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This paper represents the evaluation of ageing parameters in lithium iron phosphate based batteries,
through investigating different current rates, working temperatures and depths of discharge. From these
analyses, one can derive the impact of the working temperature on the battery performances over its life-
time. At elevated temperature (40 °C), the performances are less compared to at 25 °C. The obtained
mathematical expression of the cycle life as function of the operating temperature reveals that the
well-known Arrhenius law cannot be applied to derive the battery lifetime from one temperature to
another.

Moreover, a number of cycle life tests have been performed to illustrate the long-term capabilities of
the proposed battery cells at different discharge constant current rates. The results reveal the harmful
impact of high current rates on battery characteristics.

On the other hand, the cycle life test at different depth of discharge levels indicates that the battery is
able to perform 3221 cycles (till 80% DoD) compared to 34,957 shallow cycles (till 20% DoD). To investi-
gate the cycle life capabilities of lithium iron phosphate based battery cells during fast charging, cycle life
tests have been carried out at different constant charge current rates. The experimental analysis indicates
that the cycle life of the battery degrades the more the charge current rate increases. From this analysis,
one can conclude that the studied lithium iron based battery cells are not recommended to be charged at
high current rates. This phenomenon affects the viability of ultra-fast charging systems.

Finally, a cycle life model has been developed, which is able to predict the battery cycleability
accurately.
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early 1900. In addition, motor vehicles powered by the ICE are sig-
nificant contributors to air pollutants and greenhouse gases linked

1. Introduction

Since the beginning of the automobile era, the internal combus-
tion engine (ICE) has been used for vehicular propulsion since the

* Corresponding author at: Vrije Universiteit Brussel, Pleinlaan 2, Brussel 1050,
Belgium. Tel.: +32 255 915 12.
E-mail address: noshomar@vub.ac.be (N. Omar).

0306-2619/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.apenergy.2013.09.003

to global climate change [1,2]. As the global economy begins to
strain under the pressure of rising petroleum prices and environ-
mental concerns, a lot of research work has been spurred the
development of various types of clean energy transportation sys-
tems such as Hybrid Electric Vehicles (HEVs), Battery Electric Vehi-
cles (BEVs) and Plug-in Hybrid Electric Vehicles (PHEVs) [3-15].
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However, the energy storage system, with its need for energy for
range, power for acceleration, regenerative braking for efficiency
and considerable cycle life remains the critical component of the
electrically propelled vehicle [15-35].

In HEVs, PHEVs and BEVs, the battery is mostly suffering from
various stress factors such as high current rates, deep discharge
conditions, low and high operating temperatures. Particularly,
the impact of temperature has a great influence on the battery
behaviour during acceleration and regenerative braking events
[36,37].

In order to guarantee the long-term cycleability of the battery
cells as much as possible, there is a need for a comprehensive study
of the ageing phenomena in the battery at different operating con-
ditions as listed in the previous section.

In [7,8,16-19], different battery chemistries have been investi-
gated based on their performances. However, the analyses were
only suitable to demonstrate the capability of the parameters such
as energy, power, capacity and internal resistance.

From the point of view of the battery lifetime, in [29], the rele-
vance of fast charging is reported and analyzed. The authors per-
formed three similar tests at three working temperatures (0 °C,
25 °C and 40 °C). They concluded that battery energy efficiency de-
creases when the working temperature reduces. However, the
combination of temperature and current rate change has not been
investigated in literature. Furthermore, in [38-42], the main ageing
parameters such as internal resistance increase and capacity fade
in lithium-ion chemistries are analysed and discussed, based on
half-cell levels. From the point of view of the “electrical approach”,
in [43], an analysis has been performed at two different working
temperatures to analyse the power fade during the cycle life, relat-
ing this parameter to the state of health. The authors found that the
power fade at 25 °C is less pronounced than its value at 45 °C. Par-
ticularly, the lithium nickel manganese cobalt oxide and lithium
nickel cobalt aluminium have been analysed. Wright et al. [43]
concluded that the relationship between the resistance increase
and the storage time at specific temperature could be proposed
as a square root.

In [44,45], the charge & discharge resistances of lithium nickel
cobalt oxide battery cells have been investigated at various work-
ing temperatures (40 °C, 50 °C, 60 °C and 70 °C). The authors have
applied the normal Hybrid Pulse Power Characterization (HPPC)
test at 60% and 80% SoC during the cycle life of the battery. Accord-
ing to the performed analysis, a life cycle model has been ex-
tracted. However, one should pay attention that the maximum
temperature for the proposed battery chemistry is 40 °C and
55 °C during charge and discharge, respectively. The presented
analysis exceeds this envelope and cannot have occurred in reality.
Ning et al. have extended the proposed analysis by performing cy-
cles life test at different current rates (1 I, ' 2 I; and 3 I,) [45]. They
found that capacity decrease at 300 cycles is around 9.5%, 13.2% and
16.9% for 1 I, 2 I; and 3 I, respectively. Moreover, they concluded
that internal resistance has its largest value at 3 I..

