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Abstract: Large-format lithium-ion batteries (LIBs) suffer from problems in terms of their product
life and capacity due to large temperature differences in LIB cells. This study analyzes the effect of
design factors on temperature distribution using a 3D electrochemical–thermal model. The design
of experiments methodology is used to obtain the sampling points and analyze the effect of the cell
aspect ratio, negative tab attachment position, and positive tab attachment position. These were
considered as design factors for the maximum and minimum temperatures, as well as their difference,
in large-format LIB cells. The results reveal that the cell aspect ratio, negative tab attachment position,
and positive tab attachment position considerably influence temperature distribution. The cell
aspect ratio has the most significant effect on the temperature distribution by changing the longest
current pathway and the distance between tabs and the lowest temperature point in the LIB cell.
A positive tab attachment position affects the maximum temperature, minimum temperature, and
the temperature difference due to the heat generation caused by the high resistance of aluminum,
which the positive tab is made. Furthermore, a negative tab attachment position affects the minimum
temperature due to low resistance.

Keywords: large-format lithium-ion battery; cell aspect ratio; tab attachment position; temperature
difference; 3D electrochemical–thermal model; design of experiments; analysis of variance

1. Introduction

Recently, the demand for large-format lithium-ion batteries (LIBs) has increased due to
the popularity of electric vehicles [1–4]. A large-format LIB has a large temperature differ-
ence (Tdiff) in the LIB cell due to the large dimensions of the cell. The temperature difference
in the LIB cell causes critical problems, such as a rapid reduction in its capacity [5–7].

In order to solve the problems caused by the temperature difference in the LIB cell,
several studies involving experiments and numerical models have been conducted. In the
early 1990s, Newman and his colleagues developed an electrochemical–thermal model
of LIBs by using the porous electrode theory for calculating the temperature in the LIB
cell through numerical methods [8,9]. However, Newman’s model had a limitation since
it only predicted the temperature distribution in the thickness direction of the LIB cell.
To overcome the limitation of Newman’s model, Gerver developed a 3D electrochemical–
thermal model by extending Newman’s model to 3D [10]. Subsequently, a variety of studies
were conducted to calculate and analyze the temperature distribution in the LIB cell by
using 3D electrochemical–thermal models [11–17].

In order to solve the problems caused by the temperature difference in the large-
format LIB cell, studies were conducted to analyze the factors that affect the temperature
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distribution in the LIB cell [11–17]. Kim et al. showed that the length of the LIB cell and
the tab type affects the temperature distribution in the LIB cell [11]. Both Du et al. [12]
and Kosch et al. [13] analyzed the temperature distribution in the LIB cell with different
tab types: the nominal tab (NT, tabs are on the same side of the cell) and the counter tab
(CT, tabs are on the opposite side of the cell). These studies showed that the CT had a
more uniform temperature distribution than the NT [12,13]. By comparing the temperature
distribution of the CT and the misaligned CT, Song et al. showed that the CT, which has
centered tabs, has a more uniform temperature distribution than the misaligned CT [6].
Lee et al. analyzed how a large cell aspect ratio and the tab type affects the temperature
distribution in the LIB cell [14]. Zhao et al. analyzed the current density distributions with
a different attachment position and the number of tabs [15], and they demonstrated that
the tab attachment position affects the current density distribution in the LIB cell, which
affects the temperature distribution [15]. Samba et al. analyzed the potential distributions,
the current density distributions, and the temperature distributions of a large-format LIB
cell with a different tab type and cell aspect ratio. They showed that the tab type and
cell aspect ratio can affect the temperature distribution in the LIB cell by changing the
potential distributions and the current density distributions [16]. Lee et al. showed that
the temperature distribution can be improved by optimizing the cell aspect ratio, tab
attachment position, and the tab type [17].

