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Abstract: The increased activity in the field of Battery Electric Vehicles (BEVs) and
Hybrid Electric Vehicles (HEVs) have led to an increase in standardization work,
performed by both world-wide organizations like the IEC or the ISO, as by regional and
national bodies such as CEN, CENELEC, SAE or JEVA. The issues of these standards
cover several topics: safety, performance and operational/dimension issues. This paper
reports a brief overview of current standardization activities of lithium batteries based on
IEC 62660-1/2 and ISO 12405-1/2. Furthermore, in this paper, a series of innovative test
procedures for lithium-ion batteries are presented. Thanks to these tests, the general
characteristics of a battery such as charge and discharge capabilities, power performances
and life cycle can be determined. Then, a new approach for extracting the life cycle of a
battery in function of depth of discharge has been developed.

Keywords: lithium batteries; energy density; power density; performance tests;
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1. Introduction

As the global economy begins to strain under the pressure of rising petroleum prices and
environmental concerns, research has spurred the development of various types of Hybrid Electric
Vehicles (HEVs), Battery Electric Vehicles (BEV) and Plug-in Electric Vehicles (PHEV). HEVs and
PHEVs usually require more than one energy source to provide more efficient propulsion. The energy

sources should satisfy the following basic operational requirements [1]:

. Sufficient power capabilities, so that the necessary power required for propulsion can be
supplied to the motor in any reasonable driving condition;

o Quick charging time, in order to increase vehicle availability;

o Sufficient lifetime, both in terms of calendar life and number of charge/discharge cycles;

° Cost.

Unfortunately, there is no single available battery on the market that satisfies all the criteria as
stated above. One of the more serious problems with these vehicles is the present dependence on very
expensive batteries such as nickel metal hydride (NiMH). At present, lead-acid actually is the only
economically attractive battery, but it is ill-suited for HEV’s because of the frequent cycling and the
fact that the state of charge (SoC) must be held below about 70% to accept regenerative energy [2—5].
The Ragone plot in Figure 1 shows that lithium batteries have the best performance in terms of energy
density and power density. It should be noted however that the plot area represents several battery

designs optimized for either power or energy.

Figure 1. Rangone plot [3].
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Lithium-ion batteries have shown their suitability in portable applications because of their high
specific energy, lack of memory effect, and slow self-discharge when not in use [6]. In addition to
consumer electronics, lithium-ion batteries are increasingly used in defence, automotive, and aerospace
applications due to their superiority over any battery technology in terms of high energy density and
high power capabilities. Several types of lithium technologies can be found on the market, such as
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Lithium Iron Phosphate (LFP), Lithium Nickel Cobalt Aluminum (NCA), Lithium Nickel Manganese
Cobalt (NMC), Lithium Titante Oxide, etc. (Figure 2) [7,8]. All these batteries differ in capacity,
energy, performances and potential safety hazards. In order to investigate the applicability of
lithium-ion batteries, especially power and energy capabilities, in BEV and HEV applications; they
shall to be subjected to specific test procedures.

Figure 2. Voltage duration of various lithium-ion chemistries.
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In the literature, one can find a number of papers regarding characterization of batteries for
modeling and performances purposes. In [9—19] some test methodologies are introduced in order to
obtain the general characteristics of lithium-ion batteries. However, the used test procedures are mainly
based on constant current rates during discharge phase. These profiles are intended to investigate the
discharge capabilities and to study the thermal behaviour and hysteresis curves of the examined
batteries. In [20] Andre ef al. used the sinusoidal load profiles for characterization of high power
lithium-ion batteries by using electrochemical impedance spectroscopy. However, the current level of
such measurement devices is limited to few amperes. In [21] Lee ef al. have applied real load profiles
for the evaluation of battery behaviour. In addition, in [22-25], asymmetrical and symmetrical load
profiles have been implemented for emulating the battery voltage response during discharge phase.
However, these mentioned profiles are only useful to investigate a well-defined problem. In order to be
able to investigate and to compare the battery performances at different conditions, there is a need to
use test procedures where all relevant battery performance characteristics can be derived. Moreover,
these tests should be able for modeling issues, where emphasis is on extracting the model parameters.
In the standard documents ISO 12405-1, ISO 12405-2 and IEC 62660-1/2 [26—29], some general
test procedures in order to extract the power and energy densities of the batteries are defined.
However, each test method is only suited to get one-performance characteristics. The characterization
of all battery parameters is by this way time consuming and cumbersome, and is almost all at
constant currents.