In [46], Wang et al. performed accelerated cycle life tests at dif-
ferent conditions such as DoD and temperature. From the experi-
mental results, a test matrix has been built. From this matrix,
mathematical expressions have been derived illustrating the bat-
tery lifetime. However, this analysis has been carried out at low
current rates. Further, the authors used the Arrhenius law for inter-
polation and extrapolation of the battery lifetime versus working
temperature.

Following this work, the researchers of ISEA performed an accel-
erated lifetime tests at different working temperatures and SoC

! The current I, represents the discharge current in amperes during 1 h discharge
and C is the measured capacity of a cell as specified in the standard IEC 61434 [22,23].

levels for obtaining a mathematical relationship between the stor-
age time, temperature and voltage on ageing [47]. The developed
model seems interesting to investigate the impact of the mentioned
parameter on the battery lifetime. However, this study should be
extended at different working conditions and the model needs then
to be adjusted. Here, it should be underlined that only nickel man-
ganese cobalt oxide batteries have been used in this study, which
may thus not be extrapolated to the other battery chemistries.

Following this research, Kassem et al. carried out a similar anal-
ysis on lithium iron phosphate based batteries at three different
temperatures (30 °C, 45 °C, 60 °C) and at three storage charge con-
ditions (30%, 65%, 100% SoC). They observed that the capacity fade
increases faster with the storage temperature compared to the
state of charge [48]. Moreover, they concluded that lithium loss
has been identified as the main source of the capacity fade. The
capacity fade comes up from side reactions at the anode. While
at cathode level, the loss is less prominent.

Amine et al. [49] concluded that the capacity fade at high tem-
peratures was related to the dissolution of Fe?* from the LiFePO,
electrode and subsequent deposition of the ions on the carbon
electrode, where the metal deposit tends to catalyze the formation
of the solid-electrolyte interface (SEI) layer. Moreover, the forma-
tion of the SEI layer is responsible for the lithium-ions consump-
tion and the increase of the high surface resistance and reduction
of the available capacity. These results also have been confirmed
by Song et al. [50]. They observed that cycling the battery at
25 °C temperature is less pronounced than at 55 °C. The capacity
fade after 600 cycles at 25 °C was 5% compared to 30% at 55 °C.

A lifetime model has been developed based on a static experi-
mental analysis at various SoC conditions and temperatures [51].
The developed model for lithium iron batteries is showing quite
good results compared to experimental results but at low SoC lev-
els the model is not accurate enough. In the proposed article, the
model is more interesting for stationary applications. However in
HEVs and BEVs, there is a need to perform a more dynamic analy-
sis, which is representative to the battery behaviour in such vehi-
cles. Moreover, in [52] it is indicated that the most relevant
parameters in BEVs are the storage temperatures, depth of dis-
charge, current rates and fast charging.

All this research shows the need for a complete analysis of the
ageing electrical parameters of lithium-ion battery based on non-
accelerated conditions as have been done in [46,47]. Therefore,
the battery should be tested under a realistic load profile that is
usual in BEV applications instead of using a constant current profile.

Furthermore, such analysis will allow the battery designer to
have a clear view of the main changing parameter inside the bat-
tery, which can further be related to the SoH estimation. Moreover,
based on such analysis all needed empirical relationships further
will be used for development of a cycle life model.

2. Test methodology

In this paper, a novel methodology is proposed as presented by
Fig. 1 for analysis of the main ageing parameter in lithium iron
phosphate based batteries. The proposed approach differs on sev-
eral levels from the existing works in the literature and the advan-
tages are many-folds:

e The existing works are mostly related to some specific perfor-
mance parameters, which do not reflect all ageing phenomena
in lithium-ion batteries. But, our approach is extended as illus-
trated in Fig. 1, whereby the cycleability of the proposed battery
has been investigated at different conditions such as operating
temperature (40 °C, 25°C, 0°C, —18 °C), depth of discharge
(100%, 80%, 60%, 40%, 20%), discharge current rates (1 I, 5 I,
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Fig. 1. Test methodology.

101;, 15 I;) and charge current rates (1.251;, 2,51, 4 I, 7 I;, 10 I,).
The cycleability of the battery at these conditions will provide
the required information regarding fading mechanisms. The
execution of a test methodology at such large-scale is a novel
method and has not been performed before.

The performed analysis has been mainly done at a standardized
dynamic load profile as presented by Fig. 2 [53], which repre-
sents the battery behaviour in BEVs compared to the constant
profiles in the existing works. Then, these tests have been per-
formed based on non-accelerated conditions compared to the
existing works, whereby the batteries have been investigated
at accelerated conditions [46,47].

The standard specifies that the cell should be subjected to the
micro-cycle (see Fig. 2) until the depth of discharge capacity
is 80%, after which the cell will be fully charged. This process
of charging and discharging will continue until the cell capacity
at “1 I;” has reached 80% of the initial capacity.