These studies showed that the cell aspect ratio, the tab type, and the tab attachment
positions affect the temperature distribution for a large-format LIB cell. Moreover, tem-
perature distribution can be improved by designing the cell aspect ratio, tab attachment
position, and tab type [17], and there is a study about the effect of tab type and cell aspect
ratio on temperature distribution in large-format LIB cell [14]. However, many studies
only conducted parametric research with a few cases to analyze the effect of the cell aspect
ratio and tab attachment position on the temperature distribution in a large-format LIB
cell. In particular, the effect of the tab attachment position on the temperature distribution
has not been researched adequately. In order to make the temperature distribution of
large-format LIB cell uniform, it is necessary to perform an in-depth analysis of the effect
of the cell aspect ratio and the tab attachment position on the temperature distribution for
a large-format LIB cell.

In this study, the temperature distribution of a 45-Ah LFP/graphite pouch cell with an
NT tab type with a different cell aspect ratio and tab attachment position are analyzed by
using a 3D electrochemical–thermal model. The negative tab attachment position, positive
tab attachment position, and cell aspect ratio are used as design factors. The responses to
analyze the temperature distribution according to each design factor include the maximum
and minimum temperatures in the LIB cell, and the difference between the maximum and
minimum temperature in the LIB cell (Tdiff). Design of experiments (DOE) is performed to
analyze the relationship between the design factors and the response. The sampling points
of the DOE are obtained by the full factorial design (FFD). The effect of each design factor
on the temperature distribution is analyzed, and the significance of the design factors is
determined through analysis of variance (ANOVA).

2. Three-Dimensional Electrochemical–Thermal Coupled Model of the 45-Ah
LFP/Graphite Cell

Figure 1 shows a schematic of the 45-Ah LFP/graphite LIB unit cell. The unit cell
comprises a positive current collector, a positive electrode, a separator, a negative electrode,
and a negative current collector. A 3D electrochemical–thermal coupled model was used to
calculate the temperature distribution of the 45-Ah LFP/graphite LIB unit cell.
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Figure 1. Descriptions of LIB model: (a) Schematic of the lithium-ion battery unit cell and (b) the set up for the thermographic
experiment [18].

The electrochemical–thermal coupled model developed by Rao and Newman was
used in this study [8,9]. The electrochemical–thermal coupled model consists of an electro-
chemical model that calculates the state of charge (SOC, the level of charge of an electric
battery relative to its capacity), the potential distribution, the current density distribu-
tion, and the heat generation. Meanwhile, the thermal model calculates the temperature
distribution [8,9].

The electrochemical model calculates the diffusion of the lithium ion in the electrodes,
the potential distribution, the current density distribution, and the heat generation in the
LIB cell, as shown in Equations (1)–(8) [8]. Equations (1) and (2) calculate the charge balance
according to the electrochemical reaction [8]. Equation (3) calculates the diffusion of the
lithium ion in the active material by using the spherical coordinate system [8]. Equation (4)
defines the ionic charge transport of the lithium ion and Equation (5) defines the reaction
kinetics at the surface of the active material by the lithium-ion flux and the Butler–Volmer
equation [8].
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Equations (6) and (7) define the reversible and irreversible heat generation in the
positive electrode and the negative electrode [9]. The first term of Equations (6) and (7)
defines the reversible heat in the electrodes and the other terms in Equations (6) and (7)
define the polarization heat, the electronic ohmic heat, and the ionic ohmic heat in the
electrodes, respectively [9]. The thermal model calculates the temperature distribution
in the LIB cell by applying the heat generation given in Equations (6)–(9). This was
calculated from the current collectors, electrodes, and the separator, as demonstrated in
Equation (10) [9].

qn = a·jn·T
∆Sn

F
+ a·jn·ηn − i1·∇φ1 − i2·∇φ2 (6)

qp = a·jn·T
∆Sp

F
+ a·jn·ηp − i1·∇φ1 − i2·∇φ2 (7)

qs = −i2·∇φ2 (8)
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qc = i12·rc (9)

ρCp
∂T
∂t

= Kij∇2T + qp + qn + qs + qc (10)

