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H I G H L I G H T S

• The effects of spot-welded nickel strip on battery performance are studied experimentally.

• The effects of ambient temperature on internal heat generation of 18,650 LPF is analyzed.

• A two-dimensional electrochemical–thermal coupled model of 18,650 LPF is established.
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A B S T R A C T

Thermal condition is crucial to the safety and performance of battery and battery pack. In this work, a two–-
dimensional, axisymmetric, electrochemical–thermal coupled model of 18,650 lithium–iron–phosphate battery
is established and validated by our own experimental results. The model is used to investigate the effect of
ambient temperature on battery performance and heat generation. The results show that the temperature rise in
the battery increases with decreasing ambient temperature, which is mainly due to the increase in heat gen-
erated from Ohmic loss and polarization with decreased ambient temperature. While considering the welded
structure, in which the cylindrical batteries are assembled into a battery pack, the effect of spot–welded nickel
strip on battery performance under different discharge rates is experimentally studied at the ambient tem-
perature of 298.15 K. It is found that the battery with the spot-welded nickel strip has a lower discharge plateau
and a higher heat generation rate. The nickel strip has a greater impact on battery performance and temperature
if the discharge C-rate increases.

1. Introduction

As a storage of electrical energy and transmitter, batteries play a
vital role in the contemporary society. Lithium–ion batteries are widely
used as power source in mobile phones, electric vehicles (EVs), and
hybrid electric vehicles (HEVs), with the advantages of high energy
density and high power [1,2]. Compared with lithium -manganese-
oxide (LiMn2O4, LMO) and lithium-cobalt-oxide (LiCoO2) batteries, the
lithium–iron–phosphate (LPF) battery achieves better thermal stability,
larger flat voltage plateau, and lower price; hence, it attracts the in-
terest of the society more [3–5]. However, the heat behavior of the LPF
battery has a certain impact on its safety and performance, un-
fortunately resulting in thermal runaway, which harms the safety of the
entire vehicle. Hence, research on the thermal behavior of LPF battery
is very meaningful [6–8].

Aiming for the thermal management of lithium batteries, an

electrochemical –thermal coupled model of lithium battery with gra-
dually improved calculation accuracy and efficiency has been devel-
oped [9–11]. Based on concentrated solution, porous electrode, and
electrode dynamics theories, scholars have established several electro-
chemical models. At present, most electrochemical–thermal coupled
models of lithium-ion batteries are established for LMO and LiCoO2

batteries [12–14]. As the attention on LPF batteries increases, some
scholars studied cylindrical LPF batteries. Most studies focused on the
effect of the discharge rate on the thermal behavior of batteries
[15–18]. Han et al. [19] proved that ambient temperature also has a
significant effect on the thermal behavior and voltage of the LPF bat-
tery, but didn’t analyze the heat generation of the LPF battery in detail.

Many factors affect battery heat generation. Currently, most re-
search on battery tabs is focused on pouch cell batteries [20–23]. Ba-
hiraei et al. [24,25] developed a thermoelectric coupling model of a
three-dimensional lithium battery and analyzed the effects of thermal
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contact resistance and SEI film on battery heat generation. Saxena et al.
[26] studied the effects of internal current collector on heat generation,
as well as the effects of burrs from welding on battery heat generation
and safety. Saw et al. [27] simulated the effect of contact resistance on
battery performance and on temperature distribution after battery
discharge. For cylindrical batteries, parallel or series connection
through the bus is necessary to assemble a battery pack, which must be
connected to the external circuit at both ends. The bus is commonly
spot-welded with welded nickel strips outside the electrode end of the
cylindrical battery, which generates additional resistance [28–30]. The
effect of the welded nickel strip on battery performance seems rela-
tively small and few studies focused on it. However, for a battery pack,
the effect of this structure on battery performance and thermal behavior
can be amplified, which affects the temperature distribution and con-
sistency of the entire battery pack. This effect need to be figured out,
which is helpful for battery design optimization.

In the present study, a two-dimensional axisymmetric electro-
chemical–thermal coupled model was developed for 18,650 LPF bat-
tery. The developed model was validated through test results under
different ambient temperatures. The effect of ambient temperature on
the heat-generation mechanism of the battery was further analyzed.
The thermal characteristics of cylindrical batteries with/without
welded nickel strip was experimentally investigated to evaluate the
effect of the welded structure on battery performance.