The standard specifies that the test should be performed at
45 °C in order to accelerate the ageing mechanism of the bat-
tery. However, the numbers of commercial lithium-ion batter-
ies that can operate at this charge temperature are very
limited. For most batteries, the maximum charge temperature
is 40 °C. Cycling the cells (or battery) at high temperature can
lead to damage the battery. The results that can be obtained
from the mentioned test are not relevant to compare the batter-
ies to each other due to the fact that the cycle life of the cells as
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Fig. 2. Charge-depleting micro-cycle [53].

specified by the manufacturer are derived at room temperature.
The standard proposes to convert the obtained cycle life value
at 45 °C into a calculated value at room temperature by using
the Arrhenius law. However, the Arrhenius law can only be used
in the cases when the system is exponential. Due to the fact that
the Li-Ion cells do not show a strictly exponential characteristic,
the obtained value according to the standard will not represent
a realistic value.

In this study, the depth of discharge has been extended till 100%
instead of 80% as a typical worst-case scenario for BEV and
PHEV applications. The micro-cycles of ISO 12405-2 have been
used, calibrated in current rates instead of power rates how-
ever. The maximum employed discharge current pulse is 4 I,.
In this study, all the experimental tests have been conducted
simultaneously using the battery tester PEC Corporation SBT
0550 and the climate chamber CTS C-40/350 [54,55].

Most of the existing works are related to a specific lithium-ion
chemistry (mostly NMC). However, the performances and aging
mechanisms in this battery chemistry differ from the LFP bat-
teries. This means that the analyses cannot be generalized.
Therefore, there is a need for having extended aging investiga-
tion on other lithium-ion batteries (e.g. LFP batteries) [43-
4547].

The proposed approach provide a clear view regarding the
change of the internal resistance and capacity fade at different
conditions, which can be assumed as a key parameters for esti-
mation of SoH of batteries.

Then, our approach also gives all the mathematical relation-
ships for development of a life cycle model. Thus, the model
can be used for prediction of the battery cycleability at different
conditions in contradiction to the most existing works, whereby
the analyses have been done at specific conditions and for spe-
cific applications [51].

The developed model has further the advantage, which can sup-
port the battery designer to optimize the battery design con-
cept. It means that the battery manufacturer can improve its
battery at specific conditions, where the previous battery did
not performed well.

The approach also provides the required information regarding
the heat development in the battery. It means that the cooling
in the battery system should be designed to remove the heat
from the system.
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e In this manuscript, an analysis is included regarding battery
performances at different charge regimes. This analysis is a
novel methodology and has not been proposed in the literature.
The executed work is proposed to develop dedicated control
algorithms for charging the battery, whereby high perfor-
mances and fast charging can be combined.

In the last years, this issue becomes a hot topic in the field of
batteries and development of charging systems for electric
vehicles.

Finally, the development of lithium-ion batteries performs at a
high speed, whereby batteries continuously become improved
in terms of coating systems, new electrodes, change in mor-
phology of the electrode, new electrolyte. This result to the fact
that execution of ageing analysis for all batteries still remain a
key issue in the scientific community.

Here it should be underlined that ageing phenomena based on
the calendar life and post mortem analysis are out of the scope
of this article.

These performed tests have been performed on cylindrical lith-
ium iron phosphate based battery type (2.3 Ah, 3.3 V). The elec-
trode materials of the proposed battery are lithium iron
phosphate in the positive electrode and graphite in the negative
electrode. The battery has an energy density about 98 Wh/kg and
a discharge power performance about 1800 W/kg at 50% SoC and
room temperature (23-25 °C) during a pulse of 10 s [30,36].

In this analysis, 3 battery cells have been used at each working
conditions. The presented results below are the average results.

It should be pointed out that the ageing study has been per-
formed from the point of view of “electrical approach”.

3. Results and discussions
3.1. Working temperature

In order to assess the impact of the working temperature
behaviour on the battery long time performances, cycle life tests
have been carried out at specified ambient temperatures: 40 °C,
25 °C, 0 °C, —18 °C. The battery cells have been charged, at constant
current 1 I, followed by constant voltage 3.6 V until the current
reached the specified end value (0.01 I;). Then, the battery cells
get a break time of 30 min. Thereafter, the batteries are subjected
to the load profile as proposed in Fig. 2. When the cut-off voltage
(2 V) has been reached, the battery cells are charged again followed
by a break time of 30 min.

At each 50 cycles, the battery cells have been submitted to a
capacity test at 1 I, for analysis of the remaining capacity in the
battery cell. At the end of this test, a discharge pulse of 5A during
100 ms at 100% SoC has been imposed for determination of the
internal resistance. This procedure is a standard test in the men-
tioned battery tester.

Before starting the test, cells were conditioned at the proposed
working temperatures during 6 h. During the cycle life test, the
surface temperature of the battery cells have been measured by
placing a thermal sensor (type K thermocouple) in the middle of
the battery cell surface as to avoid exceeding the maximum al-
lowed temperature as defined by the battery manufacturer.

