Evaluating the effect of changes in temperature on

Lithium Ion Battery performance.
Research Question: How do different ambient temperatures within their operating range

affect the performance of LIBs?

Word Count: 3552



Table of Contents
Table Of COMLENTS...ccccrvurierrriiisnnsssanesssanssssansssssnsssssssssssssssasssssasssssassssssssssssssssssssssssssssssssssasssssnss 1
1. INErOAUCHION.. .cuveicrereiersnnicssnnnsssanssssanssssanssssasssssassssssssssssssssssssssssssssnsssssssssssssssssssssssssssssassssnanes 2
1.1 Basic FUunctions Of LIBS.......ccccuiiiiiiiiiiicieeceeece ettt 2
1.2 The Effects of Low and High Temperatures...........cccccveeevieeriiieeniieeeie e 3
2. MEtROAOI0@Y..uccceeuerisseressercssrnncsssnicssanssssanssssassssssssssssssssasssssasssssssssssassssssssssssssssnsssssnsssssnsssses 3
2.1. Diagrams of Experimental Set-Up..........ccceeviieriiiiiiiiieiiieeie e 4
2.2. Measurements and Data ColleCtion.............cccvieriiieriieeiiieceeeeee e 5
2.3, RESISTANCE. ...ttt ettt et st e ebe e et e b st e e nbee et e aee 5
2.4, TEIMPETATULEC. ...ccevvieeiereeeiieeeiteeeiteeeteeesteeessteeessseeasseeasseesssseeasseessseeessseesssseesssseesssseenns 6
2.5, State Of CRATZE.....eeeuiieeiiieeiie ettt ettt e et e e et e e ste e e sabeeesnbeeesaeeenseesnnneenns 7
2.6.C0NLIO1 BAEIY....eouiiiiieiiiieiieeie ettt ettt ve et eeiv e e beeesaeeteeesaeesseessseensaens 7
3. Results and Discussion 8
3.1 VOItAZE OVEL TIMC.....ieiieeiiieiieeiieeiieeteeteeeveeteeeteeteessbeeseessseesseessseenseessseesseessseeseessseens 8
3.2 SUTIface tEMPETALUTE.......eeiviieiiieeeiieeieeetee e et e et eeaee e ste e e sbeeesnaeeesaseeeenseeennseeennes 13
3.3 SOC and Internal RESIStANCE. .........ccecvieriiieiieiiecieeiieete ettt ere e ebe e ebe e e ense e 15
3.4 The effects of ambient temperature on surface temperature.............cceceeeeveereerereenneenns 16
3.5 Changing surface temperature and VOItage............cccuevevieriieiiienieeiieieeie e 20
4. CONCIUSION....uuueieirrrieirnrinisnisssanisssanesssanesssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssasssssasssssasss 23
5. EVAIUALION.ccuciiirriiiiniciinicssnnicsssnnssssnissssssssssssssssssssssssssssssssssssssssssssssssssssssssnssssssssssssssssssssssss 24
6. Practical applications and further investigation 25
7. Appendices 27
Table 2: Internal resistances after discharge and at the end of charge............cccceeevenen. 27
Table 5: Current, discharge and surface temperature during discharge. Every 60th
datapoint diSPlay@d........c..eeouieruiiiiieie et 28
Table 6: Oven temperature during discharge at 50°C..........c.coeuiiveeveveeceeeeeeeeeee e 43
Table 7: SOC and charging time after discharge.............cceceeviiiiiiiiiniiee e 44

8. WOTKS CHEA.....coveeueeerereeeereereeeeerereecessesessessssesscssssesssssssssssssssesssssssssssssssssssssssssssssssesssssasssssse 46



1. Introduction

Lithium-ion batteries (LIBs) are rechargeable batteries with high energy and power densities
as well as low self-discharge rates and are therefore used in a variety of applications from
electric vehicles to hand-held devices such as cell phones (Dstby 6). Temperature
significantly affects LIBs thereby playing a vital role in determining their applications. They
have an operating temperature range of -20°C to 60°C and an optimal temperature range of
15°C to 35°C (Ma et al.). This essay will address the effects of ambient temperatures which

are close to the boundaries of the operating temperature range on LIB performance.

1.1 Basic Functions of LIBs

An LIB cell contains an anode, a cathode (made of a lithium compound) and a porous
separator soaked in electrolyte. The porous separator allows for the exchange of lithium ions
between the electrodes while also acting as an insulator, creating electric potential between
the anode and the cathode (Dstby 9). As a result, LIBs function on an internal and external
circuit. The exchange of lithium ions between the anode and the cathode (the internal circuit)
and the flow of electrons generated by the resulting oxidation-reduction reactions create the
external circuit (Ma et al.). During discharge, oxidation occurs at the anode and lithium ions

de-intercalate and are transferred through the Fig L1 ¢ Schimutic drawing of a typical

lithiym-ton battery | Researchgate [ )
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cathode to the anode (Fig 1.1).




1.2 The Effects of Low and High Temperatures

Temperatures below 0°C reduce the performance of LIBs. The electrolyte increases in
viscosity when exposed to lower temperatures which disrupts the transfer of lithium ions
between the anode and the cathode in the internal circuit. Within the electrodes, the diffusion
of lithium ions is slowed as well. As the exchange of lithium ions slows, the internal
resistance of the battery increases, reducing its performance (Ma et al.).

Operating under high temperatures accelerates ageing in LIBs involving loss of capacity and
increased internal resistance. High temperatures cause an increase in the resistivity of the
Solid Electrolyte Interface (SEI) layer (Ma et al.).The increased resistivity of the SEI- a layer
on the surface of the anode made up of products of reduction of the electrodes that form after
four to six charge and discharge cycles- also increases charge transfer resistance in the battery
(Barcellona et al.).

In addition, high temperatures increase the degradation rate of electrodes during operation.
One of the dangers of operating LIBs at high temperatures is triggering thermal runway—a

series of exothermic reactions in the battery that can cause fire and explosion (Ma et al.).

2. Methodology

To evaluate the effects of different ambient temperatures on the performance of LIBs, I will
discharge four batteries, cycling between low and high-temperature environments, while
measuring current, voltage and surface temperature. A cycle will be defined as a discharge at
low temperature, then a charge at room temperature followed by a discharge at high
temperature and a charge again at room temperature.

During charge, a UC-4200 everActive battery charger will be used to monitor State of Charge

(SOC), internal resistance and time taken to charge.



2.1. Diagrams of Experimental Set-up
For the low-temperature environment I will be using a household freezer at -18°C which will

provide a relatively stable low temperature.

Frecrer

Thermocouple connected to
LopgerPro

Battery and batlery
holder for mereeed
stakility inside frecees

Volmmeter ntinched acroes ressior
conmcted to LoggerPro

Risistor |'|Iq-|.:-|;'|.| paside Freceer

Ammeter connecied 1o LoggerPro

Fig 2.1 Labelled photograph of experimental set up for discharge ar -18°C
For the elevated temperature environment, I will use a household oven out of lack of a better

device. Unfortunately, the temperature inside the oven is unstable.

 —

Battery and battery holder for increased stability

Meat thermometer 1o MEasiure oven lemperialure

Thermocouple connected to LoggerPro

Voltmeter attached across resistor connected 1o
LoggerPro

Resistor placed outside oven

Ammeter connected 1o LogperPro

Huousehold oven

Eig 12 Labelled phorograph of experimenral set up for discharge ar 50 °C



2.2. Measurements and Data Collection
During discharge three variables will be measured continuously with probes connected to the
graphing software LoggerPro: voltage across the resistor using a voltmeter, current using an

ammeter and the surface temperature

using a thermocouple attached to the Mark: v bl praskiior ot

thermes capls
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2.3). A measurement will be taken

automatically every second and at

time = 0 in order to track any sudden Fig 2.3 Lahelled photograph to indicate positioning of

o ) . thermaocouple on bartery surface during discharge
variations if they might occur. The

internal resistance of the battery will be recorded twice: at the beginning and end of charge.
In addition, the time taken to charge the battery and the state of charge of the battery after
discharge will also be collected to determine whether the rate of discharge and charge are
affected by temperature.

During discharge in the oven, ambient temperature will be recorded manually every five
minutes using a meat thermometer. To measure the uncertainty of the meat thermometer,
water was brought to a boil and the difference between the temperature displayed by the
thermometer and 100°C was recorded as the uncertainty. Although not ideal, the process

allowed an estimation of the uncertainty.

