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Abstract

:

Data sets of internal resistances and open-circuit voltage of a particular battery are needed in ANSYS Fluent program to predict the heat generation accurately. However, one set of available data, called Chen’s original, does not cover all types and shapes of batteries. Therefore, this research was intended to study the effects of shapes and polarization chemistries on heat generation in Li-ion batteries. Two kinds of material chemistries (nickel manganese cobalt oxide, NMC, and lithium iron phosphate, LFP) and three forms (cylindrical, pouch, and prismatic) were studied and validated with the experiment. Internal resistance was unique to each cell battery. Differences in shapes affected the magnitude of internal resistance, affecting the amount of heat generation. Pouch and prismatic cells had lower internal resistance than cylindrical cells. This may be the result of the forming pattern, in which the anode, cathode, and separator are rolled up, making electrons difficult to move. In contrast, the pouch and prismatic cells are formed as sandwich layers, resulting in electrons moving easily and lowering the internal resistance. The shapes and chemistries did not impact the entropy change. All batteries displayed exothermic behavior during a lower SOC that gradually became endothermic behavior at around 0.4 SOC onwards.
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1. Introduction


Lithium-ion batteries (Li-ions) have become prominent in the electric vehicle industry because they can be charged at a high current (fast charging), have high specific energy, and have low self-discharging rates. Nonetheless, to maintain efficiency while it is working, a battery must perform at an appropriate working temperature (15–35 °C) [1,2]. Operating while overheated directly harms a battery’s efficiency and its lifespan [3]. Consequently, overheating can encourage thermal runaway and fire propagation under the worst conditions [4]. Heat in a battery is produced by entropy change (  Δ S  ) from the electrochemical reaction, which can be either positive or negative, and Joule heating generated when an electric current is transported across a resistance (or ohmic heating) [5,6]. Several researchers have attempted to explain the thermal characteristics of Li-ion batteries by means of experimental investigation in conjunction with numerical calculation. Jeon et al. [6] studied the thermal modeling of a cylindrical Li-ion battery during discharging. The result was that the contribution of heat generation at a low-current discharge influenced the entropy change, whereas Joule heating played a crucial role at a high discharge rate [6]. Srinivasan et al. [7] studied the thermal and electrochemical characteristics of Li-ions employing a 2D unit layer. The heat generation affected by the entropy was significant at all C-rates, especially at low C-rates, which corresponded to Jeon et al.’s work [6].



Numerical simulation seems preferable because it can reduce the number of experimental cases involving uncertainty. Moreover, 2D or 3D graphic visualization of the simulation result is very useful and informative for verifying and understanding results. The equivalent circuit model (ECM) is often applied to solve the electrical-thermal issues with battery behavior using the parameters extraction [8]. The ECM model is carried out in the commercial software ANSYS Fluent. The concept of the ECM model involves three resistors (   R 1   ,    R 2   , and    R S   ) and two capacitors (   C 1   , and    C 2   ), as shown in Figure 1. Many researchers have attempted to improve the precision of the ECM model based on the battery’s properties, such as open-circuit voltage (  V o c  ) as a function of the state of charge (SOC) and its internal resistance. SOC is an important term which denotes the level of energy available in a battery cell.



However, the internal resistances and entropy changes diversified among Li-ion battery types [10,11]. Calculating the heat generation in Li-ion battery precisely requires considerable data, such as the internal resistances, which are a function of the temperature and the SOC, to be measured under various battery operating conditions [12] and determined accurately via numerical calculation. Onda et al. [5] performed an experiment on the cylindrical SONY-US18650 to determine the internal resistance data as a function of the SOC and the temperature from a secondary battery. Moreover, the entropy change was calculated by monitoring the dependence of the battery’s open-circuit voltage on the temperatures in various SOCs. Entropy change was independent of the temperature over a range of 20 to 40 °C, only varied with SOC. He et al. [13] used ANSYS Fluent 2D computational fluid dynamics (CFD) to investigate the thermal management of multiple-cell modules. The heat generation was dominated by Joule heating from internal resistance alone, while the entropic heating was comparatively small compared to Joule heating. The magnitude of Joule heating and entropy change relied on the operating conditions as well as the difference between the electrode material and nominal capacity [14]. The behavior of irreversible heat, as represented in terms of Joule heating generation, is strongly dependent on the nominal capacity. Otherwise, the reversible heat, which is denoted as entropy change generation, predominately changes according to battery chemistry when the battery is at the same nominal capacity and operates under the same C-rate.



The thermal behavior of Li-ion batteries can vary significantly depending not only on the battery chemistry and current rates, but also the initial battery temperature, as well as the ambient air temperature affecting the heat generation [15,16,17]. Lin et al. [15] assessed the heat generation characteristics of NMC and LFP using extended-volume accelerating rate calorimetry. The difference in cathode materials and formulas affected the different thermal characteristics. The different initial operating temperature of a cell influenced the magnitude of heat generation, even at the same C-rate. Furthermore, the rate of heat generation was dependent on ambient temperature. Higher ambient temperature resulted in a lower heat generation rate [16] because of the effect of the temperature difference.



The shape of the battery is another aspect that may impact heat generation behavior owing to the arrangement of material layers and packaging configuration, which resulted in the ability of heat transferred from the cell to environment. Several prior studies, however, investigated the heat characteristic for a certain shape. Rarely was the comparative examination of shape differences impacting thermal behavior limited. One of the most popular battery shapes for predicting heat generation is an 18650 cylindrical Li-ion battery. Mahboubi et al. [18] studied the input parameters by applying an ECM. Those parameters were applied to calculate the heat generation and the battery temperature via an analytical approach and validated with the pulse-rest test. The results indicated that the maximum error of the temperature was less than 1 °C under a wide range of test conditions. Hwang et al. [2] examined the characterization of the heat generation rates across several discharge rates of a cylindrical cell. The heat generation was fitted to function as polynomial, exponential, and power models and then used as a heat source function in the 3D-CFD solver. The temperature results of the experiment agreed well with the simulation, with a slight error.



The study of thermal behavior was not intended only for 18650 cylindrical cells. Chitta et al. [1] studied the heat generation and the dissipation rate experimentally and numerically at diverse discharge rates for a 20-Ah prismatic LiFePo4 battery inserted between mini-channel cold plates. A lumped model was suggested in this study to predict the heat generation of the battery because it required only three measurable electrical parameters. According to the simulation results, the temperature increased with high C-rates and the cathode produced more heat than the anode. The primary source of heat was electrolyte resistance, and the highest temperature was recorded near the tabs and in the internal space of the battery [19].



