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Lithium-ion batteries have been widely employed as the principal power source in electric vehicles and other
storage systems. However, some critical issues in a battery pack still exist, such as thermal failures on initial cells
that impact the temperatures of the surrounding cells. Such cascading failures may significantly affect battery
performance and safety. Thermal barriers, as one kind of safety barrier, are therefore installed to prevent failure
propagations. This paper focuses on the situation when the temperature of battery cell increases, but the battery
pack still can be used in a degradation mode since the barriers are against cascading failures. An approach is
proposed to analyze how the deployment and performance of thermal barriers in a battery pack determine their
capabilities against cascading failures. The approach includes thermal propagation models associated with the
simulations, degradation models, reliability analysis, and barrier analysis. Its application is illustrated with a
practical case study. The battery reliabilities are sensitive to many factors of the barriers, such as temperature
differences, failed cells, and performance coefficient. The barriers between parallel cells are found to be more
effective in mitigating failure propagation. Such findings can be beneficial for barrier optimization and reliability
improvement of battery packs.

1. Introduction

Lithium-ion batteries have been widely used as the principal power
source in electric vehicles and other storage systems. They have
attracted extensive interest due to their superior attributes, such as high
energy density, lack of memory effect, long cycle life, and low self-
discharge rates [1]. However, several critical issues still exist in
lithium-ion batteries [2], e.g. risks related to battery performance and
degradation [3,4]. Several accidents due to vehicle battery degradations
have occurred, e.g., in the United States [5], Norway [6], Switzerland
[1], and China [7]. It is desirable to continuously monitor and analyze
battery performance to keep passangers of electric vehicles safe [8].

Reliability is always regarded as one of the most critical indicator of
system performance [9], and battery reliability is reflected by lifecycle
number, relating to many factors like temperature, discharge and
charge, and C-rates [10]. Notably, temperature has a huge influence on
battery reliability. Most commercial lithium-ion batteries operate effi-
ciently, ranging from 20C to 40C [11]. However, the temperature of one
cell may increase due to some failures, like overcharging, elevated in-
ternal resistance, crash, nail penetrations, melting the separator,
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decomposition of the cathode and electrolyte, and short-circuit [12,13].
Such a cell is thus failed, and the failure may cause thermal propagation
to the surrounding cells by the heat transfer. Such thermal propagation
is considered a cascading failure (CAF), which in general refers to the
multiple failures initiated by a failed item resulting in a chain reaction
[14].

Safety barriers can be installed in battery packs to eliminate the ef-
fects of CAFs [15]. Safety barriers are the physical or non-physical
means to prevent, control, or mitigate undesired events [16], also
called as countermeasures, defenses, mitigating measurements, and
layers of protection [16]. In practices, several thermal safety barriers are
needed to control CAFs [17], and the barrier performance, such as
endothermic behavior, thermal resistance, material, arrangement, and
temperature distribution path, may impact the mitigation effects [18].

The purpose of this paper is to investigate the mitigation effects of
thermal barriers in lithium-ion battery packs. It is intended to study the
impact of CAFs on battery reliability and analyze the layout of the
thermal barriers, and to help designers to optimize the deployment of
thermal barriers while keeping safety of batteries.

Received 1 November 2021; Received in revised form 5 August 2022; Accepted 3 September 2022

Available online 5 September 2022

0951-8320/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:yiliu.liu@ntnu.no
www.sciencedirect.com/science/journal/09518320
https://www.elsevier.com/locate/ress
https://doi.org/10.1016/j.ress.2022.108804
https://doi.org/10.1016/j.ress.2022.108804
https://doi.org/10.1016/j.ress.2022.108804
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ress.2022.108804&domain=pdf
http://creativecommons.org/licenses/by/4.0/

