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Abstract

:

Evaluation of the reliability of the components of electric vehicles (EVs) has been studied by international research centers, industry, and original equipment manufacturers over the last few years. Li-ion batteries are the main sensitive component of an EV’s E-power train. In other words, the Li-ion batteries for electromobility applications are one of the main components of an EV, which should be reliable and safe over the operational lifetime of the EV. Thus, investigating how to assess the reliability of the Li-ion battery has been a highly recommended task in most European projects. Moreover, with the increase in the number of new EVs made by European car companies, there has been a competition for market acquisition by these companies to win over customers and gain more market share. This article presents a comprehensive overview of the evaluation of the reliability of Li-ion batteries from practical and technical perspectives. Moreover, a case study for assessing reliability from practical and technical perspectives has been investigated.
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1. Introduction


At the beginning of 2020, the main original equipment manufacturers (OEMs) launched their electric vehicles (EVs) on the e-mobility applications markets in all parts of Europe. This event promises to create a competitive market and large investments in the field of the electric transport system in Europe and around the world for these companies. As a result, with the increase in numbers of various products in the sales market, technical and economic challenges will present new dimensions [1,2]. Meanwhile, the concept of reliability evaluation of the Li-ion batteries has become an essential issue in this area, for the performance of future electric vehicles [3,4]. Figure 1 represents the strong connection of reliability with key aspects of Li-ion batteries, and the number of the published articles (1257) (based on Scopus) from 1994 to 2020. Consequently, evaluating the reliability of Li-ion batteries in this area from practical and technical perspectives has been receiving attention.



To investigate the mechanisms that lead to degradation, both quantitative analysis (non-invasive diagnostic techniques) and qualitative analysis (post-mortem) methods are used [5,6,7,8]. However, assessing reliability means evaluating the probability of the occurrence of faults/degradation and their effect on the available capacity and power of the Li-ion batteries [9]. Thus, quantitative analysis techniques have been used in the reliability evaluation of Li-ion batteries [10,11]. Moreover, to evaluate the reliability of the Li-ion batteries, the following main reliability tools have been used: (i) fault tree analysis (FTA) [12], (ii) the failure modes effects analysis (FMEA) [13], and (iii) qualitative analysis techniques [14,15].



In Ref. [16], the role of the degradation mechanisms and their effect on the performance of the Li-ion batteries in the EVs are presented. In Ref. [17], the effect of overcharging has been discussed. The effect of the configuration of the battery pack and the arrangement of the cells on improving the reliability of the Li-ion battery pack has been studied [18]. A comprehensive overview regarding the effect of the aging mechanism on the lifetime of the Li-ion batteries has been taken into consideration [19]. In Ref. [9], a comprehensive review in terms of quantitative analysis methods for the reliability assessment of Li-ion batteries was studied. A quantitative analysis of the reliability based on the investigation of capacity fade (CF) and solid electrolyte interphase (SEI) was studied in Ref. [20]. Quantitative analysis using the time-domain for appraising the reliability of Li-ion batteries based on the effect of the electrochemical impedance spectroscopy was investigated in Ref. [10]. In Ref. [21], the FMEA has been investigated as one of the reliability assessment tools in Li-ion batteries. In Ref. [13], multiple failure mechanisms and their effects on battery health and safety have been studied.



The primary gaps in the reliability assessment of Li-ion batteries are:




	
reliability indicators and their connection with degradation modes, degradation mechanisms, and degradation conditions need to be taken into consideration;



	
multi-degradation conditions (different temperatures and C-rates) of the Li-ion batteries need to be investigated as to their effect on the reliability indicators;



	
the reliability of the Li-ion battery in terms of the time and frequency domains need to be considered;



	
degradation conditions and their comparison from the reliability standpoint should be investigated.








To fulfill these objectives, CF and power fade (PF) have been introduced as two main effects of degradation of Li-ion batteries. CF decreases the amount of energy in a Li-ion cell due to cycling (charge and discharge) and storage. The CF for battery cells happens with a 20% capacity reduction, which is called the battery’s end of life (EoL) [22]. The rate of CF is notably related to temperature, depth of discharge (DoD), charging condition (C-rate), and load profiles (discharge procedure) [23]. PF decreases the amount of power that can be delivered by a Li-ion battery, due to a growth in the internal impedance of the cell [24]. The purpose behind this work is a better understanding of how to evaluate the reliability of a Li-ion battery for providing solutions to existing challenges.



The main objectives of this paper are outlined below:




	
Investigating the concept of the reliability of Li-ion batteries;



	
A comprehensive investigation of the degradation of Li-ion batteries in normal operation;



	
The contribution of CF, PF, and open-circuit voltage to Li-ion batteries’ reliability;



	
The role of the reliability indicators in the performance of Li-ion batteries.