Entropy is a measure of a system’s disorder. The higher the entropy, the greater the disorder, which means more unavailable energy to convert to work. A positive entropy change (  + Δ S  ) indicates an augmentation of electric charge, which increases the system’s disorder. Li-ion cell contains an insertion compound, allowing Li-ion to be imbedded into a metal oxide lattice. A perfectly empty lattice should be very systematic. Then, the entropy change related to filling a few lithium atoms in available sites would be positive. When all sites at the same energy level are nearly full, the insertion of additional lithium can create a more ordered state (a full lattice), which results in a negative entropy change (  − Δ S  ) [10]. Zhang et al. [11] explained that the entropy change can be estimated from the temperature gradient of the open-circuit voltage (  d  V  o c   / d T  ). Entropy became negative when the next nearest neighbor sites were almost full and changed to the positive when the lattice was virtually empty. The entropy change in a Li-ion battery was positive in the regions of 0.3–0.9 SOC, which means the thermal behavior of the battery was predominantly endothermic during the discharging, even if there was no overpotential loss. The entropy change was mainly positive, except at 0.1–0.3 SOC, indicating a mainly exothermic reaction in the discharging process.



Other than the ECM model, the pseudo-two-dimensional (P2D) [20] and two-dimensional (2D) models were also used to evaluate the battery’s heat generation rate. Ren et al. [21] used the P2D and 2D models to simulate the heat generation characteristics of porous electrodes and the current collector in a prismatic battery. The predicted result concerning the heat generation and discharge time was accurate and sufficiently supported the design of the battery’s thermal management system. On the other hand, heat generation in the porous electrodes and current collectors was not uniformly distributed.



However, the result obtained from the simulation model was difficult to calculate precisely due to the restriction of the ECM model on the input parameters, which were acquired to experiment based on its characteristics (nominal capacity, battery shape, and battery chemistry). Despite extensive research on the properties and conditions, the input parameters obtained from specified experiments for each battery were critical and rarely limited [19,21]. Furthermore, no literature on comparative studies of the influence of battery shapes and chemistries on heat generation has been published, and only a specific shape or cathode material has been reported. Therefore, this research work was intended to study and investigate the heat generation in Li-ion batteries caused by entropy change and their internal resistances via the maximum temperature of the battery surface. The effects of cylindrical, prismatic, and pouch shapes, as well as battery chemistries, NMC (lithium nickel manganese cobalt oxide, LiNixCoyMnzO2), and LFP (lithium iron phosphate, LiFePO4), on battery heat production were compared through experiments and modelling as part of the engineering simulation program ANSYS with ECM model.




2. Heat Generation Model


The principle of heat generation in Li-ion batteries (   Q  g e n    ) is related to two main effects: Joule heating (   Q  j o u l e    ) due to the internal resistance (also referred to as irreversible effect) and entropy change (   Q  e n t r o p y    ) (or reversible effect), which can be expressed by the following equations:


   Q  g e n   =  Q  j o u l e   +  Q  e n t r o p y    



(1)






   Q  j o u l e   =  I 2  R  



(2)






   Q  e n t r o p y   = − I    T  c e l l     Δ S   n F      



(3)




where  I  is discharging current,  R  is internal resistance,    T  c e l l     is battery temperature at that time,   Δ S   is entropy change,  n  is the number of electrons (n = 1), and  F  is Faraday’s number. A set including internal resistance and open-circuit voltage of the battery cell as the function of SOC were desired to calculate the heat generation in ECM model ANSYS Fluent. ECM model on ANSYS Fluent is a sub-model for battery thermal management analysis that can simulate the temperature distribution in a battery cell or a battery pack. The governing equation of heat transfer within the battery can be solved using the following equation [9]:


      ∂   ρ  C p  T     ∂ t   − ∇ ·   k   ∇ T   =   q ˙   g e n      



(4)




The source term (      q ˙   g e n     is the rate of heat production during battery operation, which encompasses the heat of electrochemical reaction, Joule heating, and the heat of entropy change. Equation (5), which represents the heat generation model coupling with electrochemical model, can be expressed as follows:


      q ˙   g e n   =  σ  e f f    ∇ 2   φ s  +   k  ∇ 2   φ e  +  k D  ∇ ln  c e  · ∇  φ e    +  I  V o l      V  o c   −    φ s  +  φ e    − T   d V   d T          



(5)




where    φ s    and    φ e    are the solid phase potential and the electrolyte phase potential in both negative and positive electrodes,    σ  e f f     is the effective electric conductivities of the solid phase,   j ˙   is the volumetric current transfer rate from the electrochemical reaction,   V o l   is the battery volume, k is the electrolyte ionic conductivity,    k D    is the electrolyte diffusional conductivity,  V  is the cell voltage, and    c e    is the lithium concentration [9].



The charge conservation in solid phase in the positive and negative electrodes can be calculated using Equation (6) [9].


  ∇    σ  e f f   ∇  φ s    =  j ˙   



(6)






    j    ˙  = I / V o l  



(7)




with boundary conditions


       −  σ −  e f f     ∂  φ s    ∂ x       x = 0   =      σ +  e f f     ∂  φ s    ∂ x       x = L   =  I A      and         ∂  φ s    ∂ x       x = δ   =       ∂  φ s    ∂ x       x = L −  δ +    = 0   for   1 D   analysis   








where    σ −  e f f     and    σ +  e f f     are the effective electric conductivities of the solid phase in the negative and positive electrodes.



The charge conservation governs electrolyte phase potential is described by Equation (8) [9].


  ∇   k ∇  φ e    + ∇    k D  ∇ ln  c e    = − j  



(8)




with boundary conditions


         ∂  φ e    ∂ x       x = 0   =       ∂  φ e    ∂ x       x = L   = 0    for    1 D    analysis  











According to Equation (5), the factors influencing heat generation in batteries included the ability of positive and negative electrodes to conduct electric current, the volume of battery in relation to its shape, and the voltage characteristic.



The current–voltage relationship in Figure 1 can be represented by Equations (9)–(13), obtained from the ECM [8,9].


