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� Studied the path dependence of aging of lithium ion batteries.
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� Cell degradation and its path dependence are illustrated in a quantitative manner.
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a b s t r a c t

There is a growing need to provide more realistic and accurate State of Health estimations for batteries in
electric vehicles. Thus, it is necessary to research various lithium-ion cell aging processes, including cell
degradation and related path dependence. This paper focuses on quantitative analyses of cell aging path
dependence in a repeatable laboratory setting, considering the influence of duty cycles, depth of
discharge (DOD), and the frequency and severity of the thermal cycle, as reflected in pure electric buses
operated in Beijing. Incremental capacity analysis (ICA) and differential voltage analysis (DVA) are
applied to infer cell degradation mechanisms and quantify the attributions to capacity fade. It was
observed that the cells experienced a higher rate of aging at 80% DOD and an accelerated aging at 40 �C in
the thermal cycling, as a result of possible loss of active material (LAM) in both electrodes, in addition to
the loss of lithium inventory (LLI) and inhibited kinetics. The slight capacity fade from low-temperature
extremes likely caused by LLI due to lithium plating, whereas the noticeable fade after the high-
temperature excursion was likely caused by LAM and hindrance to kinetics. These results may lead to
improved battery management in EV applications.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Due to the energy crisis and the global commitment to reduce
greenhouse gas emissions, advanced lithium-ion battery systems
are currently being developed for electrical vehicles (EVs), hybrid
electric vehicles (HEV), and smart grid applications. However, to
satisfy the operation voltage and traction power needs, battery
systemsmust now be designed for complex, larger-scale operations
in multi-cell configurations. To avoid the adverse effect of cell
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inconsistency on battery pack performance, and to prolong the
service life of both pack and cells, an advanced battery manage-
ment system (BMS) plays a vital role in improving battery perfor-
mance, safety, and reliability [1,2].

One of the most important key functions of a BMS is to achieve
an accurate SOH estimation, which is beneficial not only for effi-
cient energy management, but also for the diagnosis and prognosis
of battery performance. In recent years, since SOH is often indicated
by capacity fade and power fade, many approaches to estimating
SOH are based on the estimation of battery parameters. Plett did
extensive work to investigate the use of the extended Kalman filter
(EKF) and sigma-point Kalman filter (SPKF) to estimate battery
parameters and state, including resistance and capacity [3,4]. Xiong
et al. [5] proposed a data-driven multi-scale EKF approach that is
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robust in estimating capacity and SOC of degrading battery. Kim
et al. [6] combined dual extended Kalman filter (DEFK) and pattern
recognition as an application of Hamming Neural Network to
identify suitable battery model parameters for improved SOC/ca-
pacity estimation and SOH prediction. A support vector machine
(SVM) algorithm is implemented and coupled with a dual filter
consisting of an interaction of a standard Kalman filter and an
Unscented Kalman filter by the authors in Ref. [7]. The authors in
Ref. [8] presented an online battery SOH estimation method using
the identified diffusion capacitance based on Genetic Algorithm.
The “black box” based methods were also applied to estimate the
battery capacity. The authors in Ref. [9] proposed an empirical ca-
pacity estimation model based on the DempstereShafer theory and
the Bayesian Monte Carlo method for battery SOH estimation. Hu
et al. [10] proposed an improved sample entropy based capacity
estimator for prognostic and health management of Li-ion batte-
ries. The aging datasets of eight cells under three different tem-
peratures were used to establish and evaluate the estimator.

However, batteries' life and associated degradation mechanisms
are strongly dependent on battery architecture, load profile, and
control strategies [11]. Particularly, the influence of uncertainty in
the load profile during the real-world battery operations have been
ignored in most of these models, which may compromise effec-
tiveness in real EV applications [11]. Thus, a greater understanding
of aging processes including cell degradation and related path
dependence in the conditions specific to EV or HEV applications is
desired [12].

Unfortunately, the majority of cell tests are designed to evaluate
cell behavior and degradation without the consideration of path
dependence in the aging processes. Most of the analyses on cell
degradation are ex suit and conducted by postmortem character-
izations, which involves the destruction of cells [13]. The post-
mortem analysis may reveal the cause of degradation, but most of
the analysis results do not provide temporal resolution and corre-
lation with the underlying mechanism, which may lead to the
extent of aging path-dependent [13]. Furthermore, they cannot be
applied to the BMS for a better diagnosis of battery aging and SOH
estimation.

To strive for more clarity on such issues, Dubarry et al. [12e15]
recently used electrochemical characterization and analysis tech-
niques, primarily analysis of incremental capacity (IC), i.e. dQ/
dV¼ f(V), to derive time-correlated degradation behavior under the
cycle aging conditions to provide better understanding of the cell
aging process. Honkura et al. [16] and Bloom et al. [17e19]
preferred to use the analysis of differential voltage (DV), i.e. dV/
dQ ¼ f(Q). Both these two in suit techniques can yield similar in-
formation for better understanding of the degree of cell degrada-
tion in a quantitative manner. Furthermore, since the IC curves and
DV curves can be derived from the constant current charge curves,
which can be easily obtained from the slow charge regime of EV,
they have the potential to achieve better online diagnosis perfor-
mance of battery aging.

