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� A large-format Li-ion cell is studied using a 3D electrochemical model.
� Ohmic loss and non-uniform active material utilization cause performance penalty.
� Use of multiple tabs effectively improves large cell’s usable energy density.
� Link of cell’s energy density and current density non-uniformity is established.
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a b s t r a c t

Large-format Li-ion batteries are essential for vehicle and grid energy storage. Today, scale-up of Li-ion
cells has not maximized the potential of available battery materials, leading to much lower energy
density than their coin cell benchmarks. In this work, a 3D computational methodology based on
physical and electrochemical principles underlying Li-ion cells is developed for the design of large cells.
We show a significant increase in the cell’s usable energy density by minimizing voltage losses and
maximizing the utilization of active materials in a large cell. Specifically, a class of designs using multiple
current-collecting tabs are presented to minimize in-plane electron transport losses through long
electrodes, thereby achieving nearly the same energy density in large-capacity cells as would be ex-
pected from battery materials used. We also develop a quantitative relation between the current density
non-uniformity in a large-format cell and the cell’s usable energy density, for the first time, in the
literature.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Small Li-ion batteries have been widely used for consumer
electronics due to their high power and energy density. Large Li-
based batteries are believed to be essential for vehicle- and grid-
energy storage enabling a sustainable energy future. How to unlock
the potential of existing Li batterymaterials and scale up Li-ion cells
to 10e100 Ah sizes without substantially lowering the cell’s energy
density remains a key technological challenge.

The two typical designs for large-format Li-ion batteries are the
spirally wound design and stacked layer design, both involve very
long electrodes. If only one pair of negative and positive current-
collecting tabs is used, as illustrated in Fig. 1(a), electrons gener-
ated in the anode electrodemust travel a long distance before being
enter (ECEC), Department of
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collected by the negative tab. Similarly, the electrons coming from
the positive tab need to be spread out over a long distance to reach
all areas of the cathode electrode. Consequently, severe voltage loss
is caused due to the Ohmic resistance of in-plane electron transport
through thin current-collecting foils. This Ohmic loss can be very
significant when the electrodes are sufficiently long as naturally
occurs in large-format Li-ion cells. This situation would be exac-
erbated when the cell is operated at high power, which is ubiqui-
tous in hybrid and pure electric vehicle (HEV/EV) applications.

In addition to the Ohmic loss through long current collector
foils, another phenomenon contributing to low performance in
large cells is uneven current density distribution and hence non-
uniform utilization of active material as experimentally demon-
strated recently [1]. Due to Ohmic resistances of the current col-
lectors, an in-plane potential distribution forms along each of the
electrode current collectors, reducing the local potential difference
driving reaction current. Consequently, local current generation in
regions distant from the two tabs is lower than that closer to the
tabs that suffer less Ohmic loss in solid electrical potential. Such a
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Fig. 1. Electrons transport path in the current collectors of a spirally wound cell. (a) Cell with a single pair of tabs; (b) cell with multiple pairs of tabs.
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non-uniform current distribution results in non-uniform utilization
rate of active materials, making average utilization of active ma-
terials in a large cell far lower than that in a small coin cell. The non-
uniform utilization of active materials causes not only lower energy
density than what could be expected from battery materials but
also localized overcharge and overdischarge situations. Therefore,
both the power and energy are compromised in large-format cells.

One solution to the above-described issue in cell upscaling is to
use a plurality of tabs on the current collectors, as illustrated in
Fig. 1(b). This way, the large electrode area is divided into relatively
small regions, each with its own tabs for current collection. The
electron transport length is shortened and the current density
distribution is more uniform, leading to more uniform active ma-
terial utilization. As the tab number increases, it is expected that
the cell performance will approach the coin cell benchmark.
However, the outcome of using excessive tabs is increased manu-
facture cost and decreased reliability due to tabs welded together.
An optimal number of tabs thus exist for large-format cell design. A
design tool for large cell structures that enables full utilization of
active materials andmaximum potential of energy density is highly
desired.

