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H I G H L I G H T S

• Modelling different battery cathode par-
ticle morphology.
• Simulating different calendering com-
pression level.
• Predicting porous cathode properties for
different calendering rates.
• Predicting electrochemical-thermal per-
formance of related to calendering.
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A B S T R A C T

Calendering is a crucial step in the production of lithium-ion batteries (LIBs), due to its significant effect on key
parameters of porous electrode structure and resultant performance. This study investigates the influence of
calendering degree (compression) on porosity, tortuosity and permeability for different particle configurations.
With this motivation, the mechanical behaviour of electrode structures was conducted with Discrete Element
Method (DEM), and the electrolyte flow as a continuous phase was described using pore-scale computational
fluid dynamics (CFD) simulations. Three different electrode microstructures were generated comprising mono-
disperse and polydisperse spherical particles, as well as mono-disperse ellipsoidal particles. The predicted
pore-scale properties are used in validated electrochemical–thermal models to correlate calendering process to
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the overall LIB performance. The results revealed that using the ellipsoidal particles, an anisotropy in tortuosity
and permeability appeared with the beginning of the compression process. As the compression degree increased
to 30%, the level of anisotropy decreased, and as a consequence, the discrepancy of diagonal components of
tortuosity and permeability decreased. The electrochemical–thermal models show that it is best to keep the
calendering rate around 20% with smaller particle sizes (for both spherical and ellipsoidal cases).

1. Introduction

Broad applications of lithium-ion batteries (LIBs) in daily life are
indisputable facts [1]. They have had a beneficial impact on energy
storage field including portable devices, electronic gadgets, and trans-
portation. A substantial increase in battery demand has led to signif-
icant efforts to improve their performance. During battery electrode
production, the calendering process is a crucial step, in which the dry
electrode structures are formed under pressure [2]. The calendering
process — see Fig. 1(a) — improves electrical conductivity by enhanc-
ing contacts between electrode particles. It also reduces pore areas that
leads to increase in the volumetric energy density. Pore-scale char-
acteristics of the electrode structures, including porosity, tortuosity,
and permeability are directly influenced by calendering [3,4] that are
correlated to the LIB overall performance [5].

Alongside the experimental investigation of calendering process [6,
7], numerical methods are considered as suitable tools to provide de-
tailed insights in terms of both the mechanical aspects of the electrode
structure and the electrolyte flow in the pore volume. Discrete Element
Method (DEM) has demonstrated significant potential to understand the
microstructure behaviour in LIB electrodes [8–11]. By combining the
elasto-plastic contact model with a bond model, Giménez et al. [12]
developed a DEM approach to evaluate the mechanical properties of
the electrode structures. They also used the DEM simulations alongside
experiments to calibrate the proposed method during compression.
Using a novel DEM calendering model, Ngandjong et al. [13] studied
the behaviour of the electrode meso-structure and electrochemical
performance for various calendering pressures. Recently, Ge et al. [14]
used DEM simulations to investigate the behaviour of electrode struc-
tures under different calendering degrees, and predicted pore-scale
characteristics. They only reported bulk tortuosity using diffusive equa-
tion available by TauFactor application [15]. This approach, however,
requires more calibration and correction to the predicted tortuosity
values, especially if the volume of ‘‘closed pores’’ within the bulk
increase [16].

Most authors have considered spherical particles to construct elec-
trode structures in DEM simulations, however, the particles are not nec-
essarily spherical in the real structures [17]. This would lead to change
of pore-scale properties — that has been investigated in other similar
areas but batteries [18,19]. The only research conducted for LIBs
considering non-spherical particle shapes is the DEM simulations by
Becker et al. [20]. They, however, only reported the effective transport
in solid and electrolyte using resistance network (RN) method [21],
which does not adequately account for the tortuous pathways that ions
or electrons must travel through the pore space or solid matrix.

This study aims to investigate the effect of calendering degree
on the behaviour of porous electrode microstructures for different
particle configurations. i.e. mono-disperse and polydisperse spherical
particles, as well as mono-disperse ellipsoidal particles. Unlike any
other research for LIBs in literature, computational fluid dynamics
(CFD) analysis is used to solve diffusive–convective transport of within
the pore areas (whether they are closed or not) between the particles
to calculate pore-scale characteristics. This allows prediction of per-
meability and tortuosity tensor for the microstructure than a single
bulk value. Moreover, 3D electrochemical–thermal models are used to
study the link between predicted porous medial properties with the
downstream battery performance in terms of their optimised operating
conditions.

