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Abstract: Six test cells, two lead—-acid batteries (LABs), and four lithium iron phosphate (LFP) batteries
have been tested regarding their capacity at various temperatures (25 °C, 0 °C, and —18 °C) and
regarding their cold crank capability at low temperatures (0 °C, —10 °C, —18 °C, and —30 °C). During
the capacity test, the LFP batteries have a higher voltage level at all temperatures than LABs, which
results in a higher power and energy output. Moreover, LFP batteries have a lower capacity decline
and a lower energy decline for decreasing temperature. Regarding the cold-cranking test definition,
the LABs passed the test at 0 °C, —10 °C, and —18 °C, but not at —30 °C. The LFP batteries passed
the test at 0 °C and —10 °C. At —18 °C, only two of the four LFP batteries passed, while all LFP
batteries failed the test at —30 °C. For comparability between technologies, it is suggested to redefine
the requirements of the standard test in terms of power or energy. With this redefinition, the LFP
battery can generate comparable cold-cranking results till —18 °C.

Keywords: low temperature; negative temperature; lead—acid battery; Pb; LAB; lithium iron
phosphate battery; LiFePO4; LFP; starter battery; performance; cold-cranking; capacity

1. Introduction

Initially, start, lighting, and ignition (SLI) batteries focused on the cranking of internal
combustion engines. Since the cranking requires a specific revolution, a minimum power
must be provided by an SLI battery to the starter for several seconds [1]. Typical passenger
car gasoline engines require up to 2 kW, and diesel engines require up to 2.6 kW for
ignition [2]. Starter batteries are currently built almost exclusively based on lead—acid
enhanced flooded batteries or absorbent glass mat (AGM) batteries. The typical average
current during engine starts for conventional 12 V lead—acid batteries (LABs) are in a range
from 290 A to 620 A, shown in Table 1 [3]. Low temperatures increase the requirement
and duration of the process [2,3]. For LABs, standardized tests are defined, providing
comparable data of different products and companies [4].

Table 1. Typical average currents during ignition with a 12 V LAB [3].

Engine —28°C —20°C 0°C 20°C 40°C
6-cylinder Otto 380 A 350 A 290 A 290 A 290 A
8-cylinder Otto 400 A 370 A 310 A 310 A 310 A

4-cylinder Diesel 460 A 430 A 370 A 370 A 370 A
6-cylinder Diesel 620 A 590 A 520 A 520 A 520 A

Prospectively, vehicles realize an exceeding amount of electrical functions consuming
peak loads of up to 6 kW. Thereby, some car manufacturers already use up to two 12 V bat-
teries, dedicating one to the ignition function and one to supply comfort to consumers [5].
From an architectural perspective, this trend leads to higher vehicle mass and package
issues [6]. However, starter batteries based on lithium-ion batteries have been discussed
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lately [7,8]. In 2009, Porsche announced an 18 Ah lithium iron phosphate (LFP) starter bat-
tery as an add-on option for selected models reducing the weight by circa 10 kg [7]. Despite
higher acquisition costs, this is already becoming an alternative for premium vehicles in
the European, American, and Asian markets [8]. Lithium-ion batteries offer a high specific
energy, high energy density, low self-discharge rate, and high rate of charge acceptance and
maintain their charge performance throughout their lifetime [9]. Furthermore, the weight
reduction of approximately 50% has been the main driver for 12 V lithium-ion adopters [9].
Especially LFP batteries are considered since these material components are considered
to be safe [10,11]. LFP batteries provide a voltage plateau over an extensive SOC range
enabling a constant voltage, and the voltage level of four LFP cells in series matches the
voltage level of a LAB.

The electrolyte has a strong influence on low-temperature performance. The electrolyte
of the LABs consists of sulfuric acid, which threatens to freeze, depending on its SoC, at
low temperatures. The electrolyte of most commercially available LFP batteries consists of
ethylene carbonate and dimethyl carbonate EC/DMC and conducting salt, e.g., LiPF4. For
LFP batteries, the electrolyte decomposition has a great influence on the low-temperature
performance in terms of ionic mobility in the electrolyte solution as well as forming suitable
surface films [12,13]. With decreasing temperature, the ion conductivity of the electrolyte
will decrease [12,13] for both the LABs and the LFP batteries, which will increase the
internal resistance of the battery.