2.3. Resistance
The LIB used in this experiment is an 18650 rechargeable lithium-ion battery with a capacity

of 1.1 Ah and a voltage of 3.6 V. A discharge rate of 1C means that the battery is discharged



from 100% to 0% in one hour. For a discharge rate of 1C, the

J6V
resistor would have to be approximately 3 € (rounded to the | P
17
nearest Ohm).
V=361=1.1
4 3.6 i
R="=77~30
The resulting circuit is therefore shown in Fig 2.4. Eig 2.4 Circuit diagram for

experimental set up
To ensure that the resistivity of the resistor is not affected by the

high or low-temperature environments, it will be placed outside the oven and freezer.
The resistance of the copper wires is very low compared to the 3() resistor therefore it will

not be taken into account in this experiment.

2.4. Temperature

To measure the effects of changing temperatures on lithium-ion battery performance, the
experiment will use temperature cycling. The maximum and minimum temperature specified
in ISO 12405-1:2011- an industry standard used for testing lithium-ion battery packs for road
vehicles is 40°C and -18°C respectively. However, 50°C will be used as a maximum
temperature instead because it is the minimum temperature of the oven. Despite the 10°C
increase in temperature, it still lies within the operating range for LIBs which extends to
approximately 60°C therefore safety is not affected (Ma et al.).

During charge, the battery will be kept at approximately 23°C to allow for more efficient
charging and to mimic the environment that electric car batteries and mobile phones are
exposed to since charging stations are often located indoors. Therefore as the battery is
brought from 23°C ambient temperature into the 50°C or -18°C environments to start
discharge, it mimics the conditions electric car batteries and mobile devices are exposed to as

they exit the charging stations and are moved outside into high or low outdoor temperatures.



That is also the reason why the surface temperature of the battery will not be brought down or
up to -18°C or 50°C before discharge.

The resulting cycles are shown in Table 1.

Cycle 1 | Discharge -18C Recharge 23°C | Discharge at 50°C | Recharge 23°C

Cycle 2 | Discharge -18°C Recharge 23°C | Discharge at 50°C | Recharge 23°C

Cycle 3 | Discharge -18C Recharge 23°C | Discharge at 50°C | Recharge 23°C
Table 1: Charge and discharge cycles for batteries A, B, C, D during testing.

2.5. State of Charge

By keeping the SOC of the LIBs between 20% and 80%, battery degradation is minimized
(Bal). Therefore the effects of changing temperature are isolated.

I will be discharging the battery by 60% (to keep SOC between 80% and 20%) ata 1C
discharge rate.

0.6 X 60 minutes = 36 minutes

Therefore the battery will be discharged in each environment for 36 minutes.

Due to equipment limitations, SOC can only be measured during charging. It will be

monitored using data from the UC-4200 battery charger where SOC is displayed.

2.6.Control Battery

Five batteries will be tested in total: batteries A, B, C, and D will undergo temperature
cycling and battery J will be kept at room temperature (approximately 23 ‘C) while
undergoing the same number of charges and discharges as shown in Table 1. Therefore

comparison can be made to a battery that has not undergone temperature cycling.



3. Results and Discussion

3.1 Voltage over time

Figures 3.1 and 3.2 show the relationship between surface temperature and voltage during
discharge for batteries A, B, C and D.

Figure 3.1 shows a strong positive correlation between surface temperature and voltage.
As the graph approaches the optimum temperature for LIB performance (15°C to 35°C),
voltage increases and after approximately 15°C there is a plateau which could suggest that

optimum temperature has been reached.

Fig 3.1 Graph o show the relationship between voltage and surface temperature of the LIBs during discharge
i <18 °C ambient temperature. Every 60th data point plotied.
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Fig 3.2 Graph to show the relationship between voltage and surface remperature of the LIBy during discharge
it 30 °C ambient temperature. Every 60th data point ploried.
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Fig 3.2 shows voltage against surface temperature for discharges at 50°C. There is a plateau
until about 25°C to 40°C which is approximately the upper range of the optimum

temperature. As temperature increases beyond that point, there is a decrease in voltage.

Based on the two graphs above, the graph of voltage at discharge at 23°C (Fig 3.3) would be

expected to be centred around the peaks of both graphs, however, this is not the case.
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Eig 33 Graph re show the relationship between voltage and surface temperature of the LIBs during
discharge at 23 °C ambient temperature. Every 60ith data point plotted.
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discharges at 50°C. This is because of the third variable
problem. During discharge SOC decreases. As SOC
decreases, the electromotive force of the battery
decreases and so does the voltage across the resistor (Fig
3.4). As the battery is placed into the freezer from room
temperature, the surface temperature of the battery
decreases over time and the opposite is true for when the

battery is placed into the oven.
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However, a trend can still be observed when comparing the rate of change in voltage at the

three different ambient temperatures.
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Figures 3.5, 3.6 and 3.7 show the voltage decreases over time during discharge at -18°C, 50°C
and 23°C respectively.

Eig 3.5 Grapl to shew the decrease in voltage af -18°C ambient temperatire over time spent discharging,
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Fig 3. TGraph to show the decrease in voltage at 23°C ambient temperatiere over time spent discharging. Every
Oltth data point plotted,
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Voltage decreases linearly during discharge.
At -18°C the rate of decrease over time is at approximately 9.559 X 10 Vmin~ . At50°C
it is 40% lower at about 5.927 x 10 ° Vmin . At 23°C the rate of voltage decrease is

around 6.335 x 10> Vmin " — slightly higher than the rate at 50°C.

Figure 3.8 illustrates the average rate of voltage decrease at all three ambient temperatures.
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Fig A8 Graph to show the average rate of decrease in voltage over time spent dischargimg af -18°C, 50°C and 23°C .
Bext (it fines from figures 3.5, 3.6, 3.7 ave plotted,
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The rate of voltage decrease is significantly higher at -18°C ambient temperature compared to
discharges at 50°C and 23°C which suggests that the low ambient temperature caused a more
rapid reduction in voltage. Since voltage is the energy in joules transferred by each coulomb,
a lower voltage means that less energy can be transferred to other forms during battery use
(Johnson et al. 230). Therefore a faster decrease in voltage is a faster reduction in
performance suggesting that the battery performs worse at -18°C than at 23°C or 50°C.

The linear decrease in voltage for all three ambient temperatures is consistent with the graph

in Figure 3.4 for SOCs between 40% and 80%.

3.2 Surface temperature
Figure 3.9 compares the range of surface temperatures recorded during testing to the

operating range of the LIBs—between -20°C and 60°C.
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Fig 3.9 Chart o show the range of surface temperatures of battery during
discharge ar -18°C, 30°C and 23°C ambient temperature compared to its operating
range { -20°C—60°C)
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The surface temperature of the battery during discharge at 50°C was much closer to the upper
limit of the operating range than the lower limit during discharge at -18°C. Despite the lower
surface temperatures being further away from the limit of the operating range, they had the
greatest effect on the battery’s performance. Potentially, the results could suggest that LIBs
are more affected by colder temperatures.

The batteries underwent only 3 discharges in a high-temperature environment and 6
discharges total which was not sufficient for the formation of the Solid Electrolyte Interface
on the anode. Since the effects of high temperatures are attributed to the increased resistivity
of that layer, they may not be visible after such a low number of cycles. On the other hand,
low temperatures increase the viscosity of the electrolyte and disrupt the internal circuit of the

LIB which can be detected at a low number of cycles.
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3.3 SOC and Internal Resistance

No trend was observed between the SOC after discharge or rate of charge (% SOC/min) over
the number of cycles. This indicates that there was not an increase in internal resistance due
to cycling. The lack of battery ageing is consistent with studies on LIBs such as the “Effect of
Temperature on the Aging Rate of Li-lon Battery Operating above Room Temperature”
conducted by Leng et al. In this study, a total of 260 cycles were completed at a 1C rate and
the lowest number of cycles chosen to investigate battery ageing was 50 (2-3).

Data collected from testing could indicate a temporary difference in the internal resistance of
the battery after discharge at -18°C (Table 2-see appendices). Below is a summary table of the
average values of internal resistance taken at the beginning and end of charge after discharges
at-18°C, 50°C and 23°C.

Let Rinitial be the average internal resistance at the beginning of charge, R ul be the average

fin

internal resistance at the end of charge, both values rounded to the nearest ohm. Let

AR =R

~ “final initial °
After discharge at -18°C After discharge at 50°C After discharge at 23°C
initial Rfinal AR initial Rfinal AR initial Rfinal AR
mQ) |mQ) |M™Y |mQ) |m |[™Y |mQ) |me @
25 7 -18 9 6 -3 5 6 1

Table 3: Average internal resistances at the beginning and end of charge

imitial values after discharge at -18°C were on average 18mQ higher than the R final which is
much higher than the 6mQ increase after discharge at 50°C or the ImQ decrease after
discharge at 23°C.
There are three factors that could be attributed to this effect.

