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Introduction

Lithium-ion batteries are widely used in electric vehicles (EV) and hybrid electric vehicles (HEV) market and require accurate prediction of battery lifetime. Ageing has several consequences on battery cells. The reduction of capacity and the increase of the cell impedance are among the most obvious [START_REF] Lin | A Review of SOH Estimation Methods in Lithium-ion Batteries for Electric Vehicle Applications[END_REF]. Moreover, ageing also modifies the shape of the Open Circuit Voltage (OCV) versus State-Of-Charge (SOC) evolution curve, which is the difference of potential between the positive and negative electrodes when no current flows [START_REF] Aydinol | Ab initio study of lithium intercalation in metal oxides and metal dichalcogenides[END_REF].

The prediction of the battery lifetime can be performed by different methods. Due to the development of machine learning, data-driven methods have been particularly used. These prognosis methods include Support Vector Machine (SVM) [START_REF] Gao | Prediction of Remaining Useful Life of Lithium-ion Battery based on Multi-kernel Support Vector Machine with Particle Swarm Optimization[END_REF], Relevance Vector Machine (RVM) [START_REF] Saha | Comparison of prognostic algorithms for estimating remaining useful life of batteries[END_REF], Neural Network (NN) [START_REF] Ren | Remaining Useful Life Prediction for Lithium-Ion Battery: A Deep Learning Approach[END_REF], Gaussian Process Regression (GPR) [START_REF] Goebel | Prognostics in Battery Health Management[END_REF], etc. These latter are useful to improve continuous quality of the State-Of-Health (SOH) prediction. However, they have some disadvantages such as computational complexity for learning phase and need of large set of data.

Semi-empirical models are also commonly used in model-based methods. Compared to datadriven methods, model-based methods require less data for calibration and are less sensitive to extrapolation. Most of the time, these models use stress factors to consider the operational conditions applied to the battery. J. Wang et al. [START_REF] Wang | Cycle-life model for graphite-LiFePO4 cells[END_REF] established a power law equation in which the capacity fade followed a power relation in respect of the time in calendar ageing. Some authors [START_REF] Liaw | Correlation of Arrhenius behaviors in power and capacity fades with cell impedance and heat generation in cylindrical lithium-ion cells[END_REF] used an Arrhenius law to take into account the influence of the temperature.

Another approach was considered by E. Sarasketa-Zabala et al. [START_REF] Sarasketa-Zabala | Cycle ageing analysis of a LiFePO4/graphite cell with dynamic model validations: Towards realistic lifetime predictions[END_REF] who developed a novel method to build a semi-empirical model using depth-of-discharge and C-rate stress factors. Recently, Gewald et al. [START_REF] Gewald | Accelerated Aging Characterization of Lithium-ion Cells: Using Sensitivity Analysis to Identify the Stress Factors Relevant to Cyclic Aging[END_REF] performed a sensitive analysis of each stress factor as a prior input of semi-empirical ageing models. The authors proposed a list of common semi-empirical ageing models cited in the literature such as the one developed by Grolleau et al. [START_REF] Grolleau | Calendar aging of commercial graphite/LiFePO4 cell -Predicting capacity fade under time dependent storage conditions[END_REF] in the SIMCAL project [START_REF] Delaille | SIMCAL Project: calendar aging results obtained on a panel of 6 commercial Li-ion cells[END_REF]. As a general rule, these models are quite simple to implement as they require a little number of parameters and are far from physical aspects.

Recent works have proposed physics-based ageing models to forecast the cell capacity during battery ageing. Most of them focused on negative electrode degradation such as the Solid Electrolyte Interphase (SEI) film formation [START_REF] Peled | Review-SEI: Past, Present and Future[END_REF][START_REF] Dufour | Physics-based modeling of graphite electrode inside Lithium-ion battery : Study of heterogeneities and aging mechanisms[END_REF] and lithium plating [START_REF] Yang | Modeling of lithium plating induced aging of lithium-ion batteries: Transition from linear to nonlinear aging[END_REF], while neglecting the other degradation mechanisms which can yet be relevant. For instance, Ekström et al. [START_REF] Ekström | A Model for Predicting Capacity Fade due to SEI Formation in a Commercial Graphite/LiFePO 4 Cell[END_REF] developed an ageing model for the cell capacity 𝐶 𝑏𝑎𝑡𝑡 based on the capacity loss 𝑄 𝑠𝑒𝑖 due to SEI layer growth.

Several studies considered that the SEI formation is controlled by either the kinetic of solvent reduction at the graphite/SEI interface [START_REF] Safari | Life-Prediction Methods for Lithium-Ion Batteries Derived from a Fatigue Approach[END_REF] or diffusion transport of the solvent through the SEI layer [START_REF] Ploehn | Solvent Diffusion Model for Aging of Lithium-Ion Battery Cells[END_REF]. Few studies developed a mixed-growth model considering simultaneously kinetic and diffusion control [START_REF] Dufour | Lithiation heterogeneities of graphite according to C-rate and mass-loading: A model study[END_REF]. Safari et al. [START_REF] Safari | Multimodal Physics-Based Aging Model for Life Prediction of Li-Ion Batteries[END_REF] concluded that the SEI formation is mainly under diffusion control because of the fast kinetic of the solvent reduction. In these models, the equations describing the kinetic of the solvent reduction at the graphite/SEI interface diverges in the literature. More recently, Delacourt et al. [START_REF] Delacourt | Life Simulation of a Graphite/LiFePO 4 Cell under Cycling and Storage[END_REF] proposed an alternative expression for the kinetic reduction of the solvent from Safari et al. model [START_REF] Safari | Multimodal Physics-Based Aging Model for Life Prediction of Li-Ion Batteries[END_REF]. Pinson et al. [START_REF] Pinson | Theory of SEI Formation in Rechargeable Batteries: Capacity Fade, Accelerated Aging and Lifetime Prediction[END_REF] developed a mixed growth model, which considers the local potential close to the interface between SEI/electrolyte and the equilibrium potential of the SEI [START_REF] Banerjee | Review-Multifunctional Materials for Enhanced Li-Ion Batteries Durability: A Brief Review of Practical Options[END_REF][START_REF] Edström | A new look at the solid electrolyte interphase on graphite anodes in Li-ion batteries[END_REF][START_REF] Liu | Modeling of SEI Layer Growth and Electrochemical Impedance Spectroscopy Response using a Thermal-Electrochemical Model of Li-ion Batteries[END_REF].