L. Xie et al.

Reliability Engineering and System Safety 228 (2022) 108804

Nomenclature

CAF cascading failure

CFD computational fluid dynamics
temperature

q heat flux per time per area

p density

do heat generation rate

I charge/discharge current of cells

R. internal resistance of cells

qe heat flux for convection

Ts surface temperature

Ty /Ty temperatures at cell center/surface

r battery cell radius

€ emissivity

T,/ To  temperature of radiation surfaces

S5 capacity degrading rate

R gas constant

SoC.,s average of SoC

ki model parameters

Ah amount of charge processed

ATom thermal propagation matrix

OEref capacity fading rate under reference condition

SoC state of charge

SoH state of health

t propagation time

C, specific heat capacity

A thermal conductivity

V. volume of cell

U open-circuit voltage of cells

AT temperature difference

qr heat flux for radiation

Ta air temperature

qr total heat flux from failed cell

he convective heat transfer coefficient

c Stefan-Boltzman constant

w given demand of SoH

[ performance coefficient

E, activation energy

SoC4qey  normalized standard deviation

N charge/discharge lifecycle number

Rpack reliability of the battery pack

Py barrier function matrix

Qmax maximum charges are drawn from the degraded and
nominal batteries

2. Related works and objectives

This section reviews the work related to reliability analysis and
barrier analysis for lithium-ion batteries and formulates the research
questions and objectives of this paper.

Performance of a cell or a battery pack can be indicated by its state of
health (SoH), which is a variable that reflects the health condition of
battery and represents the ability to deliver energy compared with the
nominal state [19]. Normaly, when the SoH drops to 80% of the initial
value, the cell or the battery pack is usually regarded to reach the end of
lifetime [4]. In the following parts of this paper, when battery perfor-
mance is mentioned, it is always based on SoH.

A large body of research has been devoted to modeling, analyzing
and improving battery reliability. For example, impacts of degradation
[20,21], configuration [22] and responses [20] on reliability of
lithium-ion battery packs [22] been studied. Prediction of remaining
lifes of lithium-ion batteries are conducted with physics-based models
considering degradation mechanisms, like thermal disequilibrium
[23-25] and degradation modes, such as discharge capacity and tem-
perature [26], and time-varying temperature conditions [27].
Data-driven approaches, such as machine-learning techniques [21,28],
Bayesian method [29], and the deep learning method [30], also have
been involved in remaining life prediction. Wang et al. [27] have studied
the influence of dependence among cells for the overall degradation of
lithium-ion battery packs.

Some other researchers pay their attentions to the effects of CAFs in
lithium-ion batteries, in consideration of materials properties, configu-
ration, test environment, cathode chemistry, and electrical connectivity.
For example, Lamb et al. have studied failure propagation in multi-cell
lithium-ion batteries [31], with the findings that pouch cells propa-
gate failures faster than cylindrical cells. Ouyang et al. [32] have
investigated the impact of thermal failure propagation in various con-
figurations: triangular, rectangular, parallelogram, linear, square, and
hexagon. In [33], a series of thermal failure research has been conducted
to explore the effects of failure propagations from many factors, such as
gaps, state of charge (SoC), and phase change material. Yuan et al. [34]
have considered the aging effect of the overcharge-induced thermal
runaway of lithium-ion batteries. Coman et al. [35] have presented a
numerical model for analyzing heat propagations in a battery pack.

Safety barriers in a battery pack have also been investigated to
prevent CAFs. Such barriers can be battery thermal management sys-
tems, thermal barriers, gas vents, phase change materials, and fire
extinguishing devices. For example, considering the thermally induced
shutdown of lithium-ion batteries due to thermal propagation [36,37],
one preventive approach is to use polymers as thermal barriers between
cells [38]. Since a battery pack is actually a system consisting of cells
connected in certain structure, it is interesting to know whether the
deployment of thermal barriers are related to the structure, and how
they can be layouted to be more effective in terms of mitigation of
thermal propagation.

To obtain such knowledge, this paper is expected to: 1) investigate
the effects of thermal barriers, as a CAF, on battery performance; 2)
propose an approach for modeling thermal barriers against CAFs; 3)
analyze how the deployment of the barriers impact their effectiveness
against CAFs.

CAFs may lead to a thermal runaway or battery performance loss
[15], and many researchers have studied the previous consequence
while this paper will focus on the latter one. In our context, when the
increased temperature of a cell is still in the operational range, and the
battery pack can be used in degradation modes. The thermal propaga-
tion may be in a short time but occur in every cycle, then the degrada-
tion due to these CAFs last in long-time. Thus, the novelty of this paper
lies investigation of such degradation and deployment approach of
thermal barriers against CAFs. The expected results can help the de-
signers optimize thermal barriers and improve battery reliability
considering CAFs.