  V  t  =  V  o c     S O C   +  V 1  +  V 2  −  R s    S O C   I  t   



(9)






    d  V 1    d t   = −  1   R 1    S O C    C 1    S O C      V 1  −  1   C 1    S O C     I  t   



(10)






    d  V 2    d t   = −  1   R 2    S O C    C 2    S O C      V 2  −  1   C 2    S O C     I  t   



(11)






  S O C = S O  C 0  −     ∫  0 t  I  t  d t   3600  Q  A h      



(12)






  I  t  =       > 0 ,     D i s c h a r g e       < 0 ,     C h a r g e        



(13)







The internal resistance and open-circuit voltage as the function of SOC at each temperature constant are required to generate simulation models. Terms of three resistors, two capacitors, and open-circuit voltage can be expressed as fifth-order polynomials as the function of SOC, which can be expressed in a general form as in Equation (14) [9]:


  Y =  a 0  +  a 1    S O C   +  a 2      S O C    2  +  a 3      S O C    3  +  a 4      S O C    4  +  a 5      S O C    5   



(14)




where  Y  represents the parameter terms of either the resistors (   R 1  ,  R 2  ,  R s  )  , the capacitors (   C 1  ,  C 2  )  , or open-circuit voltage (   V  o c   )  , which are the function of SOC.    a 0  ,    a 1  ,    a 2  ,    a 3  ,    a 4  ,   and    a 5    are the coefficient terms.



In this study, the internal resistance and the open-circuit voltage were taken into consideration as the input parameters of the ECM model. Considering in Equation (9), when the resistance of two parallel RC circuits was simply assumed to be equal to zero according to Ohm’s law, there was no voltage drop across the RC circuit (   V 1    a n d    V 2  = 0 )  . Therefore, the remaining variables in Equation (9) were the open-circuit voltage, cell voltage, current, and internal resistance as the function of SOC. The rewritten term of the remaining variable in Equation (9) can be expressed as the cell resistance, which was calculated from the difference between    V  o c     and    V  c e l l     divided by discharge current ( I ), as given by Equation (15).


  R =    V  o c   −  V  c e l l    I   



(15)







Entropy change is used to describe the chemical reaction in the battery cell. Equation (16) shows that total heat energy, as an aspect of chemical-reaction energy in the system, is the sum of Gibbs energy and entropy change. Gibbs energy is always negative. When the entropy change is positive and overtakes Gibbs energy, the heat balance in the system becomes positive. That means the system gains energy from the environment. If the entropy change is negative, on the other hand, the system loses heat to the environment. Entropy change can be defined by measuring the dependence of a battery’s open-circuit voltage on the temperature at various SOCs, as given by Equation (17).


  Δ H = Δ G + T Δ S  



(16)






    Δ S   n F   =   d  V  o c     d T    



(17)




where   Δ H   is the total heat in the battery,   Δ G   is Gibbs energy,   Δ S   is the entropy change,  T  is the battery surface temperature, and   d  V  o c   / d T   is the change rate of open-circuit voltage with temperature gradient.



Thus, the total accumulated heat in the battery can be simply expressed by the internal resistance term, the entropy change term, and the heat convection term, as shown in Equation (18) and rearranged to calculate the battery temperature, as shown in Equation (19). Due to the different types of battery cells, each has its own internal resistance and entropy change features. Therefore, it can cause a different increase in the battery temperature, as expressed in Equation (19).


   m  c e l l    C  p , c e l l       d T   d t   =  I 2  R − I   T   Δ S   n F     − h A   T −  T  a m b      



(18)






   T i  =      I 2  R − I   T   Δ S   n F     − h A   T −  T  a m b        m  c e l l    C  p , c e l l       ·  t i  −  t  t − 1     +  T  i − 1    



(19)




where    m  c e l l     is the battery’s mass,    C  p , c e l l       is the specific heat of battery,  h  is the heat convection coefficient,  A  is the battery’s surface area, and    T  a m b     is the ambient temperature.




3. Methodology


The methodology of this study consisted of two parts: experiment and numerical calculation.



3.1. Experimental Setup


The experiment was performed to investigate the internal resistance and entropy change of two battery chemistries (NMC and LFP) with three different battery shapes (cylindrical, pouch, and prismatic) during the discharge cycle, as concluded in Table 1. The first experiment was set up to gather data on open-circuit voltage and cell voltage at various SOCs at specified control points. After that, the internal resistance was calculated using Equation (15) to be used as the ECM input parameters. Figure 2a illustrates the schematic diagram of the battery testing and Figure 2b presents the equipment used to measure the discharging electrical characteristics of the cylindrical battery. The battery tester (ET5410) worked as the electric load for the battery. The battery’s surface temperature was measured by thermocouples type T and recorded by a datalogger (HIOKI LR8431). The experiments were carried out while discharging at a constant current of 1C-rate. The battery cell was stored in the temperature controller set, with cold water flowing through the temperature controller set to remove the heat and maintain the battery temperature at a certain condition. The open-circuit voltage and the cell voltage were measured during discharging operation. The test conditions were kept constant at the temperature of 20, 30, and 40 °C, respectively, to investigate the effect of temperature on internal resistance. When the battery was discharged from 0% to 100% depth of discharge (DOD), the experimental data of    V  o c     and    V  c e l l       were collected with a 5% DOD interval. DOD is used to explain the amount of discharge current that has been depleted from the battery relative to the overall capacity. DOD is the opposite of SOC. When DOD is 100%, or 1.0 DOD, this corresponds to an SOC of 0%, or 0.0 SOC, indicating that the battery is completely empty, and SOC equals 1.0 when DOD is 0%. In this study, the term of SOC was commonly used in the analysis.



The battery was controlled to a certain SOC and maintained at a constant temperature of 20 °C to measure the entropy change; then, the change in open-circuit voltage was corrected. The experiment was repeated at different temperatures by changing the controlled temperature to 30 °C and 40 °C. Then, using Equation (17), the dependence of a battery’s open-circuit voltage on temperature in various SOCs was utilized to compute the entropy change. The experiment in this study was designed to assess not only the internal resistance and entropy change, but also the battery surface temperature. When the input parameters from the former experiment were employed, the experimental results of battery temperature during discharge at free stream temperature were used to assess the accuracy of the ECM model in ANSYS Fluent.




3.2. Numerical Modelling


There were two numerical calculation approaches for analyzing the temperature profile of battery during current discharge: calculation and simulation through Ansys ECM model. Figure 3 illustrates the methodology employed in this investigation.



