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PUBLIC SUMMARY

Immersion heating provides the fastest battery heating rate compared to other methods.
Immersion cooling requires more power but slows down battery capacity fading.

Liquid cooling and immersion cooling delay thermal runaway propagation.
Boiling-based systems prevent thermal runaway through phase change cooling.

Longer heat transfer paths lead to larger thermal inhomogeneities in some methods.
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Even though thermal management systems have been widely developed to
maintain the thermal stability and safety of lithium-ion battery, a compre-
hensive comparison remains insufficient for large-scale battery module,
particularly across wide temperature ranges. For this purpose, a numerical
framework that includes electrochemical-thermal coupled model, aging
model, thermal runaway model, and hydrodynamic model is established for
46.592 kWh battery module. The aim of this study is to comprehensively
assess the thermal management efficiency of different methods under low-
temperature preheating, normal cooling, and thermal runaway protection
scenarios. Results found that under the given configuration, battery heat-
ing rate is ordered as immersion heating > film heating > liquid heating
plate, and the latter two approaches show larger thermal inhomogeneities
due to battery anisotropy and longer heat transfer paths. For normal cool-
ing condition, immersion cooling needs more power consumption to main-
tain the same inlet flow rate than air cooling and liquid cooling plate, but its
superior cooling performance can slow down battery capacity fading after
long-term cycling. Additionally, liquid cooling plate and immersion cooling
allow for delaying thermal propagation after onset of thermal runaway,
whereas boiling-based system can effectively prohibit thermal runaway
from local overheating due to its phase change cooling effect.

INTRODUCTION

Against the worsening environment change caused by carbon emissions,
achieving the sustainable development has prompted the transformation of
global energy systems towards cleaner and renewable resources such as
solar, wind, and tide energies." With it, however, the direct integration between
these resources and electricity grid may lead to working instability due to the
intermittent nature in terms of weather and geography.” In this context,
battery energy storage system (BESS) based on lithium-ion batteries (LIBs)
has been considered as a viable solution to balance electrical storage and
supply demands.® Despite great advancements in battery technology, the
practical adoptions of LIBs remain to be restricted by the several factors, e.g.,
thermal sensitivity, vibration, external pressure, and so on.” In particular, LIBs-
based system exposure to improper temperatures can give rise to significant
performance deterioration, capacity aging, and even thermal failure.” To miti-
gate the negative impacts of abnormal temperatures on LIBs' performance,
developing a battery thermal management system (BTMS) that can function
with preheating, cooling, and thermal runaway protection is critical for BESS
applications.

In contrast to power batteries, energy storage LIBs used for BESS are
usually grid-connected to renewable energy systems at high-altitude regions,
which are featured by abundant wind and solar energy resources as well as
extreme day-night temperature variations.” From the perspective of material,
when batteries are exposed to cold environments, reduced ionic diffusivity
and electrical conductivity can greatly diminish the solid phase transport
kinetics and increase the charge transfer resistance within LIBs, which in turn
worsen the available capacity and even cause the formation of lithium
dendrite.”* More importantly, liquid electrolyte may freeze and thus make the
charge/discharge disabled at extremely low-temperature conditions.'
Preheating methods have become the key means to alleviate battery's
performance degradation and prevent safety issues from occurring.'' Based
on the thermal exchange mode of heat sources, battery preheating strate-
gies are often divided into conduction mode (e.g., self-heating, current excita-
tion, and electrothermal element heating) and convection model (e.g., air

heating and liquid heating).'”'® Regardless of the preheating method used in
BESS, the increase in battery temperature is to alleviate the material deterio-
ration at low-temperature conditions. However, the battery preheating
system also requires extra energy consumption and weight, which may result
in a reduction in available energy of BESS and structural complexity. To date,
most of research in this field tends to explore the heating efficiency of
preheating systems for power LIBs, overlooking the additional energy
demand and temperature uniformity of large-scale energy storage batteries.

