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Foreword

Mathematical modeling has become a critical component of battery development.
New batteries are being developed for a host of applications from consumer
electronics to electric vehicles. Consequently, the role of mathematical modeling
in designing and building these new battery cells, modules, and packs has become
critical. Physics-based battery models are being used extensively to determine
design factors that limit the performance of a cell, factors that govern degradation
of a given battery design under prescribed operating conditions, and to estimate
the remaining useful life of cells and packs. As larger form factors emerge, these
models will have to be retooled to incorporate local variations in temperature,
resistance build-up, and other heterogeneities. The need for rapid prototyping and
scale-up in record turn-around times demanded by the electrification of vehicles has
prompted development of a new generation of software tools. These virtual design
platforms integrate geometry, performance, life predictions, and safety assessment
into a comprehensive suite of mathematical modeling tools that Industry can readily
adopt to simulate different case studies to match form factors and chemistries to
target applications.

With feedback from various participants in the supply chain, the U.S. Department
of Energy initiated a dedicated effort to deploy advanced simulation tools for
Computer Aided Engineering for Electric-Drive Vehicle Batteries (CAEBAT). The
program was built upon years of phenomenological model development efforts
by world-class teams comprised of technical experts on mathematical model
development, software companies, and end users with active collaboration from
Industry, Academia, and several National Laboratories. Since then, these tools have
been extensively licensed around the world. This volume is a compilation of some
highlights from this effort.

This volume highlights the rampant growth of the battery modeling industry
giving practical examples of the different toolsets available in the market and
how these have been utilized progressively by the scientific community. There
are instances of current-density distribution measurements that have dominated the
literature on classic electrochemical engineering for decades, and how these are
relevant to evaluate design features in commercial cells of different formats using
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vi Foreword

detailed multidimensional performance models. With access to higher resolution
measurements, quantifying the effects of local heterogeneity at the electrode level
is no longer deemed a mathematical curiosity. Advances in both experiments
and mathematical models are discussed with detailed examples. There are several
instances of deploying mathematical battery models for commercial use covered
by experts in Industry. Starting out with the Multi-Scale Multi-Domain models
that decouple the geometric design of the cell from chemistry-related parameters,
this volume shows practical examples of commercial cell and module design, pro-
viding extensive validation across length scales. Calibration of model parameters,
especially for difficult to obtain mechanical and thermal abuse cases, is discussed
at length. The complex interplay of mechanical, thermal, and electrochemical
phenomena in determining a given cell or module design is highlighted with
practical examples. Gaps in understanding battery safety are also called out using
detailed phenomenological models. This volume concludes with an emphasis on
the high-performance computing aspects of battery modeling, which is an emerging
trend. This chapter provides tangible examples of scale-bridging and discusses
opportunities for data science and machine learning in this data-rich discipline.

Overall, mathematical battery modeling has come a long way in terms of the
sophistication in how the technical details are represented, ease of adoption, as well
as widespread use. As newer cell formats, chemistries, and applications emerge,
this field has grown exponentially to help navigate gaps in our understanding of the
material limitations for example. With increased emphasis on virtual development
and monitoring platforms, the mathematical battery modeling community has
evolved drastically to enable deployment of real-time fault-monitoring systems.
Reliability improvements assisted by extensive mathematical modeling and analysis
of large datasets using an automated pipeline of software tools are becoming the
norm. This volume provides a comprehensive overview of the state-of-the-art in
mathematical battery modeling with an emphasis on practically relevant solutions.

Columbia SC, USA Ralph E. White



Preface

Building a battery has remained as much an art, as it has been precise engineering
through several generations of cell formats, applications, and chemistries. As with
any intricately well-designed system, the scale and range of complexities at the
cross-roads of multiple disciplines provides for a rich set of challenges to tackle.

A carefully thought-out program was initiated by the Vehicle Technologies Office
at the U.S. Department of Energy, with the intent of employing simulation tools
to support technically rigorous and cost-effective design of automotive batteries.
Since their inception, the Computer Aided Engineering for Electric-Drive Vehicle
Batteries (CAEBAT) umbrella of projects have significantly influenced battery man-
ufacturers, original equipment manufacturers (OEMs), and academic researchers
alike. The suite of tools deployed under this effort have been focused on minimizing
the build-and-break cycles associated with battery design while shedding light on
the nuances of process engineering and how they relate to battery performance in
the long run. This volume attempts to provide an up-close look at several aspects
of modeling the performance, life, and safety response of batteries. Building upon a
strong foundation of physics-based models, the emphasis is on delivering practical
tools for the broader battery community.

We did not attempt to cover every aspect of the different projects under CAEBAT,
but rather provide a flavor of how virtual design tools for large format batteries have
evolved under the program. References to earlier publications and webpages are
provided throughout the volume for readers to get a comprehensive understanding
of the models. Chapter 1 provides an excellent overview of the broad range of
computational tools and commercial software that cater to battery engineering.
Beyond discussing the capabilities of the various software tools, this chapter also
serves as an authoritative compilation of the battery modeling literature. Detailed
experimental investigations of heterogeneities in large format cells are discussed
in Chap. 2. These one-of-a-kind measurements help us understand thermal and
electrical limitations across different parts of the cell. The corresponding models
address practical questions that are relevant to scaling up of cell formats. Chapter
3 provides a thorough discussion of electrode engineering that highlight the
importance of design at the mesoscale across multiple battery chemistries. These
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viii Preface

timeless examples showcase the utility of these models for next-generation battery
chemistries. Chapter 4 carefully considers aspects of pack design providing a lot of
experimental results that call attention to the maturity of these modeling tools and
relevance to practical automotive battery design. Chapter 5 covers some of the most
detailed experimental studies on parameterizing mechanical response of batteries,
from cell components all the way to modules. This chapter calls for attention
to detail when setting up abuse tests and provides specific recommendations on
minimizing variability in the test results. In Chap. 6 we discuss our experiences
simulating mechanical deformation under a variety of abuse conditions. We address
some issues frequently called out in this discipline, such as the relationship between
contact resistances and heat generation rates or the influence of aging on the
abuse response of the cells. Chapter 7 emphasizes multi-scale models and high-
performance computing tools to streamline their implementation. The chapter closes
out with a detailed discussion of how artificial intelligence and machine learning
tools interface with large databanks to redefine computer aided battery engineering.
Together, these chapters provide a well-rounded approach to computational design
of batteries.

Lastly, this is very much an effort in progress. Alongside newer chemistries,
mathematical tools to facilitate battery design and analysis are growing by leaps
and bounds. We earnestly hope that the chapters help as much in raising the bar as
they do set the stage up for robust design of batteries.

Golden, CO, USA Shriram Santhanagopalan
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Chapter 2
In Situ Measurement of Current
Distribution in Large-Format Li-Ion
Cells

Guangsheng Zhang, Christian E. Shaffer, Xiao Guang Yang,
Christopher D. Rahn, and Chao-YangWang

Abstract Non-uniform current distributions in large-format Li-ion cells can cause
underutilization of active materials, reduction of usable energy density, non-
uniform heat generation, exacerbated lithium plating, and accelerated degradation.
In situ measurements of current distributions in large-format Li-ion cells not only
reveal local behaviors but also provide spatially resolved data for validation of
electrochemical-thermal coupled models. The insights and models aid the develop-
ment of faster rechargeable, energy denser, safer, and more durable Li-ion batteries.
This work reviews the progress of in situ measurement of current distribution
over the electrode area for large-format Li-ion cells. Direct measurement using
segmented cells, indirect measurement using embedded local potential tabs, and
noninvasive diagnosis with magnetic resonance imaging are discussed. Key findings
from the measurements are then summarized, such as the current distributions under

Statement Parts of this chapter are reproduced with permission from Zhang et al. (2013) J.
Electrochem. Soc. 160, A610 and Zhang et al. 2013 J. Electrochem. Soc. 160, A2299, Copyright
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32 G. Zhang et al.

various operating conditions and cell designs, and the effects of non-uniformcurrent
distributions on local state of charge and usable energy density. Finally, future
research needs are proposed.

