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The performance of a lithium-ion battery is closely related to its manufacturing and can be impacted by
variability in the electrodes. Typically, manufacturers must set aside cells which are deemed to be of
insufficient quality, thus contributing to the cost of manufacturing high quality cells. The performance
of a lithium-ion battery module, that is, a string of cells configured in series, depends on the perfor-
mance of the weakest cell. In this work, the single particle model was adapted to simulate the coupled
behaviour of an arbitrary number of cells configured in series. The impact of slight variations in the
manufacturing of electrodes was then investigated with a goal of linking electrode properties such as
variations in thickness, electrode density and active material weight fraction with the performance of
battery modules made from these cells. Results indicate that the initial capacity, the rate of capacity
fade and other important aspects such as the distribution of state-of-charge from one cell to another
depends on the extent of variability in the manufacturing of the electrodes. In this work, the variation
in the performance of the module has been quantified as a function of manufacturing variation at the
electrode level.

Crown Copyright � 2012 Published by Elsevier B.V. All rights reserved.
1. Introduction

Lithium-ion batteries are currently the preferred technology
for the electrification of vehicles on account of their high energy
and power densities. Like many electrochemical technologies, the
cost of lithium-ion batteries must be reduced for wide scale
commercial adoption. The task of reducing the cost of lithium-ion
batteries falls on researchers for inventing new, higher capacity
materials or better electrode designs tailored for specific appli-
cations, as well as on cell manufacturers who must control
manufacturing tolerances of individual cells to precise levels to
maximize the performance and lifetime of a battery pack, which
can consist of hundreds or thousands of individual lithium-ion
battery cells.

The manufacturing of lithium-ion cells, starting from
commercial active material and additive materials involves mixing
the electrode slurry in the correct proportions for a specific
: þ1 613 991 2384.
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012 Published by Elsevier B.V. All
application, casting of the electrode slurry, usually onto
aluminium or copper foils, calendering of the casts to compress
the electrodes to achieve a desired electrode density or porosity
and finally assembling the cell components. In each manufacturing
stage, there exists a certain tolerance which must be met in order
to produce high quality, viable cells that pass quality control
measures.

A battery pack typically consists of groups of modules which
themselves are made up of many cells configured in series. For
battery modules, each of its cells is subjected to the same current,
and its voltage is the sum of the individual cell voltages. The
battery management system must ensure that operating limits
on each cell are observed, and therefore the capacity of the
battery module is limited to the capacity of the weakest cell
within the module. For this reason, small cell-to-cell variations
arising from the manufacturing stage may result in significant
variations to the overall electrochemistry and capacity of the
battery pack. The link between cell manufacturing variations and
their overall impact on a full battery module or pack can be
difficult and expensive to establish. In this work, we have used
mathematical modelling techniques to predict how these cell-to-
cell variations manifest thermselves in an operational battery
module.
rights reserved.
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Mathematical modelling can play an important role when
designing individual cells and also when scaling up to larger
systems. Models involving detailed coupled electrochemical
processes exist [1e11], as well as simplifications to the fully
coupled electrochemical model, such as the single particle model
[12e17] as well as resistor based models, recently reviewed in
[18]. To date, most physics-based models have focused on pre-
dicting the performance of an individual cell and battery pack
modelling has been done either by considering only a single cell
and ignoring any cell-to-cell differences [19] or by using resistor
based models that simulate the lithium-ion battery pack or
module [20,21]. While resistor based models can obtain fast
solutions, they cannot be used in a predictive capacity since they
are not physics-based and the parameters are specific to an
individual cell. Recently, it has been shown that the single
particle model [14] can be used to replace resistor based models
in the prediction of individual cells. The adavantage of the single
particle model is that it is derived based on simplifications to the
full electrochemical model and therefore it is physics-based, but
the time required to solve its equations are on the same time
scale as a resistor based model. In addition, phenomena such as
degradation kinetics and SEI formation can be incorporated into
the single particle model so that the initial capacity of the cell
can be modelled as well as capacity of the cell for any subsequent
cycle.

In this work, we have extended the single particle model to
simulate lithium-ion battery modules consisting of an arbitrary
number of cells configured in series. With this new physics-based
simulation tool for battery modules, we estimate how variations
in the manufacturing of the electrodes in the individual cells that
make up the battery pack can influence the overal capacity,
degradation and electrochemistry of the pack. The objective is to
identify which manufacturing steps, from the mixing of active
material and additives, the casting of electrodes and the calen-
daring of the electrodes, require strict quality control and to what
level so optimal performance from high performance battery packs
can be achieved.
2. Mathematical model