On the other hand, localized hotspots within a single LIB or the entire
system are another critical factor limiting the operational performance of
BESSs.'” Once battery temperature exceeds the recommended threshold, a
series of exothermic side reactions and solid-electrolyte interface (SEI) can
be generated, leading to depletion of available lithium inventory and material
decomposition.”® Moreover, LIB exposed to the high-temperature environ-
ment for a short time may suffer from the accelerated self-discharge
phenomenon because of their memorized thermal history.'” To maintain the
desired performance of batteries, a narrow temperature range of 15-35 °C
has been commonly recommended during charging/discharging processes.”
As a result, external cooling approaches are often incorporated to regulate the
temperature rise and thermal gradient within batteries as soon as possible
under different operating scenarios.”’ According to heat transfer medium,
existing BTMSs used for battery cooling can be classified into forced air
convection, liquid cooling plate, phase change material, direct immersion, and
hybrid types that integrate two or more of these schemes.””* Note that each
BTMS features its unique merits and limitations in terms of different condi-
tions. For example, forced air- and liquid cooling plate-based BTMSs are now
broadly applied for commercial electric vehicle and BESS due to their easy
implementation and mature design.””* Nevertheless, since the current
battery technology is gradually evolving towards large power and energy
densities, which unavoidably raises the heat generation from batteries.”
Despite thermal management potential of different cooling schemes being
compared, the majority of the study has been focused on power batteries,”
which have significantly smaller capacities and sizes relative to energy stor-
age LIBs.

From the above-mentioned review, battery thermal sensitivity is still an
inevitable issue in the practical applications, strongly influencing the electro-
chemical and thermal characteristics. Currently, various BTMSs like forced air
convection and liquid cooling have become the most popular measurements
in battery systems. However, the majority of existing studies focuses on the
thermal management performance of built BTMSs on power batteries, which
often feature small in-plane area to through-plane area ratio. As a result, side-
cooling design has been widely employed to enlarge thermal contact area
between power LIB and heat sink.”* On the other hand, battery cell consist-
ing of alternating-layer structure has great anisotropy in thermal conductivity.
Bottom-cooling design enables the reduced thermal inconsistency and power
consumption for energy storage batteries with large in-plane area.”” Based on
this, one fundamental question is ongoing about which kind of BTMS should
be adopted in large-scale battery module. In addition, various thermal regula-
tion methods at low- and high-temperature have been proposed, but each
BTMS shows its own pros and cons and is primarily assessed under normal
cooling condition. A direct evaluation of different kinds of methods at the
wide-temperature range remains insufficient, especially in relation to
preheating and thermal runaway protection, which are also the main function
required for BTMSs.

To bridge these knowledge gaps, this work aims to determine thermal
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Figure 1. lllustration of the research method and technical roadmap of the present work.

management performance of different approaches for large-scale energy
storage battery module at wide-temperature range. In relation to that, a
framework which includes battery model, aging model, and thermal runaway
model has been built to characterize electrochemical and thermal perfor-
mance of energy storage LIBs under various scenarios. Meanwhile, compar-
ative studies between battery module integrating different BTMS are
discussed in terms of preheating, normal cooling, and thermal runaway
protection. Based on the obtained results, a comprehensive summary about
all kind of BTMSs is also examined through thermal management efficiency
and system energy density. The findings of this study are expected to provide
the selection guidance and to broaden the understanding of wide tempera-
ture thermal management strategies used for energy storage batteries.

MATERIALS AND METHODS
Physical description

With the increasingly growth in energy and power densities of LIBs, more
efficient BTMS is required to guarantee the thermal safety of battery system
under dynamic and extreme conditions. Figure T shows the research method
and technical route of this study. In general, BESS is composed of several
battery modules that are parallelly or serially interconnected to fit the power
and energy capacity demands. Here, the research object focuses on an
energy storage battery module which includes fifty-two 280 Ah LiFePO,-