2.1 Introduction

Since its commercialization in the early 1990s, Li-ion battery technology quickly
dominated and advanced the portable electronics industry with advantages of high
energy density, low self-discharge, and long cycle life [1–2]. In the past decade,
its application in electric vehicles has proliferated to enable a sustainable energy
future [3]. As compared to applications in portable electronics, Li-ion batteries in
electric vehicles are much larger in size and more demanding in terms of energy
density, power density, safety, durability, and cost. Although much progress has
been made, grand challenges remain [4–5]. In particular, how to unlock the potential
of Li battery materials and to scale up Li-ion cells to hundreds of Ah per cell
without substantial losses in power performance, durability, and safety remains
a key technological challenge. This challenge is exacerbated by the increasing
demand of fast charging [6–9], low temperature operation [10], high energy density,
and robust safety [11–13] driven by wider adoption of electric vehicles in recent
years.

As schematically shown in Fig. 2.1, in large-format Li-ion cells, especially
cylindrical and prismatic ones with long current collectors and limited tabs [14–
15], the path of current through thin metal foil current collectors is not equal at
different locations along the electrodes. Through complex interactions among the
local reaction current, state of charge (SOC), and temperature, non-uniform spatial
distribution of these parameters is inevitable, especially during high rate charging
and discharging. Such non-uniform distributions will lead to underutilization of
active materials loaded in a large cell, thereby drastically reducing its energy
density from the coin cell benchmark [15]. Of equal importance, non-uniform
current distribution can exacerbate localized lithium plating during fast charging
and localized overheating during high rate operation, compromising durability and
safety of large batteries. Therefore, understanding how these critical parameters

Fig. 2.1 Schematic of current flow path in a Li-ion cell with a pair of counter located terminals
during discharging (the schematic is not to scale)
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distribute under various design and operation conditions greatly aids development
of faster rechargeable, energy denser, safer, and more durable Li-ion batteries.

Modeling has been widely used in the research and development of Li-ion
cells to gain insight into electrochemical-thermal coupled phenomena, predict
cell performance and aging, optimize cell design and operation, and accelerate
development of new concepts and strategies [15–26]. But these models need to be
validated against experimental data to be reliable. Considering that critical internal
parameters of local current density, SOC, and temperature are non-uniformly
distributed spatially and temporally in large-format Li-ion cells, multidimensional
models need to be validated against not only overall performance data but also
spatially distributed data.

Therefore, it is important to experimentally measure current density, SOC, and
temperature in large-format Li-ion cells locally, in order to reveal insight about
their distribution characteristics and to provide spatially resolved data for multi-
dimensional model validation. Considering that distribution of those parameters is
transient in nature, in situ measurement is desired.

Supported by US Department of Energy’s CAEBAT program, a research team
at EC Power and The Pennsylvania State University (PSU) measured current
distributions in situ along electrode length using a segmented cell approach [27–28].
Based on the measured current distributions, SOC distributions were obtained. The
team also in situ measured temperature distributions in Li-ion cells [29–30]. The
measurement revealed many insights on Li-ion cells and provided spatially resolved
data for model validation [15]. Since then other work on current distribution
measurement have been reported using Li-ion cells with embedded local potential
measurement tabs [31–33] or using noninvasive magnetic resonance imaging (MRI)
for commercial Li-ion cells [34]. However, further efforts are still needed on
this important topic. In particular, behaviors of current distribution under extreme
conditions with emerging battery materials or designs are not well understood in
spite of their importance to wide adoption of electric vehicles, such as extreme fast
charging [9], low temperature operation [10], and safety abuse conditions [35].

Note that non-uniformity of current distribution in Li-ion batteries exists at
various levels, including module level consisting of parallel-connected cells [36–
37], cell level along electrode length [27–28, 33–34, 38], and electrode level across
electrode thickness [39–41]. In this work, we focus on in situ measurement of
current distribution at cell level along electrode length which is special to large-
format Li-ion cells. In Sect. 2.2, we review the work of direct measurement using
segmented Li-ion cells by the EC Power-PSU team. In Sect. 2.3, we review the
work of indirect measurement using embedded local potential tabs [31–33]. In Sect.
2.4, we review the work of noninvasive diagnosis with magnetic resonance imaging
[34]. In Sect. 2.5, we briefly summarize the progress and propose further efforts to
address the emerging needs of electric vehicle Li-ion cells.
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2.2 Direct Measurement of Current Distribution Using
Segmented Li-Ion Cells

As indicated in Fig. 2.1, if one or both electrodes in a Li-ion cell are electrically seg-
mented, for example, along the dashed lines, local currents in each segment would
be forced to flow separately, allowing direct measurement of current distribution.
The EC Power-PSU team took this approach. This section is a summary of the work
by the team, including both published [27–28] results and previously unpublished
results (Sects. 2.2.2.6, 2.2.2.7 and 2.2.2.8).

2.2.1 Experimental Method Using Segmented Li-Ion Cells

2.2.1.1 Experimental Cell with Segmented Positive Electrode

Figure 2.2 shows schematically the experimental cell used in studies by the EC
Power-PSU team [27–28]. The experimental cell consists of one intact negative
electrode (with active material coated on both sides of a Cu foil), two layers of
separators, and ten positive electrode segments (with active material coated on both
sides of an Al foil). The negative electrode has only one tab, which serves as the
negative terminal of the cell. Every positive electrode segment has two tabs, with
only one tab per segment used in study [27] and both tabs per segment used in study
[28]. The intact negative electrode and separators are folded in a serpentine manner,
(Z-fold) with one positive electrode segment sandwiched inside each fold.

In the experimental cell, positive and negative electrode active materials are
lithium iron phosphate (LFP) and graphite, respectively. The separator is Celgard®

2320 PP/PE/PP membrane (20 µm thick). The electrolyte is 1.2 M LiPF6 in
EC:EMC:PC (45:50:5 v%). The positive electrode coating (each side) is 64 µm
thick, and negative electrode is 43 µm thick. The Al foil current collector is 15 µm
thick, and the Cu foil is 10 µm thick. Every positive electrode segment is 150 mm
long and 56.5 mm wide (the coated area). The negative electrode is ~1.8 m long.
The electrode-separator sandwich is assembled in a pouch. After electrolyte filling,
the pouch cell is sealed with 1 negative terminal and 20 positive terminals exposed
to the outside. The cell has a nominal capacity of 2.4 Ah.