In this paper, the latest standardization works in the fields of lithium-ion batteries for BEV and
HEV applications are extensively discussed and evaluated. The defined test procedures in the
standards IEC 62660-1/2 and ISO 12405-1/2 have at first been analyzed based on experimental
implementation of the test procedures in a battery test equipment. Then the tests have been modified in
order to make them efficient and suitable for implementation.
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Furthermore, this paper proposes a new approach for determining the battery life cycle in function
of depth of discharge.

2. Standardization Work

In the literature, one can find a series of test procedures in order to investigate the performances of
batteries. Classical standards such as the IEC 60254 for lead batteries [4] typically use constant current
discharge cycles. Dynamic discharge profiles have been introduced in the IEC 61982-2 [30], typical
for nickel-based batteries in battery electric vehicles. However, existing battery standards are not
appropriate for the emerging technologies such as lithium-ion batteries.

New work is being performed on lithium-ion batteries, both by ISO TC22 SC21 and IEC
TC21/SC21A/TC69, with several documents being published (ISO 12405-1/2, IEC 62660-1/2, [6-9])
describing specific test procedures to determine their applicability in HEV and BEV applications. The
issues of these standards cover several topics: performance, reliability and safety. This paper handles
the performance issues and life cycle test methods. Other issues (no-load capacity, capacity loss at
storage, cranking power at low & high temperature) as well as safety issues fall outside of the scope of
this paper.

The unusual fact that both IEC and ISO are working on similar documents is a typical illustration of
the awkward split of the electrically propelled vehicle standardization between vehicle-oriented
committees (ISO TC22 SC21) and electrotechnical committees (IEC TC21) which each have their own
standardization cultures [10]. In this case an agreement has been reached to have the ISO document
consider the battery system from a vehicle point of view, encompassing both the battery cells and their
auxiliary equipment such as cell electronics, high voltage circuit and over current shut-off device
including electrical interconnections, interfaces for cooling, high voltage, auxiliary low voltage and
communication as presented in Figure 3.

Figure 3. Battery pack system [27].
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3. Energy and Power Performances for BEV and HEV Applications
3.1. Pre-Conditioning Test
Table 1. Overview of the defined test in the standard ISO/CD 12405-1/2 and IEC 62660-1.
Pack/System
Test item Test Condition ISO/CD Extended Cell IEC 62660-1 Extended
12405-1/2
Temperature 25°C 25°C
Pre- : Charge standard charge Standard Charge
. Cycling -
conditioning Discharge 2C 0.2C 21,
# Cycles 5 5
Temperature -18 °C, 0 °C, —20 °C, 0 °C,
petatt 25°C, 40 °C 25°C,45°C
# [ ,-rates until # [ -rates until
max charge max charge
E d CcC Ch tandard ch tandard ch
nergy:m - arge standard charge [rate (as 131, standard charge [rate (as 131,
capacity ischarge 11,21, ..) 11,21, ...)
1C, 10C, 20C, 1C, 10C, 20C,
Discharge I 1/31, 21,, 51, I 1/31, 21,, 51,
# cycles 2 2
Temperature -18°C, 0 °C, -20°C, 0 °C, 40 °C instead of
P 25°C, 40 °C 25°C,45°C 45 °C
. . 1/31, 21, 51, 0.2C, 1C, 5C,
Disch Lo, d 1/31, 21,, L0
ischarge is 10, 10C 1 21}
Pul , 0.1s,2s,
Pov'ver and ch:rng/ Duration 10 SS’ 1885 10s
resistance - jischarge 131, 21, 51 1/3C, 1C, 5C
& Charge 0.75%I,,.0x, dis oo R 214, Lyas
101, 1,,4x 10C
Duration 0.1s,2s,10s 10s
80%, 65%, 50% 80%, 65%
S C 2 2 2 So(y b 9
© 35%, 20% ° 35%, 20%
0°C, 25 °C, -20 °C, 0 °C, 40 °C instead of
Temperature -18°C
40 °C 25°C,45°C 45 °C
Discharee See sequence in 1/31, 11,, 21,, 1/3C, 1C, 5C, oI 1
. & Table 4 51, 101, T 10C o s
Energy hu 5 y Duration 10s 10s
charge
efficiency dischfr . Charee See sequence in 1/31, 11,, 21,, 1/3C, 1C, 5C, o1
g & Table 4 51, 10, Iyer 10C o fmax
Duration 10s 10s
80%, 65%,
SoC 65%, 50%, 35% | 80%, 20% 50% oo