2. Model development

The single cell of LPF 18,650 cylindrical battery is shown in Fig. 1,

in which the positive electrode is made from olivine-type lithium iron
phosphate, the negative electrode is porous carbon LiC6, and the
electrolyte is LiPF6 in EC: DEC 1: 1. The nominal voltage and capacity
of the18650 LFP battery are 3.2 V and 1530mAh, respectively. The
battery was disassembled and the thicknesses of the battery electrode
and diaphragm were measured using a spiral micrometer. Fig. 2 pre-
sents the disassembling process; Fig. 2(a) shows the removal of the
Polyvinyl chloride (PVC) thermoplastic layer and positive cap, and
Fig. 2(b) shows the removal of the battery can and illustrates how the

Nomenclature

as specific interfacial area, (m2m−3)
c concentration of lithium ion at the elec-trode/electrolyte

interface, (mol m−3)
cs concentration of lithium ion in solid electrode, (mol m−3)
ce concentration of lithium ion in elec-trolyte, (mol m−3)
cs,max maximum solid Li+ concentration for solid electrode

(mol m−3)
Cp special heat capacity, (J kg−1 K−1)
De diffusion coefficient in electrolyte
Ds diffusion coefficient of lithium ion in solid electrode par-

ticles, (m2 s−1)
Eeq open circuit voltage, (V)
F Faraday’s constant, (C eq−1)
h effective heat transfer coefficient, (Wm−2 K−1)
i0 exchange current density, (Am−1)
JLi transfer current resulted from insertion/ de-insertion of Li,

(Am−3)
k electrochemical reaction rate constant, (m s−1)
kT effective thermal conductivity of the active battery mate-

rial, (Wm−1 K−1)
L thickness of the difference layers of the cell, (m)
Q heat generation rate, (W)
r radium of the spherical particle, (m)
R universal gas constant, (J mol−1 K−1)
t time, (s)
+t 0 transfer number of lithium ion
T absolute temperature, (K)
∞T ambient temperature, (K)

Greek symbols

α charge transfer coefficients
σ electric conductivity, (S m−1)

ε volume fraction of a phase
η activation over-potentials of an electrode reaction, (V)
ϕl electrolyte phase potential, (V)
ϕs solid phase potential, (V)
ρ effective density of the active battery material, (kgm−3)
σsb Stefan-Boltzmann constant, (Wm−2 K−4)
∇ gradient operator

Subscripts

l electrolyte phase
n negative electrode
o initial value
p positive electrode
i different layer of active battery material
s separator
∞ ambient

Superscripts

brug Bruggeman coefficien
Li lithium
ref reference

Acronyms

CC constant current
CV constant voltage
EV electric vehicle
HEV hybrid electric vehicle
li-ion lithium ion
LPF lithium phosphate
PC person computer
P2D pseudo two dimensional
SOC state of charge

Fig. 1. Schematic of the 18,650 LPF battery.
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battery is wound. Fig. 2(c) and (d) show the positive, negative, and
diaphragm sections of the battery after disassembly.

The single cell is connected to the external circuit by positive and
negative current collectors. When the battery is discharged, lithium
ions are intercalated and de-intercalated at the positive and negative
electrodes, respectively. The electrons generated and consumed by the
electrode through a chemical reaction are transferred from the current
collector to the external circuit to generate an external circuit current.
During the charging process, lithium ions and electrons react in the
battery in a manner opposite to the discharge process. The electro-
chemical reaction expression of the battery is given as follows [31]:

Negative electrode

⇌ + +−
+ −LiC Li C xLi e

Ch e

Disch e
x6

arg

arg
1 6 (1)

Positive electrode

+ + ⇌−
+ −Li FePO xLi xe LiFeOx

Ch e

Disch e
1 4

arg

arg
4 (2)

A two-dimensional, axisymmetric, electrochemical-thermal coupled
model is developed for the 18,650 LPF battery based on Newman’s
pseudo-two-dimensional electrochemical model (P2D) [32]. In the
model, the concentration of ions inside the active particles is assumed
as the function of the radial coordinate of the particle, and mass transfer
between the adjacent two particles is neglected in the electrode. The
model governing equations include mass and charge conservation
equations which based on porous electrode and concentrated solution
theories.

