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Abstract

:

Derating is widely applied to electronic components and products to ensure or extend their operational life for the targeted application. However, there are currently no derating guidelines for Li-ion batteries. This paper presents derating methodology and guidelines for Li-ion batteries using temperature, discharge C-rate, charge C-rate, charge cut-off current, charge cut-off voltage, and state of charge (SOC) stress factors to reduce the rate of capacity loss and extend battery calendar life and cycle life. Experimental battery degradation data from our testing and the literature have been reviewed to demonstrate the role of stress factors in battery degradation and derating for two widely used Li-ion batteries: graphite/LiCoO2 (LCO) and graphite/LiFePO4 (LFP). Derating factors have been computed based on the battery capacity loss to quantitatively evaluate the derating effects of the stress factors and identify the significant factors for battery derating.
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1. Introduction


Li-ion batteries have the potential to shape global demand for fossil fuels, increase the use of renewables in the electric grid by buffering the intermittent and fluctuating green energy supply, bring convenient electric power to portable consumer electronics devices, and enable the broad commercial launch of electric vehicles. However, these batteries, similar to any other engineering product, degrade and lose capacity with aging. If the battery degradation rate can be slowed down, industry applications will benefit significantly [1].



Derating refers to the reduction of electrical, thermal, and mechanical stresses applied to a part in order to decrease the degradation rate and prolong the expected life of the part [2]. It is an efficient approach to reduce the degradation rate, minimize failures, and reduce business risks, and has been applied to almost all electronic components, including resistors, diodes, transistors, light-emitting diodes, CPUs, and capacitors. Many derating standards or specifications have been developed for electronic components [3]. For example, Freescale provides voltage and frequency derating guidelines for the MPC7447A microprocessor [4], and Hitachi provides guidelines for derating of temperature, humidity, voltage, and current for high-voltage integrated circuits [5]. These guidelines are valuable for engineers designing products, but no guidelines are available for derating of Li-ion batteries.



Extensive research has focused on Li-ion battery degradation [6]. For example, Guan et al. [7] investigated the capacity fade mechanisms of 4.2-V mesocarbon microbeads/LiCoO2 (LCO) commercial cells at various rates (0.6C, 1.2C, 1.5C, 1.8C, 2.4C, and 3.0C). They concluded that the decay in cathode and cell imbalance caused by the loss of active lithium and the polarization in the full cell dominated the degradation during cycling. Choi and Lim [8] pointed out that high charge cut-off voltages and a long float-charge period had the most severe effects on cycle life, but the depth of discharge (DoD) did not affect the cycle degradation. Ning et al. [9] studied the effects of discharge rates at three different C-rates (1C, 2C, and 3C) on 4.2-V carbon/LCO battery capacity fade and concluded that at higher C-rates growth of the solid electrolyte interphase (SEI) layer accelerated. Wang et al. [10] found a power law relation between capacity fade and charge throughput for 3.6-V graphite/LiFePO4 (LFP) cells under five DoDs (10–90%), five temperatures (from −30 °C to 60 °C) and four discharge rates (from C/2 to 10C). Ecker et al. [11] conducted an accelerated study on carbon/Li(NiMnCo)O2 cells to analyze the influence of cycle depth and mean state of charge (SOC) on cycle aging. They observed that rate of aging increased with increasing cycle depth (ΔSOC) almost linearly. Also, they found that for a given cycle depth, minimum aging occurred in cells cycled around 50% mean SOC. Saxena et al. [12] studied the effects of mean SOC and ∆SOC on graphite/LiCoO2 cells and concluded that both these factors affect the cycle life performance of batteries.



These studies highlight the major degradation mechanisms and effects of various stress factors on battery degradation. However, the authors did not extend their findings to develop a derating framework for Li-ion batteries. For example, Wikner et al. [13] concluded that a reduced charge level of 50% SOC increased the lifetime expectancy of the vehicle battery by 44–130%, and keeping the battery at 15% SOC during parking and limiting the time at high SOC reduced the contribution to the calendar aging. This paper aims to fill this research gap by reviewing the findings of some of the comprehensive testing studies from the past and also using the data from the authors’ own experiments to provide guidelines for battery derating.