35%, 20%

As one can see in Table 1, the specifications of each test procedure according to ISO 12405 and IEC
62660-1 are presented. As defined in Table 1, before starting the real testing sequence, the battery pack

(or a cell) should be subjected to some pre-conditioning cycles (five cycles), in order to be sure that an

adequate stabilization of the battery pack (or a cell) is reached. The standard considers a battery pack

(or a cell) as “preconditioned” when the discharged capacity during two consecutive discharges does
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not change by a value greater than 3% of the rated capacity. The discharge and charge should to be
performed according to the manufacturer’s specifications [26,27]. However, the term rated capacity
should be interpreted very carefully. In Table 2, we observe that the discharge capacity is about 45 Ah
instead of 40 Ah as specified by the manufacturer. Hereby, the rated capacity should be a measured
value (e.g., at 2C) when the cell or battery is pre-conditioned.

Table 2. Pre-conditioning test results LFP batteries 40 Ah.

Cycle 1 (Ah) Cycle 2 (Ah) Cycle 3 (Ah) Cycle 4 (Ah) Cycle 5 (Ah)

Cell 1 46.83 46.86 46.78 46.69 46.59
Cell 2 45.54 45.50 45.36 45.26 45.15
Cell 3 46.24 46.31 45.25 46.19 46.11

3.2. Energy Capabilities

As mentioned in Table 1, the second performance test is the energy and capacity test. According to
this test, different batteries can be compared in terms of discharge capacity at different discharge rates,
which is essential in battery electric vehicle applications. This test measures battery (or a cell) capacity
in Ah at constant current discharge rates 1C, 10C, 20C and I,,. Discharge is terminated on a
manufacturer specified discharge voltage limit. However, the numbers of batteries, which are allowed
at 10C or 20C are very limited. The discharge current of the most available high energy batteries (or
cells) on the market are between 0 and 5C for BEV and up to 15C for HEV applications. In order to
take the specifications of these batteries (or cells) in account, the proposed test procedure should be
extended to 2C and 5C. It should be noted that the standards specify the current in function of the rated
capacity (C) of the battery pack (or a cell). This is a common expression, but a dimensional error
taking into account, totally in contradiction with the unit of the current: ampere. In order to solve this,
a «reference current» as specified in the standard IEC 61434 can be used [31]:

C
] =—
ay (1)

The current /; represents the discharge current in amperes during one hour discharge and C is the
measured capacity of a battery pack (or a cell). As presented in Table 1, the test procedure of the
capacity and energy test shows different temperatures. In order to compare the performances of a
battery pack with the performances of a cell at different temperatures, the temperatures in both cases
should be equal and not different as specified in Table 1.

Based on the capacity test, one can calculate the energy density. However, discharging a battery a
constant current does not reflect the battery behaviour in BEVs and PHEVs. The discharge
performance test presented in Figure 4 is more appropriate. The energy density can be obtained by
using the following equation:

%
E=C -—we (2)

dis
m

where E is the energy density (Wh/kg) and C; corresponds to the discharge capacity. V., represents
the average voltage during discharging phase and m is the mass (kg).
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Figure 4. Dynamic Discharge Performance Test [30].
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Furthermore, the capacity test does not contain any test sequences regarding charge rate capabilities
of batteries. Van den Bossche et al. [32] underlined the essential of this aspect due to emerging
advance of various charge systems for BEVs and PHEVs. In the framework of this paper, a novel test
procedure has been developed (see Figure 5), where the charge and discharge capabilities of a battery
cell or pack can be mapped out. In Figure 5, we see that the test presents consecutive charge and
discharge phases at different current rates. By this way, the well known Peukert phenomenon can be
derived during discharge and the efficiency map at various charge current rates (Figure 6).

