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Executive Summary

Battery ageing occurs throughout the entire life-time of the battery and limits its performance. Different
operating conditions like working temperature, cycling depth, charge/discharge current rate, etc., lead to
different degradation levels of the batteries. Having a profound understanding of battery ageing behaviour
under various operating modes is helpful in improving battery life-time and hence making them economically
more competitive. An accurate state of health (SoH) estimation of batteries is of great importance to the
safety of entire systems, with this information we can adjust the operating modes to extend the battery lifetime
as well as predict the time intervals for battery replacement. This work provides an ageing study of on
commercialized high energy LiNiyMnyCo,__,0,(NMC)/graphite Li-ion pouch cell cycled under different
depth of discharge (DoD). Incremental analysis (IC) was performed on 1i//25 test result to investigate the
ageing mechanism and found loss of lithium inventory (LLI) was the main reason causing battery capacity
fade. The linear regression observed between the battery state of health (SoH) and partial area loss in IC
curves allows the SoH evaluation for cells under different cycling condition within 1% error bound. With

the measurement results, the observed phenomena and possible battery degradation mechanism are discussed.
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1 Introduction

In the last decades, Lithium ion (Li-ion) batteries have achieved great success in the portable electronics
industry and gained increased interest in the field of electric vehicles (EVs) owing to properties such as high
energy and power density, nearly 100% Coulombic efficiency and a lack of memory effect [1]. Li-ion
batteries show great potential for the large-scale stationary energy storage system (ESS) application as their
cost continues to decrease and their safety and working life-time are improving, some analysts even estimate
that electric grid applications could eventually create a larger market than vehicles [2][3].

Nowadays, NMC is becoming one of the most promising cathode materials for Li-ion batteries for automotive
applications, as it features the advantages of high specific capacity (150 to 200 mAh/g), enhanced cycling

1 The notation I, represents the current rate as documented in the standard IEC 61434 and presented by Equation ,=C/1h [34]
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stability, high safety performance, low toxicity and also cost-effectiveness [4]-[6]. However, the research on
this type of batteries is insufficient to fully understand their working and ageing behaviour. The work of
Bloom et al. [7] analysed the possible degradation mechanisms of NMC Li-ion cells with differential voltage
(DV) analysis and found the lithium loss mainly occurred on the negative electrode, which leads to the
capacity degradation. Zeng et al. [8] performed a post-mortem analysis on the NMC/graphite battery after
cycling and found that the structure of the positive electrode (PE) was destroyed during cycling, leading to a
decrease in diffusion rate of Li ion moving infout from PE. They also observed a significant increase in both
ohmic and polarization resistances because of the electrolyte consumption and possible blockage of separator
pores. It should be noted that, these research objects are manually assembled cells. Niehoff et al. [9] found
noticeable differences of the ageing results between self-assembled and commercially available NMC cells,
and it leads them to believe that the battery ageing mechanism can be altered due to different manufacturing
process. Therefore, it is necessary and important to conduct research on a commercial cell scale to understand
the ageing phenomena of large-scale NMC cells. Li et al. [10] studied the ageing mechanism of 18650
NMC/graphite cells with a nominal capacity of 2.6 Ah and found that the loss of lithium ions and cathode
degradation are the main reasons for capacity degradation. Ecker et al. [11] studied the impact of temperature
and state of charge (SoC) on the ageing process of a high power NMC/graphite cell (with 6 Ah nominal
capacity) and the test results were used to construct a life-time prediction model. Kébitz et al. [12] studied
the ageing of NMC/graphite Li-ion pouch cells with a nominal capacity of 10 Ah by considering the impact
of temperature and cell voltage. Jalkanen et al. [13] studied the cycle ageing of commercial NMC/graphite
pouch cells with 40 Ah nominal capacity. They found Solid-Electrolyte Interface (SEI) layer growth and
lithium plating to be the main contributors to the battery capacity loss during cycling, while no signs of
structural/chemical changes in the active material from both electrodes were found in the aged cells.
Nevertheless, the impact of cycling depth on the NMC/graphite battery ageing was not studied in the previous
work in depth.