To datemost of the battery models in the literature belong to 1D
models [2e8]. They are inadequate to address the problem of
spatially non-uniform potential and current distribution in large-
format Li-ion cells. In this work, we apply a fully 3D model
specially designed to study the behavior of large-format battery
cells. The model has the ability to deal with coupling processes,
such as species transport and electrochemical reactions during the
dynamic operation of Li-ion cells. It can also take into account the
3D geometrical details of the cell, such as the cell shape, tab size,
location and number, and the cell winding structures, which are
uniquely important for large-format cells.
The purpose of the present work is three-fold. Firstly, we
quantify the significant performance loss in large-format cells
relative to the coin cell benchmark. The fundamental reasons for
such a performance penalty will be elucidated. Secondly, we
demonstrate a way to recover the performance loss by optimizing
designs of large Li-ion cells using multiple tabs on current collec-
tors, and the effect of tab number on cell performance is assessed.
Thirdly, we develop a quantitative relationship between the current
density non-uniformity and the cell’s usable energy density. The
ultimate goal is to help find directions in boosting battery perfor-
mance closest to its theoretical material capacity under practical
operating conditions.
2. 3D Li-ion cell model

2.1. Model description

The large-format Li-ion cell of interest has a spirally wound
structure, as schematically shown in Fig. 2. The long electrode sheet
consists of the negative electrode current collector (Cu), negative
electrode (LixC6), separator, positive electrode (LiyMO2), and the
positive current collector (Al). During operation, current is applied
to the cell through positive tab and negative tab, located on the
positive current collector and negative current collector, respec-
tively. The electrochemical reactions occurring at the electrode/
electrolyte interface during charge/discharge are,

Positive electrode

LiyMO2%
Charge

Discharge
Liy�xMO2 þ xLiþ þ xe� (1)

Negative electrode



Fig. 2. Schematic of the large spirally wound cell and the multiscale physical and electrochemical processes within cell during charge/discharge.
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Li0C6 þ xLiþ þ xe�%
Charge

LixC6 (2)

Discharge

A volume-averaged electrochemical and transport model has
been developed to study such large-format Li-ion cells [9]. Its 1D
version has been extensively validated by experimental data over a
wide range of temperatures and C-rates [10], and its three-
dimensional version was recently validated against local current
density distributions measured by Zhang et al. [1], for the first time
in the literature [11]. Other key features of the model include
multidimensionality, multiscale, an accurate material property
database and efficient numerical algorithms offered through
Autolion, a commercial software package for analyses of Li-ion
batteries and systems. These model features are essential for
dealing with the various physical processes within cells, as shown
in Fig. 2, and therefore can be used for predicting the above-
mentioned behaviors that are uniquely present in large-format Li-
ion cells. The model is briefly summarized in the following with
details to be found in Ref. [9].
2.2. Governing equations

Charge conservation (solid phase)

V$
�
seffVfs

�
¼ jLi (3)

Charge conservation (electrolyte phase)

V$
�
keffVfe

�
þ V$

�
keffD Vln ce

�
¼ �jLi (4)

Species conservation (electrolyte phase)

vðεeceÞ
vt

¼ V$
�
Deff
e Vce

�
þ 1� t0þ

F
jLi (5)

Species conservation (solid phase)

vcs
vt

¼ Ds

r2
v

vr

�
r2
vcs
vr

�
(6)

Eqs. (3)e(5) are solved on the macroscopic 3D space of the
battery cell, where detailed potential and Li concentration distri-
bution can be obtained from the model solution. Eq. (6) is used to
describe the solid-state diffusion process which occurs within the
active material particles with the size on the order of nmemm [12].
This equation is solved separately in a microscopic space. In this
work, all the activematerial particles are considered to be spherical.