A description of the single particle model is available in Refs
[12e16]. The single particle model assumes that the majority of the
cell polarization is attributed to the lithium diffusion in the active
material particle and the kinetics of the charge transfer reaction. In
such circumstances, the gradient in the electrolyte concentration
and ionic phase potential can be assumed to be negligible, allowing
for spatial distributions along the cell thickness to be ignored. As
a consequence, any distribution in porosity and tortuosity is also
assumed to be negligible since these would primarily influence the
effective diffusion coefficient and effective ionic conductivity of the
electrolyte. However, the porosity is accounted for in the calcula-
tion of the active surface area of the electrodes. These assumptions
become increasingly valid as the current through the cell
approaches zero. Commonly, the single particle model is used for
currents less than 1C but it has been used succesfully in situations
involving HPPC pulses up to 5C [17] assuming an appropriate
solution method for the solid phase lithium diffusion equation. In
this work, the maximum applied current was 0.8 A, roughly C/3.
Under these conditions, the ohmic resistance, inveserly propor-
tional to the effective ionic conductivity and proportional to the cell
thickness, was found to be neglible. In addition, by virtue of the low
currents, we assumed an isothermal system since it has been
reported that the temperature is mostly constant for currents as
low as C/3 [22,23].
2.1. Theory/model development

In a lithium-ion battery, lithium is stored or removed from the
active cathode and anode materials by diffusing through spherical
electrode particles. This intercalation step is driven by the inter-
calation current and can be described by a transient spherical
diffusion equation:

vci
vt

¼ Di

r2
v

vr

�
r2
vci
vr

�
i ¼ ðpos;negÞ (1)

where ci is the concentration of lithium inside the spherical
particle, r is the radial position inside the spherical particle and Di is
the solid phase diffusion coefficient in electrode i (either positive or
negative). Eq. 1 has boundary conditions:
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¼ �Ji at r ¼ Rp (2)
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where Ji is the intercalation current density at the surface of the
particle, described by ButlereVolmer kinetics:

Ji ¼ i0;i
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and the exchange current density is

i0;i ¼ Fkct;i
�
Cmax;i � qiCmax;i

�0:5�
qiCmax;i

�0:5C0:5
e (5)

where kct is the rate of the electrochemical reaction, Cmax is the
maximum concentration of lithium that can be stored in the active
material, q is the state-of-charge of the electrode and Ce is the
concentration of lithium salt (1000 mol m�3).

The intercalation current density is related to the applied
current and the internal surface area of the electrode (Si): Ji ¼ Itot/Si.
With this definition, the electrode overpotential, hi, can be solved in
Eq. 4 to calculate the electrode potentials:

f1;i ¼ hi þ f2 þ Eref ;i þ JiRfilm;i (6)

where Rfilm,i is the film resistance on the electrode particle, and Eref,i
is the reference potential of the electrode. Subscript i refers to
either the positive or negative electrodes.

The cell voltage is then simply defined as the difference between
the positive and negative electronic phase potentials:

V ¼ f1;p � f1;n (7)

To simulate constant voltage charging in a CCCV charge protocol,
an iterative process was used to find the correct current density
such that the voltage remained at the specified level.

The influence of an ohmic drop, f2;pos � f2;neg, can be estimated
based on the effective ionic conductivity of the electrolyte and the
thickness of the electrodes and separator:

ItotRohmic ¼ Itot
A

�
 

Lpos

sionε
brugg
pos

þ Lsep

sionε
brugg
sep

þ Lneg

sionε
brugg
neg

!
(8)

where sion is the ionic conductivity of the electrolyte, and brugg is
the Bruggeman factor w1.5. Using Eq. 8, it is easy to show that the
the potential drop due to the Ohmic resistance is negligible at a rate
of C/3 and the term f2;pos � f2;neg is commonly excluded from the
single particle model.
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A side reaction which consumes a portion of the intercalation
current in the anode, forming an SEI layer, was also considered. To
simplify parameter estimation, the details of the elementary reac-
tions that make up the SEI film formation reaction mechanism,
recently modelled by Colclasure et al. [24], have not been consid-
ered. Instead, the mechanism was simplified to a single reaction
similar to that reported in Refs [8,12,14]. Although secondary and
tertiary degradation mechanisms have been ignored, this side
reaction has been validated against commerical lithium-ion cells
for up to 1968 cycles [8]. During cell charging, lithium is inserted
into the anode particles, however, a side reaction reduces ethylene
carbonate (EC) to form lithium carbonate. This side reaction
siphons a portion of the intercalation current and deposits the by-
product onto the active particle surface of the anode. This reaction
is considered to be an irreversible electrochemical reduction reac-
tion and can be expressed by

Sþ 2Liþ þ 2e�/P (9)

where S refers to the solvent and P is the side reaction product. In
such a case, the intercalation current density at the anode is
decreased due to the side reaction current density, and becomes:

Jneg ¼ Itot
Sneg

� Js (10)

where Js is the side reaction current, calculated from a Tafel
approximation of the ButlereVolmer equation:

Js ¼ �i0sexp
��acF

RT
hs

�
(11)

As EC is reduced and the side reaction proceeds, both the
thickness of the SEI layer and its resistance increase according to:

dLSEI
dt

¼ �JsMp

rpF
(12a)

RSEI ¼ L0SEI
kp

þ LSEI
kp

(12b)

where Mp, rp and kp are the molar mass, density and electronic
conductivity of the product film and L0SEI is the initial film thickess.
As a result of the parasitic side reaction, less lithium is available to
be stored in the particles and the resistance of the SEI layer
increases.