Despite the currently ongoing applications, there is still no commonly used standard to
evaluate the suitability of LFP batteries for starting, lighting, and ignition. A first test profile
for thermal performance tests has been defined for a temperature range between —30 °C
and 75 °C [14]. The cold-cranking capability is investigated with pulses of 6 kW for 0.5 s
and 4 kW for 4 s, with 10 s pauses in between [14]. Even though lithium-ion batteries are
not expected to be capable of retaining their cold-cranking capabilities at temperatures far
below 0 °C [15], it was shown that they have a similar or even better performance compared
to LABs with the same nominal capacity at —18 °C [9]. Within this work, LABs and LFP
batteries are to be compared based on their capacity and cold-cranking performance. A
special focus was given to the behavior at temperatures far below 0 °C. Therefore, a test
regime for cold cranking was introduced and used for both technologies based on the
existing standard for LABs, concluding with the comparison of the cold-cranking capability
of LFP batteries to LABs.

2. Materials and Methods

To evaluate the differences between the LABs and the LFP technologies, six different
batteries are compared regarding their capacity and energy output at low temperatures.
For the LABs, one 12 V, 50 Ah 6 series (S) 1 parallel (P) and one 12 V, 92 Ah 6S1P from
the same company were tested. The LFP battery packs are built based on two different
26,650 cells: two 12V, 25 Ah 4S10P batteries; one 12 V, 40 Ah 4515P; and one 12V, 50 Ah
4520P, originating from different companies, were tested. For all six different test batteries,
the battery size, the nominal capacity, and the capacity measured at 25 °C are summarized
in Table 2. Due to procurement reasons, starter batteries numbers 5 and 6 were charged
with an external battery management system (BMS). In contrast, the other LFP batteries
(numbers 3 and 4) included an internal battery management system. The operations of the
internal BMS are unknown. However, for battery number 3, the BMS was bypassed during
discharging tests, and for battery number 4, it was possible to reprogram the cut-off voltage
during discharge to 8 V (cell cut-off voltage is 2 V) instead of the initially preprogrammed
10 V. As external BMS the KISS active from Faktor GmBH was used. This BMS contains
active balancing during charging. The BMS was disconnected during the discharging tests.
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Table 2. Investigated batteries.
Nominal Measured Cyg Internal Resistance . . .
ID Capacity Capacity at 25 °C Battery Layout =~ Company at 25 °C Weight Dimensions
LAB1 50 Ah 53.3 Ah 6S1P A 6.55 mQ) 12.5kg 207 x 175 x 190 mm
LAB2 92 Ah 98.4 Ah 6S1P A 3.05 mQ) 27.0kg 352 x 175 x 190 mm
LFP 1 40 Ah 39.2 Ah 4S15P B 3.33 mQ) 7.0kg 277 x 175 x 190 mm
LFP 2 25 Ah 25.8 Ah 4S10P C 5.35 mQ) 44 kg 220 x 120 x 190 mm
LFP 3 25 Ah 24.6 Ah 4S10P D 2.94 mQ) 3.4kg 107 x 135 x 150 mm
LFP 4 50 Ah 50.5 Ah 4S20P D 4.17 mQ) 6.6 kg 210 x 135 x 150 mm

Before any low-temperature evaluation, all batteries were conducting two complete
capacity turnovers with moderate discharging currents at 25 °C. Therefore, the starting
conditions, such as the capacity, could be recorded, and further testing at low temperatures
starts with freshly charged batteries. The charging of the batteries was always conducted at
25 °C. If a battery had previously completed any test at low temperatures, it was warmed
up to 25 °C for 24 h before charging. The LABs were always charged according to the
EN standard [4]. The EN standard defines a charge for an AGM battery with a current of
11y = %C for 24 h with a maximum voltage limit of 14.8 V [4]. The LFP batteries are
charged with a charging current of 1C and a voltage limit of 14.4 V till a cut-off current
of 0.05 A Ah~! is reached. Thereby, the charging regime of LABs is much longer than for
LFPs, ensuring the dissolution of lead sulfate crystals, enhancing lifetime, and enabling
comparable results between the tests. To enable comparable results for LFP batteries, a
BMS with balancing is needed during charging.

The testing procedure is schematically visualized in Table 3. Two main tests are
evaluated to compare the characteristics of LABs and LFP batteries at low temperatures.
The first is the Cyg capacity test. Thereby, the discharging capacity of all batteries was tested
using a low constant current of %C, or in LABs, in terms of Iy, till a cut-off voltage of 10.5V
as defined in the EN standard for lead—acid batteries [4]. The discharging currents are
stated in Table 4. The low discharging currents used within this test are chosen to minimize
the temperature gradient within the battery and during the test. The Cy test is conducted
for different temperatures, such as 25 °C, 0 °C, and —18 °C, within the stated order. For
temperatures other than 25 °C, the batteries are cooled down inside a climate chamber to
the target temperature for 24 h before starting the capacity test. The Cy capacity test is
conducted inside the same climate chamber, with an accuracy of £0.25 °C.

