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Abstract – This paper examines the evolution of
performance degradation through capacity fade in Li-ion cells
when subjected to 8 months of automotive drive cycles in high
temperature conditions. This is done by combining a
temperature controlled, highly transient cycling approach with
a design-of-experiments matrix varying charge current
magnitude and Depth-of-Discharge, two factors known to be
influential in ageing rate. The subsequent results are then
analyzed using design-of-experiments methodology and trend
analysis, comparing the rates of capacity evolution at various
points in cell lifetime. What was found is that the cell ageing
evolved in 3 main phases dependent on the cycling time
duration rather than Ah throughput. In early life, charge
current was influential, while in later life depth-of-discharge
proved significant. It was also clear, that the factors could not
be treated in isolation, with higher order and interaction
effects observed. This implies that modeling of cell ageing
cannot be uniform across lifetime and must consider the
different ageing phases of the cell.
Keywords – Lithium-ion, battery cell, simulation, model,
equivalent circuit

I.

INTRODUCTION

This paper looks at high temperature Li-ion cell ageing
in automotive conditions, evaluating how usage conditions
affect capacity degradation. Vehicle electrification is a key
contemporary issue due to the widespread aim to reduce
automotive emissions and limit the use of the internal
combustion engine (ICE) [1], [2].
One of the biggest concerns with Li-Ion battery packs
used in automotive cases is longevity, with vehicles
requiring at least a 5 year lifetime [3], [4] to maintain at
least 80% of original cell capacity [5].
To achieve this, battery cell ageing must be well
understood, to create effective battery models and
management/control strategies for estimating and mitigating
resulting behavior changes.
This is of particular importance because Li-ion cell
ageing is very complex [6], [7], and dependent on usage
conditions such as temperature, State-of-Charge (SoC) and
applied current [8], [9]. There is also added complexity due
to battery cells being effectively black-box, with only full
cell voltage measurements such as full cell current, voltage
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and temperature being visible, while it has been shown that
ageing mechanisms can develop on individual components
within the cell [10] and heterogeneously within the cell
geometry [11], [12].
With the complex nature of cell ageing, Design-ofexperiments (DoE) approaches have been used to identify
the most significant contributions [13], [14]. It has also been
shown that ageing depends significantly, on the profile used
to cycle the cells [15], [16].
This paper shows a combination of the above to give a
testing approach designed to represent automotive
conditions combined with a design-of-experiments approach
of the key parameters that can be varied through Battery
Management System (BMS) control. This paper focuses on
the capacity evolution, with resistance behavior investigated
in a separate publication.
II.

METHODOLOGY

A. Cell Properties
The cells used were 28Ah PHEV2 format NickelManganese-Cobalt (NMC)/graphite Li-Ion cells, designed
for power orientated automotive applications.
B. Cell Ageing Testing Approach
The priority for the testing strategy was to make the
testing conditions tightly controlled, make the results
representative of automotive conditions, and create a
significant amount of ageing to analyse through cell
lifetime. It is known that high temperatures significantly
accelerate Li-Ion cell ageing [17].
Therefore, to get significant ageing rates, the tests were
ran at 45°C, as that forms the upper end of automotive
conditions, without activating the changes in nature of
ageing that occur at very high temperatures [6], [7], [18]. In
addition to this, there are distinct ageing mechanisms that
occur within a cell based on operating temperature [13], [14]
with high temperatures likely to show domination of only a
few mechanisms, easing analysis. To ensure that the
temperature conditions were tightly controlled during the
cycling, ambient and active temperature control was used.
The cooling plate setup is shown in Figure 1.