After the charge cycle, the lost capacity of the cell, Qs and the lost
SOC, qs, can be calculated by:
Fig. 1. Simulation algorithm for cells in series. The electrochemistry of each cell is simulat
ensure that each cell stayed within its voltage window.
Q ¼ �
Zt ¼ ch:end

S J dt (13a)
s

t ¼ ch:start

neg s

qs ¼ Qs

Qmax
(13b)

where Qmax is the rated capacity of the cell (or the capacity
of the first cycle). To start the next cycle, the SOC of the
positive electrode is updated to reflect the new starting condition
where q0p ¼ q0pjN�1 � qsjN�1.

The above equations apply to a single lithium-ion cell and were
programmed using Python and the Scipy [25] and Numpy numer-
ical libraries. Eq. 1 is a partial differential equation and although
algebraic approximations exist, we chose to use the full finite
difference solution method.

2.2. Battery module simulation

Under single cell operation, the equations can be solved at
successive time steps, however, some extra consideration must be
given for the simulation of cells configured in series, especially if
the model is to simulate multiple cycles of the battery pack. This
solution algorithm is given in Fig. 1. In a series configuration
assuming negligible losses in the current collectors, the current
through each cell is the same and the capacity of the battery pack is
limited to that of the weakest cell in the series. The voltage at each
time step is simply the sum of the voltages of the individual cells:

VpackðtÞ ¼
Xn

cell¼1

VcellðtÞ (14)

For each time step, the equations describing the cell behaviour
must be solved sequentially for each cell in the series. During
discharge, the simulations are marched forward in time until one
cell in the series hits the low voltage cutoff, such as 2.5 V, at which
point, the current flowing through the cells must be changed to
a charging current so as to not over-discharge the cells, causing
potentially dangerous operation of the battery pack. In this work,
we have considered a cell balancing technique for the charging of
cells. The charging starts with a standard constant current charge
until each cell hits the voltage cutoff of 4.2 V, at which point, each
cell undergoes an independent constant voltage charging mode
until the maximum current flowing through the cells has dimin-
ished to less than or equal to 50mA. This type of charging behaviour
is similar to the cell balancing of a battery management system
ed individually and an algorithm was used to control the end-of-discharge/charge to
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accomplished by bleeding each cell to maintain a constant 4.2 V
and ensuring that individual cells are fully charged. Depending on
the cell-to-cell variability, this may mean that some cells are
maintained at 4.2 V longer than others.
2.3. Model parameters

The model parameters include kinetic, transport and geomet-
rical parameters. The kinetic and transport parameters are inde-
pendent of the electrode’s microstructure and were determined for
each individual electrode by fitting the parameters against low rate
experimental cycle data of a commercial 18650 cell with LiCoO2
(LCO) cathode and graphite anode. These parameters compared
favourably to those found in the literature for the samematerial Ref
[12]. The geometrical parameters of the electrodes were deter-
mined by dissasembling the 18650 cell and measuring the thick-
nesses and geometric areas of the electrodes. This process was
complicated by the fact that the electrode material had laminated
to the separator making accurate thickness measurements difficult.
The thicknesses were then estimated based on these measure-
ments and compared against the findings of commercial cells from
Johnson and White [26].

In addition to the kinetic and transport parameters, we also
estimated the side reaction exchange current density, i0s with data
on the capacity fade of 200 cycles of the 18650 cell. We then used
this i0s to predict the cycling behaviour to 1000 cycles.
Table 1
The range of manufacturing tolerances simulated in this work. The standard devi-
ations listed here are those that make up the normal distributions shown in Fig. 2(a)
and (b).

Parameter Description Standard deviation

Low Med High

L Electrode thickness �1% �2% �5%
reode Electrode density �1% �2% �5%
wAM Weight fraction of active material �0.1% �0.2% �0.5%

Eref ;p
�
qp
� ¼ �4:656þ 88:669q2p � 401:119q4p þ 342:909q6p � 462:471q8p þ 433:434q10p

�1þ 18:933q2p � 79:532q4p þ 37:311q6p � 73:083q8p þ 95:96q10p
(16)

Eref ;nðqnÞ ¼ 0:7222þ 0:1387qn þ 0:029q0:5n � 0:0172
qn

þ 0:0019

q1:5n

þ 0:2808 expð0:9� 15qnÞ � 0:7984 expð0:4465qn � 0:4108Þ (17)
Overall, the kinetic and transport parameters which were fit
against experimental data included:

� The electrochemical rate constant for cathode and anode, kct,i
� The lithium diffusion coefficient in the active material for
cathode and anode, Di

� The side reaction exchange current density of the anode, i0s

Because the kinetic and transport parameters are microstruc-
ture independent, predictions using these parameters and varying
design parameters can then be made. Given an electrode thickness,
electrode density, particle size and weight fractions of the active
material (AM), binder (B) and carbon conductor (C), important
parameters such as the electrode porosity (εi) and the internal
surface area (Si) can be calculated using the following relationships:

εi ¼ 1� reodei

rbulki

i ¼ ðpos;negÞ (15a)

