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Abstract—The lower Levelized Cost of Electricity (LCOE)
from wind and solar photovoltaics has enabled for greater
integration of variable energy resources with energy storage tech-
nologies such as larger centralized lithium-ion battery megapacks
(with 1MWh total energy and 500V rating) to provide utility-
scale services to grid operators. The daily cycling of standalone
lithium-ion grid storage will reduce the battery cells’ capacity due
to several degradation mechanisms. A comprehensive physics-
based Pythontm framework called Liionpack was developed
to estimate these megapacks’ remaining life and ageing. The
study includes various degradation mechanisms coupled to the
electrochemical-thermal model at the pack level. The effect of
the inhomogeneities from cell-to-cell thermodynamic and kinetic
properties for different working conditions including temperature
and charge/discharge protocols on the ageing of a megapack are
presented here.

Index Terms—Physical degradation mechanisms; Cell ageing;
Battery pack ageing; PyBaMM; liionpack.

I. INTRODUCTION

The excess or unused (curtailed) energy can be stored in
grid-level energy storage systems during peak generation peri-
ods and used when required [1]–[3]. Lithium-ion battery packs
are one of the promising grid-level storage systems due to their
high energy density, cycle life, lighter weights, and low self-
discharge [4], [5]. Also, lithium-ion battery packs are operable
at grid-level for long and short duration storage for both
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frequent and infrequent discharge conditions [6]. The battery’s
useful life and period of optimum performance are critical
to application design as well as environmental impact [7],
[8]. Understanding the ageing and degradation mechanisms
of the battery cell under various operating conditions can
prevent premature failure, avoid safety issue, and increase
opportunities for secondary use. Cycling and even the resting
state of lithium-ion batteries result in degradation of their
capacity [7]–[9]. One of the primary reasons for the ageing
of batteries originates from the degradation of electrochemical
and chemomechanical physical processes of the cell during
cycling. Many ageing mechanisms and associated modeling
techniques have been identified for lithium-ion batteries of
which Reniers et.al., provide a good overview [10]. The major
mechanisms of concern include growth of the solid electrolyte
interphase (SEI) layer, surface cracking of the electrode,
loss of active electrode material, electrolyte oxidation at the
positive electrode, and lithium plating [7], [8].

Growth of the SEI layer on negative electrode is a major
cause of lithium-ion battery ageing due to loss of lithium
inventory. However, the growth of the initial layer does inhibit
further electrolyte decomposition and negative electrode degra-
dation. The SEI is a complex structure but is often considered
to have a bilayer composition, with the dense inner layer
containing inorganic salts, and a soft outer layer based on
the organic reaction products. The growth of SEI is often
modeled with a Tafel equation [10]–[13]. The intercalation
and de-intercalation of ions cause expansion and contraction
of electrode materials, resulting in mechanical stresses which
in turn cause material fatigue as well as crack formation and
propagation. The cracks create new solid-electrolyte interfaces
and allow more SEI growth on the fresh surfaces, leading to
more loss of cyclable lithium at the negative electrode [10],
[13]. Lithium plating is a faradaic reaction in which Li+
ions in the electrolyte form lithium metal on the surface of
the negative electrode, instead of intercalating. This mainly



happens during fast charging when the electrostatic potential
of the negative electrode is less than that of a Li/Li+ ref-
erence electrode, such as plating overpotential [14] and is
exacerbated at lower operating temperatures.

In addition to modeling an individual battery cell, several
authors have contributed to understanding the impact of cell-
to-cell variability on overall battery pack performance. These
studies include both experimental and simulation avenues.
Numerous experimental studies show that cell-to-cell vari-
ability exists, including differences in electrode thickness,
porosity, initial state-of-charge (SOC), etc. [15], [16]. Even the
physico-chemical properties can be different for each cell. In
addition to internal parameters of the cell, external parameters
such as connections to busbars can also contribute to the
variability. Numerical simulations studies have been conducted
on different cell chemistries, such as LFP, NMC, LMO, [17]–
[19] and have tried to predict the change in capacity, resistance,
SOC, state-of-health (SOH) [20]. However, none of these
analyses consider studies on the battery pack ageing due
to side reactions and loss of active material during cyclic
operation.

The paper emphasizes pack degradation and does not
present single-cell degradation modeling, which several au-
thors have already published for NMC and graphite chem-
istry [10], [21], [22]. This work focuses on the lithium-
ion battery pack modeling approach to estimate ageing and
degradation effects from various operating conditions. The
pack level modeling techniques are discussed, and results
from the simulations are presented. The megapack setup is
used to understand the degradation associated with individual
cells and the change in cell-to-cell output response from
the variability related to initial conditions, busbars, internal
connecting resistors, and terminal connections. Also, a study
on pack ageing due to the distribution of initial SOC was
presented from the potential use of secondary usage of battery
cells in a pack for grid storage application. Specifically, we
considered a constant charge and discharge current profile
in this study. In the future, we will develop the framework
for variable current/voltage/load profiling of a grid megapack.
Finally, conclusions based on the megapack simulation results
are presented along with the future steps for pack modeling.