In Fig. 3, the evolution of cycle number is illustrated in function
of operating temperature. The end-of-life criterion is 80% of the
original capacity under standard conditions. As can be observed
from Fig. 3, the evolution can be described by a polynomial equa-
tion of 3th order. This empirical relationship, which can b fitted by
using the least-square fitting method:

CL=aT’ - bT?+cT+d (1)

3000
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Fig. 3. Evolution of cycle life versus working temperature.

where CL: cycle life of the battery; T: the operating temperature
(°C).

Fig. 3 shows that the lifetime of the battery decreases above
25 °C. The reason for this evolution is due to instability of the solid
electrolyte interface (SEI) [39,49,50,56]. At each charge cycle, the
SEI will consume some Li extracted from the LFP at the graphite
surface for making the Li containing inactive species. Due to such
phenomena:

e the consumption of Li, which is contributing for reversible
capacity will be less,

e the internal resistance at the graphite surface will increase
continuously,

o the capacity fade in the battery increases,

e a misbalance occurs in the electrochemical process of the bat-
tery whereby the cycle life decreases.

The above results at elevated temperature have also been con-
firmed by Ramdass et al. [57]. They concluded that after 800 cycles,
the considered lithium iron phosphate based batteries at room
temperature and 45 °C showed 30% and 36% capacity fade, respec-
tively, due to the faster increase of the internal resistance on the
positive electrode at 45 °C against at room temperature. The less
beneficial cycle life results at low temperatures have been related
to the formation of the lithium plating [39].

In order to have beneficial battery performances during the long
term, the batteries should be kept in the operating temperature
15-35 °C, where the increase of the internal resistance in this re-
gion is limited compared to its value at 40 °C (127%) and —18 °C
(till 135%) as illustrated in Fig. 3. The increase of the internal resis-
tance will not only have a negative impact on the battery perfor-
mances (power fade), but also on the energy efficiency of the
battery. This will further increase the temperature raise in the cells,
which will further increase and accelerate the ageing phenomena
in the battery as one can observe from Fig. 3. In addition, this as-
pect will be significant for the dimensioning of the cooling system
in the battery system.

The results at 25 °C have more or less been confirmed by Waag
et al. [58]. However, it should be noted that their investigation has
been carried out on lithium nickel manganese cobalt based
batteries.

The standard ISO 12405-2 defines battery end of life when the
discharge capacity is reduced to 80% of the initial capacity. From
this point of view, one can conclude that the state of health
(SoH) of a battery can be related to the capacity decrease as it is
presented by Eq. (2).

SoH = Cdisact (2)
Cisinit

where Cgisact, the actual discharge capacity of the battery (Ah);
Cais,init» the initial discharge capacity of the battery (Ah).
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As shown in Fig. 4, the increase of the internal resistance of the
battery can also be assumed a crucial parameter for definition of
the state of health. This increase is more pronounced at 40 °C
and —18 °C than at 25 °C. Therefore, Eq. (2) can be proposed by par-
tial differential relationship:

dSoH 9dSoH
dSoH = mdcdls,act + deb,mcr (3)
where Ry incr, is the increase of the internal resistance of the battery
(Q).

According to these results, we can observe that the well-known
FreedomCar battery model should be adapted whereby the impact
of the internal resistance increase can be taken into account as pre-
sented in Fig. 5. As we can see, the presented battery model takes
into account the hysteresis of the battery as illustrated in Fig. 6.
The hysteresis has been included by separating the charge and dis-
charge ohmic resistances (Roch, Rodis) and the RC polarization cir-
cuits. Then, the model has been enhanced by including two
separate ohmic resistances during charge and discharge (Ric,
Ricdis), which represent the evolution of the resistance during its
cycle life. The same issue has been performed regarding the RC cir-
cuits. Based on the latter two modifications, the SoH estimation
can be proposed as function of the sum of the ohmic and polariza-
tion resistances.

From the point of view of capacity and state of charge (SoC) evo-
lution, the situation seems less beneficial. The shape of the SoC
curves strongly varies in function of the working temperature
and the cycle life as can be derived from Fig. 7. From this figure,
one can observe that the battery is degrading in function of the cy-
cle life, the battery discharge capacity decreasing. From this evolu-
tion, one can conclude that there is a need for a modification of the
term cycle life. At working temperatures —18 °C where the internal
resistance is high due to the low conductivity, the total accumu-
lated capacity (Ah) is less compared to at working temperature
25°C [47,52]. Therefore, it is more appropriate to define an equiv-
alent cycle (CL.,) where the effective cycle of a battery can be cal-
culated independent of the working temperature. Based on this
methodology, one can calculate the cycle life of a battery based
on a well-defined capacity. In this study, the measured begin of life
(BoL) of the battery capacity at 25 °C has been selected as the ref-
erence capacity.

Cdis.act

CLeq Cref (4)
where CLq, is the equivalent cycle; Cyisact, is the accumulated net
discharge capacity during cycle life (Ah); Ceef, is the measured dis-
charge battery capacity at 25 °C and at BoL (Ah).

From Fig. 3, we recognize that the equivalent cycles at 25 °C
(2071 cycles) and 0°C (1850 cycles) are smaller compared to
2600 at 25 °C and 2070 measured cycles at 0 °C, respectively. This
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methodology allows us to calculate the effective number of cycles
that a battery can achieve based on a fixed driving range.

