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Abstract

Large format cells are becoming popular choice for electric vehicle (EV) applications; as they are being
made available by commercial cell manufacturers. Recent studies show that increase in the cell size
introduces inhomogeneity to the cells in the form of current density, temperature and state of charge
(SOC) distribution. These inhomogeneities lead to non-uniform aging within the cell. The contempo-
rary researches on aging studies are mainly focused on influence of temperature, current rate (c-rate),
operating voltage, SOC swing etc. This paper is aimed to study aging characterization of commercial
lithium ion cells of nickel manganese cobalt oxide (NMC) chemistry by comparing different sizes of 8
Ah, 25 Ah, 53 Ah and 75 Ah cell capacities respectively. Since the inhomogeneities mainly come from
cycling, the cycle life is in the focus of our investigations. But also, a comparison was made between cal-
endar aging and cycle aging of these cells at 40°C ambient temperature. Our theoretical calculations are
made based on finite element method (FEM) modeling in COMSOL Multiphysics platform to evaluate
inhomogeneity within the cell.
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1 Introduction is characterized by deterioration of battery per-
formance with time and usage. According to this

definition, it can be classified into calendar ag-

Lithium ion battery is the most preferred choice
for electrical energy storage systems due to its
high energy density, high power density, long cy-
cle life and low self-discharge. They are widely
used in many Fortable aplplications such as, cell
phones, digital cameras, laptops and other elec-
tronics. They are popular choice for green trans-
portation such as, electric vehicles (EVs) and hy-
brid electric vehicles (HEVs) and other forms of
electromobility [1].

However, like in many other battery systems,
lithium ion batteries suffer from capacity loss
and power loss, which can be described by ag-
ing mechanism in the cell. Aging is a com-
plex process occurring due to electrochemical
changes as consequences of structural and me-
chanical changes of all the cell components. It

ing (calendar life or shelf life of the cell [2]) and
cycle aging (cycle life).

In private EVs, with about 90% of rest time, the
calendar aging determines the lifetime of the bat-
tery [3]. Calendar aging is described in several
literature sources. It is known that the forma-
tion of solid electrolyte interphase (SEI) with the
%oassage of time leads to consumption of cyclable
Hhisum ions and increase in the cell impedance
(4, 5].

The SEI formations is aslo the main reason for
cycle aging. Additionally, lithium plating, sec-
ondary losses such as degradation of active ma-
terials, decomposition of binders, loss of con-
tact between current collector and active mate-
rial due to volume changes during cycling are
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taken into account. These effects are well doc-
umented in literature with extensive studies on
different temperatures, c-rates, operating voltage,
cell chemistries etc. [6-8].

Besides, these microscopic changes that influ-
ences cycle aging, some macroscopic effects
such as, cell form, geometry, tab size and lo-
cation, thicknesses of active materials, separa-
tor and current collectors and cell size also in-
fluences the performance and aging of large for-
mat cells. E.g. the increase of the thickness of
active materials leads to on the one hand to an
improved energy density and material utilization
of a cell, but it also increases the mean diffusion
path of the ions thereby increasing the polariza-
tion and reducing the material utilization. Fur-
thermore the higher energy leads to higher safet
risk. Increase in the thickness of the current col-
lector improves the conductivity of current and
minimizes the cell internal resistance, but it con-
tributes to the dead weight of the cell resulting
in lower energy density. Therefore an optimal
cell design has to be considered not only with re-
spect to energy but also with respect to power and
safety of the cell, i.e. it has to balance the active
materials, current collectors and separator for a
given application.

The current distribution in the cell is affected by
the design of tab size, location and aspect ratio of
the cell, besides the current collector thickness.
In spite of optimal designs, the current flow near
the tabs is constricted, which causes the location
near the tabs to experience higher current den-
sity and influences the local SOC [9, 10]. This
phenomenon contributes to increase in local heat
generation of the cell and hence the temperature
rise. As a result, there is an inhomogeneous dis-
tribution of temperature, SOC and current along
the plane of the cell. In general the tempera-
ture inhomogeneity is also contributed by sur-
face area to volume ratio of the cell. A low ratio
leads to larger temperature inhomogeneity and
vice versa. These inhomogeneous cell character-
istics could lead to non-uniform aging in the cell
as shown in Fig.1.
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Figure 1: Schematic of aging inhomogeneity and its
influencing factors