Table 3. Test matrix.

Test Sequence Ambient Focus
Temperature
1st Test 25°C
2nd Test 0°C Cyo Capacity Test
3rd Test —-18°C
4th Test 0°C
5th Test —-10°C .
6th Test _18°C Cold-Cranking Test
7th Test —30°C

After conducting the three capacity tests at different temperatures, the cold-cranking
performance is tested at different temperatures according to the EN standard defined for
lead-acid batteries [4]. The previously fully charged batteries were cooled down for 24 h to
the target temperature. Within this work, tests were performed for different temperatures
extending the investigation scope of the EN standard of —18 °C [4] by testing first at 0 °C,
second at —10 °C, third at —18 °C and last at —30 °C.
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Table 4. Cyg capacity and cold-cranking currents.
Cy Capacity Test Cold-Cranking Test
. Discharge Current Discharge Current
ID Discharge Current 1st Pulse ond Pulse
LAB1 25A 450 A 270 A
LAB2 46 A 828 A 497 A
LFP 1 2A 360 A 216 A
LFP 2 125A 255 A 135 A
LFP 3 125 A 225 A 135 A
LFP 4 25A 450 A 270 A

14

-
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The test procedure defined by the standard includes a first 10 s discharging pulse with
a current of 9 A Ah~! down to a cut-off voltage of 8 V, followed by a 10 s pause, finishing
with a second discharging pulse with a current of 5.4 A Ah~! down to a cut-off voltage
of 6 V [4]. The second discharging pulse is originally not limited by time but by a cut-off
voltage. However, the discharge will be stopped after 170 s if the cut-off voltage limit is not
reached by that time. The discharging currents during the first and the second pulse of the
cold-cranking test are stated in Table 4.

3. Results and Discussion
3.1. Capacity Test

The voltage decline over time during the constant current discharge of the capacity
test is shown in Figure 1 for different temperatures. It is shown that independent of the
temperature, all voltages of the LABs behave similarly. Furthermore, the voltages of all
LFP batteries behave similarly as well but differently than the LABs. Figure 1a shows the
Cyp test results at 25 °C. At 25 °C, all batteries are close to meeting their target capacity.
Furthermore, it must be noted that even if both technologies (LABs and LFP batteries) have
comparable nominal voltages, the LFP batteries have a higher voltage level and a more
stable voltage plateau during operation at all ambient temperatures. At lower temperatures,
as shown in Figure 1b,c, the capacity of all batteries decreases. However, the capacity of the
LABs decreases more significantly than the capacity of the LFP batteries. Furthermore, the
differences between the capacity of the same technology (especially for the LABs) increase
as well. Therefore, the LFP batteries have a higher power and energy output.
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Figure 1. Cy capacity at (a) 25 °C, (b) 0 °C, and (c) —18 °C.

Figure 2a evaluates the measured Cp capacity normalized to their nominal capacity
at different temperatures. At 25 °C, the lead—acid batteries provide 107% of their nominal
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capacity, while the LFP batteries vary from 98% to 103%. For 0 °C, the measured capacity
of all batteries decreases down to a range between 91% and 102% of their measured 25 °C
capacity. When further decreasing the temperature to —18 °C, the measured capacity of
the LFP batteries decreases between 82% and 91% of their measured 25 °C capacity. For
decreasing temperatures, the measured Cy capacity declines for both technologies but less
for LFP batteries than for LABs.
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Figure 2. Cy( capacity test (a) measured capacity and (b) useable energy.

Figure 2b visualizes the usable energy of each investigated starter battery normalized
to its usable energy at 25 °C. At 0 °C, the usable energy for the LABs is between 82%
and 91%, and for the LFP batteries, it is between 91% and 99%. At ambient temperatures
of —18 °C, the usable energy decreases even further, between 51% and 61% for LABs and
between 76% to 86% for LFP batteries. The usable energy declines with lower temperatures
for all batteries but less for LFP batteries than for LABs.