Incremental capacity (IC) analysis is a conventional approaches for battery ageing mechanism identification
as well as battery state of health (SoH) estimation. Incremental capacity is calculated by differentiating the
change in battery capacity to the change in terminal voltage during either charging or discharging, as defined
in the Eq. (2).

dQ AQ Qi —Qus (1)
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where Q, is the battery capacity at time t. Although both of them can provide similar information, there is a
big difference between these methods. With this method, the voltage plateaus on the charging/discharging
curve can be transformed into clearly identifiable peaks on the IC curve. The peaks in IC curve represent
phase equilibria [14]. Each peak in the curve has its unique features, like intensity and position, and it
represents a specific electrochemical process taking place in the cell [15]. The extracted peak values and the
shape and position variation of peaks are closely related to the battery capacity fading. The specific
degradation mechanism can be distinguished by analysing the progression of each peak in IC curves
throughout ageing, observing how the change of the active materials over time can be helpful in identifying
the best operating conditions for cells.

This article provides an ageing research on the high energy NMC/graphite cells, IC curves were employed
to process the experimental data from the 1/25 test in order to understand the physical battery degradation
process. An effective SoH estimation method was proposed based on the IC analysis.

2 Experimental

The commercialized high energy NMC batteries have been used for this research with a nominal voltage of
3.7V. All cycling tests were done at a current rate of 0.5 I;. Cells were divided into three groups and cycled
under different cycling depth (CD). The selected cycling DoD levels are 100%, 80% and 60%, the DoD
always refers to the nominal capacity as indicated by the battery manufacturer in this work. The cells cycled
under 100% DoD refer to a complete discharge from 100% SoC to 0% SoC and a complete charge process
from 0% to 100% SoC with a middle cycle SoC of 50%. Similarly, the cells cycled under 80% DoD refer to
discharge and charge process in the SoC range of 100% to 20% with a middle SoC level of 60%, and cells
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cycled under 60% DoD are discharged and charged in the range of 100% to 40% SoC with a middle SoC
level of 70%. The cells are named after numbers and the cycle test matrix is given in Table 1. All cycle life
tests were conducted at room temperature (around 25 °C).

Table 1. Test matrix for cycling ageing

Specifications Cell Label

Cell 1 Cell 2 Cell 3 Cell 4 Cell 5 Cell 6
Cycle depth 100% 100% 80% 80% 60% 60%
Cycling  SoC 100-0% 100-0% 100-20% 100-20% 100-40% 100-40%
range
Middle SoC 50% 50% 60% 60% 70% 70%

As the battery capacity degrades and the internal resistance increases with the cumulative cycle number, I,/25
test is performed for every testing stage, including the beginning of life (BoL), during cycling and the end of
life (EoL) in order to determine the actual cell status and to obtain the degradation information. The purpose
of the capacity test at low current rate of 1./25 is to identify the battery ageing mechanism with incremental capacity
analysis. At such low constant current, full charge and discharge tests are able to measure the amount of accessible
capacity of the cell and to determine the relationship between the cell potential and capacity under quasi-
equilibrium conditions. The resulting charge and discharge curves contain electrode phase information with a
minimum amount of kinetic artifacts and are well suited for further analysis [1], [14]. The test at BoL allows us
to collect the information of the initial condition of the battery, and it determines the baseline values of battery
health, which are later used to enable health monitoring throughout the useful life of the battery. The periodic
characterization tests performed during cycling intervals allow us to acquire information on the battery ageing
trends. The EoL of a battery is established when the remaining rated capacity of the studied system reaches
less than 80% of the initial capacity [16]. EoL performance tests can be used to assess potential secondary
uses for the battery and destructive test (Post-mortem) can be included since the battery has already reached
the EoL [17]. In this test, RPTs have been performed with intervals of every 100 equivalent full cycles.

3 Results and discussion

3.1 Performance degradation of cells

Fig. 1 shows the discharge performance of cell 1 at 0.5 I, discharge current rate after a certain cycle number.
The shape of the discharge curves does not change significantly as the cells age. As shown in the figure, the
discharge voltage slightly shifts toward to the lower capacity level during cycling due to battery capacity loss. Two
clear voltage plateaus can be identified from the capacity-voltage curves due to phase changes during discharging,
which are pointed out by the blue circles. The information about the battery ageing mechanism is hidden behind
the shift of voltage plateaus. By applying IC analysis, these voltage plateaus can be transformed into peaks, thus
the ageing process and be identified by analysing the change of peaks in IC curves.
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Fig. 1. Discharge voltage evolution curves as function of discharge capacity of cell 1 at different ageing stages
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The initial capacity of cells 1 to 6 are 31.23, 31.11, 31.38, 31.39, 31.11 and 31.4 Ah respectively, and the
variation of initial capacity among each other is less than 1%. The evolution of the discharge capacity of the
six cells as functions of full equivalent cycles at different cycling conditions is presented in Fig. 2 (a). The
almost identical change trend of the cell capacity between cells cycled under the same cycling conditions
proved the reproducibility of the results. In the following part of this paper, the result of cells 1, 3 and 5 will
be chosen for comparison and discussion, as they could be good representations for cells under different
cycling conditions. The result of capacity loss of cells 1, 3 and 5 is presented in Fig. 2 (b). The results were
normalized to initial capacity values. The capacity loss is represented by Q,,.s, Which can be calculated from
Eq. (2):