The paper is organized as follows: Li-ion battery technologies are explained in Section 2. Degradation in a Li-ion battery, its causes, and outcomes are presented in Section 3. Reliability evaluation for Li-ion batteries is presented in Section 4. Laboratory results are presented in Section 5, and our conclusions are presented in Section 6.




2. Li-Ion Battery Technologies


2.1. The Components of Li-Ion Batteries


Due to their high power and energy density, long life span, very affordable work temperatures, high voltage, low volatility rates, and other positive properties, lithium-ion batteries are used in a wide range of applications. The gradual improvement in their performance and a significant reduction in the cost of these types of batteries has led to their increasing exploitation in moveable electronic devices, such as mobile phones, tablets, and EVs. However, the high speed of technology growth in the various domains has led to the need for cheaper, more reliable, and better-performing batteries [6]. Figure 2 shows the components of a family of Li-ion batteries and typical Li-ion battery packs. Moreover, Lithium-Sulfur (Li-S), due to its advantages, will be a new family of Li-ion batteries [8,9]. According to Figure 2, there are five main components in the Li-ion batteries: anode, cathode, electrolyte, separator, and current collector.



Different types of rechargeable batteries have also been introduced, and several of them have been given more attention for proper performance in EVs. Different types of technologies are frequently used for battery cells on Carbon (C) Anode material Lithium-Iron-Phosphate (LFP), Nickel-Manganese-Cobalt (NMC), Nickel-Cobalt-Aluminum-Oxide (NCA), Lithium-ion Manganese Oxide (LMO), and Lithium Titanium Oxide (LTO) from the cathode side [7].




2.2. The Physical Implementation of Li-Ion Batteries


There are three main shapes for the individual cell used in the EV’s battery pack [25]: cylindrical, prismatic, and pouch. Table 1 compares the Li-ion batteries from the physical perspective. According to Table 1, the main factors for comparing the different Li-ion batteries from a shape perspective are energy density, heat management, mechanical strength, electrode arrangement, and specific energy. In general, the prismatic cell has become well known because of its better performance.




2.3. Definitions Regarding Li-Ion Batteries


2.3.1. Voltage and Capacity


The two most important parameters in a Li-ion battery are voltage and capacity. The voltage, expressed in volts, measures the electrochemical potential available in the cell, which is determined by the type of active material contained in the cell. Moreover, the mass of the active material determines the cell capacity. The capacity is a measure (in Ah) of the charge which can be stored in the battery and indicates the energy that can be extracted from the battery. The nominal rated capacity is usually defined by the battery manufacturers and determined under specific conditions. However, different operating conditions and battery aging can strongly affect the real capacity of the battery, which reduces the available stored energy [26].




2.3.2. State of Charge and Depth of Discharge


The state of charge (SoC) of a battery can be described as the proportion between the charge available at a specific time and the total available charge when the battery is fully charged, and is expressed in percentage and varies between 0 and 100. In Li-ion barriers, there are three main areas of operations from the SoC perspective: exponential area, nominal area, and discharge area.



If we look at how battery capacity usually performs server timing, we can see three distinct phases. In the first stage, the rate of capacity fade rapidly decays as the solid electrolyte interferes with stabilizers and becomes less reactive to the electrolyte. Although battery degradation is a non-linear process, the second stage (until the knee point) represents the linear region. Once we enter the knee, the degradation mechanisms occur and result in an increasing rate of capacity loss and cell failure occurs very quickly.




2.3.3. C-Rate


The unit of electric current is the ampere (A), but an alternative and potentially more intuitive measure of a battery with respect to its current comes from the definition of the C-rate [27]. The C-rate determines the current required to completely charge and discharge a battery in a determined period. For instance, a battery with a nominal capacity of 70 Ah can be entirely charged in one hour applying a current of 70 A (C-rate = 1C), in two hours at 35 A (C-rate = C/2), or in half an hour at 140 A (C-rate = 2C) [28].




2.3.4. Internal Resistance


Li-ion batteries’ internal resistance is conditional on many factors; therefore, it cannot be considered as a constant. It is generally used to model the voltage drop of the cell under load conditions and the associated power dissipation. There are many different definitions of battery internal resistance present in the literature. The common property in these definitions is the internal resistance, which acts in opposition to the current flow within the battery. The internal resistance is defined as diffusion polarization resistance, and an activation which is the most significant voltage drop in the battery [29].