graphite LIBs assembled in series with 166.4 V voltage and 46.592 kWh
energy power. The arrangement of energy storage battery module can be
referenced from previous work. It is noted that battery spacing is one of the
critical parameters affecting the performance of thermal management
systems. For instance, smaller spacing impedes fluid convection effects,
leading to heat accumulation, while larger spacing improves heat dissipation
but reduces space utilization. On the other hand, excessively narrow spacing
can trigger heat recovery phenomena, where heat is absorbed by adjacent
cells, thereby decreasing cooling efficiency. According to previous works,**
LIBs with a size of 173.7 (x) x 71.7 () x 207.2 (z2) mm?® are connected at the
spacing of 10.3 mm in all BTMSs. To determine the thermal sensitivity effect
on the energy storage battery performance, the electrochemical-thermal
coupled model, aging model, and thermal runaway model are established.
The first model can accurately portray the dynamic and uneven distribution
of battery heat generation, while the last two models enable the prediction of
the side-reactions occurred in LIBs at high-temperature environment. Addi-
tionally, the detailed specification of the studied battery is provided in Table
S1.

Since each thermal management approach features its unique pros and
cons, the comparative investigation for energy storage battery module should
be made to provide valuable guidelines for BTMS selection. With this in mind,
the battery model is further combined with hydrodynamic and heat transfer
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Figure 2. Framework of multi-physics model used in this work.

models to describe the battery thermal performance at module level for
different BTMSs and operating conditions. As shown in Figure 1, three
BTMSs including electrical heating, liquid heating plate, and immersion heat-
ing are considered for low-temperature preheating. For normal cooling,
forced air convection, liquid cooling plate, and immersion cooling methods
are taken into account. For thermal runaway, the suppression performance of
liquid cooling plate, immersion cooling, and boiling heat transfer are
compared. Except for air- and immersion-based BTMSs, rock wool panels
are inserted into the battery-to-battery gap to prevent thermal propagation.
The key distinction lies in the fundamental heat transfer mechanisms of each
BTMS. In both air-based and single-phase immersion BTMS, inter-cell spac-
ing is intentionally preserved to facilitate convective flow channels, thereby
enhancing heat dissipation through forced convection and increasing heat
transfer area. In contrast, the boiling heat transfer leverages the complex
phase-change phenomena which inherently offer significantly higher heat
removal capacity than single-phase convection. However, during thermal
runaway propagation testing, the uncontrolled lateral heat transfer can domi-
nate the process, potentially masking intrinsic performance difference
attributable solely to the cooling mechanisms. Therefore, the adoption of rock
wool in specific cases serves as a targeted isolation measure, not to equalize
all physical conditions across systems, but to isolate the effect of the cooling
medium's thermodynamic behavior by suppressing parasitic conductive/
convective pathways that could otherwise skew the assessment of boiling-
induced thermal regulation.

To reduce flow resistance caused by fluid circulation, a topological liquid
plate with 12 mm thickness is implemented for liquid-based BTMS. More
construction principles and details of topological liquid plate can be found in
previous work.”” Since Z-type parallel structure has widely proven to provide
uniform flow rate for each channel,*"* it is used to construct air-based BTMS
with an inlet heigh of 30 mm. To prevent thermal accumulation at central
region of battery module, manifold design is introduced to optimize the flow
distribution of immersion-based BTMS. Referring from previous research,”**
five manifold channels with two inlets and three outlets are positioned on the
top of battery module. Each manifold channel includes thirteen nozzles with
the size of 20x20 mm?. For boiling-based BTMS, the battery module is fully

submerged into liquid pool, which has a height of 1.2 times that of LIB to
reserve the vapor zone.

Mathematical model

Figure 2 schematically describes the models used for thermal perfor-
mance evaluation of energy storage LIBs. The battery heat generation derived
from intrinsic reaction can be calculated through electrochemical-thermal
coupled model, and then it is utilized as heat source in heat transfer model.
Consequently, the temperature distribution of energy storage battery module
can be regarded as the collaborative result of external thermal boundary and
internal heat generation. Meanwhile, when batteries are subjected to high
temperature, variations in side reactions and temperature-dependent param-
eters in turn affects the electrochemical behaviors. On this basis, the
proposed multi-physics model can track the evolution of battery temperature
and thermal management performance of different BTMSs. Subsequently,
the mathematical description for each physical field is presented below.

