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Publishable summary

Within HELENA project WP7 aims at providing material and cell manufacturers model-based
guidance at three main scales (atomistic, microstructural, full cell) and tools to optimize
cell and electrode design and anticipate full cell behavior and lifetime. This will rely on a
Multiscale Multiphysics modelling approach able to account for optimization from material
to cell design and exhibit the consequences up until the final application system.

The deliverable D7.1 is related to the task 7.1 where the first objective is the definition of
the Multiscale Multiphysics modelling approaches chosen and their objectives. As higher
scale modelling will rely on lower scale results, interfaces framework between scales is
defined. Based on the synergy between the different HELENA WPs, interaction is required
to give needed input for each modelling level on the one hand and assess the system
design optimization with simulation on the other.
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1 Introduction
1.1 Purpose and Scope of the Deliverable

The deliverable D7.1 is related to the task 7.1 where the first objective is the definition of the modelling
approaches chosen and their objectives. As higher scale modelling will rely on lower scale results,
interfaces framework between scales will be defined. Based on the synergy between the different
HELENA WPs, interaction is required in order to give needed input for each modelling level on the one
hand and assess the system design optimization with simulation on the other.

1.2 Objective of the Project Deliverable
This deliverable will describe the Multiscale Multiphysics modelling approaches chosen for HELENA
project and their objectives. The model’s network and interfaces framework will be presented. Precisely,
parameters given by atomistic modelling will be defined and how microstructure modelling can be
integrated in fast computing full cell macroscopic model will be discussed. Finally, interactions with
other WPSs will be also addressed.

1.3 Deliverable structure

In this deliverable the second chapter (Methods and Results) includes the description of the Multiscale
Multiphysics modelling approach chosen for HELENA project. Each partner presented the approach
corresponding to the modelling scale studied, where the main assumptions considered are presented,
the main mathematical equations describing the phenomena are addressed and the model input/output
are identified. In addition, in this chapter the main challenges facing each scale approach for the study
of the HELENA's based Halide ASSB are discussed.

In the third chapter (Discussion and Conclusion), the model’s interfaces framework is defined, where
the parameters given by atomistic modelling which will be further used in microstructure modelling are
identified. Also, how microstructure modelling can be integrated in fast computing macroscale model
at cell level is presented. In addition, interactions between each scale model with the other WPs are
defined. Finally, risks facing the application of the different model approach within HELENA project are
addressed in this document.
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2 Methods and Results

2.1 Atomistic modelling approach (CICE)

2.1.1 Description of the atomistic modelling approach

An atomistic modelling approach is based on the description of a chemical system as a set of
interacting atoms. The interatomic interactions can be defined by an empirical force field (molecular
mechanics) or calculated from the first principle (ab-initio methods). Among various atomistic
modelling approaches, Density Functional Theory (DFT) (Sholl & Steckel, 2009) has high transferability
and provides the best accuracy with respect to computational cost. DFT coupled with molecular
dynamics (Kresse & Hafner, 1993), Monte Carlo (Metropolis & Ulam, 1949), or the Climbing Image
Nudged Elastic Band (CI-NEB) (Henkelman et al., 2000) method is a powerful tool for the simulation of
chemical reactions and ion diffusion processes. Within the HELENA project, DFT will be used to access
the electrochemical and mechanical properties of the solid electrolyte (SE) as well as to evaluate the
stability of the solid electrolyte interface with the active material (AM) of the cathode electrode.

2.1.1.1 Calculation the solid electrolyte properties

All DFT calculations will be performed by means of VASP 5.4 code (Kresse & Furthmiiller, 19964, 1996b;
Kresse & Hafner, 1993) using Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional,
together with PBE-based projector augmented wave potentials (Kresse & Joubert, 1999). The optimal
values of plane-wave kinetic energy cutoff and k-point sampling will be found based on the energy
convergency test. For a set of single-point energy calculations, the energy cutoff and the number of k-
points will be increase iteratively until the energy difference between the last iterations reaches the
required accuracy.

The calculations of single-crystal elastic constants will be carried out based on the strain-stress relation
of the deformed crystal (le Page & Saxe, 2002). The stress tensor will be obtained using DFT method.
The elastic constants will be retrieved by linear least-squares fitting using singular value decomposition.
The theoretical polycrystalline elastic, bulk, and shear modulus as well as Poisson’s ratio will be
calculated based on Voigt—Reuss—Hill average (Ravindran et al., 1998).

The minimal energy Li* diffusion pathways and corresponding activation energies will be obtained by
means of the CI-NEB coupled with DFT. Within the approach, the diffusion trajectory is described by a
finite set of images (replicas) of the system. Starting from some guess trajectory, generally, linear
interpolation between equilibrium initial and final atomic positions, the algorithm minimizes forces
between images (Figure 1). The total force acting on an image is represented by the sum of the spring
force along the local tangent (F{|,) and the true force perpendicular to the local tangent (VE(R,)|,). To
find the transition state the CI-NEB forces the intermediate image that has maximum energy to climb
the hill of the potential energy surface along the minimal energy path until it reaches the top. The
activation energy corresponds to the difference between the maximal and minimal energy of the
images.

No 101069681 10/ 54
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Figure 1 - Schematic representation of the CI-NEB method.

One of the inputs required for CI-NEB calculation is the initial and final positions of the migrating ion.
Generally, ion diffusion is considered between neighboring sites of the mobile ion. This information can
be obtained from the Voronoi partition of the sublattice of ions involved in the diffusion process (Figure
2) (Golov & Carrasco, 2022). The Voronoi partition of crystal structure divides space into polyhedra.
Each polyhedron represents the atomic domain (crystal space belonging to the atom). Thus, atoms
whose domains share common faces, edges, or vertices are neighbors.

Figure 2 - Voronoi partition of the Li sublattice of the Li30Cl structure (a), Voronoi
polyhedron of Li-ion and its neighbors (b), and graph of Li neighbors (c).11 Symmetrically
nonequivalent edges are depicted in blue, red, green, orange, and violet color (Golov &
Carrasco, 2022).

The CI-NEB calculations will be carried out for all symmetrically nonequivalent pairs of neighboring sites
derived from the Voronoi partition of the Li sublattice. To accelerate CI-NEB convergence, initial
trajectories will be calculated using the Topological Analysis of Electron Density (TAPED) (Golov &
Carrasco, 2022).

The main idea of the TAPED approach is to approximate ion diffusion process by the movement of a
single negative point charge in the constant electron field of the structure. In this case, equilibrium and
metastable ion positions can be associated with minima of electron density, cage critical points (CCP).
The positions of the migrating ion at transition states are correspond to the maxima of electron density
along the gradient path, ring critical points (RCP). lon trajectory is represented as a set of gradient path
of electron density. A schematic illustration of the algorithm is given in Figure 3.

No 101069681 11 /54
D7.1 - Multiscale/Multiphysics modelling framework definition and requirements— PU



HELENA

a _ IJ.
Q- L

o O oO-Vacancy e
o/ © O-ccp
o d
=3
NP
X S
| 0

0 25 50 75 100
Path(%)

2018161412108 6 4 2 0
T e .

Figure 3 - Schematic illustration of the TAPED approach (Golov & Carrasco, 2022). 4.8 A Li hop
in the structure of bulk lithium metal (a). Topology of the electron density (b) and its
representation as a graph (c). Graph nodes are colored with respect to weight, i.e. value of
electron density. Red, green, and yellow rows show steps of the algorithm for searching for
the lowest barrier route between the initial and final positions (white circles) of the ion.

Trajectory and electron density profile of the global minimal electron density path (d).

The resulting diffusion trajectories and activation energies will be used as input data for kinetic Monte
Carlo simulation (Bulnes et al., 1998) to access the jump- and trace-diffusion coefficients. The selection
of a transition to a new state and time increment will be computed using the following two formulas:

1 vk-1 1 vk
r n1=]_1101 < p < r §:n1=1.I;nv
tot tot

where [ is the sum of individual mth hop frequencies, ', and p is a random number from 0 to 1; and

At =——

Iné,

Ttot

where At and € are the time increment and a random number from 0 to 1, respectively.

The hop frequencies will be calculated as:

. —AE
[, = Vviexp (kTT)
where AE is the energy barrier (derived from CI-NEB) for the hop of the ion and v* is the vibrational pre-
exponential factor. A commonly accepted approximate value v* is equal to 103

The diffusion coefficients will be found using the following two formulas:

Dy = lim [ (~ (TN, ()]

t—oo L2dt 'N

* . 1 1 -
D' =lim [-= (ZXAR @),
where t stands for time, d is the dimension of the ion migration map, N is the number of ions involved in
the diffusion process, and # is the vector that connects the position of the ith ion at initial (to) and final

(t) times.

2.1.1.2 Modelling of SE/AM and SE/coating/AM interfaces

The SE/AM and SE/coating/AM interface models will be built using the lattice match algorithm (Zur &
McGill, 1984) by embedding several slabs in one cell that has translation symmetry compatible with
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these slabs. Interfaces will be generated along all possible symmetrically non-equivalent directions with
Miller indices ranging from -3 to 3. However, to maintain a balance between the accuracy of the models
and the required computational resources, the maximum maximal number of atoms within the unit cell
of the models will be limited to 500. Thus, only those models that satisfy this criterion will be selected
for further ab-initio of molecular dynamics (AIMD) simulation. Preliminary, the geometry of the selected
models will be optimized with a residual force threshold of 0.05 eV/A.

The AIMD simulations will be carried out applying an NVT ensemble with a time step of 1 fs. A
Nose-Hoover thermostat (Evans & Holian, 1985) with a Nose-mass parameter of 0.5 will be used to
maintain the temperature at 298 K. The stability of the interfaces will be evaluated based on the analysis
of atomic charges and local atomic environments along AIMD trajectories (Golov & Carrasco, 2021).
To assess the Li transport through the interface TAPED will be applied. The approach showed very good
agreement with the DFT CI-NEB, but in contrast to the last, TAPED requires much less computational
resources (Golov & Carrasco, 2022). This makes it possible to calculate thousands of symmetrical non-
equivalent diffusion pathways within large interface models containing hundreds of atoms, which is
unfeasible for DFT (Golov & Carrasco, 2021). The effect of the interface on ionic conductivity will be
qualitatively characterized by comparing the diffusion barrier of lithium at the interface with the
diffusion barriers within the corresponding bulk structures.

2.1.2 Objectives of the atomistic modelling approach

The main objectives of the atomistic modelling approach are to assess the ionic conductivity, diffusivity,
and mechanical properties of the SE, as well as to evaluate interfacial stability, and Li* transport through
SE/AM and SE/coating/AM interfaces. This information will be further used in WP3 to optimize
composition and crystalline structure improving ionic conductivity and increasing lithium transfer in
bulk SE and at the interface. In additional, the resulting calculated properties will be used as inputs for
microstructure models.