Qini = Q @
Qross = %mt

where Q;,;is the initial capacity of cells and Q; represents the actual cell capacity after a period, t. The change
trends of the capacity loss from cells cycled under different DoD is out of our expectation, as one would
presume the cell with the highest cycling depth would end up as the fasted degradation in the experiment.
But the fact that the lower cycling suffers more capacity loss seems counter-intuitive, the possible explanation
for this phenomenon will be discussed in the following section.
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Fig. 2. (a) Evolution of discharge capacity of six tested cells; (b) Comparison of actual capacity loss of Cell 1, 3and 5
upon cycling as a function of full equivalent cycles

3.2 Cycling ageing analysis by incremental capacity analysis (I1C)

Having a good understanding of the battery ageing mechanisms is of significance to maintain battery working
performance, safety and long lifetime during operation. Ageing is a phenomenon which leads to loss of
capacity or increase in internal resistance in Li-ion batteries during both cycling and storage. Ageing occurs
due to various side reactions inside the cell [18]. According to the previous research, the ageing mechanisms
for Li-ion cells can be categorized into the following groups: (1) loss of lithium inventory (LLI), (2) loss of
active material (LAM) and (3) resistance increase (R1) [19]. It has been well established that dominant ageing
mechanisms on graphite anodes are caused by SEI formation, which leads to a significant increase of the
impedance, a limitation of the electrode kinetics and LLI. LAM can originate from three basic set of
conditions: structural changes during cycling, chemical decomposition or dissolution reactions of transition
metal into the electrolyte solution and surface film modification [13] [19]. RI can occur due to the growth of
passive films on the surface of active electrode materials [19].

3.2.1 Degradation mechanism identification

Herein, we use the IC analyses with a very low current rate (1/25) to acquire more information of the aging
mechanism associated with the cycling of this cell. IC analysis investigates the derivative of normalized
capacity with respect to the voltage. With this method, the voltage plateaus on the charging/discharging curve
with a slow current rate (1i/25 test) can be transformed into clearly identifiable peaks on the IC curve. The
specific degradation mechanism can be distinguished by analysing the progression of each peak in IC curves
throughout ageing, seeing how active materials change over time will be helpful for exploiting the best
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operating conditions for cells. Each peak in the IC curve has its unique features, such as shape, intensity and
position. Each peak presents a specific electrochemical process taking place in the cell [15]. The extracted
peak values and the shape and position variation of peaks are closely related to the battery capacity fading.

Fig. 3 shows the discharge curve and an IC curve of fresh cell at room temperature. Five main peaks can be
observed from the IC curves. The five peaks have their initial maximum of intensity at 3.85V, 3.63 V, 3.60V,
3.57 V and 3.47 V, which were marked with peak 1, 2, 3, 4 and 5, respectively. The five peaks will be further
used as features of interest (FOI) for analysis, the change of their intensity and positions will be recorded in
order to collect the information about cell degradation mechanisms.

Voltage (V)

3 3
0 50 100 -150 -100 -50 0

Normalized capacity (%) Incremental Capacity (%Q/V)

Fig. 3. Cell voltage constant current charge voltage curves and the IC curves of the fresh cell

The IC curves for cell 1, 3 and 5 at different ageing states are illustrated in Fig. 4 (a), (b) and (c), respectively.
The most distinctive feature is the evolution of peak intensity and position associated with peaks at the high
SoC (peak 1 and 2) as the intensity of the two peaks decreased along with cycle numbers. In addition, peak
3 was formed after 100 cycles and the intensity is decreasing along cycles until it disappeared after 600
cycles. No obvious change of peak intensity was observed for peak 4 and 5, showing that there is no obvious
loss of active material from a negative electrode (NE), otherwise which is supposed to be reflected by a
change of all the peaks in IC curves [1]. Despite the evolution in peak intensity, the positions of all peaks
were shifted toward a higher voltage level. It should be noted that peak 5 is a useful indicator for the Li content
in graphite and Li intercalation kinetics [20]-[22]. Peak 2 may represent the sequential phase transition
process Ni?*t — Ni3* - Ni** in NMC cathode [20] [22]-[25]. The area under each peak represents the
capacity of the related reaction during the cycling process [1]. The FOIs will be further used as features of interest
for analysis, the change of their intensity and positions will be recorded to collect the information about cell
degradation mechanisms.