1. The SOC of the battery

SOC was on average 6% lower after discharges at -18°C (Table 4)
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-18C [ 50C 23°C

Average SOC after | 39% 45% 45%
discharge

Table 4: Average SOC after discharge

= 0
The results are consistent with the higher voltage = o
decrease at -18°C and positive correlation between Eﬁ 4 -
voltage in SOC shown in Fig 3.4. ? 2
The recorded change in internal resistance is too large to T 4] -"4._.. o
g | LT
be attributed to SOC alone. According to Fig 3.10, there = Y o 8
80 '
should be a ImQ decrease from 40% to 80% SOC but
Fig 210 Graph to show the variation in
Table 3 shows an 18mQ decrease between 35% and 80% the internal resistance of LIBs due to
clanges in SOC | fnternal Resistance
SOC. versus SOC [ ResearchCare [ ),

ii. The effect of low temperature
The large AR could be attributed to the low surface temperature of the battery which reaches
-13°C. At lower temperatures, rates of chemical reactions are reduced, increasing internal
resistance (Barcellona et al.).

i11. The reliability of the measurement device
According to the user manual, users should “not attempt to charge frozen cells” (qtd. in
Professional Battery Charger User Manual UC-4200 8). As battery surface temperatures

reached sub-zero temperatures, the data could be unreliable.

3.4 The effects of ambient temperature on surface temperature

According to Newton’s Law of Cooling, “the rate of change of temperature of an object
should be proportional to the difference between the temperature of the object and the
ambient temperature” (qtd. in "Newton's Law of Cooling", 00:31-00:42). Applying it to the

experiment, it could be written using the following equation:
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deurf
— =k (Tamb -T

surf) (1)
. . . dT f
Where T . .1 the surface temperature of the battery, T . is the ambient temperature ——=

is the rate of change of TSW y with respect to time and k is the heat transfer coefficient.

Fig 301 Skerch graph ro show the correlation between the rate of change of the
surface femperature of the battery with respect to fime ( abbreviated ey

, . dt
and the difference between ambient temperature and the surface tempecure of

the battery (abbreviated v —71 ) according to Newton's Law of Cooling.

(.u,)

dT
it

r =7 gilau]
impb |

0

Therefore — tb' the difference between the ambient and surface temperature of the battery are
directly proportional and their graph should look like Fig 3.11.
Both Figures 3.12 and 3.13 show the graph at discharges at -18°C and 50°C respectively. Fig

3.12 and 3.13 are plotted using the second cycle of battery A, B, C and D because it generally

contained the fewest irregularities.



Rate of change in surface temperature of LIB

There are a group of anomalous values in Fig 3.12 circled on the graph. They occur at the

lowest values of T
am

“T F
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Fig 3.12 Graph to show ithe dependency of the rate of change in surface lemperature during

discharge ai -18°C on the difference between the ambient and surface temperature of the
hatrery., Anomolows group of data points is cireled.

- -

,,.
ar

-4

during discharge (K/min}

F
y=ax+h
n= {25
b=0.471 BErmin
=L

--‘-t

— Tsur ;- Excluding those points, there is a high linear correlation

(r = 0.9934) between the remaining values. Unlike the prediction in Fig 3.11, the line does

not go through the origin.



Rate of chinge in surface temperature of LIB
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Eig 313 Graph ro show the dependency of the vate of change in surface temperature during
discharge at S0°C on the difference between the anibient and surface temperature of the
hattery. Anomolous group of data poinis is circled.
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Similarly to graph 3.12, Fig 3.13 has a collection of anomalous points for high values of

T b_Tsu

n . Its best-fit line also does not go through the origin. The correlation in the

rf
graph, excluding those four anomalous points, is much lower (Pearson’s coefficient of
0.1776) than Fig 3.12.

The low correlation could be attributed to heat production within the battery amplified at high
ambient temperatures. Newton’s Law of Cooling does not account for internal heat

production and therefore might not be accurate. Theoretically when r . —T.. p <0,

surf

- < 0 as the battery achieves thermal equilibrium. There are ten data points when

Tamb — Tsur y < 0 and of those data points four show that temperature continues to increase.

This could indicate that heat production within the battery allows the battery’s temperature to
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continue rising above ambient temperature. However, irregularities in oven temperature could
also contribute to the observed phenomenon since in Newton’s law of cooling the ambient
temperature is a constant.

The anomalous points that are circled in both Figures 3.12 and 3.13 could be attributed to the
deviations from Newton’s Law of Cooling that occur at larger temperature differences
(Vollmer).

The line of best fit in both graphs does not go through the origin. In Fig 3.12, the y-intercept
15 0.4710K and in Fig 3.13 it is 0.2907K. It could be a result of a systematic error in either
the thermocouple or the fridge and oven temperatures. Notably, since the the axes are
calculated values and the errors are subsequently large a line through the origin is still within
range.

Another notable difference in the two graphs is the gradient of the best-fit line which is
(according to equation 1) the heat transfer coefficient. Neither the surface area of the battery
nor its specific heat capacity has changed. However, the heat transfer coefficient during
discharge at 50°C is approximately 0.0294 and at -18°C it is approximately 0.0825. The
average rate of voltage decrease at -18°C is also higher which suggests a possible correlation
with the heat transfer coefficient. Further testing would be required to support or reject the

correlation between the two variables.

3.5 Changing surface temperature and Voltage
Changes to the surface temperature of the battery over time are shown in Figures 3.14 and

3.15 for discharge at -18°C and 50°C respectively.
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Fig 3,14 Graph to show the change in surface temperature of the battery over time during
discharge at -18°C.
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In Figure 3.15 the inconsistencies in oven temperature are prominent when compared to
Figure 3.14 which follows a smooth curve. Despite these temperature inconsistencies, the rate
of voltage decrease remained constant.

Fig 3.16 shows the surface temperature, ambient temperature and voltage for one of the most

temperature-inconsistent discharges.

Fig 3.16 Graph to show the relationship between the voltage across the resistor and
ambient and the surface temperature of Battery 1) over time.
Shows second cvele discharge of battery D ar 50°C.

&)
. [ i bk . 3.6
30 N LTI L AN HTTT
gl-:_ J'-||'| :i:1 o 8, [ | I ‘-.:
o A S
- =] [ | b1 | " -]
a2 | | . =
I:. - |\; _.‘ I='.:
- , 2
.""i l e 1.5 E
= 0 | b4 | B E
L il )
= - ] . B8
& | = ]
SHEERE
E {1 1 I Jag
-

L] (L1} M )]
Time spent discharging {min)

Ambient temperature varies significantly by up to 9°C but there was no resultant change in
voltage.

There are several factors that could contribute to this. Firstly, it could be that the voltage
probe with an error of 1% wasn’t sensitive enough to detect the changes when considering

that the difference between the rate of voltage decrease at -18°C and 50°C was

3.632 x 10 > Vmin .
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Another potential reason why the effects of )
Eig 317 Diagram of a cross-section of oo L8650 LI ¢ Yoo )

quick changes in ambient and surface

Positive terminal
S—

J

temperature were not evident in the voltage
readings could be the delay in heat transfer c

Flectrodes

. . e Anod
between the insulative case and the electrodes i o g

(Fig 3.17). Since the changes in temperature Cathode
were rapid it could be that there wasn’t C‘Q\‘

enough time for the heat to be transferred

through the casing.

4. Conclusion

The essay examined voltage, SOC and internal resistance as aspects of LIB performance to
answer the research question “How do ambient temperatures within their operating range
affect the performance of LIBs?”. The results showed that overall the effects of low
temperatures were more prevalent than the effects of high temperatures. At -18°C the
batteries experienced higher rates of voltage decrease, higher rates of SOC decrease and
greater internal resistance. Therefore the performance of 18650 LIBs was reduced at low
temperatures.

Voltage decreased at a higher rate at -18°C compared to at 23°C and 50°C. SOC decreased
faster at -18°C as well. This suggests that the low temperature environment had a greater
impact on LIB performance despite the fact that the range of surface temperatures was much
closer to the upper limit of 60°C than the lower limit of -18°C. On the other hand, the effects
of high temperatures are frequently attributed to the increased resistivity of the Solid

Electrolyte Interface which had only just started to form towards the third cycle. The low
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number of cycles in the experiment therefore could have created a bias towards the effects of
low temperatures.

When the batteries were first taken out of the -18°C environment there was a large temporary
increase in internal resistance. This could be attributed to multiple factors such as the SOC of
the battery, the temperature of the battery and error from the charger.

The rate of change in surface temperature was much more irregular at 50°C ambient
temperature than at -18°C when data was compared to Newton’s Law of Cooling. The
anomalies could be a result of increased heat production in the battery or the unstable
temperature of the oven.

During discharges in the oven, voltage decreased linearly despite the large fluctuations in

ambient temperature which varied by up to 9°C.