2.1.3 Identification of the input/output parameters of the atomistic model

The only information required for the property calculations is the SE, AM, and coating crystallographic
data, i.e., lattice vectors, atomic coordinates, and chemical composition.
The output information of the atomistic simulation will include:
1. Mechanical properties of the SE
e Elastic constants
e Bulk modulus
e Young's modulus
e Shear modulus
2. lonic diffusion characteristics of the SE
e Li* diffusion trajectories and corresponding activation energies
e Jump and trace Li* diffusion coefficient
3. Dependence of the SE unit cell volume on Li* fraction
4. Activation barriers (relative to the bulk structures) and ionic trajectories of Li* diffusion at the
SE/AM and SE/coating/AM interface, calculated based on the topological analysis of
procrystal electron density
5. Stability of SE/AM and SE/coating/AM and interface
e Reaction rate
e Intermediate products of the reaction and degradation mechanisms

2.2 Microstructure modelling approach (FHG)

2.2.1 Description of the microstructure modelling approach

Beside an improved safety level, the ASSB technology has the capability to increase the energy density
compared to conventional LIBs. One fundamental of this improvement is the higher package efficiency
of ASSB. However, proper charge transfer needs to be ensured to exploit the full potential of ASSBs.
Here, one major difference compared to conventional LIBs, is the particulate morphology of the SE.
Therewith, the SE does not infiltrate the porous structure of cathode active material (CAM), what is the

No 101069681 13 /54
D7.1 - Multiscale/Multiphysics modelling framework definition and requirements— PU



- [N
HELENA

case for liquid electrolytes. In fact, the purely solid content leads to void spaces within the electrode
area. This void space can be minimized by manufacturing processes like calendaring of the electrode,
down to level of 6 - 8 % (Anja Bielefeld, 2022) or lower (Sangrés Giménez et al., 2020a).

Nevertheless, the performance of the cell is strongly dependent on this complex solid structure and the
distribution of different solid phases in the electrode since for the intercalation step the availability of
lithium ions (Li*) and electrons (e’) at the site of reaction is indispensable. Therefore, the penetration of
Li*-ions and e through the entire thickness of the electrode needs to be ensured under all application
conditions. Here, Li*-ion transport is achieved through the network of solid electrolyte in the electrode
as well as in the separator. CAM in combination with the conductive additive carbon black (CB) plus
binder matrix ensures the transport of e towards the current collector. Finally, the charge transfer for
(de-)intercalation is performed via the interface CAM/SE. The current transport (ionic and electronic)
depends on the intrinsic properties of the bulk materials but also on the availability of paths through the
electrode and therefore the network structure.

This shows the importance of understanding the relationship between intrinsic material properties,
electrode formulations and manufacturing processes to improve the macroscopic performance of the
cell. However, the role of the electrode structure is still barely understood and studied (Anja Bielefeld,
2022). At the same time, an investigation of the electrode structure is challenging and elaborated to be
addressed exclusively by experiments.

Here, modelling can provide a profound understanding of the interplay between material properties,
manufacturing processes, and application conditions in a non-invasive and accelerated process.
Sangros et al. presented a modelling approach to predict the electrical conductivity of an ASSB
electrode structure generated by the discrete element method (DEM). Post-processing allows deeper
insights into the fundamental role of the electrode structure on porosity and tortuosity, which affect the
ionic conductivity respectively. Here, the discrete element method represents a powerful modelling tool
to reflect the mechanics and structure changes due to fabrication processes, like calendaring or
packaging, or internal stress generation in particular because of the intercalation-introduced volume
change during cycling (Sangrés Giménez, 2022, So et al., 2022). Figure 1 summarizes the application
fields of DEM modelling for ASSB development. Furthermore, the fundamental steps should be
described in the following sections.

Discrete Element Method (DEM) Chemo - Mechanical

Internal stress
variation during
Lithium
(de)intercalation

LG LY

Mechanical — —— Electrical

Electrode behaviour Soec. electrical
. O "
;nder mechanical §%%%, o conductivity
ress 906’:' regarding
u roggq 600! their structure
(4]

Figure 4 - Application fields of the numerical simulations of composite cathodes with the DEM

(adapted from (Sangrods Giménez, 2022)).

2.2.2 Description of the microstructure modelling approach
The workflow of the discrete element method simulation is schematically summarised in Figure 2 and
should be generally described in the following.

2.2.2.1 Pre-processing

The first step needed for the simulation with the DEM is the generation of a compact stack of spherical
particles. This procedure is not trivial, due to the fact the resulting system of particle must show a lower
porosity, but at the same time a non-overlapping constrain must be ensured. The latter condition is an
important initial condition for the DEM simulation, because overlap between particles would result into
a non-balanced distribution of internal forced, which could compromise the convergence of the DEM
algorithm. Different solutions have been proposed in order to achieve this goal. An interesting algorithm
is the one proposed by Lozano et al. (Lozano et al., 2016), a constructive method of progressive filling
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of the domain with sphere particle of given sizes based on the minimization of the distances between
spheres. The algorithm has been shown to be efficient in terms of packing density and computational
time.

An important input parameter for the generation of the particle system is the particle size distribution
(PSD). In fact, the number of modelled particle sizes needs to correctly reflect the real PSD of the solid
electrolyte and the active material, without resulting into an excessive computational load. A study of
the influence of the number of different particle sizes considered for the DEM simulations of composite
cathodes has been done by C. Sangrés (Sangrés Giménez, 2022), and a number of five different sizes
has been identified as optimum between level of detail and computational cost. Due to this
heterogeneity in the particle size, it is also important to define the dimensions of the simulated
Representative Element Volume (REV), which is small enough to result into acceptable computational
cost for the DEM simulation and, at the same time, big enough to be representative of the behaviour of
the cathode. A study of the influence of the dimension of the REV has been done by C. Sangrés (Sangrés
Giménez, 2022).

2.2.2.2 DEM Modelling
Once the particle system has been generated, the Discrete Element Method can be used to study the
interaction between the particles under external mechanical loading or upon electrical cycling (volume
change of the AM particles due to a change in the lithium concentration).
The DEM is based on the Newton's Second law:
dzxi

Fi=mge
This states the dynamic equilibrium of a particle i and is usually integrated in time with an explicit
procedure. The key point of the DEM is the computation of the force F;, which is the total force acting
on the particle i. Except for the influence of external loading such as the gravitational force, the main
contribution to F;i is given by the force generated by the particle-particle or the particle-boundary
interaction. Consequently, the crucial point in the DEM is the choice of the contact model, i.e. the
constitutive relationship between the particle overlap and the corresponding mutual interaction force.
One of the most common used contact models in DEM is the Hertz-Mindlin model (Hertz, Garbasso,
1895, Mindlin, 1949). A low number of necessary input parameters, reasonable calculation time, and
valid results for non-linear elastic materials represent the advantages of the Hertz-Mindlin model for
DEM. Here, the total force acting on a particle is calculated out of a combination of spring and dashpot
components in the normal (n) and tangential (t) direction:

F = (knSpnij — vanvij) + (keSeij — vevei;)

where the indices i, j correspond to the two particles in contact, k is the spring stiffness and y the
damping coefficient, d represents the overlap and v the relative velocity.
However, this contact model has its limitations. Sangros et al. showed in force-displacement
experiments, that NMC111 particles exhibit after elastic also a plastic deformation behaviour, which is
not represented in the Hertz-Mindlin approach. Based on the work of Thornton and Ning, the contact
model is therefore extended. In general lines, a yield point is defined, which limits the application of the
Hertz-Mindlin contact model. Under low levels of stress, the force is calculated according to the elastic
contact model. Once the yield point is reached, the effect of plasticity is also considered and the theory
of elasto-plastic particle contacts from Thornton and Ning is adopted (Sangrés Giménez, 2022,
Thornton, Ning, 1998). Also, attractive forces between the particles for instance by van der Wal's forces
or bond models to take the binder particle interaction into account can be implemented in the DEM.
In the before described pre-processing, the particles are arranged in a contactless manner. One option
to achieve the desired volume content and to ensure particle contact, is the compression of the particle
assembly by a top and a bottom plate moving in opposite direction. In this way, the initial porosity and
particle arrangement is set. Subsequently, processing load or volume changes due to delithiation /
lithiation can be investigated. Sangrds et al. investigated the calendaring process and the resulting
impact on the CAM and additive+binder particle arrangement of a LIBs cathode. Therefore, the top plate
was moved downwards and the resulting mechanical stress was recorded for every timestep. When the
experimentally found maximal mechanical stress was reached, the compression was stopped and
displacement upwards started. In this way, the DEM simulation revealed important parameters like
porosity, forces on the particles, number of bonds or particle positions, which were used in the
subsequent post-processing step. The found values for porosity were in good approximation to the
experimental ones with an error below 5% (Sangrés Giménez, 2022).
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Figure 5 - Summary of the Workflow of a DEM simulation (Sangrds Giménez, 2022)

2.2.2.3 Post-processing

Based on the data obtained in the DEM simulation (particle position, particle material, number of
contacts, contact area), a pathfinding algorithm is used to determine the electric conductivity of the
network. First, nodes and connecting lines corresponding to the particles and the Euclidean distance
between two particles in contact respectively, are defined. Second, start and end nodes are set, where
the start represents the contact to the separator and the end the contact to the current collector. The
most conductive paths from the start to the end nodes are identified by the pathfinding algorithm
considering the difference in the intrinsic electrical conductivity of the involved materials (Sangros
Giménez, 2022). Finally, the individual resistance of each conducting particle is calculated. Therefore,
each particle is assumed as a conducting cylinder, where the dimension of the cylinder is defined based
on the contact area and the Euclidean distance. According to the found electrical paths, the cylinders
are connected in series leading to an equivalent circuit representing the entire REV (see Figure 3).
Considering the value and the size of the REV, the specific electrical conductivity of the electrode can
be finally calculated.

Figure 6 - Schematic of the equivalent electric circuit generate frome the particle contacts
computed with the DEM (Sangrés Giménez, 2022).

Sangrés et al. were able to show that consideration of the contact area is crucial, as the quality of the
particle contact directly affects the conductivity (Sangrés Giménez et al., 2020a). In fact, the
manufacturing process and the operation of the cell strongly influence the particle-particle contact. The
applied external forces result into a rearrangement of the particle network, which increases the contact
area and number. However, excessive forces can also lead to the rupture of particle-particle contacts
as well as the breakage of single particles. Also, delamination due to volume changes during operation
lead to a degradation of the contact and thus to lower a conductivity.

Beside the electrical conductivity, the post-processing allows conclusions on the porosity and the
tortuosity of the network. Sangrés et al. showed that this information can be further used to determine
also the ionic conductivity of the SE, avoiding the necessity to simulate the SE structure itself (Sangrés
Giménez et al., 2020a, Sangrés Giménez, 2022). However, So et al. used the DEM to simulate the
sintering process of an ASSB electrode including AM and SE. Information on the contact area between
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AM and SE have been generated, which might be of particular importance for the intercalation reaction
during charging (So et al., 2022).

2.2.2.4 Conclusion
DEM is a powerful simulation tool to model the positive electrode of a Solid-State Battery at the
microscopic scale
In particular it allows to:
1. Realistically represent complex particle structures based on a given particle size distribution.
2. Compute the evolution of internal stresses and deformation in the cathode during mechanical
loading and upon electrochemical cycling.
3. Determine the ionic and the electrical conductivity of the cathode based on the contact area
between the particles computed using the DEM.

2.2.3 Objectives of the microstructure modelling approach

One bottleneck of the cycling performance of ASSB is the charge transport from the anode to the current
collector of the cathode. This includes the Li-ion transport through the solid electrolyte. Therefore, in
WP 7.2.2, the ionic conductivity of the solid electrolyte network in 1) the positive electrode and 2) the
separator will be estimated with the microstructural model. Starting from the particle size distribution
determined in WP 3, the model will provide recommendations to optimize the particle size distribution
in the sense of an increased ionic conductivity of the solid electrolyte network.