Si ¼
3VAM;ið1� εiÞ

Rp;i
i ¼ ðpos;negÞ (15b)
reodei ¼
X

j¼AM;C;B

rjVj;i i ¼ ðpos;negÞ (15c)

Vj ¼ wj

rj
�
2
4 X

k¼AM;C;B

wk=rk

3
5�1

j ¼ ðAM;C;BÞ (15d)

In the above equations, reodei is the density of the electrode
(either positive or negative), rbulki is the density of the bulk
electrode (the electrode density based on each of its components
but assuming no porosity), Vj is the volume fraction of compo-
nent j in the electrode, and rj is the density of component j. The
electrode components include: the active material (AM), carbon
filler (C) and the binder material (B). During the manufacturing
stage of an electrode, the electrode density can be controlled in
a number of ways, such as by varying the amount of NMP/solvent
or weight fraction of active material (wAM) during the casting of
the electrode slurry, by the evaporation rate of NMP in the cast or
by the pressure used in the calendering process. In addition to
these kinetic and transport parameters, open circuit voltage
(OCV) curves for the individucal LCO and graphite electrodes
were required. This data has been previously reported [14] for
the LCO and graphite electrodes respectively and Eqs. 16 and 17
are curve fit expressions for LCO cathode and graphite anode
respectively:
2.4. Modeling procedure
The purpose of this study was to investigate how tolerances that
may exist in the electrode fabrication process of lithium-ion cells
impact the overall performance of a battery pack. The three main
electrode fabrication parameters studied were: 1) The electrode
thickness 2) The electrode density, related to the porosity of the
electrode, and 3) The weight fraction of active material, related to
the quality of mixing of the active material with conductive agents
and binders. For each of these three parameters, it was assumed
that a small variation at the manufacturing level existed and that



Fig. 2. Example of (a) Variation of electrode thickness with 1%, 2% and 5% standard
deviation (b) Variation of active material in electrode with 0.1%, 0.2% and 0.5% standard
deviation.

Table 2
List of model kinetic, transport and geometrical parameters.

Parameter Pos value Neg value Units Source

kct 1.27�10�12 1.67�10�12 m2.5 s�1 mol0.5 Fit
Ds 1�10�13 3.8�10�14 m2 s�1 [12]
i0s e 3.2�10�8 A m�2 Fit
La 100 105 mm Measured and [26]
Q 274.64 363.0 mAh g�1 Calculated
A 0.07 0.07 m2 Measured
Rp 5 6 mm Assumed
reode,a 3.07 1.24 g cm�3 Measured and [26]
wAM

a 86 96 % Assumed and [26]
Mp e 0.1 kg mol�1 [12]
rp e 2100 kg m�3 [12]
kp e 5�10�6 S m�1 [12]
Eref,s e 0.4 V [12]
T 298 298 K e

a These represent the mean values and are varied for parts of this work
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the variation fell within a normal distribution. The simulations
assumed variations for both the thickness and the electrode density
were �1%, �2% and �5% of the mean while the variations on the
weight fraction of active materials were �0.1%, �0.2% and �0.5% of
the mean. Since manufacturing variations are not published by
battery manufacturers, we chose a range which we judged to be
reasonable for the variation of each parameter based on the
experimental work that has previously been done in our lab
fabricating various electrodes for coin cells [27e29]. Unless other-
wise stated, these variations are denoted qualitatively as low, med
and high, as shown in Table 1.

For the majority of this work, battery modules consisting of 15-
cells configured in series were simulated at a discharge current
of �0.8 A (approximately C/3). The manufacturing parameters for
each cell were randomly chosen within the normal distribution for
that parameter. Fig. 2(a) and (b) show examples of the distributions
of the cathode thickness and the weight fraction of the cathode
active material from which the cell parameters were randomly
selected. Since each pack consisted of 15-cells with randomly
selected parameters, numerous battery modules were simulated in
order to obtain mean and standard deviations on the module
capacities which were fabricated from the same batch of cells. This
is equivalent to the physical scenario of battery modules being
made from a batch of cells fabricated with the same manufacturing
tolerances. For this study, 130 modules were simulated and aver-
aged to provide the upper and lower capacity range for each set of
parameter tolerances.
3. Experimental

Commercial 18650 cells made from LCO cathode and graphite
anodes were cycled at room temperature on an Arbin cycler
between 4.2 and 2.5 V. The capacity of the cells were determined by
first cycling at very low currents, followed by a C/12 charge and
discharge over 5 cycles to condition the cell. To verify the model
against experimental data, a cycle routine consisting of C/12, C/9, C/
6 and C/3 discharge with C/3 and constant voltage charge protocol
was used. After these initial cycles, the cell was cycled over 200
cycles at C/3 with the rate capability verified every 10 cycles
between 1C and C/50. Once the cell cycling had finished, the 18650
cell was dissasembled by cutting and removing the canister and
unrolling the electrodes to measure physical parameters such as
the electrode thickness and the geometric area. For these cells, the
geometric area was 0.07m2 and the cathode and anode thicknesses
were estimated to be 100 and 105 microns respectively.