2.1. Mass conservation

Mass transfer in the solid phase involves the insertion and de-in-
tercalation of lithium ions in active particles. In the P2D model, the
Mass conservation in the solid phase is defined by Fick’s second law in

the spherical coordinate system, which is given by [32]:
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where =i n p s, , ; Rs i, is the radius of active particles in the positive and
negative solid phases; Ds i, is the diffusion coefficient of lithium in solid
electrode particles; and cs i, is the concentration of lithium ion in the
solid phase.

The electrolyte infiltrates the positive electrode, negative electrode,
and the separator of the battery to carry out substance exchange be-
tween the positive and negative electrodes. The conservation of lithium
ions in the electrolyte phase is derived from concentrated solution
theory, which is given by [33]:
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where +t 0 is the transfer number of lithium-ion that is dependent on the
dissolution rate; it is a function of electrolyte concentration. Di

eff is
diffusion coefficient in electrolyte phase, which is given by:

=D D εi
eff

e i i
brugg

,
i (7)

(a) (b)

(c) (d)

Negative electrode

Separator

Positive electrode

Separator

Positive Cap

Safety valveElectrode 

Positive electrode

Fig. 2. Disassembled 18650LPF battery: (a) After stripping off the heat shrink wrapping and positive cap, (b) after stripping off the canister, (c) unroll the spiral
wound, (d) disassembled positive electrode and separator.
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2.2. Charge conservation

The charge conservation in the solid phase is governed by Ohm’s
law [15,34]:
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where i= n and p, I is the current applied to the battery electrode, σeff is
the effective conductivity of the solid phase, which is defined as

=σ σ εeff i i s, (12)

The charge conservation in the electrolyte solution is given by
[15,34]:
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where i= n and p, ±f is the molecular activity coefficient of electrolyte,
keff i, is the effective diffusional conductivity, which is defined by
Burggeman relation

=k k εeff i i i
brug

, (15)

2.3. Electrochemical kinetics

The control equations of material conservation and charge con-
servation are combined by electrochemical kinetics according to Butler
– Volmer equation and constitute a complete battery electrochemical
control equation. The Butler – Volmer equation is given by [35,36]:
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where i0 is exchange current density, which is given by:
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where ηi is overpotential, which is defined as follows:

= − −η ϕ ϕ Ei s i l i eq i, , , (18)

where Eeq is the electrode equilibrium potential, which is a function of
the state of charge and temperature of the battery electrode. Eq. (18) is
expanded by the Taylor formula, and the first order approximation is
given by

= + −
∂
∂

E E T T
E
T

( )eq i eq ref i ref
eq i

, , ,
,

(19)

2.4. Energy conservation equation

For a cylindrical battery, the energy conservation equation is given
by [15]:

∂
∂
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t

k T Q·p T (20)

and the boundary condition is given by Newton’s law of cooling and
Kirchhoff’s law as follows:
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where Ta is the ambient temperature, σSBc is Stenfan-Boltzman constant.
The battery comprises three parts of internal heat source, which are

given by [36]:
Polarization heat:
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The total battery heat is calculated using Eq. (16) as follows:

= + +Q Q Q Qtot i rev i rea i ohm i, , , , (25)

In this study, the thermal conductivity of the battery is defined as
anisotropy to study the distribution of battery temperature according to
the characteristics of the stacked battery. The characteristics of the
cylindrical battery show that the thermal conductivity in the cir-
cumferential direction is uniform. Hence, in this study, thermal con-
ductivity is studied in the axial and radial directions. The thermal
conductivity in two directions is defined by
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2.5. Model coupling

The electrochemical model is established by the governing equa-
tion, and the heat transfer model is established by the energy con-
servation equation coupled with the battery parameters, which are
defined by temperature. For example, the dependence of diffusion
coefficient and ionic conductivity on temperature is expressed by the
Arrhenius formula [37]:
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2.6. Numerical solution method

The multi-physics coupling calculation software COMSOL
Multiphysics 5.3a based on the finite element method is used to solve
the two-dimensional, axisymmetric, electrochemical–thermal coupled
model of 18,650 lithium–iron–pho-sphate battery. The solution requires
about 300 s on a 3.5 GHz, Ryzen 5 PRO personal computer. Table 1
gives the experimentally measured battery physical dimensions and the
physical properties of the battery material. These data are used to solve
the battery model established in this paper. Table 2 presents the che-
mical parameters of the 1.53 Ah LPF battery. The parameters are se-
lected according to the same battery material and state of charge in the
literature.