Storage and cycling are the most common operating modes for Li-ion batteries, therefore, derating of Li-ion batteries refers to reducing the battery degradation rate and prolonging battery life under the two operating modes by reducing the environmental stresses and electrical stresses. Since capacity is the most important performance metric, it is selected as the battery health indicator, based on which the Li-ion battery derating is investigated. The remainder of the paper is organized as follows: Section 2 defines the derating factor and discusses Li-ion battery derating for calendar life improvement; Section 3 discusses Li-ion battery derating for cycle life improvement; Section 4 presents conclusions.




2. Derating for Calendar Life Improvement


In order to investigate the effectiveness of derating for life improvement, a metric such as derating factor needs to be defined. A derating factor has been defined as the ratio of the difference between the degradation rate under the derated stress and the degradation rate under the reference or maximum design stress to the degradation rate under the reference or maximum design stress at a specific time t [14].


DF(t) = [DRDer(t) − DRRef(t)]/DRRef(t)



(1)




where DF is the derating factor, DR(t) is the degradation rate at time t, DRDer(t) and DRRef(t) are the degradation rates under the derated stress and reference stress, respectively. DR(t) is defined as [15]


DR(t) = [QLoss(t) − QLoss(t0)]/(t − t0)



(2)




where QLoss(t) is the battery capacity loss at time t and t0 < t. If t0 = 0, then the capacity loss at the beginning is 0, QLoss(t0) = 0. Then the derating factor can be updated as


DF(t) = [QLoss,Der(t) − QLoss,Ref(t)]/QLoss,Ref(t0)



(3)







Therefore, where the derating factor can be used to reflect the rate of battery capacity loss according to Equation (3), the degradation rate specifically refers to the rate of capacity loss. A low rate of capacity loss implies a long battery life.



To show how derating can be applied for battery calendar life improvement, data from storage tests on LFP batteries [16] and LCO batteries are presented here. Datasheet parameters of the investigated batteries are listed in Table 1. The storage testing data are presented in Figure 1.



The capacity losses under various temperatures at 885 days for LFP cells and at 140 days for LCO cells are plotted in Figure 2a. The reference temperatures for LFP cells and LCO cells are 60 °C and 50 °C, respectively, then the curves of derating of temperature are plotted in Figure 2b.



The derating factor declines against the decreasing temperature. For example, the derating factors reached at least −0.6 for LCO batteries and −0.5 for LFP batteries by derating the temperature to 25 °C, as shown in Figure 2b. The negative derating factors indicate the decreasing of the rate of capacity loss according to Equation (3). Therefore, the temperature can be derated to reduce the rate of capacity loss and prolong battery calendar life.



Calendar life can also be improved by derating the SOC. The capacity losses at 140 days under 50 °C and 25 °C for LCO cells, and the capacity losses at 885 days under 60 °C and 25 °C for LFP cells are plotted in Figure 3a. One hundred percent SOC was selected as the reference SOC, then the curves of derating of SOC are plotted in Figure 3b.



The derating factor declines against the decreasing SOC, so the SOC can be derated to reduce the rate of capacity loss and prolong the battery calendar life. As shown in Figure 3b, LCO batteries exhibited two distinct derating modes depending on temperature. One was that the derating factor was largely reduced to around −0.90 by derating the SOC from 100% to 50%, and then slightly went to about −0.97 by derating the SOC to 0% under high temperature (such as 50 °C). The other was that the derating factor was slightly reduced to around −0.20 by derating the SOC from 100% to 50%, and then sharply went to around −1.20 by derating the SOC to 0% under room temperature. The study implies that the rate of capacity loss can be decreased by derating the SOC to 50% under high temperature for LCO batteries. However, the rate of capacity loss for LFP batteries is only slightly declined by derating the SOC to 50% under high temperature.



In summary, temperature is the most significant parameter to derate to prolong battery calendar life. The rate of capacity loss can be significantly reduced by derating the temperature under various SOCs, but the rate of capacity loss only can be reduced slightly by derating the SOC under certain conditions. It can be observed from the derating analysis that room temperature suffices to be a good condition for storage as it does not require any additional cooling requirement than the already installed infrastructure. Li-ion batteries are electrochemical systems and hence reducing the temperature to room temperature positively affect their operation and degradation. SEI layer formation and growth, which consumes active lithium and reduces capacity, is considered a major mechanism affected by temperature [17,18]. When the temperature is derated to room temperature, the SEI layer formation and growth is inhibited, hence the rate of capacity loss can be reduced significantly. From the point of view of cost, room temperature storage is an easy condition for industries to maintain.