Extensive research on cell inhomogeneity shows
that, it occurs during different cycling conditions
and hence they are not affected by storage con-
ditions [11, 12]. This paper presents the influ-
ence of cell size (8, 25, 53 and 75 Ah cells) on
the aging. The cells were chosen from the same

commercial manufacturer for the reason of su-
perior manufacturing process and reproducibil-
ity of results. The cell chemistries were same
as described the datasheets of the manufacturer.
Other microscopic parameters such as active ma-
terial, separator and current collector thicknesses
we found to be in the same range with +2% vari-
ations. Each cell type was performed with cal-
endar and cycle aging (on separate cells) at 40°C
ambient conditions.

2 Experimental

The experimental investigations were performed
on high energy lithium ion pouch cells. The
nominal voltage of these cells were 3.7 V.
The active material consists of lithium nickel
manganese cobalt oxide as cathode, graphite
as anode and LiPFg blended with ethylene
carbonate (EC) and ethyl methyl carbonate
(ECM) as electrolyte material. Other specifica-
tions of the investigated cells are shown in Tab. 1.

Table 1: Specification of investigated cells

Nominal Size (mm) Weight Electrode Area Ratio  No. of layers
Capacity (Ah) (WxHxT) (2 (Cathode/Anode)
8 105 x 100 x 7.05 157 0.952 16
25 225 x 224 x 6 570 0.963 14
53 225 x 224 x 12.3 1,200 0.965 29
75 263 x 266 x 11.2 1,500 0.983 28

The investigations of aging inhomogeneity with
the influence of sizing were based on the liter-
ature inputs. In general cell inhomogeneity is
influenced by ambient temperature and c-rates.
Low ambient temperature and high c-rates lead
to higher degree of inhomogeneity in the cell and
vice versa [13]. At first, the cells were discharged
at different c-rates 0.5, 1, 2 and 3C using a bat-
tery tester (Digatron MCT), at temperatures 15,
25 and 40°C inside the climate chamber (ESPEC
PU-3J). In addition to this, several temperature
sensors (thermo-couple t-type) were placed on
cells during the tests to measure its spatial tem-
perature distribution with the help of a datalogger
(Agilent 34980A Multiswitch). After the con-
clusion of the tests, temperature gradients were
calculated for each discharge c-rate and temper-
ature.

Fig.2 shows the maximum surface temperature
gradient (AT) measured on different cell sizes at
various temperatures and c-rates. These results
are in agreement with the literature sources, be-
sides AT is also influenced by the cell size. Cy-
cling at low ambient temperature (15°C) and/or
with high discharge c-rate (3C) would make a
perfect case to study aging inhomogeneity. But
these conditions are also favourable for lithium
plating, another aging process occurring in the
cell. Since this aging inhomogeneity study is
based on influence of sizing under the pretext
of cell geometry, 40°C and 1C cycling (charge
and discharge) conditions were preferred for cy-
cle aging. The ambient temperature 40°C was
chosen for another reason, i.e. to compare the re-
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Figure 2: Maximum temperature gradient measured on cell surface, plotted versus c-rate and temperature
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Figure 3: Plot of remaining capacity (normalized) for different cell size under calendar and cycle aging conditions
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sults of cycle and calendar aging. It is a well es-
tablished that calendar aging can be accelerated
by high ambient temperature. Hence to obtain
the aging results in a defined time frame, the con-
ditions for calendar aging were set as 40°C and
100% SOC (i.e. the cells were fully charged be-
fore the storage).