The charge efficiency in Figure 6 represents the ratio of stored capacity in Ah at a certain current
rate and capacity in Ah at 1/, as presented by Equation (3):

CX t
Efﬁharge = C_I (3 )

11t
The proposed test allows us to estimate the state of charge (SoC) of a battery based on the
ampere-hour counting as presented below. The Equation (4) contains all key parameters, which
influence the SoC estimation:

[bm .],S (]b_m]n(LC,[o)l lf‘ I N O
SoC =1-2C.3600\ [

_[Eﬁ(]batato’LC)'J.Iba;-dt] l.f1<0 (4)
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with I, represents the applied battery current in (A), T is the step time (s), n, LC, ¢° are the Peukert
constant, life cycle and temperature, respectively. The notation I corresponds to the nominal current,
while Eyis the Coulomb charge efficiency.

Figure 5. Newly developed energy and capacity test at different current rates.
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Figure 6. Charge efficiency during CC phase at cell level.
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Figure 7 shows the impact of the Peukert number and the efficiency on the state of charge

estimation. It is clear that during real battery operation the battery significantly suffers because of the
high current rates.
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Figure 7. State of charge estimation including Peukert and efficiency.
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Further, the standard ISO 12405-1 specify that the test procedure should be performed at least
two times. Before starting the real test sequence at different temperatures (see Table 1), an
acclimatization step has to be carried out [26,27]. This step will be terminated until a temperature
stabilization of £2 K is reached. From the experience of the author, this step takes around 24 h. Due to
the fact that an acclimatization process should happen before starting the energy and capacity test at
the temperatures (e.g., —18 °C, 0 °C and 40 °C), this test procedure becomes time consuming.
However, the time duration of this test can be reduced by performing the energy and capacity test
separately at the defined temperatures without performing the acclimatization step between the

other temperatures.
3.3. Power Capabilities

The third performance test in Table 1 is the hybrid pulse power characterization test, also known as
the HPPC test [33]. This test investigates the power capabilities of a battery pack (or a cell) under
operating conditions at different temperatures, pulse widths and state of charge (SoC). The HPPC test
based on the defined test sequence provides the parameters of several battery models such as
Thevenin, FreedomCar and second order FreedomCar, as can be seen in Figure 8.

The objective of this profile is to demonstrate the discharge pulse power (0.1 s, 2 s, 10 s and 18 s)
and regenerative charge pulse power (0.1 s, 2 s, and 10 s) capabilities at various SoC and temperatures.
The normal test protocol uses the manufacturer’s maximum rated pulse discharge current with an
upper limitation of 400 A. The current of the regenerative charge pulse shall be kept constant and is
calculated at 75% of the discharge pulse current [26,27]. It can be clearly recognized that this test
procedure in the present form displays some drawbacks such as acclimatization processes, which are
time consuming, as seen in the previous paragraph. Furthermore, the test procedure specifies different
pulse widths, which are beyond the allowed performance envelope for most battery packs or cells. Due
to the fact that the charge and discharge pulses are not equal, the efficiency of the battery pack or cell
cannot be determined since it should be calculated by performing similar tests at equal pulse rates.
Finally, the proposals have to be adjusted in the sense that the regenerative charge pulse should not
exceed the manufacturer’s maximum pulse regenerative voltage. Based on these drawbacks as
discussed above and in the previous paragraph, a new test procedure has been developed at the
Vrije Universiteit Brussel and Vito Research Institute, which is called the Extended Pulse Power
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Characterization Test (Extended HPPC). As one can see in Figure 9, the Extended HPPC test has been
modified by multiple equal pulse rates. In the modified form the test can be performed at different equal
charge and discharge pulses if permitted by the manufacturer. Due to these modifications, the power
capabilities can be calculated at different state of charge values and pulse rates (1/31,, 11, 21, 51,, 101,,
20/, and 1,,,,). Further the energy efficiency test as listed in Table 1 can be avoided due to the fact that
the pulse rates are equal. The new proposed test procedure is developed only for 10 s pulse because the
most batteries or cells are specified at 10 s in analogy with Draft IEC 62660-1. According to the
performed modifications, all relevant battery model characteristics can be mapped out.