5. Evaluation

There were multiple limitations in the experiment that affected the validity of the data. For
instance, some of the equipment used (such as the charger, meat thermometer, oven and
freezer) was intended for household use. Therefore uncertainties were unknown. For instance,
increased internal resistance after discharge at -18°C could be attributed to error because the
charger is not designed to charge batteries at negative temperatures. Ambient temperatures
were also difficult to control. The temperature in the oven, which was supposed to be a
controlled variable, varied by up to 9°C. The oven temperature was regulated manually by
opening the oven door to reduce temperatures which caused rapid drops. The temperature in
the freezer was also not constant. Depending on how much time the freezer door was open
while the batteries were placed into the freezer, the temperature would increase. Furthermore,

the starting temperature of the batteries was also inconsistent. As I held the batteries in my
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hands to insert them into the battery holder and attach the thermocouple, their surface
temperature would increase as a result.

Furthermore, probes disconnected during a few of the discharges. The voltmeter was clipped
onto the resistor, and the clips would occasionally slip off resulting in data anomalies. The
thermocouple was attached to the battery using duct tape which was prone to detaching. As a

result, the thermocouple would lose contact with the surface of the battery until reattached.

6. Practical applications and further investigation

18650 LIBs (the LIB type used in this experiment) have a wide range of applications for
example in electric vehicles. 18650 cells are used in Tesla’s Model S and X (Loveday). The
results from the experiment could indicate that the performance of electric cars is reduced
during cold winters.

However, these results cannot be extended to other LIB-powered devices that we use on a
regular basis. The results alone don’t determine that mobile phones function better at room
temperature rather than on a cold winter day. There are multiple types of LIBs in use that
have different operating temperature ranges and different chemical compositions.
Furthermore, the batteries tested were cylindrical but there are other types of cells such as
prismatic cells, button cells and pouch cells (Murashko). Since they have different shapes and
compositions their response to temperature would differ. Therefore it would be interesting to
investigate the differences in the effects of temperature on LIBs depending on cell type and
chemical composition so that conclusions could be made about the performance of other
LIB-powered devices.

Due to both equipment limitations and human error, the accuracy of the data was
compromised so further investigation could involve a more controlled temperature

environment and higher accuracy sensors to determine whether the trends that could have
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been attributed to error were actually present. For example the temporary increase in internal

resistance or the constant rate of voltage decrease.
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7. Appendices

Table 2: Internal resistances after discharge and at the end of charge.

Resistance
Start/mQ
+8

40
13

22
9

Resistance
Start/mQ
+8

9
14
14

5

Charge after -18°C environment
Charge after 50°C environment
Charge after 23°C environment

Charge 1

Resistance
Final/mQ
+8

5
5
10
5

Charge 4

Resistance
Final/mQ
+8

9

5
5
5

Change in
resistance/mQ
+16

Change in
resistance/mQ
+16

0
-9
-9
0

Resistance
Start/mQ
+8

4

9
9
4

Resistance
Start/mQ
+8

21

31

27
5

Charge 2

Resistance
Final/mQ
+8

10
5
10
4

Charge 5

Resistance
Final/mQ
+8

5

5
10
5

Change in
resistance/mQ
+16

6
4
1
0

Change in
resistance/mQ
+16

-16

-26

-17
0

Resistance
Start/mQ
+8

40
13

22
4

Resistance
Start/mQ
+8

4
4
14
4

Charge 3

Resistance
Final/mQ
+8

5
5
10
10

Charge 6

Resistance
Final/mQ
+8

4

4
5
4

27

Change in
resistance/mQ
+16

Change in
resistance/mQ
+16

*Battery A is not included in the table because during data collection internal resistance was only recorded once because I did not realise that
recording two values was necessary at the time.
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Tuble 5: Current, discharge and surface temperature during discharge. Every 60th datapoint

Battery A
A-181 AS01
Time (s) Current (A) Voltage (V) Temperature (°C ) Current Voltage Temperature (C )

+1% +1% +5 +1% +1% 2.2

0 0.62 3.64 18 0.62 3.65 349
60 0.62 3.63 15 0.62 3.63 42.0
120 0.62 3.62 12 0.62 3.63 44.7
180 0.62 3.61 11 0.62 3.62 47.6
240 0.62 3.60 9 0.62 3.61 43.6
300 0.62 3.59 7 0.62 3.60 48.9
360 0.62 3.57 6 0.62 3.60 50.5
420 0.62 3.56 5 0.62 3.59 49.4
480 0.62 3.55 4 0.62 3.58 54.4
540 0.62 3.54 3 0.62 3.58 44.0
600 0.62 3.53 2 0.62 3.57 41.8
660 0.62 3.52 2 0.62 3.57 45.4
720 0.62 3.51 1 0.62 3.56 46.7
780 0.62 3.50 0 0.62 3.56 473
840 0.62 3.49 -1 0.62 3.55 47.7
900 0.62 348 -1 0.62 3.55 48.1
960 0.62 3.47 -2 0.62 3.54 48.2
1020 0.62 3.46 -2 0.62 3.53 48.4
1080 0.62 3.45 -3 0.62 3.53 48.4
1140 0.62 3.44 -3 0.62 3.52 48.7
1200 0.62 3.43 -3 0.62 3.52 48.8
1260 0.62 342 -4 0.62 3.51 48.9
1320 0.62 3.41 -4 0.62 3.50 49.0
1380 0.62 3.40 -4 0.62 3.50 49.0
1440 0.62 3.40 -5 0.62 3.49 49.1
1500 0.62 3.39 -5 0.62 3.48 49.1
1560 0.62 3.38 -5 0.62 3.48 49.1
1620 0.62 3.37 -6 0.62 3.47 49.1
1680 0.62 3.36 -6 0.62 3.47 49.1
1740 0.62 3.36 -6 0.62 3.46 49.1
1800 0.62 3.35 -6 0.62 3.45 49.1
1860 0.62 3.34 -6 0.62 3.44 49.0
1920 0.62 3.33 -7 0.62 3.44 48.9
1980 0.62 3.33 -7 0.62 3.43 48.9
2040 0.62 3.32 -6 0.62 3.42 48.8
2100 0.62 3.31 -6 0.62 3.42 48.7
2160 0.62 3.31 -6 0.62 3.41 48.5
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Battery A
A-182 A502
Time (s) Current (A) Voltage (V) | Temperature (C) Current Voltage Temperature (°C )
+1% +1% +5 +1% +1% 2.2
0 0.62 3.58 19 0.62 3.64 33.8
60 0.62 3.58 12 0.62 3.63 37.3
120 0.62 3.57 10 0.62 3.61 39.1
180 0.62 3.56 8 0.62 3.61 40.2
240 0.62 3.55 6 0.62 3.60 40.8
300 0.62 3.54 5 0.62 3.60 41.5
360 0.62 3.53 4 0.62 3.59 40.9
420 0.62 3.52 2 0.62 3.58 437
480 0.62 3.51 1 0.62 3.58 48.3
540 0.62 3.50 0 0.62 3.57 50.2
600 0.62 3.49 -1 0.62 3.56 52.8
660 0.62 3.48 -2 0.62 3.56 52.2
720 0.62 3.47 -2 0.62 3.55 50.1
780 0.62 3.45 -3 0.62 3.55 51.5
840 0.62 3.44 -3 0.62 3.54 49.8
900 0.62 3.43 -4 0.62 3.54 51.5
960 0.62 3.42 -5 0.62 3.53 52.1
1020 0.62 343 -5 0.62 3.53 51.5
1080 0.62 3.42 -6 0.62 3.52 52.5
1140 0.62 3.41 -6 0.62 3.51 52.4
1200 0.62 3.40 -7 0.62 3.51 51.1
1260 0.62 3.39 -7 0.62 3.50 52.0
1320 0.62 3.38 -8 0.62 3.50 52.8
1380 0.62 3.37 -8 0.62 3.49 53.1
1440 0.62 3.36 -8 0.62 3.49 53.3
1500 0.62 3.35 -9 0.62 3.48 534
1560 0.62 3.34 -9 0.62 3.47 53.5
1620 0.62 3.33 -9 0.62 3.47 514
1680 0.62 3.32 -10 0.62 3.46 52.4
1740 0.62 3.31 -10 0.62 345 52.8
1800 0.62 3.30 -10 0.62 3.45 52.9
1860 0.62 3.29 -10 0.62 3.44 53.0
1920 0.62 3.28 -10 0.62 3.43 52.9
1980 0.62 3.28 -11 0.62 3.42 52.8
2040 0.62 3.27 -11 0.62 3.42 52.7
2100 0.62 3.26 -11 0.62 341 52.6
2160 0.62 3.25 -11 0.62 3.40 52.4
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Battery A
A-183 AS503
Time (s) Current (A) Voltage (V) Temperature (C) Current Voltage Temperature (C)
+1% +1% +5 +1% +1% +2.2
0 0.62 3.28 23 0.62 3.64 39.2
60 0.62 3.63 18 0.62 3.63 42.4
120 0.62 3.62 14 0.62 3.63 41.0
180 0.62 3.61 12 0.62 3.62 45.2
240 0.62 3.60 10 0.62 3.61 47.0
300 0.62 3.59 8 0.62 3.60 41.7
360 0.62 3.58 7 0.62 3.60 44.4
420 0.62 3.57 5 0.62 3.59 459
480 0.62 3.56 4 0.62 3.59 44.0
540 0.62 3.55 3 0.62 3.58 45.4
600 0.62 3.54 2 0.62 3.57 47.0
660 0.62 3.53 1 0.62 3.57 47.9
720 0.62 3.52 0 0.62 3.56 48.3
780 0.62 3.51 -1 0.62 3.55 48.1
840 0.62 3.50 -2 0.62 3.55 46.9
900 0.62 3.49 -3 0.62 3.54 47.8
960 0.62 3.48 -3 0.62 3.54 48.2
1020 0.62 3.47 -4 0.62 3.53 48.4
1080 0.62 3.46 -5 0.62 3.52 48.6
1140 0.62 345 -5 0.62 3.52 48.8
1200 0.62 3.43 -6 0.62 3.51 48.8
1260 0.62 342 -6 0.62 3.51 49.0
1320 0.62 341 -7 0.62 3.50 49.0
1380 0.62 3.40 -7 0.62 3.50 49.0
1440 0.62 3.39 -8 0.62 3.49 49.0
1500 0.62 3.38 -8 0.62 3.48 49.0
1560 0.62 3.37 -8 0.62 3.48 49.0
1620 0.62 3.36 -9 0.62 3.47 48.9
1680 0.62 3.35 -9 0.62 3.47 48.8
1740 0.62 3.35 -9 0.62 3.46 48.8
1800 0.62 3.33 -10 0.62 3.45 48.7
1860 0.62 3.33 -10 0.62 3.44 50.3
1920 0.62 3.32 -10 0.62 3.44 55.0
1980 0.62 3.31 -10 0.62 3.43 57.1
2040 0.62 3.30 -10 0.62 3.42 535
2100 0.62 3.29 -11 0.62 3.42 55.7
2160 0.62 3.28 -11 0.62 341 55.2
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Battery B
B-181 B501
Time (s) Current (A) Voltage (V) | Temperature (C) Current Voltage Temperature (°C )