In order to verify the electrochemical–thermal coupled model, the constant current
discharge test results for the model and the commercial LIB were compared. The properties
that were reported by Samba et al. were used for the electrochemical–thermal coupled
model [16]. The convective heat transfer coefficient 0.03 W/m2·K is applied on the cell sur-
face, taking into account convective heat transfer [16]. Table 1 shows the model parameters,
which include the cell aspect ratio and the tab attachment positions of the LIB cell. The
nominal and cut-off voltage were 3.2 V and 2 V, respectively [16]. The 3D electrochemical–
thermal model for LIB was built and calculated using COMSOL (COMSOL Inc., Burlington,
MA, USA) [19]. It, which is defined in IEC61434, is the discharge current. This study
reported that 1It was 0.58 A because of the unit cell’s capacity, which was 0.58 Ah. The con-
stant current discharge test of 1It, 2It, 3It, and 4It was performed at the ambient and initial
temperature of 20 ◦C [16]. Figure 2 shows the comparison of the electrochemical–thermal
model and the experimental results [16]. Figure 2a shows the comparison of the discharge
voltage for It, 2It, 3It, and 4It, and Figure 2b presents the comparison of the maximum
temperature for It, 2It, 3It, and 4It. These results reveal that the model can predict the
experimental results.

Table 1. Dimensions and nominal data for a 45-Ah LFP/graphite LIBs unit cell [16].

Name Value

Aspect ratio 0.65
Area (mm2) 34,500

dp (mm) 70
dn (mm) 30

Positive tab width (mm) 40
Negative tab width (mm) 50

Tab length (mm) 75
Nominal capacity (Ah) 0.58

Nominal voltage (V) 3.2
Cut-off voltage (V) 2
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3. Analyzing the Effect of Each Design Factor on Temperature Distribution by
Applying the Design of Experiments
3.1. Design Factors and Responses

The cell aspect ratio, negative tab attachment position, and positive tab attachment
position, which affect the temperature distribution in the large-format LIB cell [6,11–17],
were selected as the design factors. The cell aspect ratio was defined as the ratio (W/L) of
the width (W) to the length (L). Figure 3 illustrates the description of the tab attachment
positions. In order to compare the effect of the tab attachment positions regardless of the
cell width, which is determined by the cell aspect ratio, the tab attachment positions were
defined as the ratio of the attached position to the attachable range (DRn, DRp) as described
in Equation (11). As shown in Equation (12), the tab attached position is defined as the
difference between tab center position (Dt) and half of the tab width (0.5Wt) to consider the
geometry of the cell and tab. The tab attachable range is defined as the difference between
the half of cell width and tab width as shown in Equation (13). The maximum temperature
(Tmax), minimum temperature (Tmin), and the difference between the maximum and the
minimum temperature (Tdiff) were defined as responses for the temperature distribution in
the LIB cell. Equation (14) presents the equation for calculating Tdiff.

DRt =
Attached position
Attachable range

× 100, (t = n, p) (11)

Attached position = dt − 0.5Wt, (t = n, p) (12)

Attachable range = 0.5W −Wt, (t = n, p) (13)

Tdi f f = Tmax − Tmin (14)

Energies 2021, 14, 116 FOR PEER REVIEW 5 of 13 

3. Analyzing the Effect of Each Design Factor on Temperature Distribution by Apply-

ing the Design of Experiments 

3.1. Design Factors and Responses 

The cell aspect ratio, negative tab attachment position, and positive tab attachment 

position, which affect the temperature distribution in the large-format LIB cell [6,11–17], 

were selected as the design factors. The cell aspect ratio was defined as the ratio (W/L) of 

the width (W) to the length (L). Figure 3 illustrates the description of the tab attachment 

positions. In order to compare the effect of the tab attachment positions regardless of the 

cell width, which is determined by the cell aspect ratio, the tab attachment positions 
were defined as the ratio of the attached position to the attachable range (𝐷𝑅𝑛, 𝐷𝑅𝑝) as 

described in Equation (11). As shown in Equation (12), the tab attached position is de-

fined as the difference between tab center position (𝐷𝑡) and half of the tab width (0.5𝑊t) 

to consider the geometry of the cell and tab. The tab attachable range is defined as the 

difference between the half of cell width and tab width as shown in Equation (13). The 

maximum temperature (𝑇𝑚𝑎𝑥), minimum temperature (𝑇𝑚𝑖𝑛), and the difference between 

the maximum and the minimum temperature (Tdiff) were defined as responses for the 

temperature distribution in the LIB cell. Equation (14) presents the equation for calculat-

ing Tdiff. 