Finally, based on Fig. 7, one can observe that the association of
state of charge to a reference voltage evolution will have dramatic
consequences on the accuracy of the SoC prediction. Due to the
degradation of the battery, the voltage evolution changes strongly
in function of the cycle life. The voltage reading can thus not be
considered a good solution for SoC estimation.

3.2. Constant discharge current rates

In the previous Section 3.1, the cycle life tests have been per-
formed at a well-defined dynamic load profile. This profile does
not include the impact of current rate change on the battery per-
formances. In order to take this issue into account in the analysis
of the ageing phenomena, there is a need for an additional test at
different constant discharge current rates. Therefore, a series of cy-
cle life tests have been carried out at constant currents 1 I, 5 I;, 10
I;, 15 I; and at room temperature till 100% DoD.

Here it should be noted that the battery cells have been charged
at the same procedures as defined in Section 3.1.

Fig. 8 shows the results of the remaining capacity in function of
cycle life, with a much faster capacity decrease at high current
rates. The lifetime of the battery is 2900, 2060, 1100 and 560 cycles
at 11,51, 10 I, and 15 I,, respectively.
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Moreover, based on the evolution of the cycle life duration cur-
rent rate, the following mathematical expression has been derived
based on the least square fitting method in Matlab Simulink.

CL(Iy) = e.eVd) 4 g el (5)

Ning et al. reported that the fast capacity degradation of the
battery at high discharge current rates is due to the change in
the carbon structure [45]. This has been illustrated based on a
number of cycle life tests at 1 I, 2 I; and 3 I, showing capacity
degradations after 300 cycles of 9.5%, 13.2% and 16.9% respectively.
Furthermore, based on scanning electron microscopy (SEM)
images, they did not observe significant structure change at the
carbon electrode surface at 1 I.. However, at 2 I; and 3 I, the struc-
ture exhibits more white substance and cracks on the surface. Fol-
lowing this reference, the researchers of university of Aarhus
concluded that the battery performances of optimized lithium en-
ergy battery decreases the more the current rates increases [59].
They observed that the internal resistance increases with the cur-
rent rate. This observation has been obtained based on impedance
spectroscopy analysis.

Furthermore, during the cycling test, the surface battery tem-
perature of the battery cells has been monitored by using thermal
sensors (Type K) in the middle of the battery cells. From the exper-
imental results, one can observe that the high surface temperature
at 10 I; and 15 I; (about 55 °C).

From Fig. 8, one can conclude that the battery performance de-
creases the more the battery temperature raises. However, in this
case the capacity retention is much faster due to the combination
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Fig. 8. Evolution of remaining capacity versus cycle life at different current rate.

of the high battery temperature and applied current rates. These

observations have also been confirmed in Refs. [47,48,60-65].
The high surface temperatures at 10 I; and 15 I; are due to the

higher resistance losses in the battery as presented by Eq. (6):

Eiogs — / Ry-I2-dt (6)

where Ejqs, is the resistance loss (J); Ry, is the battery resistance
(Q); I, is the current that flows through the battery (A).

The internal resistance and high current rates result in increas-
ing of the Joule losses in the battery, which translates in a high sur-
face temperature. In Fig. 9, we recognize that the internal
resistance at 10 I; and 15 I, increases faster than its value at 1 I, cur-
rent rate. The internal resistance increase is 123%, 132%, 156% and
140% at 1 I, 5 I;, 10 I; and 15 I; current rates, respectively.

Ning et al. concluded that the considerable high increase of the
internal resistance at high current rates is due to the cracks that re-
sult to formation of a new SEI layer [45]. This layer becomes thicker
during the cycle life of the battery. This results in a significant in-
crease of the internal resistance of the battery cell.

Here, it should be noted that the surface temperature at 15 I,
reached the maximum allowed discharge temperature as specified
by the battery manufacturer (60 °C). Therefore, the battery cells at
15 I; have been cooled by using a conventional fan, and the temper-
ature at 15 I, represents the surface temperature when the battery
cells are cooled by the fan. The temperature after cooling is thus
still in the range as at 10 I,.

Finally, in Fig. 10, the Peukert”> number has been calculated dur-
ing the lifetime of the battery. This figure confirms the discharge rate
capabilities of the battery when the battery is continuously dis-
charged at 10 I; and 15 I; current rates. The Peukert number increases
to 1.018, 1.035, 1.044 and 1.052 at 1 I, 5 I;, 10 I; and 15 I; current
rates, respectively. At every 50 cycles, the Peukert number has been
determined based on 1 I; and 5 I; from 100% till 0% state of charge.

2 Peukert phenomenon is an empirical formula which approximates how the
available capacity of a battery changes according to the rate of discharge as expressed
by the following equation [69]:

Cp = Tais., | ‘l;.dis

where G, is the theoretical capacity of the battery expressed in Ah, Iy is the dis-
charge current, Tgis the discharge time and k is the Peukert number. This equation
shows that at higher discharge current, there is less available capacity in the battery.
The Peukert number indicates how well a battery performs under continuous heavy
discharge current. A value close to 1 indicates that the battery performs well; the
higher the value, the more capacity is lost when the battery is discharged at high
current.
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Fig. 9. Increase of internal resistance versus cycle life.
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Fig. 10. Peukert evolution versus cycle life at different current rates.