2.3.5. Energy and Power


The energy of a battery is defined as the capacity multiplied by its voltage. The nominal energy depends on the intrinsic electrochemical characteristics of the cell. It is essential to understand that the energy storage capabilities of a battery can vary significantly from their nominal values due to various factors, such as aging, temperature, and operating conditions [30].



The energy, power, cost, safety, and lifetime are the most important parameters to define the performance of a battery. One standard method to compare the performance of batteries, and more generally energy storage devices, is the Ragone plot [31]. Christen and Carlen characterized different Ragone curves for different types of energy storage devices (ESD), highlighting the difference between inductive ESDs (SMEs or flywheels), where energy increases with power, and capacitive ESDs (capacitors and batteries), where energy decreases with power [32,33]. While batteries are the ESD with the highest available energy density (especially Li-ion batteries), they are not yet able to completely fulfill the US Advanced Battery Consortium (USABC) requirements for EV applications [31,34].






3. Degradation in a Li-Ion Battery; Its Causes and Outcomes


In general, six main degradation conditions affect the reliability of Li-ion batteries [35]:




	
High temperature;



	
Low temperature;



	
High discharge current;



	
High charge current;



	
Over-charge (high SoC);



	
Over-discharge (Low SoC).








A summary of degradations in the Li-ion battery is shown in Figure 3.



According to Figure 3, there are many items and conditions which affect the degradation of Li-ion batteries during their operation. In general, the degradation can be split into two main aspects: regular operation aspects and irregular operation aspects. In this work, the regular operation aspects have been discussed. Regarding the regular operation aspects, stress factors (Cycling and Calendar) are, again, the main mechanisms that affect the degradation of Li-ion batteries. The red line in Figure 3 shows the rate of the prioritizes of the degradation mode on the reliability of the Li-ion batteries (%). Among the aging mechanisms, loss of lithium inventory (LLI), loss of active material (LAM), and increases in the cell’s internal resistance are mechanisms that play an important role in the aging of Li-ion batteries.



In the cycling aging condition, the most important issues which affect creating the degradations are:




	
Low/high temperature [5,36]: At low temperatures, the diffusion rate of lithium ions into graphite during the charging process becomes slow, and Li metal deposition on the surface of the negative electrode can take place with the risk of dendrite formation. This mechanism increases internal resistance and lithium plating (which can ultimately result in a short circuit between the electrodes). High temperatures accelerate the growth rate of the SEI layer on the anode, resulting in accelerated rates of LLI and an increase in the overall cell resistance.



	
Over-charge/discharge [37,38]: During overcharging, active lithium is not available on the cathode side and there is no more room for lithium from the anode side. This increases the chance of lithium plating creation and internal heat generation (over-heating). Over-discharging increases the internal heat generation, and the anode potential enhances unusually which can lead to the anodic dissolution of the current collector from the anode side.



	
High C-rate charge and discharge [39,40]: High charge and discharge currents lead to the same degradation reactions as over-discharge and over-charge. Moreover, high currents also increase the internal temperature and result in metallic lithium plating of the anode due to its limited ability to accept Li-ions at high rates.








The sensitive and reliable modes of the Li-ion batteries are cathode active metric and loss of lithium inventory. Moreover, the most important chemical degradation modes ranged from high to low importance are loss of lithium inventory, an increase of impedance and loss of electrolyte, loss of active anode material, and loss of active cathode material. Thus, to study the concept of reliability in Li-ion cells, these prioritized degradation modes need to be considered. Moreover, the most chief reasons for a decrease in the reliability of Li-ion batteries are aluminum pitting corrosion, separator melts, and SEI growth. This leads, through the effects of capacity and PF, to the Li-ion batteries being in a so-called failure condition.



The environmental temperature of the Li-ion cell can affect its performance. The temperature of the Li-ion battery must be kept in a safe zone (20~35 °C) due to the direct effect on the performance, health, and safety of the cell. Both very high/low temperatures can shorten the battery life. It is recommended by many researchers that the ideal operating temperature for a battery is in the range of 15–35 °C. At high charging C-rate, the internal heat generated by the battery produces LLI and the formation of SEI. This is one of the factors that increases the internal resistance and causes the CF of the battery. Overcharging of the battery causes unwanted heat generation inside the cells. This results in SEI cracking as well as the loss of active region inside the Li-ion cells, which are other factors that play an important role in the CF of the battery. Over-discharge, in contrast, reduces the number of ions contributing to the electrochemical reaction and it is one of the factors of CF in the Li-ion batteries [41].