𝐷𝑅𝑡 =
Attached position

Attachable range
× 100, (t = n, p) (11) 

Attached position = 𝑑𝑡 − 0.5𝑊𝑡, (t = n, p) (12) 

Attachable range = 0.5𝑊 − 𝑊𝑡, (t = n, p) (13) 

𝑇𝑑𝑖𝑓𝑓 = 𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛 (14) 

 

  

                               (a) (b) 

Figure 3. Description of (a) dn and dp, and (b) the attached position and the attachable range. 

Table 2 shows the lower and upper bounds for the design factors. In order to pre-

vent overlapping tabs, the lower bound of the cell aspect ratio is defined as 1/3. This 

value is the smallest cell aspect ratio where the cell width (W) is greater than the sum of 

the positive tab width (𝑊𝑝) and the negative tab width (𝑊𝑛). The upper bound of the cell 

aspect ratio is defined as 3, which is the inverse of the lower bound, 1/3. Since the cell 

capacity should be constant, the area of the cell is constantly limited, as shown in Equa-

tion (15). The lower bounds of 𝐷𝑅𝑛 and 𝐷𝑅𝑝 are defined as 0% and the upper bounds 

of 𝐷𝑅𝑛 and 𝐷𝑅𝑝 are defined as 100%. 

𝑊 × 𝐿 = 34,500 mm2  (15) 

  

Figure 3. Description of (a) dn and dp, and (b) the attached position and the attachable range.

Table 2 shows the lower and upper bounds for the design factors. In order to prevent
overlapping tabs, the lower bound of the cell aspect ratio is defined as 1/3. This value is
the smallest cell aspect ratio where the cell width (W) is greater than the sum of the positive
tab width (Wp) and the negative tab width (Wn). The upper bound of the cell aspect ratio is
defined as 3, which is the inverse of the lower bound, 1/3. Since the cell capacity should be
constant, the area of the cell is constantly limited, as shown in Equation (15). The lower
bounds of DRn and DRp are defined as 0% and the upper bounds of DRn and DRp are
defined as 100%.

W × L = 34,500 mm2 (15)
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Table 2. Design factors and their lower and upper bounds.

Design Factors Cell Aspect Ratio DRn(%) DRp(%)

Lower bound 1/3 0 0
Upper bound 3 100 100

3.2. Design of Experiments Methodology

The design of experiments (DOE) is a powerful tool that can be used to analyze
the relationship between the design factors and responses [20]. The significance of each
design factor can be analyzed by using the DOE. Unlike traditional experimental methods
that only consider one change at a time, the DOE can analyze the interactions of several
factors [20]. In addition, several researchers are performing factor analysis by using the
DOE in a variety of fields. The sampling points were obtained by performing a full factorial
design (FFD) on three factors with five levels. FFD is one DOE sampling method that can
consider all the combinations in the design factors. The number of sampling points can be
calculated by applying Equation (16) [20]. Table 3 shows the levels of each design factor.
In order to symmetrically distribute the cell aspect ratio, the cell aspect ratio is divided
into five levels: 1/3, 1/2, 1, 2, and 3. The DRn and DRp are classed into five levels by
dividing the lower bound and the upper bound into equal intervals: 0%, 25%, 50%, 75%,
and 100% [20].

Total case = nm, (n = number of levels, m = number of factors) (16)

Table 3. Design factors and their levels.

Design Factors Cell Aspect Ratio DRn (%) DRp (%)

Level 1 1/3 0 0
Level 2 1/2 25 25
Level 3 1 50 50
Level 4 2 75 75
Level 5 3 100 100

ANOVA is an effective method to determine the significance of each design factor
to a response [20]. ANOVA can be used to determine whether the factors can be ignored
or not by analyzing the variance between the factors and comparing the significance of
the factors. During ANOVA, the total sum of squares (SStotal) is calculated by adding the
variances of all the responses, as shown in Equation (17). The sum of squares (SSk) for each
design factor and the error are calculated by applying Equations (18) and (19).