Figure 8. Second order battery model.
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Figure 9. Extended Hybrid Pulse Power Characterization Test.
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It should be noted that the rest period between two consecutive pulses is 10 min instead of 30 min
as specified in the ISO 12405-1/2 standards [26,27]. This modification has been down in order to
shorten the time schedule of the test procedure. However, this modification does not have an impact on
the accuracy of the estimated battery model parameters, as presented in Table 3.

Table 3. Comparison of the simulation results for both scenarios.

15 min Break

ocv  ocv’ Ri Rpl tl Rp2 T2
3.303 0.017 0.010 0.004 3.109 0.005 44,99
10 min Break

ocv  ocv’ Ri Rpl 7l Rp2 T2
3.300 0.018 0.011 0.003 3.102 0.005 44.89

This test is also able to figure out the well-known Butler-Volmer phenomenon. As we can see in
Figure 10, the internal resistance decreases the more the current rate increase. However, this result is
slightly confusing with the consideration that the energy efficiency decreases at higher current rates.
This relationship has been described by Butler-Volmer [34]. General expression of their equation is
presented in Equation (5):

=1 {8 " _e ’ (3)

where /, is the current density, a presents the transfer coefficient, R is the universal gas constant and
F is the Faraday constant. While 7 is the temperature, V' and V, represent the electrode and
equilibrium voltages.

As one can see, the equation gives the relationship between the current and the voltage. The voltage
can be considered as logarithmically dependent on the current. Hence, the evolution of the battery
internal resistance is increasing in function of decreased C-rates. Still, the energy efficiency decreases
with increasing current due to quadratic dependence of the loss on the current: RI*.

Figure 10. Butler-Volmer phenomenon at lithium-ion cell level.
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3.4. Energy Efficiency

The standard IEC 62660-1 at the cell level specify that the energy efficiency test should be carried
out by applying equal charge and discharge pulses [28]. However, the ISO 12404-1/2 system-level
standards define the energy efficiency test by using the test sequence, as presented by Table 4. In order
to investigate the difference between both methods, two tests have been performed at room
temperature (RT) with 7,,,. equal to 5/, (for a 2.3 Ah LFP battery cell). The experimental results reveal
that the energy efficiency according to the IEC 62660-1 is about 89%, while the efficiency based on
the other method is 91%. The higher result of the latter one is due to the lower currents that are
applied, which have a positive impact on the battery behaviour and efficiency.

Table 4. Test sequence energy efficiency according to ISO/CD 12405-1/2 [28].

Time Increment (s) Time Cumulative (s) Current
0 0 0
12 12 201, or Ly
40 52 0
16 68 —151; or 1,14«
40 108 0

4. Life Cycle Tests
4.1. High Energy

The standard IEC 62660-1 also contains a part about life cycle tests in function of the desired
application (battery electric or hybrid electric vehicle). Although the battery electric micro-cycle
contains of consecutive charge and discharge pulses, its overall characteristic is charge depleting as
can be seen in Figure 11 [28]. The standard IEC 62660-1 specifies that the cell should be subjected to
the micro-cycle (Figure 11) 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/, 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 test. However, the numbers of commercial lithium-ion
batteries that can operate at this charge temperature are very limited [7]. For the most batteries, the
charge temperature range is up to 40°C. Cycling the cells (or battery) at higher temperature can lead to
damage the battery. However, the results which can be obtained from the mentioned test are not
relevant to compare the batteries to each other due to the fact that the life cycle of the cells as specified
by the manufacturer are derived at room temperature. The standard purposes to convert the obtained
value (45 °C) into a calculated value at room temperature by using the Arrhenius law. However, the
Arrhenius law can be used only in the cases when the system is exponential. Due to the fact that the
Li-Ion cells are complex rather than exponential, the obtained value according to the standard will not