However, if temperature control is not possible in certain application or operation condition, then SOC is an important factor that can help in reducing degradation. At high temperature such as 50 °C and beyond, reducing SOC can significantly reduce the degradation for both LCO and LFP and can result in extended calendar life. Hence, SOC is also an important derating factor and should be considered if there is a possibility of high temperature.




3. Derating for Cycle Life Improvement


Batteries are charged and discharged multiple times in an application. As battery voltage, current, and temperature can vary by a large extent during the cycling, the number of stress factors involved in battery cycling are expectedly more than that for battery storage. Therefore, this study uses seven LFP and LCO battery data sets to investigate derating of five kinds of relevant stresses including temperature, discharge C-rate, charge C-rate, charge cut-off current, and charge cut-off voltage [19,20,21,22]. Two battery models were selected for LCO batteries and LFP batteries, respectively. The relationship between the battery samples and derated stresses is presented in Table 2. The detailed battery specifications, testing procedures, and testing conditions can be found in corresponding references, and a summary is provided in Table 3.



3.1. Cycle Life Improvement by Temperature Derating


Cycle life can be improved by derating the temperature. For example, batteries A and B with LCO positive electrode and batteries G and P with LFP positive electrode were employed to present the derating of temperature for cycle life. The testing data are presented in Figure 4.



The highest temperatures were selected as the reference temperature for each group, which were 60 °C for A, 55 °C for B, 45 °C for G, and 52.8 °C and 46.9 °C for P. The curves of capacity loss vs. temperature are shown in Figure 5a,c, and the curves of derating factor vs. temperature are presented in Figure 5b,d. Derating factors were computed using the capacity loss data presented in Figure 5a,c according to Equation (3).



The capacity loss decreases with reducing temperature as shown in Figure 5a,c. The derating factor declines with the decreasing temperature. As shown in Figure 5b,d, the derating factor got down to a value between −0.60 and −0.95 when derating the temperature from above 45 °C to around 25 °C. So, temperature can be employed as an effective parameter to reduce the rate of capacity loss and prolong battery cycle life. From the point of view of degradation mechanisms, high temperature can accelerate SEI layer growth and cause electrolyte decomposition and degradation of other battery components [23]. Additionally, cycling-induced cracks in the SEI layer provide new sites for the generation and growth of the SEI layer [24]. The degradation mechanisms also demonstrate that battery life can be prolonged by cycling under a lower temperature condition. The data also shows that both LCO and LFP batteries exhibited similar derating behaviors, so there is little difference between LCO and LFP batteries from the point of view of derating temperature.



Furthermore, the derating effect of temperature was influenced by discharge C-rate and charge cut-off current. The derating of temperature is influenced by charge cut-off current, as presented in Figure 6a, and the derating factor reached about −0.65 under C/5 charge cut-off current, and went down to around −0.90 under C/40 charge cut-off current by derating the temperature. So the temperature can be derated under various charge cut-off current levels. In addition, derating of temperature was slightly influenced by the discharge C-rate according to a small variation around 0.05 on derating factor when discharge C-rate changes from 0.7 C to 2 C, as presented in Figure 6b. Therefore, irrespective of other parameters, reduction of temperature enables derating of Li-ion batteries to reduce the rate of capacity loss under various conditions.



The temperature can be derated to prolong battery life, and it is more sensitive than charge cut-off current and discharge C-rate parameters in terms of derating. However, cooling techniques are necessary to reduce temperature during cycling operation and can lead to additional cost. Besides, the feasibility of deploying this equipment for temperature derating is variable due to specific application conditions.




3.2. Cycle Life Improvement by Discharge C-Rate Derating


Cycle life can also be improved by derating the discharge C-rate. Batteries A and O with LCO positive electrode and batteries G and P with LFP positive electrode have been employed to present the derating of the discharge C-rate for cycle life. The testing data of batteries O, G, and P are presented in Figure 7a–c. The testing data of battery A are presented in Figure 4a.



As shown in Figure 7a,b, the capacity losses of batteries O and G increased against cycles overall. The minimum cycles were 450 for battery O and 60 for battery G. As shown in Figure 7c, the capacity losses of battery P also increased against total capacity throughout, the minimum testing time is 3 kAh.