SStotal = ∑k
j=1 ∑n

i=1

(
xij − xij

)2, (k = number of factors, n = levels of each factor) (17)

SSk = ∑n
i=1(xi − xik)

2,
(
k = cell aspect ratio, DRn, DRp , n = levels of each factor) (18)

SSerror = ∑k
j=1 ∑n

i=1

(
xij − xj

)2, (k = number of factors, n = levels of each factor) (19)

In order to consider the effect of the number of sample points for each factor for
the sum of squares, the mean squares (MSk) are used [20]. To obtain the MSk, the
sum of squares is divided by the degrees of freedom for each design factor, as shown
in Equation (20). As demonstrated in Equation (21), Fk, which is the ratio of MSk to MSerror,
can be determined [20].

MSk =
SSk

DOFk
, (DOFk = n − 1) (20)
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Fk =
MSk

MSerror
(21)

To determine if the design factors are statistically significant, the p-value is obtained
from Fk, the degrees of freedom (DOF, the number of values in the final calculation of a
statistic that are free to vary) of each design factor, and the DOE of the error, as described
in Equation (22) [20]. Generally, when the p-value of a design factor is less than 0.05,
it is determined that the design factor is statistically significant. Finally, as shown in
Equation (23), the effect on the response of each design factor is analyzed based on the
percentage contribution (% contribution), which is the proportion of the MS in each design
factor in the total MS [20].

Pk = f (Fk, DOFk, DOFerror) (22)

% contribution =
MSk

∑ MS
× 100 (23)

4. Results and Discussion

The LIB cell was discharged with the constant current of 3It. After the cell was
fully discharged, the temperature distributions with a different cell aspect ratio, negative
tab attachment position, and positive tab attachment position, which are design factors,
were analyzed. First, the effect of the negative and positive tab attachment position on the
maximum and minimum temperatures in the LIB cell were assessed by applying the longest
current pathway. Then, the effect of each design factor on the Tdiff was analyzed according
to the effect of each design factor on the maximum and minimum temperatures. Since Tdiff is
the difference between the maximum and minimum temperatures, Tdiff was reduced when
the maximum temperature decreased or the minimum temperature increased. Finally,
the significance of each design factor for Tdiff was analyzed by applying ANOVA. By
performing ANOVA, it was determined that all three design factors are effective. When
considering the design factors, the effect of the cell aspect ratio is the largest and the effect
of the negative tab attachment position is the smallest.

4.1. Effect of Cell Aspect Ratio and Tab Attachment Positions on the Temperature Distribution in
LIB Cell

The effect of each design variable on the temperature distribution in the large-format
LIB cell was analyzed. The distance between the two tabs was maximized during the
analysis to avoid the concentration of the heat generation, which makes it difficult to
analyze the effect of each design factor on the temperature distribution in the LIB cell. When
analyzing the effect of the negative tab attachment position, the positive tab attachment
position was fixed to 0%, and it was reversed while analyzing the effect of the positive
electrode tab attachment position. The longest current pathway, which can compare the
relative size of the internal resistance of the LIB cell, was defined to explain the change in
the temperature distribution according to the design factors [16]. Since the resistance is
proportional to the longest current pathway, the heat generation due to Joule heat increased
when the longest current pathway increased. The longest current pathway was calculated
as the sum of L and LW, as shown in Equations (24) and (25). Figure 4 shows the longest
current pathway according to the cell aspect ratio and the tab attachment position.