It has been shown,that the current profile used to cycle a
battery cell influences how the cell ages, in addition to the
magnitude of the currents being used [15], [19]. It can also
indirectly affect ageing through internal heat generation and
distribution effects [20], which influence ageing indirectly.
The drive cycle chosen was the Federal Urban Driving
Schedule (FUDS), as specified in [21], due to its basis on
automotive demands. The cells were discharge cycled with
this profile, then Constant Current Constant Voltage (CCCV) charged at the test charge C-Rate. This was repeated
through the test Depth-of-Discharge condition for 8 months
or until the cell could no longer by cycled. Cell 1 failed after
7 months while all others lasted the full duration.
Reference performance tests were performed before the
testing start and at 1 month intervals throughout the testing.
These were performed at 25°C, and consisted of C/3 and 1C
constant current cycles and Hybrid Pulse Power
Characterization (HPPC) tests which were cycled across the
full usable range of the cell. These were used to supply more
comprehensive data into the cell characteristics at each stage
of ageing.
C. Design of Experiments Approach
Li-ion cell ageing is influenced by several factors [13],
[14], [18], [22] – [24] and strong interaction effects between
those factors, making test strategy construction complex. It
has been shown that of particular importance is charge
current magnitude [14], [25] and Depth-of-Discharge (DoD)
range [13], [14], [19], [26]. Based on this, these two
parameters form the basis of the experimental matrix. Two
other factors identified as important are temperature [27],
[28] and average SoC [7], [29]. To keep the change in cell
degradation a function of the two purposely varied factors,
average SoC was kept the same for all test cases and
temperature was both kept the same, and actively controlled
to account for the different levels of heat generation from
varying charge current, as described in section II.B.

Fig. 1. Cell Testing Setup
TABLE I.
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The capacity used for reference in each case was taken
from the net capacity throughput of the HPPC test. The
HPPC test conditions started after, and ended with, a C/50
CV stage, making the results representative of true capacity.
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Ageing is not a function just of usage conditions, but it
is also dependent on usage history itself. For this reason, the
ageing profiles for each cell were examined, and based on
this different section of the ageing were analysed
independently based on their perceived stage of ageing. To
analyse each stage fairly between cells, the rate of capacity
change with Ah throughput and time was measured, being
scaled as a fraction of the original capacity of each cell. To
get the rate of capacity change with each input metric (time
and Ah throughput), the nature of the capacity change in
each stage was assumed to be linear. This is shown to be a
fair representation by Figure 2 which shows a relative
capacity estimation error of less than 0.5% when comparing
stage 2 trendline estimation to real datapoints when using
both Ah throughput and time as inputs.

Fig. 2. Error with month when using linear trends to estimate capacity,
relative to actual datapoints
Cell Test Cases

Test
Case

linear behavior of cell ageing, are likely to be higher order.
Due to these considerations, a full factorial approach was
taken, with 3 levels for charge current and for SoC, which
created 9 test cases. The labeling of each test case, and the
associated parameters, are shown in Table 1.
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It has been shown that SoC range and charge current do
have a strong interaction effect [22] and due to the non-

When possible, i.e. when all cells observed the same
ageing stage, the variation of each factor was analyzed using
mean factor analysis. For this, the variation in each factor
was expressed by comparing the average value of each
factor level when considering all test results with that level,
normalised to the average of the entire test matrix.
The mean factor analysis estimates variation as a result
of individual factor variation but does not highlight
interaction effects. To analyse this, a response model, of the

format shown in (1), was used to examine the relative
importance of higher order and interaction effects, to give a
full picture of the relationship between the DoE parameters
and the rate of ageing. A corresponds to charge current
magnitude, and B corresponds to DoD level, with Y being
rate of capacity decrease.
()
To do this analysis, each factor was assigned levels as
shown in Table 2. Part of this study is evaluating the relative
impacts of capacity throughput and time, so a response
model was created for each input.
TABLE II.

ASSIGNMENT OF LEVELS TO DOE FACTORS
Range of Levels

Level

-1

0

1

Charge C-Rate

0.5

1

2

SoC Range

15-85

10-90

5-95

III.

RESULTS

A. Capacity Fade Stages
When analyzing Li-Ion capacity fading, the behavior can
be nonlinear not just as a function of usage condition and
cell design, but also as a function of usage itself (capacity
throughput and cycle time). To apply DoE analysis
appropriately, it should be applied to regions of cell ageing
that are consistent.
To investigate the regions where this is valid, the relative
cell capacity evolution is expressed for all cells as a function
of cycle time and capacity throughput in Figure 3 and Figure
4 respectively. From both plots, it can be seen that ageing
does not follow a consistent trend throughout the test
duration. There are three main phases that are visible in the
test data. The first is a high rate of capacity fade in the first
month.