4. Reliability Appraisement for the Li-Ion Batteries


Reliability assessment of a Li-ion battery cell has a strong connection with the electrochemical, thermal, and mechanical properties of the individual cell. However, in the reliability evaluation of the battery pack, not only the reliability of individual cells but also the reliability of other components in the battery pack, such as the thermal management system (cooling system) and battery housing, needs to be considered. Figure 4 shows the difference in the concept of reliability between battery cells and packs.



4.1. Definitions Regarding Li-Ion Batteries


4.1.1. Fault Tree Analysis (FTA)


FTA describes the connection between degradation, degradation mechanisms, degradation modes, and the effects of the degradation on the output of Li-ion batteries. The mentioned issues for FTA analysis in the Li-ion cells are given as categories in Figure 5. According to Figure 5, the main degradation mechanisms are thermal, electrical, mechanical, and chemical issues in the Li-ion batteries [16]. In this work, thermal, electrical, and chemical degradation mechanisms are taken into consideration. Moreover, the logical connection between the basic event (degradation mechanisms) and the basic result (PF and CF) according to FTA analysis is described in Figure 5. Moreover, binder decomposition, separator melting, lithium plating, active material isolation (anode side), SEI growth, and loss of cathode material can be seen as the main degradations [35]. The degradation modes are conductivity loss, loss of active cathode material, loss of active anode material, and LLI [42,43]. Finally, PF and CF are essential factors in the effects of the degradation modes on the efficiency of the Li-ion batteries in the FTA analysis.




4.1.2. Failure Mode and Effects Analysis (FMEA)


The method of FMEA was applied in the context of Li-ion batteries to analyze the degradation of an electrochemical process. According to the aging mechanisms, degradation mode, and degradation conditions, a battery can also be considered a complex multi-domain system and could affect other subsystems in e-mobility and stationary applications. Figure 6 shows the FMEA results concerning battery components. The results show why the component fails and how it affects the whole battery.




4.1.3. Quantitative Analysis: Time-Domain


Pre-conditioning: The pre-conditioning test consists of several discharge and charge cycles of the battery to prepare the cell (initiating Lithium/electron flow) for future testing procedures. Through this test, the first initial capacity value of the battery is calculated. The analysis is performed at controlled ambient temperature (25 °C) and starts with a status check of the cell, continuing with a standard charge at Constant Current (CC) followed by Constant Voltage (CV) phases and the discharge with the CC. It continues by charging and discharging three times in a row. The C-rates are a compromise value between time and degradation. Each time a discharge or charge is finished, a 3 h pause is implemented.



Capacity test: The available capacity after every three cycles (in this research, the number of the multi-cycle is 50 times) the discharge capacity test has been measured. In other words, after every 50 cycles, the batteries are charged and discharged in 3 or 5 cycles according to the previous capacity level. The value of the discharge capacity (100% SoC) picks up the available capacity of the batteries and is used as the available C-rate in the second aging test.



OCV versus SoC test procedure: The open-circuit voltage (OCV) test considers determining the relationship between the SoC and the OCV of the cell. The test profile includes a complete charge followed by full discharge of the cell in steps of 5% between 100% and 0% SoC window of the available discharge capacity of the battery at C/2. The capacity related to this C-rate will be already available from the calculation during the “discharge capacity test” at the C/2 discharge pulse for each temperature. After each step, a relaxation period of 3 h has been implemented. Complete discharge and a series of charge pulses are applied to have the discharging and charging OCV behaviors. The voltages during each rest term are measured to indicate the OCV behavior of the Li-ion batteries. Therefore, OCV against SOC values can be forecasted or found from the measured data points by interpolation or fitting techniques, respectively.



HPPC test procedure: The hybrid pulse power characterization (HPPC) test measures the impedance of the Li-ion batteries using a test profile that contains both discharge and charge pulses. The main target of the test is to determine the DC internal resistance of the three tested cells (time-domain). The internal resistance is responsible for the irreversible heat generation, and a measurable degradation is expected that increases its value at every SoC and C-rate. Thus, as a function of the SoC, the current rate, and the temperature, the internal DC resistance is determined for an extensive range of SoC points, currents, and temperatures. The idea of this test is to apply a 10 s discharge pulse and 10 s charge-pulse power capabilities at each given SoC and for different C-rates. A 600 s rest period is scheduled between each HPPC pulse. Figure 7 shows an example of a standard HPPC pulse train.



The rates of the internal resistance based on the C-rate domains are calculated as follows:


  R =   Δ V   Δ I   =   V −  V  O C    I   



(1)







By Equations (2) and (3), the discharge pulse power density and regenerative pules power density can be calculated, respectively.