The capacity losses at 200 cycles for battery A, at 450 cycles for battery O, at 60 cycles for battery G, and at 3 kAh capacity throughput for battery P are plotted in Figure 8a,c. The reference discharge C-rates were 2 C, 2 C, 4 C, and 3.75 C for batteries A, O, G, and P, respectively. Then the derating factors were computed according to Equation (3) and are shown in Figure 8b,d.



The study shows that the li-ion battery life cannot always be extended by derating discharge C-rate. The derating factor of battery A that cycling below 45 °C and at C/40 charge cut-off current, and the derating factor of battery P that cycling below 30 °C were bigger than 0 when derating discharge C-rate, as shown in Figure 8b,d, which implied that the derating of discharge C-rate increased the rate of capacity loss, and shortened the battery cycle life. This is contrary to the traditional knowledge that Li-ion battery life can be prolonged by reducing the discharge C-rate [25]. Therefore, degradation tests should be conducted first to make sure the discharge C-rate can be derated to prolong battery life before derating the discharge C-rate.



If derating the discharge C-rate has a positive role in prolonging battery life, when the temperature is uncontrollable, then the discharge C-rate can be derated to prolong battery life. However, there are many limitations when derating the discharge C-rate. For example, the discharge C-rate is mostly determined by practical application requirements, therefore, by reducing the discharge C-rate, some performance capability is limited.



The derating factor results did not exhibit much differences on LCO battery and LFP battery derating behaviors. Both LCO batteries’ and LFP batteries’ life not only can be extended by derating discharge C-rate, but also can be reduced. It indicates that it’s unreasonable to derate discharge C-rate just according to the electrode chemistries. Actually, not only the chemistries but also other components, such as electrolytes and separators, determine the Li-ion battery derating behaviors.




3.3. Cycle Life Improvement by Charge C-Rate Derating


Cycle life can also be improved by derating the charge C-rate. For example, batteries J and O with LCO positive electrode and battery K with LFP positive electrode were employed to present the derating of charge C-rate for cycle life. The testing data are represented in Figure 9. The derating behaviors vary when derating the charge C-rate, as presented in Figure 10.



The study indicates that batteries exhibit two opposite derating modes: one is that the derating factor declines with the decreasing charge C-rate, such as for batteries K, O and G, and the other is that the derating factor increases with the decreasing charge C-rate. For example, the derating factor of battery P that cycling below 30 °C reached 1.30 by derating the charge C-rate from 3.75C to 1C, which implies that the rate of capacity loss increased. This feature implies that degradation tests should be conducted to make sure charge C-rate can be derated to prolong battery life before derating the charge C-rate.



If the temperature is uncontrollable, then the charge C-rate can be considered to derate to prolong battery life. As we know, a high charge C-rate sharply shortens the charging time, therefore, derating of the charge C-rate leads to increasing charging time, results in users’ complaints.




3.4. Cycle Life Improvement by Charge Cut-Off Current Derating


Cycle life can be improved by derating the charge cut-off current. For example, battery A with LCO positive electrode was employed to present the derating of the charge C-rate for cycle life under four temperature levels with charge cut-off current C/5 and C/40. The testing data can be seen in Figure 4a. The capacity losses under various charge cut-off current are computed using testing data and plotted in Figure 11a. C/40 was selected as the reference condition. The derating of the charge cut-off current is presented in Figure 11b.



The capacity loss decreased with the increasing charge cut-off current under 60 °C, whereas the capacity loss almost kept constant under 25 °C and 45 °C, as shown in Figure 11a. The derating factor declines with the increasing charge cut-off current, but its decreasing trend varies depending on temperature. Under temperatures below 45 °C, the derating factor slightly reached around −0.15 when derating the charge cut-off current to C/5, whereas when the temperature was 60 °C, the derating factor wend down to −0.75. Therefore, the charge cut-off current can be derated under high temperature (60 °C), rather than under temperatures below 45 °C, to reduce the rate of capacity loss and prolong battery life, as presented in Figure 11b. In addition, the discharge C-rate has little influence on derating of the charge cut-off current, so derating of the charge cut-off current can be applied under various discharge C-rates.



Charge cut-off current should be derated under high temperature (such as 60 °C). At high temperature, the rate of capacity loss can be reduced significantly by derating the charge cut-off current. However, when the temperature was below 45 °C, the rate of capacity loss was slightly reduced.




3.5. Cycle Life Improvement by Charge Cut-Off Voltage Derating


Battery J with LCO positive electrode and battery K with LFP positive electrode were employed to present the derating of charge cut-off voltage for cycle life. The capacity loss vs. cycles of battery J and K are plotted in Figure 12a,b, respectively.