The longest current pathway = LW + L (24)

LW = 0.5 W + (0.5 W − dt), (t = n, p) (25)

Figure 5a shows the maximum temperature in a large-format LIB cell according
to the cell aspect ratio and the negative tab attachment position when DRp is 0%. The
maximum temperature according to the negative tab attachment position varied by 0.2 ◦C,
which indicates that the effect of the negative tab attachment position on the maximum
temperature is small. This implies that the change in the internal resistance according to
the longest current pathway for the negative electrode tab is small. This is because the
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negative electrode tab consists of copper, which has a high electrical conductivity and heat
capacity. However, the maximum temperature according to the cell aspect ratio varied over
1 ◦C, which indicates that the effect of the cell aspect ratio on the maximum temperature is
large.
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Figure 5b shows the maximum temperature in the large-format LIB cell according
to the cell aspect ratio and the positive tab attachment position when DRn is 0%. The
maximum temperature according to the positive tab attachment position varied over 1.9 ◦C.
This demonstrates that the effect of the positive tab attachment position on the maximum
temperature is large. When DRp is under 25%, the positive tab is close to the edge of the cell,
and the maximum temperature is minimized when the cell aspect ratio is 1. When DRp is
over 25%, the positive tab is close to the center of the cell, and the maximum temperature is
minimized with a cell aspect ratio of 2. Figure 5 demonstrates that the cell aspect ratio and
the positive tab attachment position affect the maximum temperature since they influence
the longest current pathway. Therefore, the positive tab attachment position and cell aspect
ratio have to be considered to decrease the maximum temperature during cell design.

Figure 6a shows the minimum temperature in the large-format LIB cell according to
the cell aspect ratio and the negative tab attachment position when DRp is 0%. When DRn
is under 50%, the negative tab is close to the cell edge, and the minimum temperature in
the LIB cell increased with the rise in the cell aspect ratio. When DRn is 75%, the minimum
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temperature is maximized at a cell aspect of 2 and when DRn is 100%, the minimum
temperature is maximized when the cell aspect is 1. Since L decreases and LW increases,
the minimum temperature increases because the location that the minimum temperature
occurred is closer to the negative tab.
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Figure 6b shows the minimum temperature in the large-format LIB cell according
to the cell aspect ratio and the positive tab attachment position when DRn is 0%. The
minimum temperature according to the positive tab attachment position varied by 0.4 ◦C,
which demonstrates that the effect of the positive tab attachment position on the minimum
temperature is small. However, the cell aspect ratio where the maximum value of the
minimum temperature appears is changed according to the DRp. When DRp is under 50%,
the positive tab is close to the edge of the cell, and the minimum temperature is maximized
when the cell aspect ratio is 1. When DRp is over 50%, the positive tab is close to the center
of the cell, and the minimum temperature is maximized at the cell aspect ratio of 2. This
implies that the minimum temperature increases as the longest current pathway for the
positive tab decreases. This is because the distance between the minimum temperature
location and the positive tab become closer. Figure 6 shows that the cell aspect ratio, the
negative tab attachment position, and the positive tab attachment position can affect the
minimum temperature by affecting the longest current pathway.

Figure 7a shows the Tdiff according to the cell aspect ratio and the negative tab attach-
ment position when DRp is 0%. Tdiff increased up to 0.6 ◦C as the negative tab became
closer to the center of the cell. This is because the minimum temperature inside the cell
decreases as the negative tab becomes closer to the center of the cell.

Figure 7b shows the Tdiff according to the cell aspect ratio and the positive tab attach-
ment position when DRn is 0%. Tdiff decreased up to 1.9 ◦C as the positive tab became
closer to the center of the cell. This is because the maximum temperature decreases and
the minimum temperature increases as the positive tab becomes closer to the center of the
cell due to the decrease in the longest current pathway. Figure 7 demonstrates that the cell
aspect ratio and the positive tab attachment position affect the temperature difference in
the LIB cell since they have a large effect on the maximum temperature and minimum tem-
perature. However, the negative tab attachment position has less effect on the temperature
difference than other factors because it only affects the minimum temperature.
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4.2. Analysis of Variance

