radial distribution of the current for different potentials.
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 7 Figure 7. (a) Molar fractions and (b) radial distribution of the overpotentials for a SOFC at 700°C, 4.06 x 10 -5 mol.s -1 and 0.68 V.
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