2.2.1.2 Experimental System

Figure 2.3 shows a schematic of the experimental system in study [27]. Note that
the experimental Li-ion cell is shown unfolded and simplified in the schematic
for clarity. The ten positive electrode segments are connected in parallel to a
low-resistance bus wire, each through a shunt resistor (PLV7AL, 2 m� ± 0.5%,
Precision Resistor Co., USA) for local current sensing. A low resistance meter
(3560, Hioki, Japan) is used to ensure that the resistance of shunt and connecting
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Fig. 2.2 Schematic of experimental Li-ion cell with segmented positive electrode (not to scale).
(Adapted with permission from Ref. [27] Copyright 2013 The Electrochemical Society)

Fig. 2.3 Schematic of experimental system for current distribution measurement (The experimen-
tal Li-ion cell is shown unfolded and simplified in the schematic for clarity; arrows represent
current flow during discharge). (Reused with permission from Ref. [27] Copyright 2013 The
Electrochemical Society)

wires is the same for every channel (4.0 ± 0.1 m�) and resistance of the bus wire
is negligible (<0.1 m�). By connecting the positive electrode segments in parallel
and making resistance from the positive terminal bus to the Al tab uniform for each
local channel, the effects of Al foil on current distribution can be suppressed so
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as to focus on the effects of the Cu foil current collector. Note that DC internal
resistance of each cathode segment and corresponding anode is estimated to be more
than 800 m� using a method based on cell open circuit voltage and cell voltage
at 10 s into C/5 discharge at room temperature [42]. Therefore, the influence of
additional resistance from the shunt resistor (4.0 ± 0.1 m�) is negligibly small as
comparedwith the DC internal resistance of each segment. Also note that in present-
day designs, commercial Li-ion cells with negative electrodes as long as 1.8 m
would rarely have only one tab for the electrode due to excessive resistance. So the
current distribution in this experimental Li-ion cell is more non-uniform than that
in a commercial cell with similar size. But the mechanisms of non-uniform current
distribution due to current collector resistance are the same. The experimental setup
in this study can separate and amplify the effects of the current collector to reveal
insights on current distribution in Li-ion cells. Even for commercial Li-ion cells, the
resistance of current collectors can influence current distribution during high current
charging and discharging. The experimental setup in study [28] has different tab
configurations, which will be described in Fig. 2.17.

2.2.2 Results from Segmented Li-Ion Cell

2.2.2.1 Overall Cell Performance

Figure 2.4 shows voltage of the experimental cell during discharge at various C rates
[27]. Open circuit voltage (OCV) of the cell at different stages of discharge is also
shown, which are obtained by discharging the cell at C/10 intermittently followed

Fig. 2.4 Voltage of the experimental Li-ion cell during discharge at various C rates at room tem-
perature (21 ◦C). (Adapted with permission from Ref. [27] Copyright 2013 The Electrochemical
Society)
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Fig. 2.5 Spatial-temporal current distribution during 1C discharge at 21 ◦C. (a) Variation of local
currents with both location and overall SOC; (b) Variation of local currents and cell voltage with
overall SOC; (c) Spatial current distribution at different SOC. (Adapted with permission from Ref.
[27] Copyright 2013 The Electrochemical Society)

by a rest period of 1 h. The cell voltage and discharge capacity decreased with
increasing C rate, which was attributed to higher ohmic and kinetic overvoltage at
higher current. The OCV variation was attributed primarily to open circuit potential
(OCP vs. Li/Li+) variation of graphite [43] because LFP has a flat OCP curve in a
wide range of state of charge (SOC) [44].

2.2.2.2 Current Distribution During 1 C Discharge at Room Temperature

Figure 2.5a shows the measured spatial-temporal current distribution during 1C
discharge at room temperature (21 ◦C). Note that local currents are made dimen-
sionless after being normalized by the average current for convenient comparison
among different cases. The discharge time is made dimensionless by using the
cell overall SOC to indicate discharge progress. Location of each segment is made
dimensionless using relative distance from the negative terminal of the experimental
Li-ion cell. Figure 2.5b shows temporal variation of each local current, with average
current (equal to the unity after normalization) and cell voltage also shown in the
figure. Figure 2.5c shows spatial distribution of local currents at different levels of
cell SOC, using the local currents data extracted from Fig. 2.5b. Current distribution
is not uniform from beginning of discharge and evolves significantly as discharge
proceeds. Initially, segments closer to the negative terminal produce higher local
currents than those farther away, i.e., I1 > I2 > I3 . . . > I10. As discharge continues,
local currents in segments with higher initial values generally decrease, while those
with lower initial values increase, which leads to an entirely different pattern of
current distribution near the end of discharge (I1 < I2 < I3 . . . ). Note that I9 is almost
always slightly higher than I10, which was attributed to that segment 9 had slightly
higher capacity than other segments [27].

The very non-uniform current distribution at the beginning of discharge was
attributed to the resistance of the negative current collector (~55 m�) [27]. As
schematically shown in Fig. 2.3, current flows in the Cu foil from the negative
terminal to the other end and gradually decreases along the flow direction as
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local currents enter the negative electrode. As the current flows in, considerable
potential drop along the Cu foil occurs due to its resistance. On the other hand,
potentials of segments on the positive side (joint of shunt resistor with bus wire)
are essentially equal due to negligible resistance of the bus wire. Consequently, the
local overvoltage is smaller for segments farther from the negative terminal, thereby
driving lower current according to electrochemical kinetics (e.g., Butler-Volmer
equation) [45]. Therefore, the farther a segment is from the negative terminal, the
smaller the local overvoltage is, and the lower current it generates. Higher SOC
remains in regions far away from the negative terminal.

As discharge proceeds, the regions farther away from the negative terminal
maintain higher SOC, and thus higher OCV, due to less current generation earlier
and hence produce higher local currents later. The dramatic variation of local
currents during late stages of discharge can be attributed to the counteracting
effects between potential drop along the Cu foil and the local SOC (or OCV) non-
uniformity. The two effects counteract, tending to balance the current distribution.
Therefore, local currents in segments with higher initial values would decrease,
while local currents in segments with lower initial values would increase. When
the effect of local SOC (or OCV) overrides the effect of the ohmic potential drop
along the Cu foil, in the case near the end of discharge, the current distribution
would reverse in pattern, becoming entirely different from that at the beginning
of discharge. As will be shown in Fig. 2.11a, local SOC during discharge can be
estimated from local currents data, and the results agree with this explanation very
well.

2.2.2.3 Effects of Discharging C Rate on Current Distribution

Discharge C rate was found to have significant effects on current distribution
[27]. Figures 2.6 and 2.7 show results of current distribution during C/5 and 4C

Fig. 2.6 Current distribution during C/5 discharge at 21 ◦C. (a) Variation of local currents with
both location and overall SOC; (b) Variation of local currents and cell voltage with overall SOC.
(Adapted with permission from Ref. [27] Copyright 2013 The Electrochemical Society)
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Fig. 2.7 Current distribution during 4C discharge at 21 ◦C. (a) Variation of local currents with
both location and overall SOC; (b) Variation of local currents and cell voltage with overall SOC.
(Adapted with permission from Ref. [27] Copyright 2013 The Electrochemical Society)

Fig. 2.8 Maximum difference in local current during different C rate discharge at 21 ◦C. (Adapted
with permission from Ref. [27] Copyright 2013 The Electrochemical Society)

discharge, respectively, for comparison with results at 1C. It can be seen clearly that
local currents spread less during lower C-rate discharge, indicating more uniform
current distribution. This trend can be more clearly seen from Fig. 2.8, in which the
differences between I1 and I10 during different C rate discharge are plotted together.
Segments 1 and 10 are most apart along the negative current collector, and I1 and
I10 are most different, so their difference, i.e., the maximum �I, can be used to
represent the non-uniformity of current distribution in the experimental cell.

The effects of C-rate on current distribution were also attributed to the opposing
effects of potential drop along the Cu foil and the local SOC (or OCV) non-
uniformity [27]. During low C rate discharge (C/5), potential drop along the Cu
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foil is so small that the local current distribution is controlled by local SOC (or
OCV) non-uniformity. Indeed, a wavy pattern, evident from Figs. 2.6 and 2.8 results,
reflective of multiple plateaus and frequent slope changes seen in the OCV vs.
SOC curve. During high C rate discharge (4C), the potential drop along the Cu
foil, amounting to ~20 times larger than that during C/5 discharge, would dominate
the local current distribution. This dominance by the ohmic potential drop creates
smoothly varying patterns, as can be seen clearly from Fig. 2.8 for the cases of
1C, 2C, and 4C. It was hypothesized that a battery operated in close vicinity to the
equilibrium features a wavy current distribution, while a battery operated far away
from the equilibrium would exhibit a monotonic variation.