As the battery capacity decreases along with ageing, the cell OCV vs. SOC evolution curve (OCV-SOC) is also modified due to degradation mechanisms [START_REF] Rubenbauer | Definitions and reference values for battery systems in electrical power grids[END_REF]. Some works proposed in the literature developed two sorts of OCV model to update the OCV-SOC signal along with ageing.

The first one, which can be named, the one-tank OCV model, modified the OCV-SOC signal knowing the battery SOH by either horizontally shrinking the cell OCV or using look-up tables [START_REF] Weng | A unified open-circuit-voltage model of lithium-ion batteries for state-of-charge estimation and state-of-health monitoring[END_REF]. Most sophisticated approaches consist in modeling voltage evolution allowing to obtain relevant health indicators [START_REF] Wei | Multistage State of Health Estimation of Lithium-Ion Battery With High Tolerance to Heavily Partial Charging[END_REF][START_REF] Bian | A Novel Model-Based Voltage Construction Method for Robust State-of-Health Estimation of Lithium-Ion Batteries[END_REF][START_REF] Ruan | State of Health Estimation of Lithium-ion Battery Based on Constant-Voltage Charging Reconstruction[END_REF]. Contrariwise, the second one, which can be named, as the dual-tank OCV model, considered the evolution of both electrode potential signals and the offset between the electrode potential signals [START_REF] Ma | A mechanism identification model based state-ofhealth diagnosis of lithium-ion batteries for energy storage applications[END_REF]. Indeed, dual-tank OCV model is able to represent various scenarios of degradations taking into account the both electrode capacities fading and the electrodes signals shifting. Few authors [START_REF] Dubarry | Synthesize battery degradation modes via a diagnostic and prognostic model[END_REF][START_REF] Lu | Degradation Analysis of Commercial Lithium-Ion Battery in Long-Term Storage[END_REF] used dual-tank OCV models to predict the cell SOH during ageing. Dubarry et al. [START_REF] Dubarry | Synthesize battery degradation modes via a diagnostic and prognostic model[END_REF] was the first to introduce this kind of models involving 5 terms of degradation modes to describe the cell SOH: loss of lithium inventory, loss of lithiated active mass on the negative electrode, loss of delithiated active mass on the negative electrode, loss of lithiated active mass on the positive electrode and loss of delithiated active mass on the positive electrode. In their approach, they assumed that the Loss of Lithium Inventory (LLI) and Loss of Active Mass (LAM) follow respectively a linear and an exponential trends function of the cell resting time. More recently, Baure and Dubarry [START_REF] Baure | Battery durability and reliability under electric utility grid operations: 20-year forecast under different grid applications[END_REF] observed evolutions of LLI and LAMs of LTO batteries aged in different fixed conditions and extrapolate them with power laws. The prognosis of the evolution of the battery SOH using a dual-tank OCV model was also performed by T. Lu et al [START_REF] Lu | Degradation Analysis of Commercial Lithium-Ion Battery in Long-Term Storage[END_REF] during calendar ageing. However, the authors did not build an ageing model depending on the operating conditions. They assumed that their ageing models for LLI and LAM are directly function of time neglecting the influence of the temperature or State-Of-Charge (SOC). A more elaborated way of predicting the cell capacity consists in developing a law for each parameter of the dual-tank OCV model, taking into account the operating conditions. For instance, Jens Groot [START_REF] Groot | State-of-Health Estimation of Li-ion Batteries: Ageing Models[END_REF], built an ageing model for the negative electrode capacity considering the effect of the temperature, SOC and current.

In this paper, a dual-tank OCV model is developed based on experimental data measured during the MOBICUS project [START_REF] Ben-Marzouk | Experimental Protocols and First Results of Calendar and/or Cycling Aging Study of Lithium-Ion Batteries -the MOBICUS Project[END_REF]. Unlike widely-used dual-tank OCV model, this OCV model has only three scalar input parameters: the positive and negative electrode capacities (𝐶 𝑝𝑜𝑠 or 𝐶 𝑛𝑒𝑔 ) and the shift between electrodes potential signals namely 'OFFSET' (𝑂𝐹𝑆). It enables to describe appropriately OCV curve evolution during ageing and reduces ageing model complexity. Three ageing laws are built to forecast the evolution of three input parameters: 𝐶 𝑝𝑜𝑠 or 𝐶 𝑛𝑒𝑔 and 𝑂𝐹𝑆. These electrodes ageing laws are based on semi-empirical approaches for the prognosis of the positive and negative electrode capacities. Contrariwise, an existing physics-based model of the SEI growth on the negative electrode is used to predict the 𝑂𝐹𝑆 parameter. The dual-tank ageing laws are then coupled to the dual-tank OCV allowing to predict the evolutions of the battery available capacity as well as the OCV in calendar ageing (Figure 1.a). This paper is organized as follows. The experimental tests used for the dual-tank ageing model calibration is detailed in section 2. In section 3, the dual-tank OCV model is presented and coupled to the semi-empirical ageing laws. The sections 4 and 5 of this paper are devoted respectively to the dual-tank ageing model calibration and simulations under calendar conditions.