2. Material and methods

2.1. DEM model

DEM was originally introduced by Cundall and Strack [22] to
simulate the interaction between spherical particles. It has been widely
applied in various fields, including agriculture, pharmaceutical, civil,
etc [23–25]. Recently, DEM has also been successfully utilised to build
the structure of porous media at the pore scales model. DEM describes
the translational and rotational motion of an individual particle in the
structure as

𝑚𝑘 𝑑𝐯
𝑘

𝑑 𝑡
= 𝐅𝑘

𝑏
+ 𝐅𝑘

𝑝
(1)

𝐼𝑘
𝑑𝝎𝑘

𝑑 𝑡
= 𝐌𝑘

𝑏
+𝐌𝑘

𝑝
(2)

in which for the 𝑘th particle 𝑚 and 𝐼 are the mass and moment inertia,
𝐯 is the translational velocity, 𝝎 is the angular velocity, 𝐅𝑏 is the bond
force,𝐌𝑏 is the bond torque, both for describing CBD phase interaction.
𝐅𝑝 explains the contact force of the neighbouring particles, 𝐌𝑝 stands
for the contact torque that originate from the tangential contact force
and rolling friction between neighbouring particles.

In this work, the Edinburgh elasto-plastic adhesive (EEPA) model
and bond model were employed to capture the interaction between
active particles and inter particle binder phase, respectively. There
are already several works that used the EEPA model to capture the
mechanical behaviour of granular materials [14,26–30]. The normal
force for the particle interaction, 𝐅𝑛,𝑝, is the sum of damping force, 𝑓𝑛𝑑
and hysteretic spring force, 𝑓ℎ𝑦𝑠 as follows

𝐅𝑛,𝑝 =
(
𝑓ℎ𝑦𝑠 + 𝑓𝑛𝑑

)
𝐧, (3)

where n is the unit normal vector from the contact point to the particle
centre. The hysteretic force–displacement relationship is given by
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𝛿𝑛 − 𝛿𝑛

𝑝

) (4)

in which 𝑓0 is constant adhesion force, 𝛿 is total normal overlap,
𝛿𝑝 is plastic overlap, 𝑘1 is the loading stiffness, 𝑘2 is the unloading
stiffness, 𝑘𝑎𝑑 ℎ is the adhesive stiffness, and 𝑛 is the non-linear index
parameter that is set to 1.5 in this study [14]. The loading stiffness is
calculated by 4

3

√
𝑅∗𝐸∗ with 𝑅∗ and 𝐸∗ equivalent to Young’s modulus

and radius, respectively. The contact plasticity ratio is also calculated
as 𝜆𝑝 = 1 − (𝑘1∕𝑘2).

The damping force is calculated by 𝑓𝑛𝑑 = −𝛽𝑛𝑣𝑛 with 𝑣𝑛 as the
relative normal velocity, and 𝛽𝑛 as the normal damping coefficient
calculated by

𝛽𝑛 =

√
4𝑚∗𝑘1

1 + (𝜋∕ ln 𝑒)2
(5)

where 𝑒 is the coefficient of restitution, and 𝑚∗ is the equivalent mass
of particle 𝑖 and 𝑗, given by:
(
𝑚∗

)−1
=
(
𝑚𝑖

)−1
+
(
𝑚𝑗

)−1
(6)

The contact tangential force for the neighbouring particles is calcu-
lated by summing tangential spring force, 𝒇 𝑡𝑠, and tangential damping
force, 𝒇 𝑡𝑑 , as 𝐅𝑡,𝑝 = 𝒇 𝑡𝑠 + 𝒇 𝑡𝑑 . The tangential spring force equals to

𝒇 𝑡𝑠 = 𝒇 𝑛−1
𝑡𝑠

+ 𝛥𝒇 𝑡𝑠, (7)
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Fig. 1. (a) Schematic illustration of the calendering process, and (b) Representative Elementary Volume (REV) of the DEM simulation setup for the generation of electrode structure.

where 𝒇 𝑛−1
𝑡𝑠

is the force from the previous time step, and the incremen-
tal tangential force is 𝛥𝒇 𝑡𝑠 = −𝑘𝑡𝒗𝑡𝛥𝑡. Here, 𝛥𝑡 is the time step, 𝒗𝑡 is the
velocity in tangential direction, and the tangential stiffness for 𝑛 = 1.5
(in this study) is expressed as

𝑘𝑡 = 8𝜉𝑡,𝑚𝐺∗
√
𝑅∗𝛿𝑛, (8)

where 𝐺∗ is the equivalent shear modulus, and 𝜉𝑡,𝑚 is the tangential
stiffness multiplier that for non-linear elastic contact springs is rec-
ommended as 2/3 [31] or 2/7 [32]. There is no recommendation in
literature for a non-linear elasto-plastic normal spring, however, the
study by Mohajeri et al. [33] suggests that 0.4 is a good approximation
– and adopted in our study – with no significant influence on the
simulation stability and simulated bulk responses for a range of case
studies for 0.2 < 𝜉𝑡,𝑚 < 1.