2.2.2.4 Effects of Ambient Temperature

Ambient temperature was also found to have significant influences on current
distributions [27]. Figures 2.9 and 2.10 show the current distribution at 0 ◦C and
45 ◦C during 1C discharge. Comparison with the results at 21 ◦C, as shown in
Fig. 2.5, clearly indicates lower overall performance but more uniform current
distribution at lower ambient temperature. This interesting phenomenon can be
mainly attributed to the effects of temperature on the internal resistance of Li-ion
battery cells, which includes the ohmic resistance, the charge transfer resistance,
the resistance of SEI, and mass transport resistances. Previous studies show that the
charge transfer resistance, SEI resistance [46–47], and electrolyte resistance [48]
increase dramatically at lower temperature while the ohmic resistance of the Al and
Cu foils change little (actually decrease slightly [49]). Using open circuit voltage
and cell voltage at 10 s of discharge, it can be estimated that internal resistance of
the cell at 0 ◦C is approximately 60% higher than that at 21 ◦C. As suggested in
Fig. 2.3, higher battery sandwich resistance at lower temperature would make the
effects of ohmic potential drop along the Cu and Al foils less significant on the

Fig. 2.9 Current distribution during 1C discharge at 0 ◦C. (a) Variation of local currents with
both location and overall SOC; (b) Variation of local currents and cell voltage with overall SOC.
(Adapted with permission from Ref. [27] Copyright 2013 The Electrochemical Society)



2 In Situ Measurement of Current Distribution in Large-Format Li-Ion Cells 41

Fig. 2.10 Current distribution during 1C discharge at 45 ◦C. (a) Variation of local currents with
both location and overall SOC; (b) Variation of local currents and cell voltage with overall SOC.
(Adapted with permission from Ref. [27] Copyright 2013 The Electrochemical Society)

current distribution. Therefore, the current distribution would be more uniform at
lower temperature. Obviously, higher internal resistance would reduce the overall
performance of the experimental cell due to higher overvoltage at the same current.
The cell resistance at 45 ◦C is estimated to be approximately 25% lower than that at
21 ◦C, so the better overall performance yet more non-uniform current distribution
at 45 ◦C also agrees with the explanations.

2.2.2.5 Local SOC Distribution Calculated from Current Distribution
Data

With information on local currents, discharged capacity of every segment was
calculated by integrating local current in time from beginning of discharge. Then
local SOC was obtained by taking capacity of local segment during C/5 discharge
as reference of SOC = 100% [27]. Figure 2.11a shows distribution of local SOC at
different overall SOC during 1C discharge. As expected, the SOC distribution first
becomes more and more non-uniform as discharge proceeds due to the higher local
currents closer to the negative terminal, and then the SOC distribution becomes less
non-uniform as discharge approaches end of discharge due to the reversal of current
distribution.

It is interesting to note that the SOC distribution is still not uniform at cutoff for
1C discharge. This phenomenon is even more obvious at higher C rates, as can be
seen from Fig. 2.11b, which shows SOC distribution at cutoff for different C rate
discharge. For the 4C discharge, local SOC of segment 1 is around 30%, while that
of segment 10 is higher than 60%. Such highly non-uniform SOC distribution at
cutoff significantly underutilizes the active materials loaded in the battery, thereby
reducing its energy density. Indeed, the very high SOC of segment 10 suggests that
active materials in certain locations are largely underutilized, a significant waste of
battery materials.
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Fig. 2.11 (a) Local SOC distribution at different overall SOC during 1C discharge at 21 ◦C;
(b) Local SOC distribution at cutoff during different C rate discharge at 21 ◦C. (Adapted with
permission from Ref. [27] Copyright 2013 The Electrochemical Society)

2.2.2.6 Internal Balancing Current After Discharge and Its Effects
on Local SOC Distribution

Li-ion cell OCV depends on SOC. Figure 2.12 shows such dependence for the
experimental Li-ion cell. It is clear that the OCV generally decreases with SOC
except a few plateaus as typical for LFP-Graphite cell. The non-uniform local
SOC distribution at cutoff shown in Fig. 2.11 suggests non-uniform local OCV. As
schematically shown in Fig. 2.12, such local OCV difference would cause internal
balancing current flow. For example, the local SOC of segment 1 is around 30%,
while that of segment 10 is higher than 60% at the end of 4C discharge. The local
OCV of segment 1 would be nearly 40 mV lower than that of segment 10. Such an
OCV difference would drive internal current flow between segment 1 and segment
10 until their OCV become the same. During the balancing process, segment 1
would be charged, while segment 10 is being discharged. Similar phenomena would
occur to other segments depending on the OCV difference.

The internal balancing currents were indeed observed in the experiments. Figure
2.13a, b shows the internal balancing current after 1C discharge and 4C discharge,
respectively. To reflect the magnitude of internal balancing current, local C rate
is used. Note that during balancing, the total current is zero, while local currents
are negative or positive. Positive local current means the corresponding segment
is being discharged, while a negative local current means the segment is being
charged. It can be seen that in both cases, segments closer to negative terminal (1–
4) are charged, while segments further away from the negative terminal (6–10) are
discharged, corresponding to the non-uniform SOC distribution shown in Fig. 2.11.
It is interesting to note that internal balancing takes longer time after higher C rate
discharge. After 1C discharge, it took less than 1200 s for all local internal balancing
currents to become smaller than 1 mA (C/240). In comparison, after 4C discharge,
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Fig. 2.12 (a) OCV of the experimental Li-ion cell at different SOC; (b) Schematic of internal
balancing current flow in experimental Li-ion cell after discharge

Fig. 2.13 Local internal balancing currents and cell voltage (a) after 1C discharge and (b) after
4C discharge

the internal balancing current in segment 1 was still larger than 1 mA after 3600 s of
rest. It is also interesting to note that the recovery of OCV corresponds to decrease
of internal balancing current, suggesting that internal balancing current plays an
important role in OCV recovery during rest.

As expected, the internal balancing currents reduce non-uniformity of local SOC
distribution. Figure 2.14 shows the cell local SOCs at cutoff voltage (solid lines) and
after balancing (dashed lines, after all local currents become smaller than 1 mA).
Notably, in Fig. 2.14, the 1C green curves correspond with the resting highlighted
in Fig. 2.13a, and the 4C magenta curves correspond with the resting shown in Fig.
2.13b. For the 1C discharge, we observe in Fig. 2.14 that the cell SOC is nearly
uniform after balancing. However, it is important to note in Fig. 2.13a that after
3600 s of rest, the cell voltage is still recovering toward ~3.1 V at a rate of 5 µV/s.
The relatively quick balancing of the local SOC after 1C discharge (compared
with the 4C discharge) can no doubt be attributed in part to the fact that the cell
was not significantly out of balance at the end of the 1C discharge. However, the
observation that the voltage is still recovering as the cell nears a state of balance
is an interesting one. This can most likely be attributed to the significant slope
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Fig. 2.14 Local SOC distribution in the experimental Li-ion cell before and after balancing

of the OCV-SOC curve at ~3.1 V (see Fig. 2.12), i.e., a small change in SOC is
accompanied by a large change in OCV. Compare this observation with the resting
after 4C discharge. As shown in Fig. 2.13b and magenta curves in Fig. 2.14, the
cell remains at a significantly imbalanced after 3600 s of rest for 4C discharge, even
though the voltage recovery rate (dV/dt) is as small as 0.5 µV/s at 3600 s. This
behavior after 4C discharge can most likely be attributed to the shape of the OCV-
SOC curve which has a significant slope between ~20% and 40% SOC but a much
flatter slope between ~40% and 80% SOC. Therefore, significant SOC imbalance
can be maintained in a Li-ion cell with LFP electrode if the local SOC distribution
is the range with flat OCV. Indeed, the flat OCV-SOC behavior was previously
used to freeze non-uniform SOC distribution in Li-ion cells with LFP cathode for
ex situ measurement [50]. Consisting of lithium anode and LFP cathode, the cell
was charged to 50% SOC, and then the LFP electrode was removed from the cell
to be scanned by synchrotron X-ray microdiffraction. Significant non-uniformity
of charge distribution was preserved and observed in the LFP electrode. Both the
relatively lower currents of sections 5–10 (local SOC > ~50%) in Fig. 2.13b, and
the more significant recovery of SOC during rest for smaller (x/L) regions compared
with the higher (x/L) sections, are also consistent with this argument.