However, in some cases the improvement in ionic conductivity through the SE is accompanied by a
reduction in electrical conductivity in the CAM/CB matrix. To investigate this circumstance, in WP 7.2.4
the entire cathode network including CAM and SE will be modelled to provide deeper insights into the
interplay of ionic and electronic conductivity in the electrode structure. Here, the number of contacts
and the contact area between two particles will serve as an indicator for the network quality, as they
directly influence the conductivity of the electrode. With this, the impact of mechanical stress due to
manufacturing processes or due to lithiation-related volume changes on the electrode structure can be
judged. After validation of the model with experimental results (WP 7.4), the initial particle size
distribution as well as the manufacturing process can be improved based on the findings of the
simulation. Therewith, the microstructural model provides relevant parameters to estimate the
macroscopic cell performance, also in the sense of aging phenomena due to mechanical degradation
by lithiation /delithiation induced volume changes.

2.2.4 Identification of the input/output parameters of the microstructure
model

2.2.4.1 Inputs parameters of the microstructure model

In Table 1 the input parameters for the microstructure model are listed. As described above, the intrinsic
material properties of the involved particles are the fundament on which the network behaviour can be
calculated. On the one side, mechanical properties, like Young modulus, determine the structure of the
network for an external load. Beside the involved particles, also material bonds e.g. based on the binder
matrix, need to be considered as an important factor for the contact quality. The manufacturing process
as well as the cycling-related volume change of the cell define the applied mechanical stress. In
combination with the initial component recipe and the particle size distribution, the DEM generates the
structure of the particle network. On the other side, electrochemical properties of the bulk material are
used in the post-processing step to calculate the conductivity of the entire network. Finally, the
outcomes of the microstructural modelling are compared with experimentally found values for
validation.
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Table 1 - Input parameters of the microstructural model.

IELENA

Parameter Unit Comment Input from
Pre-processing
Particle size distribution of SE and AM - WP 3/4
Mass fraction AM/SE/Binder/CB wt% WP 4
DEM
Volume fractions Includes initial porosity WP 4
Final layer thickness m WP 4
Young-Modulus Pa Function of SOC Atomistic model
Poisson ratio - WP 3/ Literature
Yield ratio - WP 3/ Literature
Density AM/SE/Binder/CB kg m3 WP 3/ Literature
Coefficient of restitution - WP 3/ Literature
Single particle strength Pa Nanoindenter trails WP 3 / Literature
External stress Pa WP 4
1. Processing (e.g. calendaring)
2. Application (cell, cell pack)
External stress velocity ms? WP 4
Volume change due to Li-intercalation % in a certain SOC-range Atomistic model
Adhesion strength WP 4 / Literature
1. vdW (Hamaker Constante) J
2. Etc.
Minimal distance between two particles To ensure conductivity WP 3 / Literature
Binder bond stiffness (area-related) N m3 Difficult to be determined WP 4 / Literature
experimentally > Modell
can be calibrated
Binder ultimate bond strength N m? Tensile and shear WP 4 / Literature
strength - see above
Post-processing
Intrinsic ionic conductivity of particles SE Smt Atomistic model
(Alternative: ionic conductivity of compressed
powder SE) Experimental (WP3)
Intrinsic electronic conductivity of particles AM | Sm Atomistic model
and CB
(Alternative: electronic conductivity  of Experimental (WP3)
compressed powder SE and CB (separately))
Validation
lonic conductivity of separator and cathode Smt WP 4
Electronic conductivity of cathode Sm? WP 4

2.2.4.2 Outputs parameters of the microstructure model

With the microstructural model important insights into the mechanical, electro-mechanical and charge
transport behaviour of ASSB cells can be provided. In table 2 the output parameters of the DEM-based

model are listed.
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Based on the network structures, including contact area and number of contacts, predictions on the
ionic and electronic conductivity are achieved. Beside the direct resistivity in the particle-particle
connection paths, also conclusions on the porosity and tortuosity as well as on the specific surface area
can be drawn, which influence the charge transfer in the ASSB electrode fundamentally. A special
remark is also taken on the mechanical stresses within the layers. In this way the impact of external and
internal stress sources on the network performance can be determined.

Table 2 - Output parameters of the microstructural model.

lonic conductivity Sm
1. Separator
2. Electrode (cathode)

Electronic conductivity: Electrode (cathode) Sm

Number of Contacts -

Contact area m

Specific surface area m"

Porosity after processing -

Tortuosity factor -

Coating adhesion strength Pa
Internal mechanical stress Pa
Ratio of broken AM particles %

Optimized PSD -

Impact of
1) external stress Pa
2) cycling (volume change of particles) %
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2.3 Macroscale modelling approach modelling
approach (IFPEN)

The macroscale modelling is concerned by the behaviour at the cell level, from a multi-physical
point of view (electrochemical, thermal, mechanical, and ageing). IFPEN has developed an expertise into
this type of modelling with the aim of finding an appropriate compromise between computing resources,
accuracy, and physical meaning to be used for understanding, prognosis and optimisation of battery
performances and safety.

In the battery research field, multi-physical modelling at the cell level is based on the

electrochemical framework proposed by the John Newman'’s research group (Newman, Thomas-Alyea,
2004), with the so-called pseudo-two-dimensional model (P2D) or Doyle-Fuller-Newman (DFN) model.
Many other physical models have since been proposed to simplify the model or to add new physical
phenomena. IFPEN developed its own version of the electrochemical model following the works of
Prada et al. (Prada et al., 2012), based on a single particle with electrolyte dynamics model (SPMe) and
have made continuous improvements and additions ever since.
In the HELENA project, several challenges regarding this modelling approach arise due to the
development of ASSB, requiring a holistic modelling approach (electrochemical, thermal, mechanical,
and ageing). This section 0 thus describes the macroscale modelling approach (state-of-the-art at
IFPEN, new approaches that are considered, and the possible challenges that are foreseen in HELENA),
its main objectives, and identifies the required inputs (from lower scale models or experimental data)
and the outputs (for upper scale models and contribution to the design of HELENA ASSB).

2.3.1 Description of the macroscale modelling approach
2.3.1.1 Electrochemical modelling: single particle model with electrolyte dynamics (SPMe)

The following paragraphs describe the state-of-the art of electrochemical modelling at IFPEN for the Li-
ion chemistry, which is based on the SPMe model. Figure 7 draws a schematic representation of a
realistic lithium-ion cell, the P2D model, and the SPMe model. A realistic Li-ion cell is a “sandwich”,
constituted from a positive and negative porous composite electrode (particles of solid active matter
of different sizes and morphologies in which the lithium inserts, a conductive solid additive, and a solid
binder), current collectors (copper at the negative, aluminum at the positive), and a porous separator.
Finally, a liquid electrolyte permeates the porosities of the electrodes and the separator.

The standard P2D model describes three distinct cell domains: the porous negative electrode (between
z = 0and z = §,), the separator (between z = §, and z = §,, + 8,,,), and the porous negative electrode
(between z = §, + 8, and z = &, + 8, + 8, = L). Two dimensions are described: a macroscopic
dimension z (the normal to the cell sandwich, or thickness), and a microscopic dimension r (radial
dimension in polar coordinates of the active matter particles, that are considered spherical); hence, its
name P2D. Itis based on porous-electrode theory, which considers that the separator and the electrodes
are a superposition of two continua: a porous solid matrix and a liquid electrolyte that fills these pores,
each described by its volume fraction. Multiple spherical particles of identical radius are considered
along the thickness of each electrode (along z). The main physical phenomena that are modelled are:
electronic conduction in the solid matrix, electrochemical charge transfer reactions at the interface
between electrolyte and electrode particles, and lithium transport in the electrode particles (by diffusion)
and the electrolyte (by diffusion and migration). It thus describes several state-variables across the two
spatial dimensions z,r and time dimension t: concentrations in lithium in the electrolyte ¢, and in the
electrode particles c¥ (k means negative or positive electrode here, plus the separator for electrolyte-
related variables/parameters), several current densities (electronic in the electrodes i¥, ionic in the
electrolyte i, and that of electrochemical reactions j]’f) causing overpotentials, and electrical potentials
in the electrolyte ¢, and in the electrodes ¢¥. These state-variables allow to compute the cell terminal
voltage output U that results from a current input /.

The SPMe model comes directly from the P2D model but makes a simplification. Its main assumption
is that the gradient of lithium concentration in the solid-phase c¥ can be neglected along the electrode
thickness; however, the gradient of lithium ions concentration in the electrolyte c, is still considered
significant (especially at high current rates) and electrolyte dynamics are kept. Thus, the lithium solid-
phase concentration can be represented by a single particle for each electrode; hence, the model’s
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name. In practice, this means that an average value of c¥ is considered over the electrode thickness,
implying as well the calculation of average (or “lumped”) values of the electrochemical reactions
interfacial current densities j§ (implying the exchange current densities if), the charge transfer
overpotentials 7%, and the solid-phase potential ¢¥.

Actec
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( I .
sep

£

elec

z

Figure 7 - Schematic representation of a) a realistic lithium-ion cell, b) the P2D model, and
c) the SPMe model. The cell sandwich is composed (from left to right) of the negative current
collector (copper), the negative electrode, the separator, the positive electrode, and the

positive current collector (aluminium).

The main equations of the SPMe model are detailed in Table 3 and the symbols are detailed in Table 4.
It is governed by a system of partial differential equations, associated with boundary conditions, and
regular equations. The model accounts for the following main physical phenomena:

e Mass conservation (lithium transport):

o In the solid-phase: lithium is assumed to be transported inside electrode particles by
diffusion, under the effect of concentration gradients. Eq. (1) governs ck(r,t) by
applying Fick’s law of diffusion in polar coordinates. Boundary conditions state that
there is no diffusion in the center of the particle due to the spherical symmetry, and that
the flux of lithium at the outer surface of the particle is governed by the interfacial
charge transfer kinetics.

o In the liquid-phase: lithium is assumed to be transported inside the electrolyte by both
diffusion, under the effect of concentration gradients, and migration, under the effect
of potential gradients. Eq. (2) governs c,(z, t). Boundary conditions state that there is
no concentration gradient at both extremities of the cell sandwich.

e Charge conservation (charge transport):

o In solid phase: electrons are transported by conductivity depending on the rate of
electrochemical charge transfer. Eq. (3) governs ¢X(z,t) by applying Ohm’s law.
Boundary conditions state that, at both extremities of the cells sandwich, the electrons
flow is controlled by the cell current divided by the electrode plate area, and at the
electrodes/separator interfaces, the electrical potential is constant.
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o In liquid phase: anions and cations in the electrolyte are moved by diffusion and
migration depending also on the rate of electrochemical charge transfer. Eq. (4)
governs ¢, (z,t) by applying this charge balance. Boundary conditions state that there
is no gradient of electrolyte potential at both extremities of the electrodes. lonic
conductivity k, is considered as a function of lithium concentration.

e Electrochemical kinetics: the rate of intercalation and de-intercalation processes electrode-
electrolyte interfaces are assumed to follow Butler-Volmer's model. The system of equations
(5), (6), (7) governs the evolution of jf (z,t) and nf(z, t).

Physical transport properties related to the electrolyte are modified by the porous nature of the media,
which act as an obstacle compared to the bulk media. Bruggeman model computes an effective
parameter considering the effect of the porosity and tortuosity on the transport parameter. Equations
(8) and (9) (11) express the Bruggeman model for lithium diffusivity in electrolyte D¥ and ionic
conductivity k.

An equivalent solid conductivity for the conductive matrix of each electrode can be obtained from Eq.
(11) based on the individual solid conductivity and volume fraction of its active and inactive materials.
From this, the solid phase ohmic overvoltage of each electrode can be obtained from (12).

The equilibrium potential Ué,‘q of each active material depends on the lithium concentration in the
electrode particles as expressed in Eq. (13). It intervenes in the calculation of the charge transfer
overpotential %, in which U, is evaluated at the particle outer surface r = R.