The rest of the paper is organized as follows. Section 3 presents a
framework for modeling battery reliability considering CAFs. Then, in
section 4, the models for thermal barriers in a battery pack are sug-
gested. Moreover, an illustrative example is provided in section 5.
Finally, we conclude and discuss future works in Section 6.

3. Performance analysis considering CAFs

This section presents a reliability and barrier analysis approach for a
lithium-ion battery pack considering CAFs.
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Fig. 1. The framework of reliability analysis and barrier analysis.

3.1. Framework of the analysis approach

The framework mainly includes four steps, as illustrated in Fig. 1.
The first step is to analyze thermal propagation behaviors using thermal
propagation models and simulations. Experiments can be used to verify
the results.

The second step is to establish degradation models. The cell perfor-
mance is degraded along with the increasing temperature. Individual
cells are assumed to be degraded differently due to thermal propaga-
tions, material variation, manufacturing process, and damages during
charge and discharge [22]. Therefore, stochastic degradation models are
employed in this step.

The third step is related to performance analysis. Here, battery per-
formance refers to the reliability of a battery pack, or the probability
that it can fulfill the required function. A battery pack is regarded as a
multi-state system with different degradations [39]. A universal gener-
ation function is applied to such a multi-state system to define the
relationship between cells and packs, providing advanced and accurate
results [21].

The last step is to analyze the effects of thermal barriers against
CAFs. This paper mainly focused on the deployment and performance of
thermal barriers.

3.2. Thermal propagation models

Three heat transfer models are usually used for thermal propagation:
heat conduction, convection, and thermal radiation. Heat losses from
thermal convection and thermal radiation can be negligible inside bat-
tery cells due to the poor fluidity of the electrolyte and low temperature
[22]. The fundamental differential equation for heat conduction can
generally obtain the temperature distribution. For uniaxial heat con-
duction, the governing equation can be written as:
pCl%—Ytq =V(VT) +gq (D
where p is the density (kg m~%), C, is the specific heat capacity (J kg *
K1), Tis the temperature (K), q is the heat flux per time per area (J m2
s’l), and 1 is the thermal conductivity of the battery material (W m!
K™ 1). The battery cells are assumed to be homogeneous, although they
are composed of different materials. The reason is that the electrode is
thin, and reactions mainly occur between the electrode and electrolyte

surface.

It has been concluded that the 2D model gives a slight temperature
difference compared with the 3D model [35]. Thus, this paper uses the
2D model, and failed cell is regarded as a heat source. Then, the
equivalent circuit model is commonly used to represent heat genera-
tions. The cell is equivalent to the internal resistance model with a
resistor and voltage source series connection. Therefore, the heat gen-
eration rate due to a failed cell can be obtained in its simplified form as
[22]:

qo = Vi [IZRC —IT (%)} 2

where ¢ is heat generation rate (W m~3), V. is the volume of the cell
(m3), I'is the charge and discharge current of the cell (A), U is the open-
circuit voltage of the cell (V), R, is the internal resistance of the cell (Q).
The thermal isolation on the surface of cells is ignorable if a large battery
pack is considered. The maximum temperature reached at the center of
the battery cell due to the heat generation rate can be estimated with the
Eq. (3), derived from Fourier’s law for long cylinder [40]:
qor”

ATy =Ty — Tw = Te 3)
where Tys and Ty are the temperatures at the battery cell center and on
its surface, respectively (K), and r is the battery cell radius (m). On the
surface of the battery cells, thermal convection and thermal radiation
should be considered [40]:

qr =qc +4qr ()]

where g7 is the total heat flux generated by the failed cell and absorbed
by the surrounding battery cells (W m~2), and gc and g, are the heat
fluxes generated by convection and radiation (W m2) estimated with
the Egs. (5) and (6):

4 = [T, —T,] )
g, = e [T} — Ty (6)

where Ts and T, are the surface temperature, and air temperature (K),
respectively, and ¢ is the emissivity of the surface of the gray body. The
emissivity is the effectiveness in emitting energy as thermal radial,
which is assigned to be 1 for the perfect black body [22]. It is used to
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Fig. 2. Computational mesh employed in the thermal propagation analysis.