Fig. 4. Relative capacity throughput with cumulative capacity for all test
conditions

The second is a relatively slow and linear fade across
most of the test duration, and the last is the appearance of
possible acceleration in the rate of ageing of the cell, which
depending on the cell sample appears in the last 1-2 months
of cell lifetime.
What can be concluded from this, is that the relationship
between capacity fade and usage input (cycle time or Ah
throughput) does change at different phases in the cell
lifetime, but the largest section of ageing (Months 1-6)
appears to be approximately linear. This is highlighted in
Figure 5. In the first month, the rate of change is very high,
with a steady capacity fade after that. In late months the rate
increases, with the exact position cell dependent.
When observing Figure 4, it is hard to see a consistent
Ah throughput value that causes the transition between the
phases, particularly the late shift to accelerated ageing.
When observing Figure 3, the shape of the profiles with
respect to time is similar. This suggests that time spent at the
45°C test temperature is the dominant factor in the type of
ageing a cell is observing. From Figure 4 it can also be seen
that the ageing accelerates at between 82-85% SoH for most
cells, suggesting the capacity fade itself could also be a
trigger.
It can also be observed that there are two anomalies to
the observed trends. Cell 9 (2C charge rate and 90% DoD)
does not see the same initial capacity fade as the other cells,
being linear from the start of testing. This suggests it may
have begun life in an already more aged state, possibly due
to more mature Solid Electrolyte Interphase (SEI) layer
formation on the negative electrode.

Fig. 3. Relative capacity throughput with cumulative time for all test
conditions

Fig. 5. Rate of Capacity Fade relative to time with Cumulative time for all
cells

Cell 8 does also not show the same sharp decrease in
capacity towards the end-of-life that the other cells see. This
is surprising as it is subjected to an ageing condition
expected suffer a higher rate of degradation. This reflects
the strong influence of cell variation in ageing that can be
present in test results. Cell 1 also failed unexpectedly during
Month 8 of cycling, so cannot be evaluated at the last
datapoint.
B. Influence of Charge Current and Depth-of-Discharge
As it has been shown the profile changes into 3 distinct
phases, it is likely that in each of these phases different
ageing behavior is happening. For this reason, the phases
will be examined separately. For all phases the variance in
relative capacity fade rate with Ah throughput and time is
shown. As all cells go through phase 2, additional analysis
can be performed via mean factor analysis and response
model creation.
1) Phase 1
Capacity Fade with Ah throughput and cycle time is
shown in Figure 6. In phase 1 it is quite clear, that capacity
fade correlates significantly with Charge C-Rate when being
compared to cycle time more than the other phases. This
suggests that in this phase, cycling the cell increases ageing,
likely due to speeding up the layer formation on the negative
electrode either directly, or indirectly through internal
heating. The influence of charge current appears to increase
significantly between 1C and 2C relative to between 0.5C
and 1C, suggesting a threshold in this phase that causes
accelerated ageing. In this phase, Depth-of-Discharge is
relatively insignificant, with the results showing a slight
trend towards lower DoD increasing ageing rate. The
relationships between usage factors and cycle time, appear
to be more consistent than those using Ah throughput.

Fig. 7. Relative capacity fade rate with test condition for ageing phase 2
relative to a) Ah and b) time

2) Phase 2
Figure 7 shows rate of capacity fade for each test
condition, relative to Ah throughput and time. In addition,
the mean factor analysis for charge C-Rate and DoD
changes are shown in Figure 8, scaling the results relative to
the overall average for all test conditions. It can be seen that
the variance of usage factors is significant, with the worstcase condition causing degradation at approximately 1.6
times the best-case condition for both time and capacity.
In all cases, increased DoD accelerates ageing. In most
cases however, it appears that the relationship between DoD
and ageing is not linear. Between 70-80% there is a
relatively small increase in ageing, but between 80-90% it is
much more significant, when comparing to both time and
capacity throughput, suggesting the relationship is complex.

Fig. 6. Relative capacity fade rate with test condition for ageing phase 1
relative to a) Ah and b) time

For charge C-Rate, the effect on ageing depends on the
comparison input being time or capacity throughput. When
comparing to cycle time, a higher charge C-Rate increases
ageing in an approximately linear way. When comparing to
capacity throughput however, a lower charge current
magnitude is more degrading. This is due to lower charge
currents effectively increasing time per cycle. With time
being the apparent dominant influence on ageing, the longer
cycle times dominate any additional ageing that occurs from
higher charge currents. What can be seen however, is that
the rate of change from 0.5C to 1C is significantly higher
than 1C to 2C, which indicates that charge current itself may
become more significant itself above 1C. When comparing
to time, there is an approximately linear increase in capacity
fade with charge C-Rate, indicating either that increased Ah
throughput has an effect, or that increasing charge rate itself
is causing accelerated ageing.