From this analysis one can conclude that the combination of high
temperatures and high current rates is very harmful for the perfor-
mances of a battery.

Furthermore, one can conclude that the Peukert number can be
considered as a key parameter for the assessment of the state of
health of the battery.

3.3. Depth of discharge

In the previous Sections 3.1 and 3.2, the impacts of the working
temperature and constant discharge current rate on the battery
performances have been illustrated and analysed. However, all
these tests have been carried out until 100% depth of discharge
(DoD). In real-life BEV applications, the battery is never depleted
completely, with SoC varying between 100% and 30%.

In [66], Rosenkranz et al. made a comparison of the cycle life of
various battery technologies in function of DoD. From this test,
mathematical relationships have been extracted. The analysis
shows that the evolution of the cycle life is not fixed. It is a strongly
battery technology dependent. They assumed that the relationship
of the cycle life versus DoD for all lithium-ion battery chemistries
should be the same. However, the results in [67] indicate that the
battery performances change in function of many parameters such
as (temperature, current rate, DoD). In addition, the results are
strongly chemistry dependent. Following to this work, Schaltz
illustrated the evolution of cycle of lithium-ion battery in function
of DoD based on battery manufacturer data [68].

Based on these references, there is a need to perform a cycle life
analysis in function of DoD based on a realistic load profile and not
at constant currents as reported in [66,68,71].

In order to have a clear view of the battery performances at dif-
ferent SoC levels and for extraction of a relationship for modeling
purposes, a series of cycle life tests have been performed at 20%,

40000 1
35000 A
30000 -
25000 A
20000 A
15000 1
10000 1
5000 1 321 2600
0

34957

19985

10019

Number of cycles

0 10 20 30 40 50 60 70 8 90
Depth of discharge [%]

100 110
Fig. 11. Evolution of cycle versus depth of discharge.

40%, 60%, 80% and 100% DoD at room temperature (20-25 °C).
Therefore, the same load profile has been used as presented in
Fig. 2 in Section 2 “Test methodology”.

The batteries were fully charged as described in Section 3.1 and
have been discharged till the cut-off voltage® is reached. The mea-
sured net dynamic discharge capacity corresponds to the battery
capacity in the beginning of life. This value is also equal with 100%
DoD. The net discharge capacity was also measured at 20%, 35%,
50%, 65% and 80% DoD.

The end of life has of the battery cells has been determined by
performing a standard cycle® until 100% DoD every 200 cycles, to
determine the total discharge capacity of the cell.

In Fig. 11, the results of the above analysis are presented. The
cycle life evolution is assumed as an exponential function as pre-
sented by (7). The proposed empirical relationship has been de-
rived by using least-square fitting method as discussed in
Section 3.1.

CL(DOD) — {.el-DoD) + k.e(l:DoD) (7)

From the experimental results, one can conclude that the bat-
tery cell is able to perform 3221 deep cycles (till 80% DoD) com-
pared to 34957 shallow cycles (till 20% DoD).

According to the USABC goals, the battery should be able to per-
form 300,000 shallow cycles during charge sustaining mode [37].
By comparing this objective with the obtained results, one can con-
clude that the USABC objective is rather ambitious.

According to Rosenkranz [67], the lithium-ion batteries in PHE-
Vs should be able to perform about 15,000 cycles (till 20% DoD).
This result seems below the obtained results from this study. A
possible reason could be that the investigated batteries by Rosenk-
ranz were optimized for high-energy applications [67], while the
used battery cell in this paper has more power capabilities. Fur-
thermore, Rosenkranz did not specified the conditions of the tests
that have been performed.

Fig. 12 shows the increase of internal resistance during cycle
life, based on the internal resistance method as described in Sec-
tion 3.1, with an internal resistance increase much higher at deep
discharge. Particularly, for 100% DoD, the internal resistance in-
crease is significantly higher at about 132% compared to 126%,
119%, 116%, 112% for 80%, 60%, 40% and 20% DoD, respectively. This
test indicates that the increase of internal resistance is one of the
stress factors in the battery as observed in Fig. 4. In addition, this
analysis confirms again that the internal resistance of the battery
has a great influence on the battery performance and should be ta-
ken into account as a major assessment parameter for SoH
determination.

3 Cut-off voltage is the minimum battery voltage as specified by the battery
manufacturer.

4 Standard cycle exists of a standard constant current/constant voltage charge
method as described in Section 3.1 following by a standard discharge current at 1 I,
till cut-off voltage.
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Fig. 12. Evolution of internal resistance versus number of cycles.

In order to illustrate the battery ageing behaviour in depth, the
Peukert number as analysed in [70] has been calculated based on
discharge current rates 1 I; and 5 I,.

