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Abstract: Lithium-ion battery cells are the fundamental components of all Energy Storage
Systems (ESSs) used in electric vehicles (EVs). Increasing concerns about safety issues,
particularly the response of battery cells to mechanical crushes that can lead to internal
short circuits (ISCs) and potential thermal runaway (TR), necessitate detailed investigation.
To evaluate the response of a battery under abuse conditions, a homogeneous finite element
(FE) model of a battery cell was developed. This model employs a simplified representation
of a battery cell where the internal properties are assumed to be uniform throughout
the entire cell. A full factorial approach was utilized to determine the homogenized
jellyroll material characteristics. A detailed FEM serves as a benchmark for validating the
homogeneous battery model. While requiring less computational effort, the homogeneous
model maintains sufficient accuracy, making it suitable for modelling entire battery packs,
thanks to the reduced number of elements.

Keywords: finite element (FE) method; abuse test; internal short circuit (ISC); homoge-
neous model

1. Introduction

One of the main risks connected to the abuse conditions of electric vehicles (EVs), and,
therefore, of battery packs as well, is related to thermal runaway (TR), which causes an
uncontrolled increase in temperature, which leads to a further increase in temperature and
definitely to the risk of fire. Abuse mechanisms, such as crushing, can result in the failure of
one of the jellyroll layers (the battery’s internal structure), which leads to an internal short
circuit (ISC) and consequently causes an exothermic reaction, which eventually may initiate
TR in the battery [1,2]. The main objectives of simulations are to predict and mitigate the
TR risk of battery packs when undergoing crash scenarios (Figure 1). In order to do so,
however, the first step is to design accurate, still computationally efficient single battery
cell models. In this context, the homogeneous model represents a simplified approach [3],
while the heterogeneous model, used as a benchmark in this study, provides a detailed
representation of the jellyroll layered structure [4]. This research aims to build a proper
homogeneous model of a single battery cell, which will be adopted for an entire battery
pack system in future. In Section 2, the authors provide an overview of mechanical testing
procedures per international and European standards. The homogeneous model, described
in Section 3.1, is validated through a benchmark, the heterogeneous model, developed
in a previous work of the same authors. The results of the simulations are provided in
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Section 4, in which the results of the proposed models are compared, and a best-fit material
characteristic is proposed.
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Figure 1. Schematic view of abuse events that might cause thermal runaway.

2. Overview of International Standards for Abuse Conditions

International standards regarding abuse testing on lithium-ion battery cells are continu-
ously evolving. These tests simulate conditions a battery might encounter during real-world
use, mishandling, or accidents [5]. The main goal is to ensure that lithium-ion cells do not
fail in ways that could lead to fire, explosion, or other hazardous outcomes under mechani-
cal abuse, ensuring both safety and reliability. Table 1 provides an overview of international
standards on mechanical testing; some of the most common include the following:

e Impact Testing: In impact testing, a heavy object falling on a battery is simulated.

e  Crush Testing: In crush testing, force is applied to compress the battery, simulating
situations where a battery might be crushed.

e  Penetration Testing: In penetration testing, a nail or other sharp object penetrates the
battery, mimicking damage from punctures.

e  Vibration Testing: In vibration testing, how batteries respond to sustained vibration is
tested, replicating conditions in vehicles or machinery.

e  Shock Testing: In shock testing, batteries are exposed to sudden acceleration or decel-
eration, like what might happen in a crash.

Table 1. Overview of international standards on mechanical testing (C = cell; M = Module; P = pack).

International EU USA China
SAE IEC GB
Test J2464 SAE 62660-3 ISO ISO UN383  UN/ECE  ;; »50  ysABC 38031
(2021) 12929 (2022) 12405-4 6469-1 (2023) R100.2 (2022) [13]  (2022) [14] (2020)
(2022) [7] (2018) [91  (2022) [10] [11] (2022) [12]
[6] [8] [15]
Mechanical shock CMP CMP C P CMP C CMP CMP MP
Drop P P CMP C CP P C
Penetration CMP P C CMP CcP
Immersion MP P P MP MP
Crush/Crash CMP P C A% C CMP CMP CMP CcP
Rollover MP P P MP
Vibration CMP C P CMP C CMP CMP CMP P

The main tests considered and replicated in the simulations in this work are the
impact and indentation tests, which are represented in Figure 2. The first one consists of a
cylindrical indenter placed at an orthogonal position to the battery under test (BUT) which
is then impacted by a drop weight that strikes the indenter and, therefore, crushes the
BUT [16]. The latter test (one of the most common in the literature [17-20]) consists of an
indenter that hits the cell with a certain velocity. These tests were simulated and replicated
in the heterogeneous and homogeneous models to compare the results.
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Figure 2. Schematization of impact and indentation tests.