The governing equations are coupled through volumetric cur-
rent density jLi, which quantifies the rate of lithium intercalation
and de-intercalation reactions at the interface of active material
particles and electrolyte. BultereVolmer equation is generally
assumed to describe the reaction kinetics

jLi ¼ asi0

�
exp

�
aaF
RT

h

�
� exp

�
� acF

RT
h

�	
(7)

The local surface over-potential, h, which controls the kinetic
reaction rate, is defined as the difference between the electronic
and electrolyte phase potential, with respect to the open circuit
potential (OCP),

h ¼ fs � fe � U (8)

The exchange current density, i0, is a function of Li concentration
in both electrolyte and solid active materials.

i0 ¼ kðceÞaa


cs;max � cs;e

�aa


cs;e

�ac (9)

where cs,max is the maximum Li concentration that can be taken by
the active materials, and cs,e is the Li concentration at the electrode/
electrolyte interface. The OCP value is a function of local surface
stoichiometry, defined as x ¼ cs,e/cs,max [13,14].

To account for the tortuosity effect in the porous electrodes and
separator, Bruggeman correction is used such that Deff

e ¼ Deε
1:5
e ,

keff ¼ kε1:5e and seff ¼ sε1:5s . εe and εs are the volume fraction of
electrolyte phase and solid phase, respectively. The diffusional
conductivity keffD in Eq. (4) is defined by concentration solution
theory [2] as

keffD ¼ 2RTkeff

F

�
t0þ � 1

��
1þ d ln f�

d ln ce

�
(10)

where ðt0þ � 1Þð1þ ðd ln f�=d ln ceÞÞ is the thermodynamic factor
and its value in electrolyte with LiPF6 as a function of Li concen-
tration in electrolyte, ce, is taken from Ref. [15].



Table 1
Design parameters of the 40 Ah Li-ion cell.

Positive electrode Negative electrode

Chemistry LiyCo1/3Ni1/3Mn1/3O2 LixC6
Loading amount 27 mg cm�2 12 mg cm�2

Electrode thickness 120 mm 110 mm
Foil thickness 20 mm 10 mm
Separator thickness 40 mm
Electrolyte EC/EMC/DMC 1 M LiPF6
NP ratio 1.13
Electrode width (W) 20.5 cm
Electrode length (L) 512 cm
Total active area (A) 20,992 cm2

Nominal capacity (C) 40 Ah
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2.3. Initial and boundary conditions

The solid phase and electrolyte concentration distributions are
prescribed at the beginning of simulation as initial conditions.

ce ¼ ce;0; cs ¼ cs;0 (11)

Because the electrolyte is confined in the electrodes and sepa-
rator, zero flux boundary conditions are applied for Eqs. (4) and (5)
at the interface between the current collector and electrode.

vce
vn

¼ 0;
vfe

vn
¼ 0 (12)

Current boundary condition is applied directly at the top surface
of the positive and negative tabs.

�stab
vfs

vn
¼ Iapp

Atab
(13)

where Atab is the cross sectional area of the tabs. At all other
boundaries,

vfs

vn
¼ 0 (14)

2.4. Numerical procedures

The governing equations are discretized using finite volume
method (FVM) and solved along with their initial and boundary
conditions, using the user-coding capability of the commercial
computational fluid dynamics (CFD) package, STAR-CD. All the
equations are solved sequentially at each time step and the calcu-
lation proceeds to the next time step if the convergence criteria are
met. For constant rate charge/discharge condition, the charge bal-
ance over the entire cell is used as a critical convergence criterion.

εI ¼ min
�����Ia � Iapp

Iapp

����;
����Ic � Iapp

Iapp

����
�

(15)

where Ia and Ic are the total output current of anode and cathode
electrode, respectively.

Ia ¼
Z

V ;anode

jLidV (16)

Ic ¼
Z

V ;cathode

jLidV (17)

εI is chosen to be sufficiently small (<0.01%) to ensure physically
meaningful results.