The aging mechanisms of LixMn2O4 (LMO) based cells have been
studied in the literature [20e27]. Most plausible aging mechanisms
reported in the literature can be categorized into three types,
including loss of active material (LAM), loss of lithium inventory
(LLI) and degradation in kinetics (ohmic and faradic resistances)
[14]. LAM can be induced by changes or even damage in the active
material structure, or dissolution of transition metal Mn into the
electrolyte [14,20e23]. The main origin of LLI could be due to the
formation of solid-electrolyte interphase (SEI) layers or lithium
plating [14,24e26]. The degradation in kinetics mainly arises from
the slowing down of the charge transfer, or the reduction of elec-
trode contact and electrolyte conductivity [14,27]. LLI commonly
occurs when lithium-ions are partially consumed by parasitic
reactions in the charge regime, resulting in the growth of the SEI
layer on the negative electrode (NE) [14]. But LAM may occur in
both charge and discharge regime that arises from the changes in
both positive electrode (PE) and NE.

It should be noted that this study is carried out to quantify field-
type aging path dependence in a repeatable laboratory setting
while considering actual field conditions of pure electric bus ap-
plications in Beijing, but not to research the aging mechanisms of
LMO-based cell. A set of aging path dependence studies have been
initiated by Gering et al. [28] that focus on fundamental factors,
including magnitude and randomness of power pulses, and
magnitude and frequency of the thermal cycling. While those
studies were based on a generalized consideration of the use of
lithium-ion battery in PHEV-type applications, our work focuses on
the quantitative analysis of aging path dependence associated with
the conditions under which pure electric buses operate in Beijing.
There will be more than 2000 electric buses operated in Beijing in
the next few years. This study will be able to provide a more real-
istic and accurate SOH estimation and life prediction, as well as
provide a basis for improving battery application and management
in the Beijing pure electric bus. Due to the fixed operation route and
mileage after each charge regime, the main aging factors in the
Beijing pure electric bus involve the nature of duty cycles, DOD, and
the frequency and severity of thermal cycles. Using the ICA and DVA
techniques, these factors are studied in a controlled and repeatable
laboratory setting to identify the path dependence of aging
mechanisms by accounting for the influence of actual field
conditions.

2. Experimental conditions

2.1. Aging path dependence

Aging path dependence is an important factor for EV or HEV
applications in which batteries are used in dynamic, variable con-
ditions. The sequence of aging conditions, as well as the nature of
aging conditions, directly influences the rate of aging along the
timeline [28]. Lithium-ion cells in a vehicle configuration will
experience various combinations of usage and rest periods over a
wide range of temperatures and SOC. The initial cell inconsistency,
different series and parallel connections, and different locations in
the vehicle can result in each cell in the battery packworking under
different conditions, especially temperature. Therefore, each of the
cells will experience a different aging path to a different final aging
state.

A total of 100 LiMn2O4 battery modules (four 90 Ah cells are
paralleled in one 360 Ah batterymodule) dissembled from a Beijing
Olympic Games pure electric bus have been tested. It should be
noted that electric buses from the Beijing Olympic Games have
been operated for more than five years as Beijing Route No. 90
buses, and the battery packs used in these buses have been
replaced once. A huge difference of capacity and ohmic resistance
changes are presented in Fig.1. Themaximumdifference of capacity
and the ohmic resistance between the new battery modules are
10 Ah and 0.05 mU, respectively, but the maximum difference be-
tween the eliminated battery modules increased to 30 Ah and
0.216 mU, respectively. We also find that the rates of resistance
increase and capacity fade are not related. There is high capacity
fade in a battery module with a small increase in resistance, while a
battery module with low capacity fade experiences a large increase
in resistance. The cells are in different aging states throughout the
different fade rates. Thus, it is inaccurate to estimate SOH based
solely on capacity or resistance.

Two possible ways to regarding path dependence of cell aging
are illustrated in Fig. 2, where the relative capacity loss is shown



Fig. 1. Scatter plot of battery capacity fade with ohmic resistance increasing.

Fig. 3. The simplified testing profile of the No. 90 pure electric bus derived by principal
component analysis.

Z. Ma et al. / Journal of Power Sources 274 (2015) 29e40 31
against time, exhibiting four distinct aging regions under the
different rearrangements of aging conditions. Path 1 is an idealized
plot of the cell aging process. The reference extent of capacity loss is
shown in the fourth region, in which the longest usage time is
achieved. However, in a field-type application, a random rear-
rangement of aging stages is not guaranteed to result in an identical
loss of capacity at the end of the fourth period. Similar to Path 2, the
fourth period may arrive earlier, possibly due to the exposure of the
cell to extremely high temperatures, which results in the realiza-
tion of the reference extent of capacity loss in advance. Given such
knowledge, through the control of working conditions such as
temperature and SOC in a certain range, an optimal path would
minimize cell degradation while meeting performance goals,
thereby maximizing cell life [28]. In order to control the working
conditions, a greater understanding of aging path dependence
under the conditions specific to EV or HEV applications is desired.
Due to the fixed operation route and mileage of the Beijing electric
bus after each charge regime, the main aging factors considered for
this study's experimental design include the influence of duty cy-
cles, DOD, and the frequency and severity of thermal cycles in the
Beijing pure electric bus service.

2.2. Duty cycle and DOD

In order to bridge the gap between laboratory test conditions
and the actual operating conditions of pure electric buses in Beijing,
we used the Beijing dynamic stress test (BJDST) schedule, which is
derived from the operation data of the Beijing No. 90 electric bus, as
the duty cycle in the thermal cycling. In our previous work, the one-
year operation data of a Beijing No. 90 electric bus was analyzed
using the principal components analysis while considering the
power distribution of the electric bus during operation. Then,
referring to the DST, the 900 s simplified BJDST was derived to
reflect the operation characteristics of Beijing electric bus, as shown
in Fig. 3 [29]. It is worth noting that the BJDST reveals a variety of
information about the operation and utilization patterns of the
electric bus, including the average powers and their durations of
Fig. 2. Generalized diagram of two possible aging paths, illustrating four distinct pe-
riods of different aging conditions.
idling, acceleration, constant speed and deceleration, the standard
deviation of power distribution, and the minimum and maximum
instantaneous powers. In Fig. 3, the upper curve, corresponding to
the left Y-axis, shows the current profile of the BJDST derived by the
principal components analysis; the lower curve, corresponding to
the right Y-axis, shows the associated and simplified current profile
of the BJDST for the battery test in the paper.