3. Battery Cell Finite Element Models

Several numerical models have been proposed in the literature to simulate battery
cell behaviour under abuse conditions [4,21,22]. Homogeneous and heterogeneous models
are the two main categories. The multilayer jellyroll structure is reduced to a continuous,
uniform material with averaged attributes in the homogeneous models [21]. On the other
hand, by precisely modelling every layer inside the jellyroll structure, heterogeneous mod-
els offer a more accurate description [22]. By capturing the mechanical interactions between
the layers, these intricate models hope to provide insights that more closely resemble the
behaviour seen in the actual battery. Their primary benefit is their great accuracy, especially
when it comes to locating short circuits and recognizing localized problems like mechanical
failure in particular layers [4]. Furthermore, these models are more accurate in forecast-
ing how safe battery cells will be under different abusive scenarios. When compared to
homogeneous models, their main disadvantage is the increased computational expense
and implementation complexity.

Nevertheless, the authors developed a homogeneous model in this work, using a
detailed heterogeneous model as a benchmark case study. The heterogeneous model was
developed in a previous work [23], which is in the publication phase, and will support the
homogenization process by working as a benchmark case study since an experimental test
campaign cannot be performed due to safety-related concerns. The simplified model will
be calibrated using the detailed model results, and the jellyroll’s material characteristics
will be studied to fit the heterogeneous model results best. Both battery cell models were
developed within the explicit dynamic solver Ls-Dyna V971 R10.1.

3.1. Development of Homogeneous Battery Cell Model

The internal structure of a Li-ion battery cell comprises a layer of anode and cathode
compounds (both made of a metallic current collector coated on both sides with active
material) separated with a permeable membrane referred to as separator. This entire stack is
then tightly rolled, and this is why it is also referred to as a “jellyroll” [24]. The thickness of
each layer of the separator is in the order of ~pum, whereas the electrode compound (anode
and cathode) thicknesses are in the order of ~10? um. The materials usually adopted are
depicted in Table 2 below. In this case, a commercial 18650 NMC battery cell was replicated.
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Table 2. Materials of layers.

Layer Material

Cathode electrode compound
Current collector ~ Aluminum
Active material ~ Nickel manganese cobalt (NMC)
Anode electrode compound
Current collector ~ Copper
Active material ~ Graphite
Separator Polymer
Case Stainless steel

Nevertheless, the internal layered structure of the jellyroll leads to some difficulties.
First of all, the small thickness of the elements, associated with the radial evolution of the
jellyroll, means that the mesh elements adopted have big aspect ratios and critical time
steps. Moreover, the number of nodes in the model is extremely high, in the order of ~10°,
which results in a single simulation requiring more than 20 h to be conducted. Considering
all this, it is clear that a detailed heterogeneous model cannot be adopted in a full battery
pack crush simulation to represent single battery cells. A Tesla Model S battery pack, for
example, utilizes a total of 7104 cylindrical 18,650 battery cells [25]. This would increase
the number of nodes to more than 10 just for the cells, not considering all the envelopes.
This is why a detailed heterogeneous model cannot be used in large-scale simulations.

In order to model a full battery pack, the first step is the homogenization of the jellyroll
with a consequent reduction in the number of nodes. A homogeneous jellyroll model
assumes uniform material properties and a single, consistent material representation [22],
as can be seen in Figure 3. This kind of simplification drastically reduces the calculation
time needed for the simulation and also the modelling effort and is suitable for large-scale
simulations. On the other hand, it lacks in terms of accuracy and has limited insights into
the internal localized phenomena taking place inside the battery cell.

Homogeneous
Jellyroll

Heterogeneous
Jellyroll

(a) (b)

Figure 3. Schematization of homogeneous jellyroll model. (a) Homogeneous jellyroll section. (b) Het-

erogeneous jellyroll section.

This work aims to create accurate yet simplified homogeneous jellyroll material char-
acteristics that can replicate the results of the detailed model within an acceptable accuracy
range, based on the root mean square error (RMSE).

3.2. Homogeneous Material Model

The material model utilized by the authors is largely adopted in the literature and is
derived from [22]:
o= AeP (1)

In this equation, A and B represent two parameters which would need to be calibrated
through the experimental campaign on a stack of jellyroll material. In this work, the authors
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calibrated the parameters adopting a full factorial approach, simulating all the possible
combinations of A and B within a predefined range:

A =[1000:1000:10,000]

B =[1:1:5]

The simulation was automatically run using a script that generated all the key-files
needed for the LS-Dyna environment.