3. Results and discussion

A 40 Ah large-format Li-ion cell is chosen for the present study.
The cell has a graphite anode and an NMC cathode. Table 1 lists the
cell design parameters. The cell has a total electrode length of
512 cm and electrode width of 20.5 cm. Both the Cu and Al current
collecting foils are double-side coated with active materials. The
separator is placed between the two electrode sheets and the
multilayer structure is wound to form a prismatic cell. A compu-
tational mesh resolving the detailed cell winding structure and tab
configuration is shown in Fig. 3. The present model for NMCe
Graphite system has been extensively validated by experimental
discharge curves over a wide range of temperatures and C-rates in
Ref. [10].

The baseline case has one pair of tabs welded outward from the
end edges of the long sides of current collectors. Two types of tab
arrangement are considered here, as illustrated in Fig. 4. Depending
on the relative positions of the positive and negative tabs, they are
named as co-located (CO) tab design and counter-located (CU) tab
design. The CO design has both positive and negative tabs located at
the leading edge (z ¼ 0) of the current collectors. In the CU design,
the negative tab is located at the trailing edge (z ¼ L) of the Cu
current collector and the positive tab is located at the leading edge
(z¼ 0) of the Al current collector. Several important physiochemical
parameters used in the model are listed in Table 2.

Fig. 5 shows the calculated 1 C discharge curves for the two cell
designs. The corresponding discharge curve of a coin cell with the
exact same electrode formulation and cell assembly in small sur-
face area is depicted for comparison. It is evident that the perfor-
mance of large-format cells, both CO and CU designs, is far inferior
to the coin cell performance. Table 3 lists the energy density
calculated from the modeling data for different cells at several C-
rates. The data is normalized by the energy density of coin cells at
1 C discharge for better comparison. At 1 C discharge, the CO cell
and CU cell can achieve only 39% and 52% of the energy density of
coin cells, respectively. At higher C-rate operation, the performance
loss is even more severe. For example, the CU cell cannot go to 2 C
or 3 C discharge because the cell voltage will drop below 2.5 V at
the beginning of discharge. This is the evidence that in scaling up
Li-ion cells from coin cells or small cells to large-format cells, per-
formance loss could be significant. Therefore, engineering optimi-
zation for the cell design must be carried out in addition to the
material development in order to attain superior performance at
large-format.

Besides the common fact that CO and CU cells both have sig-
nificant performance penalty compared with the coin cell, their
discharge curves behave very differently. At the beginning of
discharge, the voltage loss relative to the coin cell is 0.163 V in the
CO cell and 0.824 V in the CU cell, respectively. The CO cell thus has
a higher power output than the cell with CU design. However, the
discharge curve of the CO cell exhibits a much steeper slope, indi-
cating a rapidly increased voltage loss during discharge. Thus,
although having a better initial performance, the CO cell drops
below 2.5 V cut-off voltage at an earlier discharge stage (at
DoD ¼ 41.8% or SOC ¼ 58.2%), while the CU cell can reach the point
where DoD ¼ 64.8% or SOC ¼ 35.2%.

The source of performance loss in large-format cells and the
difference in the behaviors of CO and CU cells can be explained by
examining internal variables distributions predicted by the model.
Since the large cell has a high aspect ratio ðL[WÞ, we are only
interested in the variable distribution along the electrode length
direction, i.e. z-direction defined in Fig. 3. At each location along the



Fig. 3. Computational mesh of the large-format spirally wound cell.
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z-direction, the variables of interest are averaged across the elec-
trode width direction (y-direction). Here, solid potential, current
density, and local SOC along the current collectors are the variables
of interest, and their distributions are displayed in Figs. 6e8,
respectively. Three time instants, corresponding to the beginning,
middle and end of discharge, are chosen for analysis.