3. Experimental

A schematic and photograph of the experimental setup are
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presented in Fig. 3. The test bench system consists of two computers,
Maccor multifunction series 4000 automated test system (MMS4000,
Maccor. Inc), Maccor multitemperature benchtop mount temperature
chamber (MTC, Maccor. Inc), Agilent 34970A data acquisition system
(DAS, Agilent Technologies Co. Ltd), FLIR T420 thermal imaging
camera, and T-type thermocouples. The MMS4000 is used to control the
charge/discharge process with the operating voltage and current
ranged from 0 V to 180 V and 0 A to 2000 A, respectively. PC1 is used to
set the battery charge and discharge process and record the battery
operating parameters, such as voltage and capacity. The MTC provides
a constant operating temperature for the 18,650 LPF battery to test the
performance of the battery at different ambient temperatures. DAS
connecting to PC2 is used for recording the temperature information
collected by the array of T-type thermocouples settled on the external

surface of the battery. FLIR T420 is used to measure the temperature
distribution of the battery surface after discharging, and the obtained
data can be used to qualitatively analyze the distribution of the surface
temperature of the battery [38,39].

The temperature distribution of the cylindrical battery exhibits
symmetry characteristics. Hence, thermocouples are placed on one side
of the battery. The other side of the battery is used to measure the
surface temperature distribution by using the thermal imager. The
schematic and photographs of the thermocouple arrangement are
shown in Fig. 4(a) and (b).

In this study, the first set of experiments are performed to study the
effect of ambient temperature on battery performance. And the second
set of experiments are performed to investigate the effect of tabs on the
performance of the battery which welded on the positive and negative
electrodes. In the first experiment, the battery is tested at a discharge
rate of 1C at ambient temperatures of 288.15, 298.15, and 308.15 K.
The C-rate is defined as the ratio of the charge and discharge current to
its nominal capacity

=C I
Qrate
c (28)

where Crate is charge/discharge rate, I is charge or discharge current,
and Qc is nominal capacity. The cut-off voltage for constant current
discharging is set to 2 V and for constant charging current is 3.65 V. The
battery is placed at room temperature for 4 h, and the charging process
is carried out by constant-current and constant voltage (CC-CV) char-
ging method. First, the battery is charged to a cut-off voltage of 3.65 V
at a charging rate of 0.5C, as specified by the manufacturer, and then
charged to a cut-off current of 0.02C with a constant voltage of 3.65 V
to ensure that it is fully charged. After charging, it is then placed in the
temperature-control chamber at the operating temperature for 4 h to
ensure the stabilization of the battery chemistry and thermal equili-
brium with the surrounded temperature. Finally, it is discharged to the
cut-off voltage at 1C discharge rate.

In the second experiment, the test object is an 18,650 LPF battery
with electrode spot-welded tabs. The purpose of this experiment is to
test the effect of electrode spot-welded tabs on the battery performance
at different discharge rates under room temperature. Laser spot welding
is performed, and the resulting joint is shown in Fig. 5. The battery with
the spot-welded tabs is placed in an environmental chamber at
298.15 K, and discharge tests are performed at rates of 1C, 2C, and 3C.
The tests are conducted for a battery without the spot-welded tabs
under the same operating conditions for comparison. Thermal images
are captured at the end of battery discharge with the FLIR T420 thermal
camera, whose measuring temperature range is set from 253.15 K to
393.15 K.

Table 1
Thermal and electrical parameters for LPF cell.

Parameter Negative Separator Positive

Length, (µm)* 50 25 75
Current collector thickness, (mm)* 20 _ 10
Thermal conductivity, (Wvm−1 K−1) [27] 0.2 0.334 1.04
Current collector thermal conductivity,

(Wm−1 K−1) [27]
170 _ 398

Density, (kgm−3) [27] 1347 1009 3600
Current collector density, [kgm−3] [27] 8933 _ 2770
Heat capacity, (J kg−1 K−1)] [27] 1437 1978 750
Current collector heat capacity, (J kg−1 K−1)]

[27]
385 _ 875

Thickness of battery canister, (mm)− 0.5 _ _
Battery radius, (mm)− 9 _ _
Battery height, (mm)− 65 _ _
Mandrel radius, (mm)− 1.5 _ _
Heat Transfer coefficient, (Wm−2 K−1) 5 _ _

Table 2
Model input parameters for 1.53Ah LPF cell.