These results imply that using nearly rested voltage as an indicator of cell internal
balance may not be reliable. More specifically, the dV/dt tolerance to consider cell
balancing may need to depend on the slope of the OCV-SOC curve in the region
to which the voltage is resting. The recent battery excitation likely also plays a role
in how appropriate a nearly rested voltage is in indicating a truly balanced battery.
Further exploration of this phenomena is necessary.
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Fig. 2.15 Spatial-temporal current distribution during charging at 21 ◦C. (a) Variation of local
currents with both location and overall SOC; (b) Variation of local currents and cell voltage with
overall SOC; (c) Spatial current distribution at different overall SOC

2.2.2.7 Current Distribution During Charging

Figure 2.15 shows current distribution during charging at constant current of 1.5A,
corresponding to 0.625C, followed by 3.6 V constant voltage charging until current
drops to 0.02C. Due to change of charging current at constant voltage stage, local
C rate is used to describe local currents. Similar to that during discharging, local
current distribution is non-uniform during charging, especially at the beginning
and end of constant current charging when cell voltage changes dramatically with
SOC. Such non-uniform current distribution could dramatically exacerbate lithium
plating during extreme fast charging that is actively pursued by EV industry. So
further research on this would be particularly important. It is interesting to note that
the trend of spatial current distribution is similar in both constant-current charging
and discharging by comparing Figs. 2.5 and 2.15. At initial stages of charging or
discharging, it is always segments closer to the negative terminal that experience
higher local C rate. Since electrode materials degrade faster at higher C rate, it can
be expected that such non-uniform current distribution could accelerate degradation
of Li-ion cells.

2.2.2.8 Current Distribution During Partial Charging and Discharging

Li-ion cells in EV applications are not always fully charged or fully discharged. To
investigate the effects of partial charging and discharging on current distribution,
the experimental cell was cycled between 40% SOC and 60% SOC at 1C constant
current three times. Before the cycling, the Li-ion cell was firstly fully charged, then
discharged at C/5 to 60% SOC, followed by 1C discharge to 40% SOC, and then rest
for 2 h. Figure 2.16 shows current distribution and cell voltage during such partial
charging and discharging. Note that negative local C rate indicates the segments are
charged. It can be seen that the current distribution behaviors are highly symmetrical
during partial discharging and charging. Segments closer to the negative terminal
always have higher local currents than those away from the negative terminal. For
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Fig. 2.16 Current distribution during partial charging and discharging cycling. (a) 1C charging
from 40% SOC to 60% SOC; (b) 1C discharging from 60% SOC to 40% SOC

example, the local C rate of segment 1 ranges from 1.3 to 1.6, while that of segment
10 ranges only from 0.7 to 0.85. Even internal balancing currents are not enough to
restore the non-uniformity. Such non-uniform current distribution and non-uniform
material utilization would not only cause waste of material in locations far away
from the tabs but also cause accelerated degradation of materials in locations closer
to the tabs. Further investigation of how non-uniform current distribution influences
degradation is needed to test this hypothesis.

2.2.2.9 Effects of Tab Configuration on Current Distribution and Usable
Energy Density

Tab number and configurations have strong influence on performance of Li-ion
batteries [14–15, 51]. But no quantitative relationship between cell energy density
and current distribution was established experimentally in the literature. The EC
Power-PSU team hypothesized that the effects of tab configurations on the energy
density of Li-ion battery can be attributed to the effects on current distribution and
experimentally validated the hypothesis.

Figure 2.17 shows schematically five tab configurations, all with the same
negative tab but different positive tab configurations: ten positive tabs in parallel,
five positive tabs in parallel, two positive tabs in parallel, one positive tab located
counter to the negative tab, and one positive tab located at the same end of
negative tab. When multiple positive electrode segments are connected in series,
the additional resistance of positive tabs and shunt current sensors make the total
resistance of positive current collector in this segmented cell much higher than
that of a non-segmented cell. Therefore, the current distribution in this segment
cell would be much more non-uniform than that in a non-segmented cell. It should
be noted, however, that numerical models validated by the distribution data in this
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Fig. 2.17 Schematic of cell configurations with different positive tab numbers and locations.
(Reused with permission from Ref. [28] Copyright 2013 The Electrochemical Society)

work can be used to explore various cases, including the case that both positive and
negative electrodes are non-segmented.

Figure 2.18 shows overall performance of the experimental cell with different
tab configurations. For convenience of comparison, the discharge capacity with 10-
positive-tab configuration is used to calculate overall depth of discharge (DOD) for
all the cases. Thus, the overall DOD in 10-tab case is set as 100%. As expected,
tab number and location have significant effects on the overall performance of the
experimental Li-ion cell. The cell voltage and discharge capacity are generally lower
with fewer tabs, although the difference between 5-tab case and 10-tab case is very
small. With same positive tab number, the 1-tab-co-located case has initially higher
but then lower cell voltage than the 1-tab-counter-located case.
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Fig. 2.18 Overall performance of the experimental Li-ion cell with different positive tab configu-
rations. (Reused with permission from Ref. [28] Copyright 2013 The Electrochemical Society)

It is easy to understand that the generally lower cell performance with fewer
tabs results directly from higher cell resistance. But the difference between 1-
tab-coutner-located case and 1-tab-co-located is not straightforward from overall
performance comparison. Instead, it can be clearly explained by current distribution
results in the two cases.

Figure 2.19 shows current distribution in the 1-tab-countered-located case. It can
be seen that local current in segment 10 has the highest initial value and becomes

Fig. 2.19 Current distribution during discharge in 1-tab-counter-located configuration. (a) Vari-
ation of local currents with both location and overall SOC; (b) Variation of local currents and
cell voltage with overall SOC. (Adapted with permission from Ref. [28] Copyright 2013 The
Electrochemical Society)
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lowest near the end of discharge. The non-uniform current distribution at beginning
of discharge can be attributed to the effects of current collector resistance, especially
the positive side. Local currents in segments 1–9 must flow through downstream
segments, and the positive side resistance of downstream segments tends to make
upstream local currents lower and downstream local currents higher. In this experi-
mental cell, the resistance of current collector on positive side consists of segment
aluminum foil resistance, segment tab resistance, and current sensor resistance,
making positive side resistance higher than the negative side. As a result, the effects
of positive side resistance on current distribution are dominant, and segment 10
generates the highest initial local current. Nevertheless, the counteracting effects
of negative side current collector resistance can be still observed from the initial
current distribution, in which segments 1 and 2 generate higher local currents than
segment 3. Higher initial local current leads to faster depletion of active material. So
the local current in segment 10, which has highest initial value, quickly depletes and
becomes lowest. The depletion then propagates upstream as discharge proceeds.