Thanks to MOBICUS French national project [START_REF] Ben-Marzouk | Experimental Protocols and First Results of Calendar and/or Cycling Aging Study of Lithium-Ion Batteries -the MOBICUS Project[END_REF] In order to observe the ageing behavior in variable condition and evaluate the model performance in such condition, two kinds of test are done. The first one, namely thermal cycling, consists in storing cells at a fixed SOC of 100 %. A thermal cycling is then executed by sweeping the temperature between two temperatures with a frequency of one thermal cycle per day. Alternatively, the temperature is set between 0 °C and 30 °C in a first period of 11 weeks and between 30 °C and 60 °C in a second one with same duration. Characterization tests are performed between each period and in the middle of each period to track cell performance evolution. The second one, namely SOC variation at fixed temperature, consists in performing a calendar tests at a fixed temperature of 45 °C but the SOC is fixed for 2 months alternatively at two levels: 30 % and 80 %. Due to low expected degradation at SOC 30 %, only one check-up is done after the 2 storage months. However, this frequency is reduced to 1 month during storage at SOC 80 %. For the sake of reproducibility, three cells are aged in the same manner per ageing condition.

In addition to cell ageing tests, a fresh cell is disassembled inside a glove box in argon atmosphere. The harvested negative and positive active materials from the disassembled full cell is used to build coin cells with lithium metal counter electrode. In order to characterize electrode potential dependency on lithium content, these coin cells are cycled at C/10 rate between 3 V vs. Li/Li + and 4.3 V vs. Li/Li + for positive electrode coin cells, and between 10 mV vs. Li/Li + and 1.5 V vs. Li/Li + for negative electrode coin cells.

3 Dual tank ageing model development At any cell voltage, the electrode potentials (𝑉 𝑝𝑜𝑠, 𝑉 𝑛𝑒𝑔 ) as well as the lithium content (𝛩 𝑝𝑜𝑠 , 𝛩 𝑛𝑒𝑔 ) can be calculated as shown in Figure 1.d. The offset parameter (OFS) which is related to the non-lithiated capacity fraction of the positive electrode "(1 -𝛩 𝑝𝑜𝑠 )𝐶 𝑝𝑜𝑠 " and lithiated capacity fraction of the negative electrode "𝛩 𝑛𝑒𝑔 𝐶 𝑛𝑒𝑔 ", is given by: 

𝑂𝐹𝑆 = (1 -𝛩 𝑝𝑜𝑠 )𝐶 𝑝𝑜𝑠 -𝛩 𝑛𝑒𝑔 𝐶 𝑛𝑒𝑔 (1)

Dual-tank ageing laws

Ageing laws are connected to the dual tank OCV model by delivering the temporal evolution of electrode capacities 𝐶 𝑝𝑜𝑠 , 𝐶 𝑛𝑒𝑔 and the offset parameter 𝑂𝐹𝑆 (Figure 1.a).

Positive and negative electrodes ageing laws

The ageing laws of the positive and negative electrodes allow to follow the degradation rate of the capacity loss depending on the usage profile on calendar ageing: temperature (T) and

State-of-Charge (SOC). This approach, based on an empirical approach, is inspired by Grolleau et al. [START_REF] Grolleau | Calendar aging of commercial graphite/LiFePO4 cell -Predicting capacity fade under time dependent storage conditions[END_REF]. The ageing laws of the positive and negative capacities are displayed below:

𝑑𝐶 𝑝𝑜𝑠 |𝐶 𝑛𝑒𝑔 𝑑𝑡 = 𝐽 𝑐𝑎𝑙 𝐶 𝑝𝑜𝑠 |𝐶 𝑛𝑒𝑔 (𝑇, 𝑆𝑜𝐶) 1 + 𝐴 𝐶 𝑝𝑜𝑠 |𝐶 𝑛𝑒𝑔 𝐶 𝑝𝑜𝑠 (2) 
where 𝐽 𝑐𝑎𝑙 𝐶𝑝𝑜𝑠 , 𝐽 𝑐𝑎𝑙 𝐶𝑛𝑒𝑔 refer to accelerating factors related to degradation rates of the positive and negative electrodes during calendar ageing and 𝐴 𝐶 𝑝𝑜𝑠 |𝐶 𝑛𝑒𝑔 a shape factor. In both cases 𝐽 𝑐𝑎𝑙 (𝑇, 𝑆𝑂𝐶) is the degradation rate that depicts the influence of the temperature and SOC on the cell ageing.

𝐽 𝑐𝑎𝑙 (𝑇, 𝑆𝑂𝐶) considers the temperature and SOC accelerating factors:

𝐽 𝑐𝑎𝑙 (𝑇, 𝑆𝑜𝐶) = 𝐽 𝑐𝑎𝑙 𝑟𝑒𝑓 * 𝐹𝑎 𝑆𝑂𝐶 * 𝐹𝑎 𝑇 (3) 
𝐽 𝑐𝑎𝑙 𝑟𝑒𝑓 being a constant parameter corresponding to the degradation rate at reference temperature and SOC (𝑇 𝑟𝑒𝑓 , 𝑆𝑂𝐶 𝑟𝑒𝑓 ) and 𝐹𝑎 𝑆𝑂𝐶 , the SOC accelerating factor, defined by a 1D linear piecewise function, giving the influence of SOC at reference temperature. Note that 𝐹𝑎 𝑇 is the temperature accelerating factor expressed with an Arrhenius law [START_REF] Bloom | An accelerated calendar and cycle life study of Li-ion cells[END_REF], including the activation energy 𝐸 𝑎 𝑇 parameter [START_REF] Liaw | Correlation of Arrhenius behaviors in power and capacity fades with cell impedance and heat generation in cylindrical lithium-ion cells[END_REF][START_REF] Redondo-Iglesias | Eyring acceleration model for predicting calendar ageing of lithium-ion batteries[END_REF]:

𝐹𝑎 𝑇 (𝑇, 𝑆𝑂𝐶) = 𝑒𝑥𝑝 (- 𝐸𝑎 𝑇 (𝑆𝑂𝐶) 𝑅 ( 1 𝑇 - 1 𝑇 𝑟𝑒𝑓 )) (4) 
where 𝐸 𝑎 𝑇 is assumed different below and above reference temperature 𝑇 𝑟𝑒𝑓 fixed at 318 K 45 °C and 𝑅, the universal gas constant. Moreover, 𝐸 𝑎 𝑇 is considered dependent on SOC to account for a coupling effect between temperature and SOC on ageing behavior. Note that the Arrhenius activation energies 𝐸 𝑎 𝑇<𝑇 𝑟𝑒𝑓 (𝑆𝑂𝐶) and 𝐸 𝑎 𝑇≥𝑇 𝑟𝑒𝑓 (𝑆𝑂𝐶) are linear piecewise functions. The derivative of Eq. ( 1) is calculated:

Physics

𝑑𝑂𝐹𝑆 𝑑𝑡 = -(𝛩 𝑛𝑒𝑔 𝑑𝐶 𝑛𝑒𝑔 𝑑𝑡 + 𝐶 𝑛𝑒𝑔 𝑑𝛩 𝑛𝑒𝑔 𝑑𝑡 ) + [(1 -𝛩 𝑝𝑜𝑠 ) 𝑑𝐶 𝑝𝑜𝑠 𝑑𝑡 -𝐶 𝑝𝑜𝑠 𝑑𝛩 𝑝𝑜𝑠 𝑑𝑡 ] (5) 
Introducing the electrical current 𝐼 𝑛𝑒𝑔 and 𝐼 𝑝𝑜𝑠 flowing though the positive and negative electrodes, related to the electrode's lithium contents 𝛩 𝑛𝑒𝑔 and 𝛩 𝑝𝑜𝑠 changes by:

𝐼 𝑝𝑜𝑠 = -𝐶 𝑝𝑜𝑠 𝑑𝛩 𝑝𝑜𝑠 𝑑𝑡 (6) 
𝐼 𝑛𝑒𝑔 = -𝐶 𝑛𝑒𝑔 𝑑𝛩 𝑛𝑒𝑔 𝑑𝑡 (7) 
Eq. ( 5) becomes:

𝑑𝑂𝐹𝑆 𝑑𝑡 = -(𝛩 𝑛𝑒𝑔 𝑑𝐶 𝑛𝑒𝑔 𝑑𝑡 -𝐼 𝑛𝑒𝑔 ) + [(1 -𝛩 𝑝𝑜𝑠 ) 𝑑𝐶 𝑝𝑜𝑠 𝑑𝑡 + 𝐼 𝑝𝑜𝑠 ] (8) 
Considering 𝐼, the total electrical current flowing through the cell, and 𝐼 𝑝 , the parasitic electrical current related to the SEI growth (Figure 2), the negative and positive currents can be expressed as follows:

𝐼 𝑛𝑒𝑔 = 𝐼 𝑝 -𝐼 (9) 
𝐼 𝑝𝑜𝑠 = 𝐼 (10) 
The ageing law for OFS can be rewritten as:

𝑑𝑂𝐹𝑆 𝑑𝑡 = -(𝛩 𝑛𝑒𝑔 𝑑𝐶 𝑛𝑒𝑔 𝑑𝑡 -(𝐼 𝑝 -𝐼)) + [(1 -𝛩 𝑝𝑜𝑠 ) 𝑑𝐶 𝑝𝑜𝑠 𝑑𝑡 + 𝐼] (11) 
In calendar condition (𝐼 = 0 and 𝑉 𝑛𝑒𝑔 = 𝐸 𝑔𝑟 0 ), the latter equation simplifies:

𝑑𝑂𝐹𝑆 𝑑𝑡 = 𝐼 𝑝 -𝛩 𝑛𝑒𝑔 𝑑𝐶 𝑛𝑒𝑔 𝑑𝑡 + (1 -𝛩 𝑝𝑜𝑠 ) 𝑑𝐶 𝑝𝑜𝑠 𝑑𝑡 (12) 
The parasitic current 𝐼 𝑝 associated to the lithium-ions consumption in the SEI is defined by a Butler -Volmer's law [START_REF] Pinson | Theory of SEI Formation in Rechargeable Batteries: Capacity Fade, Accelerated Aging and Lifetime Prediction[END_REF]:

𝐼 𝑝 = 𝐹𝑆𝑘 𝑠𝑒𝑖 𝐶 𝑥 (𝑒𝑥 𝑝 (- 𝛼 𝑐 𝐹 𝑅𝑇 𝜂 𝑝 ) -𝑒𝑥 𝑝 (- (1 -𝛼 𝑐 )𝐹 𝑅𝑇 𝜂 𝑝 )) (13) 
With in calendar condition, the overpotential of the side reaction given by:

𝜂 𝑝 = 𝐸 𝑔𝑟 0 (𝑆𝑂𝐶) -𝐸 𝑆𝐸𝐼 0 ( 14 
)
where 𝐹 is the faradic constant, S the active surface, 𝑘 𝑠𝑒𝑖 the constant rate of the side reaction, 𝐶 𝑥 the concentration of the solvent X at the interface graphite/SEI, 𝛼 𝑐 symmetric reaction factor, 𝐸 𝑔𝑟 0 (𝑆𝑂𝐶) the electrode potential at the graphite/SEI interface depending on SOC and 𝐸 𝑠𝑒𝑖 0 the equilibrium potential associated to SEI formation. In the literature, the equilibrium potential 𝐸 𝑠𝑒𝑖 0 may vary from 0.2 to 0.8 V vs. Li + /Li [START_REF] Banerjee | Review-Multifunctional Materials for Enhanced Li-Ion Batteries Durability: A Brief Review of Practical Options[END_REF][START_REF] Edström | A new look at the solid electrolyte interphase on graphite anodes in Li-ion batteries[END_REF].

The flux density 𝐽, representing the diffusion flux of the solvent X through the SEI layer, can be related to the parasitic current (𝐼 𝑝 ) considering the Faraday's law:

𝐼 𝑝 = 𝑛𝐹𝑆 𝐽 = - 𝑛 𝐹𝑆 𝐷 𝑥 𝛿 𝑆𝐸𝐼 (𝐶 𝑥 -𝐶 𝑥 0 ) ( 15 
)
where 𝑛 is the quantity of lithium ions consumed per mole of SEI formed, 𝐷 𝑥 the effective diffusion coefficient of the solvent (X) through the porous structure of the SEI, 𝛿 𝑆𝐸𝐼 the SEI thickness and 𝐶 𝑥 0 the concentration of the solvent X in the bulk of electrolyte. The parasitic electrical current 𝐼 𝑝 is then obtained: 

𝐼 𝑝 = 𝐹 𝑆
Assuming that the SEI, formed homogeneously over the entire graphite surface, is thin enough compared to the particle radius, so its growth is reduced to its thickness variation (𝛿 𝑆𝐸𝐼 ):

𝜕𝛿 𝑆𝐸𝐼 𝜕𝑡 = 𝑀 𝑠𝑒𝑖 𝜌 𝑠𝑒𝑖 𝐹 𝑆 𝐼 𝑝 ( 17 
)
where Msei is the molar mass of SEI and sei, the density of SEI.

Assuming an Arrhenius law for the kinetic constant rate and effective diffusion coefficient of the solvent, equation ( 16) becomes introducing parameters 𝑎 0 -𝑎 4 , some constant parameters: The Figure 3 and Figure 4 show the fitted positive and negative electrode capacities along with the ageing test for the different calendar conditions. The initial positive and negative electrode capacities are estimated at 48.5 Ah and 49.5 Ah respectively. As expected, the electrode capacity decay increase with the temperature. The influence of the SOC is not so obvious and will be discuss in the section 5. 

𝐼 𝑝 = { 𝑎 0 e - 𝐸 𝑎

Identification of the ageing law parameters

Once, the evolution of each parameters 𝐶 𝑝𝑜𝑠 and 𝐶 𝑛𝑒𝑔 have been identified during different calendar ageing tests, the parameters of ageing laws (Eq. ( 2)) are identified independently for 𝐶 𝑝𝑜𝑠 and 𝐶 𝑛𝑒𝑔 by minimizing the RMSE between electrode capacities identified via the dualtank OCV model with those computed via the ageing laws. As shown in Figure 3 and Figure 4, the Mean Average Error (MAE) is globally low with an average of 0.35Ah for all conditions, i.e. less than 0.8% versus initial capacities. The highest errors are obtained at 60°C, with a MAE of 1.6Ah for 𝐶 𝑝𝑜𝑠 at SOC 65 % and 0.9Ah for 𝐶 𝑛𝑒𝑔 at SOC 80%.

The identification process of electrode capacity ageing laws consists in identifying in Eq. ( 2) The effect of the temperature is less important on the negative electrode compared to the positive one. Indeed, the temperature accelerating factor 𝐹𝑎 𝑇 for the negative electrode is lower than the accelerating factor identified for the positive electrode at 60 °C and SOC 30 %.

parameters
This phenomenon is due to a lower activation energy 𝐸𝑎(𝑆𝑂𝐶) identified for the negative electrode ageing law. The SOC accelerating factor 𝐹𝑎 𝑆𝑂𝐶 has also a different behavior compared to those of the positive electrode capacity. Namely, the degradation phenomena are clearly more important at SOC 100% for the negative electrode compare to 65 % for the positive electrode.

Finally, the parameters of the SEI growth model (Eqs. [START_REF] Ploehn | Solvent Diffusion Model for Aging of Lithium-Ion Battery Cells[END_REF][START_REF] Dufour | Lithiation heterogeneities of graphite according to C-rate and mass-loading: A model study[END_REF] are identified by minimizing the RMSE between experiment and simulated cell capacities. Dual-tank ageing simulations show a good agreement with cell capacity evolutions measured during ageing tests with a MAE of 0.9Ah, i.e. 2% of cell nominal capacity (Figure 5). However, this model underestimates the capacity decay at higher temperature (T=60 °C) and SOC=65 %, with a MAE of 2.8Ah for this specific condition. This latter behavior can be related to unexpected ageing mechanism at high temperature. The identification results are summed-up in Table 3. Note that the fitted value for the parameter a3 agree with the equilibrium potential of the SEI [START_REF] Banerjee | Review-Multifunctional Materials for Enhanced Li-Ion Batteries Durability: A Brief Review of Practical Options[END_REF][START_REF] Edström | A new look at the solid electrolyte interphase on graphite anodes in Li-ion batteries[END_REF] while the fitted value for the parameter a2 matches with the values proposed by Safari et al. [START_REF] Safari | Multimodal Physics-Based Aging Model for Life Prediction of Li-Ion Batteries[END_REF] for the effective diffusion coefficient of the solvent through the SEI and the constant rate of the side reaction. 