II. METHODS

In this section the lithium-ion cell and battery pack models
are discussed. The cell is simulated using a single particle
model (SPM) while the pack model consists of a network of
cell models connected via an electrical circuit of terminals and
resistors. The ageing and degradation mechanisms utilized in
the models are also mentioned.

A. Single Particle Model

The Single Particle Model (SPM) is a representative electro-
chemical model of the lithium-ion cell considering a sphere
for each electrode [10], [23]–[26]. The model accounts for
diffusion in both negative and positive electrodes referred
as i ∈ {−,+} and assumes uniform kinetics. The time (t)

evolution of lithium concentration ci, in the spherical particle
of electrodes having radius r is given as [23]–[26]:

∂ci(r, t)

∂t
=
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r2
∂

∂r
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r2
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where Di is solid state diffusivity of lithium in spherical
particle of negative/positive electrode. A zero-flux bound-
ary condition is imposed at the center of the particle via
Di
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∂r

∣∣∣
r=0

= 0 and the outer surface is subjected to an
intercalation flux ji having the boundary as
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which is the sum of intercalation flux along with fluxes
due to side reactions such as SEI growth and plating kinetics.
The volume fraction of active material ϵi and surface area
ai is correlated as ai = 3 ϵi

Ri
. The fluxes associated to side

reactions due to SEI growth and plating growth are given by
jsei and jpl, respectively. I is the total applied current, Vi is
electrode volume, n is number of electrons, and F is Faraday’s
constant.
The reaction limited SEI growth flux,jsei is given by [11]–
[13]:
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RT
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where i◦,sei is the exchange current density for SEI reaction,
αsei is SEI charge transfer coefficient, Msei is molecular
weight of SEI layer, ρsei is density of SEI layer, ηsei is
SEI overpotential, ηi is intercalation overpotential, ϕOCV

is equilibrium potential of negative electrode, ϕ◦,sei is SEI
equilibrium potential.
The lithium plating and stripping flux, jpl is given by [27],
[28]:

jpl = − ipl
nF

= − i◦,pl
nF

(
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RT
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where, i◦,pl is the exchange current density for plating reac-
tion, αpl is plating charge transfer coefficient, Mpl is molecular
weight of metallic lithium layer, ρpl is density of metallic
lithium, ηpl is the plating overpotential.
The stress driven loss of active material (LAM) is given
by [29]–[31] ∂ϵi

∂t = β
(

∆σh

σy

)m
where σh is hydrostatic stress,

σy is yield strength, and β, m are LAM parameters. The other
possible degradation mechanisms which are not considered
in the model are crack growth, pore-clogging, and electrolyte
oxidation at the positive electrode [7]–[9], [32]. In this study,
we utilize a single-cell parameter set collected by Chen and
coauthors [22] for the LG M50T cylindrical commercial cell,



which comprises an NMC positive electrode and 90%graphite-
10%SiOx negative electrode. The electrochemical parameters
of the Chen et.al., chemistry is already implemented in the
PyBaMM framework for a single cell. In addition to these
parameters, the mechanical parameters for LAM degradation
are listed in Table 1 of the Supplementary Information. The
SPM degradation mechanisms, and lumped thermal models
for single cells are implemented and validated with the exper-
imental data using the open-source PyBaMM Python package
[21].

B. Battery Pack Model

The open-source Python package named Liionpack [33] is
a battery pack simulation tool that uses the PyBAMM frame-
work. In this work, Liionpack is used to analyze battery pack
capacity degradation under SEI growth, irreversible lithium
plating, as well as stress-driven loss of active material for the
following cases: (1) variability due to busbar and connector
resistances, (2) variability due to terminal connections and (3)
variability due to initial SOC of cells. The typical battery pack
equivalent circuit is shown in Supplementary Figure 2. The
battery pack model consists of 50,000 cells in a 400p125s
configuration to represent a megapack of ∼1MWh energy
and 500V rating.For a 400p125s battery pack model, p is the
number of cells in parallel and s is the number of cells in
series.