Prior to the aging tests, the discharge capacity
of the cells were measured at 100% SOC, 25°C
and 1C discharge c-rate. The open circuit volt-
age (OCV) and hybrid pulse power characteriza-
tion (HPPC) tests were performed as described
in [14]. These tests can be collectively put to-
gether as reference performance test (RPT). The
cells were then divided into two groups each for
calendar and cycle aging tests. The aging tests
were briefly interrupted at specific intervals, 4
weeks and 100 cycles for calendar and cycle aged
cells respectively. During the brief interruption,
the RPT is performed on the aged cells to ob-
tain the aging parameters of cells such as remain-
ing capacity, pulse power, impedance, OCV etc.
After of the completion of this tests, the aging
tests were continued until the remaining capac-
ity of the cells fall below 70% of its nominal
value or at the end of 40 weeks, whichever is
earlier. In addition to these tests, long character-

ization were performed at every 12" week and
400 cycles for calendar and cycle aged cells re-
spectively. These tests include electrochemical
impedance spectroscopy (EILS) test and one cycle
of 0.05 C charge and discharge, a pseudo method
to evaluate OCgV of a given cell.

3 Results and Discussion

3.1 Capacity Fade

The cell discharge capacity was measured from a
fully charged state (100% SOC) at 25°C and 1C
discharge c-rate at the beginning of aging tests.
These measurements were repeated at specific
aging intervals after a brief pause in the aging
tests, to calculate the capacity loss from the pre-
vious interval. Fig.3 shows the comparison of ca-
pacity fade during calendar and cycle aging tests
for different cell sizes. These results clearly in-
dicate that calendar aging has little influence on
overall aging during the same period with cycle
aging. In can be also observed that calendar ag-
ing is nearly same among different cell size, sub-
ject to £2% variation in remaining capacity. The
variation in the measurements can be contributed
by multiple factors such as actual cell tempera-
ture, measurement inaccuracies, cell manufactur-
ing conditions etc. But the fact remains that cal-
endar aging has very little or no influence of cell
size.

On the other hand, the results of cycle aged cells
have a strong difference with the calendar aged
cells. The evolution of capacity fade is highly
nonlinear, i.e. the rate of capacity fade is not
constant throughout the cycles. There is an in-
crease in the cell capacity for most of the cells
in the initial cycles, i.e between 0 to 2 weeks
(2 weeks of cycling time corresponds to 100 cy-

cles), except for 8 Ah cells. This is a strange phe-
nomenon which has not been explained in litera-
ture related to aging studies. It could be related
to additional formation effect. In general, capac-
ity loss in the initial cycles is higher, which is
mainly contributed by formation and growth of
SEI layers. After the initial phase, the growth of
SEI layer and consumption of cyclable lithium
ions reduces [2, 15, 16]. Hence the rate of capac-
ity loss decreases after few initial cycles. The 8
Ah cells show similar behavior to this.

Capacity balancing in lithium ion cells is done
for optimal performance, as the gravimetric en-
ergy densities of electrode materials are different.
They also have limited range of stoichiometry, in
order to achieve reversible reaction or safety cri-
teria. The product of these quantity provides the
active mass of the electrode. The ratio of the ac-
tive masses of anode and cathode are useful in
the determination of capacity balancing of a cell
as shown in Eq.(1).

my AxC_
m—_ - AyC+

)

The notations Az and Ay are the stiochiometric
range of negative and positive electrodes, respec-
tively. The electrode’s active mass and coulom-
bic capacity are denoted as m and C, respec-
tively. In 1deal conditions, the active mass ra-
tio (vy) does not change over time and usage, i.e.
constant capacity throughout. But in practical
situations, there are many side reactions within
the cell such as SEI layer formation, electrolyte
decomposition, lithium plating and other aging
processes etc. which causes distortion in the ca-
pacity balance. Hence optimized mass ratio is
slightly higher than the ideal value in order to ac-
count of the side reactions [17]. In addition to
this, anode capacity is slightly oversized with re-
spect to cathode to prevent lithium plating on its
surface.

Hence, the cell capacity increase in 25, 53 and
75 Ah cells can be explained by increased elec-
trode area ratio (Tab.1) in comparison to 8 Ah
cells. The additional cathode mass could have
contributed to slight increase in the cell capac-
ity in the initial stages. In the later stages, other
side reactions contributed to the loss of cyclable
lithium ions which resulted in the loss of capac-
ity.