Fig. 6(a) shows the solid potential profile along Al and Cu current
collectors of the CO cell. At the beginning of discharge (t ¼ 1 s), the
solid potential gradient in both current collectors ismainly confined
in the region very near the two tabs. The local potential difference
that drives the electrochemical reactions decreases along the elec-
trode length direction. Therefore, a highly non-uniform current
density distribution along the electrode length direction is formed,
as shown in Fig. 7(a). Note that the local current density is
normalized by the average current density, defined as the total
discharge current divided by the electrode area. At t¼ 1 s, in the area
near the tabs the current density is as high as w10 times of the
average current density, while the current density is almost zero at
the electrode area near the trailing edge of the cell. This is the
indication that the total current is mostly contributed from the re-
action of electrodematerials that are located close to the tabs. It can
be estimated that thefirst 1/3 of the electrode contributes 98% of the
total current at t ¼ 1 s. The high current density concentrating near
the tabs region results in a relatively small Ohmic loss in the current
collectors, explaining the higher initial voltage of CO cell in Fig. 5.
Fig. 4. Schematic of the unwound Li-ion cell with one pair of tabs: (a) counter-located
tab design (CU-design); (b) co-located tab design (CO-design). (The drawing is not to
scale.)
The voltage loss along current collectors (D4s ¼ 4s,z¼L � 4s,z¼0) is
0.07 V in the Al foil and 0.08 V in the Cu foil, respectively.

The highly non-uniform current density distribution of CO cell
at the beginning of discharge is the root cause for the subsequent
rapid voltage drop shown in Fig. 5. The non-uniform initial current
density distribution results in significant non-uniform utilization of
active material. One can quantify the degree of active material
utilization by local SOC (iSOC), which is defined by coulomb
counting as,

iSOCðz; tÞ ¼ 1�

Zt

t0

iaðz; sÞds
3600

C
A

(18)

where ia is the local current density. Fig. 8(a) plots the iSOC distri-
bution for the CO cell. Due to the very high current density near the
tabs region, the active material in that region is consumed faster
and becomes depleted more quickly than the region far from the
tabs. The iSOC is initially uniform everywhere and equal to the fully
charged state. At t¼ 750 s, iSOC (z¼ 0)¼ 28% and iSOC (z¼ L)¼ 96%.
At the end of discharge, where t¼ 1500 s, iSOC (z¼ 0)¼ 5% and iSOC
(z ¼ L) ¼ 89%, respectively. This means the majority of the active
material near the trailing edge of the electrode has not been used
when the discharge process is terminated. This non-uniform utili-
zation of active material brings down the cell voltage by two
mechanisms. Firstly, as the active material near the tabs area be-
comes depleted, the current has to be supplied by the active ma-
terial downstream. As shown in Fig. 7(a), the current density peak
propagates toward the downstream of electrodes as the discharge
goes on. This increases the electrons transport length and therefore
the Ohmic loss through the current collectors. Secondly, the local
OCP decreases with the consumption of active material. In Fig. 6(a),
it can be observed that as the discharge proceeds, the solid potential
gradient penetrates towards the downstream of electrodes and the
voltage loss in the current collectors becomes larger. At t ¼ 750 s,
D4s¼ 0.37 V and 0.44 V in Al and Cu current collectors, respectively.
At the end of discharge, where t¼ 1500 s,D4s¼ 0.64 V and 0.54 V, in
Al and Cu current collectors, respectively. Consequently, although
the CO cell has a higher initial discharge voltage, this higher voltage
cannot be sustained and it drops more quickly than the CU cell and
hits the cut-off voltage earlier.



Table 2
Physiochemical parameters used in the model.