obtain the most conservative estimation for the thermal distribution. It
was found to be a very slight decrease in the temperature estimation and
cell degradation even if the value was changed from 1 to 0.9. hg¢ is the
convective heat transfer coefficient (W m~2 K_l), c is the
Stefan-Boltzman constant (5.67 x 1078 Wm™2 K1), and T; and T are
the temperatures of the two surfaces (K). The heat is assumed to be
equally distributed to the battery cells with the same distance and
orientation as the failed cell. The thermal propagation matrix, denoted
by ATy for the cells (Cyxp) in the battery pack, is therefore obtained as:

ATy - ATy,
ATnm = : . : (7)
AT, - AT,,

3.3. Thermal propagation simulation

Thermal analysis is conducted in ANSYS Fluent® to verify the results
of the thermal propagation model described in Section 3.2. A 2D
computational fluid dynamics (CFD) transient model is based on the
cross-section area of a battery pack. The domain of the simulation is the
battery box section with a rectangular shape. The battery pack is
considered a closed adiabatic system without mass and heat transfer
toward its surroundings. Therefore, this model sets the wall boundary
condition for the battery pack containing the battery cells.

It should be noted that the thermal propagation during charging and
discharging may be in a short time. However, the degradation due to
these CAFs may last in long time cycles. The temperature at the surface
of the failed cell is kept constant for the whole simulation duration,
which is 10 minutes with a time step of 0.01 s. This simulation time is
chosen long enough to observe the thermal effects of the failed cell on
the surrounding cells but is limited to 10 minutes. This transient

simulation is carried out in Fluent to understand time dependence on the
thermal distribution of the cells surrounding the failed one. The para-
metric CFD model is more accurate than the analytical one. The simu-
lated time can be varied to investigate how the distribution affects the
surroundings. In addition, the CFD model can estimate the fluid
behavior despite the cooling effect being neglected in this study. The
computational grid reported in Fig. 2 had 16,631 elements with a
minimum cell size of 6 x 10~* mm close to the battery surface. Then, the
failed cell with increasing temperature can be set as a source of thermal
propagations. Therefore, the thermal propagation matrix can be ob-
tained based on the simulations.

3.4. Degradation model
The cells will be degraded during charging and discharging. The

temperature dependence of the degrading capacity rate has been
analyzed with the Arrhenius equation [9]:

a6(1) = 86,yex0| ~ % (77| ®
where ¢ is the degrading capacity rate, 6. is the capacity fading rate
under the reference conditions, R is the gas constant, E, is the activation
energy, and Ty is the reference temperature.

The capacity fading equation is linearly dependent on the charge
processed, corresponding to the state of battery SoC [9]. Therefore, the
empirical equation for capacity fading rate under the reference condi-
tions is given as:

&, (S0Cavg, S0Cuey ) = Ky1 S0Cuevexp (k2S0Cavg) + ky3S0CacyexXp (k;sSOCacy)
9
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where SoC,yg is the average of SoC, and SoCgey is the normalized stan-
dard deviation from SoCayg. ks1, ks2, ks3, and kg4 are model parameters
and can be estimated from experiments. By combining Egs. (5) and (6),
the total degraded capacity is the summation of the degraded capacity
under the experienced operating conditions and is calculated by:

é(Tv SOCnvgsSOCdchh) = [kxlSocdcvexp(kszsocavg)

1
R\T Ty

+ k_\.3SoCdevexp(kMSoCdev)] -exXp { —

where N represents the number of charge/discharge lifecycles, and Ah is
the amount of charge processed per charge/discharge. Then, the health
state of cell SoH can be defined as [41]:

Qmax (degraded) _ f

H = =|1-
So Qunax (nominal) { Qpnax (nOminal)

]100% (11)

where Qmnax(degraded) and Qpax(nominal) are the maximum charges
drawn from the degraded and nominal batteries. Based on Eq. (11), we
can obtain SoH for each cell during lifecycles.