Parameter Negative Separator Positive

Particle radius, r (µm) [15] 6.5 _ 0.5
Electrolyte phase volume fraction, εl [15] 0.363 0.724 0.417
Electrode phase volume fraction, εs [15] 0.585 _ 0.513
Initial electrolyte concentration cl,0, (mol m−3)

[15]
1200 1200 1200

Maximum Li concentration in solid cs,max ,
(mol m−3) [15]

26,390 _ 22,800

Charge transfer coefficient α α,c a [3] 0.5, 0.5 _ 0.5, 0.5
Electric conductivityσ , (S m−1) [3] 100 _ 3.8
Bruggeman coefficient for tortuosity [3] 2.4 1.5 1.8

(a) Schematic of battery test bench; (b) 18650LPF battery test bench 

Fig. 3. Battery test bench, 1: PC1 for charge/discharge; 2: Maccor multifunction series 4000 automated test system; 3: temperature chamber; 4: T-type thermo-
couples; 5: Data acquisition system; 6: PC2 for temperature measurement; 7: FLIR T420 thermal imaging camera.
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4. Result and discussion

4.1. Model validation

The discharge tests and corresponding simulations are conducted
for the above mentioned 18,650 LPF battery at the rate of 1C while
changing the ambient temperature. The results of voltage change and
surface temperature rise are shown in Fig. 6, which compares the si-
mulation and experimental results. It is found that the model prediction
agrees well with experiments. The specific comparison between the
simulation results and the experimental results is represented by re-
lative error which calculated by MATLAB software. The relative errors
of voltage are 0.65%, 0.46%, and 0.94% at different temperatures of
288.15, 298.15, and 308.15 K, respectively. The relative errors of bat-
tery temperature rise are 4.39%, 5.74%, and 8.46%.

It is found that the model prediction agrees well with the test re-
sults. The voltage discrepancy between the simulation and tests, i.e.
relative error recalculated by MATLAB software, is 0.65–0.95%, while
the temperature discrepancy is 4.2–8.5%. After discharging, the
average values of the surface temperature increase are 8.8 K, 5.4 K, and
3.2 K, which are at the ambient temperatures of 288.15 K, 298.15 K,
and 308.15 K, respectively.

4.2. Heat effect of the LPF battery

Fig. 7 shows heat generation rates in the battery during discharging.
In general, the curves of the heat generation rates are similar in shape
for tests at different temperatures. At the beginning of discharge, total
heat generation rate increases sharply, then cuts down gradually, and
again grows quickly at the end of discharge, as shown in Fig. 8a. In the
initial stage of discharge, the battery temperature is identical to am-
bient. The electrical resistance from ion migration and electromigration
is higher at a lower temperature, thus the relevant Ohmic heat gen-
eration rate grows fast in the beginning of discharge, especially at lower

ambient temperature, as displayed in Fig. 7c. The electrical resistance
drops with temperature rise during discharge, and the Ohmic heat
generation rate decreases gradually. Nonetheless, the reaction heat
generation rate is negative during most time of discharge, which shows
an endothermic effect due to the intrinsic nature of the electrode ma-
terial. While at the end of discharge, it grows rapidly and becomes
positive, which shows exothermic effect due to the side reaction of
discharge. Note it is found that the ambient temperature has a negli-
gible effect on the reaction heat generation rate. However, the heat
generation rate from polarization is remarkably relevant to the ambient
temperature. Like Ohmic heat effect, the polarization heat increases
while lowering the ambient temperature. At the final stage of discharge,
the increase in heat generated from polarization and reaction leads to a
rapid increase in the total heat generation rate and external surface
temperature of the battery.

Furthermore, the proportions of the different types of heat genera-
tion rate to the total at the end of discharge are calculated and com-
pared, as shown in Fig. 8. It shows the heat generation due to different
mechanisms is varied at different regions, which are both affected by
ambient temperature. In the final stage of discharge, the Ohmic heat
accounts for the largest proportion, especially at lower ambient tem-
perature due to higher electrical resistance. There is no apparent ten-
dency of the heat-generated proportion at different temperature in the
three domains, i.e. the positive electrode, separator, and negative
electrode, with each proportion ranged from 15% to 50%. In the po-
sitive electrode, the proportion of heat generated from Ohmic thermal
effect and polarization increases with decreasing the ambient tem-
perature, with the proportion of each type ranged from 19% to 45%.
Whereas the proportion of reaction heat cuts down with decreasing the
ambient temperature, although the reaction heat generation rate grows
with that, as seen from Fig. 8b. In the negative electrode, the reaction
heat accounts for more than 78% of total heat generation, while Ohmic
heat and polarization heat in turn. Also, the proportion of reaction heat
reduces with decreasing the ambient temperature.