Parameter Unit Cu foil Negative electrode Separator Positive electrode Al foil

Density kg cm�3 8960 � 10�6 1200 � 10�6 525 � 10�6 2860 � 10�6 2700 � 10�6

Electron conductivity S cm�1 5.8 � 105 1.0 [7e9] 0.1 [7,8] 3.538 � 105

Maximum Li capacity mol cm�3 0.031 0.0518
Stoichiometry at 0%/100% SOC 0.042/1.0 0.98/0.39
Charge transfer coefficient 0.5 0.5
Reference exchange current density A m�2 26 [7,8] 2.0 [10]
Diffusion coefficient e solid phase cm2 s�1 9.0 � 10�10 [16,17] 1.5 � 10�10 [8,10]
Bruggeman tortuosity exponent 1.5 1.5 1.5
Transference number 0.363 [9]
Porosity 0.46 0.4 0.29
Particle radius mm 10 3
Initial electrolyte concentration M 1
Cell temperature �C 25
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The CU cell has a unique tab configuration in which the positive
tab is located at the leading edge (z ¼ 0), and the negative tab is at
the trailing edge (z¼ L). Thus, the electrons transport length for any
local section of the cell remains constant and equal to the total
electrode length L. Consequently, different solid potential distri-
bution evolves in contrast to the CO cell, as shown in Fig. 6(b). The
local potential difference is more evenly distributed along the
electrode length, compared with that of CO cell, leading to more
uniform current density distribution, as illustrated in Fig. 7(b). In
addition, the current density of the CU cell exhibits almost sym-
metric distribution. At the beginning of discharge (t ¼ 1 s), the
current density is higher at the two ends of the electrode and
smaller in the cell center. The current density peak propagates from
both ends towards the center as the discharge proceeds. Due to the
symmetric andmore uniform current density distribution, the local
SOC also is lowered more symmetrically and uniformly than that of
CO cell, as shown in Fig. 8(b). The total discharge time of CU cell is
therefore longer than the CO cell because of more uniform utili-
zation of active materials. However, at the beginning of discharge,
due to the longer electrons transport length and hence higher
Ohmic loss than the CO cell, the CU cell has a lower output voltage
than that of CO cell.

The above analysis demonstrates that large-format Li-ion cells,
fabricated in spirally wound structures and equipped with only a
single pair of tabs, exhibit significant power and energy loss. It is
imperative to explore ways to improving cell design in order to
regain the performance corresponding to a coin cell made of the
same materials.
Fig. 5. Simulated 1 C discharge curves of baseline cases and the comparison with coin
cell benchmark.
One solution is to use a plurality of tabs placed strategically on
the current collectors in the electrode length direction. This will
reduce the Ohmic loss along the current collectors and promote the
uniformity of reaction current distribution, thereby improving the
cell performance. The number of tabs, however, should be kept
minimal so as to reduce manufacture cost and increase reliability.
In practice, however, it is largely based on battery designers’
empirical experience to determine how many tabs would be
necessary tomitigate the performance loss. Trial and error has been
widely adopted for battery design, which becomes more expensive
and time consumingwhen used for the design of large-format cells.
The 3D battery model described in the present work is then a
powerful tool for this purpose.

Fig. 9 sketches various multi-tab configurations for CO cell and
CU cell. In the current study, the tabs are evenly spaced on the
current collectors along the electrode length direction. The result-
ing effect is dividing a long electrode into small sections that are
connected in parallel by tabs. Specifically, for the CU design, the
total electrode is divided into (N-1) sections, where N is the total
tab number. The total electrode of the CO design is divided into (N-
2) sections. Fig. 10 shows the effect of tab number on the 1 C
discharge performance of CO and CU cell. It is evident that adding
multiple tabs effectively boosts the performance for both CO and
CU cell. The cell energy densities of the different designs are
compared and listed in Table 3. It is noteworthy that by adding only
one positive tab in the CU cell and two tabs in the CO cell, the
performance for both cell designs can be greatly improved from the
baseline cases. For example, at 1 C discharge, the energy density is
increased from 52% to 89% for the CU cell and from 39% to 80% for
the CO cell, respectively. The same trend holds true for higher C-
rate discharge. Further increasing the tab number would make the
cell performance approach the coin cell benchmark.
Table 3
Comparison of calculated energy density of various cell designs.