The tangential damping force is 𝒇 𝑡𝑑 = −𝛽𝑡𝒗𝑡, where the tangential
damping coefficient is expressed as

𝛽𝑡 =

√
4𝑚∗𝑘𝑡

1 + (𝜋∕ ln 𝑒)2
. (9)

The critical tangential force value is set to

𝑓𝑐 𝑟 ≤ 𝜇
|||𝑓ℎ𝑦𝑠 + 𝑘𝑎𝑑 ℎ𝛿𝑛 − 𝑓0

||| (10)

where 𝜇 stands for the friction parameter. The total applied torque is
then expressed as 𝜼𝑖 = −𝜇𝑟

|||𝑓ℎ𝑦𝑠
||| 𝑠𝑖𝝎𝑖 with 𝜇𝑟 as the rolling friction

parameter, 𝑠𝑖 as the distance from contact point to the particle centre,
and 𝝎𝑖 as unit angular velocity at the contact point.

For describing the mechanical response of the inter particle binder
phase the initial model developed by Potyondy and Cundall [34] is used
in this study, where the normal force is described as

𝐅𝑛,𝑏 = 𝐅𝑛−1
𝑛,𝑏

+ 𝛥𝐅𝑛,𝑏, and 𝛥𝐅𝑛,𝑏 = −𝑘𝑛,𝑏𝒗𝑛,𝑏𝛥𝑡, (11)

where 𝐅𝑛−1
𝑛,𝑏

is the previous time step bond force, 𝛥𝐅𝑛,𝑏 is the incremental
normal force, 𝑘𝑛,𝑏 is the bond normal stiffness, 𝒗𝑛,𝑏 is the velocity in
normal direction. The tangential spring bond force is calculated in the
same format as

𝐅𝑡,𝑏 = 𝐅𝑛−1
𝑡,𝑏

+ 𝛥𝐅𝑡,𝑏, and 𝛥𝐅𝑡,𝑏 = −𝑘𝑡,𝑏𝒗𝑡,𝑏𝛥𝑡, (12)

with 𝑘𝑡,𝑏 as bond tangential stiffness, and 𝒗𝑡,𝑏 as the tangential velocity.
The normal and tangential bond moments are calculated as follows

𝐌𝑛,𝑏 = 𝐌𝑛−1
𝑛,𝑏

+ 𝛥𝐌𝑛,𝑏, and 𝛥𝐌𝑛,𝑏 = −𝑘𝑛,𝑏𝐴𝑏𝝎𝑛,𝑏𝛥𝑡𝐽𝑏, (13)

𝐌𝑡,𝑏 = 𝐌𝑛−1
𝑡,𝑏

+ 𝛥𝐌𝑡,𝑏, and 𝛥𝐌𝑡,𝑏 = −𝑘𝑡,𝑏𝐴𝑏𝝎𝑡,𝑏𝛥𝑡𝐼𝑏, (14)

where 𝐴𝑏 is the bond cross sectional area, 𝐽𝑏 and 𝐼𝑏 are the polar
moment and the moment of inertia of the bond, 𝝎𝑛,𝑏 and 𝝎𝑡,𝑏 are relative
angular velocities in normal and tangential directions. Finally, for the

Table 1
DEM simulation input parameters for LiNi0.6Co0.2Mn0.2O2 (NMC)-622
cathodes [10,14].
Parameter Value

Particle density, 𝜌𝑝 4740 kg/m3

Young’s modulus, 𝐸𝑝 75 GPa
Poisson ratio, 𝜈𝑝 0.25
Coefficient of restitution, 𝑒 0.25
Particle static friction, 𝜇𝑝,𝑠 0.12
Particle rolling friction, 𝜇𝑝,𝑟 0.01
Plate Young’s modulus (Steel), 𝐸𝑆 𝑡 208 GPa
Plate density (Steel), 𝜌𝑆 𝑡 7900 kg/m3

Plate Poisson’s ratio (Steel), 𝜈𝑆 𝑡 0.3
Plate Young’s modulus (Aluminium), 𝐸𝐴𝑙 69 GPa
Plate density (Aluminium), 𝜌𝐴𝑙 2700 kg/m3

Plate Poisson’s ratio (Aluminium), 𝜈𝐴𝑙 0.3

bond breakage occurrence the maximum stress criterion is adopted,
which is expressed as

𝜎𝑛,𝑏 =
||𝐅𝑛,𝑏

||
𝐴𝑏

+
||𝐌𝑡,𝑏

||𝑅𝑏

𝐼𝑏
≤ 𝜎𝑛,𝑠𝑡, (15)

𝜎𝑡,𝑏 =
||𝐅𝑡,𝑏

||
𝐴𝑏

+
||𝐌𝑛,𝑏

||𝑅𝑏

𝐽𝑏
≤ 𝜎𝑡,𝑠𝑡, (16)

where 𝜎𝑛,𝑏 and 𝜎𝑡,𝑏 are bond normal and shear stresses, 𝜎𝑛,𝑠𝑡 and 𝜎𝑡,𝑠𝑡 are

bond normal and shear strength. All the input parameters needed for
DEM simulation can be seen in Table 1 [10,14].