After a full charge regime and the completion of one cycle of the
driving route, the SOC of the Beijing No. 90 electric bus's battery is
between 60% and 70%. When the bus completes two cycles, the
battery's SOC is between 30% and 40%. In order to simulate the
characteristics of operation mileage and the number of operation
cycles after each charge regime, we select two SOC rangesd50-
100% and 20-100%dfor the battery test in the discharge regime
using the BJDST schedule.

2.3. Temperature

Cell performance in thermal excursions and thermal aging is an
important subject that must be considered, because EVs are oper-
ated in a variety of extreme temperature conditions [30]. There are
two aspects that affect the temperature conditions of the battery
system in an EV: the weather condition of the city or region in
which the EV operated, and the structural design and installation of
the battery pack in the EV.

Fig. 4, which shows the temperature changes in Beijing from
January 1, 2011 to June 30, 2012, provides the base temperature for
the battery test. However, thermogenesis and thermolysis, which
are two complex processes that occur in the cell during the charge
and discharge regimes, result in different degrees of temperature
increase when the cell is used at different rates and temperatures.
Fig. 5(a) shows the changes in the cell's surface temperature during
constant rate charge regimes at 25 �C and C/3, C/2 and 2C/3. The rise
in the cell's surface temperature as a function of SOC at different
charge rates follows the trend as expected: the higher the charge
rate, the higher the increase in surface temperature. Fig. 5(b) shows
Fig. 4. The daily temperature in Beijing from 1/1/2011 to 6/30/2012.



Fig. 5. The surface temperature rise of the cell (a) at 25 �C for the constant rate charge regimes at C/3, C/2 and 2C/3, (b) in the discharge regimes at 2C/3 at temperature of 10 �C,
25 �C and 40 �C.

Table 2
The matrix of cell tests for path dependence study.

Test
condition

Test type Number
of cells

Temperature
range

DOD Duty cycle

1 Isothermal
thermal cycling

2/2 10 �C 50%/80% BJDST

2 Isothermal
thermal cycling

2/2 25 �C 50%/80% BJDST

3 Isothermal
thermal cycling

2/2 40 �C 50%/80% BJDST

4 Mild thermal
cycling

2/2 10e40 �C 50%/80% BJDST

5 Sever thermal
excursion

2 0e60 �C 100% Constant
current
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the changes in the cell's surface temperature during the constant
rate discharge regimes at 2C/3 and 10 �C, 25 �C and 40 �C. Since the
ambient temperature increases, the polarization resistance e

which includes both ohmic and faradaic resistance e decreases,
leading to a decrease in heat generation, thereby resulting in a
greater increase in the cell's surface temperature at 10 �C than at
40 �C.

Although the cell's surface temperature during the charge and
discharge regimes at different rates and ambient temperatures
does not rise substantially, partial cells in the battery pack may be
exposed to extremely higher temperatures due to the battery's
problematic structural design and ineffective cooling system. Thus,
considering the weather conditions and the possibility of uneven
thermal distribution in the battery pack, 10 �C, 25 �C and 40 �C are
chosen as the temperature conditions in the isothermal thermal
cycling. These temperatures, which are associated with the mean
temperature of each month in Beijing, as shown in Table 1, aim to
simulate the temperature conditions of the four seasons during
which the electric bus is operated.

In accordance with the typical, real-world operation of the
vehicle, the batteries will start out cool or cold, gradually warm up
to normal temperatures at which they will operate for some time,
and then cool down after the vehicle is turned off [28]. Therefore,
we propose to quantify the effects of thermal excursions on
lithium-ion batteries by accounting for extreme high and low
temperatures (0 �C and 60 �C, respectively) in the field conditions.

3. Experimental

Eighteen 90 Ah commercial lithium-ion cells composed of a
graphite negative electrode and an LMO positive electrode have
been studied in this work. All of the LiMn2O4 cells were provided by
the same manufacturer that supplied the cells chosen for the Bei-
jing pure electric buses.

Using a series of charge and discharge regimes at C/3, the cells
were all subjected to a conditioning process to determine the actual
initial capacity. This process was not terminated until the capacity
was stabilized within ±0.2% between two consecutive cycles. The
cells can typically be conditioned within 3e6 cycles [12]. Subse-
quently, the cells were divided into nine groups and subjected to
different types of thermal cycling and excursion at 50%, 80% and
100% DOD, respectively. Table 2 shows thematrix of test conditions,
where temperature range refers to the ambient temperature sur-
rounding the cells while in their environmental chambers.
Table 1
Selected temperatures for the battery test associated with the mean temperature of each

Month 1 2 3 4 5

Mean temperature/�C �4.6 �2.2 4.5 13.1 19
Selected test temperature/�C 10 10 10 25 25
From the first to the fourth test condition, a total of 16 cells in
eight groups were selected from the same batch and employed in
the path dependence study. All cells in these tests were recharged
using a constant current (CC) at C/3 step to 4.2 V, followed by a
constant voltage (CV) step at 4.2 V until the termination current of
C/20 was reached [12], and then discharged using the BJDST
schedule. There were two groups in each test condition in which
the cells were discharged until the 50% and 80% DODwere reached,
respectively. The cells were subjected to isothermal thermal cycling
at three selected temperatures (10 �C, 25 �C and 40 �C) in the first
three test conditions. In the fourth test condition, the cells were
subjected to mild thermal cycling at a dynamic temperature (DT),
where the temperature was changed repeatedly in a certain fre-
quency to simulate a season change inwhich 10 �C was maintained
for two days, then changed to 25 �C for one and a half days, and
then 40 �C for two days. For every 50 cycles at 50% DOD and for
every 42 cycles at 80% DOD, capacity characterization was per-
formed at 25 �C to investigate the capacity fade in the first four test
conditions. The capacity at a rate of C/3 was measured using 5 cy-
cles. In order to reach a thermal equilibrium for the cell before and
after capacity testing, the cell was allowed to rest for 4 h when the
temperature was changed. Rest time between the charge and
discharge regime was 2 h in the capacity test.