The intensity decrease of the peaks at high potential level suggest a change in the internal balancing the cell,
consistent with lithium loss inventory (LLI) due to side reactions with NE [26][27]. The shift of peaks toward
higher voltage level, which is also consistent with LLI, suggests decreased potential of negative electrode
during cycling. It was also reported by Ref. [1][15] that the simultaneous shift of all peaks and valleys toward
higher potentials with ageing indicates an increase of SEI resistance. The shoulder of the IC curve at around
4.18 V is lightly moving up, the decreased intensity indicates that the positive electrode (PE) is becoming
less recharged during cycling [23]. Loss of active material (LAM) on the PE side could not be identified
from the aforementioned IC analysis on a full cell, which requires further post-mortem analysis.

Cells 1, 3 and 5, have been subjected to life cycle test under different cycling depth, display similar IC
features. The comparison of the IC curves from the three cells after 800 full equivalent cycles were illustrated
in Fig. 4 (d). Several differences can clearly be observed. For cells cycled under higher DOD range (Cell 5),
the intensity of all the peaks is lower than the cells cycled under lower DOD range (Cell 1 and 3). The
variation of peak positions was also observed in the three cells, as peak 1 and 2 are located at higher voltage
levels for Cell 5 compared to the other two cells. The variation of the peak intensity and position demonstrate
the different impact of cycling depth on the ageing process.
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Fig. 4. Representative Incremental Capacity (IC) curves of (a) cell 1 (b) cell 3 (c) cell 5 in the discharge regime at
different ageing states, obtained from 1/25 discharge voltage profiles; (d) Comparison of IC curves of cell 1, 3, and 5
after 800 cycles

Later on, the IC peak area is calculated to quantify the ageing mechanism in the test cells. For easy
comparison, we separated the area underneath the IC curve into three regions (€), @ and €) and marked
with different color as shown in Fig. 3. Peak 2, 3 and 4 formed region @, and their area are calculated as an
integral part instead of calculating each peak, separately. The calculation process is simplified and the final
result is evident enough to support further degradation analysis. The peak area after n cycles, A,, are
calculated by integrating dQ/dV. Therefore, A,, represents the capacity involved in the related reaction in this
region. The peak area loss can be determined based on Eq. (3):

Ag— A
Ajoss = (—

o ®)
A ) 100%

where A, means the peak area at BoL. Fig. 5 (a) (b) and (c) compare the evolution of area loss from region
€. © and © as a function of cycle number for cell 1, 3 and 5. The areas of region €, @ and € for a
fresh cell were measured to be 5.22+ 0.01 Ah, 15.22+ 0.01 Ah and 11.87+ 0.01 Ah, respectively, from the
initial reference C/25 tests. The initial capacity of the fresh cell measured at 14/25 was 32.3 Ah, and region

€ approximately corresponds to 16.1%, region @corresponds to 47.1% while region @) corresponds to
36.7% of the full capacity.

For all three cells, the area of region € and @ show little change, this again confirms that there is almost
no loss of graphite negative electrode material. A close look at the area changes between region @ and @
suggests that the decrease area of region @ is made up with the gain of region €)). The overall area of region
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@ and @ remains rather constant as shown in Fig. 5 (d), which suggests that the total capacity delivered by
region @ and @ stays almost unchanged compared with the fresh cell. The shift of the area between region
€ and @ implies that the extent of Li depletion in the NE have been redistributed from reaction€)) to @
over cycle aging[23]. Therefore, the amount of Li involved in the region @ is reducing through cycling[23].