The simulations were run for the indentation and impact tests, considering the same
range, for 50 simulations each. The time required for a single simulation was less than
1 min, drastically reduced compared to the 20 h of the heterogeneous model. The number
of elements of the homogeneous model was reduced to ~103, which resulted in a 3-order
reduction. Figure 4 shows a comparison between the simulation results of the homo-
geneous model (left) and the heterogeneous model (right) with displacement contours.
The homogeneous model shows a smooth, averaged displacement distribution due to its
simplified approach, while the heterogeneous model captures the detailed layer-by-layer
deformation of the jellyroll, resulting in a more distinct contour variation. This highlights
the increased resolution of local effects in the latter model.

7.499E+00
l 6.666E+00
5.832E+00
= 4.999E+00
m 4.166E+00
& 3.333e+00

2.500E+00
1.666E+00
8.332E-01
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(@) (b)

Figure 4. Comparison of two proposed models: (a) homogeneous model; (b) heterogeneous model.

4. Simulation Results

In order to evaluate the simulation results, two output parameters were defined, as
shown in Figure 5:

1.  Peak force: This is the relative error on the peak vertical force.

2. Concavity: This is the relative error on the vertical force considering a point halfway
to the peak force. This parameter was conventionally called concavity by the authors,
even if it is not a proper concavity but works as an indicator for the lower part of the
curve, characterized by lower forces and displacements.

For each simulation, A and B’s influence and interaction with the results were evalu-
ated to understand the best range of A and B so that a more refined study could investigate
the value of best fit with an even greater degree of accuracy.

The results are shown in Figures 6 and 7. For both the indentation (Figure 6) and
impact (Figure 7) tests, the first outcome is that B has a greater influence on the relative error
for concavity, whereas A affects the peak the most. The bottom-left plot shows a significant
variation in the relative error on the peak as parameter A increases. The negative, non-
linear trend indicates a strong sensitivity of the peak to A. The top-right plot illustrates how
concavity values are primarily influenced by parameter B. The relative error on concavity
appears less sensitive compared to A, with the curves showing convergence at specific B
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values, therefore suggesting a stability region. A further analysis of parameter interactions
could help identify optimal configurations for A and B.

t=15ms
i

Original Curve
16 ® Peak
@  Half-Index Peak

Force (kN)

Figure 5. Simulation output parameters.
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Figure 6. A comparison of the two output parameters in the indentation test: (a) peak force;

(b) concavity.
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Figure 7. A comparison of the two output parameters in the impact test: (a) peak force; (b) concavity.
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Best Fit for Jellyroll Material: Single Model

The main output of this research work is the development of a material model that
can be used in a finite element model of a battery pack. Once the influence of the two
parameters was understood, the best fit for each test case was analyzed based on the RMSE
evaluation. In Table 3, some of the RMSE values of the simulations are shown. The best
RMSE values obtained were in simulations R039 and R049 for impact and indentation,
respectively. The response in terms of vertical displacement for the impact test is visible in
Figure 8, where the benchmark curve (in orange) is plotted.

Table 3. Some of the RMSE values of the simulations in both test cases. The red ones are the best fits
in terms of the RMSE for each test.

Version RMSE_Impact RMSE_Indentation Sum
ROO1 53 29.5 34.8
R006 7.3 60.3 67.6
RO11 79 86.3 94.2
RO17 4.8 30.7 35.5
R0O23 1.8 6.4 8.2
R0O28 2.2 9.1 11.3
R0O34 0.8 24 3.2
R039 0.5 13 1.8
R0O42 6.3 64.3 70.6
R048 34 17.3 20.7
R049 0.6 0.7 1.3

Benchmark
R039 - best fit for impact

R049 - best fit for indentation

JR-master z force (kN)

Time (ms)

Figure 8. Best-fit curves for the two tests, applied to the impact test simulation.

Moreover, if the sum of the RMSE for the two simulations for all the runs (Equation (2))
is evaluated, the minimum RMSE sum is on R039, which is the best fit for the indentation
test and works well for the impact test (yellow curve). Material characteristics in terms of
the A and B parameters can be used to simulate both indentation and impact.

best fit = min (", (RMSE" + RMSE]"") ) @

where N = number of simulation runs.

In conclusion, considering the results obtained, the authors decided to employ the
features of R049 in homogeneous models. In addition, the results highlighted that ho-
mogeneous models are potentially a solution that can effectively replace the use of
detailed models.
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5. Conclusions

Simulations play a crucial role in predicting and reducing the risk of thermal runaway
during crush testing. An accurate yet simplified model of the battery cell, known as the
homogeneous model, is needed to simulate an entire battery pack effectively.

The authors introduced a homogenization process using a full factorial approach to
simulation, which generated a best-fit curve for the battery’s response. For validation, they
compared the simplified homogeneous model to a detailed heterogeneous model they had
previously developed. It was found that a single material model can be used in both test
scenarios (indentation and impact).

Therefore, in this paper, a unified material characteristic was proposed. It can be
applied across multiple test cases, eliminating the need for a specific material for each test.

This model represents a significant step toward future advancements in battery
pack modelling.
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