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Generating Lithium-Ion Cell Thermodynamic Efficiency Maps

In lithium-ion cells, heat is generated via joules losses and exothermic electro-chemical reactions, causing cells to self-heat and risk premature aging or catastrophic failure. However, heat generation is not constant throughout the cells discharge, due to the complex chemical reactions and changes in the micro structure of the active materials of the electrodes. Nonlinear or complex systems thermodynamic behavior is commonly represented by efficiency maps, generated from empirical data. These empirical models are used to estimate a system heat generation at a given operating state. Although very common in many fields of engineering, efficiency maps are yet to be used for lithium-ion batteries. This paper presents a simple method to achieve accurate estimation of thermodynamic efficiency over the full range of use. In this method, the thermodynamic losses are assumed to be proportional to the measured ohmic resistance of the cell. This empirical method is intended to be a fast and reliable characterization tool that can replace other modeling methods, while capturing the non-linear nature of lithium-ion cells. It can be used for energy management and assessment purposes, for battery design or for thermal management system sizing and control.

INTRODUCTION

Nowadays, electric vehicles (EVs) represent an increasing market share of vehicles sold world wide. Battery powered EVs are seen as the most suited technology to reduce green house gas emissions in transportation, alongside fuelcells [START_REF] Van De Kaa | The battle between battery and fuel cell powered electric vehicles: A bwm approach[END_REF]. The overall energy efficiency of the powertrain of an EV is about 80%, meanwhile combustion engines have an efficiency ranging from 10% to 34% at best [START_REF] Laitinen | Improving electric vehicle energy efficiency with two-speed gearbox[END_REF], [START_REF] Prabhakar | Efficiency investigation for electric vehicle powertrain with variable dc-link bus voltage[END_REF]. This goes without considering the wasted energy and resources necessary to transformation and distribution of gasoline [START_REF] Pereirinha | Multiple energy sources hybridization: The future of electric vehicles?[END_REF]. Despite being mostly produced from fossil fuels today, electricity production from renewable sources is for-casted to increase, to nearly satisfy the global energy demand by 2050 [START_REF] Teske | Energy [r] evolution-a sustainable world energy outlook[END_REF].

Thermodynamic efficiency , η, is the ratio of the useful energy of a system to the total energy [START_REF] Heldson | Chapter one -energy[END_REF]. Knowing the thermodynamic efficiency of a system is useful to estimate its losses. It can be used for energy management or performance estimation purposes [START_REF] Pereirinha | Multiple energy sources hybridization: The future of electric vehicles?[END_REF], [START_REF] Trovao | Energy-and power-split management of dual energy storage system for a three-wheel electric vehicle[END_REF] . In the case of lithiumion batteries (LiBs), the stored energy gets mostly converted into heat and electricity. Some of the chemical reactions will release or absorb heat because of variations of the entropy of the materials [START_REF] Takano | Entropy change in lithium ion cells on charge and discharge[END_REF]. However these are not considered as losses, as they are reversible mechanisms.

The efficiency of certain simple systems can sometimes be assumed constant. Although it may be true for an operation point, thermodynamic efficiency of lithium-ion cells is not constant throughout its entire usage domain. Electrical properties of the cell are dependent of the reactions kinetics, temperature and state of charge (SOC). Indeed, the heat generation of LiBs is highly dependent on its SOC and current [START_REF]Sae j1312: Procedure for mapping engine performance-spark ignition and compression ignition engines[END_REF]. Efficiency over the entire operation domain of a complex or non-linear system can be represented in the form of two dimensional contour maps, known as efficiency maps. Electric motors [START_REF] Bojoi | Efficiency and loss mapping of ac motors using advanced testing tools[END_REF] or combustion engines [START_REF] Celik | Performance maps of a diesel engine[END_REF] performances are often mapped this way. Efficiency maps are good system level empirical models that can be used by engineers to solve various problems, such as optimization problems [START_REF] Gökce | An instantaneous optimization strategy based on efficiency maps for internal combustion engine/battery hybrid vehicles[END_REF], [START_REF] Demircal | Influence of the temperature on energy management in battery-ultracapacitor electric vehicles[END_REF] or component sizing [START_REF] Grunditz | BEV Powertrain Component Sizing with Respect to Performance, Energy Consumption and Driving Patterns[END_REF]. Few paper present an efficiency map for LiBs discharge [START_REF] Demircal | Influence of the temperature on energy management in battery-ultracapacitor electric vehicles[END_REF]. This paper provides a methodology to experimentally obtain them, as it seems to be missing from the literature.

The paper is structured as follows: Firstly, the experimental setup is presented at section I. Then, the proposed characterization method is exposed at section II. Section III presents a validation of the results, comparing computed values to measurements. Finally, conclusions are drawn at section ??.

I. EXPERIMENTAL SETUP

The lithium-ion cells tested used for this work have a Nickel manganese cobalt (NMC) positive electrode and graphite negative electrode. They are commercially available cylindrical 18650 cells of a measured capacity Q cell,nom of 2.90Ah. Their operational voltage ranges from 2.5V at a Depth of Discharge (DOD) of 100% to 4.2V at DOD = 0%. Commercially available cell holders with an intrinsic resistance of 20mΩ are used to hold the cells in place on the custom made circuit board, shown in Fig. 1. The positive and negative poles of the cell were connected to the output and sense terminals of programmable source/load, using the 4 wire method. The experiment was performed with an Arbin BT-2000.