represent a realistic value.
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Figure 11. IEC micro-cycle for battery electric vehicle (profileB) [27].
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Possible solutions to speed up the ageing mechanisms are the increase of the current rate or the
extension of the depth of discharge window. In order to reduce the time duration of the life cycle test, a
novel test method has been developed by Punch Powertrain and investigated & optimized at Vrije
Universiteit Brussel where the life cycle of a battery can be obtained in function of depth of discharge
(DoD). In real applications the depth of discharge has a key impact on the life cycle of a battery (or a
cell). In this method, the cells are connected as illustrated in Figure 12. The four connected cells in
series will be discharged deeper and undergo higher stress than the other cells. Through this way of
connection, one can derive the life cycle in function of depth of discharge DoD. Finally, this test
provides also the voltage unbalance in the case of the connected cells in series and current unbalance
of the connected stacks in parallel in function of DoD and life cycle. This approach has been examined
at laboratory level. The experimental results indicate that the battery cells at each cycle should be
balanced. Especially the first four cells in series undergo big differences at high current rates as is
presented in Figure 13 and Figure 14. Hereby, the discharge capacity during one cycle is limited to
6.44 Ah instead of 9 Ah, which is the nominal capacity. However, the proposed life cycle approach is
powerful when a balancing system will be used in real time conditions.

Figure 12. Novel life cycle topology.
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Figure 13. Experimental results of the Punch topology.
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4.2. High Power

For hybrid applications, two load profiles have been proposed [28]. They are representing the
discharge and charge-rich micro cycles. The discharge cycle will be repeated until 30% DoD has been
reached (see Figure 15). Then, the charge sequence will be applied until the upper state of charge limit
of 80% SoC is met, as shown in Figure 16. According to the standard, the test should be carried out at
45 °C and the upper discharge and charge current rates are 20 and 12.57;, respectively. However, the
proposed current rates are too ambitious for most commercial lithium ion batteries. In the framework of a
national project in Belgium (Energy Storage project), the life cycle capabilities of seven most promising
lithium ion batteries have been investigated at 40 °C. Hereby, it was observed that most battery type as
presented in Table 5 are not able to recuperate energy at the earlier mentioned current rates and state of
charge conditions. As we see in Figure 17, the cell voltage reaches continuously the upper voltage. So
the test sequence has been modified whereby the cell where cycled between 70% and 40% SoC and at
10/, & 7.51; discharge and charge, respectively. From the standpoint of the cycling operating window,
the proposed values match much better with the typical battery operating conditions in Prius and Honda
Civic, where the state of charge varies between 70 and 50% SoC, although these are NiMH batteries
and not Li-ion. The tests have been carried out at same temperature as for the high energy (40 °C).

Figure 15. IEC micro-cycle discharge rich profile for battery electric vehicle [28].
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Figure 16. New life cycle method for high power applications [28].
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Table 5. Charge and discharge capabilities at 30 and 80% SoC.
Battery Capacity (Ah) 30% SoC, @ 201, 80% SoC, @ 12.51,

A 23 YES NO
B 7 YES NO
C 5.7 NO NO
D 11 NO NO
E 12 NO NO
F 10 NO NO
G 18 YES YES

Figure 17. An example of the initial charge and discharge micro cycles.
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5. Conclusions

The study of the standardization process for electricity storage devices allows one to draw
interesting conclusions about the general impact of standards, proving on one hand how international
standardization does provide a direct benefit to technological and societal development through the
deployment of electrically propelled vehicles, and highlighting on the other hand the dynamics of the
international standardization world. The proposed work for developing for lithium-ion standards shows
in general very interesting test procedures in order to determine the performances of a battery
pack/system (or a cell). However, the proposed work should be considered for modifications especially
in terms of test efficiency and time duration. During this report, a series of modifications have been
proposed in order to make these test sequences more comparable and more efficiently. The improved
version of power and resistance test developed at the Vrije Universiteit Brussel makes the proposed
test more suited to be used in order to determine the power capabilities of the batteries in a very short
time, while integrating the energy efficiency test. The life cycle methodology according to the standard
IEC 62660-1 does not have a substantial sense, due to the fact that the Arrhenius law cannot be used to
in order to compare the result to the manufacturer value. Therefore a new methodology has been
proposed allowing one to derive the life cycle of a battery in function of depth of discharge.



Energies 2012, 5 154

References

10.

11.

12.

13.

14.

15.

Emadi, A.; Rajashekara, K.; Williamson, S.S.; Lukic, S.M. Topological overview of hybrid
electric and fuel cell vehicular power system architectures and configurations. /[EEE Trans. Veh.
Technol. 2005, 54, 763-770.