4. Results and discussion

4.1. Single cell parameter fitting

Experimental data was used to validate the model for a single
LCO j graphite cell. After the initial cell conditioning phase, model
parameterswere estimated based on discharge cycles between C/12
and C/3 with a CCCV charge protocol and a 50mA cutoff current.
These experiments provided estimates of the insertion reaction’s
electrochemical kinetic rate constants as well as the solid phase
diffusion coefficients. The exchange current density of the side
reaction, i0s, was estimated separately based on the capacity fade of
the experimental cell over 200 cycles at a rate of C/3. Table 2 outlines
the parameters used in this studywhile Fig. 3(a) shows the resulting
model fit against the experimental data for the discharge cycles and
Fig. 3(b) shows the model fit of the capacity fade. The starting
parameter estimates for the kinetic and transport parameters were
taken from Ning and Popov [12] and then further refined for the
collected experimental data. The normalizedmean square error (Eq.
18) of the parameter fit was 0.46 for Fig. 3(a) and 0.02 for Fig. 3(b).

nmse ¼
mean

h
ðexp�modÞ2

i
varðexpÞ (18)

4.2. Simulation of ideal lithium-ion battery module

A battery module is defined as a string of single cells config-
ured in series. When each cell within a battery module is identical



Fig. 4. (a) Cycle behaviour and (b) comparison of capacity fade of a 15-cell module
with no cell-to-cell variation at a discharge current of �0.8 A (approximately C/3).

Fig. 3. (a) Model fit against experimentally collected discharge (from C/12 to C/3) and
CCCV charge curves (C/3 charge and 50 mA cutoff) in an 18650 cell (b) Model fit against
the capacity fade of an 18650 cell.
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to one another, meaning not just identical capacities but also
identical electrode microstructures, each cell and electrode
within the module is exposed to the same intercalation current
and maintains an identical voltage profile to one another
throughout the lifetime of the module. Given this type of hypo-
thetical module, the capacity of the module would be equivalent
to the capacity of a single cell. The voltage of the module is
additive and follows Eq. 14.

Fig. 4(a) and (b) show the typical cycling behaviour of an ideal
lithium-ion battery module. While each cell within the module
cycles between a high and low voltage of 4.2 V and 2.5 V, as shown
by the single cell cycles in Fig. 3(a), the module cycles between
a high voltage limit of 4.2 V�15 cells ¼ 63 V and a low voltage
limit of 2.5 V�15 cells ¼ 37.5 V. Each cell that makes up this
module has exactly the same cycle behaviour. The output gives
identical state-of-charge and capacity fade curve which are
determined by the parameters that were found to fit the experi-
mental data in Fig. 10.

The capacity fade of the module, shown in Fig. 4(b), represents
a 26.2% reduction in the capacity of the cells over 1000 cycles, from
2.26 Ah to 1.67 Ah. After the constant current charge step of cycle 2,
the charge capacity of each cell was 1.89 Ah and the constant
voltage charge topped up the charge capacity by 0.378 Ah, whereas
after cycle 1000, the constant current charge capacity was reduced
to 1.18 Ah and the constant voltage portion added an additional
0.494 Ah. At the same time, the internal resistance of the cells
increased over the 1000 cycles due to the build-up of SEI on the
anode particles, growing from a resistance of 0.02Um2 to 0.076Um2

on a surface area basis.
It is important to note that due to the coupling of transport

and electrochemical processes in the battery with the cell’s
electrode microstructure, even the slightest variations in the
manufacturing of electrodes, ultimately resulting in variations in
the electrode microstructure, results in cell-to-cell differences in
charge times, state-of-charge and SEI/cell degradation. A mathe-
matical description of how electrode manufacturing variations
can influence the electrode microstructure was given by Eq. 15.
Variations in thickness, apparent electrode density and active
material fraction influence the internal surface area, porosity and
volume fractions of the electrode which in turn influence various
transport and electrochemical processes. These variations in
individual cells influences the performance of the battery module
as a whole and the impact of these manufacturing variations are
discussed below.

4.3. Influence of electrode manufacturing variations on battery
performance

4.3.1. Simulation of individual cells
During the production of lithium-ion cells, many factors can

influence the performance of an individual cell, from electrode
manufacturing to cell assembly. For the electrode manufacturing
stage, factors related to the quality of the electrode slurry, the
roll-to-roll casting of the slurry onto aluminium or copper foil
and the drying and calendering process could result in
individual cells having slight variations in their electrode
microstructures.

Due to the coupled nature of electrochemical processes, the
impact of small variations caused by manufacturing processes can
be difficult to ascertain without mathematical modelling. Fig. 5
shows the distribution of the single cell capacities after cycle 2
and cycle 1000 resulting from “low” and “high” variations in



Fig. 6. (a) Discharge curves (cycle 2) of single cells making up a module (b) The
behaviour of those same cells while configured in the module. Inset shows the same
data near the end of the discharge. Simulations were performed using low
manufacturing variabilities on all parameters with a discharge current of �0.8 A.