The multi-scale multi-dimensional (MSMD) solution method in Ansys Fluent model was activated. The ECM model, which is an electrochemical model, was used to study the battery behavior during the discharging process. The cell’s specifications, including nominal capacity, minimum and maximum shut-off voltages, and C-rate, were input as the electrical parameters. The cell geometry was split into two conductive zones: active and passive components, which were represented by negative and positive tabs. The initial state of charge and reference capacity of the tested battery were required as equivalent circuit model parameters. The ECM parameter data in table form was chosen to fill in the experimental finding of    R s    and    V  o c     as the function of SOC and temperature dependence. To simplify the ECM model, the remaining four parameters,    R 1   ,    R 2   ,    C 1   , and    C 2   , were considered to be near to zero at   1 ×   10   − 5    . The ambient temperature and initial temperature of battery were determined in accordance with the experiment. The battery’s boundary condition was set to heat convection mode, with a heat transfer coefficient of 20 W/m2·K. However, because the RC parameters were assumed to be relatively low, the anticipated temperature may be overestimated when compared to the experimental result. As a result, to compensate for the limited parameter data of two RC circuits, the simulation used a slightly higher heat transfer coefficient through natural convection.



Furthermore, the dataset comprising the resistances and entropy change from the experiment was used to calculate the temperature profile of the battery surface using the heat balance Equation (19) and compare its accuracy to the other methods.





4. Result and Discussion


4.1. Internal Resistance


Internal resistance is one of the sources of heat generation in a battery and it can be determined by dividing the difference between the    V  o c     and the    V  c e l l     by the charge or discharge current. In this study, two of the most commonly used Li-ion battery chemistries, NMC and LFP, were considered, with three shapes. Sampling of battery cells included a cylindrical cell type 18650 NMC with 2.5 Ah capacity, 18650 LFP with 2 Ah capacity, 10 Ah NMC pouch cell, 20 Ah LFP pouch cell, NMC prismatic cell with 6 Ah capacity, and 25 Ah LFP prismatic cell. The experiments were conducted with a discharge rate at 1C, and the cell temperature was controlled at a specific temperature of 20, 30, and 40 °C for each battery cell. The open-circuit voltage and cell voltage were recorded every 0.05 SOC, and then they were used to calculate the battery resistance. Figure 4 shows the temperature fluctuation of NMC cylindrical battery and cold water during the discharge current at 1C-rate when the cell temperature was held constant at 20 °C. The battery temperature increased as the current was discharged and gradually decreased after the discharge was stopped every 0.05 SOC. A greater increase in battery temperature can occur when the SOC is low.



The electrical characteristics of 18650 NMC cylindrical cells of both NMC and LFP batteries during the discharge at 1C-rate are illustrated in Figure 5. It was clear that the difference in chemical compounds played a significant role in the trend of decreasing    V  o c    . For NMC cells, the    V  o c     gradually declined along with the decreasing SOC, while those of the LFP cells slightly decreased and sharply dropped when the SOC was less than 0.1. The    V  o c     of both cells was temperature-independent. The    V  c e l l     of each chemical compound had a tendency similar to the    V  o c    . Nevertheless, both batteries showed increased    V  c e l l     aligning with increasing temperature, as shown in Figure 5b,d. Then, the internal resistances of all the batteries were calculated through Equation (15).



The resistances of three shapes of NMC and LFP batteries at various SOCs at temperatures of 20, 30, and 40 °C are shown in Figure 6. The tendency of the resistance was consistent in the range of 0.2–0.9 SOC and promptly increased when the SOC was lower than 0.2 for all battery types. Raising the temperature reduced resistance. In the range of 0.2–1.0 SOC, the resistance of the NMC was higher than that of the LFP battery for the cylindrical and pouch cells, as shown in Figure 6a–d. For the prismatic cell, the magnitude of resistance did not show a difference between the two chemistries, but the LFP prismatic cell displayed a significant change in resistance affected by the temperature, similar to the LFP cylindrical cell. In addition, cylindrical cells’ resistance was greater than that of the other two shapes.




4.2. Entropy Change


Another heat generation source in batteries is entropy change, which comes from a reversible process. Entropy change can be measured by changes in open-circuit voltage at miscellaneous temperatures and various SOCs. The experiment was performed by holding the battery in the temperature controller at 40 °C for 12 h and measuring the open-circuit voltage. Then, the temperature controller set was changed to 20, 30, and 40 °C, respectively, and maintained for 1.5 h at each temperature step. Afterwards, the entropy change was calculated from the voltage difference per unit change in temperature, as given in Equation (17).



Figure 7 shows the change in open-circuit voltage of the LFP prismatic cell at 0.6 SOC. The graph shows that the increase in battery temperature influenced the electrical characteristics by increasing open-circuit voltage. This happened because the deviation of temperature required diverse energy to drive the chemical reaction to the equilibrium state. At a higher temperature, the electrolyte was over-energized, resulting in a greater entropy change than that at a lower temperature in the same SOC. To investigate the entropy change, all battery cells were subjected to several SOC experiments. Figure 8 demonstrates the entropy change of six cells in various shapes and cathode materials with respect to SOC. The results showed that the entropy change was a negative value when the battery had less than 0.4 SOC of remaining capacity, and gradually increased to be positive after the SOC was beyond 0.4 for all cases. This was because of the electrolyte chemical-breakdown process for generating current, which behaved like an endothermic process. A larger negative at full discharge (0.0 SOC) was caused by the electrolyte being close to the equilibrium state. The amount of entropy heat can comprise a large portion of total heat generation when its capacity was shifted to a very low SOC. Most of the energy was reduced from the rebounding of the electrolyte in the battery cell. The degree of entropy change can be affected by the deviation of battery shapes and material chemistries, and the difference in chemical reactions released or required different energy. Pouch and prismatic cells, which had larger surface areas, tended to display a higher entropy change than the cylindrical cells. According to this study, the LFP battery achieved a higher entropy change because it had a lower heat capacity and higher thermal diffusion, which means that the LFP cell reached equilibrium faster than the NMC cell.




4.3. The Battery Surface Temperature


In this section, the battery surface temperature was considered as the main parameter to examine the heat generated from a Li-ion battery. The experiment was performed to measure the surface temperature. Then, the experimental data were used to validate the accuracy of the ECM simulation.



4.3.1. Experimental Results


The surface temperatures were measured at three positions for each cell: negative tab, center, and positive tab. The initial temperatures of battery and ambient air were set at roughly 25 °C. The test was performed under a discharge current of 1C-rate. Due to the battery’s heat dissipation to the surrounding, the ambient temperature fluctuation during the experiment might vary within 1 °C. Figure 9 shows the battery surface temperature with respect to the discharging time at the rate of 1C, with a clear increase in surface temperature over the discharging period. Temperature gradients between chemistry compounds and shapes did not deviate, except in the NMC prismatic cell. During the discharge cycle, the surface temperature of the NMC prismatic cell had increased slightly and then abated in 1500–2500 s. The magnitude of the temperature increase comparing the end of discharge and the initial stage was in the range of 6–10 °C, except for the NMC prismatic cell, which was about 2.3 °C. However, it can be argued that the difference in battery capacity may affect heat generation and the rising temperature in the NMC prismatic cell. Therefore, the normalization of the rising temperature by dividing it with the discharge current, called the ratio of rising temperature per unit current, was defined and investigated. The result was that the ratio of rising temperature per unit of battery capacity was the highest at 3.3–3.5 °C/Ah for cylindrical cells of both NMC and LFP batteries, while that of prismatic and pouch cells was 0.3–0.6 °C/Ah. These results correspond with the measured internal resistance in Figure 6. The internal resistance of the cylindrical cell was higher than that of other cells by about one order of magnitude.