Finally, the voltage of the cell can be expressed from Eq. (15).

The SPMe electrochemical model can be coupled to a thermal model as all physical phenomena are
temperature sensitive. A lumped thermal model is generally sufficient to describe general cell behavior
with temperature at the macro-scale. Some parameters are thus considered to be dependent on the
temperature, including: D¥, oy, D,, k., k. This sensitivity is then modelled with an empirical model, often
an Arrhenius’ law.

Table 3 - Main equations of the SPMe electrochemical model.

Physical Governing equations Boundary conditions Eq.
phenomenon
Mass P
conservation in Dk —k =0
solid phase . s s r=0
dey 10, 0 - X
- —_ = = i 1
at 12 6r<r Ds e ) 0 k=(p) _pr o = ™
or | R, asF
Mass dc
conservation in _€ =0
liquid phase a(eécce)_i< eff%)_(l , )E dz 2=0 (2)
ot az\ ¢* 9z *'F ac,
=0, k= (nsep,p) En =0
z=1L
Charge n
conservation in ) % — L
solid phase ooz | _ 0 A,
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Table 4 - Symbols used in the SPMe model.

Symbol Type Description Units
k Sub/sup-erscript In domain {n, sep, p}
n Sub/sup-erscript In negative electrode and particle
sep Sub/sup-erscript In separator
p Sub/sup-erscript In positive electrode and particle
e Sub/sup-erscript In electrolyte
s Sub/sup-erscript In solid phase (negative or positive)
ck(r,t) | Variable Lithium ions concentration in electrode mol m~3
particles
c.(z,t) | Variable Lithium ions concentration electrolyte mol m~3
¢k(z,t) | Variable Solid phase electric potential \%
¢.(z,t) | Variable Electrolyte electric potential Vv
n%.(z,t) | Variable Electrode-electrolyte interfacial overpotential V
LHO) Variable Solid phase ohmic overvoltage of electrode k \%
j’f‘(z, t) | Variable Electrochemical reactions current density Am3
ik(z,t) | Variable Electrochemical reactions exchange current Am™?
density
X (1, t) Variable Electrode lithiation rate -
SoC(t) Variable Cell state-of-charge -
T(t) Variable Cell temperature K
U(t) Variable Cell voltage \'
I(t) Variable Cell current A
F Parameter Faraday’s constant Asmol™?!
R Parameter Universal gas constant J K" mol™?!
O Parameter Electrode/separator thickness m
L Parameter Cell thickness (L = §,, + 8., + §,) m
Ay Parameter Electrode plate area m?
Ry, Parameter Electrode particle radius m
ak Parameter Electrode interfacial area m?
ek Parameter Active matter volume fraction -
ek Parameter Electrolyte volume fraction -
D*(T) Parameter Lithium diffusivity in electrode particle m?s~!
G{‘(T) Parameter Solid electronic conductivity of active or Sm™?!
inactive material j in electrode k
D.(T) Parameter Lithium ions diffusivity in electrolyte m?s?
k.(c,,T) | Parameter Lithium ions conductivity in electrolyte Sm!
Brugg® | Parameter Bruggeman coefficient -
t, Parameter Lithium ions transference number —
Parameter Thermodynamic factor —
dinf,
dinc,
ay Parameter Charge transfer coefficient of the reduction -
reaction (ayy = 1 — Qpeq)
kkX(T) | Parameter Charge transfer reaction rate constant mf@ mo]&® -1
c? Parameter Initial concentration of lithium ions in the mol m™3
electrolyte
K max Parameter Maximum lithium concentration in electrode mol m™3
particle
xk, Parameter Electrode particle lithiation rate at 0% cell SoC -
Ug,(x)) | Parameter Electrode equilibrium potential \Y
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Main challenges for SPMe model within the HELENA project:

Gen. 4b ASSB batteries differ from previous Li-ion generations in the use of a solid electrolyte instead
of a liquid electrolyte, and the use of lithium metal as negative electrode instead of graphite or
graphite+SiOy. First challenge will be to adapt the electrolyte parameters to HELENA halide solid
electrolyte (Li transfer, ionic conduction, ...). Second challenge will be to change the negative electrode
model to consider the lithium metal electrode. As it is different to a composite electrode, a flat electrode
model could be considered. Also, with the lithium metal anode comes the question of dendrite formation
and growth, and the electrochemical model may be modified to account for this in the ageing model.

2.3.1.2 Mechanical model

The mechanical part aims to provide insights into the volume expansion of active materials for the
macro scale modelling, where it plays an important role in ageing mechanisms.

Evaluation of stress-induced diffusion
As mechanical effects (i.e. particle swelling or volume change) are considered in the electrochemical
modelling of the cell, the diffusion flux is modified to account for the hydrostatic stress o as follows:

K k k Qcf K
Jp = —D$|(Veg — RT Vo (16)

The hydrostatic gradient is evaluated based on the previous expression using the fact that the integral
is constant as a function of r as follows:

2Q,E,

k _ _ k
Vaoy = 5 —vy) vk 7)
Consequently, the pore wall flux is:
I = —D¥ (1 + Z&ck(r)) vek (18)
With
20,°E
k _ k “k 19
Zs 9RT(1 —v;) (19)
An equivalent diffusion coefficient is then defined as:
D¥,y(r) = DX (1+ Zick()) (20)

This expression of Df,eq is then integrated into the mass conservation of lithium in solid phase equation
(1). This equivalent diffusion coefficient, which is a function of particle radius r, accounts for the effect
of the volume change of the particle without having to effectively update its radius r in the model.

Stresses evaluation

Furthermore, as concentration gradients are developing into the particles, (Dai et al., 2014) have
provided analytical expressions to evaluate hydrostatic stresses within spherical particles based on
thermal expansion analogy. This study provides the expression of radial ¢ and tangential o/ stresses
as a function of the particle radius r in a particle with a R, radius as follows:

20, E 1 (R 1 ("
k _ k& k k 230 k72
) =35y Rggjo ck(r)r2dr rsjﬂcsz dz (21)
O, E 2 (R 1 (" (22)
k _ k™K k 2 k72 _ .k
ot =35y Rgsfo ek ryr dr+r3f0csz dz cs(r)]

In these expressions, Q is the partial molar volume, E, is the Young's modulus and v is the Poisson’s
ratio. The hydrostatic stress is then computed as follows:
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ok + 20k 20, E 3 (R
ok(r) =L L = Kk J- c“(rrtdr — ck@) (23)

3 91-vp R_153 o

Integrals values as function of the radius are evaluated by assuming that the solid concentration is
constant inside the control volumes.

Then, this can be combined with the electrochemical SPMe model to evaluate the stresses along
particles.

Cell thickness variations

Material swelling leads to composite electrode swelling which in turns leads to cell swelling. The cell
swelling is directly given by the individual swelling of active materials. This swelling leads to
compression of other materials such as the separator or packaging which then act as springs. The
springs displacement is evaluated through the volumetric swelling of the electrodes.

The volume of active material in the electrode is given by the following equation takin into

account the i different materials:

. . 24
Vi = €588 = ) V(1 +0,6) = ) €81 +2uc) ey
i€k ick
Consequently, the variation of the electrode thickness can be expressed as
s, cd@ied) ;. dck
a0 Z a0 Z d’( () g (25)
icek ick

As N, are stacked in the cell, the volumetric change of the complete cell considering an

infinite stiffness is given by

. ck 26
X <cs 1% (9% e ) (e
ick
Table 5 - Symbols of the mechanical sub-model.
Symbol | Type Description Units
J&(r) | Variable Pore wall diffusion flux (stress-induced diffusion) molm™*s!
ok(r) | Variable Hydrostatic stress kgm™ts?
ak(r) | Variable Radial stress kgm™!s72
o¥(r) | Variable Tangential stress kgm™1s72
D¥,,(r) | Variable Equivalent lithium diffusivity for stress-induced m?s~!
diffusion
ky() | Variable Volume of active material in electrode k m?
8, (t) Variable Thickness of electrode k m
l..u(t) | Variable Total thickness of the cell m
Q, Parameter Partial molar volume m?3 mol™?
Ej Parameter Young's modulus kgm™!s?
vy Parameter Poisson'’s ratio -
RE Parameter Initial radius of particle in electrode k m
4 Parameter Initial volume of material i m?
Nlec Parameter Number of electrode stacks in the cell —

Main challenges for the mechanical sub-model within the HELENA project

The mechanical sub-model was initially coupled to the SPMe model to account for the important
swelling of silicon particles in Gen3b batteries negative electrode, which gives information at the macro-
scale on cell width evolution. Blended silicon-graphite negative electrode is not expected to be used for
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ASSB within HELENA, but mechanical issues are expected in ASSB. Some of chemo-mechanical issues
of ASSB include dendrite growth within the solid electrolyte, interphase formation at the anode/SE
interface and its mechanical stability, and mechanical stability of the various components of the solid-
state composite electrodes (Bistri et al., 2021). This challenges the mechanical sub-model to account
for the significant mechanisms with an adapted framework to be coupled with the SPMe and ageing
model.

2.3.1.3 Ageing model

To account for cell ageing, main state-of-the-art mechanisms in lithium-ion batteries models are
described here (Reniers et al., 2019), (O'Kane et al., 2022). Generic approaches are considered to easily
fit few model parameters while keeping relevant physical behaviours. Main mechanisms considered
here are:

- Solid electrolyte interphase (SEI) growth,

- Cracks-induced SEI formation,

- Lithium plating on the negative electrode,

- Cracks on both positive and negative electrode,

- Oxidation of the electrolyte on the positive electrode.

SEl formation
SEI formation is one of the major mechanisms leading to performance degradation in Li-ion batteries.
In this mechanism, an interphase layer is created by the reduction of solvent molecules at the negative
electrode interface creating the SEI layer. Solvent diffuses from the SEl/electrolyte interface until the
SEl/active material interface. Thus, this phenomenon is limited by diffusion in the formed SEI layer as
well as electrochemical kinetics. To reduce this model complexity, the convection of solvent due to SEI
layer movement is neglected. The impacts of SEl layer formation are:

- A parasitic current leading to Li de-intercalation from the negative electrode or loss of lithium

inventory
- Creation of aresistive layer leading to power fade
- Clogging of electrode porosity

It is mathematically described by equations in Table 6 (Prada 2013, Edouard 2016). Mathematical
symbols are listed in Table 7.

The hypotheses for developing this model are as follows: there is only a single uniform organic porous
layer surrounding the particles while the inner inorganic layer is neglected. The solvent molecules travel
through the SEI by diffusion to reach the particle surface followed by an irreversible reaction to form the
SEl compound.

Following this, the mass balance for the solvent within the SEI layer is given by Eq. (27), governing the
solvent concentration c,,;,, with a diffusion law. The boundary condition states that the flux of solvent
molecules at the outer surface of the particle is governed by the kinetics of the parasitic reaction, and
also states the continuity between solvent concentration at the SEl/electrolyte interface, which is equal
to the solvent concentration in bulk electrolyte c2%¥ |f the rate of change of the solvent concentration
gradient is negligible within the SEI layer, the steady-state solution in Eq. (28) can be used. As the SEl is
a porous media, an effective diffusivity coefficient can be used following Bruggeman’s model as in Eq.

(29).