2.2. DEM and electrode structures generation

DEM simulations in this study were conducted using Altair EDEM as
a high-performance tool for granular material simulation. The
LiNi0.6Co0.2Mn0.2O2 (NMC)-622 cathodes is considered as the active
particle, which was chosen from the work by Zhang et al. [10]. To
generate the porous electrode structures, after the modelling a cuboid
domain, particles fall under the influence of gravity from the top
surface randomly. The size of the computational domain used in our
DEM simulations is set to 50 μm×50 μm×50 μm [35,36]. As shown in
Fig. 1(b), the particles were confined between two parallel plates. The
top steel plate was movable to compress particles along the 𝑧-direction

with a constant velocity of 0.01 m/s and the bottom aluminium plate
was fixed [14]. For the sides (𝑥 and 𝑦 directions), the periodic boundary
conditions were imposed. The bonds were applied to the active material
before calendering. The bonds play an essential role at the beginning of
the calendering process. Due to the presence of micron-sized particles,
a time step of 1×10−10 s was employed for all DEM simulations.
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Fig. 2. Comparison of experimental and DEM simulation nanoindentation curve.

2.3. Verification of DEM simulation

To validate the DEM simulation, the experimental nanoindentation
measurements from Zhang et al. [10] are utilised, which provided the
pressure–displacement curves. In the research performed by Schreiner
et al. [28], the normal-shear stress and surface energy were known
as effective parameters in the calibration of the compression process.
In the present work, we set the bonding parameters to calibrate the
compaction behaviour of the electrode. The bond stiffness 𝑘𝑏 values
and the bond strength 𝜎𝑛 values are achieved 1 × 1014 N/m3 and 1 × 108
Pa, respectively. As illustrated in Fig. 2, the compaction behaviour cap-
tured in DEM simulations showed good agreement with the literature
data [10].

2.4. Particle morphology

To evaluate the effect of electrode microstructure configuration on
transport properties, the mono-disperse, polydisperse spherical par-
ticles, and the mono-disperse non-spherical particles are considered
(Fig. 3). In this study, the particle size ranges from 6 to 12 μm, which
is mostly considered as the size of AM particles [10,11,14,37]. Within
the mono-disperse spherical particles, four different diameters, 6, 8, 10,
and 12 μm, are investigated. The number of particles in each assembly
with the particle diameters of 6 μm, 8 μm, 10 μm, and 12 μm were 640,
270, 137, and 60, respectively. As illustrated in Fig. 3(d), the particle
size distribution by diameter, which varies from 6 μm to 12 μm, is
applied to the case of the polydispersed spherical particle. This case
consists of 247 particles.

To avoid the simplified spherical particles for the electrode struc-
tures and observe the effect of the deviations from sphericity, the
mono-dispersed ellipsoidal particles are considered as the oriented
particles. Similar to the case of mono-disperse spheres, four different
types of mono-dispersed ellipsoidal particles were created to examine
particle size effects. Here, an ellipsoid particle is defined with a length
axis 𝑐, a short axis 𝑎, and an aspect ratio 𝐴𝑅 = 𝑐∕𝑎. The values of the
short diameters of the ellipsoidal particles were 6 μm, 8 μm, 10 μm, and
12 μm, which were the same as the spherical diameters. All ellipsoidal
particles used in this work were produced with the aspect ratio of 1.5.
The number of particles in each assembly with the short diameters of
6 μm, 8 μm, 10 μm, and 12 μm were 460, 197, 102, and 55, respectively.

To build the ellipsoidal particles, the multiple-sphere method is used
in the DEM simulations. In this method, a composition of sub-spheres
with different radii and levels of overlapping are inscribed into a non-
spherical particle. The accuracy of the multi-sphere method can be
influenced by the number, radii, and positions of the sub-spheres inside
the non-spherical particle. As discussed in previous studies [38,39] a
better estimation of the ellipsoid surface may provide more accurate
results. In this work, the 9-sphere model is employed to represent an

ellipsoidal particle similar to that reported by Lin et al. [40], who
studied the mechanical response of ellipsoidal particles under confined
compression. Fig. 4 illustrates the positions of the sub-spheres inside an
ellipsoidal particle, which are tangent to it.