3.5. System reliability model

A battery pack is considered a multi-state system with different
degraded cells. If the number of cells in the battery pack is large, SoH is
assumed to follow a normal distribution according to the central limit
theorem [22]. The states of cells are classified into S groups based on the
value of SoH; (i =1,2, ..., S). The u-function of the cells can be defined as
[42]:

s
U(,-_.,-)(z) — Z Zp (SoH,)p SOH) ((SoH;SoH; ) 12)

=1 j=1

where p(SoH;) is the probability at the state of z, ® represents a
composition operator over u-functions of cells connected in parallel or
series. When cells are connected in series, the cell with the lowest SoH;
becomes the bottleneck, and the SoH of the pack is equal to the mini-
mum SoH. On the contrary, when cells are connected in parallel, the SoH
of a pack is equal to the maximum SoH. If the SoH of a battery pack is
less than a given demand W (W is typically defined as 80%), the battery
pack is in a failed state. Therefore, the reliability of the battery pack is
obtained as:

Rpuck = P[Ug(

ZZp (SoH,)p

(SoH;) [ ® (SoH;, SoH;)
> W]
13

If CAFs occur in a battery pack, the temperature of specific cells will
be impacted, thereby influencing SoH. Therefore, the battery reliability
for a battery pack can be calculated after CAF propagations based on
SoH.

4. Modeling thermal barriers considering CAFs

This section is intended to model thermal barriers in a battery pack
considering their deployment and performance.

4.1. Deployment of thermal barriers

A battery pack may include several thermal barriers. Thermal bar-
riers can be physical and prevent CAFs from propagating to surrounding
cells. Several deployment strategies, such as vertical, horizontal, and
grid, may exist. A function matrix Pg is introduced to represent the
preventing ability of thermal barriers. For example, vertical thermal
barriers are installed when cell C; initiates CAFs. The barrier function

Reliability Engineering and System Safety 228 (2022) 108804
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Fig. 3. different configurations of the battery pack.

Table 1
The values of the physical properties of battery cells [22].
Parameter of cell Parameter Value
Dimension Diameter (mm) 18
Height (mm) 65
Battery box (width x length, mm) 58 x 77
Distance between cell surfaces 1
(mm)
Electronic Nominal voltage (V) 3.2
properties
Nominal capacity (Ah) 1.1
Internal resistance (mQ) 30
Thermal properties Density (kg m™%) 2460.50
Specific heat capacity (J kg ! 696.07
K
Thermal conductivity (W 67.20 (radial)/0.17
m K (axial)

matrix Pg can be defined as:

4.2. Performance of thermal barriers

A performance coefficient 6 is introduced to describe barrier per-
formance regarding the absorption ability. The performance coefficient
depends on many factors, such as materials, thickness, and temperature
behavior [43]. The thermal matrix after thermal propagation consid-
ering barrier performance can be obtained as:

AT, = AT,,,Pg0 (15)

5. A case study of thermal barriers

This section conducts a case study to illustrate how to analyze the
effects of CAFs and thermal barriers. In this paper, reliability analysis
concerns failed cells and temperature differences, while barrier analysis
concerns the deployment and performance of barriers. A battery pack
consists of 12 cells structured as 3P4S, as illustrated in Fig. 3 (a). For
example, Fig. 3 (b) shows that CAFs are initiated from the failed cell Cg,
then CAFs are spread out.

5.1. Thermal propagations

Cylinder battery A123 APR 18650 with the capacity of 1.1 Ah is used
in the analysis since they have been widely used. The physical properties
of the battery pack are listed in Table 1. The charge/discharge rate is
assumed to be 1C. The cells are assumed to have an initial SoC of 100%
and cycled with a 100% depth of discharge. In addition, SoCayg and
SoCgey are 50%. The parameters kg;, ks, ks3 and kg4 are -4.09E-4, -2.17,
1.41E-5 and 6.13, respectively [9]. The gas constant is 8.31451, acti-
vation energy E, is 78.06 (kmol J ~1), and the reference temperature Tyef
is 298.15 K.