3.2. First Pulse of the Cold-Cranking Test

The cold-cranking tests were performed at different temperatures below 0 °C. Figure 3a,b
show the cold-cranking voltage of the first 10 s pulse at 0 °C and —10 °C. For these
temperatures, all batteries provide the requested discharging current during the first pulse.
However, the voltage drop is highly temperature dependent and increases with decreasing
temperature for both technologies. Furthermore, the voltage level is higher for the LFP
batteries than the LABs, also providing a higher power level.

In Figure 4, the cold-cranking ability is shown for —18 °C, as initially defined by
the EN standard [4]. At —18 °C, two out of four LFPs reach their voltage safety limit of
8 V during the first discharging pulse. Even though the shut-off voltage limit of the LFP
batteries has already been decreased from the original battery voltage limits of 10.5 V
(2.63 V per cell) down to the safety voltage limit found in the cell specification datasheet of
2V per cell, 8 V for the complete LFP battery. As soon as the voltage limit of 8 V is reached,
the discharging current is limited. Therefore, the two LFP batteries cannot provide the
requested current demanded by the standard [4].

The LABs do not reach their much lower cut-off voltage limit of 6 V. However, a typical
passenger car gasoline engine does not require a certain current but a minimum power for a
certain amount of time for the ignition process to function [2]. Additionally, since power is
a function of current and voltage, the lower voltage limit for LABs that allows providing the
demanded current might still prevent a reliable ignition process. At —18 °C, all batteries
provide more than 60 W Ah~! power for the first 10 s pulse. Therefore, independent of the
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technology, at —18 °C, a 33.3 Ah up to 43.3 Ah battery could provide the required power of
2 kW up to 2.6 kW for the ignition process [2].

(a) (b)
14

> > 127
° ®
g 3‘10
S S

8 81

6 ‘ : : - 6

-10 0 10 20 30 -10 0 10 20 30

Time /s Time/s
LAB 1 LAB2 —=6—LFP1 —B—|FP2 —$—|FP3 —A—|FP 4

Figure 3. Cold-cranking test (a) at 0 °C and (b) at —10 °C.
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Figure 4. First pulse of the cold-cranking test at —18 °C: (a) voltage, (b) current, and (c) power.

Results of the cold-cranking performance at —30 °C are shown in Figure 5. At —30 °C,
all batteries have reached their safety limit during the first discharging pulse. Therefore,
neither the LABs nor the LFP batteries can provide the requested current demanded by the
standard [4]. Compared to the LFP batteries, the LABs reach the limit much later and even
almost pass the criteria. However, the LABs provide between 60 W Ah~! and 50 W Ah~!

during the first discharging pulse. The power level of the LFP batteries during the first
pulse is even lower.
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Figure 5. First pulse of the cold-cranking test at —30 °C: (a) voltage, (b) current, and (c) power.

Furthermore, the energy output has been evaluated. A certain power must be delivered
for a certain amount of time to start an engine. Therefore, the total and usable energy
of the starter batteries is more meaningful for the qualitative comparison between the

technologies. The total energy E;,, can be calculated using the average open circuit voltage
Vo and the discharging current I during the first 10 s pulse:

10s
Erotat = Vio /O I(t) dt
S

For determining the average open circuit voltage, the voltage level before the first
discharging pulse and the relaxation voltage at the end of the 10 s pause are used. The aver-
age of both voltages will approximate the open circuit voltage during the first discharging

pulse. Since the relaxation processes outlast the 10 s pause, the determined average voltage
will be underestimated.

The usable energy E . is determined using the actual voltage and current during the
first 10 s discharging pulse:

0s

lustrations of the voltages used for the total and usable energy estimation are shown
in Figure 6a,b.
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Figure 6. Illustration of the voltages used for determining (a) the total energy and (b) the usable
energy during the first pulse of the cold-cranking test.
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The total energy degradation from 0 °C to —30 °C is shown in Figure 7a. For LABs,
the total energy decreases by less than 2% between 0 °C and —30 °C, whereas LFP batteries
experience a decrease to 6% of the total energy by reducing the temperature from 0 °C to
—18 °C. At —30 °C, the total energy of the LFP batteries is only 15% to 60% of the total
energy measured at 0 °C. Thus, the investigated LABs provide a higher total energy over
the tested temperature range.
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Figure 7. During the first pulse of cold-cranking test (a) total energy and (b) usable energy.

As visualized in Figure 7b, the usable energy degradation shows a higher decrease
for all batteries compared to the total energy. As energy is used for internal heating of the
battery, the useable energy is lower. LABs provide higher usable energy values for the
investigated temperatures below 0 °C. The LFP batteries have a comparable but slightly less
usable energy decrease than LABs at temperatures above and including —18 °C. However,
at —30 °C, the usable energy of the LFP batteries decreases drastically.