After the diffusion of the solvent molecules across the SEI, the solvent molecules reach the particle
surface where its reduction occurs. This is an irreversible reaction, and its rate kinetics are described
using Tafel's model as in Eq. (30). When coupling to the SPMe model, the interfacial current density in
the negative electrode j; must be replaced by j,, which is the sum of ji and the current density of the
parasitic solvent reduction reaction i,,;, as is stated by Eq. (31). The growth rate of the SEI layer
thickness §,,; can then be estimated by Eq. (33). The capacity loss due to the SEI parasitic reaction and
associated loss of lithium inventory can be computed from Eq. (34).The SEI opposes an electrical
resistance to current due to its conductivity, which is given by Eq. (35). The growth of the SEI leads to
pore-clogging in the negative electrode (i.e., it reduces its porosity, which is accounted for by Eq. (36).
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To complete the coupling to the SPMe model, the terminal voltage equation is modified to account for
this added overvoltage 7,; as written by Eq. (38).

To couple the SEI growth sub-model to the electrochemical-thermal model, the solvent diffusivity D,
and reaction rate constant k,,; can be considered as temperature-sensitive by an empirical Arrhenius’
relationship such as Eq. (37).

Table 6 - | Governing equations Boundary conditions Eq.
Equations  of
the SEI growth
sub-
model.Physical
phenomenon
Mass balance for P .
solvent D, Csolw _ Lsei
aCsolv _ azCsolv SO gy r= Rn 2F (27)
It solv o2 _ bulk
Csolv (Rn + Ssei) - Csoolv €sei
Csolv(t =0) = Coow
Solvent diffusion if €..chulk _ surf i
steady state oy 2o solv . Zset - (28)
Ocoi 2F
Effective solvent ef f Bruggsel _
diffusion Dyo1y = Dsotv€sei (29)
Solvent reduction —Bsei F
reaction Tafel lsei = _ZsteiC:;Z;f exp [% ((I)? = Usei (30)
kinetics Se -
__Usei jn )]
Kseiagl ot
Current balance for
the negative Jtot = Jf + aise - (31)
electrode
Negative reactive 3€26,,A
surface S, =aty, = ——>L - (32)
Ry
SEl layer growth d&ge; Igei Msei
rate =- 8sei(t = 0) = 82 (33)
dt 2Fpsei set set
. (34)
Capacity loss due i i
e a0 _ 05e(t = 0) = 0
dt nrset
Resistance S
increase due to SEl Rgei = Se:Sl. - (35)
| _ - Kseisg
Clogging o 3 i
electrode porosity €r = 6?'0 - T}esel - (36)
n
Arrhenius i
expression for T = wref Eg (1
temperature V(D =y exp| T
dependency of
solvent diffusivity - (37)
and reaction rate 1 ith
kinetics T , with g
ref
- . = (Dsolv; ksei)
Modification of cell
terminal voltage U= qu (Rp) - U;lq (Rn) + ¢e(L) - ¢e(0) _ (38)
—p —n
+05 =Y+, — M, — Nsei
No 101069681 28 / 54

D7.1 - Multiscale/Multiphysics modelling framework definition and requirements— PU



HELENA

Table 7 - Symbols of the SEI growth sub-model.

Symbol Type Description Units
solv Sub/super- Solvent
script
sei Sub/super- Solid electrolyte interphase
script
bulk Sub/super- In the bulk electrolyte
script
surf Sub/super- At the particle surface
script
Co1y (1T, t) | Variable Solvent concentration mol m~3
igei(1) Variable Current density of the parasitic solvent reduction Am™?
reaction
jri(z, t) | Variable Total solid current density in the negative Am™3
electrode
8,0 () Variable Thickness of the SEl layer m
Q3¢ (t) | Variable Capacity loss due to SEI layer growth Ah
R,.;(t) | Variable Electrical resistance of the SEl layer Q
Nsei(t) | Variable Overpotential of the SEI layer \
er(t) Variable Electrolyte volume fraction of the negative -
electrode at time t
Usei Parameter Potential at which the solvent is reduced \'
er? Parameter Initial electrolyte volume fraction of the negative -
electrode
S Parameter Negative reactive surface m?
€gei Parameter SEl layer porosity —
Dg,.,(T) | Parameter Solvent diffusivity in SEI layer m?s~?!
Brugg®® | Parameter SEl layer Bruggeman coefficient —
k,.;(T) | Parameter SEI formation reaction rate constant st
Bsei Parameter SEl layer formation reaction charge transfer —
coefficient
Kgei Parameter SEI layer conductivity Sm!
M, Parameter SEI molar mass kg mol~?!
Psei Parameter SEl layer mass density kg m~3
Agep Parameter Separator/electrode surface area m?
Dgs{v Parameter Solvent diffusivity in SEI layer reference at T = m?s™?
Tref
Egsolv Parameter SEl formation reaction rate constant activation ] mol™?!
energy
k:“j{ Parameter SEI formation reaction rate constant at T = T,..f st
Egsei Parameter SEl formation reaction rate constant activation ] mol™?
energy

Lithium plating

As the electrical potential of the negative electrode goes below 0 V vs. Li*/Li, metal lithium can be
directly deposited on the negative electrode in an inhomogeneous manner. This leads to | dendrite
formation and sometimes short-circuits. During subsequent discharge, this same metallic lithium can
be oxidized back to Li* leading to its recovery. However, part of this lithium is trapped due to SEI
formation on the newly formed interface or from contact losses.

One of the simplest ways to take this into account is to introduce a new parasitic current density for the
lithium metallic deposition electrochemical reaction. This is done by Eq. (39), with Tafel electrochemical
kinetics, and with a coefficient to account for only a partial recovery of lithium ions in the charge
balance. Eq. (40) update the current balance in the negative electrode to account for the introduction of
a new parasitic reaction. Eq. (41) computes the capacity loss caused by irreversible lithium plating.
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Table 8 - Equations of the lithium plating sub-model.

Physical Governing equations Boundary conditions Eq.
phenomenon
Parasitic lithium ) 0.5F
plating current iLip = Birreviélp exp (_ ﬁq)?) - (39)
Current balance
for the negative Jtor = Jf + adise; +agip - (40)
electrode
Capacity loss due 1 dQLiP

Lar . loss , (41)
to lithium plating — =i -

Sn dt LiP

Table 9 - Symbols of the lithium plating sub-model.

Symbol Type Description Units
LiP Sub/super- Lithium plating
script
ip;p(t) Variable Lithium plating parasitic reaction current density Am™2
Q3¢ (t) | Variable Capacity loss due to irreversible lithium plating Ah
Birrev Parameter Fraction of plated lithium irreversibly trapped -
leading to loss of lithium inventory
ikiP Parameter Lithium plating reaction exchange current density Am™2

Dendrite formation and growth

The stability of the Li/SE interface and defects at the interface can result in dendrite initiation and
propagation through the electrolyte and limit the life of the battery. The phenomena involved
undoubtedly occur over a wide range of length scales, from the atomic to the continuum scale. As stated
repeatedly in the literature for solid-state battery, phase-field method, as a mesoscale method, appears
the appropriate approach compared with those of finite-element methods for example. This method is
indeed more and more used for qualitative studies in SSBs, such as microstructure evolution process
and deposition morphologies which seem the focus of current work. The contribution of this method
seems crucial for quantitative studies to predict or guide the designs of advanced battery systems.

In electrochemical simulation models, interfacial reactions with the motion of phase boundaries are
complex for conventional approaches. The phase-field method seems an effective tool for bypassing
the evolving complex geometry in conventional sharp inter-phase methods to simulate for example the
dendrite growth in Li metal batteries. In the phase field method, the evolution of the phase field ¢ is
described in the form of Equation below owning here a source term for demonstrating the structure
evolution (Sun, 2022).

(i1 oF

3= Lar T (42)

I' the electrochemical reaction at the solid/liquid or solid/solid interface is described by a Butler-Volmer
type equation, whose equilibrium can be disturbed, for example, by the Li ion diffusion kinetics through
the electrolyte. Numerous modified expressions of this electrochemical equation are already proposed
in literature.

L stands for the mobility at the interface for & and looks a coefficient rate coefficient (Ren, 2020). We
can introduce more than one phase-field variables to describe a multiphase system. For example, with
a granular electrolyte (Tantratian, 2021), two phase-field parameters (¢ and ¢) are generally introduced
to distinct the three-phase system: the Li metal phase (¢ = 1, ¢ = 0), the Grain Boundary phase (¢ =0, ¢
= 1), and the grain phase (¢ = 0, ¢ = 0).
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F stands for the total free energy density of the system. F drives the spatio-temporal evolution of the
phase-field evolution. Free energies drive phase-field evolution, which can be further separated into
several contributions shown below.

F = f fchemical + fgradient + fmechanical + fexternal + ---)dV (43)

In which first term is the chemical free energy functions, second one is the interface/gradient free
energy functions, third one is the displacement gradients in local free energy functions, and last one is
the external force (e.qg., electrical field for electrochemical phase-field models) free energy functions.

According to a recent paper (Sun,2022), for a pure phase-field problem, free energy functional with
fchemical and fgradient is enough for the simplest phase separation and phase transition process.
However, the electrochemical process in SSBs is a multiphysics problem. More free energy density
function terms and differential equations for other physical fields are needed to investigate the
Multiphysics coupling problem thoroughly.

Strong coupling between different physical fields (electrochemical-mechanical-thermal ...) can make it
difficult to apply phase field modelling strategies (i) to predict the growth of dendrites possibly
combined with cracks in solid state systems, and (ii) to be predictive under well-defined service
conditions. A great deal of effort should be needed to develop the model, but also to disentangle the
outputs from the models developed at other scales in order to feed the phase field model with
appropriate inputs. (Tantratian, 2021) and (Sun, 2022) seem to be a good starting point for the
implementation of the approach for the SSBs studied in Helena project.

Loss of active material due to electrolyte oxidation

On the positive electrode, high potential leads to instability of the electrolyte with the positive active
material. A parasitic reaction occurs leading to electrolyte oxidation and active material losses. In this
case, the reaction will impact the active material mass fraction which is reduced due to this reaction as
described by (Reniers et al., 2019)

The equations of the sub-model for the active material loss at the positive electrode are detailed in Table
10. It is considered that the oxidation of the electrolyte happens over a voltage U, 4, and is driven by
an anodic irreversible reaction kinetic, modelled by Tafel's expression such as in Eq. (44) which governs
the capacity fade with an ordinary differential equation. The overpotential driving this reaction is given
by Eq. (45). This reaction leads to a reduction of the positive active material volume fraction, which Eq.
(47) accounts for.

Table 10 - Equations of the active material loss at the positive electrode sub-model.

Physical Governing equations Boundary conditions Eq.
phenomenon
Rate of capacity 1 deaml F
fade due to ——floss =i ex (—y ) pamlp — 0) = 0 (44)
dissolution Ap dt paml 0,paml 14 RT npaml loss
Current balance
for the positive .= j}’ + afipaml - (45)
electrode
Dissolution P
overpotential 77paml - d)s - d)e - Upaml - (46)
Active material Q

. P p,0 paml
volume fraction € =€ — < o pmax - (47)

8,A,Fcg
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Table 11 - Symbols of the active material loss at the positive electrode sub-model.

Symbol | Type Description Units
paml | Sub/super-script | Positive active matter loss
Qfo";';"(t) Variable Capacity loss due to positive active matter loss Ah
i,em(t) | Variable Current density of positive active matter loss Am™2
Npam(t) | Variable Overpotential due to positive active matter loss \
403} Variable Volume fraction of active material in positive -
electrode
o paml Parameter Positive active matter loss exchange current Am™2
density
Y Parameter Charge transfer coefficient of the positive active -
matter loss side reaction
Upami Parameter Electrical potential at which the electrolyte \
oxidation is triggered
efr" Parameter Volume fraction of active material in positive —
electrode at beginning of life

Stress-induced ageing

Mechanical stresses can have an important impact on the long-term performances of electrodes. For
example, it can create cracks into the SEl leading to SEI re-formation, cracks into active matter particles
or loss of electrical contact, leading to active matter isolation. Here, two stress-induced ageing
mechanisms are considered: the SEI cracking and re-formation, and the loss of active material.