The capacity loss vs. charge cut-off voltage of battery J and K are plotted in Figure 13a. The rated voltages, 4.1 V for battery J and 3.6 V for battery K, are selected as the reference conditions. The derating of charge cut-off voltage is presented in Figure 13b.



The capacity loss increases with the growing charge cut-off voltage, as shown in Figure 13a. The derating factor declines with the decreasing charge cut-off voltage overall, so the rate of capacity loss can be reduced by lowering the charge cut-off voltage. Batteries J and K exhibit similar derating behavior as shown in Figure 13b. However, the rate of capacity loss is accelerated when batteries are cycled beyond the rated voltage. So the batteries should not be used above the rated charge cut-off voltage.



Charge cut-off voltage can be employed to reduce the rate of capacity loss, whereas the rate of capacity loss is accelerated when increasing the charge cut-off voltage. In terms of derating the charge cut-off voltage, from the point of view of open-circuit voltage (OCV)–SOC curves, a small variation of the OCV leads to a large change of SOC [26]. The charge cut-off voltage determines battery OCV by a subtraction of voltage drop of internal resistance, and finally determines the SOC. Derating the charge cut-off voltage by a small variation will cause the charge capacity to decline a lot, resulting in a shortage of available energy and discharging time for one cycle.



In summary, temperature, charge cut-off voltage, and charge cut-off current can be derated to reduce the rate of capacity loss under various cycling conditions. However, the effects of derating the temperature are stronger than the effects of derating the charge cut-off voltage. The effects of derating the charge cut-off current varied depending on temperature. Under 60 °C, the rate of capacity loss can be severely reduced (with derating factor −0.82) by derating the charge cut-off current, whereas under temperatures below 45 °C, the rate of capacity loss slightly reduced (with derating factor −0.10). The cycle life is not always prolonged by derating the charge/discharge C-rate under certain specific situations. For example, the rate of capacity loss increased (with derating factor 2.75) by derating the discharge C-rate for battery P under low temperature, and by derating the charge C-rate, the rate of capacity loss increased (with derating factor 1.33) under temperature 25 °C. Therefore, to prolong battery cycle life, temperature could be considered as the most sensitive parameter to derate.





4. Conclusions


The degradation behavior of two widely used Li-ion batteries, graphite/LCO and graphite/LFP, was reviewed under calendar life and cycle life conditions to propose derating methodology and guidelines. Even for the same chemistry of Li-ion battery, different manufacturers use different designs and additives to reduce cost and enhance the performance of their batteries. Hence a strict derating regime cannot be applied across all manufacturers. This article is the first to present the methodology for selecting stress factors and guidelines for Li-ion battery derating.



Both temperature and SOC can be derated to reduce the rate of capacity loss for LCO and LFP batteries and extend their calendar life. While temperature in general is a more significant factor compared to SOC for calendar life derating, the criticality and effectiveness of SOC as a derating factor cannot be ignored at high temperature (50 °C or above). Hence, temperature control should be primarily used for derating to extend battery calendar life. Additionally, temperature control may be a more costly exercise compared to controlling the SOC, so if high temperature cannot be avoided during battery storage, then SOC derating must be implemented to extend battery calendar life.



In terms of battery cycle life, temperature is also the most significant parameter that can be derated to reduce the rate of capacity loss under various cycling conditions. The order of stress factors in terms of their significance for cycle life derating is as follows, taking the derating effects and practical limitations into account: temperature > charge/discharge C-rate > charge cut-off current > charge cut-off voltage. Charge C-rate and discharge C-rate should be carefully derated because the rate of battery capacity loss may be increased. Charge cut-off current is an effective derating parameter only at high temperature. Charge cut-off voltage can be derated to reduce the rate of capacity loss, but not beyond the rated voltage.