2.5. CFD analysis

To investigate the electrode structure characteristics, the flow be-
haviour of the liquid electrolyte in the porous electrode is analysed
using CFD based on finite volume methods (FVM). All the CFD com-
putations were performed using the ANSYS CFX software under steady
state conditions. Therefore, the impact of different compression rates on
porosity, tortuosity, and permeability was explored using CFD analysis.
To construct the fluid domain for the CFD simulations, the generated
electrode structure from the DEM simulation was imported into ANSYS
Design Modeller. For the ellipsoidal particles, the centre of particles
and their orientation tensors were exported into the Design Modeller.
Single-phase incompressible flow of electrolyte through the domain is
considered by solving the mass and momentum conservation equations
follows [41]:

∇ ⋅ 𝐮 = 0 (17)

𝜕𝐮

𝜕 𝑡
+ (𝐮 ⋅ ∇)𝐮 = −1

𝜌
∇𝑝 + ∇ ⋅ 𝝉 + 𝐠 + 𝐟 , (18)

where v is the velocity vector, 𝑡 is time, 𝜌 is the density, 𝑝 is the pres-
sure, 𝝉 is the deviatoric stress tensor, ∇ denotes the vector differential,
and g is the gravitational acceleration vector (which is neglected in
this study), and f is the momentum source term for flow in porous
media. Neglecting elastic behaviour, the viscous deviatoric stress tensor
becomes

𝝉 = 2𝜇𝐃, (19)

in which 𝜇 is the dynamic viscosity, 𝐃 =
(
∇𝐮 + ∇𝐮⊤

)
is the deformation

rate tensor, and ⊤ is the transpose notation.
An example of flow (streamlines coloured by the velocity magni-

tude) with boundary conditions are shown in Fig. 5. Uniform inlet
velocity is considered on the inlet boundary. Periodic boundaries are
applied on the surfaces parallel to flow direction. No-slip condition is
adopted on the particle walls (interfaces). In this work, the Reynolds
number, 𝑅𝑒, was considered 0.001 in all cases. The electrolyte prop-
erties were chosen from [42], with a density of 1300 kg/m3 and a
dynamic viscosity of 3.2 mPa⋅s.

An unstructured mesh is applied to 3D complex porous geometry,
which is shown in Fig. 6(a). To investigate the grid independence, the
number of elements is varied from 1,925,000 to 7,323,000 in four steps.
There is no significant variation in pressure drop for cell numbers of
more than 5,209,000 as illustrated in Fig. 6(b), hence, this has been
used for the CFD simulations.

2.6. Calculation of transport properties

2.6.1. Porosity
As mentioned before, the particle arrangements are imported into

ANSYS Design Modeller before and after calendering. The pore volume
can be exactly calculated by subtracting the volume of the porous
structure from the cube domain. This approach is efficient even after
compression, which leads to particle deformation and overlaps between
soft particles. Fig. 6(a) displays the pore volume of the electrode
structure. The porosity of the granular structure 𝜀 is determined by:

𝜀 =
𝑉𝑓

𝑉tot.
, (20)

where 𝑉𝑓 is the pore volume, and 𝑉tot. is the volume of the cube
domain. As seen in Fig. 7, for spherical particles with 10 μm diameter,
the porosity calculated for the current study is in good agreement with
the simulated results from Zhang et al. [11], which were validated by
mercury intrusion porosimeter.
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Fig. 3. Particle morphology of uncalendered electrodes: (a) mono-disperse spherical particles, (b) monodisperse non-spherical particles, (c) polydisperse spherical particles, (d)
particle size distribution of polydisperse particles.

Fig. 4. (a) Multiple sphere model for representing an ellipsoidal particle with 9 sub-spheres, and (b) an example of ellipsoidal particle.

2.6.2. Tortuosity
The tortuosity factor plays a crucial role in predicting the trans-

port properties of a porous medium [35,43,44]. In this study, the
geometrical tortuosity [45] is adopted, which can be explained as:

𝜏𝑖𝑖 =
𝐿𝑔 ,𝑖
𝐿0,𝑖

, 𝑖 ∈ {𝑥, 𝑦, 𝑧} (21)

where for each direction of 𝑖 of coordinate system 𝐿𝑔 is the average
length of the real pathways of fluid through the porous media, and
𝐿0 is the length of the straight-line across the porous media in the
direction under study. Using Eq. (21), the tortuosity factor is always
greater than one. To obtain the tortuosity factor, the average length
of the flow streamlines is extracted from ANSYS CFD-POST, which is

shown in Fig. 8. As illustrated, 𝐿𝑔 is the part of the flow paths, which
is inside the porous media.

2.6.3. Permeability
In this study, for laminar flows through porous electrode structure,

the permeability is calculated by Darcy’s law and using the extra
momentum source f added into Eq. (18), which is

𝐟 = −𝛾𝐊−1𝐔 = −𝜇
⎡⎢⎢⎢⎣

1

𝐾𝑥𝑥
0 0

0
1

𝐾𝑦𝑦
0

0 0
1

𝐾𝑧𝑧

⎤⎥⎥⎥⎦
⋅

⎡
⎢⎢⎣

𝑈𝑥𝑥

𝑈𝑦𝑦

𝑈𝑧𝑧

⎤
⎥⎥⎦

(22)

in which 𝛾 is the dynamic viscosity, K is the permeability vector, and
𝑈𝑖𝑖 is the volume-averaged velocity in the ‘‘𝑖’’ direction.
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Fig. 5. An example of CFD simulation with the corresponding boundary conditions.