Model validation

Two ageing conditions are used to simulate the cell SOH evolution using the parameters identified for the dual-tank ageing model previously described: the variable SOC condition at model presented in Figure 6 shows a very good agreement between the experimental data and simulated ones for variable SOC condition (MAE of 0.9 %) and thermal cycling SOC 100 % (MAE of 1.2 %). 

Calendar ageing simulation study

In the next section, the dual-tank ageing model is used to simulate calendar ageing conditions at temperature 45 °C during 7 years. The model developed in this paper allows forecasting on the one hand, the relative evolution of each electrode signal, and on the other hand the temporal evolution of the cell voltage and capacities, as well as the electrode potential and the actual lithium content in each electrode.

Dual tank representation at BoL and EoL

The evolutions of the electrode potential signals are displayed in Figure 7 

Temporal evolution of the cell characteristics

The evolutions of the cell capacity as well as the offset are illustrated in figures 8 a-b. The battery capacity fading along with ageing strongly depends on the initial storage SOC (from 30 % to 100 %). The degradation of the cell capacity is even more important as the battery is stored at a higher initial SOC at BOL. As observed experimentally, the capacity evolution is similar for 65 and 80 % SOC while it only slightly decreases at 30 % SOC. The offset change increases with the SOC even though similar values are obtained at 65 % and 80 % SOC. It is worth mentioning that the offset reaches a plateau value and even slightly decreases at 30 % SOC.

The evolution of parasitic current, displayed on (Figure 8.c) and the SEI thickness increase (Figure 88.d) show that the higher is the initial SOC, the faster is the side reaction. The main driving force for parasitic current is the difference between the negative electrode potential and the equilibrium potential associated to SEI formation (Figure 8.e). Hence, the lower is the electrode potential (corresponding to a higher battery SOC), the higher will be the parasitic current.

Nevertheless, a significant decrease of ip with time is observed, which tends to zero after several years of calendar ageing whatever the calendar conditions. Hence, on one hand, the rate of the side reaction goes decreasing due to the SEI thickness increase considering it has an effect on solvent diffusion (Figure 8.d), which tends to slow down the side reaction. On the other hand, the consumption of lithium from negative electrode leads to an increase of negative electrode potential (Figure 8.c) reducing the driving force of the side reaction.

The evolution of SEI thickness (Figure 8.d) is then correlated to the evolution of the parasitic current. Indeed, SEI growth is faster at higher SOC, and its rate decreases progressively due to both the negative electrode potential increase and thickness growth. Moreover, SEI growth vanishes rapidly at low SOC due to the negative electrode potential increase up to 0. The methodology is implemented on commercial 43 Ah pouch cells used in the Renault Twizy electric vehicle tested during the MOBICUS project. The identification process of the dual-tank ageing model parameters was performed with a MAE less than 2% on cell capacity for all calendar ageing conditions. The model is able to forecast the calendar ageing of the cell while capturing the evolution of internal parameters such as electrode capacities, electrode potentials and Lithium contents. The growth of SEI thickness is significant at higher SOC ranging from 65 % and 100 %. This SEI thickness growth is non-linear with ageing owing to the contribution of the solvent diffusion.

In general, the model has shown a satisfactory agreement compared to experimental measurements and allowed to estimate the contribution of each degradation mode during calendar life. Nevertheless, unexpected phenomena may occur such as the apparition of dry areas on the surface of both electrodes after storage at high temperatures and high SOC (60 °C and 100 % of SOC) and accelerating capacity fade.
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3. 1

 1 Dual-tank OCV model The principle of dual-tank OCV model (Figure 1.a) consists in using the Open Circuit Potential (OCP) signals of each electrode characterized from coin cells and voltage limits of a Li-ion cell to determine the OCV and cell capacity as well as the maximum and minimum electrodes lithium content with three inputs parameters (𝐶 𝑝𝑜𝑠 , 𝐶 𝑛𝑒𝑔 , 𝑂𝐹𝑆). Indeed, by considering any positive and negative electrodes potential signals versus lithium content (Figure 1.b), it is possible to scale up the electrode potential signals at the cell level (𝑉 𝑝𝑜𝑠 𝐴ℎ , 𝑉 𝑛𝑒𝑔 𝐴ℎ ) versus the electrode capacity by considering the positive and negative electrode capacities 𝐶 𝑝𝑜𝑠 and 𝐶 𝑛𝑒𝑔 respectively (Figure 1.c). To build the cell OCV signal, the offset parameter (𝑂𝐹𝑆) is therefore introduced to shift the negative electrode potential signal 𝑉 𝑛𝑒𝑔 𝐴ℎ to the left, which is now represented by 𝑉 𝑛𝑒𝑔 𝐴ℎ-𝑂𝐹𝑆 (Figure 1.d). The OCV curve is then obtained by subtracting the positive to the negative electrode potential signals (𝑉 𝑝𝑜𝑠 𝐴ℎ , 𝑉 𝑛𝑒𝑔 𝐴ℎ-𝑂𝐹𝑆 ). For sake of simplicity, the positive and negative electrode signals (𝑉 𝑝𝑜𝑠 𝐴ℎ , 𝑉 𝑛𝑒𝑔 𝐴ℎ-𝑂𝐹𝑆 ) in Figure 1.d are noted (𝑉 𝑝𝑜𝑠, 𝑉 𝑛𝑒𝑔 ) above. As shown in Figure 1.d, setting the voltage limits (𝑈 𝑚𝑖𝑛 , 𝑈 𝑚𝑎𝑥 ) allows to determine the useable OCV signal and cell capacity (𝑄 𝑂𝐶𝑉 ) as well as the minimum and maximum electrodes potential limits (𝑉 𝑝𝑜𝑠 𝑚𝑖𝑛 , 𝑉 𝑝𝑜𝑠 𝑚𝑎𝑥 , 𝑉 𝑛𝑒𝑔 𝑚𝑖𝑛 , 𝑉 𝑛𝑒𝑔 𝑚𝑎𝑥 ) and lithium contents limits (𝛩 𝑝𝑜𝑠 𝑚𝑖𝑛 , 𝛩 𝑝𝑜𝑠 𝑚𝑎𝑥 , 𝛩 𝑛𝑒𝑔 𝑚𝑖𝑛 , 𝛩 𝑛𝑒𝑔 𝑚𝑎𝑥 ) . The voltages (𝑈 𝑚𝑖𝑛 , 𝑈 𝑚𝑎𝑥 ) are the charge and discharge voltage thresholds, indicated by the cell manufacturer.