A closer look into Fig.3(b) reveals that there are
stages where the capacity loss is linear with re-
spect to cycling time, but it is not same for all cell
types, indicating that size does have influence on
aging. At the later stages of cycling the capac-
ity loss becomes non linear towards the end of
life (EOL). To get a better understanding of rate
of capacity loss, the normalized discharged ca-
pacity was differentiated with respect to cycling
time as shown in Fig. 4. The loss rate appears to
be nearly constant for 8 Ah cells up to 24 weeks,
this is also similar in 25 and 53 Ah cells, between
4 to 24 weeks of cycling time. However the 75
Ah cells showed increased rate of capacity loss
throughout the cycling time. These results lead
to the conclusion that, aging is not similar when
cell sizing is taken into account and hence the in-
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Figure 4: Plot of differential capacity fade with re-
spect to cycling time

crease in size has influence on cell aging which
is strongly related to inhomogeneity.

3.2 Impedance Rise

Impedance rise is the result of aging in the cells
which has contributions from ohmic drop, SEI
layer, double layer capacitance, charge transfer
reactions and diffusion of ions in the solid phase.
The ohmic drop is contributed by the resistance
of current collectors, active material, electrolyte,
contact resistance etc. The SEI layers contributes
to impedance rise due to its growth over time.
A detailed analysis of the impedance rise can be
done by performing EIS measurements at reg-
ular aging intervals. In the present work, the
impedance rise is evaluated by performing high
current DC pulse measurements and measuring
the voltage response of the cell. The cell resis-
tance is calculated as ratio of voltage response to
current input as shown in Eq. (2).

AV
Rlos = <AI> (2)
t=10s

Fig. 5 shows the plot of resistance for different
cell size, calculated by 10 s high current pulse 3C
discharge rate and normalized to its initial value.
It can be seen that the rate of resistance increase
is higher in 25, 53 and 75 Ah cells in compari-
son to 8 Ah cells. Resistance increase does not
contribute directly to the loss of capacity, but it
increases the voltage polarization thereby reach-
ing the cut off voltage sooner. This is an indica-
tion of accelerated aging in large format cells. At
70% remaining capacity the resistance of 75 Ah
cells is nearly doubled as that of 8 Ah cells. The
rapid capacity loss is in relation to the resistance
increase between 20 to 26 weeks.
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Figure 5: Normalized Resistance vs. cycle number of
different cell size

3.3 Modeling

Based on the results of capacity loss and resis-
tance increase, 75 Ah cells undergo faster degra-
dation due to inhomogeneous aging. To investi-
gate the cell inhomogeneity in relation to its size,
multi dimensional multi physics models were
built for 75 Ah cells in CBMSOL Multiphysics
platform. These models are very useful in the
studying temperature, current density and volt-
age distribution within the cell. The schematic
of this Multiphysics platform is shown in Fig.
6. The part (a) 1s the representation of 2 dimen-
sional electrical model, depicting the electrical
characteristics of the cell. This model is coupled
with a 3 dimensional thermal model which eval-
uates the temperature distribution in the cell. The
thermal model receives heat input from the elec-
trical model and outputs the temperature to the
electrical model and vice versa. The coupling be-
tween different coordinate system occurs as the
variables are averaged over the model’s geom-
etry, thereby eliminating the coordinate system
dependence. Then they are converted as surface
or volumetric source terms into the models where
they are used as inputs.

Fig. 6(b) shows the schematic of electrical model
of a lithium ion pouch cell. In the actual cell, the
components consists of current collectors, elec-
trode materials for both positive and negative
electrode and separator, together a they consti-
tute a cell sandwich. To increase the cell capac-
itly, many layers of cell sandwich are stacked up
along the thickness direction of the cell. A single
cell sandwich is shown here, represented by pos-
itive and negative current collectors (along XY
plane) and transverse current density (J, along
Z-direction) [10, 18]. The current collectors
are shown in 2-D geometry, as the thickness is
smaller compared to its length and width. The
current flow in electrode materials and separator
are assumed to be perpendicular as the distance
between them is very small and they are collec-
tively represented as J.

The electrical model is described by set of
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Figure 6: Schematic representation of 2-D electrical
and 3-D thermal model

governing equations:
Eq. (3) describes the charge balance in the cur-
rent collectors.

0*®; 0*®; J-4 )
UJ 8902 +UJ 8y2 + 5j _O (j—p,n) (3)

Egs. (4) and (5) are the boundary conditions at
the interface between current collectors and tabs
of positive and negative respectively.