In terms of the fifth test condition, two cells were selected from
another batch and subjected to additional reference performance
tests (RPTs) at C/20, C/3, C/2, 2C/3 and 1C cycle regimes at different
temperatures in the following excursion: 25 �C, 0 �C, 25 �C, 40 �C,
60 �C, and 25 �C. Whenever the temperature changed, the cell was
allowed to rest for 4 h in order to reach a thermal equilibrium. In
month in Beijing.

6 7 8 9 10 11 12

.8 24 25.8 24.4 19.4 12.4 4.1 �2.7
40 40 40 25 25 10 10



Fig. 6. (a) Capacity retention QC/n and (b) retention of charge return QccC/n in constant current charge regime as a function of rate in the thermal excursion from 0 �C to 60 �C.
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each isothermal regime, an RPT with charge and discharge cycles at
five different rates and 100% DOD was conducted. With the excep-
tion of the cell cycled at C/20, which was charged using a CC step to
4.2 V, the cell cycled at other rates was charged using the CCeCV
regime at different rates. A 2-h rest period was imposed between
any charge or discharge regime to determine the rest cell voltage
(RCV) at the end-of-charge (EOC) or the end-of-discharge (EOD).
After the rest, the residual capacity in the cell at the EOD was
measured subsequently by a CC step at C/20 until 3 V (the cutoff
voltage) was reached again. Then, the cell was allowed another 2-h
rest to determine the RCV, which corresponded to the start point of
the next regime and denoted as the beginning-of-charge (BOC).
There were three reference points (the initial, midpoint and final
RPTs) at 25 �C to analyze and quantify the effects of the low- and
high-temperature branch excursions (LTBE and HTBE) [30].
4. Results

4.1. Cell performance at different isothermal regimes in the thermal
excursion

Fig. 6(a) shows the capacity retention QC/n as a function of
temperature and rate in the thermal excursion. This follows the
trend from 0 �C to 40 �C as expected: the higher the temperature,
the better the kinetics, and the larger the capacity. However, the
difference in capacity between C/20 and 1C decreases as the tem-
perature rises from 0 �C to 40 �C, but increases as the temperature
rises from 40 �C to 60 �C. Capacity fade occurred slightly at 40 �C,
but more significantly at 60 �C. Fig. 6(b) presents the retention of
charge return QccC/n in the CC charge regime as a function of
temperature and rate in the thermal excursion. Below 25 �C, due to
the limited voltage range imposed by the test, which ensures that
the cell stays within the electrolyte stability range [30], the cell
could only be charged partially at rates higher than C/20. Overall,
the QccC/n follows the same trend as QC/n up to 60 �C.

Fig. 7 displays the evolution of RCVs in the discharge regimes in
the thermal excursion. There are three sets of curves displayed in
Fig. 7. Rest cell voltages in the discharge regimes as a function of rate in the thermal
excursion from 0 �C to 60 �C.
the plot: the first set is the RCVBOD, the second is the RCVEOD at the
cutoff voltage, and the third is the RCVBOC after residual capacity
measurements. The RCVBOD is similar at all rates, indicating that the
CCeCV charge protocol ensures that the cell could be recharged at
nearly the same capacity. The evolution of the RCVEOD follows the
same trend as that of QC/n. After the residual capacity measure-
ments, the RCVBOC returns to similar value for at all rates. Thus, the
protocol in the test regimes warrants the comparison of capacity
variations among various test regimes valid and free from bias from
prior regimes [30].

4.2. Cell performance at 25 �C through the thermal excursion

The evolutions of the three RPTs at 25 �C are useful indicators for
identifying the extent of cell degradation. The cell capacity is
92.75 Ah at C/20 and 92 Ah at 1C in the initial RPT at 25 �C. Fig. 8
shows the evolution of cell capacity as a function of rate for the
three RPTs at 25 �C. The LTBE leads to 0.4% capacity fade, which
means the cell capacity fades to 92.4 Ah. The HTBE results in 6.3%
capacity fade; in the other words, the cell capacity fades to 86.6 Ah.
The Peukert curves of the three RPTs are almost parallel. Thus, the
capacity fade is unlikely a result of kinetic degradation.

4.3. Cell capacity fade in different thermal cycling

Fig. 9 exhibits the capacity fades of the cells cycled at different
temperature conditions in different thermal cycling, which are
measured from the capacity test using the C/3 rate at 25 �C as a
function of the cycle number. The charge capacity fade of the cell
(#13) cycled at 50% DOD and 40 �C is denoted as Z13-
C(DOD50_T40) in the figure, for example. Fig. 9(c) shows that the
cells cycled at 40 �C experience three stages in the cycle aging,
while the other cells are still in the second stage. In the first stage,
the cell undergoes the activation process for up to 100 cycles. The
capacity remains intact and even increases slightly in the begin-
ning, before decreasing to the initial value in other thermal cycling.
In the second stage, the capacity decreases steadily for up to 350
Fig. 8. Peukert behavior of the cell determined from the initial, midpoint and final
RPTs at 25 �C.