Fig. 6. (a) Unstructured mesh used for discretising porous media, and (b) mesh sensitivity analysis.

Fig. 7. Variation of porosity with the increase of calendering degree for spherical
particles with 10 μm diameter.

2.7. 3D electrochemical-thermal model

A validated model developed by Hosseinzadeh et al. [46–48] is used
in this study for evaluating the influence of porous media properties
variation on a 10 Ah lithium phosphate (LFP) battery pouch cell at 3C
discharge rate in the room temperature (25 ◦C). The cell is assumed to
be a sandwiched structure of a negative current collector, a negative

Fig. 8. Illustration of the tortuosity of streamlines in the electrode structure.

electrode, a separator, a positive electrode, and a positive current
collector — see Fig. 9. The electrode pore volumes (with porosity of 𝜀)
are filled with electrolyte, and the rest of it is the solid active material,
𝜀𝑠, where 𝜀 + 𝜀𝑠 = 1. The key parameters that affect the kinetics of
reaction in a LIB are the effective ionic conductivity, 𝜅eff

𝑖
, the effective

diffusivity of electrolyte, 𝐷eff
𝑒
, and the effective electronic conductivity,
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Fig. 9. Schematic illustration of the LIB cell used in this study with the sandwich structure containing the aluminium (Al) current collector, the cathode, the separator, the anode,
and the copper (Cu) current collector. All the dimensions are in millimetres and based on [49].

𝜅eff
𝑒
. These parameters are dependent on the porous properties and are

used in the electrochemical-thermal model as follows

𝜅eff
𝑖

=
𝜅𝑖𝜀

𝜏
(23)

𝐷eff
𝑒

=
𝐷 𝜀
𝜏

(24)

𝜅eff
𝑒

=
𝜅𝑒𝜀𝑠

𝜏
(25)

where 𝜅𝑖, 𝐷, and 𝜅𝑒 are the intrinsic ionic conductivity of the elec-
trolyte, the intrinsic diffusivity, and the intrinsic electronic conductiv-
ity, respectively. For Eqs. (23)–(25), the value of porosity and tortuosity
are inputted from the results of calendering modelling. The intrinsic
ionic conductivity of the electrolyte is highly dependent on the lithium
concentration in the electrolyte, 𝐶elec, and the operation temperature,
𝑇 , as follows [49]

𝜅𝑖 = 1.12 × 10−4
(
−82488 + 0.053248𝑇 − 2.9871 × 10−5𝑇 2 + 0.26235𝐶elec

− 9.3063 × 10−3𝐶elec𝑇 + 8.069 × 10−6𝐶elec𝑇 2 + 0.22002𝐶2
elec

−1.765 × 10−4𝐶2
elec𝑇

)

(26)

All other thermo-physical, electrical, and chemical properties are
detailed in the original references [46–49].

3. Results and discussion

3.1. Porosity

After constructing the initial structure in DEM simulations, the
top plate moved down, and the electrode structures were gradually
compressed to provide various degrees of calendaring, with decreasing
electrode vertical thickness. As illustrated in Fig. 10, four different
calendering levels (0%, 10%, 20%, and 30%) were achieved to investi-
gate electrode structure characteristics. This means that the electrodes
thickness was reduced to 10%, 20%, and 30%, of its original thickness.
As we pointed out earlier, by measuring the pore volume from the
geometry required for CFD analysis, the porosities can be calculated
under different calendering levels. Fig. 10 illustrates the effect of the
calendering level on the porosity for various particle morphologies used
in this study. In this figure, the porosity decreases with increasing

calendering levels. As can be seen, the values of porosity for prolate
particles are almost less than for spherical particles at each calendering
degree. This behaviour, of course, is dependent on the sphericity factor,
which is here 0.97 for ellipsoidal particles used with the aspect ratio
of 1.5. Lower values of sphericity can lead to a higher porosity [19]. It
is also observed that the porosity reduction rate increases almost after
20% compression.

3.2. Tortuosity

One of the different and significant aspects of the morphology of
non-spherical particles compared to spherical particles during compres-
sion is the appearance of anisotropy in the porous medium. Although
the cube was filled with random orientations at the beginning, how-
ever, during calendering, they have a tendency to lie horizontally in
the direction perpendicular to the applied load. This can significantly
alter the characteristics of porous electrode, including the tortuosity
and permeability dependent on the direction. We measured the average
inclination angle, 𝜃, of ellipsoidal particles with respect to the horizon-
tal 𝑥𝑦 plane at each calendering level. As can be observed in Fig. 11,
the values of 𝜃 decrease with increasing compression degree.