Another observation from Figure 7 is that there is likely
some interaction effects between Depth-of-Discharge and
charge C-Rate.
This is indicated by the increase in degradation for with
DoD being more pronounced as charge C-Rate increases,
particularly at higher DoD. It is unclear visually whether the
interaction is significant or due to natural testing variation.
3) Response Equations for time and Ah throughput
Phase 2
As highlighted in Section III.B.2), the influence of each
usage parameter (Charge C-Rate and DoD) is observed to be
higher order. In addition, there is also a possibility of
interaction effects between the two parameters. This limits
the use of the mean-factor analysis and necessitates the use
of a response model to identify the relative importance of
higher order and interactive effects. The results for the
response models for time and Ah throughput are shown in
Figure 9, with a corresponding to charge C-Rate and B
corresponding to DoD. What can be seen, is that for Ah
throughput, the low-level factors dominate, with Crate and
DoD having a strong decreasing and increasing effect on
capacity fade rate respectively.

Fig. 10. Relative capacity fade rate with test condition for ageing phase 3
relative to a) Ah and b) time

The other significant affects are the higher order
interaction effects. This does not seem physically realistic
however. The time based trends are more consistent with
expectations. Again, the first order effects are significant for
charge C-Rate and DoD increase (this time both increasing
degradation), while higher order DoD is also significant
(matching with the trends observed in Figure 6. It can be
seen however, that except for the highest order interaction
effect, all interaction and higher order effects contribute
significantly, confirming that the ageing is complex and that
linear and isolated analysis of the ageing trends is not
sufficient.

Fig. 8. Mean factor analysis with time and Ah throughput during phase 2

4) Phase 3
In this phase, there appears to be a strong correlation
between degradation rate and DoD relative to both time and
Ah throughput as shown in Figure 10. This suggests that
eventually, higher Depth-of-Discharge conditions do lead to
more significant ageing, although the ageing mechanisms
they cause may not act straight away. Charge current is less
conclusive. When compared to time it is suggested that
medium charge currents cause higher levels of ageing,
although there is much cross over between currents which
does not make the analysis certain. In this case there is not a
sufficient amount of datapoints to create a response model
to analyse the influence of effects fully.
IV.

Fig. 9. Response Model Coefficients for a) time and b) Ah

CONCLUSIONS

The analysis has revealed a significant amount about the
ageing behavior of an NMC/graphite cell in high
temperature automotive conditions. A clear conclusion is
that both the rate of ageing and the sensitivity of that rate to
usage conditions, changes as the cell is used. In early stage
ageing, Depth-of-Discharge is relatively insignificant, but in
mid to late ageing shows a clear trend. Charge C-Rate
appears to decrease in significance after the first month
albeit remaining influential.

It is also clear, that the relationship between usage
conditions and capacity fade are not simple. There was
evidence of higher order effects in both factors.
Depth-of-discharge and particularly Charge C-Rate
appeared to gain significance above a certain threshold.
There was also evidence of interaction effects between the
two usage conditions.
Cycle time was shown to be, at the high temperature
conditions tested, at least as influential as cycle throughput.
It was shown that cycle time was a better indication of
changes in the nature of cell ageing and was more consistent
in the relationship between usage conditions and
degradation than Ah throughput. This would be even truer in
real conditions, which would likely have much larger time
gaps between cycles, making time dominant in those cases.
The implications of this are that the modelling and
control of ageing must account for the changing nature with
cycle time, and the changing rate with usage conditions. It
was shown however, that over a large amount of the cell
lifetime, the capacity fade rate at high temperatures could be
approximated as linear, when tracking the time at which the
cells have been exposed to the high temperature conditions.
Last, it was shown that a lot of information can be
gathered by applying a design-of-experiments approach to
automotive cell ageing. To gain further insight however,
techniques such as Incremental Capacity Analysis (ICA)
should be combined with chemical analysis to gain a further
insight into the underlying causes of ageing within the cell.
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