Fig. 9. Capacity fade of the cells (a) cycled at 10 �C, (b) cycled at 25 �C, (c) cycled at 40 �C, (d) cycled at dynamic temperature in different thermal cycling, measured from capacity
testing using C/3 rate at 25 �C, as a function of the cycle number.

Fig. 10. Capacity fade of the cells (a) cycled at 50% DOD, (b) cycled at 80% DOD in different thermal cycling, measured from capacity testing using C/3 rate at 25 �C, as a function of
the cycle number.
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cycles. Beyond 350 cycles, the capacity loss accelerates in the third
stage. Fig. 9(b) shows that the cells cycled at 25 �C at different DOD
fade at almost the same rate for up to 350 cycles. The cell cycled at
80% DOD shows slightly more capacity fade than the cell cycled at
50% DOD. This phenomenon is also found in the cells cycled at other
temperature conditions, excluding the cells cycled at 10 �C. This is
likely because the actual capacity of the cell cycled at 10 �C and 80%
DOD is slightlymore than the cell cycled at 10 �C and 50% DOD after
the activation stage.

Fig. 10 exhibits the capacity fades of the cells cycled at different
DOD in different thermal cycling. As expected, the cells cycled at
40 �C show the fastest rate of capacity fade. The cells cycled at 50%
DOD and the other three temperature conditions fade at nearly the
Fig. 11. (a) Voltageecapacity curves and (b) IC signatures of t
same rate, as exhibited in Fig. 10(a). The fade rate of the cells cycled
at 80% DOD increase with the rise of temperature, as shown in
Fig. 10(b).

5. Discussion

5.1. IC and DV analysis

The IC curve is derived from a capacity change associated with a
successive voltage step (dQ/dV) in the charge or discharge volta-
geecapacity curve. Each IC peak in the IC curve, representing an
electrochemical process that takes place in the cell, has a unique
shape, intensity and position [15]. Any change in position and shape
he charge and discharge regimes at C/20, C/3 and 25 �C.



Fig. 12. Voltageecapacity curve and related differential voltage signature of the con-
stant current charge regime at C/3 and 25 �C.
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of an IC peak is a symptom of cell aging. Fig. 11 presents the vol-
tageecapacity curves and related incremental capacity signatures
of charge and discharge regimes at C/20, C/3 and 25 �C. The IC peaks
observed in the IC curves correspond to the staging in the graphite
negative electrode, convoluted with phase transformation on the
positive electrode [12e15]. In the NE, the lithium intercalation
transforms C to LiC6 in at least five distinct staging processes
[12,13,15], noted as⑤-①. In the PE, two phase transformations take
place in LiMn2O4 at 4.1 V and 4.0 V, respectively [12,13], noted as І
and ІІ. Due to the distinct staging processes in the NE, the IC peak
corresponding with reaction ІІ in the PE is split into three peaks, as
shown in the IC curve (black and solid line) in Fig. 11(b). The same
phenomenon happens in the NE. Thus, the peak indexed as ①+І
represents reaction ① in the NE convoluting with reaction І in the
PE. The IC curves show greater sensitivity than the conventional
charge and discharge curves that allow us to probe any gradual
changes of cell behavior during the thermal aging.

In order to track the SOH and cell fade, the IC curves are ach-
ieved by charging or discharging the cell at a very low rate such as
C/25, which ensures a more accurate understanding of aging
mechanisms [14]. However, the charging current of the cell is
generally larger than C/25 in field-type applications. It should also
be noted that it is difficult to obtain accurate IC curves from the
dynamic and complex discharging process that depend on the
driving cycles. The electric bus is generally recharged in a charging
station using the traditional CCeCV regime. In this study, the aging
mechanisms were mainly identified using the IC curves derived
from C/3 charge curves, which aimed tomake it easier to be applied
to the BMS for the EV applications.
Fig. 13. Evolution of the IC curves for the cells cycled at (a) 40 �C and 50% DOD, (b) 10 �C a
testing using C/3 rate at 25 �C, as a function of the cycle number.
We found that there are only three obvious IC peaks in the IC
curve of charge regime at C/3 (red and dashed line in the web
version) shown in Fig. 11(b), noted as ①+І, ②+ІІ, ⑤+ІІ, respec-
tively. The area under each peak represents the whole incremental
capacity involved in the associated reaction. Although IC curves
may help to better understand cell degradation, contribution
quantification of capacity fade might be easier to accomplish using
the DV curves. Fig. 12 shows the voltageecapacity curve and related
differential voltage signature of the CC charge regime at C/3 and
25 �C. In the DV curve, those staging phenomena become valleys
while the DV peaks represent non-stoichiometry in the single-
phase regions (solid solution) [14]. The DV curve is naturally
divided into three regions by the DV peaks, where each region
corresponds to the capacity of a phase transformation involved in
the reaction. The charging capacity corresponding to each region,
noted as QA, QB and QC, are associated with the areas under the
peaks ⑤+ІІ,②+ІІ and①+І, respectively, in the IC curve. Next, the
aging mechanism of the cell can be similarly analyzed by investi-
gating the changes in QA, QB and QC [31]. It should be noted that the
fidelity of the IC and DV curves are sensitive to the resolution of the
data acquisition system [12]. Thus, in this study, the IC and DV
curves are smoothed out to remove noise using the SavitzkyeGolay
filter with a third-order polynomial curve piecewise with a moving
window.