In order to address the anisotropic transport properties of the porous
electrode, we have considered the uniform flow in the 𝑥𝑦𝑧-directions
for all morphologies. Fig. 12 illustrates the relationship between the
diagonal components of tortuosity and the calendering degrees for
ellipsoidal particles used in this study. As seen, the values of the tortu-
osity increase with increasing calendaring degree for the all ellipsoidal
particle sizes. It can be observed that for the uncalendered structures,
the diagonal components of tortuosity showed almost the same values
for the all ellipsoidal particle sizes. As the compression process begins,
an anisotropy in tortuosity starts.

As seen from Fig. 12, for 10% and 20% calendered electrodes, the
value of 𝜏𝑧𝑧 is about 5% more than 𝜏𝑥𝑥 and 𝜏𝑦𝑦. In fact, as mentioned
earlier, particles tend to orient horizontally in the 𝑥𝑦 plane, which is
perpendicular to the applied force during compression. Therefore, the
flow must pass through distorted paths in the 𝑧 direction than in the 𝑥

and 𝑦 directions, which leads to an increase in the value of tortuosity.
As the compression degree increased from 20% to 30%, the level of
anisotropy decreases, and as a consequence, the discrepancy of 𝜏𝑧𝑧
decreases.
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Fig. 10. Evolution of porosity under different calendering degrees.

Fig. 11. Variation of the average inclination angle of ellipsoidal particles with respect
to the horizontal 𝑥𝑦 plane with the increase of calendering degree.

Since the three diagonal tortuosity components have the same
values in each calendering level for spherical morphologies, we have
avoided to present the tortuosity components for the other two mor-
phologies, i.e. for mono-disperse and polydisperse spherical parti-
cles. Fig. 13 shows the variation of tortuosity with different porosi-
ties (caused by different to calendering rates) for mono-disperse and
polydisperse spherical particles. As seen, the values of the tortuos-
ity decrease with increasing porosity. The values of the tortuosity
have approximately the same value at each porosity for all spherical
morphologies.

3.3. Permeability

Fig. 14 shows the relationship between the diagonal components of
permeability and the calendering degrees for ellipsoidal particles used
in this study. As illustrated in this figure, the values of the permeability
decrease with increasing calendaring degree for the all ellipsoidal
particle sizes. Similar to tortuosity, for the uncalendered structures, the
diagonal components of permeability showed almost the same values
and as the calendering process begins, an anisotropy in permeability
starts. As seen, for 10% and 20% calendered electrodes, the value of
𝐾𝑧𝑧 is about 12% less than 𝐾𝑥𝑥 and 𝐾𝑦𝑦 for the all ellipsoidal particle
sizes. It is obvious that a distorted path in the 𝑧 direction results in
less permeability. Here again, as the compression degree increased
from 20% to 30%, the level of anisotropy decreases, and the diagonal
components of permeability have the same value.

The three diagonal components of permeability are equal for spher-
ical particles. Fig. 15 has shown that the variation of permeability with
different porosities due to calendering process for monodisperse and

polydisperse spherical particles. As seen, the permeability increases
with increasing the porosity. It is also observed that for all spherical
morphologies, the changes in the values of the permeability is not that
significant for the porosity values less than 0.35.

3.4. Optimised LIB performance

The results of porous media properties obtained above are use in the
electrochemical-thermal model to correlated the optimised LIB operat-
ing condition to the calendering degree, the particle and morphology.
Example of the electrochemical-thermal results are shown in Fig. 16(a)–
(c) for the spherical particles of 6 μm. The results in Fig. 16(c) show
that increasing calendering degree does not change the discharge curve
that much with a maximum depth of discharge (DoD) around 95%.
However, the LIB surface temperature (Fig. 16(a)) as well as the
average cell temperature (Fig. 16(b)) increase by calendering degree
— this becomes more pronounced at 30% calendering degree. High
calendering degree reduces the porosity and increases the tortuosity
(distorting ion pathways). This limits electrolyte infiltration and slows
ion transport, leading to higher internal resistance during operation. As
a result, Ohmic heating increases, causing a rise in temperature.

The same trend — temperature rise with calendering degree — can
be seen for all other particle sizes and morphologies in Fig. 17(a).
This confirms that although high calendering degree densifies LIB elec-
trodes, it does not help in terms of overall thermal performance. The
results, moreover, show that increasing particle size will, in general,
increase the temperature. This is mostly due to reduced solid-state
diffusion through particles, which increase the internal resistance. Ellip-
soidal particles, on the other hand, show lower temperatures in contract
to equivalent spherical particles. Ellipsoidal particles tend to pack less
efficiently, leading to higher porosity and better electrolyte wetting.
This can lower internal resistance and promote heat dissipation, reduc-
ing localised temperature rise during cycling. Moreover, they create
anisotropic ion pathways due to elongated geometry, improving ion
transport along preferred directions. This enhanced transport reduces
polarisation losses, minimising resistive heating during operation.