For any battery in industry application, stress factors for calendar life improvement and cycling life improvement should be identified first, then the batteries should be tested under different levels of stress factors using a statistical design of experiment (DOE) to accurately calculate the derating factors corresponding to each stress factor, and then the stress factors to be used for derating should be chosen based on the tradeoffs between ease of controllability and the magnitude of the derating factor.
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Figure 1. Calendar life testing data. (a) LiFePO4 (LFP) batteries were tested under three temperatures (60 °C, 40 °C, and 25 °C) and three state of charges (SOCs) (100%, 50%, and 0%) with an experiment duration of over 885 days. “SOC 100, 60 °C” refers to LFP batteries were stored at SOC 100% and 60 °C. The detailed testing information can be referred to [16]. (b) “SOC 100, 50 °C” refers to LCO batteries were stored at SOC 100% and 50 °C in a temperature chamber. All batteries underwent capacity testing and impedance measurement every 3 weeks. Capacity and impedance characterization: Batteries were constant charged at a rate of C/2 to 4.2 V, then constant voltage charged until the current fell below C/100 rate. The batteries were discharged at a rate of C/2 to 2.75 V to measure the deliverable maximum capacity. Then, the batteries were fully charged using the same constant current constant voltage (CCCV) profile followed an impedance measurement. 
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Figure 2. Derating of temperature for calendar life. (a) Capacity loss vs. temperature. (b) Derating factor vs. temperature. The derating factors were calculated according to Equation (3). 
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Figure 3. Derating of SOC for calendar life. (a) Capacity loss vs. SOC. (b) Derating factor vs. SOC, and the derating factors are calculated according to Equation (3). 
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Figure 4. Battery cycle degradation data under various temperatures. (a) Capacity loss vs. cycles for battery A, “25 °C, C/5, 0.7C” refers to charge cut-off current C/5, charge C-rate 0.7C under 25 °C. (b) Capacity loss vs. cycles for battery B, “RM, 1 A/1 A” refers to charge/discharge current 1 A under room temperature. (c) Capacity loss vs. cycles for battery G, “30 °C, C/3, 3.65 V, 4C, 2.0 V” refers to cells charged constant current (CC) C/3 to 3.65 V, discharged CC 4C to 2.0 V under 30 °C. (d) Capacity loss vs. total capacity throughput for battery P, “23.5 °C, 1C/1C” refers to charge/discharge C-rate 1C under 23.5 °C. The degradation is presented as a function of total capacity throughput over the entire cycle life, the unit is kiloampere hour (kAh). 
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Figure 5. Derating of temperature. (a) and (c) are for capacity loss vs. temperature, (b) and (d) are for derating factor vs. temperature. 
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Figure 6. The effects of charge cut-off current and discharge C-rate on derating of temperature. (a) Derating factor of temperature vs. charge cut-off current; (b) Derating factor of temperature vs. discharge C-rate. 
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Figure 7. Battery cycle degradation data under various discharge C-rates. (a) Battery O charged CC 1C to 4.2 V, constant voltage (CV) to 90 mA, discharged CC to 2.75 V under 25 °C. (b) Battery G. (c) Battery P. 
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Figure 8. Derating of discharge C-rate. (a,c) are for capacity loss vs. discharge C-rate, (b,d) are for derating factor vs. discharge C-rate. (a) “A cell, 200 cycles, 25 °C, C/5” refers to the capacity loss of battery A at 200 cycles under 25 °C and charge cut-off current C/5. (c) “G cell, 60 cycles, C/3, 3.65 V, discharge C-rate, 2.0 V” means the capacity loss of battery G at 60 cycles, the battery charged at constant current C/3 to 3.65 V, and discharged to 2.0 V. “P cell, 3 kAh, 3.75C (35.6 °C)/1C (33.5 °C)” refers to the capacity loss of battery P at capacity throughput 3 kAh, the battery discharged at 3.75C under 35.6 °C, and discharged at 1C under 33.5 °C. 
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Figure 9. Battery cycle degradation data under various charge C-rates. (a) “J cell, 1 A (0.9C)” refers to battery J charged CC 1 A (0.9C) to 4.1 V, CV to 100 mA (C/11), and finally discharged CC 3 A (2.7C) to 2.5 V under temperature 25 °C. “K cell, 1 A (0.9C)” refers to battery K charged CC 1 A (0.9C) to 3.6 V, then CV to 100 mA; discharge: CC 3 A (2.7C) to 2.0 V under 25 °C. (b) Battery O charged CC to 4.2 V, CV hold 2.5 h, discharged CC 1C to 2.75 V under temperature 25 °C. (c) Battery G. (d) Battery P. 
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Figure 10. Derating of charge C-rate. (a) Capacity loss. (b) Derating factor. 
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Figure 11. Derating of charge cut-off current. (a) Capacity loss vs. charge cut-off current. (b) Derating factor vs. charge cut-off current. 
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Figure 12. Battery cycle degradation data under various charge cut-off voltages. (a) “4.15 V” refers to battery J charged at CC 3 A (2.7C) to 4.15 V, then CV to 100 mA (C/11), and finally discharged at CC 3 A to 2.5 V under 25 °C. (b) “3.65 V” refers to battery K charged at CC 3 A (2.7C) to 3.65 V, then CV to 100 mA (C/10), and finally discharged at CC 3 A (2.7C) to 2.0 V under 25 °C. 
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Figure 13. Derating of charge cut-off voltage. (a) Capacity loss vs. cut-off voltage. (b) Derating factor vs. cut-off voltage. 
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Table 1. Battery specifications.
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	Chemistry
	Nominal Capacity (Ah)
	Charge Cut-Off Voltage (V)
	Discharge Cut-Off Voltage (V)