5.2. Effect of temperature on the cell capacity fade in different
thermal cycling

Fig. 13 shows the comparison of IC curves for the cells cycled at
40 �C, 10 �C and 50% DOD in different thermal cycling, which are
derived from the charge regimes in the capacity test using C/3 rate
at 25 �C, as a function of the cycle number. It is important to realize
that the IC peak①+І is a useful status indicator for lithium content
and intercalation kinetics in the graphite NE during charging, and
the peak's changes are mainly due to the LLI process [12e15]. The
degradation of the IC peak⑤+ІІ is likely a result of the LAM process
[12e15]. In the case of the cell cycled at 40 �C and 50% DOD, the
peak positions increase significantly in the IC curves, indicating a
significant increase in polarization in the cell, as shown in Fig. 13(a).
After 450 cycles, the polarization increases to such an extent that
the reaction corresponding to peak ①+І is not completed or does
not even occur at the charging cut-off voltage of 4.2 V. The related
phase transformation process is performed in the CV charge step,
thus the peak ①+І disappears from the IC curve, as indicated by *
in Fig. 13(a). Finally, the process results in LLI in the CC charge step.
It should be noted, however, that the capacity loss in the CC charge
step is more than the total capacity loss, because the charge ca-
pacity in the CV charge step increases with the expanded period in
the CV charge step. Thus, partial capacity loss due to LLI in the CC
charging can be recovered in the CV charging. It can be seen clearly
that not only the intensities of the three peaks decrease, but the
nd 50% DOD in different thermal cycling, derived from the charge regimes in capacity



Fig. 14. Evolution of the DV curves for the cells cycled at (a) 40 �C and 50% DOD, (b) 10 �C and 50% DOD in different thermal cycling, derived from the charge regimes in capacity
testing using C/3 rate at 25 �C, as a function of the cycle number.

Fig. 15. Evolution of QA, QB and QC for the cells cycled at (a) 40 �C and 50% DOD, (b) 10 �C and 50% DOD in different thermal cycling, derived from the DV curves, as a function of the
cycle number.
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intensity of peak ①+І decreases more than the others, implying
that the capacity fading also comes from an LLI in addition to a
possible LAM. In the case of the cell cycled at 10 �C and 50% DOD,
the peak positions were gradually shifted as a result of increasing
polarization, but not to the same degree as the cell cycled at 40 �C.
The interfacial kinetics are slowed, as indicated by the broadening
of peak ⑤+ІІ, which may be related to the SEI destabilization and
the disorder of the graphite surface over aging [15]. The intensity of
the three peaks has been diminishing obviously as well, suggesting
Fig. 16. Evolution of normalized QA, QB and QC for the cells cycled at (a) 40

Fig. 17. Evolution of the IC curves for the cells cycled at (a) 50% DOD and 25 �C, (b) 80% DOD
using C/3 rate at 25 �C, as a function of the cycle number.
that the capacity fading mainly comes from LLI besides a possible
LAM.

We can obtain the same conclusion from the DV curves [16e19],
as shown in Fig. 14. The evolution of the DV curves also indicates
that an LAM has occurred [14]. Furthermore, it is easier to quantify
the respective losses in capacity corresponding to the three peaks
in the IC curves using the DV analysis. Fig. 15 presents the evolution
of QA, QB and QC for the cells cycled at 40 �C, 10 �C and 50% DOD in
different thermal cycling, which are derived from the DV curves as a
�C and 50% DOD, (b) 10 �C and 50% DOD in different thermal cycling.

and 25 �C in the thermal cycling, derived from the charge regimes in capacity testing



Fig. 18. Evolution of the DV curves for the cells cycled at (a) 50% DOD and 25 �C, (b) 80% DOD and 25 �C in the thermal cycling, derived from the charge regimes in capacity testing
using C/3 rate at 25 �C, as a function of the cycle number.

Fig. 19. Evolution of normalized QA, QB and QC for the cells cycled at (a) 50% DOD and 25 �C, (b) 80% DOD and 25 �C in the thermal cycling.
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function of the cycle number. QA, QB, and QC decrease significantly.
QA and QB decrease at nearly the same rate, indicating that the
capacity loss arises from the LAM in the NE. QC decreases at an even
higher rate, indicating that an LLI exists in addition to the LAM.
Fig. 16 exhibits the evolution of normalized QA, QB and QC. In the
case of the cell cycled at 40 �C and 50% DOD, there are three stages
of LAM through about 500 cycles, as shown in Fig. 16(a). This cor-
responds exactly to the three stages of cycle aging. The capacity
fade due to LLI follows a linear relationship throughout nearly all
the stages of cycle aging, as derived from the test data. We can see
that the fade curve of normalized QC is almost parallel to the curves
of normalized QA and QB. Thus, the increasing rate of LAM in the
Fig. 20. Evolution of normalized QA, QB and QC for the cells cycled at (a) 40 �C and 80% DO
perature and 80% DOD in the thermal cycling.
third stage accelerates the capacity fade. In high temperatures,
Mn2þ can be easily dissolved into electrolytes, resulting in the loss
of electrolytes and LAM, as well as structural damage to the cathode
[25e27]. For the graphite-NE based cell, Mn2þ may be conducted to
the NE and reduced on the surface due to the lower potential of NE,
consequently thickening the SEI layer and resulting in a continuous
capacity loss and polarization increase [25e27]. Thus, we have
reason to believe that an LAM occurs in both electrodes in the third
stage of cycle aging at 40 �C.

In the case of the cell cycled at 40 �C and 50% DOD, where 50.6%
of the capacity loss in the CC charge step was measured after 500
cycles, the capacity fade from LLI contributes 18.5% of the capacity
D, (b) 10 �C and 80% DOD, (c) dynamic temperature and 50% DOD, (d) dynamic tem-



Table 3
Statistical integrated values of capacity loss and related contributions of the cells
cycled at different thermal conditions.