Battery model. From the perspective of BTMS simulation, battery module
is often simplified as a heat source in heat transfer model. Nevertheless, due
to complex mechanisms occurred in LIBs, empirical-based model cannot
precisely describe the thermal characteristics of batteries, in particular the
side reactions under long-term cycles and high-temperature decomposition.
For this reason, three sub-models, i.e, electrochemical-thermal coupled
model, aging model, and thermal runaway are included in battery model to
predict the wide temperature behaviors of LIB at preheating, normal cooling,
and thermal runaway conditions.

1. Electrochemical-thermal coupled model. During the charging/discharg-
ing process, electrons continuously pass through the external circuit, while an
equal number of lithium-ions (L") diffuse between electrodes. The heat emis-
sion or adsorption is inevitable occurred inside LIBs due to the conversion
between electrical and chemical energy. However, it remains challenging to
establish a battery model which can fully account for the multiple scale and
physical mechanisms. Based on concentrated solution and porous electrode
theories, Newman et al. built a pseudo-two-dimensional electrochemical
model to describe the ion diffusion, charge conservation, and electrochemi-
cal kinetics inside LIBs.” Meanwhile, this model can also be coupled with
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thermal model via several concentration- and temperature-dependent
parameters, such as open circuit potential, diffusion coefficient, reaction rate,
and so on. In this study, a pseudo-four-dimensional electrochemical and
thermal coupled model developed from previous work is used to obtain the
spatiotemporal heat generation of 280 Ah energy storage LIB.* Before
proceeding simulations, several assumptions are invoked to simplify model
complexity: 1) active particle is viewed as the spherical material with
homogenous dimension; 2) phase change and gas do not occur during the
operation; 3) volume of two electrodes remains invariable. The governing
equations of electrochemical and thermal models are summarized in Table
S2. Since the deviation of heat generation and temperature is negligible along
thickness direction of battery,”’ cross-scale method is utilized to couple the
source terms of electrochemical and thermal models. More specifically, non-
uniform heat generation obtained from electrochemical model is averaged
along thickness direction and then projected into thermal model. At the same
time, volume-averaged temperature derived from thermal model is fed back
to electrochemical model because temperature distribution weakly affects
the reactions.”’ This multi-physics coupling is achieved by iteratively
performing the mentioned steps and is formulated by Egs. (S14) and (S15).
Since the principles of electrochemical-thermal coupled model have been
extensively explained in other studies,”** more details are no longer repeated.
Besides, all parameters used in this model can be found in previous work.*®

2. Aging model. When lithium-ions intercalate or de-intercalate in anode,
some secondary reactions gradually occur at anode-electrolyte interface,
leading to the formation of SEI film and the consumption of available lithium-
ion. These phenomena account for the underlying mechanisms of capacity
fading.” Since battery degradation is unavoidably in real-world applications,
the SEI formation model is considered to determine the aging effect during
the cycling process. According to the work of Ekstrém and Lindbergh,”' the
accumulation of charge loss caused by SEI formation can be formulated by

d .
% = —lsg (])
oo = — (14 HK) Jho %)

exp <ags7g_,F> . Qs_afJ

IWC

where a is the transfer factor which is set to 0.69, K is the expansion factor
relating to state of charge, and H, J, and fare the lumped fitting parameters
relating to temperature.”