Fig. 17 shows that increasing calendering degree from 20% to
30% decreases the maximum DoD. This is mainly due to reduction
in porosity and pore size that limits electrolyte infiltration, resulting
in poor wettability and less active material being effectively utilised
during discharge. Compaction, moreover, increases the tortuosity of ion
diffusion pathways, making it harder for Li-ions to penetrate deep into
the electrode. Higher resistance leads to polarisation losses, causing the
voltage to drop prematurely before the full capacity can be accessed,
effectively reducing the useable capacity (lower DoD). The results,
clearly show that better DoDs are achieved for particle sizes lower than
12 μm (both spherical and ellipsoidal). In conclusion, it is apparent that
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Fig. 12. Diagonal components of the tortuosity, 𝜏𝑖𝑖 under different calendering degrees. Short axis of ellipsoidal particles 𝑎: (a) 6 μm, (b) 8 μm, (c) 10 μm, and (d) 12 μm.

Fig. 13. Tortuosity as a function of the porosity for mono-disperse and polydisperse
spherical particles.

for better LIB performance, it is best to keep the calendering degree
around 20% with smaller particle sizes. For applications requiring
high energy density, spherical particles might be considered despite
their higher heat generation risks, provided thermal management is
addressed. For high-power applications or scenarios with frequent fast
charging, ellipsoidal particles may offer superior thermal stability due
to better ion diffusion and heat dissipation characteristics. Optimal
designs may involve blending both shapes to balance energy density
and thermal performance effectively.

4. Concluding remarks

This study has investigated the effect of different calendering condi-
tions on the behaviour of transport properties in porous LIB electrodes.
Using the EEPA model and a bond model, the mechanical properties
of electrode structures were conducted with DEM, and the behaviour
of the electrolyte flow as a continuous phase was evaluated using

pore-scale CFD simulations.
The electrode microstructures were built for different case stud-

ies, including mono-disperse and polydisperse spherical particles and
mono-disperse ellipsoidal particles. In this study, the ellipsoidal par-
ticles were used as the oriented particles, to investigate the effect of
anisotropy on the variation of tortuosity and permeability in different
directions during calendering process. The multiple-sphere model, as
a way to represent ellipsoidal particles in DEM, was employed. The
following main conclusions can be drawn:

1. The porosity values for prolate particles used in this study were
almost less than for spherical particles at each calendering de-
gree. This behaviour can arise from the sphericity factor. It was
also observed that the porosity reduction rate increases after
20% compression.

2. The mono-disperse and polydisperse spherical particles revealed
isotropic behaviour in tortuosity and permeability for all calen-
daring degrees. The values of the tortuosity had approximately
the same value at each porosity for all spherical morphologies. It
was also observed that for all spherical morphologies, the values
of the permeability had approximately the same value for the
porosity values less than 0.35.

3. The results indicated that for the uncalendered structures, the
diagonal components of tortuosity and permeability showed al-
most the same values for the all ellipsoidal particle sizes. The
average inclination angle of ellipsoidal particles with respect to
the horizontal plane, which is perpendicular to the applied force
in the 𝑧 direction decreased with increasing compression degree.
This provides complicated path in the 𝑧 direction, which resulted
in more tortuosity and less permeability in the Z direction. The
value of tortuosity in the 𝑧 direction was about 5% more than the
other directions. The value of permeability in the 𝑧 direction was
about 12% less. As the compression degree increased to 30%, the
level of anisotropy was remarkably reduced.
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Fig. 14. Diagonal components of the permeability, 𝐾𝑖𝑖 under different calendering degrees. Short axis of ellipsoidal particles 𝑎: (a) 6 μm, (b) 8 μm, (c) 10 μm, and (d) 12 μm.

Fig. 15. Permeability as a function of the porosity for mono-disperse and polydisperse
spherical particles.

4. The LIB electrochemical–thermal models show that it is best to
keep the calendering rate around 20% with smaller particle sizes
(for both spherical and ellipsoidal cases). Applying higher calen-
dering degree can enhance the energy density of cells, however,
it reduces the effective surface area and increases tortuosity,
hindering Li-ion diffusion and negatively impacting power den-
sity. Moderate calendering may improve electrode wettability by
rearranging particles and increasing divergence within pore net-
works. Conversely, excessive calendering decreases wettability
due to reduced porosity and smaller average pore size. There-
fore, the calendering process must be carefully optimised to pro-
duce electrodes with a balanced structure that ensures adequate

electrical and ionic conductivities (and mechanical properties)
ultimately enabling batteries with maximum volumetric energy
density and extended cycle life.
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Fig. 16. The results of electrochemical-thermal model for the spherical particles of 6 μm and different calendering degrees showing (a) LIB surface temperatures, (b) LIB average
cell temperature versus discharge time, and (c) the discharge curve showing voltage variation with respect to depth of discharge (DoD).

Fig. 17. Evolution of porosity under different calendering degrees.
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