Icell
L3,

U (—opV®y) = “4)

o, =0 )

The remaining boundaries are assumed to be
electrically insulated as represented in Eq. (6).

a-(Ve;) =0 (j=p,n) ©)
The transverse current density is calculated using
Eq. (7).
_ UOCV - ((I)p - q)n)

J
R-L; W,

(N

The thermal model presented in this work is a
simplified model. The cell electrode materials,
electrolyte and separator are assumed to be made
of one material, besides other components such
as positive and negative current collectors and

their respective tabs are included in the model de-
velopment. This is done to reduce computational
efforts and the model complexity without signif-
icant compromise on the accuracy of the model.
The thermal model is described by the set of
equations:

The energy conservation in the cell core is de-
scribed by Eq. (8).

or o oT 0 oT

0 oT .
+$ (Azaz> +Q (8

The heat source mainly comes from the cell over
potential or ohmic drop during charge/dischar%e,
this heat is also known as irreversible heat. This
heat is dissipated in the cell irrespective of the
direction of current flow. The second source of
heat is the entropic heat or reversible heat. In
addition to these, heat is dissipated due to current
flow in the tabs and are described in Egs. (9), (10)
and (11).

Q = Qrev 1+ Qirr + Qtabs (9)
1
Qrev = cll .. AS (10)
zF
Qirr = Igell ‘R (11)

Heat flow also depends on the ambient tempera-
ture, if the cell temperature is different than am-
bient temperature, convective heat should be con-
sidered as shown in Eq. (12).

Jconv = hcom] (T - Tref) (12)
The thermal properties of the cell used in the
model are shown in Tab. 2.

Table 2: Material properties of the cell used in the
model

plkgm™] C,[Jkg TK] AW mTK ]

Active Material *  1984.2 1438.8 {1.1667, 1.1667, 0.9196}
Positive tab 2700 900 238
Negative tab 8700 385 400
Outer foil [19] 1636 1377 0.427

3.4 Simulation Results

The models were simulated using the finite el-
ement method (FEM) tool developed by COM-
SOL Multiphysics, ver. 5.1. The 3-D thermal
model was evaluated using the PARADISO (Par-
allel Direct Solver), whereas the 2-D electrical
model was solved with MUMPS (Multifrontal

# Calculated
® Comsol Library
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Figure 7: Surface distribution of (a) Temperature, (b) Depth of Discharge and (c) Voltage of type D cell during 3C

discharge, DODyean = 0.868 , 25°C ambient temperature

Massively Parallel Solver). Fig. 7 shows the
plot of distribution of (a) surface temperature, (b)
DOD on positive current collector and (c) volt-
age on positive current collector along the sur-
face of 75 Ah cell. The simulation conditions
were 3C discharge rate at 25°C ambient temper-
ature. The experimental conditions were actually
different from the simulation conditions because
aging at 25°C is slower than at 40°C and cycling
at 3C discharge rate requires stronger cooling to
the cells, which were not implemented during
the aging tests. These Multiphysics simulations
provide endless combinations of tests conditions
with varying temperature and c-rates, at the cost
of high computation and with the benefit of time,
experimental cost and no safety risks as experi-
enced during test conditions. Also, the operating
conditions of EV batteries in real life conditions
are similar to the simulation conditions i.e. 25°C
ambient temperature and 3C discharge rate.

The snapshot of the surface distribution was
taken at DOD = (0.868 (based on Ah-counting).
It can be seen that temperature distribution is not
uniform along the in-plane (XY) direction of the
cell. The AT on the surface is =~ 6°C. Hot stops
can be seen at the vicinity of positive tab and the
more cooler regions are at the coordinates far-
thest from the tabs. The positions near the tab ex-
perience high current density, as this is the path
of entry and exit of the currents. However the
negative tab appears to be slightly cooler than the
positive tab, this could be due to different mate-
rial properties of the current collectors and their
respective tabs.