The rate of rising temperature per unit capacity of the cylindrical cell was clearly higher than that for the pouch and prismatic cells, but the cylindrical cell’s capacity was distinctively lower than that of other shapes. Thus, the temperature at the end of discharge was not much different than the effect of the lower capacity. The ratio of surface area to battery capacity, which was implicit in the degree of heat loss to the environment, influenced the increase of battery temperature. Table 1 illustrates that the NMC prismatic cell had a surface area to capacity ratio of 34.33 mm2/Ah, which was larger than that of the pouch and other prismatic cells. Hence, the surface temperature of the NMC prismatic cell was not obviously increased, and it slightly decreased during the middle of the discharging period.




4.3.2. Mesh Sensitivity Study


The number of mesh elements of the battery model was varied to investigate the convergence of simulation results through the ANSYS Fluent model. The maximum temperature of the battery surface was the targeted parameter, which was compared until the given result became an insignificant change (under second-decimal digits). Skewness and orthogonal quality were considered the factors that identified the quality of mesh elements. Skewness can infer how the simulation model reached the ideal; excellent skewness should be close to zero. Figure 10a,b show the maximum battery temperature and skewness quality against the domain elements of NMC cylindrical cell. The convergence of temperature results with excellent skewness was around 6 × 105 elements in this case. As a result, a mesh of 6 × 105 elements was an appropriate mesh for a cylindrical model. The appropriate mesh number enables accurate simulation results and efficient computing resources. In the simulation model, the initial temperature of the battery was set at 25 °C, with the natural convective heat transfer coefficient of 20 W/m2·K. The surface temperature was calculated under the discharge current of 1C-rate. The appropriate domain elements for each battery model used in the simulation are shown in Table 2.




4.3.3. Simulation Validation and Verification Testing


The experimental results of maximum temperature on the battery surface during the discharging process were used to verify the accuracy of the ECM model. Figure 11a,b present the temperature profiles and electrical characteristics of NMC and LFP cylindrical cells with respect to discharge time. The simulation results of the surface temperature and the cell voltage offered good agreement with the experimental data. The maximum errors between the simulation and experiment were 3.60% for NMC and 3.69% for LFP cylindrical cells. The cell voltage dropped rapidly at the end of the discharging process, which caused a sharp increase in the cell temperature. This drop in voltage also corresponded to the internal resistance increasing sharply when the battery was nearly empty, as shown in Figure 6.



For the pouch shape, the simulation results were consistent with the experiment on the NMC pouch cell. However, there was a difference in temperature between the simulation and experiment at the end of discharge, as shown in Figure 11c. This inconsistency was due to the deviation of cell voltage. The simulated voltage was dropped to the cut-off point before the experiment, which resulted in a shorter time needed to accumulate the heat than during the experiment. In addition, the ambient temperature gradually increased over the discharging period. For the case of the LFP pouch cell, the voltage profile of the simulation started with a moderate decrease and then sharply declined after 3000 s until the cut-off voltage was reached, as shown in Figure 11d. A greater drop in the battery voltage caused more heat generation inside the battery, which led to a longer time for heat accumulation as it represented a very high temperature at the end of the discharge cycle.



The increase in the temperature profile during the 1C-rate discharge was not clearly visible in the case of the NMC prismatic cell, as shown in Figure 11e. At 1200 s, the temperature began to fall slightly because the NMC prismatic cell’s surface area to battery capacity ratio was greater than that of the LFP prismatic cell. Higher battery surface area per battery capacity enhanced heat loss to the surrounding area, which caused the temperature to fall. For the LFP prismatic cell, the simulated temperature aligned well with the experiment. At the beginning of the discharge, the cell voltage from the simulation dropped immediately, before declining more slowly. However, a deviation existed between the experimental voltage and the simulation. In an overall comparison, the maximum error of the surface temperature between the experiment and the simulation was 3.13% for the NMC and 2.28% for the LFP prismatic cell.




4.3.4. Validation of Mathematical Battery Temperature Modeling


The mathematical battery temperature equation in Equation (19), which was adopted from the heat balance equation, was implemented to comparatively evaluate the battery temperature with the experiment in this section. The result of entropy change from Section 4.2 was substituted in Equation (19). The numerical and experimental results of battery temperature for all cells are illustrated in Figure 12. The tendency of the battery temperature based on the calculation of the heat balance equation was similar to that of the experiment, with gradual difference over time. A large deviation was observed in both NMC and LFP pouch cells because of the limitation on the use of a single-dataset internal resistance input. However, this approach still had a restriction on the temperature prediction, because it required the entropy change as the input parameter, and it did not consider that the temperature affected the internal resistance, resulting in the deviation between the calculation and experimental results.






5. Conclusions


The internal resistance and the entropy change are two main factors that influenced the battery temperature during charging and discharging processes. The shape and material chemistry of Li-ion batteries were compared in terms of their effects on heat generation. The internal resistance of the various types of batteries was manipulated, resulting in varying magnitudes of irreversible heat production, or Joule heating. This study found that the cylindrical form generated a higher level of heat than the other two shapes, which corresponded to the experimental results of internal resistance. The term of rising temperature per unit of battery capacity was proposed to normalize the effect of heat generation in various battery capacities. The value was dependent on the battery shape, which was about 3.3–3.5 °C/Ah for the cylindrical form, while that of the prismatic and pouch cells was in the range of 0.3–0.6 °C/Ah. However, the increase of overall surface temperature during the discharging process due to heat generation was dependent not only on the rising temperature per unit capacity, but also the battery capacity and the surface area to capacity ratio. This study did not find differences in the way that material chemistry (NMC and LFP) affected the battery’s heat generation by the effect of Joule heating. Nevertheless, lower internal resistance was found in the LFP battery than in the NMC battery. Temperature can affect the internal resistance of both NMC and LFP cells.