Cracks into the SEI layer can lead to the exposition of new surfaces to the electrolyte, and ultimately to
SEl re-formation. To assess the impact of such cracks, the derivative of concentration induced stresses
at the particle edge is evaluated in Eq. (48). SEl cracks increase the SEI formation rate compared to the
previous SEI sub-model, leading to higher loss of lithium inventory, while not increasing the SEI layer
thickness which reduces the kinetics of SEI layer formation, as expressed by Eq. (49).

As mechanical stress builds up in the composite electrode due to material swelling, loss of electrical
contact between some active material particles and other components of the conductive matrix can
happen. It has for consequence the loss of active material. As for the SEI cracking, the loss rate is
proportional to the stress variation rate inside the electrode. In an initial implementation of the model,
the maximum hydrostatic stress in particles has been used. The variation of the active material volume
fraction is governed by an ordinary differential equation expressed by Eq. (50) and Eq. (51) updates the
volume fraction after active material loss.

Table 12 - Equations of the stress-induced ageing sub-model

Physical Governing equations Boundary conditions Eq.

phenomenon

SEl cracks area dA doy(Ry)

evolution = = Por han Ay (t=0)=0 (48)
dt Gyield dt

Current balance A

for the SEI layer il =iy (1 + i) - (49)

growth Sn

Active material dsek do, (r

loss rate in —— = Biam |max n( )‘ 8ek(t=0)=0 (50)

electrode k de r dt

Active material

volume fraction € (t) = €0 — 8ek (1) - (51)

variation
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Table 13 - Symbols of the stress-induced ageing sub-models

Symbol | Type Description Units
cr Sub/super-script | Cracks
lam Sub/super-script | Loss of active material
A, (t) | Variable Surface exposed by SEI cracks m?
i;;(t) | Variable Current density of SEl layer growth reaction Am™?
without accounting for cracks (previous SEI sub-
model)
i) | Variable Current density of SEI layer growth reaction Am™2
accounting for cracks
ek Variable Volume fraction of active material in electrode k -
Oyicld Parameter Yield stress (rupture) before SEI cracking kgm™1s?
Ber Parameter Kinetic coefficient of SEIl cracks formation —
Sa Parameter Negative reactive surface m?
Biam Parameter Kinetic coefficient of loss of active matter caused —
by mechanical stress

Main challenges for degradation mechanisms sub-models within the HELENA project

ASSB have a different design as lithium-ion batteries and are thus expected to show some differences
in their significant degradation mechanisms and failure modes. Main difficulties in ASSB arise from the
various solid-solid interfaces, between the solid electrolyte and both electrodes (and eventually their
passivation layers). The chemical, electrochemical and mechanical properties of each component as
well as the cell microscopic design will be key for the effective ageing.

The negative electrode is expected to be a lithium metal electrode, for ASSB to improve the energy
density compared to lithium-ion intercalation electrode such as graphite. Main problem is expected to
come from lithium plating, not in a homogenous way (desirable) across the electrode surface, but rather
in an in-homogenous way (undesirable) as localized dendrites on some surface dendrites. These
dendrites could grow in the pores of the solid electrolyte and reach the positive electrode leading to a
short circuit. This is also linked with the mechanical properties of the solid electrolyte. Also,
electrochemical compatibility and the formation of an interphase region might play a role in the
degradation.

The positive electrode is expected to be a porous electrode composite such as for lithium-ion batteries,
with active material, solid electrolyte, conductive additive, and binder. Due to their lower capacity density
compared to the lithium metal negative electrode, it is expected that rather thick electrode will be used
to match the high capacity of the lithium metal electrode, allowing ASSB to improve energy density.
Main problems are expected to come from mechanical issues, notably the stability of the composite
and of the solid contact with the electrolyte, but also particle cracking. Such as for the negative
electrode, the formation of an interphase region might play a role in the degradation.

2.3.1.4 Thermal runaway model

Thermal runaway is an event occurring when heat exchange is not sufficient to evacuate the heat flow
generated from the cell during abuse operating conditions, such as, overheat, overcharge, external short
circuit. The main reactions taken into account in the existing IFPEN model are based on (Petit et al.,
2018) as following:

Metastable SEI (Solid Electrolyte Interphase) reaction

Solvent reduction on the negative electrode (SEI formation)

Positive electrode decomposition

Electrolyte decomposition

Self-discharge / short-circuit (caused by the separator fusion)

Venting

ook wnN~

The main assumptions used to describe the cell behavior during TR are:
e The parameters inside the cell, such as composition, temperature, concentration, and reaction
rate are equal everywhere. The cell is considered to be a homogenous element with no
dimension.
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e During TR reactions, the internal temperature of the cell is the same as its surface temperature,
i.e. no gradient is considered (0D).

e Loss of the cell capacity during TR is assumed to be related to the positive electrode
decomposition.

e Thereaction of the positive electrode is considered as an autocatalytic reaction.

e Venting is considered adiabatic, i.e. without any mass variation of the cell due to venting but
the amount of material ejected from the cell is linked to the Mach number.

e The composition of the gas released from TR reactions is not specified.

An empirical approach is chosen to describe thermal runaway phenomenon, where thermochemical
reactions are represented by dimensionless figures based on (Kim et al., 2007) and (Abada et al., 2016,
Abada et al., 2018) works.

The aim of the thermal runaway model is to evaluate the global heat released by the degradation
reactions as follows:

D=, +PD,, +D, +DP,+D, +D,,, (52)

neg pos
Where:
o  @qp:is the global heat released [W]
e @, is the heat released from the metastable SEl reaction [W]
e @y, :is the heat released from the reaction between the negative and the electrolyte [W]
e @, is the heat released from the reaction between the positive and the electrolyte [W]
e @, is the heat released from the electrolyte decomposition [W]
o @, :the heat released by the self-discharge [W]
e  @,..:: the heat released by the venting [W]

Each heat source term is calculated based on the following relation:
@y = h;-w; - R;

The reactions 1 to 5 are exothermal, they are described by the Arrhenius's law. The related reactions
rates are presented in the Table below.

Table 14 - Exothermic degradation reactions governing equations.

Exothermic Governing equations Eq.
degradation
reactions
Metastable SEI dXsgy Easer]  meg
reaction dt = —Rgsg; = —Agp €Xp [_ kT ] - XsE] (53)
Solvent
reduction on the | ;, dx 7
negative dSEI =- dneg = —Rpeg = —Apeg €Xp [_ = ]e ane] (Xneg)™Pos (54)
electrode t t ZsELref
Positive
electrode dx Mpos
decomposition dPtOS = —Rpos = —Apos exp[ ape] (Xpos) pas(l - Xpos) Y (55)
Electrolyte (56)
decomposition de, [ Eqel . m
= —R, = —A 0,
dt e Sl
Self-discharge
9 Iy = [3600 - e+ p (55 - Uoa Qe /1V) (57)
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The reactions 1 to 4 may release gases which increase the pressure inside the cell. When the pressure
is higher than a venting burst pressure, venting occurs.

During the thermal runaway exothermal reactions, gas is being released leading to pressure increase
inside the cell. If a burst pressure is passed, venting will occur.

Gas formation:

During each degradation reaction, gas can be emitted. The amount of gas formed is given by
parameters, Vg, Vy , I{gp and V;, which are the amount of gas released by decomposition reactions

per kg of reactant. The total amount of gas produced by the reaction i, n; (mol) is then given by:

dni

8
dt %)

=Ri'Wi'Vgi

Adiabatic venting:
Due to the increase of gas in the cell as well as the temperature, the pressure builds up and increases
as follows:

R-T
135.Vh

The vent opens when the difference between the internal and ambient pressure reaches the burst

pressure of the venting device: (P — Pymp) = Ppurst

Once the vent is open, an adiabatic venting occurs. It is mathematically described using a lumped
approach following the work from (Coman et al., 2016). It is assumed that there is no mass variation of
the cell due to venting. The amount of material ejected from the cell is linked to the Mach number M.
The Mach number is a dimensionless number, representing the ratio of the local flow velocity of a fluid
to the local speed of sound. Since the speed of sound in a gas varies with its nature and its temperature,
the Mach number depends on the local conditions, its value varies between 0 and 1. This dimensionless
number is defined as:

P=P,+ - (Nsei + Nneg + Npos + Ne — ) (59)

M=0 if venting has not occurred yet

y-1

2 P \y . .

M = max —_—. ( ) Y1 if venting has occurred
Y—=1 \Pamp

Based on the Mach number, the pressure Py, the temperature Ty,p¢(K) and the velocity Vy,epe (M/s)
of the gas escaping the cell are assessed as follows:

p P
vent — ¥ (60)
— =
(14157 M)
T T
vent = — 61
1+ yTl . M2 ( )

(62)

These variables allow to evaluate the amount of gas escaping the cell, y as follows:
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Q _ Pyent - Vvent - Avent dngas

= (63)
dt R-T dt
dngas . .
—9%_9 if vent is closed
dt

dngas — dnge; + + dne

ANneg + dnpos
dt dt dt dt dt

if vent is opened

The energy loss in the cell due to the pressure drop during venting is expressed as follows:

dp d
Ppene =Vp+ = R-T- = (64)
Table 15 - Symbols of the thermal runaway model.
Symbol | Type Description Units
R, Variable reaction rate of reaction i 1/s
w; Parameter mass of reactant relative to reaction i kg
Vgi Parameter amount of gas produced by reaction i relative to mol/kg
its mass of reactant
h; Parameter specific enthalpy of the reaction i J/kg
Xsgr Variable fraction of lithium inside metastable SEI -
Zspr Variable dimensionless number representing the SEI layer -
thickness
Zsgiref | Parameter dimensionless number representing the SEI layer -
thickness reference
Xneg Variable insertion rate of the negative electrode -
a Variable decomposition advancement reaction of the -
positive degradation
0, Variable disappearance reaction rate of the electrolyte -
Agg; Parameter frequency factor of the metastable SEl 1/s
stabilization reaction
Apey Parameter frequency factor of the solvent decomposition 1/s
reaction on the negative electrode
Apos Parameter frequency factor of the decomposition reaction on 1/s
the positive electrode
A, Parameter frequency factor of the electrolyte decomposition 1/s
reaction
A, Parameter frequency factor of the self-discharge reaction 1/s
E,sEr Parameter Energy activation of the metastable SEl ]
stabilization reaction
Egneg Parameter Energy activation of the solvent decomposition ]
reaction on the negative electrode
Eqpos Parameter Energy activation of the positive decomposition ]
reaction
Ege Parameter Energy activation of the electrolyte decomposition ]
reaction
Egec Parameter Energy activation of the self-discharge reaction ]
Ngej Variable amount of gas formed by the SEI reaction mol
Nyeg Variable amount of gas formed by the solvent reduction on mol
the negative electrode
N5 Variable amount of gas formed by the electrolyte reaction mol
at the positive electrode
Nggs Variable amount of gas released while the vent is open mol
n, Variable amount of gas formed by the electrolyte mol
decomposition
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y Variable amount of gas ejected due to the venting mol
P Variable pressure inside the cell barA
P, Parameter internal pressure before gas release barA
Pamb Parameter Ambient pressure barA
Ppurst Parameter Burst pressure of the venting device bar
V Parameter the headspace volume of the cell m3
y Parameter heat capacity ratio of the formed gas :
M g4 Parameter molar mass of the formed gas kg/mol
A,en: | Parameter area of the vent m?