The constant current cycling protocol was used to study the
ageing of the battery pack. First, the pack is charged at 500
A for 10 minutes, then rested for 10 minutes, followed by
discharge at 500 A for 10 minutes, and rested for 10 minutes.
The nominal capacity of a single cell in the megapack is 5 Ah.
The test protocol is a case study of a short duration storage
system with a frequent discharge, emphasizing an accelerated
test to quantify the effect of degradation modes on battery pack
ageing. Currently, the framework is limited to handling a con-
stant battery pack current protocol; however, in future work,
voltage and power profiles will be implemented. The initial
temperature of the battery pack is set to 25◦C. The megapack
simulations are carried out on the VIBE JupyterHub [34]
where each simulation used 128 CPU cores with access to
∼500 GB of memory. The wall time of each simulation for
500 equivalent cycles is ∼38 hours.

III. RESULTS & DISCUSSION

Figure 1 (a) shows the pack terminal voltage of the
400p125s configuration subjected to constant current pro-
tocol as described in the Methods section. In this analy-
sis, all the cells are identical by having the same macro-
scopic/microscopic properties connected with negligible bus-
bar/connector resistances. The SEI growth, lithium plating,
and LAM ageing modes are considered in the analysis. The
pack terminal voltage is slightly decreased at the end of
the cyclic operation owing to the degradation mechanisms
of SEI and lithium plating kinetics which result in a loss of
lithium inventory. Figure 1 (b) shows the non-linear percentage
increase of change in the internal resistance of the pack with

the number of cycles due to increasing cell resistances in
the pack. The increase in overall pack resistance is mainly
because of the increase in SEI layer thickness in individual
cells. The percentage change in the internal resistance of the
battery pack is obtained as Rpack,cycle−Rpack,◦

Rpack,◦
∗ 100, where

Rpack,cycle is pack resistance at a specific cycle, and Rpack,◦
is initial pack resistance. The pack resistance at any given
cycle is Rpack,cycle =

1(∑p
j=1

1(∑s
i=1

Ri

)) , where p, number

of cells in parallel, s, number of cells in series, Ri is the
internal resistance of the i-th cell. Figure 1 (c) shows the
capacity fade of the battery pack. The degradation of cells
from SEI and plating kinetics are due to the loss of lithium
inventory which results in a decrease in battery pack capacity
and also decreases the ‘overall stored energy’ during the cyclic
operation (see inset (d)). Here, the capacity of the battery
pack is obtained as Qpack = min

(∑p
i=1 Qi

)
Ns

, where Qi

is the capacity of the i-th cell, and the energy of the pack
is Epack = QpackVpack. Figure 1 (e) shows the power fade

of the battery pack Ppack =
V 2
pack

Rpack
results in a decrease in

pack voltage and an increase in the internal resistance due to
degradation mechanisms.

In Figure 2, we show the effect of initial SOC distribution on
the individual capacity loss of cells in a megapack. The initial
SOC of cells having a Gaussian distribution with a mean SOC
value=0.5 and a standard deviation of 0.1 is randomly dis-
tributed in the 400p125s megapack configuration (see Figure
2 (a)). Figure 2 (b) shows a capacity loss of individual cells
based on the initial SOC distribution with negligible busbar
and connector resistance. More significant ageing occurs in the
cells with larger SOC because of an increase in degradation
from SEI growth and plating with large negative interfacial
potentials for side reactions. Also, the loss of active material
due to stress-induced effects during intercalation and de-
intercalation is high for large SOC in a cycling protocol for
the given chemistry. Consequently, a distribution of capacity
losses of cells in the battery pack are observed based on the
initial distribution of SOC. Figure 2 (c) shows an additional
effect from busbar and connector resistances having a left end
terminal. The calculations emphasize that cells to the left side
undergo additional capacity loss due to circuit connectors.

Balancing of currents in the megapack after 500 cycles
are shown statistically in Figure 3 during the rest period. In
the presence of busbar and connector resistors, the megapack
balances statistically by having small negative and positive
currents in each group of cells while the total battery pack
current is zero (black dashed lines). The positive and negative
currents are a result of current flowing in the busbar during
the rest period resulting in balancing of the currents as shown
in Figure 3 (a) and (b). The balanced currents are negligible
in the absence of busbar/internal connectors resistance case
as shown in Figure 3 (c) and (d). The initial SOC Gaussian
distribution in the cells of a battery pack exhibits a different
voltage response in the rest period, as shown in Figure 3 (f)
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Fig. 1. Terminal voltage (a), percentage increase in internal resistance (b),
total capacity (c), total energy (d), and pack power (e) of the battery pack as
a function of equivalent cycles for a 400p125s configuration with negligible
connector and busbar resistances.

compared to same initial SOC which do not change much in
voltage response (see Figure 3 (e)).