ANOVA was used to analyze the effect of each design factor on Tdiff. A design factor
is considered to be significant when the p-value is less than the significance level, and the
influence of a design factor is considered to be greater when the percentage contribution
of the factor is larger. Table 4 presents the ANOVA results. All three design factors are
considered to be significant. The results demonstrate that the cell aspect ratio has the largest
effect on Tdiff and the negative tab attachment position has the smallest effect on Tdiff. The
cell aspect ratio has the largest effect on the longest current pathway by determining the L
and W of the cell. This implies that the effect of the cell aspect ratio on the Tdiff is the largest
because the heat generation by the internal resistance of the cell varies greatly depending
on the cell aspect ratio. The positive tab attachment position on Tdiff is greater than the
effect of the negative tab attachment position on Tdiff due to the fact that the positive tab is
made from aluminum. Therefore, the maximum temperature change by the longest current
pathway is significantly higher than the negative tab, which is made from copper. The
negative tab attachment position did not affect the maximum temperature, but the negative
tab attachment position effect on Tdiff significantly affected the minimum temperature of
the cell.

Table 4. ANOVA table for the design factors.

Design Factors Sum of
Squares DOF Mean Square %

Contribution F-Value p-Value ※

Cell Aspect Ratio 91.7 4.0 22.93 86.84 534.92 5.6× 10−72 << 0.001
DRn(%) 0.6 4.0 0.15 0.57 3.5 9.9× 10−3

DRp(%) 13.3 4.0 3.33 12.59 77.58 2.2× 10−31 << 0.001
Error 4.8 112.0 0.04 0.16 - -

※ Significance level: 0.05 (95%).

5. Conclusions

This study analyzed the effect of the cell aspect ratio and the tab attachment positions
on the temperature distribution for large-format LIBs. The temperature distribution of the
45-Ah LFP/graphite cell was calculated by using the 3D electrochemical–thermal coupled
model. The effect of the cell aspect ratio and the tab attachment positions on the maximum
temperature, minimum temperature, and the difference between the maximum and min-
imum temperature (Tdiff) was analyzed by using the design of experiments. The results
reveal that the cell aspect ratio has the greatest effect on the maximum temperature, the
minimum temperature, and Tdiff. This is because the cell aspect ratio affects the length
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and the width of the LIB cell; thus, resulting in a change in the longest current pathway.
The maximum temperature according to the positive tab attachment position increased in
proportion to the longest current pathway due to the small electrical conductivity and the
heat capacity of aluminum, which the positive tab is made. The minimum temperature of
the cell increased as the longest current pathway decreased because of the decreased dis-
tance between the positive tab attachment position and the location at which the minimum
temperature occurred. Since the longest current pathway according to the positive tab
attachment position decreased, the maximum temperature decreased and the minimum
temperature increased, which resulted in a decrease in Tdiff. The negative tab attachment
position had no effect on the maximum temperature due to the large electrical conductivity
and the heat capacity of copper, which the negative tab is made. Since the longest current
pathway increased according to the negative tab attachment position, the minimum tem-
perature increased, resulting in a reduction of Tdiff. This is because Tdiff decreases when the
maximum temperature decreases and the minimum temperature increases. ANOVA was
performed to determine the significance of each design variable. By performing ANOVA,
all three design factors have a significant effect on Tdiff, in decreasing order: cell aspect
ratio, positive tab attachment position, and negative tab attachment position.
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Nomenclature
a ion number
αc charge coefficient
c Li concentration (mol/m3)
D diffusivity (m2/s)
DRn distance ratio of the total distance to the negative tab location
DRp distance ratio of the total distance to the positive tab location
dn distance between the right edge of the negative tab and the nearest edge of the LIB cell
dp distance between the right edge of the positive tab and the nearest edge of the LIB cell
f± average molar activity coefficient
F Faraday’s constant, 96487 (C/mol)
i current density (A/m2)
jn local current density (A/m2)
k electronic conductivity (S/m)
L Length of the LIB cell (mm)
N0 Li+ flux (mol/m2s1)
R gas constant, 8.314 (J/(mol K))
r radial distance from the center of the electrode active particle (µm)
T absolute temperature (K)
t thickness (m)
t+ transport number of Li+

W Width of the LIB cell (mm)
ε porosity
η local surface overpotential (V)
φ electrical potential (V)
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Subscripts and superscripts
1 solid phase
2 liquid phase
app applied
eff effective value
el electrolyte
init initial value
n negative electrode
p positive electrode
s separator
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