Fig. 5. Single cell capacity distribution for all the cells that make up the 130 15-cell
modules a) low variation in all manufacturing parameters b) high variation in all
manufacturing parameters. The low and high parameter variations are outlined in
Table 1. The bin size was chosen to represent 1% variance around the target capacity,
which was 2.26 Ah. The discharge current was -0.8 A.
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electrode manufacturing, as outlined in Table 1. These figures
represent a batch of 1950 individual cells whose parameter sets
were also used to simulate 130 individual 15-cell battery
modules. These large sample sizes were required for statistical
resolution since the manufacturing parameters were selected
randomly from the normal distributions shown in Fig. 2(a) and
(b). As can be expected, the spread in the capacities of the indi-
vidual cells increase as the variation in manufacturing increases.
For example, Fig. 5(a) shows the range of capacities in single cells
associated with a low variation in the electrode thickness,
apparent electrode density and active material weight fraction.
The difference in capacity between the highest and lowest
capacity cells from this batch was 0.246 Ah whereas the target
capacity, had there been no manufacturing variations, was
2.26 Ah, making the differential about 10% of the target capacity.
Each bar in Fig. 5 represents a 1% capacity differential, which
means that if a module was to be built from this batch of cells and
the target capacity of the module was 2.26 Ah � 1%, then only
25% of the cells could be used (assuming the higher capacity cells
were used for other purposes). This outlines the importance of
keeping tight control over the manufacturing process of the
individual electrodes since a large portion of cells would have to
be discarded to ensure good performance of the battery module.
Fig. 5(b) shows similar results except for high variation in
manufacturing. In this case, the difference between high and low
initial capacities is 1 Ah and the fraction of cells that can be used
to build a module with a specified capacity drops by more than
a factor of three.
Typically, a battery module is constructed from a batch of single
cells that are chosen to have matching capacities within some
specified capacity range. This late stage quality control results in
some cells being classified as high quality while others are low
quality, influencing the cost of the cells. For this reason, it is
important to understand some of the factors associated with this
variance in capacity and how these variations may ultimately
impact a battery module. It is the intention of this work to establish
a more direct link between the variation in the electrode
manufacturing with the final capacity of modules assembled from
those cells.

4.3.2. Simulation of 15-cell battery modules
The simulation of a battery module assembled with identical

cells configured in series is relatively straightforward assuming the
cells remain perfectly balanced throughout their lifetime. In such
a case, only a single cell needs to be simulated and the voltage of the
battery module can be calculated using Eq. 14 and the capacity of
the module is simply the capacity of an individual cell. However, if
the cells become unbalanced, due to defects in the electrodes which
may arise from variations in the manufacturing stage, the battery
management system must work to ensure that each cell remains
within a specified voltage window for safe operation. During
discharge, slight variations in electrode manufacturing can result in
some cells within the module reaching 2.5 V before others. In this
case, the module must be treated as fully discharged, despite some
cells having further capacity. In the model outlined in Section 2.1
and 2.2, an algorithm was developed allowing battery modules to
be simulated by coupling the charge and discharge behaviour of
individual cells within the module in the same way that a battery



Fig. 8. Maximum and miniumum lithiation in positive and negative electrodes during
cycle 2 for (a) low variation in all parameters and (b) high variation in all parameters.
The data represent the modules (out of the 130 which were simulated) that exhibited
the maximum spread in lithiation between individual cells.

Fig. 7. (a) Module discharge and charge profiles for low and high manufacturing
variations selected for a case where the capacity of the two modules was the same
(2.18 Ah) (b) Comparison of the average discharge and charge profiles of cells within
a module against the discharge and charge profiles of the limiting cell simulated on its
own as well as within a module configuration.
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management system would ensure safe operating voltages of each
cell. This algorithm is important when it comes to simulating
modules that are built with slight variations between individual
cells, since the behaviour of cells within a module is not necessarily
equivalent to the behaviour of a single cell. Fig. 6(a) and (b) depicts
the differences between cell behaviour simulated individually and
while configured in a module with low manufacturing variations.
The inset figures represent the same data but are focused around
the end-of-discharge for these two situations.

When tested or simulated as single cells, Fig. 6(a) shows that
each cell is allowed to discharge completely before the charge cycle
begins. Slight variations in the manufacturing stage of the cell
result in slight capacity differences and internal resistances due to
factors such as thickness, electrode density and differences in the
fraction of active material, producing capacities of ranging from
a high of 2.33 Ah to a low of 2.23 Ah with an average of 2.26 Ah. By
comparison, Fig. 6(b) shows the behaviour of the same cells but
configured in a module. The spread in discharge and charge curves
is much lower for these cells configured in a module because the
capacity and state-of-charge of each cell is limited to prevent over-
discharge or over-charge. The capacity of the module is limited by
the weakest cell within the module, in this case, the cell with the
capacity of 2.23 Ah.