Cooper, A.; Furakawa, J.; Lam, L.; Kellaway, M. The ultrabattery—A new battery design for a
new beginning in hybrid electric vehicle energy storage. J. Power Sources 2009, 188, 642—649.
Van den Bossche, P.; Vergels, F.; van Mierlo, J.; Matheys, J.; van Autenboer, W. SUBAT: An
assessment of sustainable battery technology. J. Power Sources 2005, 162, 913-919.

Axsen, J.; Burke, A.; Kurani, K. Batteries for Plug-in Hybrid Electric Vehicles (PHEVs): Goals
and the State of Technology Circa 2008; Research Report; Institute of Transportation Studies,
University of California, Davis: Davis, CA, USA, 2008.

Van Mierlo, J.; Maggetto, G.; van den Bossche, P. Models of energy sources for EV and HEV: Fuel
cells, batteries, ultra-capacitors, flywheels and engine-generators. J. Power Sources 2004, 28, 76-89.
Omar, N.; Verbrugge, B.; Mulder, G.; van den Bossche, P.; van Mierlo, J.; Daowd, M.
Dhaens, M.; Pauwels, S. Evaluation of Performance Characterisics of Various Lithium-Ion
Batteries for Use in BEV Application. In Proceedings of the IEEE Vehicle Power and Propulsion
Conference, Lille, France, 1-3 September, 2010.

Omar, N.; Daowd, M.; Verbrugge, B.; Mulder, G.; van den Bossche, P.; van Mierlo, J;
Dhaens, M.; Pauwels, S.; Leemans, F. Assessment of Performance Characteristics of Lithium-Ion
Batteries for PHEV Vehicles Applications Based on a Newly Test Methodology. In Proceedings
of the 25th World Battery, Hybrid and Fuel Cell Electric Vehicle Symposium, Shenzhen, China,
5-9 November 2010.

Burke, A.F. Batteries and ultracapacitors for electric, hybrid, and fuel cell vehicles. Proc. IEEE
2007, 95, 806—-820.

Burke, A.; Miller, M. Performance Characteristics of Lithium-ion Batteries of Various
Chemistries for Plug-in Hybrid Vehicles. In Proceedings of the 24th World Battery, Hybrid and
Fuel Cell Electric Vehicle Symposium, Stavanger, Norway, 13—16 May 2009.

Onda, K.; Ohshima, T.; Nakayama, M.; Fukuda, K.; Araki, T. Thermal behaviour of small
lithium-ion battery during rapid charge and discharge cycles. J. Power Sources 2006, 158, 535-542.
Yu, H.; Zhang, X.; Jalbout, A.F.; Yan, X.; Pan, X.; Xie, H.; Wang, R. High-rate characteristics of
novel anode LiTisO;»/polyacene materials for Li-ion secondary batteries. J. Electrochim. Acta
2008, 152, 4200—4204.

Liaw, B.Y.; Nagasubramanian, G.; Jungst, R.G.; Doughty, D.H. Modeling of lithium ipon cells—
A simple equivalent-circuit model approach. J. Solid State lon. 2004, 175, 835-839.

Wu, M.; Liu, K.H.; Wang, Y.; Wan, C. Heat dissipation design for lithium-ion batteries. J. Power
Sources 2002, 109, 160—166.

Sawai, K.; Yamato, R.; Ohzuku, T. Impedance measurements on lithium-ion battery consisting of
Li[Li;;3]O4 and LiCo01,Ni1,0,. J. Electrochim. Acta 2006, 51, 1651-1655.

Johnson, B.A.; White, R.E. Characterization of commercially available lithium-ion batteries.
J. Power Sources 1998, 70, 48—54.



Energies 2012, 5 155

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Meekhun, D.; Boitier, V.; Dilhac, J. Study of the Ambient Temperature Effect on the
Characteristics and the Lifetime of Nickel-Metal Hybride Secondary Battery. In Proceedings of
the Electrical Power & Energy Conference, Montreal, Canada, 22-23 October 2009.

Roscher, M.A.; Uwe Sauer, D. Dynamic electric behaviour and open-circuit-voltage modelling of
LiFePOj4-based lithium ion secondary batteries. J. Power Sources 2011, 196, 331-336.