—2i/i, 1< 0and SOC < 0.3
K= ¢ —i/i,, i<0andSOC>0.7 (3)
0 i <0and0.3 <SOC < 0.70ri >0
1 1
H=7.18e"(+ %) @)
J=—-6.667x10°T*4+8.009x 10 °T-0.01777 (5)
1 1
f=1580¢""(7 77%) (6)

3. Thermal runaway model. Once battery temperature surpasses the criti-
cal threshold, a variety of unstoppable thermal abuse reactions take place
inside LIBs, which may evolve into thermal runaway. With the increase of
battery temperature, four main exothermic reactions progressively occur,
including SEI film decomposition (Qsz), negative electrode-electrolyte reac-
tion (@), positive electrode-electrolyte reaction (Q,), and electrolyte decom-
position (Q.e).” The reaction rate is often quantified via Arrhenius equation
and the thermal abuse heat can be formulated as follows:**

Oabuse = Z O, = QSE/ + One + Qpe + Qe/e (7)
Q=HWR, ®)

da, !
R = g = A exp <_ﬁ'> f(a) 9)

Thermophysics & Energy W:GI[6E3

where H is the enthalpy of reactant, W is the content of active material, R is
the reaction rate, a is the extent of conversion, £ is the activation energy, f{q)

is the reaction model. Besides, the decomposition reaction for each decom-
position is described as below.*
dc E
Rsg = — d;ﬂ = Agexp (%) car (] O)
de E. t
Re=——2=A ===t ) g — = 1
o= Ao (oo () an
EDE m, Mpe,2
RDe:Apeexp _R a W‘(-I _a) " (-I 2)
dc.e Eee\ m
Ree = — dl'/ =A,.exp (*ﬁ—) Ceie” (-I 3)

where m is the reaction order, t is the dimensionless thickness of SEI film.
Additionally, all parameters included in thermal runaway model are summa-
rized in Table S3.

Flow model. In this study, the velocity ranging from 1to 7 m s7' is set to
the channel inlet of air convection, liquid plate, and immersion methods. The
flowing state is usually identified into laminar or turbulent based on Reynolds
numbers (Re).*

_ p.ud,
u

Re (14)
where p, u, and p are the density, inlet velocity, and dynamic viscosity of fluid.
d, is the hydraulic diameter of channel inlet. Given the flow condition,
obtained Re are within 3884-27194 for air-based BTMS, 4464-31257 for
liquid plate-based BTMS, and 1652-5785 for immersion-based BTMS,
respectively. Depending on the change of Re value, the flow regime for air-
and liquid plate-based BTMSs is turbulent, while it can be either laminar or
turbulent for immersion-based BTMS. In this section, only the mathematical
description of turbulent model is presented.

For air-, liquid plate-, and immersion-based BTMSs, single-phase convec-
tive heat transfer can be determined by solving mass conservation, momen-
tum conservation, and energy conservation equations, which are formulated
as below.”

Mass conservation:

V(o) =0 (15
Momentum conservation:
U - -
Pl +V-(Udly)| = =Vp:+[V-(UVU) — ¢] (16)
Energy conservation:
T o (. u
W-ﬁ-(uf'v)ﬁ—v[(ﬁ-i-?n VT, )

where ¢ is the Reynolds stress and Pris the Prandtl number. The subscript t
is turbulent state. To simulate the hydrodynamic behaviors of fluid inside
flowing channel, standard k-e turbulence model is used due to its good
robustness and accuracy for broad-ranging flow issues.™

apk

o +V-(p[ka):V<{<u+%>Vk}+kap,e (18)
e g pie)=v-|(u+2 ) ve| +¢.E6—cip s (19)
ot pViE) = 5 0. 1O zprk

kZ
He=p G (20)

where k is the kinetic energy and ¢ is the dissipation rate. G is the kinetic
energy caused by velocity gradient. ¢, o, C;, C, and C, are the model
constants, which are identical to the setting of previous literature.™

J—
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In this simulation, 50 % ethylene glycol/water solvent and pentaerythritol
esters are selected as the working fluid for liquid plate and single-phase
immersion systems, respectively, for preheating and cooling applications. The
50 % ethylene glycol/water solvent has been commonly employed because it
can satisfy the broad operational temperature range of -30~60 °C.** Mean-
while, given the well-proven feasibility and safety of esters in electronic
equipment, as well as their biodegradable properties,”" pentaerythritol esters
is selected as the single-phase immersion fluid in this work. In addition,
deionized water is employed as a cooling medium for immersion boiling.
Besides, thermophysical properties of materials used in simulations are
summarized in Table S4.