Figure 1 -

 1 Figure 1 -Dual-tank OCV model (a), OCP's versus lithium content (b), OCP's versus capacity (c), Cell OCV versus capacity (dashed line: experimental, solid line: reconstitution) (d) and minimum and maximum electrodes lithium content (e). Positive electrode (red), Negative electrode (blue), Cell (black).

  figure 2, the total current 𝐼 is subdivided into the deintercalation current 𝐼 𝑛𝑒𝑔 and the parasitic current 𝐼 𝑝 at the graphite/SEI interface. The deintercalation current 𝐼 𝑛𝑒𝑔 represents the charge transfer leading to Li deintercalation in the graphite solid phase while the parasitic current 𝐼 𝑝 represents the charge transfer rate of the SEI reaction. This latter side reaction leads to the growth of SEI (thickness 𝛿 𝑆𝐸𝐼 ).

Figure 2 -

 2 Figure 2 -Full cell schematic representation in calendar mode.

4 Model parameters identification and validation 4 . 1 .

 41 figure 1.a), are identified at each check-up during ageing tests. To do so, an optimization

Figure 3 :Figure 4 :

 34 Figure 3: Calendar ageing identification of positive electrode capacity at (a) 0 °C, (b) 25 °C, (c) 45 °C and (d) 60 °C for several SOC. Fitted data are represented by markers for SOC 0 % (blue cross), SOC 30 % (green circle), SOC 65 % (purple triangle), SOC 80 % (orange diamond), SOC 100 % (red square) and simulation data are represented by line

Figure 5 :

 5 Figure 5: Calendar ageing identification of cell capacity at (a) 0°C, (b) 25°C, (c) 45°C and (d) 60°C for several SOC. Simulation data are represented by line, Experiment data are represented by markers for SOC 0% (blue cross), SOC 30% (green circle), SOC 65% (purple triangle), SOC 80% (orange diamond), SOC 100% (red square).

Figure 6 :

 6 Figure 6: Validation of the dual-tank ageing model on variable SOC 30 %-80 % calendar condition and thermal cycling at SOC 100 %. Simulation data are represented by lines, Experiment data are represented by markers for variable SOC 30 %-80 % calendar condition (blue star) and thermal cycling at SOC 100 % (red square).

  at Beginning Of Life (BOL) and at the End Of Life (EOL), after 7 years of calendar ageing, for different initial SOC at 45 °C. In these figures, the OCPs and OCVs are plotted as a function of their capacity. The full and dash lines refer to BOL and EOL respectively. For sake of simplicity of visualization, the working point of each electrode at BOL and EOL is aligned with the vertical red straight line corresponding to a capacity of 0Ah. The positive OCP only shrinks around the 0 Ah capacity value due the Loss of Active Material (LAM) at the positive electrode whatever the calendar ageing conditions. Indeed, no ageing mechanism leading to lithium consumption is considered at this electrode. Consequently, both the Lithium content and OCP at the positive electrode are constant along the ageing. At the negative electrode, the OCP shrinks and shifts to the left because of the combined effect of the Loss of Active Material (LAM) and the Loss of Lithium Inventory (LLI) due the SEI side reaction. It is obvious that the effect of SEI side reaction is very significant at high SOC since it leads to an important offset between electrodes, reducing significantly the cell capacity. As the electrode potential and offset changes follow various routes depending on the calendar condition, the OCV curve may evolve differently.

Figure 7 :

 7 Figure 7 : Evolution of the negative and positive electrode signals as well cell voltage during ageing at BOL and EOL after 7 years of calendar ageing at 45 °C for initial SOC fixed at 100 % (a), 80% (b), 65% (c) and 30% (d). Simulation data are represented by line at BOL (solid) and EOL (dash) for positive electrode (red), negative electrode (blue) and cell (black).

19 V(

 19 Figure 8.e), which corresponds to the equilibrium potential associated to SEI formation. In this simulation, cell voltage is free to change along with ageing mechanism from their initial values. The figure 8.f shows OCV decay with time. The different waves observed along ageing are related to the changes of the lithium insertion phase in the graphite from one plateau to the other one.