   Discharge   pulse   power   desnsity  =    V  t 1   ×  I  d i s c h a r g e     W e i g h t    



(2)






   Regenerative   pulse   power   desnsity  =    V  t 3   ×  I  r e g e n     W e i g h t    



(3)







Here, Vt1 is the voltage at the end of discharge, and Vt3 stands for the voltage of the regenerative pulse. Moreover, Idischarge is the current pulse during discharge, and Iregen stands for current pulses during charge. Finally, Rdischarge and Rregen are the values of resistance at each particular frequency domain.



Li-ion battery internal impedance is demonstrated by an electrical circuit composed of passive elements connected in series. The proposed internal impedance explains impedance behavior at various frequencies [46]. Figure 8 shows the passive components in the Li-ion batteries. The Warburg impedance (ZW) describes the impedance at a given frequency, and it is usually simplified as a resistance and a capacitance in parallel. This impedance demonstrates the phenomena of lithium diffusion in the porous active material from the side of the electrode. ZARC1 impedance is described by the second arc of a circle in Figure 8, in which Figure 8 shows the capacitive effect of the double-layer interface and the resistance to the transfer of charges to the electrodes. ZARC2 impedance is described by the first arc of a circle in Figure 8. It is not always detected and represents the ohmic-capacitive effects of the SEI formed during charge and discharge cycles on the anode surface.



The internal resistance (R1) is shown in the intersection point between the x-axis, the real part of Z, and the impedance Nyquist diagram (zero-intercept Nyquist diagram point). It indicates the sum of the resistances of electrodes, electrolytes, SEI, and current collectors. Besides, L denotes the inductive reactance because of the metal elements of the cables and battery at a very high frequency.





4.2. Reliability Indicators


4.2.1. Capacity Fade


Different definitions for battery capacity are given in the literature [47]. Figure 9 shows the four main ones –nominal capacity, initial capacity, actual capacity, and CF.



The nominal capacity is the battery’s capacity determined by the manufacturer for operation under nominal conditions (25 °C and standard charge and discharges currents). The initial capacity describes the highest rate of charge that can be extracted from the battery in initial cycles. The actual capacity is the highest rate of charge that can be measured from the battery in its initial cycles. The difference between the initial and the actual capacities is the capacity loss caused by aging effects. The CF and SoH variation of the battery at 25 °C under standard test protocols (the manufacturer’s datasheet) is shown in Figure 10.



According to Figure 10, the capacity and SoH at 25 °C and charge–discharge standard test protocols after 300 cycles are 2433 mAh and 88%, respectively. In the proposed real performance of the NMC cylindrical 3000 mAh Li-ion battery, the nominal capacity, initial capacity, and actual capacity are 3000 mAh, 2758 mAh, and 2440 mAh (after 300 cycles), respectively.




4.2.2. Power Fade


PF refers to an increase in the total internal resistance of the battery during its lifetime. Figure 11 shows the total internal resistance (Rt) at different temperatures and under charge–discharge standard test protocols at three points (80% SoC, 50% SoC, and 20% SoC) during the battery’s lifetime.



According to the results, battery internal resistance reduction at 25 °C, the trend has been increased by 20% SoC, 50% SoC, and 80%, respectively.



In addition, Figure 12 shows the OCV at 25 °C under charge–discharge standard test protocols at 80% SoC, 50% SoC, and 20% SoC during the lifetime of the battery.





4.3. Control Strategies for Li-Ion Batteries to Improve Their Reliability


To ensure safety and reliability and enhance the battery cells’ overall performance, a battery management system (BMS) is employed in every application, especially when many cells are interconnected. Battery cell performance is optimal within a safe operation window defined based on the chemistry of the cell, the current rates that are injected, the ambient temperature during operation or calendaring, and the state of health of each battery. Testing procedures that characterize each cell at various conditions are performed, and it has been shown that the reliability of the NMC/C cylindrical cells can be enhanced if certain harmful conditions that trigger degradation mechanisms are avoided [16]. The BMS plays an essential role in this direction, as it estimates the states of the cells and activates all the necessary means to ensure that each cell of the battery stays within the predefined safe operation window. Hence, the reliability of the battery pack is highly dependent on the operation strategy and the functionality of the BMS. Figure 13 shows all the software and hardware aspects for the BMS performance in a battery pack application. These features are responsible for monitoring operations, protection against hazards, diagnostics, communication, and management [2]. Nevertheless, all the functionalities from a reliability perspective can be ultimately divided into two main categories: data acquisition and decision-making. In the former, all the functions that have to do with the safety and the protection of the cells individually and as a unit are regarded. In the latter, the BMS is responsible for performing several actions according to the diagnostics so that all the cells are ensured to be within the safe operating area and to achieve an optimal and most efficient operation.