The initial temperature for all cells is assumed to be the reference
temperature of 25C (298.15 K). Then, thermal propagation matrixes can
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Fig. 4. Temperature of surrounding cells after propagations when C6 increases by 10°C.

be obtained based on Egs. (1)-(7). For example, when the temperature
on the surface of failed cell C¢ increases by 10C, the thermal propagation
matrix is obtained as:

AT, (C6) =

0.55
1.66
0.55

1.66
17.65
1.66

0.55 0.05
1.66 0.14
0.55 0.05

The simulations are also conducted in Ansys Fluent® to verify the
relevant results. Four failed cells (i.e., C;, Cy, C3 and C4) and three
temperature differences (i.e., 10/20/30°C) are considered in the stim-
ulations. Only four positions are modeled by exploiting the double
symmetry of the domain. The temperature and pressure of the battery
box and its content (i.e., cells and air) are initially set to 25°C and 1.013
MPa, respectively. The effect of the cooling system is not considered.

120 T T T T

100

80

60

40

Degraded capacity of cells(mAh)

20

0 1 1 1

0 100 200 300 400 500 600 700 800 900 1000
Number of cycles

Fig. 5. Degraded capacity of battery cell under different temperatures.
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Fig. 6. Probability density function of SoH at different temperatures after 500 lifecycles.

Thus, the air is not moving in the domain. Therefore, a laminar viscous
model is selected, and thermal propagation matrixes can be obtained
from the simulations. For example, when the temperature of Cg in-
creases by 10C, the temperature gradient inside Cg and average sur-
rounding temperature after CAF propagations are illustrated in Fig. 4.

The results from thermal propagation models give similar results as
the simulations for all the cases (i.e., twelve simulations). For example,
when the temperature of failed cell Cg increases by 10C, the thermal
propagation matrix based on the average temperature can be obtained
as:

047 177 041 0.06
AT,,(C6)= | 1.77 1356 1.61 0.18
047 177 042 005

The simulations are thus demonstrated to be suitable for simulating
thermal propagations. In the following sections, therefore, we conduct
the analysis based on the results of the simulations.

5.2. Degradation analysis

Based on Egs. (10) and (11), one can obtain the capacity of battery
cells depending on discharge/charge processed under different tem-
peratures, as illustrated in Fig. 5. To calculate the battery reliability, SoH
is assumed to be stochastically degraded. According to the central limit
theorem, if the number of cells is large, SoH can be regarded as a normal
distribution with N(u, ) [22]. Here, y is the mean value of SoH of the
battery cells, and SoH varies from [0,1]. Since three standard deviations
in either direction cover roughly 99.7% of the data, the standard devi-
ation o can thus be defined as (1- y)/6. Then, we can obtain the prob-
ability density function of SoH. Fig. 6 shows an example of the
probability density function for SoH at different temperatures after 500
lifecycles.

5.3. Reliability analysis

U-function coefficient after different lifecycles can be obtained based
on Egs. (12) and (13). For example, Table 2 gives the coefficients of the
U-function based on the thermal matrix. SoH is categorized into three

Table 2
U-function coefficients after N lifecycle given temperature of Cg increases by
10°;C.

N SoH; SoH, SoHj3

100 0.0000 0.0000 1.0000
200 0.0000 0.0000 1.0000
300 0.0000 0.0162 0.9838
400 0.0000 0.7069 0.2931
500 0.0000 0.9975 0.0025
600 0.0162 0.9838 0.0000
700 0.2272 0.7728 0.0000
800 0.7069 0.2931 0.0000
900 0.9608 0.0025 0.0000
1000 0.9975 0.0005 0.0000
1100 0.9999 0.0001 0.0000

groups: SoH;<80%, 80%<SoH3<90%, 90%< SoH3<100%. When the
given demand W is 80%, one can obtain battery reliability by adding the
coefficient of SoH; and SoHs. For example, the battery reliability is
0.9838 after 600 lifecycles.

Fig. 7 illustrates the battery reliability when the failed cell C¢ initi-
ates CAFs. As seen, the battery reliability decreases along with an
increasing temperature. That means CAFs have a significant impact on
battery reliability.

It is natural to assume that the effects of CAFs initiated from failed
cells may differ. Similarly, the calculations are performed for different
failed cells (i.e., C1, Co, Cs, and Cg) when the temperatures of the surfaces
increase by 30C. As shown in Fig. 8, the battery reliabilities are sensitive
to the failed cells. For example, the batteries are more reliable when C;
and C, initiate CAFs. In addition, the reliability profile for Cs is close to
the one for Cg_ Therefore, from the battery reliability perspective, Cs and
Cg are more critical to be protected from CAFs.