The cell was placed in a climatic chamber at a temperature setpoint of 20 • C, for the entire duration of the experiment. Lower voltage limit was set at 2.5V during constant current discharge, as can be seen in Fig. 3. Each discharge was followed by a rest period of 30 minutes, to allow for cell temperature to cool down to ambient temperature T amb of 20 • C. A constant current (CC) recharge of 1.5A with an upper voltage limit of 4.2V (Fig. 3) then followed each discharge, with a constant voltage (CV) top off at a minimum current of 50mA, as recommended by the cell manufacturer. Again, recharge was followed by a 30 minutes rest time to allow for the cell to stabilize to T amb and voltage to relax.

A. Discharge potential

Fig. 4 shows the discharge voltage of the cell. From these, one can extract specifications such as capacity and internal resistance R cell . The dotted line on Fig. 4 is the pseudo open circuit voltage (pseudo-OCV) V 0 and is defined by 1, as the average between a low current charge (+250mA) and symmetric discharge (-250mA), assuming that the average of both voltages approximates to the open-circuit voltage of the cell at a given SOC or DOD. Hysteresis effects are also being neglected. 

B. Internal resistance

The internal resistance R cell is the result of electrical conduction and ionic migration phenomenas. These include: resistivity of the current collector, resistivity of the active materials, ion transport in the electrolyte, among others. Ionic conductivity in the electrolyte depends of cell's temperature and reaction kinetics, i.e. the current flowing in the cell, leading to different ionic concentration gradient in the electrolyte [START_REF] Lievre | Practical online estimation of lithium-ion battery apparent series resistance for mild hybrid vehicles[END_REF], [START_REF] Tron | Enhanced ionic conductivity of the solid electrolyte for lithium-ion batteries[END_REF]. However, R cell (DOD, I) can be computed by a discretized Ohm's law, where dV is the drop of circuit voltage V (DOD, I) caused by current at a given DOD, from pseudo-OCV V 0 (DOD, I) (2). Fig. 5 shows R cell (DOD, I) in the form of a 3D mesh plot as a function of current and DOD, computed from the discharges presented at Fig. 4. The measured average internal resistance over the whole domain is 74mΩ. Internal resistance decreases as current increases, possibly because of the higher internal temperature, causing improvements in ionic migration in the electrolyte and improving the electrochemical reaction in general. Achieving iso-thermal conditions at high discharge rates can be quite challenging. Hence, this implies that this map is dependent on cooling conditions of the cell. 

C. Electrical power

Two informations are necessary to compute the cells thermodynamic efficiency: electrical power and losses. One can estimate the useful power P max (DOD, I) with the maximum power transfer theorem (3), which is the maximum of ( 6) quadratic equation. Fig. 6 show the iso-power map of the cell as a function of DOD and current. One can see that in order for a cell to provide a steady power, the current has to increase an amount proportional to its drop in potential and corresponding internal resistance. 

P max (DOD, I) = V 2 0 (DOD) 4R cell (DOD, I) (3) 

D. Losses

Although entropy changes cause both heating or cooling of the cell, it is assumed in this work that heat losses are purely exothermic and caused by the internal resistance (or impedance) of the cell. While this may affect cell temperature, this hypothesis remains valid from a thermodynamic standpoint. Heat generation from the flow of electrons and ions in the cell can be computed by [START_REF] Pereirinha | Multiple energy sources hybridization: The future of electric vehicles?[END_REF]. 

Q(DOD, I) = R cell (DOD, I)I 2 (4) 

E. Efficiency map computation

Thermodynamic efficiency η cell (DOD, I) during discharge of a cell (Fig. 8) is the ratio of P max (DOD, I) to the total power, given as the sum of P max (DOD, I) and Q(DOD, I), from a thermodynamical standpoint [START_REF] Teske | Energy [r] evolution-a sustainable world energy outlook[END_REF]. III. VALIDATION The useful power of the battery was measured during the characterization cycling schedule. This measured power was compared to the estimated power given by (6), by using the current measurements I meas and the calculated pseudo-OCV V 0 and R cell .

η cell (DOD, I) = P max (DOD, I) P max (DOD, I) + Q(DOD, I) (5) 
P cell (DOD, I) = V 0 (DOD)I -R cell (DOD, I)I 2 (6) 
Fig. 9 shows a very good match between the measured (plain) and calculated (dashed) discharge powers P cell for all tested currents. Fig. 9. Measured electric power (plain), estimated power (dashed) of the cell during discharge at various currents One can observe an error of less than 1% between the measure power and estimated power from the internal resistance, thus validating the method. The error is mainly caused by numerical interpolation and measurement noise. In order to validate the heat losses calculated from the internal resistance map, a temperature model could be implemented. The temperature from the model could then be compared to the measured temperature. However, this is intended for future works.

IV. CONCLUSION

The methodology provided in this paper can help develop research and engineering of lithium-ion batteries, by building empirical maps. Although the efficiency map obtained show a good match in terms of predicting output power, further work would be required to validate the heat losses. This would require to develop a thermal model of the cell for instance, which is planed for future works. However, transitory behavior due to the electrochemical kinetics are not considered in these maps. They should be considered for near steady-state purposes, as it may overestimate the internal impedance of a cell. For short current impulses, cell efficiency is likely to be better than what has been determined with the presented method, because the relaxation periods between pulses allow for lithium-ion concentration in the electrolyte to increase, thus making species more available during discharges. The empirical maps are good for cells of similar chemistry and same level of degradation. Efficiency maps are intended for system level engineering. For instance, they can be used to size a battery pack of an EV for a given operation point. Another application of these would be for power sharing strategies in hybrid vehicles, maximizing the overall fuel efficiency. A third possible usage of these maps could be to determine the operating temperature of a cell and use it to estimate the aging rate of a pack. Internal resistance and efficiency maps could also help in material research, studying the effect of discharge rate on chemical reaction kinetics. Similar methodology could apply to any electric energy storage devices, such as supercapacitors, lithium-ion capacitors, lead-acid batteries.
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