4.3.1. Data Acquisition and Fault Detection


To manage the battery pack, BMS requires monitoring of several characteristic parameters of the cells, such as voltage, current, and temperature. Accurate states of the battery cells have to be obtained to avoid extra degradation on the cells, ineffective operation, or worst-case scenarios of thermal runaways. Voltage measurements are one of the most variable parameters to prevent electrical faults, such as over-charge, under-discharge, and isolation faults. BMSs typically use analog-to-digital converters as voltage sensors, which reduces costs and increases reliability. Current sensors are crucial for overcurrent and short circuit protections, whereas thermal sensors manage the heating and cooling requirements.



The number of these needed depends on the thermal distribution of the cells. However, in a multi-cell application, the number of sensors is proportionally increased, which can affect the reliability and the complexity of the system.



Furthermore, the battery characteristics in real-time measurements are based on these sensors, which can affect the state estimation and decision-making performance of the BMS. To ensure fault detection; hardware redundancy is applied, where the same signal is taken from multiple inputs. In this regard, Xia et al. [4] proposed a fault-tolerant voltage measurement method that reduced the total number of voltage sensors used for in-series orientations without any extra hardware or software. Other approaches suggest that the fault diagnostics on the battery sensors should be based on state estimation techniques such as adaptive or extended Kalman filters (EKF), or observer and fault detection filters. In Ref. [6], Liu et al. used an adaptive EKF to evaluate the residuals of the voltage and current measurements with a cumulative sum algorithm and perform fault diagnostics on the sensors of a battery pack. In Ref. [3], Zheng et al. proposed and validated a rapid and accurate fault diagnosis of the voltage and current sensors with a hybrid system modeling and unscented particle filter approach. In Ref. [7], Yang et al. used a fractional-order modeling approach to investigate the short circuit fault diagnostics based on electrolyte leakage behavior that took place during the fault scenarios. In all cases, the characteristic data of the battery cells in terms of voltage, current, and temperature are obtained in the most accurate way to enhance the system’s performance, safety, and reliability.



Fault detection processes have experienced significant developments in the traceability and the location of the faults via machine learning and artificial intelligence to have a more accurate and rapid operation that will further enhance the reliability of the system for fast charging and lifetime management challenges of the battery cells [12]. Figure 14 shows the classification of cell equalization techniques.




4.3.2. Control Strategies and State Estimation


The data obtained are analyzed with embedded algorithms on the BMS microcontrollers. Typically, a slave BMS is responsible for the data acquisition of a module, while a combination of several modules and BMS-slaves is controlled by a more sophisticated BMS-master unit, the decision taker. The BMS-master is not only responsible for the act and prevent fault scenarios, but for improving the efficiencies of the batteries. It is crucial to accurately estimate the states of the cells under any condition, which can be challenging as the total number of interconnected cells can be large. The states of the cells are categorized into SoC, SoH in terms of capacity and power, state-of-balance, i.e., cell equalization [9]. Estimation and management are dependent upon the computational power and the storage capacity of the BMS. Nowadays, with the Internet of Things (IoT) and cloud computing [10], the capabilities of the BMSs can be significantly increased. In real-time, all the relevant information for state estimation and analysis are imported to the cloud, where a digital twin of the battery system is constructed in computers that are many times more powerful than the application’s built-in solution.



More complex and robust algorithms like adaptive H-infinity filters and particle swarm optimization can be performed to monitor the cells’ capacity and PF of the cells with increased efficiency, accuracy, and reliability [8]. Furthermore, the battery system’s reliability is enhanced with the wireless communication established by (IoT), while the creation of big-data libraries of machine learning algorithms can be applied and contribute to the battery aging prognosis and diagnosis [11].






5. Case Study and Experimental Results


This section is organized into three main parts. In the first part, the results of the tests at different temperatures (25 °C, 45 °C, and 10 °C degrees) and under charge–discharge standard test protocols (C/2 charge–C/5 discharge according to the factory cell’s datasheet) are presented. In the second part, the results of the tests under different C-rates (C/2, 1C, 2C, 3C, and 4C) at 25 °C are presented. The results at high and low discharge currents (C/2 and 4 °C) at different temperatures (25 °C, 45 °C, and 10 °C degrees) are shown in the Section 3. The cycling of batteries continues until the rate of SoH in one of the cells in each classification becomes less than or equal to 80%. Afterward, the results have been compared at that point, according to their classification.