Main challenges for the thermal runaway sub-model within the HELENA project

Contrary to liquid-electrolyte LiB, ASSBs safety is less studied. However, it is generally accepted that
ASSBs are safer than liquid-electrolyte LiB for different reasons: 1) ASSBs do not contain a combustible
organic electrolyte. 2) No interface between the negative and solid electrolyte is expected, i.e., they do
not have an SEL It is than assumed that, without liquid electrolyte and without an SEl, it can be
considered that ASSBs are less likely to have a thermal runaway.

But thermal runaway mechanisms can be different between liquid-electrolyte LiB and ASSB. For
example, the accelerated TR linked to short-circuit and separator damage in liquid-electrolyte LiB
technology, could be related for ASSB technology, to the positive destabilization or Li metal damage.
As ASSB technology is considered not mature today, it is difficult to found pertinent description of the
thermal runaway mechanism. Thanks to HELENA project, we will have access to the different
component’s stability parameters, we will perform abuse tests on the full cell prototype to understand
the ASSB based halide electrolyte cell safety behaviour and update the thermal runaway sub-model with
a novel mechanism.

2.3.2 Objectives of the macroscale modelling approach

The main objectives of WP7 are to provide material and cell manufacturers model-based guidance at
three main scales and tools to optimize cell and electrode design and anticipate full cell behaviour and
lifetime.

At the macroscale, some parameters will already be fixed on the material side (at the microscale), and
the optimization will concern the macroscale cell design. For example, electrodes, electrolyte, and
coating materials nature will be fixed, as well as their mass and charge transport properties. This
information will come from project partners, that is from lower scale modelling as well as experimental
data from material and cell manufacturers of HELENA project. The macroscale model will then be
employed to optimize cell design by tuning parameters such as electrodes thickness, electrode particles
radius, electrodes porosity, or coatings thickness. The optimization goal can either be seen as
maximizing the cell energy density or finding a compromise between maximizing the cell energy density
and maximizing the cell lifetime (and power density as well).

To achieve this goal, the objective of IFPEN for the macroscale modelling within HELENA is to build a
meaningful multi-physical model framework capable of providing cell manufacturers with valuable
design optimization recommendations. This will require an adapted electro-chemo-mechanical model
framework for ASSB specificities, and more importantly its coupling with dominant degradation
mechanisms.

2.3.3 Identification of the input/output parameters of the macroscale model
From the description of the modelling approach that is considered and its objectives, the following
inputs parameters (needed from partners and literature) and outputs (delivered to partners) of the
macroscale are listed here.

2.3.3.1 Inputs parameters of the macroscale model

Input parameters needed for the macroscale model mainly concern the nature of materials (electrodes,
coatings, electrolyte) that will be chosen and their physical properties:
-  Electrolyte material:
o Lithium diffusivity in electrolyte (function of temperature)
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o Lithium conductivity in electrolyte (function of temperature and of lithium
concentration)
o Mean lithium concentration
o Thermal stability
- Electrodes material (positive and/or negative):
o Active matter:
* Particle size distribution (positive)
=  Volume fraction (positive)
» Surface contact area (positive) and electrode plate area (Li metal negative)
= Lithium diffusivity in particles (function of temperature)
*  Equilibrium potentials (function of lithium concentration) (positive)
=  Maximum lithium concentration
» Electrochemical reactions kinetic constants (function of temperature)
» Mechanical parameters: volumetric expansion, elastic modulus, Poisson
Ratio (also for grain boundary if exist) in function of temperature
» Thermal stability: CTE (coefficient of thermal expansion), kinetic and heat
released
o Coating:
» Lithium diffusivity in coating
o Binder and conductive additive:
= Electronic conductivity

2.3.3.2 Outputs parameters of the macroscale model

The macroscale model will give outputs for the optimization of the cell design as well as general
simulation of cell behaviour, usable in upper scale model (system level).

For the optimization of cell design, allowing to propose guidelines to manufacturer:
- Positive electrode thickness
- Negative electrode thickness
- Positive electrode particle radius
- Positive electrode porosity
- Positive electrode active matter volume fraction
- Positive electrode electrolyte volume fraction
- Positive electrode coating thickness
- Negative electrode coating thickness
- Solid electrolyte thickness between the two electrodes

For general simulation, allowing to evaluate cell energy/power/safety/lifetime performances for
automotive and aeronautic applications, as well as in cell-to-system simulation:

-  Cell terminal voltage/current

- Average cell temperature

- Cell width

- Thermal runaway onset and heat released

- Capacity loss

- Resistance increase
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2.4 System modelling approach (AIT)
2.4.1 Description of the system modelling approach

2.4.1.1 AIT system simulation — modelling language and tools
AIT system simulation is builds up AIT’s inhouse Modelica libraries and uses Dymola as simulation tool.
Inhouse libraries are:

e EES (Electrical energy storages), implementing electrical equivalent circuit (EEC) and lumped

thermal (LT) models for Generation 2, 3 and 4 Li-ion battery cells

e SPT (Smart power trains)

e SC (Smart cooling)

e AC (air conditioning)

The EEC battery model is parameterised with measurement data. After break-in test, the cell
characterization with pulses is performed at different C rates and at three temperatures. The EEC
parameters are estimated with Particle Swarm Optimisation to find the global optimum and further fine-
tuned using Gauss-Newton algorithms, see (Dvorak, Bauml, Holzinger, & Popp, 2018).

2.4.1.2 AIT system simulation — automotive

The EV simulation for BEV was developed and validated in previous projects, e.g. H2020 Quiet (H2020
Quiet - QUalifying and Implementing a user-centric designed and EfficienT electric vehicle, 2017-2021).
Itimplements system simulation of light duty BEVs, see Figure 8. It combines models for battery, electric
machine (motor/generator), power train, thermal management (drive train and passenger
compartment), vehicle dynamics, drive cycle, operating strategy and ambient conditions. The model can
be used to identify (a) the energy flows regarding powertrain and auxiliaries and (b) the energy needed
for heating and cooling of the passenger compartment.

Measurements Driver Strategy Cycle Ambience

gL,

Chassis

Battery

AxleRear AxleFront

Figure 8 - AIT Modelica system simulation model for BEV (Cvok, et al., 2020).
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The BEV model is specified by the main vehicle parameters:
*  Vehicle mass
* Transmission ratio
« Differential ratio
« Tireradius
+ Chassis frontal area
«  Driving resistance coefficients (cw, cf) (road load parameters)
» Machine and inverter operating maps (efficiency)
« Battery parameters (resistances and capacity)

Model parameters representative for B to D class vehicles are provided in Figure 9. WLTP Class 1-3
driving cycles are implemented, see Figure 10.

vehicle
parameter unit FitEV(B) B-SUV C D D-SUV
mass kg 1644 1700 1520 1757 2585
fo N 84.78 110.58 115.16 160.18 159
fi N/kph V2 -0.55 0.95 -0.36 1.07
f N/kph*> [0.03 0.04 0.03 0.03 0.03
Cw - 0.33 0.33 0.29 0.23 0.28
AFront m? 2.16 2.37 2.3 2.22 2.65
V Cabin m? 2.53 2.66 2.61 2.75 292

Figure 9 - Model parameters for B to D class vehicles (Paffumi, Wang, Nunnendorf, Jahn, &
Dominik, 2021).

c265_WLTP_class3_vmax_o135
180 T T T T T T T

t_max = 1800 s

v_max = 131.3 km/h

Speed [kmih]

0 200 400 600 800 1000 1200 1400 1600 1800
Time [s]

Figure 10: WLTP Class 3 driving cycle (Paffumi, Wang, Nunnendorf, Jahn, & Dominik, 2021)

The thermal cabin model considers various thermal loads: short-wave solar and long-wave body
radiation, convection and conduction. Obstructed view factors between surfaces are taken into account
for correct consideration of radiation. The outer vehicle surfaces are separated in order to evaluate
individual contributions of conduction, convection and radiation of surfaces, see Figure 11. Material
characteristics are included.
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1,580 men (62240 |

4,115 mm (162 in)

Figure 11: Exterior surfaces considered in the thermal cabin model (Paffumi, Wang, Nunnendorf,
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Jahn, & Dominik, 2021).
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Figure 12: Cabin model schematic overview. (Dvorak, Basciotti, & Gellai, 2020)
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Figure 13: Heating, ventilation, and air conditioning (HVAC) system model schematic overview:
cooling mode (left) and heat pump mode (right). (Dvorak, Basciotti, & Gellai, 2020)
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Figure 14: HVAC system models available for BEV system simulation:

simple (left) and complex (right). (Paffumi, Wang, Nunnendorf, Jahn, & Dominik, 2021).

The simplified or complex HVAC system models are available, see Figure 14.

The validation of the EV model was performed with measurement data obtained from a Honda B
segment vehicle in the JRC Vehicle Emission Laboratories (VELA) in Ispra (Italy). Further details on the
EV model and its validation are provided in (Cvok, et al., 2020) and (Paffumi, Wang, Nunnendorf, Jahn,
& Dominik, 2021).
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2.4.1.3 AIT system simulation — aeronautics

The system modelling for aeronautic battery systems is developed in various projects, e.g. H2020
ORCHESTRA (H2020 ORCHESTRA - Optimised Electric Network Architectures and Systems for More-
Electric Aircraft, kein Datum), see Figure 15.

The blocks of the model implemented so far are:

e Coupled EEC and LT model of the battery: currently implemented as single cell instance (as
NsxNp pack) and optionally to be subdivided into multiple instances, e.g. representing sub-
packs or modules. Alternatively, simulation of a module with individual cell instances is feasible.
The electrical and thermal models are independent and can be combined as needed.

¢ Minimalistic thermal management

e Electrical loads and charger with several charging strategies

e Mission cycle (e.g. load profiles for design and typical missions of the aircraft)

e Environmental conditions, based on ISA (international standard atmosphere)

measurements

control environment
04 P
= L
""""" X~ X
PN
= @
Thermal model Electrical model
indirectCoolingHeating batteryThermal baneryilectrical loid chalger

RS

Figure 15: Minimal system simulation model for aeronautic battery.

2.4.2 Objectives of the system modelling approach

The main objective of the system modelling approach is to evaluate the cell mean behaviour in realistic
use cases from automotive and aeronautic applications. AIT will adapt and/or extend their battery
system simulation to the requirements for the automotive and aeronautic use cases specified in T2.1,
T2.2 and T2.3 and deliver concept designs for aeronautic batteries. The system simulation will be
upgraded with models developed in T7.3, i.e. integrating the electrochemical model developed by IFPEN
either directly via FMU (functional mock-up unit) and/or as fast electrical and thermal equivalent circuit
cell model, derived from testing the electrochemical model in a virtual environment. Alternatively, the
EEC/LT cell model could be parameterized from measurement data obtained for pouch cells in WP6.
The full scale equivalent circuit modelling will be validated based on WP6 results. Furthermore, AIT will
conduct a sensitivity analysis to propagate the uncertainties at lower scale on the cell performance in
realistic application.