Boiling heat transfer model. The principle behind the boiling heat transfer
method relies on the high latent heat of vaporization of the boiling medium,
which absorbs large amounts of energy during liquid-to-vapor phase transi-
tion at battery surfaces. This results in efficient temperature clamping near
the coolant's boiling point, even under extreme heat loads such as those
encountered during thermal runaway. Additionally, bubble-induced agitation
enhances local mixing and disrupts thermal boundary layers, further improv-
ing the heat transfer compared to single-phase convection. In practical
battery system thermal management applications, deionized water can be
utilized in two-phase immersion cooling systems due to its high specific heat
capacity, high latent heat of vaporization, and sound environmental compati-
bility. Beyond this, various fluids can be employed for boiling medium in
battery systems, such as fluorinated fluids, refrigerants such as
R134a/R245fa, and cryogenic agents like liquid nitrogen, liquid ammonia, and
liquid CO,.”"*® From thermodynamic, safety, and economic perspectives,
deionized water stands as an ideal candidate working fluid for suppressing
thermal runaway propagation. Particularly, deionized water possesses a
latent heat of vaporization as high as 2257 kJ/kg, significantly exceeding
most organic working fluids (e.g., Novec 7200 at approximately 120 kJ/kg).”
Despite issues like electrical conductivity and freezing, deionized water
retains significant advantages in sealed systems and emergency applica-
tions. While insulating fluids such as fluorinated liquids can be used for direct
contact cooling, their cost and sustainability limitations currently prevent
them from replacing water in large-scale energy storage systems.*

When pool boiling is used after thermal runaway, thermal abuse heat
quickly raises battery temperature close to the saturation temperature (7) of
liquid pool. At this time, the battery surface can experience the heat transfer
condition for pool boiling. Based on the relationship between temperature and
heat flux, various heat transfer modes appear sequentially at the battery
surface, i.e., natural convection, nucleate boiling, transition boiling, and film
boiling.”” As a result, boiling heat transfer boundary derived from different
temperature ranges can be set at the battery surface. Referring from previ-
ous work,” a constant heat transfer coefficient is assigned before the battery
temperature exceeds 373.15 K, and the corresponding correlations are
adopted to describe the heat transfer coefficient at different boiling regimes.

h = Constant (T, < 373.15K) (21)

1/2 _ /4
h= 0'149hfgva [OQT(P’ P (373.15K < T, <403.15K)  (22)

b— s
he = b2 4 b (T, > 483.15K) (23)
ghup, (0, p)X] "
h,=0.62 | = ey 24
(1T, } 24
4 _ T4

hr _ Sradarad (Tb Ts) (25)

T,—Ts

where hy, is the vaporization enthalpy, s the surface tension, g is the gravi-
tational acceleration, A is the thermal conductivity, €., is the emissivity coef-
ficient, and g4 is the Stefan-Boltzmann constant.

Model validation
Prior to numerical analysis, the validation of established model is

confirmed using experimentally measured results. For electrochemical-ther-
mal coupled model, battery voltage and temperature changes during the
discharge process is recorded based on the experimental platform, which has
been detailed in previous study.” To exclude the uncertainty caused by
surrounding environment, the energy storage LIB is wrapped with insulating
cotton and then rested in the temperature-controlled chamber at different
temperatures. Fig. STA-1 shows the voltage comparison between experi-
mental results and numerical values under discharge rate of 0.75 C and three
environmental temperatures. Note that the symbol C denotes the relative
ratio between discharge current and normal capacity of LIBs. The cutoff volt-
age of tested battery is set to 2.5 V according to battery manufacturer. It is
found that the built model can accurately track the voltage value and trend in
relation to experimental curves. Fig. STA-2 shows the battery temperature
rise obtained from experiments and simulations. Here, the surface-averaged
temperature is recorded. Notably, average temperature rise trends of simu-
lated and experimental data are basically consistent under three environ-
mental temperatures. The maximum errors of temperature rise are about 1.1,
0.9, 1.0 K at environmental temperatures of 278.15, 298.15, and 318.15 K,
respectively. Overall, the proposed model can provide reasonable predictions
on electrochemical and thermal performance of energy storage batteries.