As a result of the distribution in end-of-discharge voltages
observed in Fig. 6(b), cycling individual cells between 4.2 V and
2.5 V within a module of unbalanced cells does not correspond to
an end-of-discharge module voltage of 2.5 V � 15 ¼ 37.5 V but
instead to a higher end-of-discharge module voltage. Fig. 7(a)
shows an example of the discharge curves of two 15-cell modules
simulated with the assumption of low and high manufacturing
variations and matched with respect to their capacity. It should be
noted that Fig. 7(a) was generated by choosing a single module
from the 130 modules simulated using the high manufacturing
variation case and a single module from the 130modules simulated
from the low manufacturing variance case so that these two
modules had the same capacity, an unlikely event that only occurs
at the tail ends of their distributions. From Fig. 7(a), it is clear that as
the manufacturing variance is increased, the minimum module
voltage is also increased. This is because of the additive nature of
the module voltage (Eq. 14) and the fact that manufacturing vari-
ations result in a spread of end-of-discharge voltages, as shown in
Fig. 6(b). On average, over the 130 modules simulated for each
manufacturing variation case, for low variance inmanufacturing (as
shown in Table 1), the modules cycle between high and low voltage
limits of 63 V and 46.0 V � 0.83 V whereas for the case of high
variance in manufacturing, the modules cycle between 63 V and
49.8 V � 0.86 V. It should be pointed out that the alogirthm used in
this model ensures that the each cell within the module is fully
charged to 4.2 V.

As has been previouslymentioned, the batterymodule is limited
by the cell that has the lowest capacity in the module. Fig. 7(b)
shows the discharge profiles of the limiting cell within a module
compared against the same cell but simulated as a single cell and
not as part of a module. These two discharge curves are identical,
however,Fig. 7(b) also shows the average discharge profile of all
cells within themodule, which takes on a slightly different shape to
the limiting cell, again, caused by the distribution in cell voltages
within a module. As a consequence of the higher average cell



Fig. 10. (a) Initial capacity (at Itot ¼ �0.8 A) of a module as a function of the number of
cells within the module for low and high manufacturing variations. The error bars
represent the standard deviation of the capacities. (b) The distribution of charge times
for modules assembled with 2 and 15 cells based on low manufacturing variations.

Fig. 9. (right) Initial capacity (at Itot ¼ �0.8 A) of a 15-cell lithium-ion battery module
as a function of varying degrees of manufacturing tolerance. (L ¼ electrode thickness,
r ¼ apparent electrode density, w ¼ mass fraction of active material). (left) The
capacity degradation (as a percentage of initial capacity) after 1000 cycles. The
capacities represent the average of 130 simulations from randomly chosen parameters
and the error bars represent the standard deviations.
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voltage caused by manufacturing variations, for two modules that
have the same capacity but one module assembled from cells that
have a wider variation in the single cell capacity, the total energy
delivery for the module assembled with unbalanced cells is higher,
due to the fact that the average cell voltage is higher. Again though,
it should be emphasized that the probability of finding two
modules with the same capacity made from both high and low
manufacturing variation cells is low.

A common concern when it comes to lithium-ion batteries and
battery packs is to estimate and to match the state-of-charge of
cells within the battery pack. The state-of-charge and the shift in
the state-of-charge with respect to cycle number can indicate the
relative health of a battery system. Fig. 8(a) and (b) show the state-
of-charge of the individual electrodes as a function of cycle time
during the second cycle for the modules that exhibit the maximum
variation in the state-of-charge (or in this case, lithiation of the
electrodes) for modules assembled with cells made with low and
high manufacturing variations. At the start of the cycle, the cells are
fully charged due to the cell balancing algorithm that is commonly
employed in battery management systems. During the discharge
process, the state-of-charge of the cells begin to diverge due to
small electrode microstructural differences introduced by the
manufacturing stages that influence the kinetics and transport of
lithium within the cells. The maximum state-of-charge mismatch
occurs at the end-of-discharge and the extent of the mismatch is
a function of the variation in the manufacturing of the cells. As can
be see from the figures, the state-of-chargemismatch between cells
made with low manufacturing variations is relatively minor but
increases for cells made with high manufacturing variations. This
mismatch in the state-of-charge of the cells indicates non-optimal
utilization of each cell within the module and in some circum-
stances, may be difficult to correct for the battery management
system.
From the above discussion, it is evident that battery modules
assembled from cells that include even slight manufacturing vari-
ations can influence the distribution of cell-to-cell voltages and
states-of-charge, resulting from the fact that electrochemical
processes depend on the microstructure of the electrode. Although
manufacturing variances of cells may result in some cells exhibiting
higher capacities than the average, as shown in Fig. 5, modules are
limited by the weakest cell within the module. For this reasion,
these distributions of cells within a battery module manifests itself
in a lower module capacity. Fig. 9 shows the initial capacity and
capacity fade of a 15-cell module for a systematic variation in
manufacturing parameters from low to high variations as defined
in Table 1. In this case, a hypothetical module built from cells that
had identical electrode microstructures resulted in a module
capacity of 2.26 Ah and a capacity fade of 26.2% after 1000 cycles
whereas a module built from cells that had high manufacturing
variations resulted in the lowest initial capacity of 1.99 Ah and
a capacity fade of 27.4%. As the extent of variation in cell
manufacturing increases, the capacity of the battery module
decreased due to the fact that the probability of manufacturing
a cell with a low capacity was higher. Interestingly though, as the
extent of manufacturing variability increases, the capacity fade also
increases. The reason for this slightly increased capacity fade was
that the total side reaction current is a function of the electrode
microstructure, based on Eq. 13a, and is therefore influenced by
slight variations in themanufacturing of the electrodes. In addition,
the result of the systematic variation in manufacturing parameters
reveals that for the same level of variation in either the electrode
thickness or the electrode’s density, there is not a statistical
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difference in the capacity of the module. However, between a 1%
variation and a 2% variation in either of these manufacturing
parameters, there is a statistical difference. This indicated that the
electrode thickness and the electrode density are equally important
to control during the manufacturing process of the cells wheareas
the weight fraction of the electrode, as long as the variation is kept
less than 0.5%, is less critical. The order of importance in the control
of manufacturing can then be summarized as: wAM <reode �L.