1 C discharge 2 C discharge 3 C discharge

Coin cell 100% 87% 75%

Baseline cell
2 tabs (CO) 39% 10% 3.3%
2 tabs (CU) 52% N/A N/A

Multi-tab cell
3 tabs (CU) 89% 68% 62%
4 tabs (CO) 80% 62% 44%
5 tabs (CU) 96% 84% 71%
6 tabs (CO) 97% 84% 71%
7 tabs (CU) 98% 85% 73%
8 tabs (CO) 99% 85% 73%



Fig. 7. Current density distribution on current collectors along the electrode length
direction: (a) CO design cell; (b) CU design cell.

Fig. 6. Solid potential distribution on current collectors along the electrode length
direction: (a) CO design cell; (b) CU design cell.
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It is argued earlier and generally believed that maintaining
uniform current density distribution is critical for boosting the
performance of large-format Li-ion cells. Therefore it is of great
interest to develop a quantitative relationship between the uni-
formity of current density distribution and cell’s overall energy
density.

A quantitative measure of current density uniformity must take
account of the spatial variation of current density along the elec-
trode length. It should also consider the change of the variation
with respect to time, given the fact that discharge/charge of battery
is an intrinsically transient process. In statistics and probability
theory, standard deviation is used to show how much variation
exists from the mean value. Here we define a time-averaged stan-
dard deviation as an index to evaluate the current density distri-
bution uniformity during a discharge/charge process, i.e.

s ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiZt

t0

sðsÞ2ds

Zt

t0

ds

vuuuuuuuuuut
(19)

where s(s) is the instantaneous standard deviation of the local
current density distribution, which can be calculated by
sðsÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 XN 


i ðsÞ � i
�2

vuut (20)

N

i¼1
i avg

where the subscript i represents each control volume discretized in
the computational mesh and N denotes the number of total control
volumes. In practice, the battery model uses finite time steps. Eq.
(20) then becomes,

s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPNt

i¼1 s
2
i $DtiPNt

i¼1 Dti

vuut (21)

where Dti is the i th time step and Nt is the total number of time
steps. Noting that s has the same unit as that of current density, one
can normalize s by the average current density for better com-
parison, which is termed as the current density non-uniformity
factor in later discussions.

Fig. 11(a) shows such a direct link of the cell’s energy density
with the current density non-uniformity factor for CO cells and CU
cells with different tab numbers. It is clearly demonstrated that the
current density uniformity strongly affects the cell’s energy density.
For both designs, as the tab number increases, the current density
distribution becomesmore uniform (indicated by the decrease of s)
and the cell performance, i.e. the energy density, improves
substantially.

Another observation from Fig. 11(a) is that while the both curves
for the CO cell and CU cell indicate strong correlation between the
cell’s energy density and current density non-uniformity factor,



Fig. 8. Local SOC distribution along the electrode length direction: (a) CO design cell;
(b) CU design cell.

Fig. 10. Comparison of discharge performance among different cell designs: (a) CO
design cell; (b) CU design cell.
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they quantitatively differ. Therefore caution must be taken when
comparing cells with vastly different structure designs. Finally it is
worth noting that for cells with current density non-uniformity
factor between 0.1 and 0.2, the cell’s energy density could be
lowered by 10% from its maximum realizable by a coin cell.

The significance of these quantitative results, shown in Fig. 11(a)
for the first time in the literature, is that they point out newways to
increase the cell’s energy density besides material innovations. The
potential through cell architecture innovation is great, amounting
to 50%-level improvement. In addition, Fig. 11(a) quantifies the
importance of achieving uniform current distribution in large-
format Li-ion cells, an engineering topic that has been largely
overlooked. Only recently Zhang et al. [1] began the measurements
Fig. 9. Multiple-tab configuration for the large-format Li-ion cell: (a) CO-design; (b)
CU-design. (The drawing is not to scale.)
of local current density distribution as part of large-format battery
diagnostics.