Figure 2.20 shows current distribution in the 1-tab-co-located case. From
comparison with Fig. 2.19, it can be seen that the current distribution in this
case is almost opposite to that in the 1-tab-counter-located case, and the current
distribution is even less uniform. Difference of current distribution in the two
cases can be attributed to how the effects of positive current collector resistance
and negative current collector resistance interact. As discussed above, in the 1-
tab-counter-located case, the effects of positive side resistance and negative side
resistance are counteracting. In the 1-tab-co-located case, however, the effects are
synergizing, both favoring higher local currents in upstream segments. Therefore,
in the 1-tab-co-locate case, the local current in segment 1 is exceptionally high and
that in segment 10 exceptionally low during initial period of discharge. As discharge

Fig. 2.20 Current distribution during discharge in 1-tab-co-located case. (a) Variation of local
currents with both location and overall SOC; (b) Variation of local currents and cell voltage
with overall SOC. (Adapted with permission from Ref. [28] Copyright 2013 The Electrochemical
Society)
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proceeds, the stored energy in segment 1 is more quickly depleted, and the local
current quickly becomes the lowest.

With detailed results of current distribution in the 1-tab-co-located case and
the 1-tab-counter-located case, the difference of overall cell performance shown
in Fig. 2.17 can be clearly explained. Initially, a great portion of total current is
generated in upstream segments in the 1-tab-co-located case, while the situation is
opposite in the 1-tab-counter-located case. So the average travel distance of local
currents through the positive and negative and current collectors is much shorter
in the 1-tab-co-located case. Consequently, the average resistance is lower. With
the battery cell discharged at the same total current, the voltage drop is lower
in 1-tab-co-located case, resulting in increased utilization. As discharge proceeds,
however, stored energy in upstream segments is depleted quickly due to very high
initial local currents. As the depletion moves downstream, reactions in downstream
segments are accelerated to keep the total current constant. As a result, the average
travel distance of the total current becomes longer, with the average resistance and
voltage drop becoming higher. The variation of current distribution, the average
travel distance of total current, and the average resistance is essentially opposite in
the 1-tab-counter-located case. Therefore, the difference of cell voltage between the
two cases becomes smaller as the discharge proceeds. Eventually the cell voltage in
the 1-tab-co-located case becomes equal to, and then lower than, that in the 1-tab-
counter-located case.

The very non-uniform current distribution in 1-tab-co-located case suggests two
potential problems. First, energy storage materials in downstream segments are
significantly underutilized, leading to reduced energy density, an undesired waste.
Second, electrodes closer to tabs produce higher local currents (higher C rate)
than average and experience faster depletion during discharge, even overdischarge
of active materials. Previous studies showed that a Li-ion cell degrades faster for
higher C rate and higher DOD [52–53], so electrode materials near tabs are likely
to degrade faster, eventually causing the whole cell to degrade faster than a cell
with uniform current distribution. Therefore, improving current distribution in Li-
ion cells through design optimization is beneficial for energy density and durability,
both of which are major challenges for electric vehicle applications. Correlating
current distribution non-uniformitywith degradation through in situ measurement of
current distribution in aging tests can provide more insights about large-format Li-
ion cell degradation. Further research efforts along these directions are warranted.

The non-uniform utilization of active materials in 1-tab-co-located case is further
demonstrated in Fig. 2.21, in which DOD distributions at cutoff in different cases
are compared. It can be seen that the DOD distribution in the 10-tab and 5-tab
cases are very similar and rather uniform, with only downstream segments slightly
underutilized. In comparison, some segments are much less utilized in other cases
depending on the tab configuration, particularly in the 1-tab-co-located and 1-tab-
counter-located cases. It is interesting to note that local DOD of upstream segments
in the 1-tab-co-located case is very similar to the 10-tab case and 5-tab case, while
that of downstream segments is much lower. This clearly shows the effects of current
distribution on energy utilization of Li-ion cell.
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Fig. 2.21 Comparison of local DOD distribution at cutoff with different tab configurations.
(Reused with permission from Ref. [28] Copyright 2013 The Electrochemical Society)

The very similar overall performance, current distribution, and DOD distribution
in 5-tab case and 10-tab case suggests that excessive tab number helps little. Actu-
ally, excessive tabs increase the complexity and cost of battery cell manufacturing,
which is not desired.

2.2.2.10 Correlation Between Energy Density and Current Distribution
Non-uniformity

The current distribution and DOD distribution results in Fig. 2.21 indicate that
non-uniform current distribution lead to underutilization of active materials and
lower energy density. To establish the correlation between non-uniform current
distribution and energy density more clearly, discharge energy is plotted as a
function of current distribution non-uniformity factor [15] in Fig. 2.22. Discharge
energy is normalized by that during C/5 discharge with 10-tab configuration,
which is assumed to be the maximum energy available from the experimental
cell. It can be seen that the normalized energy decreases almost linearly with the
increase of current distribution non-uniformity factor. It demonstrates a significant
effect of current distribution non-uniformity on energy density and the importance
of improving current distribution uniformity in energy-dense Li-ion batteries for
vehicle energy storage.

The experimental correlation between usable energy density and current distribu-
tion non-uniformity results was later used by Zhao et al. [15] to validate numerical
models. As shown in Fig. 2.23, the model results of 40 Ah Li-ion cells were
superimposed with the experimental data of the 2.4 Ah LFP/graphite cell. The
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Fig. 2.22 Normalized discharge energy vs. current distribution non-uniformity factor. (Reused
with permission from Ref. [28] Copyright 2013 The Electrochemical Society)

Fig. 2.23 Comparison of modeling results for 40 Ah cells by Zhao et al. [15] with experimental
data for 2.4 Ah segmented Li-ion cell. (Reused with permission from Ref. [15] Copyright 2014
Elsevier B.V)

energy density was for 1 C discharge process and was normalized by the coin
cell energy density, i.e., the maximum achievable energy density with the battery
materials used. Despite differences in size and cathode material, 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.
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2.3 Indirect Diagnosis of Current Distribution Through
Local Potential Measurement

As schematically shown in Fig. 2.1, when current flows in copper foil and aluminum
foil current collectors, there will be electric potential change along the length
of current collectors due to ohmic resistance. By measuring distribution of local
potential along the foils, it is possible to estimate local currents through numerical
models. A team at Technical University of Munich (TUM) and their collaborators
[31–33] took this approach, firstly using a modified commercial cylindrical cell [31–
32] and then using a specially developed single-layered pouch cell [33]. The team’s
work is reviewed in this section.

2.3.1 Experimental Method Using Modified Commercial
Cylindrical Cells

Figures 2.24 and 2.25 show schematic and pictures of cylindrical cell before and
after modification by Osswald et al. [31]. Before modification, there are four parallel
connected tabs on negative electrode (A1–A4) and four parallel connected tabs on
positive electrode (C1–C4). External current is applied to the cell through all the
tabs, and only one voltage can be measured. After modification, the four tabs on
each electrode are separated. External current is applied only through one pair of
tables (A1 and C1) in the study, creating a co-located tab configurationwhich would
create more non-uniform current distribution than other tab configurations [15, 28].
The modification allows for voltage measurements at four different positions of the
electrode, which are used to validate models and simulation of local current densities
[32].

The cylindrical cells used for modification purposes are commercially available
26650 format cells with a nominal capacity of 2.5 Ah and an average discharge
voltage of 3.3 V. The cathode has an overall length of 1.69 m, the anode 1.75 m, and
each electrode has four almost equidistant current collecting tabs. The aluminum
current collector is 20 µm thick, and the copper current collector is 13 µm thick.
Lithium iron phosphate is used for the cathode’s active material, and graphite is
used for the anode. More experimental details are also reported [31].