Temperature/�C 10 25 40 Dynamic
(10e40)

DOD/% 50/80 50/80 50/80 50/80
Capacity fade in

CC charging/%
15/12.8 17.6/18.7 50.6/35.3 15.2/15.4

LAM contribution/% 8.6/6.4 8.6/11.1 32.1/22.9 7.2/10.8
LLI contribution/% 6.4/6.4 9/7.6 18.5/12.4 8/4.6
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loss. The remaining 32.1% is a result of LAM. In other words, the
capacity loss from LAM contribution accounts for 63.4% of the total
capacity loss (32.1%/50.6% ¼ 63.4%). For the cell cycled at 10 �C and
50% DOD, 15% of the capacity loss in the CC charge step after 650
cycles comprises about 6.4% of the LLI contribution, while the
remaining 8.6% is a result of LAM. This means that the capacity fade
from LAM accounts for 57.3% of the whole fade. It should be noted
that the larger capacity loss is a result of the LAM in the cell cycled
at 40 �C. This may provide a stronger support for the hypothesis
that LAM occurs in both PE and NE of the cell cycled at 40 �C. Thus,
in terms of the LMO-based cell chosen for the Beijing pure electric
bus application, the thermal management should be designed
carefully to prevent part of the cells in the battery system from
experiencing accelerated aging at high temperatures.

5.3. DOD effect on the cell capacity fade in different thermal cycling

Fig. 17 shows the comparison of IC curves for the cells cycled at
50% DOD, 80% DOD and 25 �C in different thermal cycling. The peak
positions of all cells cycled at 50% DOD and 80% DOD were shifted
slightly, indicating that there is no obvious increase of polarization
in the cell. In these two cases, the intensities of the three peaks have
been diminishing, suggesting that the fade is a result of the LLI and
LAM. Fig. 18 shows the evolution of DV curves for the cells cycled at
50% DOD, 80% DOD and 25 �C in the thermal cycling. We can then
quantify the respective capacity losses of the three peaks by
investigating the changes in QA, QB and QC, which are derived from
the DV curves, as shown in Fig. 19. In both cases, QC decreases at a
rate higher than QA and QB, indicating that an LLI exists in addition
to the LAM.

In the case of the cell cycled at 50% DOD, where 17.6% of the
capacity loss in CC charging was measured after 750 cycles, the
capacity fade from LLI makes up 9% of the capacity loss. The
remaining 8.6% is a result of the LAM. In other words, the capacity
loss from the LAM contribution accounts for 48.9% of the total ca-
pacity loss. For the cell cycled at 80% DOD, where 18.7% of the ca-
pacity loss in CC charging was measured after 630 cycles, the
capacity fade from LLI comprises about 7.6% of the capacity loss,
while the remaining 11.1% is a result of LAM. This means that the
capacity fade from LAM accounts for 59.4% of the total capacity
Fig. 21. (a) Cell voltage after the initial IR drop as a function of rate at different temperatures
shown in the Arrhenius plot.
fade. Greater capacity loss results from the LAM in the cell cycled at
80% DOD. This may account for the phenomenon in which the cell
cycled at 80% DOD shows a slightly higher rate of capacity fade than
the cell cycled at 50% DOD after 350 cycles.

Fig. 20 presents the evolution of normalized QA, QB and QC for
the cells cycled under the other four conditions. The capacity loss
and related contributions of the cells cycled under eight different
test conditions are integrated in Table 3. It can be observed that
greater capacity loss comes from the LAM in the cell cycled at 80%
DOD than the cell cycled at 50% DOD at different temperatures,
which explains the slightly higher rate of capacity fade for the cell
cycled at 80% DOD, with the exception of the cell cycled at 10 �C.
This may be due to the greater actual capacity of the cell cycled at
80% DOD and 10 �C, as shown in Fig. 9(a), where we can see a
greater increase in capacity in the first stage. When the cell is
discharged to a lower potentialdin other words, a higher
DODdlithium-ions accumulate on the surface of the PE due to the
much faster diffusion rate of Liþ in electrolytes than in positive
material. Then, Mn4þ is reduced to Mn3þ, and JahneTeller distor-
tion is induced, which leads to the volume change of positive ma-
terial and, finally, capacity fade [23,24]. Furthermore, the
disproportionate dissolution ofMn2þmay be induced byMn3þ, also
resulting in capacity loss [26]. It is possible that LAM also occurs in
the PE, in addition to in the NE, which results in higher capacity
fade in the cell cycled at 80% DOD. Thus, due to the fixed operation
route and mileage of the Beijing electric bus after each charge
regime, it is easy to control the DOD of the battery to meet the
mileage goals of the electric bus and to extend the cycle life of the
battery through the reasonable arrangement of charging and de-
parture regimes in the charging station.
5.4. Cell capacity fade in the thermal excursion

The cell was in the same state at BOD at different temperature in
the thermal excursion, which is indicated by the consistency of
RCVBOD, as shown in Fig. 7. The subsequent drop in initial voltage
due to IR, which is proportional to the ohmic resistance in the
polarization, should be used to trace ohmic resistance variations in
the thermal excursion. Fig. 21(a) shows the cell voltage after the
initial IR drop in the discharge regime as a function of rate at
different temperatures. The voltage follows the linear relationship
with rate, as expected from Ohm's Law. The ohmic resistance for
the cell exposed to each temperature is derived from the slope of
the curve. Fig. 21(b) presents the logarithmic ohmic resistance as a
function of reciprocal temperature in the Arrhenius plot. If the
thermal activation process of the cell at different temperatures
were in the same way, InR should follow the linear relationship
with 1/T, as expected from the Arrhenius equation [30]. Thus, the
non-linear correspondence suggests that the ohmic resistance
change, which depends on temperature, is more complicated than
expected, and not simply based on electrolyte conductance.
. (b) The derived logarithmic ohmic resistance as a function of reciprocal temperature is



Fig. 22. (a) IC curves of the charge and discharge regimes at 0 �C, 25 �C and C/3. (b) IC curves at 0 �C for the discharge regimes at C/20, C/3 and C/2.