Combining the total and the usable energy, the efficiency, shown in Figure 8, can be
determined with

Eusable
Etotul

Egfr =

Energy Efficiency / %

40 : ‘
-30 -18 -10 0
Temperature / °C
LAB 1 LAB2 —6—LFP 1 —B—LFP 2 —0—LFP 3 —A&—LFP 4

Figure 8. Energy efficiency during first pulse of cold-cranking test.
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The energy efficiency during the first pulse of the cold-cranking test is higher for
LFP batteries compared to LABs for all investigated ambient temperatures. The efficiency
decreases for decreasing temperatures, independent of the technology used. However, the
efficiency increases at —30 °C again. This can be explained by the temperature influence
on the relaxation voltage after the 10 s pause. The relaxation takes longer at lower temper-
atures. Therefore, the voltage underestimation is more significant at —30 °C. Therefore,
the calculated V,, decreases significantly for some batteries at —30 °C. On the basis of this
estimation, E;y, decreases, and the efficiency increases compared to —18 °C.

The internal resistance measured with a Hioki (1 kHz resistance) at different ambient
temperatures is shown in Figure 9. The internal resistance of all batteries increases with
decreasing temperatures. This is one reason why the cold-cranking performance decreases
with decreasing temperatures. However, the internal resistances of the LABs and the LFP
batteries are in the same range for all temperatures. Therefore, the internal resistance
alone does not explain why the LABs have a much higher power output and reach the
voltage limit during the first discharge pulse much later than the LFP batteries. LABs
and LFP batteries are very different electrochemical systems with different temperature
dependencies of the chemical reaction rate and diffusion speed, also affecting the cold-
cranking performance.
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Figure 9. Internal resistance: (a) absolute values and (b) normalized values.

3.3. Second Pulse of the Cold-Cranking Test

Even though the starting voltage level decreases with decreasing temperature, all
LFP batteries were able to provide the required current during the second pulse of the
cold-cranking test at 0 °C, —10 °C, and —18 °C, shown in Figures A1-A3. For all LFP
batteries, the voltage rises significantly during the second discharging pulse. Most likely
caused by self-heating. After 200 s of the cold-cranking test, the voltage level of all LFP
batteries is at a similar level, independent of the ambient temperature.

The cold-cranking results of the LABs at 0 °C, —10 °C, and —18 °C, shown in
Figures A1-A3, show a lower voltage curve than the LFP batteries. Contrary to the LFP
batteries, the voltage level of the LABs does not increase during the second pulse of the
cold-cranking test. The heat capacity of the LABs is much higher than that of the LFP
batteries. Therefore, temperature changes would take longer and cannot affect the results of
a 200 s test duration. LAB 1 has a much shorter discharging time than LAB 2, independent
of the ambient temperature. LAB 2 provides the required current at 0 °C, —10 °C, and
—18 °C.
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At =30 °C, shown in Figure 10, all LFP batteries reach the 8 V limit right at the
beginning of the second pulse. After some seconds, the voltage increases again, and the
requested current can be delivered at the end of the second pulse. The LABs, on the other
hand, can provide the requested current but suffer a significant voltage decrease during
the first seconds of the second pulse. This results in a marginally smaller power during the
first seconds of the second discharging pulse of the LABs at —30 °C compared to —18 °C

and compared to the LFP batteries at —30 °C as well.
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Figure 10. Complete cold-cranking test at —30 °C: (a) voltage, (b) current, and (c) power.
Table 5 summarizes the average power of all batteries during the first and the second
pulse at the investigated temperatures. Moreover, Table 5 evaluates if the battery passed
the test defined by the standard at a given temperature.
Table 5. Passing of the standard and average power during 1st and the 2nd pulse.
. Passing the Average Power
ID Ambient Temperature Standard Average Power 1st Pulse between 20 s and 60 s
LAB1 0°C passed 77.4W Ah~! 51.7 W Ah~!
—-10°C passed 748 W Ah~! 50.3 W Ah~!
-18°C passed 728 W Ah~! 49.4W Ah~!
—-30°C not passed 55.1 W Ah~! 20.6 W Ah~!
LAB2 0°C passed 77.3W Ah~! 523 W Ah~!
—~10°C passed 73.6 W Ah~! 502 W Ah~!
—-18°C passed 64.8 W Ah~! 46.6 W Ah~!
-30°C not passed 54.6 W Ah~! 41.7 W Ah~!
LFP1 0°C passed 96.8 W Ah~! 61.1 W Ah~!
—10°C passed 85.8 W Ah~! 55.8 W Ah~!
~18°C not passed 70.8 W Ah~! 49.7W Ah~!
—-30°C not passed 35.0 W Ah~! 27.1W Ah~!
LFP2 0°C passed 85.3 W Ah~! 552 W Ah~!
—-10°C passed 79.6 W Ah~! 529 W Ah~!
—18°C not passed 712 W Ah~! 50.5W Ah~!
—-30°C not passed 11.3W Ah~! 13.5W Ah~!
LFP3 0°C passed 99.4W Ah~! 622 W Ah™!
—10°C passed 89.8 W Ah~! 58.1 W Ah~!
—-18°C passed 80.4 W Ah! 540 W Ah~!
—30°C not passed 440W Ah~! 382 W Ah~!