To predict the battery surface temperature through ANSYS Fluent: ECM Battery model, the internal resistance and the open-circuit voltage of the battery, which are its own individual characteristics, are important as the input parameters. The surface temperature of all batteries, obtained via numerical modeling by ANSYS Fluent, corresponded well with the experimental results, with an error less than 10%. The chemistry and shape of the batteries had insignificant effect on entropy change. Variations in SOC, on the other hand, had a direct influence on entropy change. The magnitude of the entropy change depends on the behavior of the chemical reaction in the battery cell. When most of the reaction is an endothermic process, the entropy change is positive. The numerical results of heat generation calculated via the heat balance equation showed that Joule heating accounted for a greater proportion than the heat caused by entropy change. Even though this method includes entropy change, it does not cover the effect of temperature on internal resistance, which results in an inaccurate calculated temperature.
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Figure 1. Diagram of Equivalent Circuit Model [9]. 
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Figure 2. Experimental setup (a) schematic diagram of battery testing, and (b) test section for cylindrical cell. 
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Figure 3. Diagram of methodology. 
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Figure 4. The experimental results of battery temperature and cold water temperature under the controlled condition of 20 °C during the discharging process. 
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Figure 5. Electrical characteristics of the cylindrical cells with respect to SOC at various temperatures: (a) open-circuit voltage of NMC, (b) cell voltage of NMC, (c) open-circuit voltage of LFP, and (d) cell voltage of LFP. 
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Figure 6. Internal resistance of the experimental batteries: (a) NMC cylindrical, (b) LFP cylindrical, (c) NMC pouch, (d) LFP pouch, (e) NMC prismatic, and (f) LFP prismatic. 
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Figure 7. The change in open-circuit voltage of the LFP prismatic cell at 0.6 SOC. 
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Figure 8. The entropy change of six batteries in various SOCs: (a) NMC cylindrical, (b) LFP cylindrical, (c) NMC pouch, (d) LFP pouch, (e) NMC prismatic, and (f) LFP prismatic. 






Figure 8. The entropy change of six batteries in various SOCs: (a) NMC cylindrical, (b) LFP cylindrical, (c) NMC pouch, (d) LFP pouch, (e) NMC prismatic, and (f) LFP prismatic.



[image: Energies 16 00264 g008]







[image: Energies 16 00264 g009 550] 





Figure 9. The experimental results of battery temperature located at three positions (body, negative tab, and positive tab) during the discharge rate of 1C: (a) NMC cylindrical, (b) LFP cylindrical, (c) NMC pouch, (d) LFP pouch, (e) NMC prismatic, and (f) LFP prismatic. 
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Figure 10. The mesh sensitivity study of NMC cylindrical cell (a) the calculated results of maximum temperature, and (b) skewness quality with respected domain elements. 
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Figure 11. The validation of simulation with experimental results of the battery surface temperature and cell voltage characteristics: (a) NMC cylindrical, (b) LFP cylindrical, (c) NMC pouch, (d) LFP pouch, (e) NMC prismatic, and (f) LFP prismatic. 






Figure 11. The validation of simulation with experimental results of the battery surface temperature and cell voltage characteristics: (a) NMC cylindrical, (b) LFP cylindrical, (c) NMC pouch, (d) LFP pouch, (e) NMC prismatic, and (f) LFP prismatic.



[image: Energies 16 00264 g011a][image: Energies 16 00264 g011b]







[image: Energies 16 00264 g012 550] 





Figure 12. The prediction of battery surface temperatures using the heat balance equation as compared with the experimental results: (a) NMC cylindrical, (b) LFP cylindrical, (c) NMC pouch, (d) LFP pouch, (e) NMC prismatic, and (f) LFP prismatic. 
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Table 1. The specification of Li-ion battery cells.
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Type of Battery

	
Cylindrical

	
Pouch

	
Prismatic




	
NMC

	
LFP

	
NMC

	
LFP

	
NMC

	
LFP






	
Nominal capacity (Ah)

	
2.5

	
2

	
10

	
20

	
6

	
25




	
Nominal voltage (V)

	
3.6

	
3.2

	
3.7

	
3.2

	
3.6

	
3.2




	
Cut-off voltage (V)

	
2.75

	
2.00

	
3.00

	
2.5

	
2.7

	
2.5




	
Limited charging voltage (V)

	
4.20

	
3.65

	
4.20

	
3.65

	
4.1

	
3.65




	
Dimension (mm)

	
R: 18

H: 65

	
R: 18

H: 65

	
L: 59

W: 9

H: 156

	
L: 133

W: 7.8

H: 202

	
L: 120

W: 10

H: 70

	
L: 148

W: 26

H: 90




	
Surface area to capacity ratio (mm2/Ah)

	
37.55

	
46.93

	
22.28

	
29.50

	
34.33

	
15.61








Note: R = radius, H = height, L = length, W = width.
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Table 2. Domain elements for simulation model.
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	Battery Type
	Appropriate Domain Elements





	NMC cylindrical cell
	6 × 105



	LFP cylindrical cell
	6 × 105



	NMC pouch cell
	3 × 105



	LFP pouch cell
	4.5 × 105



	NMC prismatic cell
	6 × 105



	LPF prismatic cell
	1.5 × 106
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Temperature (°C)

&

8

&

8

N
8

8

@

g

— Temperature
—— Open.circut votage

3295

3290

3285

3280

3275

3270

0 200 400 600 800
Time (min)

1000

3265
1200

Open-circuit voltage (V)





media/file4.png
Battery Tester -

, Data Logger

S
.......... @ Computer

Battery cell "~

Battery Temperature Controller

Flow meter

TT = Thermocouple - ‘
—— -

Needle valve

(a) Schematic diagram of battery testing (b) Test section for cylindrical cell





media/file18.png
Temperature (°C)

Temperature (°C)

Temperature (°C)

38
® Positive tab
36 - ¢ Middle
¢ Negative tab
Ambient

34 1

24 -
22 1 1 1
0 1000 2000 3000 4000
Time (s)
(a) NMC cylindrical cell
38
®  Positive tab
36 1 | e Middle
® Negative tab
34 - Ambient
32 -
30 A
28 -
26 -
24
22 . . .
0 1000 2000 3000 4000
Time (s)
(¢) NMC pouch cell
38
® Positive tab
36 ® Middle
® Negative tab
34 - Ambient
32 -
24 -
22 T T T
0 1000 2000 3000 4000
Time (s)

(e) NMC prismatic cell

Temperature (°C)

Temperature (°C)

Temperature (°C)

38

36 -

34 1

»