Inspired by the results shown in Fig.11(a), we have undertaken a
corresponding experimental effort to verify the quantitative rela-
tionship between the cell’s energy density and current density non-
uniformity as discovered in Fig. 11(a). We used a 2.4 Ah lithium iron
phosphate (LFP)/graphite cell fixture that is available in our labo-
ratory and re-configured with a varying number of tabs. Details of
this companion experimental work are described in Ref. [18]. The
present model results are now superimposed with the experi-
mental data of 2.4 Ah LFP/graphite cells in Fig. 11(b). Despite dif-
ferences in size (the 2.4 Ah cell is limited by our fabrication
capability in the lab) and cathode material (LFP cathode has been
extensively developed in our lab), the trend and magnitude of cell
energy density vs. current density non-uniformity are clearly
consistent between the model predictions and experiments. More
quantitative comparisons using the NMC chemistry and the exact
cell size need to be carried out in the future.

Other interesting questions await further research and clarifi-
cation. Do the two curves depicted in Fig. 11(a) for the two extreme
cell structures represent the upper and lower bounds of all cell
designs? Does a fan-shaped correlation between energy density
and current density non-uniformity factor exist universally for
other battery materials? What are parameters, mechanisms or
structures controlling the curve slope and how one can achieve the
smallest slope possible?



Fig. 11. Relationship between cell’s energy density and the current density non-
uniformity. The energy density is for 1 C discharge process and is normalized by the
coin cell energy density, i.e. the maximum achievable energy density with the battery
materials used. (a) Model results for 40 Ah NMC/graphite cells; (b) comparison of
model results for 40 Ah cells with experimental data for 2.4 Ah cells.
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4. Conclusions

Engineering optimization is imperative to boost performance of
large-format Li-ion cells in order to achieve the full potential of
existing battery materials. A multidimensional, electrochemical
and transport coupled model has been applied, for the first time, to
address current density distribution uniquely present in large-
format Li-ion cells. It is shown that for a large-format cell with
spirally wound structure, significant performance loss is induced
compared with the coin cell having the same active materials and
electrode formulation. It is found that the performance loss results
from the electrons transport through long current collectors, which
not only causes large Ohmic resistance, but also creates non-
uniform utilization of active materials. It is further shown that
the tab number and location can mitigate the Ohmic loss, thereby
significantly improving the cell performance. Two tab configura-
tions, namely counter-located (CU) design and co-located (CO)
design, have been proposed and their impact on the cell perfor-
mance has been quantified. We also presented a quantitative cor-
relation between the cell’s energy density and current distribution
non-uniformity and provided preliminary experimental confirma-
tion, for the first time in the literature.
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Nomenclature
A total active area, cm2

Atab tab cross sectional area, cm2

as specific active surface area for an electrode, cm2 cm�3

C nominal cell capacity, Ah
c lithium concentration in phase, mol cm�3

D diffusion coefficient of lithium species, cm2 s�1

F faraday’s constant, 96487 C mol�1

f� mean molar activity coefficient of the electrolyte
Iapp applied discharge current, A
i0 exchange current density, A cm�2

iSOC local state of charge
j volumetric reaction current, A cm�3

k rate constant for an electrode reaction
L length of the electrode, cm
R universal gas constant, 8.3143 J mol�1 K�1

r radial coordinate across a spherical particle, cm
SOC state of charge
T temperature, K
t time, s
t0þ transference number of lithium ion
U equilibrium potential of an electrode reaction, V
W width of the electrode, cm
x coordinate along the electrode thickness, cm
y coordinate along the electrode width, cm
z coordinate along the electrode length, cm

Greek
aa anodic transfer coefficient
ac cathodic transfer coefficient
ε volume fraction of a phase
εI error of charge of balance
h surface overpotential of an electrode reaction, V
k ionic conductivity of electrolyte, S cm�1

kD diffusional conductivity, A cm�1

s electronic conductivity of an electrode, S cm�1

s(s) instantaneous standard deviation of current density
distribution, A cm�2

s time-averaged standard deviation of current density
distribution, A cm�2

f electrical potential in a phase, V

Subscripts
0 initial value
a anode
c cathode
e electrolyte phase
s solid phase

Superscripts
eff effective
Li lithium species
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