+1% +1% +5 +1% +1% +2.2

0 0.62 3.65 23 0.62 3.63 294
60 0.62 3.64 13 0.62 3.63 35.1
120 0.62 3.63 9 0.62 3.62 42.1
180 0.62 3.62 7 0.62 3.61 494
240 0.62 3.61 6 0.62 3.60 44.7
300 0.62 3.60 4 0.62 3.59 47.4
360 0.62 3.59 3 0.62 3.58 47.5
420 0.62 3.58 1 0.62 3.57 45.6
480 0.62 3.56 0 0.62 3.57 50.0
540 0.62 3.55 -1 0.62 3.55 51.9
600 0.62 3.54 -2 0.62 3.55 48.1
660 0.62 3.53 -3 0.62 3.57 50.4
720 0.62 3.52 -4 0.62 3.56 498
780 0.62 3.51 -4 0.62 3.56 47.0
840 0.62 3.49 -5 0.62 3.55 49.7
900 0.62 3.48 -6 0.62 3.55 51.5
960 0.62 3.47 -7 0.62 3.54 51.7
1020 0.62 3.46 -7 0.62 3.54 47.7
1080 0.62 3.45 -8 0.62 3.53 48.4
1140 0.62 3.44 -8 0.62 3.53 50.3
1200 0.62 3.43 -9 0.62 3.52 51.0
1260 0.62 3.42 -9 0.62 3.52 514
1320 0.62 341 -9 0.62 3.51 51.5
1380 0.62 3.40 -10 0.62 3.51 51.5
1440 0.62 3.39 -10 0.62 3.50 51.5
1500 0.62 3.38 -10 0.62 3.50 514
1560 0.62 3.37 -11 0.62 3.49 51.3
1620 0.62 3.36 -11 0.62 3.48 51.2
1680 0.62 3.35 -11 0.62 3.48 51.1
1740 0.62 3.34 -11 0.62 3.47 51.0
1800 0.62 3.33 -12 0.62 3.47 50.8
1860 0.62 3.32 -12 0.62 3.46 50.7
1920 0.62 3.32 -12 0.62 3.45 50.4
1980 0.62 3.31 -12 0.62 3.44 50.4
2040 0.62 3.30 -12 0.62 3.44 50.1
2100 0.62 3.29 -12 0.62 3.43 50.0
2160 0.62 3.28 -13 0.62 3.42 50.0
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Battery B
B-182 B502
Time (s) Current (A) Voltage (V) | Temperature (C) Current Voltage Temperature (°C )
+1% +1% +5 +1% +1% 2.2
0 0.62 3.65 24 0.62 3.62 31.9
60 0.62 3.64 17 0.62 3.60 39.0
120 0.62 3.63 12 0.62 3.60 48.0
180 0.62 3.62 10 0.62 3.59 433
240 0.62 3.62 8 0.62 3.59 46.1
300 0.62 3.61 7 0.62 3.58 48.4
360 0.62 3.60 5 0.62 3.58 46.4
420 0.62 3.59 4 0.62 3.57 50.3
480 0.62 3.58 3 0.62 3.56 46.8
540 0.62 3.57 0.62 3.56 48.2
600 0.62 3.55 0 0.62 3.55 49.1
660 0.62 3.54 -1 0.62 3.55 48.5
720 0.62 3.53 -2 0.62 3.54 50.2
780 0.62 3.52 -3 0.62 3.53 49.1
840 0.62 3.51 -3 0.62 3.53 50.5
900 0.62 3.50 -4 0.62 3.52 49.8
960 0.62 3.49 -5 0.62 3.52 50.5
1020 0.62 3.48 -5 0.62 3.51 51.7
1080 0.62 3.47 -6 0.62 3.51 52.3
1140 0.62 3.46 -6 0.62 3.50 51.7
1200 0.62 3.44 -7 0.62 3.49 49.6
1260 0.62 3.43 -7 0.62 3.48 51.1
1320 0.62 3.42 -8 0.62 3.48 51.6
1380 0.62 3.42 -8 0.62 3.47 51.7
1440 0.62 3.41 -9 0.62 3.47 51.8
1500 0.62 3.40 -9 0.62 3.46 51.8
1560 0.62 3.39 -9 0.62 3.46 51.8
1620 0.62 3.38 -9 0.62 345 51.8
1680 0.62 3.37 -10 0.62 3.44 50.9
1740 0.62 3.36 -10 0.62 3.44 51.2
1800 0.62 3.35 -10 0.62 3.43 514
1860 0.62 3.35 -10 0.62 343 51.3
1920 0.62 3.34 -10 0.62 3.42 51.2
1980 0.62 3.33 -11 0.62 341 51.1
2040 0.62 3.32 -11 0.62 3.41 50.9
2100 0.62 3.31 -11 0.62 3.40 50.8
2160 0.62 3.31 -11 0.62 3.39 50.7
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Battery B
B-183 B503
Time (s) Current (A) Voltage (V) | Temperature (C) Current Voltage Temperature (°C )
+1% +1% +5 +1% +1% 2.2
0 0.62 3.62 23 0.62 3.62 28.6
60 0.62 3.23 17 0.62 3.61 36.4
120 0.62 3.23 14 0.62 3.60 40.9
180 0.62 3.59 12 0.62 3.59 40.5
240 0.62 3.58 11 0.62 3.58 39.0
300 0.62 3.57 9 0.62 3.58 39.1
360 0.62 3.56 8 0.62 3.57 39.6
420 0.62 3.55 7 0.62 3.56 40.1
480 0.62 3.54 5 0.62 3.56 40.4
540 0.62 3.54 4 0.62 3.55 40.9
600 0.62 3.52 3 0.62 3.55 41.5
660 0.62 3.52 2 0.62 3.54 41.8
720 0.62 3.51 1 0.62 3.53 42.2
780 0.62 3.50 1 0.62 3.53 42.5
840 0.62 3.49 0 0.62 3.52 42.9
900 0.62 3.48 -1 0.62 3.52 43.6
960 0.62 3.47 -2 0.62 3.51 48.6
1020 0.62 3.46 -2 0.62 3.50 51.5
1080 0.62 3.44 -3 0.62 3.50 52.8
1140 0.62 3.44 -4 0.62 3.50 48.0
1200 0.62 343 -4 0.62 3.49 54.6
1260 0.62 3.42 -5 0.62 3.49 50.8
1320 0.62 341 -5 0.62 3.48 49 .4
1380 0.62 3.40 -6 0.62 3.48 47.1
1440 0.62 3.39 -6 0.62 3.47 54.1
1500 0.62 3.38 -7 0.62 3.46 49.6
1560 0.62 3.37 -7 0.62 3.46 52.7
1620 0.62 3.36 -7 0.62 345 54.3
1680 0.62 3.35 -8 0.62 3.44 54.7
1740 0.62 3.34 -8 0.62 3.44 51.2
1800 0.62 3.33 -8 0.62 3.43 53.1
1860 0.62 3.33 -9 0.62 343 53.8
1920 0.62 3.32 -9 0.62 3.42 54.1
1980 0.62 3.31 -9 0.62 341 49.2
2040 0.62 3.30 -9 0.62 3.40 50.5
2100 0.62 3.29 -10 0.62 3.40 52.0
2160 0.62 3.29 -10 0.62 3.39 52.3
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Battery C
C-181 C501
Time (s) Current (A) Voltage (V) | Temperature (C) Current Voltage Temperature (°C )
+1% +1% +5 +1% +1% 2.2
0 0.62 3.63 22 0.62 3.61 28.2
60 0.62 3.61 11 0.62 3.59 33.2
120 0.62 3.60 7 0.62 3.59 35.5
180 0.62 3.59 5 0.62 3.58 42.9
240 0.62 3.59 4 0.62 3.57 46.2
300 0.62 3.57 3 0.62 3.57 44.9
360 0.62 3.56 2 0.62 3.56 45.9
420 0.62 3.55 0 0.62 3.55 46.6
480 0.62 3.54 -1 0.62 3.55 46.0
540 0.62 3.53 -1 0.62 3.54 47.6
600 0.62 3.52 -2 0.62 3.54 46.8
660 0.62 3.51 -3 0.62 3.53 49.2
720 0.62 3.50 -3 0.62 3.53 47.9
780 0.62 3.49 -4 0.62 3.52 50.0
840 0.62 3.48 -5 0.62 3.52 49.1
900 0.62 3.47 -5 0.62 3.51 50.9
960 0.62 3.46 -6 0.62 3.51 49.1
1020 0.62 3.44 -6 0.62 3.50 50.2
1080 0.62 3.44 -7 0.62 3.50 51.2
1140 0.62 343 -7 0.62 3.49 51.6
1200 0.62 3.41 -7 0.62 3.48 49.3