The DOD profile along the surface shows similar
distribution near the tabs, where there is a higher
DOD near the tabs compared to other coordinates
along the surface. Since DOD is the measure of
discharge level in the cell, the positions near the
tabs undergo more discharge compared to other
locations. This could lead to over discharge when
the cell is completely discharged, as it can be
seen that when the positions near tabs has DOD
~ 0.91, the mean DOD was only 0.868. Similar
profile can be seen to the voltage distribution on
the positive current collector.

By observing these surface distribution, it is clear
that the position near the cell tabs undergo se-
vere stress in the form of temperature, current
and voltage that lead to accelerated aging. It is

well known from the Arrhenius relations of the
temperature, every 10°C increase could lead to
nearly doubling of the cell aging as shown in Eq.
(13). Where A(T) is the aging factor, Ag is the
initial factor, E, is the activation energy, T is cell
temperature (K).

—E,
A(T) = Ay - exp( T ) (13)

The effects of current and voltage on acceler-
ated aging can be similarly expressed by expo-
nential functions [20, 21]. If a cell is subjected to
these inhomogeneities over longer period, the ac-
tive materials near the tabs undergo faster degra-
dation and positions away the tabs experiences
slower degradation. This causes localized aging
within the cell and creates a region of weaker and
stronger sub cells. The weaker sub cells with
lower capacity and higher internal resistance ex-
hibit higher over potential locally in comparison
to stronger sub cells. These weaker cells are fur-
ther degraded by higher local temperature and
DOD. The effects of inhomogeneous aging could
also lead to non uniform utilization of the ac-
tive material, due to higher over potential on the
weaker sub cells, the cut off voltage is reached
sooner and the full capacity of the cell will not
be used.

4 Conclusion

In this paper, the aging characterization of com-
mercial lithium ion cells of NMC chemistry were
studied with respect to their cell size. The cells
of different sizes were subjected to calendar and
cycle aging at 40°C ambient temperature. The
results showed that cell inhomogeneities (tem-
perature, current distribution and SOC) are in-
fluenced by sizing, i.e. larger cell size leads to
increased inhomogeneity in the cell. The aging
test results validates that inhomogeneity occurs
mainly due to cycling conditions and aging is
similar during storage conditions irrespective of
the cell size.

The capacity fade evolution under cycling ag-
ing conditions is nonlinear across different sizes.
The non linearity is greater in 75 Ah cells, where
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it was observed to have steep capacity loss be-
tween weeks 20 and 26. Other cell sizes showed
different rate of capacity loss, which is nearly
constant until they experienced steep capacity
loss towards their EOL. The impedance rise in
the cells, another aging characteristic showed
steep rise in the 75 Ah cells towards its EOL.
These results lead to conclusion that, aging is not
similar for all cell sizes and it is strongly related
to inhomogeneity within a cell.

The cell inhomogeneity in 75 Ah cell was in-
vestigated using coupled electrical and thermal
model. The simulation results showed varying
degree of inhomogeneity within the cell. The
positions near the cell tabs experienced addi-
tional stresses in the form of temperature, cur-
rent and voltage distribution with respect to lo-
cations farthest from the tabs. A long term ex-
posure of these operational stresses lead to lo-
calized or inhomogeneous aging within the cell
and may cause premature EOL of the cell [22—
24]. Further tests are necessary to confirm these
findings, such as measuring temperature gradient
in aged cells and comparing them with the fresh
cells across different cell size. Postmortem anal-
yses of cells could reveal the extend of localized
degradation within the cell.

List of symbols

o; Electrical conductivity of the current collector / S m™*

®; Voltage distribution in current collector / V
0; Thickness of current collector / m

4 Unit vector indicating the direction of J

L Width of the tab/ m

Icen Input current/ A

Uocv Open circuit voltage / V

R Cell resistance / {2

L; Length of the electrode material / m

W; Width of the electrode material / m

p Density / kg m™3

C, Specific heat capacity / J kg ' K~!

A Thermal conductivity / W m~* K~!

@ Heat generation / W m 3

AS Entropic heat coefficient / J K~* mol ™!

F' Faraday number = 96485.33 C

z Stiochiometric coefficient = 1 for Li

heonv Convective heat coefficient =5 W m™2 K~ !
Trer the ambient temperature / K

x,y,z Values along x-, y-, and z-directions respectively
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