Batteries 2023, 9, 176

110f13

Table 5. Cont.

. Passing the Average Power
ID Ambient Temperature Standard Average Power 1st Pulse between 20 s and 60 s
LFP4 0°C passed 97.1 W Ah~! 61.5W Ah~!
—10°C passed 85.6 W Ah~! 56.8 W Ah~!
—-18°C passed 77.6 W Ah™1 52.7 W Ah~!
—30°C not passed 458 W Ah~! 40.4W Ah~!

4. Conclusions

Six test cells, two LABs, and four LFP batteries from different manufacturers have
been tested regarding their low-temperature capability. The capacity was tested at various
temperatures between 25 °C and —18 °C using small discharging currents. Thereby, the
temperature gradient and changes within the batteries, induced by self-heating during the
discharge, could be minimized. LFP batteries have higher voltage levels than LABs, which
results in a higher power and energy output. Moreover, LFP batteries have a lower capacity
decline (82-91% C/C, at —18 °C) and a lower energy decline (76-86% E/E, at —18 °C) for
decreasing temperature compared to LABs (55-76% C/C,, 51-61% E/E, at —18 °C). For
low discharging currents, within a temperature range between 25 °C and —18 °C, the LFP
batteries are superior.

The cold-cranking ability was tested according to the EN standard. Additionally, to
the standard, where the test is only defined for —18 °C, within this work, a temperature
range between 0 °C and —30 °C was evaluated. Regarding the standard test definition, the
LABs passed the requirements for the first pulse at 0 °C, —10 °C and —18 °C by providing
the required current of 9 A Ah~! for 10 s while keeping a voltage above 6 V. The LABs also
passed the test requirements during the second pulse of the cold-cranking test, with rapidly
decreasing voltage. The LABs almost passed the requirements for the first pulse at —30 °C
since the voltage limit was reached and the current had to be decreased, still providing
more than 8 A Ah~!. However, the voltage decrease in the LABs during the second pulse
at —30 °C is major.

The LFP batteries passed the requirements regarding the test definition for the first
and second pulse at 0 °C and —10 °C. At —18 °C only two of the four LFP batteries could
provide the required current without falling below the LFP’s specific cut-off voltage of
8 V. However, considering the power instead of current, all LFP batteries could deliver a
similar power as the lead—acid batteries at —18 °C during the first pulse and all passed the
requirements of the second pulse at —18 °C. At all temperatures, the voltage level increased
during the second pulse of the cold-cranking test. This is caused by the self-heating of the
LFP batteries, which have a relatively low heat capacity compared to the LABs. All LFP
batteries failed the test requirements for the first and second pulse at —30 °C. However,
through self-heating, the LFP can provide the required current at the end of the second
cold-cranking pulse.

The minimum voltage is the decision criterion for passing the EN cold-cranking
standard test. Even if the nominal voltage is similar between the LAB and the LFP battery,
the cut-off voltage differs from 6 V for LABs to 8 V for LFP batteries. Thereby, the test is
not comparable for different technologies. For comparability between technologies, the
requirements of the standard test should be redefined in terms of power or energy. In terms
of energy and power, the LFP battery can generate comparable cold-cranking results till
—18 °C. The LABs are superior during cold-cranking tests at temperatures below —18 °C.
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Figure A1. Complete cold-cranking test at 0 °C: (a) voltage, (b) current, and (c) power.
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Figure A2. Complete cold-cranking test at —10 °C: (a) voltage, (b) current, and (c) power.
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Figure A3. Complete cold-cranking test at —18 °C: (a) voltage, (b) current, and (c) power.
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