1260 0.62 3.41 -8 0.62 3.48 50.6
1320 0.62 3.40 -8 0.62 3.47 51.4
1380 0.62 3.39 -9 0.62 3.47 51.7
1440 0.62 3.38 -9 0.62 3.46 51.8
1500 0.62 3.37 -9 0.62 3.46 51.8
1560 0.62 3.36 -9 0.62 3.45 51.9
1620 0.62 3.36 -10 0.62 3.44 51.9
1680 0.62 3.35 -10 0.62 3.44 51.9
1740 0.62 3.34 -10 0.62 3.43 51.8
1800 0.62 3.33 -10 0.62 3.42 51.8
1860 0.62 3.32 -10 0.62 3.42 51.7
1920 0.62 3.32 -11 0.62 341 51.7
1980 0.62 3.31 -11 0.62 3.40 51.6
2040 0.62 3.30 -11 0.62 3.40 51.6
2100 0.62 3.29 -11 0.62 3.39 51.5
2160 0.62 3.29 -11 0.62 3.38 51.3
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Battery C
C-182 C502
Time (s) Current (A) Voltage (V) | Temperature (C) Current Voltage Temperature (°C )
+1% +1% +5 +1% +1% 2.2
0 0.62 3.62 23 0.62 3.63 27.6
60 0.62 3.61 15 0.62 3.62 353
120 0.62 3.60 12 0.62 3.61 38.8
180 0.62 3.59 10 0.62 3.60 40.5
240 0.62 3.58 8 0.62 3.60 41.7
300 0.62 3.57 7 0.62 3.59 42.6
360 0.62 3.56 5 0.62 3.58 43.4
420 0.62 3.55 4 0.62 3.58 42.6
480 0.62 3.54 3 0.62 3.57 43.6
540 0.62 3.53 0.62 3.57 44.5
600 0.62 3.52 0 0.62 3.56 45.0
660 0.62 3.51 -1 0.62 3.56 45.4
720 0.62 3.50 -1 0.62 3.55 45.8
780 0.62 3.49 -3 0.62 3.55 46.1
840 0.62 3.48 -3 0.62 3.54 46.4
900 0.62 3.47 -4 0.62 3.54 46.6
960 0.62 3.46 -5 0.62 3.53 46.8
1020 0.62 3.44 -5 0.62 3.53 47.0
1080 0.62 3.44 -6 0.62 3.52 48.0
1140 0.62 3.42 -7 0.62 3.51 52.5
1200 0.62 3.41 -7 0.62 3.51 52.3
1260 0.62 3.40 -7 0.62 3.50 52.3
1320 0.62 3.39 -8 0.62 3.50 52.2
1380 0.62 3.38 -8 0.62 3.49 50.5
1440 0.62 3.37 -9 0.62 3.49 53.5
1500 0.62 3.36 -9 0.62 3.48 52.4
1560 0.62 3.35 -9 0.62 3.48 514
1620 0.62 3.34 -10 0.62 3.47 53.6
1680 0.62 3.34 -10 0.62 3.46 54.4
1740 0.62 3.33 -10 0.62 3.46 51.7
1800 0.62 3.32 -10 0.62 3.45 534
1860 0.62 3.31 -10 0.62 3.44 54.1
1920 0.62 3.30 -11 0.62 3.44 50.8
1980 0.62 3.29 -11 0.62 3.43 52.5
2040 0.62 3.28 -11 0.62 3.42 53.4
2100 0.62 3.28 -11 0.62 3.41 53.6
2160 0.62 3.27 -11 0.62 341 51.9
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Battery C
C-183 C503
Time (s) Current (A) Voltage (V) Temperature ('C ) Current Voltage Temperature (°C )
+1% +1% +5 +1% +1% +2.2
0 0.62 3.62 23 0.62 3.62 26.8
60 0.62 3.61 15 0.62 3.61 35.2
120 0.62 3.60 11 0.62 3.60 39.1
180 0.62 3.59 9 0.62 3.59 40.8
240 0.62 3.58 7 0.62 3.59 41.8
300 0.62 3.57 6 0.62 3.58 42.4
360 0.62 3.57 5 0.62 3.57 43.2
420 0.62 3.56 4 0.62 3.57 43.8
480 0.62 3.55 2 0.62 3.56 433
540 0.62 3.53 1 0.62 3.56 50.3
600 0.62 3.53 0 0.62 3.55 55.9
660 0.62 3.52 -1 0.62 3.55 52.2
720 0.62 3.50 -1 0.62 3.54 54.4
780 0.62 3.49 -2 0.62 3.53 51.9
840 0.62 3.48 -3 0.62 3.53 53.1
900 0.62 3.47 -3 0.62 3.52 53.2
960 0.62 3.46 -4 0.62 3.52 53.1
1020 0.62 345 -5 0.62 3.51 54.1
1080 0.62 3.44 -5 0.62 3.51 50.8
1140 0.62 3.43 -6 0.62 3.50 53.6
1200 0.62 3.42 -6 0.62 3.50 54.6
1260 0.62 3.41 -7 0.62 3.49 50.2
1320 0.62 3.40 -7 0.62 3.49 52.4
1380 0.62 3.39 -7 0.62 3.48 53.5
1440 0.62 3.38 -8 0.62 3.48 53.9
1500 0.62 3.38 -8 0.62 3.47 49.9
1560 0.62 3.37 -8 0.62 3.46 50.1
1620 0.62 3.36 -9 0.62 3.46 51.8
1680 0.62 3.35 -9 0.62 3.45 52.6
1740 0.62 3.34 -9 0.62 3.44 52.7
1800 0.62 3.33 -9 0.62 3.44 52.7
1860 0.62 3.33 -10 0.62 343 52.5
1920 0.62 3.32 -10 0.62 3.43 524
1980 0.62 3.31 -10 0.62 3.42 52.0
2040 0.62 3.30 -10 0.62 3.41 51.8
2100 0.62 3.29 -10 0.62 3.40 51.6
2160 0.62 3.29 -10 0.62 3.40 51.5
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Battery D
D-181 D501
Time (s) Current (A) Voltage (V) Temperature ('C ) Current Voltage Temperature (°C )
+1% +1% +5 +1% +1% +2.2
0 0.62 3.61 21 0.62 3.61 27.6
60 0.62 3.60 15 0.62 3.60 334
120 0.62 3.59 12 0.62 3.60 39.9
180 0.62 3.58 10 0.62 3.59 447
240 0.62 3.57 8 0.62 3.58 46.5
300 0.62 3.56 7 0.62 3.57 45.5
360 0.62 3.55 6 0.62 3.57 45.0
420 0.62 3.54 5 0.62 3.56 46.5
480 0.62 3.53 3 0.62 3.55 45.7
540 0.62 3.52 2 0.62 3.55 48.4
600 0.62 3.51 1 0.62 3.55 47.3
660 0.62 3.51 0 0.62 3.54 47.9
720 0.62 3.49 -1 0.62 3.54 49.7
780 0.62 3.48 -1 0.62 3.53 50.1
840 0.62 3.47 -2 0.62 3.53 50.0
900 0.62 3.46 -3 0.62 3.52 51.0
960 0.62 3.45 -4 0.62 3.52 51.5
1020 0.62 3.44 -4 0.62 3.51 51.8
1080 0.62 3.43 -5 0.62 3.50 51.8
1140 0.62 3.42 -5 0.62 3.50 46.4
1200 0.62 3.41 -6 0.62 3.50 49.7
1260 0.62 3.40 -6 0.62 3.49 50.8
1320 0.62 3.39 -7 0.62 3.49 50.8
1380 0.62 3.39 -7 0.62 3.48 51.0
1440 0.62 3.38 -7 0.62 3.48 51.1
1500 0.62 3.37 -8 0.62 3.47 51.2
1560 0.62 3.36 -8 0.62 3.47 51.2
1620 0.62 3.35 -8 0.62 3.46 51.2
1680 0.62 3.35 -9 0.62 3.46 51.2
1740 0.62 3.34 -9 0.62 3.45 51.2
1800 0.62 3.33 -9 0.62 3.44 51.1
1860 0.62 3.32 -9 0.62 3.44 51.1
1920 0.62 3.31 -10 0.62 3.43 51.0
1980 0.62 3.31 -10 0.62 3.42 51.0
2040 0.62 3.30 -10 0.62 3.42 51.7
2100 0.62 3.29 -10 0.62 3.41 55.8
2160 0.62 3.28 -10 0.62 3.40 56.9
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Battery D
D-182 D502
Time (s) Current (A) Voltage (V) | Temperature (C) Current Voltage Temperature (°C )