Fig. 13 indicates the same evolution as well as Fig. 10. The Peuk-
ert number increases the more the battery is deeply discharged.
Particularly, at 100% DoD, the increase of Peukert is more pro-
nounced (1.045), while the evolution of Peukert number at 20%
DoD is less and more stable.

3.4. Fast charging

In battery electric and Plug-in Hybrid Electric Vehicles, fast
charging capability is considered a desirable trait.

In [53], the performances of different lithium-ion batteries with
various chemistries have been analysed at several charge current
rates. The authors concluded that high power optimized battery
cells can absorb considerably high currents. Following to this work,
in [30], Patel et al. performed a series of capacity tests at different
charge current rates and operating temperature on a high capacity
lithium iron phosphate battery. They concluded that the stored
capacity in the battery is strongly dependent of the applied current
and the ambient temperature due to the change of the internal
resistance. However, the impact of the high load on the battery
behaviour during the long term was not analysed. Moreover, Ans-
ean et al. performed an extended cycle life test analysis on the
same battery cells as proposed in this article in order to investigate
the impact of the charge current rate on the battery performances
[72]. In this article, a comparative study has been carried out based
on 3 different load profiles: 1 I; during charging and discharging,
dynamic load profile and fast charging at 4 I,. The authors con-
cluded that the impact of charging current is independent on the
battery performances.

However, in [73] is documented that the degradation of EV bat-
teries is sensitive to charging regime for bulk energy services. From
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Fig. 13. Evolution of Peukert number versus cycle life.

vg 110 1
S, 100
2 90 (NN
‘G 80 S
s 0] 7 AN\ \ A
8 70 —1251t
60 i 414 567 660 1607 2950 o
S —251t
s 507 —4lt
£ 401
£ 30 e
< J —101It
20
§ 1o
0 500 1000 1500 2000 2500 3000 3500

Number of cycles

Fig. 14. Evolution of capacity decrease versus number of cycles.

Table 1
Charging rates at various power levels.

Charging power Charging time Battery current Current rate
(kW) (h) (A) (Io)

3 8 10 0.125
6 4 20 0.25
12 2 40 0.5
24 1 80 1
48 0.5 160 2
96 0.25 320 4

these references, we can observe that the evolution of the battery
as function of the cycle life is still unclear.

In order to have a clear view inside the battery charge capabil-
ities, a number of cycle life tests have been carried out at constant
charge current rates 1.25 1, 2.5 I, 4 I, 7 I; and 10 I; and at room
temperature (20-25°C). The cells were discharged beforehand
with 1 I; at room temperature. The discharging process ends when
the cut-off voltage is reached. Then, the battery gets a rest time of
30 min before starting with the following charging procedure as
specified in Section 3.1.

In order to investigate the capacity decrease of the battery, at
every 20 cycles the battery cells have been subjected to a standard
cycle, whereby the battery cells have been charged at the same
way as reported in Section 3.1 and discharged at 1 I; current rate
till cut-off voltage has been reached. The standard cycle is needed
to observe when the battery capacity has reached the end of life.

In Fig. 14, the battery cell capacity at different charging current
rates is illustrated. Fig. 14 shows that the cycle life of a battery is
strongly dependent on the applied charging current rate. The cycle
life of the battery decreases from 2950 cycles to just 414 at 10 I,.
From this analysis, one can conclude that the studied lithium-ion
battery cells are not recommended to be charged at high current
rates. Furthermore, these results indicate the contrary of the ob-
tained results by Ansean [72]. The main reason for the obtained
evolution is related to the formation of lithium plating at high
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Fig. 15. Stored capacity versus cycle life.
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Table 2
Summary of the extracted relationships at different working conditions.

Relationships Coefficients

Cycle life versus working a b c d
temperature
CL=aT? —bT>+cT+d 0.0039 1.95 67.51 2070
Cycle life versus constant e f g h
discharge current rates
CL(Iy) = e.ella) 4+ g el 4464 —0.1382 -1519 —0.4305
Cycle life versus depth of i j k 1
discharge
CL(DOD) = i.e.0DoD) 4 | dPoP)  6.009.69 -0.011879 6.009.69 -—0.01879
Cycle life versus constant m n o P
charge current rates
CL(I;p) = m.e™en 4 o.ePlan) 5963 -0.6531 3214 0.03168
110
e e
90 —~——
80 ad

Remaining capacity [%]
3
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Fig. 16. Evolution of the battery remaining capacity versus cycle life based on
experimental results.

current rates [40,74,75]. This process is not fully reversible where
lithium ions form metallic lithium at the surface instead of the in-
tended intercalation. This results into decrease of the active mate-
rial and further degradation of the battery capacity. This process
accelerates the more the charge current rates increases as we can
observe in Fig. 14.

This means that the fast charge systems as presented in [76]
will not have a positive impact on the battery systems using such
cells and that the real usefulness of extremely fast charging (7 I,
and higher) has to be reconsidered notwithstanding that it is al-
ready a high power cell.