TC2 TC3 TC4TC1 

Fig. 4. (a) Schematic of arranged thermocouples. (b) Arranged thermocouples.

Fig. 5. Battery with spot-welded tabs.
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4.3. Effect of the electrode spot-welded tabs

For cylindrical battery pack, solder joints are formed when the
nickel strip is spot welded onto one end of the battery. The solder joints
create additional resistance and degrade battery performance. The
discharge tests are conducted for 18,650 LPF batteries with and without
spot-welded nickel tape under the identical operating conditions for
comparison. The effects of ambient temperature and discharge rate on

battery performance are also investigated.
Fig. 9 shows the discharge voltage and temperature rise of the

battery with/without spot-welded nickel strips at different rates at the
ambient temperature of 298.15 K. The relative uncertainty of the
measured voltage is less than 1.8%. The voltage plateau of the battery
with spot-welded tabs drops by 0.024 V, 0.026 V and 0.032 V, as com-
pared with that without spot-welded tabs at three discharge rates of 1C,
2C, and 3C, respectively. The corresponding maximum temperature-

Fig. 6. Experimental and simulation results (a) cell potential, (b) temperature.

(a) Total heat (b) Reaction heat

(c) Ohmic heat (d) Polarization heat
Fig. 7. Cell heat generated under different ambient temperatures of 288.15, 298.15 and 308.15 K.
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Fig. 8. Proportion of each part of heat generation at different ambient temperatures.

Fig. 9. Tested results of battery with/without tabs (a) cell potential, (b) temperature.
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rise values on the surface of the spot-welded nickel strip are 0.6 K,
0.8 K, and 1.2 K, respectively. For the battery with the spot-welded
nickel strip, a solder joint is formed at the junction of the electrode and
nickel strip, which results in additional contact resistance. During the
charge/discharge process, the battery solder joint will be heated due to
the extra Joule thermal effect, which in turn raises the external surface
temperature of battery. It is also found that the effect of spot-welded
nickel strips increases with the discharge rate increasing.

Fig. 10 shows the thermal images of the external surface of batteries
with/without spot-welded nickel strips at the end of the discharge. The
highest temperature is marked with the white boxes, and the spot-
welded area is marked with black boxes. As seen from Fig. 10(a) and
(b), the surface temperature rise of the battery with welded tab is
slightly higher than that without tabs at the discharge rate of 1C. While
the discharge rate increases to 2C and 3C, the surface temperature of
the battery with nickel strip increases remarkably, especially adjacent
to the solder joint. The temperature difference between the batteries
with and without nickel strip achieves the maximum of 2.5 K at 3C
discharge rate. It seems reasonable because the heat generation rate is a
quadratic function of discharge current. The thermal images demon-
strates again that the spot-welded nickel strips have a greater effect on

battery performance at a higher discharge rate.

5. Conclusion

In this work, a two-dimensional, axisymmetric, electrochemical-
thermal coupled model is developed for 18,650 lithium–iron–phosphate
battery. The battery discharge tests are conducted at different rates and
temperatures so as to investigate the effects of ambient temperature and
spot-welded nickel strip on battery performance. The results show that
the battery surface temperature rise increases when the ambient tem-
perature decreases, which is mainly due to the higher generation rate
from Ohmic thermal effect and polarization at lower temperature.
Meanwhile the ambient temperature has a negligible effect on the re-
action heat generation rate. It is found that the battery with spot-
welded tabs has a lower voltage platform and higher temperature in-
crease compared with that without spot-welded tabs. The maximum
values of voltage drop and temperature rise at a discharge rate of 3C
reach 0.032 V and 2.5 K, respectively. The effect of spot-welded nickel
strip on the battery performance becomes more significant at a higher
discharge rate. It can be expected that the welded strips affect the
thermal performance of the battery pack, which deserves further

(a)Cell with tabs dicharged at 1C rate (b)Cell without tabs dicharged at 1C rate

(c)Cell with tabs dicharged at 2C rate (d) Cell without tabs dicharged at 2C rate

(e)Cell with tabs dicharged at 3C rate (f) Cell without tabs dicharged at 3C rate

Fig. 10. Thermal image of the cell with/without tabs at different discharge rates.
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