Wu, H.; Su, C.; Shieh, D.; Yang, M.; Wu, N. Enhanced high-temperature cycle life of
LiFePO4-based Li-ion batteries by vinylene carbonate as electrolyte additive. J. Electrochem.
Solid State Lett. 2006, 9, A537-A541.

Tikhonov, K.; Koch, V.R. Li-lon Battery Electrolytes Designed for a Wide Temperature Range;
Technical Report; Covalent Associates, Inc.: Woburn, MA, USA, 2006.

Andre, D.; Meiler, M.; Steiner, K.; Walz, H.; Soczka-Guth, T.; Uwe Sauer, D. Characterization of
high-power lithium-ion batteries by electrochemical impedance spectroscopy. II: Modelling.
J. Power Sources 2010, 196, 5334-5341.

Lee, S.; Kim, J.; Lee, J.; Cho, B.H. State-of-charge and capacity estimation of lithium-ion battery
using a new open-circuit voltage versus state-of-charge. J. Power Sources 2008, 185, 1367-1373.
Dubary, M.; Svoboda, V.; Hwu, R.; Law, B.Y. A roadmap to understand battery performance in
electric and hybrid vehicle operation. J. Power Sources 2007, 174, 366-372.

Hu, Y.; Yurkovich, S.; Guezennec, Y.; Yurkovich, B.J. Electro-thermal battery model
identification for automotive applications. J. Power Sources 2011, 196, 449—-457.

Hu, Y.; Yurkovich, S.; Guezennec, Y.; Yurkovich, B.J. A technique for dynamic battery model
identification in automotive applications using linear parameter varying structures. J. Control
Eng. Pract. 2009, 17, 1190-1201.

Thele, M.; Bohlen, O.; Uwe Sauer, D.; Karden, E. Development of a voltage-behavior model for
NiMH batteries using an impedance-based modelling concept. J. Power Sources 2008, 175,
635-643.

ISO 12405-1: Electrically propelled road vehicles—Test specification for lithium-ion traction
battery packs and systems—Part 1: High power applications, 2011. Available online:
http://www.iso.org/iso/catalogue detail?csnumber=51414 (accessed on 18 January 2012).

ISO 12405-2: Electrically propelled road vehicles—Test specification for lithium-ion traction
battery packs and systems—Part 2: High energy applications, 2011. Available online:
http://www.iso.org/iso/catalogue detail?csnumber=55854 (accessed on 18 January 2012).

IEC 62660-1: Electrically propelled road vehicles—Test specification for lithium-ion traction
battery packs and systems—Part 1: High power applications, 2011. Available online:
http://webstore.iec.ch/Webstore/webstore.nsf/Artnum_PK/44728 (accessed on 18 January 2012).
IEC 62660-2: Secondary batteries for the propulsion of electric road vehicles—Part 2: Reliability
and abuse testing for lithium-ion cells, 2011. Available online: http://webstore.iec.ch/Webstore/
webstore.nsf/Artnum_PK/44727 (accessed on 18 January 2012).

IEC 61982-2: Part 2: Dynamic discharge performance test and dynamic endurance test,
August 2002. Available online: http://webstore.iec.ch/webstore/webstore.nsf/Artnum PK/29145
(accessed on 18 January 2012).



Energies 2012, 5 156

31.

32.

33.

34.

IEC 61434: Secondary cells and batteries containing alkaline or other non-acid electrolytes—
Guide to designation of current in alkaline secondary cell and battery standards, 1996.
Available online: http://webstore.iec.ch/webstore/webstore.nsf/Artnum PK/21274 (accessed on
18 January 2012).

Van den Bossche, P.; Verbrugge, B.; Omar, N.; van Mierlo, J. The Electric Vehicles charged by
the Grid: Voltage and Power Levels. In Proceedings of the Plug-In Hybrids and Electric Vehicles
(PHEV-09), Montreal, Canada, 28—-30 September 2009.

FreedomCAR Battery Test Manual for Power Assist Hybrid Electric Vehicles; U.S. Department of
Energy: Washington, DC, USA, 2003.

Kharkats, Y.I.; Sokirko, A.V.; Bark, F.H. Properties of polarization curves for electrochemical
cells described by Butler-Volmer kinetics and arbitrary values of the transfer coefficient.
Electrochimica Acta 1995, 40, 247-252.

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