2.3.2 Results from Modified Commercial Cylindrical Cell

Figure 2.26 shows measured and simulated voltages at each of the four tab pairs
of the modified cell during 0.5C, 1C, and 2C discharge at room temperature. It
can be seen that local voltage measured at tab 1 is significantly lower than those
at other locations and the difference increased at higher C rate. The results clearly
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Fig. 2.24 Schematic and operation mode of experimental cell by Osswald et al. [31]. (a) Before
modification all four tabs on each electrode (A1–A4 on negative electrode and C1–C4 on positive
electrode) are connected in parallel and applied external current; (b) After modification tabs are
separated, allowing voltage measurements at four different positions, and only outermost pair of
tables (A1 and C1) is applied external current; (c) Locations of tabs. (Reused with permission from
Ref. [31] Copyright 2015 The Electrochemical Society)

demonstrated the effects of current collector resistance on local voltage distribution,
which would influence current distribution. Note that when tab 1 voltage reached
cutoff value of 2.4 V at the end of 2C discharge, other tab voltages are still 2.8 V
and above, suggesting underutilization of capacity in regions farther away from
terminals [32], consistent with the EC Power-PSU team’s findings on co-located
tab configuration [15, 28].

Figure 2.27 shows simulated current density in electrodes at each of the four tab
pairs corresponding to the voltage results in Fig. 2.25. It can be seen that the trend of
current distribution is consistent and similar to that measured by the EC Power-PSU
team with co-located tab configuration. Local current densities in region closest to
terminals are highest at beginning of discharge but quickly decrease due to depletion
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Fig. 2.25 Pictures of experimental cell by Osswald et al. [31] (a) Opened on the negative electrode
with four tabs connected; (b) Opened on the negative end with current tabs separated; (c) Opened
on the positive electrode with current tabs separated. (Reused with permission from Ref. [31]
Copyright 2015 The Electrochemical Society)

of local SOC. Then local current densities in regions further away from the terminals
increase correspondingly and then also decrease due to depletion of SOC. Such a
distinct trend is governed by the same mechanism, i.e., nonlinear decrease of local
open circuit voltage with SOC, primarily from the graphite anode.

2.3.3 Experimental Method Using Single-Layered Pouch
Li-Ion Cell

As shown in Fig. 2.28, Erhard et al. [33] developed a single-layered pouch cell
with ten tab pairs at each edge for potential distribution measurement. There is
also a reference tab pair at the left and right side of the cell to be connected to
battery tester. The current collectors are 500 mm long and 100 mm wide. The
aluminum current collector is 20 µm thick, and the copper current collector is
18 µm thick. Compared with the segmented pouch cell by the EC Power-PSU
team and the cylindrical cell used by the same TUM team, the length of current
collector in this work is much shorter but still comparable to large-format pouch
cells in which electrodes are stacked instead of being wounded. The copper foil in
this work is thicker than normally used which could influence current distribution
behaviors. A unique feature of this experimental cell is single-layered structure,
which can dramatically reduce effects of non-uniform temperature distribution and
heat generation on current distribution as experienced in the large cylindrical cell
[32].

The cell comprises a LiNi0.33Mn0.33Co0.33O2 (NMC) cathode and a graphite
anode with nominal capacity of 0.8 Ah. NMC is increasingly used in EV appli-
cations, and its open circuit potential behavior is different from LFP cathode, which
would influence current distribution behaviors.
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Fig. 2.26 Measured and simulated voltages across each of the four tab pairs during (a) 0.5C, (b)
1C, and (c) 2C discharge at room temperature. (Reused with permission from Ref. [32] Copyright
2015 The Electrochemical Society)

Figure 2.29 shows schematically the team’s experimental setup [33]. In their
study, the current from the battery tester was only applied at one of the two reference
tab pairs, creating a co-located tab configuration similar to that in their work on
cylindrical cell. This tab configuration would create more non-uniform current
distribution than other configurations, and it is not advised for actual application
[15, 28]. A climate chamber was used to control ambient temperature.
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Fig. 2.27 Simulated current density in electrodes at each of the four tab pairs during (a) 0.5C, (b)
1C, and (c) 2C discharge at room temperature. (Reused with permission from Ref. [32] Copyright
2015 The Electrochemical Society)

2.3.4 Results from Single-Layered Pouch Li-Ion Cell

Figure 2.30 shows experimental and simulation results during 0.5C, 1C, and 2C
discharge at a temperature of 25 ◦C by Erhard et al. [33]. It can be seen that the wavy
current distribution behaviors are similar to the results reported by the EC Power-
PSU team [27], suggesting similar controlling mechanism of current distributions
in Li-ion cells despite different electrode materials. Local measurement point #01
is much closer to the terminals (reference tabs) than measurement point #10, so the
resistance is lower, causing higher local current at point #01 than that at #10 at initial
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Fig. 2.28 Schematic representation and pictures of a single-layered pouch Li-ion cell for potential
distribution measurement by Erhard et al. [33]. (Reused under the terms of the Creative Commons
Attribution 4.0 License (CC BY) from Ref. [33] Copyright 2017 The Authors. Published by ECS)

Fig. 2.29 Schematic representation of experimental setup for potential distribution measurement
by Erhard et al. [33]. (Reused under the terms of the Creative Commons Attribution 4.0 License
(CC BY) from Ref. [33] Copyright 2017 The Authors. Published by ECS)

stages of discharge. As discharging proceeds, local SOC and therefore local OCV
would cause the current distribution to reverse near the end of discharge. The local
current curves are less wavy during 2C discharge than during 0.5C discharge, also
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Fig. 2.30 Experimental and simulation results during 0.5C, 1C, and 2C discharge at a temperature
of 25 ◦C by Erhard et al. [33]. (a) Measured (symbols) and simulated (solid lines) cell voltage; (b)
Measured and simulated potentials at local measurement points #01, #05, and #10; (c) Simulated
current densities at the corresponding points. (Reused under the terms of the Creative Commons
Attribution 4.0 License (CC BY) from Ref. [33] Copyright 2017 The Authors. Published by ECS)

consistent with the results reported by the EC Power-PSU team [27] on the effects
of discharging C rate.

Figure 2.31 shows experimental and simulation results during 1C discharge at
temperatures of 5 ◦C, 25 ◦C and 40 ◦C by Erhard et al. [33]. Current distributions
are more non-uniform and wavy at higher temperatures which could be attributed to
the change of reaction kinetics and cell resistance at different temperatures.

Erhard et al. [33] also simulated local SOC distribution during discharge. Figure
2.32 shows simulated difference in SOC between tab #01 and tab #10 during 0.5C,
1C, and 2C discharge at 25 ◦C. As expected, the difference initially increased due
to difference in local currents but eventually reduced near the end of discharge
due to reverse of current distribution trend. The difference is more significant at
higher C rate and higher temperature, also corresponding to the behaviors of current
distribution. It is interesting to note that the SOC difference at end of 2C discharge
is much smaller than that reported by the EC Power-PSU team [27], which can be
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Fig. 2.31 Experimental and simulation results during 1C discharge at temperatures of 5 ◦C, 25 ◦C
and 40 ◦C by Erhard et al. [33]. (a) Measured (symbols) and simulated (solid lines) cell voltage; (b)
Measured and simulated potentials at local measurement points #01, #05, and #10; (c) Simulated
current densities at the corresponding points. (Reused under the terms of the Creative Commons
Attribution 4.0 License (CC BY) from Ref. [33] Copyright 2017 The Authors. Published by ECS)

attributed to difference between NMC cathode and LFP cathode in dependence of
open circuit potential on SOC. The difference would be more dramatic at higher C
rate and is worth further investigation.