Figure 4 shows the capacity loss distribution of the mega-
pack subjected to different equivalent ageing cycles. The
ageing of the megapack with identical cells connected to the
left or right end of the terminal shows that the statistical
deviation in loss of capacity increases with an increase in
the number of cycles from 100 to 500 (see Figure 4 (a)).
Figure 4 (e) shows the corresponding battery pack loss of
capacity (solid line) with number cycles, which closely follows
the individual minimum cell degradation of the pack (black
dotted line), as the number of cells in this category is high.
The maximum degradation of a cell is observed at the left
terminal (black dashed line). Similarly, in a left-end and right-
end terminal connected battery pack, the deviation in loss of
capacity is small with the increase in ageing cycles (see Figure
4 (b)). Also, the ageing difference between the maximum
degraded cell and the minimum degraded cell is small and
battery pack ageing is almost the same as the minimum
degradation of cells in a pack (see Figure 4 (f)). Figure 4

Fig. 2. (Top) A Gaussian distribution of mean SOC=0.5 with standard devi-
ation=0.1 is randomly distributed for a megapack of 400p125s configuration.
Capacity loss of cells in a megapack of 400p125s configuration after 500
cycles having a negligible busbar and connector resistance (Middle), and with
comparable busbar and connector resistance to the internal resistance of cells
(Bottom). Both the scenarios have a left-end terminal connection.

(c) shows the capacity loss distribution of the megapack for
different cycles for distributed SOC with negligible busbar and
connector resistance. Here, the standard deviation of capacity
loss in cells has been increased with the number of cycles,
indicating that the degradation data of cells in the megapack
changes from clustering to a spread-out population. A set of
the cell population, the extent of which statistically stands out
from the battery pack loss of capacity (colored dashed lines),
fails earlier in the battery pack life. The minimum loss of
capacity of a cell having a small SOC is observed to follow
a linear ageing profile (black dotted line in Figure 4 (g)).
However, cells with a large SOC show maximum degradation
due to an increase in the rate of side reactions; this results in
a non-linear ageing profile (black dashed line). Furthermore,
the addition of busbar and connector resistors increases the
population of significantly degraded cells (see Figure 4 (d)),
and the maximum degradation is observed in cells with large
SOC connected to a terminal end. The maximum loss of
capacity of a cell in the pack increases from the previous
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Fig. 3. Current balancing of the megapack in rest period after 500 cycles with
identical cells (inset (a), (c)) and distributed SOC(inset (b), inset (d)). Top
row (inset (a), (b)) considered busbar and connecting resistors, and middle
row (inset (c), (d)) have a negligible busbar and connecting resistors. The
corresponding Voltage distribution of the megapack in rest period after 500
cycles with identical cells (inset (e)) and distributed SOC (inset (f)) including
busbar and connecting resistors.

case (negligible busbar/connector resistance) due to additional
degradation from circuit resistance and terminal connection
(black dashed line in Figure 4 (h)). Overall, the pack-level
capacity with distributed SOC will age quickly due to the
uneven distribution of voltage, resulting in a change in capacity
loss and contributing to the ageing of the pack.

IV. CONCLUSIONS

The Liionpack physics-based framework for battery pack
lifetime calculations has been used to estimate the remaining
life and ageing of a megapack for large scale grid storage
applications. The study includes the NMC single-cell data in-
corporating the physics-based electrochemical-thermal model
coupled with various degradation mechanisms. In addition to
degradation at the cell level, inhomogeneities from cell-to-cell
variability due to deviations of the cell parameters and cell
connectors such as busbars, internal resistors, and terminal
connections impact the ageing of the battery pack. The ageing

Fig. 4. Capacity loss distribution of the megapack after 100 (blue), 300
(dark green), and 500 (purple) cycles for (a) identical cells with left-end or
right-end terminal connection, (b) identical cells with left-end and right-end
terminal connections, (c) SOC Gaussian distribution with negligible busbar
and connector resistance, (d) SOC Gaussian distribution with busbar and
connector resistance. The blue dashed, green dashed and purple dashed lines
are battery pack loss of capacity at 100, 300, 500 cycles, respectively. The
corresponding loss of battery pack capacity (black solid line), maximum (black
dashed line) and minimum (black dotted line) degradation of cells in a pack
as a function of ageing cycles are shown from (e)-(h) in the second column
for the respective cases.



analysis of the megapack emphasizes that the capacity losses
are significant for a cell with high SOC located near the
terminal end of the battery pack and highlights that the initial
state of cells plays a vital role in the degradation process along
with the busbar and terminal connections. In future, we will
integrate a battery management system (BMS) in the current
framework for active balancing and thermal management of
cells of a megapack. While it is beyond the scope of this
article, the presented work sets the stage for comprehending
the strategies for secondary use of lithium-ion cells in grid-
connected energy storage and long-range electrical vehicles.
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