5.1. CF and SoH at Different Temperatures and under Charge–Discharge Standard Test Protocols


The NMC cylindrical cell is selected for reliability assessment in the Li-ion batteries in this paper. The batteries underwent the pre-conditioning test at 25 °C in BOL, and EOL to investigate the performance of the batteries. Figure 15a shows the cells in the 25 °C climate chambers. Moreover, the CF of the batteries was studied under degradation conditions. The batteries have been considered under cycling tests based on the proposed workflow (Figure 15b). Figure 15c shows the batteries under the test protocols in the climate chambers.



In the action plan, 18 cells (two for each degradation condition) are considered. The first column shows the ID number of each cell. The second column indicated cycling/degradation conditions. The third column illustrated the per condition of the test protocol, which contains the BoL date of each cell.



Figure 16a,b show the CF, SoH behavior, and SoH at different temperatures and under charge–discharge standard test protocols during the battery’s lifetime. According to the results, a reduction in battery capacity occurred early at 10 °C, 45 °C, and 25 °C. Moreover, the test results after 300 cycles at different temperatures are shown. The reliability of the battery from CF and SoH perspectives is acceptable at 25 °C (88%), 45 °C (85%), and 10 °C (80%), respectively. The SoH distribution at different temperatures is displayed in Figure 16b to have a comprehensive overview regarding CF of the Li-ion batteries at different temperatures and under charge–discharge standard test protocols. The SoH distribution has three main specifications; the right part of the figure shows the rate of the SoH of the batteries based on the percentage, the bottom part describes the number of the checkup tests (capacity tests), and the left side of the proposed investigation presents the number of the degradation conditions. In this case study, three main temperatures have been considered as degradation conditions for providing a comprehensive overview of the battery capacity behaviors at high, low, and temperatures room temperature (25 °C).



The capacity fade has a strong connection with ambient temperature and the best operating condition is 25 °C among the other conditions; this is because the rate of capacity fade after 300-time cycles and the uniformity of the capacity reduction is less and better than other conditions, respectively. Low temperature (10 °C in this case) can increase lithium plating more than other ambient temperatures; this issue is the main reason behind leading the Li-ion batteries to have high-capacity fade among other ambient temperatures. Additionally, cycling of the batteries at high temperatures results in accelerated SEI growth, and above a certain temperature threshold, we will experience decomposition of the electrolyte of the solid electrolyte interferes and of the binder material which holds the electrodes together. In such cases, Li-ion batteries have experienced the dissolution of transition metals from the cathode into the electrolyte, whereas charging and discharging at lower temperatures risks inducing lithium plating of the anode, and additional energy cycles will cause SEI growth and increase the likelihood of structural disordering.




5.2. Capacity Fade and SoH under Different Charge–Discharge Test Protocols


Figure 17a,b show the CF, SoH behavior, and SoH at 25 °C and under different standard charge–discharge test protocols. According to the results, a reduction in battery capacity occurred earlier at 4C. A comprehensive overview is displayed in Figure 17b regarding CF of the Li-ion batteries at 25 °C in standard charge, different discharge test protocols, and SoH distribution at different temperatures. In this investigation, five domains of C-rate discharge have been considered as degradation conditions for providing a comprehensive overview of the battery capacity behaviors in multi-domain discharge current conditions.



The C-rate is the rate of charge or discharge which correlates with the rate of lithiation of the electrode material. Historically, higher C-rate results in accelerated capacity fade due to mechanical-induced damage of active particles. Thus, the SoH distribution result shows here, using a battery with a high discharge current reduces the capacity faster than a low discharge C-rate during the lifetime of the battery. High C-rate is a factor that impacts more on the SEI growth (mechanical stress), SEI decomposition, Grafit exfoliation, structure disordering, islanding formation, and finally loss of the electrical conductivity. The mentioned degradation modes affect the loss of cyclable Li and loss of active material, which is the key cause of capacity fade at high discharge C-rate in the Li-ion batteries.





6. Conclusions


A comprehensive overview of the reliability evaluation of Li-ion batteries is presented in this work. The degradation conditions from different discharge C-rate and ambient temperatures during the life span of the NMC batteries have been considered in the test case to show a better understanding of the concept of reliability of the Li-ion batteries from the CF perspective. According to the case study results, the reliability of Li-ion batteries (determined by standard test protocols) at 10 °C and high C-rate is lower than in other conditions. In other words, by decreasing the environment temperature and increasing the discharge C-rate during the battery’s lifetime, the battery’s reliability decreases. The result obtained shows that the capacity fade and power fade have been increased by 10 °C and 4 °C, respectively, more than in other conditions. Moreover, the dependable conditions for performing the batteries are at 25 °C and C/2 and 1C discharge at 25 °C during the lifetime of the batteries.
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Figure 1. Concept of reliability evaluation of the Li-ion batteries importance: (a) Connection between the reliability and Li-ion batteries aspects, and (b) Number of the published publications based on the Scopus from 1994 to 2020. 
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Figure 2. Components of the conventional Li-ion battery cells in the automotive industry. 
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Figure 3. Degradation of the Li-ion batteries. 
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Figure 4. Reliability evaluation aspects for battery cells and packs. 