Fig. 23. (a) ap-OCV ¼ f(SOC) curves for the initial, midpoint and final RPTs at 25 �C and (b) the corresponding IC curves at C/20.
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Fig. 22(a) shows the IC curves of charge and discharge regimes at
0 �C, 25 �C and C/3. Due to the effects of polarization, the IC curve
was shifted to a higher voltage at a lower temperature, where the
peak①+Іwas incomplete, and the shape, width and intensity of all
the peaks changed. In the charge regime, the peak ⑤+ІІ can be
used to reflect the Li intercalation kinetics in the graphite NE. At the
lower temperature, the peak ⑤+ІІ becomes broader and lower,
indicating that the Li intercalation kinetics in the graphite NE have
been impeded, which leads to a longer time-resolved extent of
reaction [12]. However, the related capacity does not change,
indicating that the capacity accessibility of the NE is not retarded.
Fig. 22(b) presents the IC curves at 0 �C for the discharge regimes at
C/20, C/3 and C/2. The kinetics are impeded more severely due to
the increase of rate at low temperatures. Sincewe can only measure
the cell voltage on the surface of active material, the voltage sug-
gests that reaction ①+ІІ has already occurred, whereas the mate-
rial composition in the core remains at reaction ①+І and needs to
catch up with the surface reaction. Thus, peak ①+ІІ becomes
broader and starts to overlap with peak ①+І. Since a similar
“Domino effect” is induced by the large potential difference be-
tween the surface and the core of active material, the following
reaction needs to catch up with the surface reaction, which leads to
all following peaks overlap with peak ①+І. However, the in-
tensities of IC curves for all rates near the cutoff voltage are close to
0 Ah V�1, indicating that the reaction is almost completed. Thus, the
polarization change should not significantly impact the capacity
retention.
Fig. 24. (a) IC curves of the 1/20C, 1/3C, 1/2C and 1C cycles at 0 �C. (b) Cell voltage aft
The cell presented an obvious 6.7% capacity fade from the initial
to the final RPT at C/20 through the thermal excursion, including
0.4% fade from the LTBE and 6.3% fade from the HTBE, as shown in
Fig. 8. To track the SOH in the thermal excursion, the approximate
OCVeSOC curves and corresponding IC curves related to the three
RPTs at 25 �C are compared in Fig. 23. There is no noticeable dif-
ference in the approximate OCVeSOC curves, as seen in Fig. 23(a),
but an obvious change is observed in the corresponding IC curves,
as seen in Fig. 23(b), indicating that the capacity fade may have
occurred after the thermal excursion. There is almost no difference
between the IC curves at the initial and the midpoint, indicating
that a slight fade does not result from the LAM after the LTBE. The
capacity fade is likely due to the LLI, which is induced by metallic Li
plating on the NE [32]. The Li plating could become passivated or
consumed by the SEI formation, subsequently leading to capacity
loss related to LLI [30]. In the discharge regime, if Li plating already
occurred in the charge regime, a sharp peak at the beginning of the
discharge is expected because metallic Li, which is highly activated,
can easily become involved in the reaction. A sharp peak cannot
clearly be observed in the IC curve at C/20, but a sharp peak is
observed at higher rates (as noted by *), especially at 1C, as shown
in Fig. 24(a). This may explain the capacity fade observed after the
LTBE. There is a noticeable difference between the IC curves at the
midpoint and the final. The shape of peak ⑤+ІІ remains the same,
indicating that LAM does not occur in the NE. However, the other
peaks involved in reactions І and ІІ have decreased, suggesting that
a possible LAM has occurred in the PE due to the dissolution of Mn
er the initial IR drop as a function of rate for the initial, midpoint and final RPTs.
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at the high temperature. The ohmic resistances for the three 25 �C
RPTs can be derived from the slopes of the curves, as shown in
Fig. 24(b). The ohmic resistance for the final RPT is slightly higher
than those of the other two, suggesting that the fade after the HTBE
also could be a kinetic issue due to the increase of ohmic resistance.
6. Conclusion

This paper quantitatively illustrates a detailed analysis of cell
degradation and its related path dependence in the conditions
specific to the Beijing pure electric bus, focusing on the influence of
duty cycles, DOD, and the frequency and severity of thermal cycles.
A referred battery diagnostic approach using ICA and DVA to
investigate cell fade and related path dependence is demonstrated.
Although the aging mechanisms of LMO-based cells have been
studied in the literature, our work provides additional detailed
analyses to quantify the attributes to the capacity fade.

Our results show that the cells experience a higher rate of aging
at 80% DOD and an accelerated aging at 40 �C in the thermal cycling.
It is possible that LAM occurs in both the PE and the NE as a result of
the JahneTeller distortion when the cell is discharged to a lower
voltage, in addition to the LLI. The high temperature could induce
LAM in both electrodes, in addition to LLI and inhibited kinetics
from SEI growth, due to the dissolution of Mn via a dispropor-
tionation reaction. Capacity fade is observed in the thermal
excursion that includes extreme temperatures. The slight capacity
fade from low-temperature extremes seems related to Li plating.
The noticeable fade after the high-temperature excursion seems to
result from the loss of active materials, SEI formation on the posi-
tive electrode, and the hindrance to kinetics. The results of this
study can be directly employed to design and optimize lithium-ion
battery management technologies for future electric vehicle
applications.
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