*

Positive tab
Middle
Negative tab
Ambient

22 T I T
0 1000 2000 3000 4000
Time (s)
(b) LFP cylindrical cell
38
® Positive tab
36 - ¢ Middle
® Negative tab
34 Ambient
26 1
24 A
22 T T T
0 1000 2000 3000 4000
Time (s)
(d) LFP pouch cell
38
® Positive tab
36 - & Middle
® Negative tab
34 Ambient
24 A
22 T I I
0 1000 2000 3000 4000
Time (s)

(f) LFP prismatic cell





media/file21.jpg
Temperature (°C)
Bruwew ¥

Tomparan ()
Brawerews

T 51

(a) NMC cylindrical cell

Tine )
(b) LEP cylindrical cell






media/file26.png
45

Heat-balanced equation
*+  Experiment
40 -
9}
e
o 35 A
=2
3
2 30 -
S
()
|_
25 A
20 I I I
0 1000 2000 3000 4000
Time (s)
(a) NMC cylindrical cell
45
Heat-balanced equation
*  Experiment
40 -
9}
2
o 35 4
2
S
a
E 30 7 f
)
= e
. %
20 | I I
0 1000 2000 3000 4000
Time (s)
(¢) NMC pouch cell
45
—— Heat-balanced equation
*  Experiment
40 -
)
o
E 35 7
=
S
o 30
E | __J‘J-
(i3] —
|,_
25 -
20 T T
0 1000 2000 3000 4000
Time (s)

(e) NMC prismatic cell

45
Heat-balanced equation
*  Experiment
40 A
)
o
L 35
=
g
a
e 30
()
I_
25 1
20 1 1 1
0 1000 2000 3000 4000
Time (s)
(b) LFP cylindrical cell
45
40 A
%)
L
0 35 1
= /
o
a
E 30 T
()
l_
25 1
Heat-balanced equation
+ Experiment
20 I I |
0 1000 2000 3000 4000
Time (s)
(d) LFP pouch cell
45
40 -
3}
o
O 35 -
=
o
a
£ 30 -
o
|_
25
Heat-balanced equation
»  Experiment
20 1 I I
0 1000 2000 3000 4000
Time (s)

(f) LFP prismatic cell





media/file3.jpg
) Schemntic dingrma of balincy





media/file19.jpg
z:E -
i
I

T e e Ere e

) e i St F Bty {0) shewress gttty with ssepectad doaain slements





media/file7.jpg
Temperature (°C

215

210

205

200

195

19.0

Water
Battery

0

2000 4000 6000 8000
Time (s)

10,000

12,000

16,000





media/file23.png
Temperature (°C)

4.4

—— Positive tab [Exp.]

——- Positive tab [Sim.]
Ambient

—— Voltage [Exp.]

——- Voltage [Sim.]

- 4.2

- 4.0

500 1000 1500 2000 2500
Time (s)

(a) NMC cylindrical cell

3000

3500

2.6

Voltage (V)

Temperature (°C)

38

36 A

34 -

—— Negative tab [Exp.]
— — - Negative tab [Sim.]
Ambient

Voltage [Exp.]

— — - Voltage [Sim.]

3.8
- 3.6
- 3.4

1.8

22

T

0 500

T T T

2500 3000 3500

T T

1000 1500 2000
Time (s)

(b) LFP cylindrical cell

Voltage (V)





media/file10.png
4.4

4.2 -
4.0 1
3.8 1
3.6 1
3.4 1

Voc (V)

3.2 1
3.0 1
2.8 1
2.6 -

2.4

0.0

0.2

04

0.6

SOC

0.8

(a) Open-circuit voltage of NMC

P T S R

—e— 20°C
—— 30°C
—0— 40°C

0.0

0.2

04
SOC

0.6

0.8

(¢) Open-circuit voltage of LFP

Veell (V)

Veell (V)

4.2

4.0 1
3.8 1
3.6 1
3.4
3.2 1
3.0 1
2.8 1
2.6 -
2.4 1
2.2 1
2.0 1

—®— 0%
—e— 30°C

—©— 40°

1.8

42

0.0

0.2 04 0.6 0.8
SOC

(b) Cell voltage of NMC

4.0 1
3.8 1
3.6 1
3.4 1
3.2 1
3.0 1
2.8 1
2.6 1
2.4 1
2.2 1
2.0 1

1.8

—&— 0%
—— 30°C

—©—40°

0.0

I I I I

0.2 04 0.6 0.8
SOC

(d) Cell voltage of LFP






media/file14.png
Temperature (°C)

45

40 -

35 A

30 -

25 -

20 -

—— Temperature

— Open-circuit voltage

3.295

- 3.290

- 3.285

- 3.280

- 3.275

- 3.270

0 200

400 600
Time (min)

800

1000

3.265
1200

Open-circuit voltage (V)





media/file11.jpg
Ot
- == B
EE - =
H Eou
i
5 Wl N
(Ot @i
.u B =

(€) NMC prismatic cell () LEP prismatic cell





media/file6.png
Battery discharge
Collecting: battery temp., cell voltage, and open circuit voltage
Under controlled environment temperature

Resistance & Entropy change
dataset
[ Heat balance [ Numerical modelling ]
\ 4 &
Temperature profile Temperature profile Temperature profile
(Experiment) (Calculation) (Ansys ECM model)

- Compare the results obtained from ANSYS and calculation with experiment
« The deviation as compared with experiment < 10% — Acceptable






media/file15.jpg
— e
ey

2 = g .
N i e

- =

g g

£ i.
(@Gt

- || -

E i

(€) NMC prismatic el

(6) LFP prismatic el





nav.xhtml


  energies-16-00264


  
    		
      energies-16-00264
    


  




  





media/file16.png
AS (J/mol-K)
o

600

400 A

200 A

-200 A

-400 H

-600 | T T

—#— AS(20 —30°C)
—8— AS (30 —40°C)

——e————-4

0.0 0.2 04
SOC

0.6

08 1.0

(a) NMC cylindrical cell

-600 T T |

— # —  A5(20 —30°C)
—— S (30 —40°C)

0.0 0.2 0.4
SOC

0.6

0.8 1.0

(c) NMC pouch cell

-400 H

-600 T T |

— ® —  AS(20-130°)
—®— A5 (30 —40°%C)

0.0 0.2 0.4
SOC

0.6

08 1.0

(e) NMC prismatic cell

12

600

400 ~

& 200 A

AS (J/mol-K
o

-200 -

-400 +

-600

— * —  AS(20 —30°%)
—®— AS(30 —40°C)

600

00 0.2 04 0.6 0.8 1.0
SOC

(b) LFP cylindrical cell

12

— % —  AS(20->30°C)
—®— A4S (30 —40°C)