+1% +1% +5 +1% +1% +2.2

0 0.62 3.63 26 0.62 3.61 314
60 0.62 3.61 16 0.62 3.60 38.6
120 0.62 3.60 13 0.62 3.59 41.4
180 0.62 3.60 11 0.62 3.59 42.8
240 0.62 3.58 9 0.62 3.58 43.6
300 0.62 3.57 7 0.62 3.57 44.6
360 0.62 3.57 6 0.62 3.57 45.4
420 0.62 3.56 5 0.62 3.56 46.3
480 0.62 3.55 4 0.62 3.55 44.0
540 0.62 3.54 2 0.62 3.54 45.8
600 0.62 3.53 1 0.62 3.54 46.9
660 0.62 3.52 0 0.62 3.53 47.5
720 0.62 3.51 -1 0.62 3.53 48.0
780 0.62 3.50 -1 0.62 3.52 48.2
840 0.62 3.49 -2 0.62 3.52 48.6
900 0.62 3.48 -3 0.62 3.51 48.9
960 0.62 3.47 -4 0.62 3.51 49.2
1020 0.62 3.45 -4 0.62 3.50 493
1080 0.62 3.44 -5 0.62 3.50 49.5
1140 0.62 3.43 -6 0.62 3.49 49.6
1200 0.62 3.42 -6 0.62 3.49 49.7
1260 0.62 3.41 -6 0.62 3.48 49.8
1320 0.62 341 -7 0.62 3.48 49.8
1380 0.62 3.40 -7 0.62 3.47 49.8
1440 0.62 3.39 -8 0.62 3.47 49.9
1500 0.62 3.38 -8 0.62 3.46 49.8
1560 0.62 3.37 -8 0.62 3.46 49.8
1620 0.62 3.36 -9 0.62 3.45 49.8
1680 0.62 3.35 -9 0.62 3.44 49.7
1740 0.62 3.34 -9 0.62 3.44 49.7
1800 0.62 3.33 -9 0.62 3.43 49.6
1860 0.62 3.33 -10 0.62 343 49.5
1920 0.62 3.33 -10 0.62 3.42 49.5
1980 0.62 3.32 -10 0.62 341 49.5
2040 0.62 3.31 -10 0.62 3.40 52.3
2100 0.62 3.30 -10 0.62 3.39 56.2
2160 0.62 3.29 -11 0.62 3.38 57.8




39

Battery D
D-183 D-183
Time (s) Current (A) Voltage (V) Temperature (C ) Current Voltage Temperature (C)

+1% +1% +5 +1% +1% +2.2

0 0.62 3.46 22 0.62 3.59 26.5
60 0.62 3.46 12 0.62 3.58 35.2
120 0.62 3.46 9 0.62 3.58 393
180 0.62 3.52 7 0.62 3.57 47.7
240 0.62 3.52 6 0.62 3.58 54.8
300 0.62 3.50 4 0.62 3.57 49.1
360 0.62 3.49 3 0.62 3.57 46.8
420 0.62 3.48 2 0.62 3.56 46.5
480 0.62 3.47 1 0.62 3.56 50.7
540 0.62 3.46 0 0.62 3.56 50.0
600 0.62 3.45 -1 0.62 3.56 49.9
660 0.62 343 -2 0.62 3.55 52.7
720 0.62 3.42 -3 0.62 3.55 51.8
780 0.62 341 -3 0.62 3.53 52.8
840 0.62 3.40 -4 0.62 3.53 54.6
900 0.62 3.39 -4 0.62 3.53 53.0
960 0.62 3.37 -5 0.62 3.52 534
1020 0.62 3.37 -6 0.62 3.52 54.7
1080 0.62 3.36 -6 0.62 3.51 53.4
1140 0.62 3.35 -7 0.62 3.51 52.6
1200 0.62 3.34 -7 0.62 3.50 54.0
1260 0.62 3.29 -7 0.62 3.49 54.5
1320 0.62 3.28 -8 0.62 3.49 54.6
1380 0.62 3.27 -8 0.62 3.48 54.8
1440 0.62 3.26 -8 0.62 3.48 54.8
1500 0.62 3.26 -8 0.62 3.48 54.9
1560 0.62 3.25 -9 0.62 3.47 53.7
1620 0.62 3.25 -9 0.62 3.46 53.6
1680 0.62 3.24 -9 0.62 3.46 54.1
1740 0.62 3.24 -10 0.62 345 54.2
1800 0.62 3.23 -10 0.62 3.45 54.1
1860 0.62 3.22 -10 0.62 3.44 54.0
1920 0.62 3.22 -10 0.62 3.43 53.8
1980 0.62 321 -10 0.62 343 53.6
2040 0.62 3.18 -10 0.62 342 535
2100 0.62 3.17 -10 0.62 341 534
2160 0.62 3.17 -11 0.62 3.41 53.2
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Battery J (Control)
J241 J242
Time (s) Current (A) Voltage (V) Temperature (C ) Current Voltage Temperature (C )

+1% +1% +2.2 +1% +1% +2.2

0 0.62 3.63 24.8 0.62 3.63 25.6
60 0.62 3.62 24.6 0.62 3.61 25.4
120 0.62 3.61 24.6 0.62 3.60 25.2
180 0.62 3.60 24.4 0.62 3.60 25.1
240 0.62 3.59 243 0.62 3.59 25.1
300 0.62 3.58 24.3 0.62 3.58 24.8
360 0.62 3.58 24.2 0.62 3.57 24.9
420 0.62 3.57 242 0.62 3.57 24.8
480 0.62 3.57 24.1 0.62 3.56 24.8
540 0.62 3.56 24.2 0.62 3.56 24.8
600 0.62 3.55 24.2 0.62 3.55 24.8
660 0.62 3.55 24.2 0.62 3.54 24.7
720 0.62 3.54 24.2 0.62 3.54 24.8
780 0.62 3.53 24.1 0.62 3.53 24.8
840 0.62 3.53 24.1 0.62 3.53 24.7
900 0.62 3.52 24.1 0.62 3.52 24.7
960 0.62 3.52 24.1 0.62 3.52 24.7
1020 0.62 3.51 24.1 0.62 3.51 24.7
1080 0.62 3.51 24.2 0.62 3.50 24.6
1140 0.62 3.50 24.1 0.62 3.50 24.6
1200 0.62 3.49 24.1 0.62 3.49 24.5
1260 0.62 3.49 24.1 0.62 3.49 24.6
1320 0.62 3.48 24.1 0.62 3.48 24.6
1380 0.62 3.48 24.2 0.62 3.48 24.6
1440 0.62 3.47 24.2 0.62 3.47 24.6
1500 0.62 3.47 24.1 0.62 3.46 24.6
1560 0.62 3.46 24.2 0.62 3.46 24.6
1620 0.62 3.45 24.2 0.62 3.45 24.6
1680 0.62 3.45 24.2 0.62 3.44 24.6
1740 0.62 3.44 24.2 0.62 3.44 24.6
1800 0.62 343 242 0.62 343 24.6
1860 0.62 343 24.2 0.62 3.42 24.6
1920 0.62 342 24.2 0.62 3.42 24.6
1980 0.62 341 24.2 0.62 341 24.6
2040 0.62 341 24.2 0.62 3.40 24.6
2100 0.62 3.40 243 0.62 3.40 24.6
2160 0.62 3.39 24.3 0.62 3.39 24.6
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Battery J (Control)
J243 J244
Time (s) Current (A) Voltage (V) Temperature (C ) Current Voltage Temperature (C )