The area of region @ of all three cells show a big drop after 800 cycles as shown in Fig. 5 (c). The
change of this region is mainly caused by LLI according to the previous discussion. Cell 5 cycled under the
lowest cycling depth of discharge (DoD) shows fastest area loss in this region, which suggests more cyclable
lithium is consumed by the side reactions in Cell 5 compared to Cell 1. It should be noted that the factors of
calendaring ageing effect and cycling middle SoC are not considered in this test. Cells cycled at lower cycling
depth normally need more time to finish the programmed 100 full equivalent cycles, it’s well known that the
main degradation mechanism of calendaring ageing is LLI. We could suspect that the calendaring ageing has
more negative impact on the capacity fade than the cycling ageing. Similar results can be found in the ageing
study of Ecker et al. [11] on NMC/graphite cell, it shows that the battery capacity fades faster during storage
compared with the battery cycled at a worse condition, which means cycling can enhance the battery resistive
life. Additionally, Cell 5 was experiencing the highest cycling middle SoC and the research in [11] shows
that NMC/graphite batteries cycled under higher middle SoC show much faster capacity degradation rate
than the cells cycled under lower middle SoC. It’s therefore reasonable to suspect that the fastest capacity
degradation of Cell 5 might be caused by the calendaring ageing and high cycling middle SoC. However,
the influence of middle SoC on battery cycle life-time is not in the scope of this research. The unexpected
phenomenon of cells cycled under lower cycling DoD is experiencing faster ageing rate could be explained
by higher cycle middle SoC and longer calendaring time, but further research on calendaring ageing and
impact of different cycle middle SoC on ageing process need to be carried out to prove this point.

10 T T T 10
—8—Cell 1-Region 1 —8—Cell 1-Region 2
—=— Cell 3-Region 1 —a— Cell 3-Region 2
;\3 5l —A -Cell 5-Region 1] | ;\; 5l —4 -Cell 5-Region 2| |
(]
8 o
© (0]
S S
2 3>
Jo)
i © 5
-10 L L L -10 L L
0 200 400 600 800 0 400 600 800
Cycle numbers Cycle numbers
(a) (b)
35 — 10 :
~@~Cell 1-Region 3 A —e—Cell 1-Region 1 and 2
30 || Cell 3-Region 3 - 1 —=—Cell 3-Region 1 and 2
~ |[7A-Cell5-Region 3 . ' —~ ~&-Cell 5-Region 1 and 2
Eo5) = 1 SN 1
» // @
8 A <]
- 20 - ® — Py W ﬁ
o = o 0 74_A—_““‘*—**‘>——A~_i‘ _A
C 151 Z s AT
c c
Q A 2
o o
10 - / D
¥ Y ¢ 5¢
/
50
0 . . . 10 . .
0 200 400 600 800 0 400 600 800

Fig. 5. Region area loss from for (a) region @ (b) region @ and (c) region @ (d) sum of region @@ and @ from

Cycle numbers

(©

Cycle numbers

(d)

cell 1,3 and 5 as a function of cycle number.

EVS30 International Battery, Hybrid and Fuel Cell Electric Vehicle Symposium



The above IC analysis together with the peak area tracing revealed that the cycle ageing of the NMC/graphite
cells is mainly the result of LLI caused by consumption of cycleable lithium [28]. We suspect that the reduced
amount of Li-ions were consumed by parasitic reaction, mostly like formation and growth of SEI layer on
the surface of NE [28]. This result is in agreement with the previous research in Ref. [28][23][29]. LAM on
NE is not observed from IC analysis, while LAM on PE cannot be observed from the aforementioned test.
The previous research about LAM of NMC containing cells are quite controversial. Some groups suggest
LAM on the positive electrode to be a plausible degradation mechanism of for NMC cells due to the
dissolution reaction of manganese in positive electrode with hydrogen fluoride (HF) and the formation of
LiMn204[23], [28], [30]-[32], and the manganese dissolution was further confirmed by post-mortem analysis
on 18650 NMC/graphite cells in the study presented by Waldmann et al. [33]. The dissolved transition metals
are transported through the electrolyte and deposited on the surface of graphite, their incorporation into the
SEI layer leading to increased SEI growth and the loss of Li-ions [28]. On the other hand, Jalkanen et al. [13]
did not find any signs of structural/chemical changes of the active material from both negative and positive
electrodes from post-mortem analysis on aged NMC/graphite cells.