2.4 Noninvasive Diagnosis of Current Distribution Using
Magnetic Resonance Imaging

A magnetic field is generated as electric current flows in a Li-ion cell. By mapping
the generated magnetic field using magnetic resonance imaging techniques, it is
possible to noninvasively detect current flow inside Li-ion cells. A team at New
York University recently demonstrated this concept [34]. In an earlier work, the
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Fig. 2.32 Simulated difference in SOC between tab #01 and tab #10 during 0.5C, 1C, and 2C
discharge at 25 ◦C [33]. (Reused under the terms of the Creative Commons Attribution 4.0 License
(CC BY) from Ref. [33] Copyright 2017 The Authors. Published by ECS)

team and their collaborators demonstrated the use of magnetic resonance imaging
to noninvasively determine Li-ion cell state of charge [54].

2.4.1 Measurement Method Using Magnetic Resonance
Imaging

Figure 2.33a shows an illustration of the experimental arrangement by Mohammadi
et al. [34]. A pouch-type Li-ion cell is placed in a customer-designed holder
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Fig. 2.33 Illustration of the experimental arrangement by Mohammadi et al. [34]. (a) Cell position
and orientation of imaging slice, with dashed rectangle indicating detected volume; (b) Directions
of current flow and cell orientation; (c) Calculated current and voltage distribution on the positive
current collector during charging. (Reused with permission from Ref. [34] Copyright 2019 Elsevier
Inc.)

containing water compartments that sandwiching the Li-ion cell. 15 mM CuSO4
water solution is filled in the compartments as detection medium. A strong external
static magnetic field B0 is applied along z direction (from cell end with tabs to
the opposite end). Then the magnetic field generated by current flowing along y
direction (Jy in Fig. 2.33b) is detected by comparing magnetic field maps with
current flow and at rest. As shown in Fig. 2.33c, the authors also calculated current
distribution in positive current collector during charging, but the calculation seemed
to be based on a simplified electric model and not based on measured magnetic field
data.

2.4.2 Results from Magnetic Resonance Imaging

Mohammadi et al. [34] demonstrated the technique using Li-ion pouch cells with
capacity of 250 mAh. Each cell was composed of five double-sided cathodes
and six double-sided anodes. The active materials in cathode and anode were
Li1.02Ni0.50Mn0.29Co0.19O2 and graphite, respectively. The electrolyte was 1.2 M
LiPF6 in EC:DMC 3:7 (%wt). Figure 2.34 shows magnetic field maps and his-
tograms during discharge and charge at the imaging slice indicated by the dashed
rectangle in Fig. 2.33a. Negative current indicates discharging and positive current
indicates charging. The magnetic field maps were obtained after subtracting a
reference image from resting period and a constant background field. Red color
indicates positive change of magnetic field, and blue color indicates negative change
of magnetic field. The discharge or charge current was 125 mA, corresponding to
0.5C. The results show the influence of internal current flow on the magnetic field.
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Fig. 2.34 Magnetic field maps and histograms during discharge (negative current) and charge
(positive current) at different depth of discharge as indicated. The battery tabs in these measure-
ments are located at the bottom of each map. The imaging dimensions and the location of the
cell (dotted rectangle) are indicated in the top left image. (Reused with permission from Ref. [34]
Copyright 2019 Elsevier Inc.)

It can be seen that the changes of magnetic field depend on direction of current and
depth of discharge, which could be used to detect existence of current flow or even
local current distribution. However, quantified current distribution from measured
magnetic field was not reported. The study also examined correlation of magnetic
field with applied current and found significant deviation from linearity. Further
work would be needed to quantify current distribution from magnetic resonance
imaging.

2.5 Summary and Future Work

As reviewed above, non-uniform distribution in large-format Li-ion cells has signif-
icant negative influences in power performance, usable energy density, durability,
and safety, which are critical to EV applications. Novel techniques, including
segmented cells, cells with embedded potential sensors, and noninvasive imag-
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ing, have been demonstrated as effective tools for in situ diagnosis of current
distribution. Moreover, insights on Li-ion cells were obtained through spatial-
temporal distribution of current densities that could not be obtained from overall cell
performance characterization. In particular, the non-uniform and wavy distribution
of local currents are experimentally found. The effects of non-uniform current
distribution on underutilization of active materials, internal balancing current, and
its influence on SOC redistribution and cell voltage recovery were observed. The
effects of tab configuration on current distribution and thus usable energy density
were revealed. Experimental spatial-temporal data are also important in validating
multidimensional electrochemical-thermal coupled models that are increasingly
used for Li-ion battery development.

With the widespread adoption of electric vehicles around the globe, which
increasingly demands for Li-ion batteries with higher material utilization, further
efforts are needed in diagnosing current distribution in large-format Li-ion cells
for insights to develop faster rechargeable, more energy dense, safer, and more
durable Li-ion batteries. Here we propose a few topics that are particularly worth
investigating from EV battery perspective.

The first suggested topic is measurement of current distribution under extreme
conditions such as extreme fast charging, extreme thermal conditions (as low as
−40 ◦C and as high as 80 ◦C), and safety abuse conditions (mechanical puncture,
crash, or internal short circuit). Lithium plating is a critical challenge for fast
charging [55], and it can be exacerbated by non-uniform current distribution. Under
extreme low temperatures and rapid heating process, the internal resistance of Li-
ion cells changes dramatically, which would cause dramatic change of current
distribution. Under safety abuse conditions, the current distribution would be
extremely non-uniform and dynamically changing [25, 56]. In situ measurement
of current distribution under these extreme yet important conditions would help
achieve better understanding and development of Li-ion cells that perform better
and more safely.

The second suggested topic is measurement of current distribution in Li-ion
cells during long-term or accelerated aging. A recent study by Cavalheiro et al.
[37] showed that current distribution in a small module consisting of parallel-
connected Li-ion cells greatly varied during aging and contributed to accelerated
aging. A similar mechanism is expected to exist at the cell level and worth further
investigation for large-size cells. The effects of cooling conditions, cell constraint,
and compression on current density distribution and failure are also necessary.

The third suggested topic is measurement of current distribution in Li-ion cells
with emerging materials, such as low cobalt cathode, silicon-based anode, or solid-
state electrolytes. Current distribution behaviors of cells with these materials could
be very different as implied by the comparison of studies with LFP cathode [27] and
NMC cathode [33]. In particular, silicon anode [57] and low cobalt NMC cathode
[58] degrade faster than conventional electrode materials. The interaction between
degradation and current distribution is worth investigation.

The last but not the least suggested topic is development of new methods for
current distribution diagnosis in large-format EV Li-ion cells. While the reported
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methods revealed many interesting phenomena, each has its own disadvantages.
The segmented cell method enables direct measurement of current distribution,
but it requires significant modification of Li-ion cells. Indirect measurement with
embedded potential sensors requires less modification, but calculating current
distribution from potential distribution requires thermal-electrochemical modeling.
Noninvasive diagnosis through magnetic resonance does not require any modifica-
tion of experimental cells, but quantification of current distribution from magnetic
field map and its application to extreme conditions could be challenging. Moreover,
the reported current distributions are primarily one dimensional. It would be
necessary to extend the measurement to two dimensional or three dimensional for
comprehensive understanding of the behaviors in a large-format EV Li-ion cells
with capacity of more than 100 Ah. It would be also valuable to integrate the current
distribution diagnosis with other in situ diagnostic tools, such as in situ temperature
distribution measurement [29, 56, 59–61], in situ neutron imaging [62], and X-ray
methods [63–64].
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