Based on the evolution of the battery capacity degradation as
function of the charge current rate, Eq. (8) has been extracted by

Working temperature

Signal 1

Depth of discharge

using the Matlab/Simulink least-square fitting method. As we can
observe, the evolution of the life cycle as function of the charge
current rate is exponential.

CL(Ip) = m.e™a) 4 g ePla) (8)

To bring these figures in context, one can consider a typical
electric vehicle, fitted with a 300V, 80 Ah battery, with 24 kW h
energy content. The actual charge rate of the battery (assuming
the charge voltage constant and discounting all losses in the
charger) for various charging power levels would be as illustrated
in Table 1. It becomes clear that the so-called “semi-fast” charging
rates up to 24 kW [77] are acceptable, but extremely fast charging
is not.

Furthermore, the stored charge capacity during the cycle life
has been recorded as presented in Fig. 15. As can be observe from
the obtained results, the stored capacity is strongly dependent on
the applied charging current rate. The limited stored capacity at
high current rates is due to the high voltage drop. The voltage drop
becomes during the cycle life test higher than other cases due to
the increase of the internal resistance. Therefore, the stored capac-
ity decreases as it is illustrated in Fig. 15.

4. Development of a cycle life model

In the design and selection of rechargeable energy storage sys-
tems, a simulation model can be an interesting tool for assessing
the system behaviour during short and long term [45-47]. In this
paper, a cycle life model has been developed based on the evolu-
tion of the cycle life as function of the parameters working temper-
ature, constant discharge current rates, depth of discharge and
constant fast charging as presented by Eqgs. (1), (5), (7) and (8). In
Table 2, a summary is given of the extracted equations and their
coefficients. The extractions of the equations and coefficients have
been done based on the least square fitting method.

All these relationships have been integrated in Matlab Simulink
for having a general cycle life model at the proposed working
conditions.

In order to validate the accuracy of the model a validation test
has been performed at room temperature at 4 I, constant charging
current as specified in the Section 3.1 and then discharging at 4 I,
until the cut-off voltage (2 V) has been reached. In order to accel-
erate the conditions, the rest time between charging and discharg-
ing phases has been fixed on 10 min.

Display1

Impact depth of discharge

Calculation remaining cycle life

Fig. 17. Overview of the developed cycle life model.
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According to the experimental results, the battery is able to per-
form 720 cycles (see Fig. 16) against 681 cycles (see Fig. 17) based
on simulation results.

Bases on this validation result, we can conclude that the error
between the simulation and the experimental results is smaller
than 5.4%.

Here it should be underlined that the developed model has sev-
eral advantages over the existing models in the literature [45-47]:

o The model has been developed based on significant numbers of
performance parameters.
e The model has a relatively high acceptable accuracy, which
indicates that the model can be used for control strategy pur-
poses in advance when a vehicle will be developed. This issue
will accelerate the development speed of the battery system
and the battery lifetime can be extended by avoiding extreme
operating regimes to the battery.
The model can play a vital role in the development of thermal
management, where the main focus is to keep the battery in
the most appropriate operating range for having high perfor-
mances and long cycle life.
Then, the model can play an important role in the development
an accurate estimation of SoH, which is a important parameter
in the field of batteries,
Further, the model could be a useful tool for the battery design-
ers to improve the performances of their batteries in specific
operating conditions,
Finally, the model has been implemented in Matlab/Simulink
environment as presented in Fig. 17, which can be integrated
in any battery management system.

5. Conclusions

This paper describes a novel approach for assessment of ageing
parameters in lithium iron phosphate based batteries. Battery cells
have been investigated based on different current rates, working
temperatures and depths of discharge. Furthermore, the battery
performances during the fast charging have been analysed.

The investigated parameters are internal resistance evolution,
capacity retention, Peukert number evolution and temperature
evolution.

From the analysis, one can observe that the operating tempera-
ture has a great influence on the performance and lifespan of the
battery. At elevated temperature (40 °C), the performances are less
compared to at 25 °C.

The non-linear behaviour of the battery during the cycle life
makes that the Arrhenius law cannot be applied to derive the bat-
tery lifetime from one temperature to another.

The influence of different depth of discharge levels has been de-
scribed in a mathematical relationship.

Cycle life tests have illustrated the long-term capabilities of the
studied battery cells at different current rates, revealing the harm-
ful impact of the high current rates on the battery performances,
and particularly the fact that the studied lithium-ion battery cells
are not recommended to be charged at high current rates.

The results have demonstrated that the internal resistance and
capacity retention are the main electrical parameters to can be ta-
ken into account for prediction of state of health of a battery.

Finally, a life cycle model has been developed based on the ob-
tained evolution of the cycle life as function of the investigated
conditions.

Based on the validation test, the error percentage between the
simulated and experimental results is maximum 5.4%.

6. Future work

In this article, an extended ageing analysis has been carried out
based on the electrical approach. However, this methodology does
not provide any information to the ageing phenomena on material
level. Therefore, in the future work a post mortem analysis will be
carried out on the used batteries at the mentioned working condi-
tions. This analysis will study the influence on the level of elec-
trode, electrolyte and separator.
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