4.3.3. Variable sized modules
The above discussion has focused primarily on lithium-ion

battery modules consisting of 15-cells configured in series. It is
clear that the number of cells within a module could also influ-
ence the capacity of the module though, since the fewer cells
there are in a module, the less likely it is that a low capacity cell
would exist in that module. Fig. 10(a) shows the effect of the
number of cells in a module on the initial capacity of the module
for two cases of low and high manufacturing variations. The
initial drop in the capacity when going from a single cell to a 2-
cell module is initially steep, however, as is indicated by the
error bars, depending on the extent of manufacturing variation,
some modules could be made with limiting cells that have
capacities higher than the target cell (in this case, a 2.26 Ah cell).
The probability of assembling a module with all cells in the
module having a high capacity is reduced as the number of cells
in the module is increased and this results in the module capacity
falling as the number of cells is increased. Fig. 10(a) shows that
a 2-cell module made from cells with low manufacturing varia-
tion has a capacity of 2.24 � 0.027 Ah whereas a 20-cell module
has a capacity of 2.19 � 0.016 Ah, a 1.9% drop in capacity. For high
manufacturing variation, the drop in capacity caused by a shift
from a 2-cell module to a 20-cell module is 9.1%.

Not surprisingly, the charge time for the modules also shifts as
the number of cells in the module increase. Fig. 10(b) shows the
distribution in the total charge time for each module simulated as
with 2-cells and with 15-cells. The charging time for the 2-cell
module is higher than that for a 15-cell module because in a 2-
cell module, most of the capacity of each cell is used and there-
fore, must be more fully charged. Whereas in a 15-cell module,
some cells do not discharge completely and therefore have
a shorter charge time.

5. Conclusions

In this work, the single particle model for lithium-ion batteries
was extended to simulate battery modules, or individual cells
configured in series. The focus of the present study was to link the
variation in themanufacturing of lithium-ion cells to the capacity of
lithium-ion battery modules. Manufacturing variations following
a normal distribution with a range of standard deviations were
simulated. It was shown that the capacity of the module was
limited by the weakest cell within the module, however, for
modules assembled with cells made with high variations, the
average voltage of the battery module may be higher which may
result in higher energy delivery due to the fact that the module
consists of some higher capacity cells in addition to lower capacity
cells. Further, the study reaveals that the potential capacity of the
cells in a battery module exceeds its active useful capacity, where
the extent of capacity rendered unavailable is related to the degree
of manufacturing variability at the individual cell level.

The simulations show that the initial capacity of a battery
module is a strong function of manufacturing variations, but the
capacity fade of the battery module also varies with the extent of
manufacturing variations. In addition, the simulations suggest that
two manufacturing parameters, the electrode thickness and the
electrode’s density (ie. porosity), are of equal and more significant
importance to control in order to maximize the useful capacity of
the battery module.
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Nomenclature

c: concentration of lithium in active material mol m�3

D: diffusion coefficient m2 s
J: intercalation current density A m�2

Js: side reaction current density A m�2

i0: exchange current density A m�2

kct: rate constant of intercalation reaction m2.5 s�1 mol0.5

Cmax: maximum lithium concentration in active material mol m�3

Ce: concentration of lithium salt in electrolyte mol m�3

Eref: equilibrium potential V
Rfilm: resistance of SEI film on a surface area basis U m2

Mp: molecular mass of side reaction product kg mol�1

LSEI: thickness of SEI film m
Si: active internal surface area of electrode m2

Q: capacity of electrode A s
Vi: volume fraction of either active material, binder or carbon filler e

http://www.scipy.org
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wi: weight fraction of either active material, binder or carbon filler e
Rp: radius of active material particle m2

R: gas constant J mol�1 K�1

T: temperature K
F: Farraday constant C mol�1

Greek
qi: state-of-charge of electrode e
hi: overpotential of charge of electrode V
f1/2: electronic/ionic potential V
rp: density of side reaction product kg m�3

kp: conductivity of side reaction product S m�1
ε: porosity of electrode e

Subscripts
i: positive or negative electrode
s: side reaction
j: active material, carbon filler or binder
ct: charge transfer reaction
P: product of the side reaction

Superscripts
eode: electrode
bulk: bulk electrode (ie. electrode without porosity)
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