The sensitivity analysis of temperature differences is also carried out.
As shown in Fig. 9, when Cg initiates CAFs, the influence from the
temperature difference is more significant than that from C;. The results
emphasize that we should pay more attention to the temperatures of the
cells Cs, Cg, Cy, and Cg. Therefore, the following sections focus on the
case when Cg initiates CAFs.
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5.4. Barrier analysis

This section considers thermal barriers against thermal CAFs. Fig. 10
shows the three types of deployment strategy: (a) vertical, (b) horizon-
tal, and (c) grid.

First, consider perfect thermal barriers, meaning that thermal bar-
riers can entirely prevent CAF propagations. For example, when the
temperature of Cg increases by 30C, Fig. 11 illustrates the effects of
different barrier strategies. The effects of the barriers in strategy (a) are
more than those from strategy (b) in this case. In addition, the impact of
the barriers in strategy (c) is close to that of strategy (b). This analysis
can help the designers compare the barrier strategies with a limited

budget.

Fig. 12 shows the battery reliability when the failed cell Cg initiates
CAFs. The reliability with the barriers in strategy (a) is sensitive to the
temperature difference on C¢. However, the reliability profile with the
barriers in strategy (b) is more stable. It can be concluded that, in this
case, the effects of strategy (b) are superior to strategy (a), considering
the mitigation effects. The horizontal barriers interrupt thermal propa-
gation between the parallel cells in Fig. 13(a). Therefore, the barriers
that stop the CAF propagations in parallel cells can be more efficient and
effective in improving battery reliability.

When considering imperfect thermal barriers, it is required to
introduce performance coefficient 6 to express the preventing ability.
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For example, in Fig. 3 when performance coefficient 6 are 100%, 60%,
and 20%, there exist apparent gaps between the reliability profiles and
the strategy barriers (b). However, the reliability profiles for the strategy
(a) barriers are the same regardless of the barrier performance. That
implies that we need to consider the barrier performance differently
when using different strategies. In addition, the cost of thermal barriers
can also be considered in the analysis, and it can help the designers
balance the effectiveness and the cost.

6. Conclusions and research perspectives

This paper focuses on the effects of thermal barriers in preventing

10

CAFs in a battery pack. Table 3 summarizes the results obtained from the
case study. It has been concluded that the battery reliabilities are sen-
sitive to different factors of the barriers, such as temperature difference,
location of the failed cell, and barrier coefficient. Generally, the barriers
that disturb CAF propagations between the parallel cells more effec-
tively improve battery reliability. Such information can help the de-
signers optimize the deployment of thermal barriers and improve
battery reliability.

Although the methods are promising for the reliability design, many
factors are simplified and ignorable. For example, the internal resistance
should be changed due to increasing temperature. In addition, other
safety barriers, such as air cooling, gas vents, and battery thermal
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Table 3
Summary of the results from analyzing thermal barriers.

Battery reliability Temperature Location of Thermal barrier
difference failed cell performance
coefficient
Battery with CAFs v v -
Battery with CAFs v v X
and vertical
barriers
Battery with CAFs X X \/
and horizontal
barriers
Battery with CAFs \/ A -
and imperfect
barriers

Note: \/ > represents sensitive, > x ’ represents non-sensitive

management system, have not been considered in this paper. Further, a
battery cell is regarded as homogeneous. Therefore, it is necessary to
carry out experiments to verify the proposed models. However, imple-
menting experiments has several challenges, such as long-degraded
time, high cost, and collaboration with industries.

The assumption of instantaneous prevention in this paper is some-
what limited. In practices, thermal propagations can be delayed by
introducing barriers. Therefore, time-dependent models for the barrier
performance can be considered, and the transient model to implement
safety barriers can be developed in future studies. The study concerned
only one typical configuration, but the conclusion should also be
restrictive. Therefore, another research direction can investigate the
effects of safety barriers in different cell arrangements and configura-
tions. It is also interesting to perform further barrier analysis, e.g.,
multilevel barriers analysis.
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