The above IC analysis together with the peak area tracing revealed that the cycle ageing of the NMC/graphite
cells is mainly the result of LLI caused by consumption of cycleable lithium [28]. We suspect that the reduced
amount of Li-ions were consumed by parasitic reaction, mostly like formation and growth of SEI layer on
the surface of NE [28]. This result is in agreement with the previous research in Ref. [28][23][29]. LAM on
NE is not observed from IC analysis, while LAM on PE cannot be observed from the aforementioned test.
The previous research about LAM of NMC containing cells are quite controversial. Some groups suggest
LAM on the positive electrode to be a plausible degradation mechanism of for NMC cells due to the
dissolution reaction of manganese in positive electrode with hydrogen fluoride (HF) and the formation of
LiMn204[23], [28], [30]-[32], and the manganese dissolution was further confirmed by post-mortem analysis
on 18650 NMC/graphite cells in the study presented by Waldmann et al. [33]. The dissolved transition metals
are transported through the electrolyte and deposited on the surface of graphite, their incorporation into the
SEI layer leading to increased SEI growth and the loss of Li-ions [28]. On the other hand, Jalkanen et al. [13]
did not find any signs of structural/chemical changes of the active material from both negative and positive
electrodes from post-mortem analysis on aged NMC/graphite cells.

3.2.2 SoH estimation

An obvious reduction of the area from region @) were observed in IC curves as illustrated in Fig. 5. Hence,
it was chosen as the feature of interest (FOI) to track their evolution with SoH of battery cell. The SoH values
were calculated from capacity test conducted on each cell at the end of each test cycle and the SoH is defined
as the ratio of actual cell capacity at a time t (Q;)to the cell initial capacity (Q,), as shown in Eq. (4).

SoH = % = 100% — Qp55(%) @
0

For a fresh cell, the SoH is equal to 100% and the value of SoH decreases with ageing. Generally, we define
the cell end of life (EoL) is when SoH is equal to 80% (capacity loss is 20%). The correlation between the
region @area loss and the SoH of each cell from capacity test is illustrated in Fig. 6. The solid line in the
figure is the fitted linear relationship between the two values from the tested cells while the dotted line
represents the error boundary of +1%. This figure proves the strong linear relationship between the area loss
with SoH, and the small deviations between the points with estimated curve within 1% confirms the validity
of using region @) area loss as the battery SoH indicator. The SoH of the cells cycled under different
conditions can all be well estimated from this linear curve, this indicates the generality of this SoH estimation
method. In order to get this region area data, only partial discharging test is required with this estimation
technique. For a fresh cell, the area of region @) can be obtained by discharging from 100% SoC to 60%
SoC. Therefore, the test time for IC analysis can be largely decreased with this method. It shows a good
potential for the further online SoH estimation. The SoH estimation algorithm proposed in this work can not
only provide an accurate SoH estimation within 1% error, but also provides a good link between SoH
estiamtion with the real battery degradation mechanism.
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Fig. 6. Correlation between the area loss of Region @) and the SoH of the batteries cycled under different DoD

4 Conclusion

In this study, commercial high energy NMC/graphite pouch cells were cycled under different cycling depths
at room temperature. This study provides general information about the working and ageing behaviours of
this battery type and provides an understanding of their degradation process.

It was observed that the cells cycled under lower DoD range, but with a higher middle SoC were experiencing
faster capacity fade. By using non-destructive methods, mainly based on IC analysis and evolution of the IC
peak area, we were able to decipher the main contribution to the capacity fading of this commercial NMC
cell, which is caused by LLI, while there was no clear loss of active material on the negative electrode. From
the obtained result, we could speculate that lower cycle depth can lead to a higher content of LLI due to
longer calendar ageing time and higher middle SoC level under this cycling mode. Although the definitive
degradation process in the cells still needs to be confirmed by a further post-mortem analysis. The results
from IC analysis shows a linear regression between the area loss of region @ and the battery SoH, this allows
us to evaluate the SoH of batteries cycled under different conditions with less than 1% error. This method
can be performed with only partial discharge process and therefore the test time is largely reduced, it shows
great potential for real applications.

This work is based on a one and half years continuous cycling test and fully characterization tests on high
energy NMC cells. The cells will keep cycling until reaching the EoL, which are expected to be cycled for
another one and half years. Till then, post-mortem analysis will be performed on the dead cells in order to
have a better understanding of the ageing of this type of batteries. In the future work, IC analysis will be
performed on the batteries with different current rate to find the optimal test values which can allow the best
and quickest SoH estimation result with a good compromise between time and accuracy. More ageing stress
factors will be considered on the life-time of lithium ion batteries like calendaring ageing, cycling middle
SoC, temperature and cycling current rate, etc. A holistic ageing model will be developed by considering all
the ageing stress factors, which will be helpful for estimating the available life-time of batteries under
different conditions and also for operating the batteries under the most desirable modes to reach the longest
life-time.
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