	Graphite/LFP [16]
	3.0
	3.6
	2.0



	Graphite/LCO
	1.5
	4.2
	2.75
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Table 2. Battery samples and derated stresses [19,20,21,22].
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Derated Stresses

	
Chemistry

	
Battery

	
Levels of Derated Stresses






	
Temperature

	
LCO

	
A

	
10 °C, 25 °C, 45 °C, 60 °C




	
B

	
25 °C, 45 °C, 50 °C, 55 °C




	
LFP

	
G

	
45 °C, 30 °C




	
P

	
29.2 °C, 35.6 °C, 52.8 °C




	
Discharge C-rate

	
LCO

	
A

	
0.7C, 1.0C, 2.0C




	
O

	
1C, 1.1C, 1.3C, 1.5C, 2.0C




	
LFP

	
G

	
C/3, 4C




	
P

	
1C, 3.75C




	
Charge C-rate

	
LCO

	
J

	
1A (0.91C), 3A, 5A (4.5C)




	
O

	
1C, 1.2C, 1.4C




	
LFP

	
K

	
1A (0.91C), 3A, 5A (4.5C)




	
G

	
C/3, 1.5C




	
P

	
1C, 3.75C




	
Charge cut-off current

	
LCO

	
A

	
C/5, C/40




	
O

	
0 min, 28 min, 53 min, 100 min




	
Charge cut-off voltage

	
LCO

	
J

	
4.15 V, 4.1 V, 4.05 V, 4.0 V, 3.9 V




	
LFP

	
K

	
3.65 V, 3.6 V, 3.55 V, 3.5 V, 3.4 V
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Table 3. Battery specification and testing information.
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Battery

	
Battery Specifications

	
Stress

	
Testing Procedures and Conditions






	
A

	
Normal capacity: 3.36 Ah

Cut-off voltage: 4.4 V/3.0 V

Positive electrode: LCO

Negative electrode: graphite

	
Temperature:

25 °C, 45 °C, 60 °C

	
Charge: CC 1.5C to 4.2 V, CV to 1C, then CC 1C to 4.4 V, CV to Ccut-off

Discharge: CC C

discharge to 3.0 V

Charge cut-off current (Ccut-off): C/5, C/40

Discharge constant current (Cdischarge): 0.7C, 1.0C, 2.0C




	
Charge cut-off current:

C/5, C/40




	
Discharge constant current:

0.7C, 1.0C, 2.0C




	
B

[19]

	
Normal capacity:1.8 Ah

Cut-off voltage: 4.2 V/2.0 V

Positive electrode: LCO

Negative electrode: carbon

	
Temperature:

25 °C, 45 °C, 50 °C, 55 °C

	
Charge: CC 1 A to 4.2 V, CV to 50 mA; discharge: CC 1 A to 2.0 V under 25 °C, 45 °C, 50 °C, and 55 °C.




	
G

[20]

	
Nominal capacity: 11 Ah

Cut-off voltage: 3.65 V/2.0 V

Positive electrode: LFP

Negative electrode: graphite

	
Temperature: 45 °C, 30 °C

	
(1) Charge CC C/3 to 3.65 V, then CV to C/10; discharge CC C/3 to 2.0 V under 45 °C.

(2) Charge CC C/3 to 3.65 V, then CV to C/10; discharge CC 4C to 2.0 V under 30 °C.

(3) Charge CC 1.5C to 3.65 V, then CV to C/10; discharge CC C/3 to 2.0 V under 30 °C.

(4) Charge CC C/3 to 3.65 V, then CV to C/10; discharge CC 4C to 2.0 V under 45 °C.