2.4.3 Identification of the input/output parameters of the system model

2.4.3.1 Inputs parameters of the system model
e Use case definition, cell and system requirements (from T2.1, T2.2 and T2.3)
e Cell electrical performance as function of C-rate, SOC and operating temperature
e Heat release as function of the electrical performance
e Target operating conditions, e.g. temperature range
e Physical dimensions of the cell
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Thermal parameters of the cell: thermal conductivity (in plane and out-of-plane), specific heat
capacity, either averaged for the cell or its components

Thermal runaway onset and heat released

Capacity loss (cycling and calendar ageing)

Parameter variance (ranges) concerning uncertainties and cell dispersion

Pouch cells testing results from WP6

Outputs parameters of the system model

Battery system sizing to meet the systems’ electrical performance for the various use cases
System thermal management demand

System behavior in failure cases

Cell/system performance considering uncertainties at lower scale / cell dispersion

No 101069681 44 / 54
D7.1 - Multiscale/Multiphysics modelling framework definition and requirements— PU



- I
HELENA

3 Discussion and Conclusions

3.1 Definition of the model’s interfaces framework

The approach of modelling within HELENA project is based on a Multiphysics and Multiscale models.
This approach allows to study the ASSB from the atomistic level to the batterie pack system level. Each
model is inherently different from others by the: phenomena considered, degree of detail, dimension of
the system, parameter time constant and the calculation time.

Today none of the existing modelling software can address coupling all these different models. Thus,
within HEZLENA project a modelling network will be developed and a model’s interfaces framework will
be defined to assess the ASSB performance and optimization from the atomistic level to the full system
application simulation (see Figure 16).

Thanks to the HELENA model's interfaces framework a deeper understanding of the relationship
between intrinsic and network properties will be addressed. Also, relevant parameters related to the
transport phenomena in the bulk will be optimized. In addition, aging phenomena due to mechanical
degradation by lithiation /delithiation induced volume changes will be investigated. Finally, a fit from the
cell to the system through equivalent circuit simplification for integration in full system simulation will
be validated.

Electrodes

Atomistic modelling ||| Microstructure modelling ||| Macroscale modelling

\ U J

||| System simulation

=
+ Young's modulus * lonic conductivity of separator and cathode + Equivalent electrical circuit model
Model interface * volume expansion due to « Electronic conductivity of the cathode
intercalation * Specific surface area and contact area
framework * Liself-diffusion coefficient * Porosity
+ Volume change of the particule

Figure 16: model’s network and interfaces framework

3.1.1 Interface between atomistic and microstructure models

In order to draw conclusions about the electronic and ionic conductivity from the particle structure
generated by DEM, the intrinsic electrical properties of the individual particles are required. Also, the
response of the structure to mechanical load depends, among other things, on the mechanical
properties of the individual particles. Some of these intrinsic parameters can be found in the literature.
However, the novel halide solid electrolytes in particular are still poorly described in literature. Therefore,
parameters will be determined experimentally in the course of WP 3 and 4. However, for the ionic
conductivity of the single particle, for example, it may be necessary to do this in an indirect way by
powder measurements. With the measured conductivity of the pellet together with the information
about particle size distribution and porosity, the DEM structure is then calibrated to determine the bulk
material conductivity. However, a direct determination of the intrinsic properties would be more
straightforward. Here, the atomistic model can provide important input. As shown in Table 1, the
atomistic model allows predictions on the Young's modulus, the volume expansion due to intercalation
and the Li self-diffusion coefficient of the investigated materials. The latter can be converted into the
ionic conductivity using the Nernst-Planck-Equation (Park et al., 2010). Thus, the atomistic model makes
an important contribution to the microstructural modelling avoiding outstanding experimental effort and
providing a deeper understanding of the relationship between intrinsic and network properties.
Conversely, the results of the atomistic model can also be critically reviewed. In the atomistic model, a
perfect material is assumed starting from the unit cell. However, errors and imperfections in the material
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structure and thus deviations in the properties cannot be avoided. The project will show what influence
these deviations may have.

3.1.2 Interface between microstructure and full cell models

In order to calibrate the SPMe model, some parameters are required as input (see section 2.3.3). These
parameters will be provided either by experimental tests (from WP3 and WP4) or simulation from both
atomistic and microstructure modelling framework. With the microstructural model important
knowledge into the mechanical, electro-mechanical and transport behaviour of ASSB can be provided
to the macroscale (SPMe) model. The ionic and electronic conductivity, the porosity as well as the
specific surface area will be calculated from the microsctural model and taken as inputs for the SMPe
model. In addition, the impact of mechanical behavior on the conductivity and the volume change of the
particle will be addressed by the microstructural model since the ratio of broken particles due to the
stress upon cycling and the impact on number of contacts/ bonds can be represented in the DEM.

The microstructural model provides relevant parameters to estimate the macroscopic cell performance,
also in the sense of aging phenomena due to mechanical degradation by lithiation /delithiation induced
volume changes.

3.2 Interaction with the other WPs/Tasks

3.2.1 Atomistic modelling approach interaction

As mentioned in section 2.1.3 the only information required for the atomistic calculations is
crystallographic data of bulk structures of solid electrolyte, active material, and coating. This
information will be provided by the partners involved in WP3 Subtask 3.1 and 3.2 (Fig. 4). The calculated
electrochemical and mechanical characteristics of electrolyte as well as stability and Li* transport
through AM/SE and AM/coating/SE interface will further be used in WP3 Subtask 3.1 and 3.2 for
optimization electrolyte and interstitial properties.

structure and composition of solid electrolyte

WP7 Subtask 7.2.1 ionic conductivity, diffusivity and mechanical properties WP3 Subtask 3.1
Leader (CICe) to optimized composition and crystalline structure improving ionic Leader (SGR)
I conductivity and increasing lithium transfer A

structure and composition of AM

WP7 Subtask 7.2.2 WP3 Subtask 3.2
Leader (CICe) Li-transport through the AM/SE interfaces Leader (UMI)
| to improve Li transfer at the cathode A

structure and composition of coatings

WP7 Subtask 7.2.3 WP3 Subtask 3.2
Leader (CICe) reactivity of AM/SE and AM/coating/SE interfaces Leader (UMI)

I to investigate the impact of protective layers A

Figure 17 - Scheme of atomistic modelling approach interaction with other WPs/Tasks.

3.2.2 Microstructure modelling approach interaction

As shown in Table 1, the microstructural network is mainly based on input parameters from WP3 and
WP4. The initialization of the electrode and separator structure is generated based on the given particle
size distributions, the recipe and the porosity. Beside the initialization, the validation of the model-based
results regarding structure conductivity has an outstanding role. Therefore, the impact of the
manufacturing process and the recipe will be compared and validated based on the results from WP4.
Also, the intrinsic properties of the involved materials are needed as input parameters for the
microstructural modelling. As already described in section 2.2.3.1, an experimental determination is
required here, especially if data from the literature or the atomistic model are not available.
Conversely, the microstructural model provides important information to WP and 4 for the optimization
of the formulation and the manufacturing process, in order to increase the performance of the cell with
less experimental effort.
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As mentioned in section 3.1.2, the results can also be incorporated into the macroscopic modelling of
the cell considered in WP7.4. The relationship between ionic conductivities and porosity/ tortuosity is
often described using approximations such as the Bruggeman equation. However, for conventional LIBs
these assumptions often fit quite well, but for ASSB they might not (Sangrés Giménez et al., 2020b).
The microstructural model can provide deeper insights into the interplay between charge transport
along the cell cross-section and the underlying electrode structure.

Overall, it should be noted that models are always based on a mathematical description of the problem
and associated simplifications. This is what makes modelling such a fast and comparatively
inexpensive tool in battery development. Due to the different degree of detail and the dimension
considered, the findings of different modelling approaches can interact and complement each other.
However, the assumptions made must always be reflected with the experimental findings. Hence, a
continuous exchange between the WP3/4/7 and within the WP7 is essential.

3.2.3 Macroscale modelling approach interaction

As mentioned above, in order to calibrate/validate the macroscale model some parameters are required
as input (see section 2.3.3). These parameters will be provided either by experimental tests or
downscale model through simulation from both atomistic and microstructure modelling framework:
From WP3 and WP5: material properties will be provided as particle size distribution, mean/maximum
lithium concentration and volume fraction.

From WP7, downscale model simulation: from both atomistic and microstructural models, simulation
allows the evolution of the ion/electronic transport parameters according to
intercalation/deintercalation state and mechanical induced damage. In addition, from the atomistic
model mechanical properties as elastic constants, bulk modulus, Young's modulus and shear modulus
will be provided

From WP6, experimental tests results, as 1) electrochemical analysis that allow to identify the
electrochemical reaction kinetic parameters, equilibrium potentials. 2) accelerated aging tests that
allow to identify different aging mechanism and estimate the related performance change. 3) abuse
tests at both material and full cell level used to identify the different thermal runaway mechanisms and
the identification of the related kinetic and thermal parameters.

From WP4, post-mortem analysis: it provides information on the structural/chemical characterization
at the cell pristine state and after different aging level (different SOH).

From WP2, based on the EV/aereo application requirements, a specific profile will be used as input for
the model simulation.

The macroscale model in turn will assess the electrochemical/thermal/aging/safety behavior of the full
cell and allow the design optimization through parametric study thanks to the reduced time calculation
that it offers. In addition, the macroscale model will help to fit cell to system level simulation.

o 2

|
Design optimization
multiscale level

Macroscale continuum Gen4 model

I

ec/thermal/mecha cell leve
behavior for system level
mulatio

o=

Figure 18 - Macroscale modelling approach interaction with the other WP.
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3.2.4 System modelling approach interaction

Within WP7, the system modelling (AIT) will mainly interact with the macroscale modelling (IFPEN). The
requirements defined in T2.1, T2.2 and T2.3 will drive the conceptual system design for the automotive
and aeronautic use cases. Information about the pouch cell design from WP5 and pouch cell testing
data from WP6 are needed.
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4 Risk register

Table 16 - Risk Register

HELENA

Risk No. | What is the risk Probability | Effect | Solutions to
of risk of overcome the risk
occurrence! | risk?

7.2.3 Impossibility to create 1 2 Simulation of non-
feasible for DFT calculation periodic interface
periodic interface model. mode
Section 2.1.1.2

WP Computational costs for a 2 1 Modelling of the

7.2 and | detailed optimization (PGV, experimental values in

7.4 manufacturing process) WP 3 and 4 will be

ensured plus advice
for an optimization

WP 7.4 Modelling CAM and SEina | 2 1 Two separate DEM
common DEM model models for CAM and

SE: Void space
represents the other
missing component.

WP 7.2 Intrinsic material 2 1 Input parameter can

and 7.4 | properties as input be generated by
parameter for powder measurements
microstructural model and subsequent
cannot be predicted in calibration of the
atomistic model or be microstructural model.
found in the literature

WP7.3 IFPEN EC/thermal model 2 2 To mitigate this risk,
too complex or (a) a fast EEC-LT
computationally too model will be derived
demanding to be applied from testing the
for large system electrochemical model
simulations. in a virtual

environment, and (b)
the level of system
granularity can be
adapted.

WP7.2.3 | phase-field method : 2 1 Confrontation with
difficulty to evaluate the some observation on
relevance of the prediction the electrolyte at the
of the model (Li same model scale
plating/crack)

WP7.2.3 | phase-field method: 2 1 update the model to
difficulty to select facilitate the scale
appropriate inputs to feed change based on the
the phase-field model from

T Probability
2 Effect when

risk will occur: 1 = high, 2 = medium, 3 = low

risk occurs: 1 = high, 2 = medium, 3 = low
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the ouput of the differents
models developed at the
others scales

knowledge gained at
the time of the study

WP7.3.1

A lack of input parameters
from WP3, WP4, WP5 and
WP6

Not relevant estimation of
some parameters expected
from the downscale models

Use parameters
available in the
litterature

WP7.4

Unavailability of cell 1-10Ah
or no sufficient time project
to perform aging tests and
validate the full cell model

If possible, use results
from litterature or
from other Europeen
Project which are
studing ASSB
(example MODALIS?)
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