600

0.0 0.2 04 0.6 0.8 1.0

SOC

(d) LFP pouch cell

1.2

400 -

200 -

AS (J/mol-K)
o

-200 A

-400 A

-600

— % — AS (20 —30°)
—®—— A5 (30 —40°C)

I I I I I I

0.0 0.2 04 0.6 0.8 1.0
SOC

(f) LFP prismatic cell

1.2





media/file2.png
V(1)

V(1)






media/file20.png
Maximum Temperaute (°C)

33.158 -

33.156 -

33.154 -

33.152 -

33.150 -

33.148 -

33.146 A

33.144 -

33.142 -

33.140

00  20x10° 40x10° 6.0x10° 8.0x10° 1.0x10® 1.2x10°

Domain Element

(a) the maximum temperature of battery

1.4x10°

0.225

0.220 A

0.215 -

0.210 A

Skewness

0.205 A

0.200 - A A

0.195

00  20x10° 40x10° 6.0x10° 8.0x10° 1.0x10° 1.2x108 1.4x10°
Domain Element

(b) skewness quality with respected domain elements





media/file5.jpg
Battery discharge
Collecting: battery temp.,cell voltage, and open circuit voltag

Under controlled environment temperature
Resistance & Entropy change
dataset
Numerical modelling

Temperature profile
(Ansys ECM model)

,—V Heat balance

Temperature profile Temperature profile
(Experiment) (Calculation)

+ Compare the results obtained from ANSYS and calculation with experiment
+ The deviation as compared with experiment < 10% = Acceptable






media/file24.png
Temperature (°C)

22

Temperature (°C)
N w w w w w
[e5] [ N N » [e4]

N
(o]

N
B

—— Middle [Exp.]
——- Middle [Sim.]
Ambient
—— Vdtage [Exp.]
— — - Vdtage [Sim.]

T T T T T T T 2.6
500 1000 1500 2000 2500 3000 3500
Time (s)
(c) NMC pouch cell

44

— Negative tab [Exp.]

——- Negative tab [Sim.] [ 4.2

Ambient
— Voltage [Exp.] - 4.0
~ — — —- Voltage [Sim.]

500

2000 2500 3000 3500

Time (s)

(e) NMC prismatic cell

1000 1500

26

Voltage (V)

Voltage (V)

Temperature (°C)

Temperature (°C)

w
H

w
N

w
o

38

36

(f) LFP prismatic cell

—— Negative tab [Exp.] 38
— —- Negative tab [Sim.] L 36
Ambient /
—— Voltage [Exp.] / - 3.4
——- Voltage [Sim.] /
- 3.2
- 3.0
- 2.8
- 26
24
- 22
- 2.0
- - - - . T r 18
0 500 1000 1 500_ 2000 2500 3000 3500
Time (s)
(d) LFP pouch cell
- 38
—— Middle [Exp.]
——- Middle [Sim] L 36
1 Ambient ’
k\ —— Vditage [Exp.] L 34
} ——- Vdtage[Sim]
- 3.2
1 T - 3.0
1 - 2.8
J - 26
- 24
r2.2
i - 2.0
: : : : - T T 18
0 500 1000 1500 2000 2500 3000 3500
Time (s)

Voltage (V)

Voltage (V)





media/file1.jpg
.

\@

1)

1)

Vi)

Ve(SOC)






media/file25.jpg
¥

Tempones )

®

(3) NMIC eylindrical ol () LEP eylindrica ol

P

Tempersnee °C)

®

(©)NMC pouch cel () LFP pouch cll.

|

pes——

(€) NMC prismatic cell

(6) LFP prismatic cell





media/file12.png
Resistance (Q)

Q)

Resistance (

Resistance (Q)

0.40

(e) NMC prismatic cell

—— (o]
0.35 A 20°C
—e— 30°C
0.30 - —©—40°C
0.25
0.20
0.15
0.10
0.05
000 1 I 1 I 1 I
0.0 02 0.4 0.6 0.8 1.0 1.2
SOC
(a) NMC cylindrical cell
0.06
—— 20°%
0.05 - —e— 30°C
—o— 40°C
0.04 -
0.03 -
0.02 1
0.01 -
000 I 1 I 1 I I
0.0 02 04 06 0.8 1.0 1.2
SOC
(¢) NMC pouch cell
0.06
—— 20°C
0.05 - —— 30°C
—&— 40°C
0.04
0.03
0.02
0.01
000 I I I 1 | 1
0.0 02 04 06 0.8 1.0 1.2
SOC

0.40
—— OC
0.35 - — 200
—&— 490
0.30 - 40°7C
S 025
[1h]
2
§ 020 -
KL
o 0.15 -
o
0.10 -
0.05 -
0.00 1 I I I 1 1
0.0 02 0.4 0.6 0.8 1.0 1.2
SOC
(b) LFP cylindrical cell
0.06
—e— 20°C
0.05 - —e— 30°C
~—®- 40°C
G 0.04 -
[1h]
Q
c
S 003 -
o
7]
[1h]
X 502 -
0.01 -
0.00 | 1 ) 1 I 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2
SOC
(d) LFP pouch cell
0.06
—— 20°C
0.05 - —e— 30°C
—o— 40°
G004 -
[1h]
Q
o
2 0,03 -
]
[1h]
o
0.02 -
0.01 -
0.00 I I 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2
SOC

(f) LFP prismatic cell





media/file9.jpg
Voc V)

Voc V)

2 g ~
% Ed
2 he o
- oo
(b) Cell voltage of NMC
P w
3
2
—
2 e
e T ERe
2 R
2 o
o EIE R
(c) Open-circuit voltage of LFP (d) Cell voltage of LFP





media/file0.png





media/file22.jpg
B e

vaws

Temparatse (°C)
¥

o w e K

g ?
e e oo Ly e
(<) NMC pouch cell (d) LFP pouch cell
e e s
ol ]
A ,A
TR e e
() NMC prismatic il (D LFP prismatic ol





media/file8.png
Temperature (°C)

215

— Water
—— Battery
210 -
205 -
200 LR BT 1 B 8T
195 1
19.0 I | | |

0 2,000 4,000 6,000 8,000 10,000 12,000 16,000
Time (8)






media/file17.jpg
Temparaes €C)

Brwwewrww

Tempermse (C)

TR

\

Tempersen ()

sruverEue

®

®

= &
i
i

T

(8) NMC clindrical cell

T
(b) LFP cylindrica cell.

i}

P

& e, ==
(@R @ it
e
i
L
i :

(e) NMC prismatic cell

T
() LFP prismatic cell