Figure 8 -

 8 Figure 8 -Evolution of the electrode lithium contents during calendar ageing at 45°C for different initial SOC from 30% to 100%. Simulation data are represented by line, Simulation data are represented by lines for SOC 30 % (green), SOC 65 % (purple), SOC 80 % (orange), SOC 100 % (red).

  five industrial companies (RENAULT, VALEO, EDF, SIEMENS and ENEDIS), five research laboratories (CEA, IFPEN, IFFSTAR, IMS and EIGSI), two SMEs (CONTROLSYS and DBT-CEV) and four invited partners (LA POSTE, PSA, SAFT and UTC). This collaboration allowed to perform many ageing tests, split between each partner, on the Graphite/NMC-LMO production cell. This work was supported by the French National Program "Programme d'Investissements d'Avenir -INES.2S" under Grant ANR-10-IEED-0014-01. 8 List of the symbols 𝐴 𝐶 𝑝𝑜𝑠 |𝐶 𝑛𝑒𝑔 , shape factor for the positive/negative electrode (-) ai, parameter (SI) 𝐶 𝑝𝑜𝑠/𝑛𝑒𝑔 , capacity of the positive/negative electrode (Ah) 𝐶 𝑥 , concentration of the solvent X (mole m -3 ) 𝐷 𝑥 , effective diffusion coefficient of the solvent X (m² s -1 ) 𝐸 𝑎 𝑇 , activation energy (kJ.mol -1 ) 𝐸 0 , Equilibrium electrode potential (V) F, the faradic constant (SI) 𝐹𝑎 𝑆𝑂𝐶/𝑇 , a SOC/T accelerating factor for the positive/negative electrode (-) I, current (A) 𝐽, flux density (mole m -2 s -1 ) 𝐽 𝑐𝑎𝑙 𝐶 𝑝𝑜𝑠 |𝐶 𝑛𝑒𝑔 , accelerating factor for the positive/negative electrode (Ah days -1 ) 𝑘 𝑠𝑒𝑖 , constant rate of the side reaction (m s -1 ) Msei, molar mass of SEI (kg mol -1 ) n, quantity of lithium ions consumed per mole of SEI formed (-) 𝑂𝐹𝑆, offset (Ah) 𝑅, the universal gas constant (SI) 𝑆, active surface (m²) T, Temperature (K) t, time (s) 𝑈 𝑚𝑎𝑥/𝑚𝑖𝑛 , Maximum and minimum cell voltage limit (V) 𝑉 pos/neg , Potential of the positive/negative electrode (V) Greek symbols 𝛼 𝑐 , symmetric reaction factor (-) 𝛿 𝑆𝐸𝐼 , thickness of the SEI (m) , Overpotential (V) sei, density of SEI (kg m -3 )

  

Table 1 :

 1 , extended calendar ageing tests have been realized on 43 Ah Graphite/LMO-NMC pouch cells used in the Renault Twizy electric vehicle. Calendar ageing test plan performed on 43 Ah cells.

	The major part of the design of experiment consists of calendar ageing tests at fixed
	temperature and SOC. The commercial cells are stored at 4 different temperatures namely
	0 °C, 25 °C, 45 °C and 60 °C and 4 different SOC, namely 0%, 30%, 65 %, 80 % and 100 % as
	listed by 'x' in Table 1. Periodic check-ups are performed at 25 °C at a charge -discharge rate
	of C/10 every 12 weeks to measure the cell capacity.		
				SOC (%)		
	T (°C)	0	30	65	80	100
	0		x		x	x
	25				x	
	45	x	x	x	x	x
	60			x	x	x

Table 2 :

 2 𝐴 𝑐𝑎𝑙 and 𝐽 𝑐𝑎𝑙 (𝑇, 𝑆𝑂𝐶), with 𝐽 𝑐𝑎𝑙 (𝑇, 𝑆𝑂𝐶) depending on 𝐽 𝑐𝑎𝑙 𝑟𝑒𝑓 and the acceleration factors 𝐹𝑎 𝑇 and 𝐹𝑎 𝑆𝑂𝐶 . Accelerating factors 𝐹𝑎 𝑆𝑂𝐶 are identified at four 𝐸𝑎 𝑇>𝑇 𝑟𝑒𝑓 (𝑆𝑂𝐶) are identified at four breakpoints of SOC, namely 30 %, 65 %, 80 % and 100 %. The temperature accelerating factor 𝐹 𝑎 𝑇 is then deducted using its analytic expression (Eq. (4)) at any value of 𝑇 from 0 °C to 60 °C. The obtained results are shown in Table2.

	breakpoints of SOC namely 0 %, 30 %, 65 %, and 80 %. At 𝑆𝑂𝐶 𝑟𝑒𝑓 = 100%, 𝐹𝑎 𝑆𝑂𝐶 is
	considered to be equal to 1.

According to the calendar ageing tests, the activation energies 𝐸𝑎 𝑇<𝑇 𝑟𝑒𝑓 (𝑆𝑂𝐶) are identified at only three breakpoints of SOC namely 30 %, 80 % and 100 %. For temperature above 45 °C, the activation energies parameters identification of the dual-tank ageing laws.

Table 3 :

 3 Parameter identification of 𝑰 𝒑 and SEI growth ageing laws.

	Parameter	Unit	Value
	𝑎 0 𝑎 2	Ah/s 𝑚 -1	1.66e+11 3.62e+06
	𝐸𝑎 𝑘𝑠𝑒𝑖	𝑘𝐽. 𝑚𝑜𝑙 -1 . 𝐾 -1	101.2
	𝐸𝑎 𝐷𝑠𝑒𝑖	𝑘𝐽. 𝑚𝑜𝑙 -1 . 𝐾 -1	104.2
	𝑎 1	𝐶. 𝐾. 𝐽 -1	8.39.8e+02
	𝑎 3 𝑎 4	𝑉 𝑚. 𝐶 -1	0.19 3.3e-8