(5) Charge CC 1.5C to 3.65 V, then CV to C/10; discharge CC C/3 to 2.0 V under 45 °C.

(6) Charge, CC 1.5C to 3.65 V, then CV to C/10; discharge CC 4C to 2.0 V under 30 °C.




	
Charge C-rate: 1.5C, C/3




	
Discharge C-rate: 4C, C/3




	
J

[20]

	
Nominal capacity: 1.1 Ah

Cut-off voltage: 4.1 V/2.5 V

Positive electrode: LiNiCoMnO2 + LCO

Negative electrode: graphite

	
Charge C-rate: 1 A, 3 A, 5 A

	
Charge CC 1/3/5 A to 4.1 V, then CV to 100 mA; discharge CC 3 A to 2.5 V under 25 °C.




	
Charge cut-off voltage:

4.15 V, 4.1 V, 4.05 V, 4.0 V, 3.9 V

	
Charge CC 3 A to CV, then CV to 100 mA; discharge CC 3 A to 2.5 V under 25 °C.




	
K

[21]

	
Nominal capacity: 1.1 Ah

Cut-off voltage: 3.6 V/2.0 V

Positive electrode: LFP

Negative electrode: graphite

	
Charge C-rate: 1 A, 3 A, 5 A

	
Charge CC 1/3/5 A to 3.6 V, then CV to 100 mA; discharge: CC 3 A to 2.0 V under 25 °C.




	
Charge cut-off voltage:

3.65 V, 3.6 V, 3.55 V, 3.5 V, 3.4 V

	
Charge CC 3 A to CV, then CV to 100 mA; discharge CC 3 A to 2.0 V under 25 °C.




	
O

[8]

	
Rated capacity: 900 mAh

Cut-off voltage: 4.2 V/2.75 V

Positive electrode: LCO

Negative electrode: graphite

	
CV charge period: 0 min, 28 min, 53 min, 100 min

	
Charge CC 1C to 4.2V, CV hold thp; discharge CC 1C to 2.75 V under 25 °C.




	
Charge C-rate: 1C, 1.2C, 1.4C

	
Charge CC to 4.2 V, CV hold 2.5 h; discharge CC 1C to 2.75 V under 25 °C.




	
Discharge C-rate:

1C, 1.1C, 1.3C, 1.5C, 2.0C

	
Charge CC 1C to 4.2 V, CV to 90 mA; discharge CC to 2.75 V under 25 °C.




	
P

[22]

	
Rated capacity: 2.3 Ah

Manufacturer: A123 Systems

Positive electrode: LFP

Negative electrode: graphite

	
Temperature:

	
(1) Charge CC 1C to SOC 100%; discharge CC 1C to SOC 0% under 23.5 °C.

(2) Charge CC 1C to SOC 100%; discharge CC 1C to SOC 0% under 32.5 °C.

(3) Charge CC 2C to SOC 100%; discharge: CC 2C to SOC 0% under 26.1 °C.

(4) Charge CC 2C to SOC 100%; discharge: CC 2C to SOC 0% under 34.4 °C.

(5) Charge CC 2C to SOC 100%; discharge: CC 2C to SOC 0% under 46.9 °C.

(6) Charge CC 3.75C to SOC 100%; discharge: CC 3.75C to SOC 0%, under 29.2 °C.

(7) Charge CC 3.75C to SOC 100%; discharge: CC 3.75C to SOC 0%, under 35.6 °C.

(8) Charge CC 3.75C to SOC 100%; discharge: CC 3.75C to SOC 0%, under 52.8 °C.

(9) Charge CC 1C to SOC 100%; discharge CC 3.75C to SOC 0% under 34.1 °C.

(10) Charge CC 1C to SOC 100%; discharge CC 3.75C to SOC 0% under 25.0 °C.

(11) Charge CC 1C to SOC 100%; discharge: CC 3.75C to SOC 0% under 46.6 °C.

(12) Charge CC 3.75C to SOC 100%; discharge: CC 1C to SOC 0% under 33.5 °C.

(13) Charge CC 3.75C to SOC 100%; discharge: CC to SOC 0% under 23.3 °C.

(14) Charge CC 3.75C to SOC 100%; discharge: CC to SOC 0% under 46.7 °C.




	
Charge C-rate:

1C, 3.75C




	
Discharge C-rate:

1C. 3.75C
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