Figure 4. Reliability evaluation aspects for battery cells and packs.



[image: Sustainability 13 11688 g004]







[image: Sustainability 13 11688 g005 550] 





Figure 5. FTA in the Li-ion batteries. 
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Figure 6. FMEA results concerning battery components adopted from [44]. 
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Figure 7. Example of an HPPC pulse train adopted from [45]. 
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Figure 8. Impedance spectrum of a Li-ion cell with details of all elements. 
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Figure 9. Battery CF definition. 
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Figure 10. CF and SoH variation of the battery at 25 °C and charge–discharge standard test protocols. 
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Figure 11. Rt behavior at 25 °C under charge–discharge standard test protocols during the lifetime of the battery after 300 cycles at 25 °C. 
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Figure 12. OCV behavior at 25 °C under charge–discharge standard test protocols during the lifetime of the battery after 300 cycles. 
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Figure 13. Features of the BMS. 
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Figure 14. Classification of cell equalization techniques adopted from [48]. 
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Figure 15. Reliability assessment in the Li-ion batteries: (a) Li-ion batteries under pre-conditioning test in the climate chambers, (b) test workflow, and (c) Li-ion batteries under cycling test in the climate chambers. 
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Figure 16. Reliability assessment in the Li-ion batteries: (a) CF and SoH behavior, and (b) SoH distribution different temperatures under charge–discharge standard test protocols during the battery lifetime. 
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Figure 17. Reliability assessment in the Li-ion batteries: (a) CF and SoH behavior at 25 °C and (b) SoH distribution under different discharge current test protocols during the battery lifetime. 
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Table 1. Li-ion battery comparison from the physical implementation perspective.
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	Name
	Cylindrical
	Prismatic
	Pouch





	Shape
	 [image: Sustainability 13 11688 i001]
	 [image: Sustainability 13 11688 i002]
	 [image: Sustainability 13 11688 i003]



	Arrangement of electrode
	Wound
	Wound
	Wound



	Mechanical stability
	Best
	Good
	Bad



	Heat management
	Bad
	Good
	Good



	Specific energy
	Good
	Good
	Best



	Energy density
	Good
	Best
	Good
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Reliability assessment
from the chemical
perspective in the Li-
won cells has a strong|

connection  to  the
process of Li-ion
battery production and
also the using|
condition duning its
lifetime. In the
proposed paper the
chemical  perspective

during the lifetime is
considered.

Reliability assessment
from the electrical
perspective in the Li-
ion cells has a strong|
connection to chemical
aspects. In addition, the
charging and
discharging conditions
(C-rate), SoH, SoH,
applications, the
electnical connections
between materials in
the cell. In the
proposed paper the
electrical aspects are
considered.

Reliability  assessment
from the mechanical
perspective in the Li-
ion cells has a relation
with  electrochemical
behavior inside the Li-
1on cells Also,
shipping from factory
to customers place.
Environmental  stress
(duning lifetime). In the
proposed paper the
mechanical due 1t
electrochemical aspects
are considered.

Reliability assessment
from the thermal
perspective in the Li-
ion cells has relation
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behavior inside the Li-
1on cells, and
environment (safe

thermal window). In
the proposed paper the
thermal due to
electrochemical aspects
are considered. In the
proposed paper the
important aspects are
considered.

[Reliability assessment
from the electrical
perspective in the Li-
ion battery pack has a
relation  with  the
performance  of the
pack via the external
short circuit,
overcharge, over-
discharge, and battery
management  system.
Also, the power and
capacity of the pack are
important aspects that
need to consider. In the
proposed paper the
important aspects are
considered.

Reliability  assessment
from the mechanical
perspective in the Li-
ion battery pack has a
relaion  with  the
maintenance style of|
the pack over its
lifetime. Crash,
arrangements  style of]
[the cells in the pack,
and the connection
parts between the cells
and wiring are
important aspects
regarding reliability. In
[the proposed paper the
important aspects are
considered.

[Reliability  assessment
from the thermal
perspective in the Li-
ion battery pack has a
relation with the type
of cooling system, the
design of the cooling]
system, and housing.
The thermal sensors
and thermal
management  system
which control by BMS|
IS important  issues
reading rehiability
assessment in the Li-
1on battery pack. In the
Iproposed paper the
important aspects are,
considered.
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