+1% +1% +2.2 +1% +1% +2.2

0 0.62 3.61 24.8 0.62 3.59 27.2
60 0.62 3.60 243 0.62 3.58 25.8
120 0.62 3.59 243 0.62 3.57 25.5
180 0.62 3.59 24.3 0.62 3.57 254
240 0.62 3.58 243 0.62 3.56 25.2
300 0.62 3.57 24.2 0.62 3.55 25.2
360 0.62 3.57 243 0.62 3.55 25.0
420 0.62 3.56 242 0.62 3.54 25.0
480 0.62 3.56 24.2 0.62 3.53 25.0
540 0.62 3.55 24.1 0.62 3.53 25.0
600 0.62 3.54 24.2 0.62 3.52 24.9
660 0.62 3.54 24.1 0.62 3.52 24.9
720 0.62 3.53 24.1 0.62 3.51 24.9
780 0.62 3.53 24.1 0.62 3.51 24.8
840 0.62 3.52 24.1 0.62 3.50 24.8
900 0.62 3.51 24.0 0.62 3.50 24.7
960 0.62 3.51 24.0 0.62 3.49 24.7
1020 0.62 3.50 24.0 0.62 3.49 24.8
1080 0.62 3.50 23.9 0.62 3.48 24.7
1140 0.62 3.49 24.0 0.62 3.48 24.7
1200 0.62 3.49 24.0 0.62 3.48 24.6
1260 0.62 3.48 24.0 0.62 3.47 24.6
1320 0.62 3.48 24.1 0.62 3.47 24.6
1380 0.62 3.48 24.0 0.62 3.45 24.6
1440 0.62 3.47 24.0 0.62 3.45 24.6
1500 0.62 3.46 24.0 0.62 3.45 24.6
1560 0.62 3.45 24.0 0.62 3.44 24.6
1620 0.62 3.45 24.0 0.62 3.43 24.6
1680 0.62 3.44 24.0 0.62 343 24.6
1740 0.62 343 24.0 0.62 342 24.6
1800 0.62 343 23.9 0.62 341 24.6
1860 0.62 3.42 23.9 0.62 341 24.6
1920 0.62 341 24.0 0.62 3.40 24.6
1980 0.62 341 24.0 0.62 3.39 24.6
2040 0.62 3.40 23.9 0.62 3.39 24.6
2100 0.62 3.39 23.9 0.62 3.38 24.6
2160 0.62 3.39 23.9 0.62 3.38 24.6
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Battery J (Control)
J245 J246
Time (s) Current (A) Voltage (V) Temperature (C ) Current Voltage Temperature (C )
+1% +1% +2.2 +1% +1% +2.2
0 0.62 3.59 25.4 0.62 3.59 26.1
60 0.62 3.58 253 0.62 3.58 25.7
120 0.62 3.57 25.2 0.62 3.57 25.6
180 0.62 3.56 25.1 0.62 3.56 25.4
240 0.62 3.55 25.0 0.62 3.55 25.4
300 0.62 3.55 25.0 0.62 3.55 25.3
360 0.62 3.54 24.9 0.62 3.54 25.2
420 0.62 3.53 24.8 0.62 3.53 25.1
480 0.62 3.53 24.8 0.62 3.53 25.1
540 0.62 3.52 24.8 0.62 3.52 25.0
600 0.62 3.51 24.7 0.62 3.52 25.0
660 0.62 3.51 24.8 0.62 3.51 25.0
720 0.62 3.50 24.8 0.62 3.50 25.0
780 0.62 3.50 24.7 0.62 3.50 24.9
840 0.62 3.49 24.7 0.62 3.49 24.9
900 0.62 3.49 24.6 0.62 3.49 24.9
960 0.62 3.48 24.6 0.62 3.48 24.9
1020 0.62 3.48 24.7 0.62 3.48 24.9
1080 0.62 3.47 24.6 0.62 3.47 24.8
1140 0.62 3.47 24.6 0.62 3.47 24.8
1200 0.62 3.46 24.6 0.62 3.46 24.8
1260 0.62 3.46 24.6 0.62 3.46 24.8
1320 0.62 3.45 24.6 0.62 3.45 24.7
1380 0.62 3.44 24.6 0.62 3.44 24.7
1440 0.62 3.44 24.6 0.62 3.44 24.7
1500 0.62 3.43 24.6 0.62 3.43 24.8
1560 0.62 343 24.6 0.62 343 24.7
1620 0.62 3.42 24.5 0.62 3.42 24.7
1680 0.62 341 24.5 0.62 341 24.8
1740 0.62 3.41 24.6 0.62 3.41 24.7
1800 0.62 3.40 24.5 0.62 3.40 24.7
1860 0.62 3.39 24.6 0.62 3.39 24.8
1920 0.62 3.39 24.6 0.62 3.39 24.7
1980 0.62 3.38 24.6 0.62 3.38 24.7
2040 0.62 3.37 24.6 0.62 3.37 24.7
2100 0.62 3.37 24.6 0.62 3.37 24.7
2160 0.62 3.36 24.5 0.62 3.36 24.6




Table 6: Oven temperature during discharge at 50°C
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Battery A: ambient temperature (‘C)

Battery B: ambient temperature (C)

Time (mins) +4 +4
A501 A502 A503 B501 B502 B 503
0 50 46 53 47 45 50
5 53 47 51 55 51 49
10 47 53 51 51 53 49
15 50 52 50 53 52 56
20 50 51 50 50 50 52
25 50 49 50 51 51 53
30 48 50 48 51 50 51
35 47 50 53 48 49 51

Battery C: ambient temperature (‘C)

Battery D: ambient temperature (C)

Time (mins) +4 +4
Cs501 C502 Cs503 D501 D502 D503
0 46 48 49 45 46 46
5 50 52 48 53 52 55
10 52 50 52 50 51 52
15 51 50 50 51 51 52
20 50 52 49 48 50 47
25 51 50 51 50 49 51
30 51 52 51 50 47 49
35 50 51 51 52 51 49




Table 7: SOC and charging time after discharge
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1 2
SOC after -18 Time taken to charge Rate of charge SOC after 50 Time taken to charge Rate of charge
discharge (%) to 80% (min) (%/min) discharge (%) to 80% (min) (%o/min)
+8 +1 +0.045 +8 +1 +0.045
A 30 87 0.575 35 83 0.542
B 39 78 0.526 38 81 0.519
C 40 74 0.541 44 79 0.456
D 42 76 0.500 47 73 0.452
J 45 75 0.467 44 76 0.474
3 4
SOC after -18 Time taken to charge Rate of charge SOC after 50 Time taken to charge Rate of charge
discharge (%) to 80% (min) (%o/min) discharge (%) to 80% (min) (%o/min)
+8 +1 +0.045 +8 +1 +0.045
A 24 98 0.571 33 87 0.540
B 39 81 0.506 40 77 0.519
C 39 80 0.513 45 78 0.449
D 40 77 0.519 46 78 0.436
J 47 72 0.458 44 75 0.48
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5 6
SOC after -18 Time taken to charge Rate of charge SOC after 50 Time taken to charge Rate of charge
discharge (%) to 80% (min) (%/min) discharge (%) to 80% (min) (%/min)
+8 +1 +0.045 +8 +1 +0.045
A 37 82 0.524 37 81 0.531
B 39 79 0.519 40 80 0.500
C 40 77 0.519 40 77 0.519
D 43 71 0.521 47 78 0.423
J 43 74 0.500 44 74 0.486

After discharge in -18°C environment
After discharge in 50°C environment
After discharge in 23°C environment
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