On the other hand, the aging model has been validated by performing the
identical condition as described in the previous experiment.”’ The tested
battery is exposed to three environmental temperatures to conduct aging
cycles. The experimental procedure includes four steps, i.e., constant current
and constant voltage charging, 60 min resting, constant current discharging,
and 60 min resting. Note that 0.75 C rate is used for both charging and
discharging process. Fig. S1B compares the state of health (SOH) derived
from experimental and simulated data during 1000 cycles. Results reveal that
the aging model shows good consistency with the experimental trend in
terms of battery capacity degradation. The maximum error of SOH is limited
within approximately 0.97 %. The deviation may arise from two sources: 1)
the aging parameters are primarily obtained from fitted data of existing litera-
ture, which possibly differ from the conditions in this testing; 2) some
assumptions are invoked to simplify the complexity of battery model.

Besides, the validation of thermal runaway model of energy storage battery
is also confirmed by comparing the experiment data derived from Zhang et
al..”” The tested battery in thermal runaway experiment is a fully charged 280
Ah LIB. An electric heater with a heating power of 500 W is installed on one
side surface of battery to trigger local overheating. Then, the average surface
temperature of another side of LIB is recorded and compared with numerical
results. Meanwhile, insulating cotton is used to avoid the thermal dissipation
from side surface. Fig. STC shows transient temperature obtained from
simulation and experiment during local overheating process. The thermal
runaway model approximately tracks the overheating and thermal reaction
behaviors in relation to experiment. In fact, the gaps between battery and
heater may raise thermal resistance. In addition, the thermal convection from
bottom side of heater and battery also leads to heat loss. All these phenom-
ena potentially cause the discrepancies between simulation and experiment.
It is known that thermal runaway process in LIBs is inherently comple,
involving not only exothermic decomposition reactions of internal materials
but also coupled physical phenomena such as short circuits, mechanical
deformation, electrolyte vaporization, and rapid gas generation. These multi-
physics interactions contribute to highly nonlinear and transient thermal
behaviors that are challenging to capture fully in a single predictive model.
While incorporating more detailed sub-models for internal shorting, gas
dynamics, or mechanical degradation can marginally improve prediction
accuracy, this approach would significantly increase computational complex-
ity, making the model less suitable for system-level design and real-time
control. Therefore, we have intentionally maintained a balance between phys-
ical fidelity and practical usability. The largest relatively deviation in battery
temperature is about 13.2 %, which is within the acceptable range in predict-
ing thermal runaway.

RESULTS AND DISCUSSION
Comparative study of low-temperature preheating

The operational performance of LIBs is influenced by the collective interac-
tion of electrochemical reaction and thermal characteristics. Figure 3A shows

6 The Innovation Energy 3(1): 100133, January 23, 2026

www.the-innovation.org/energy


https://www.the-innovation.org/energy
https://www.the-innovation.org/energy
https://www.the-innovation.org/energy

(A KK 318
High-t t
_ igh-temperature 205
33.3 -
g 298 %
2
29 278 g
2 £
£ 268 ©
m 27 Low-temperature
258
2.5 248
0 100 200 300
Discharge capacity (Ah)

Thermophysics & Energy W:GI[6E3

G 1100

= 1000 |
=
()]
5 900 |
c
(V]
S 800 |
& foe(T)=1242.9-
2 700l 13258.3exp(-0.0127T)
o
—— fDE n

248 258 268 278 288 298 308 318
Ambient temperature (K)

Figure 3. (A) Electrochemical characteristics of energy storage battery under different temperatures; (B) Summary of discharge energy and energy efficiency in terms of

ambient temperature.

battery discharge voltage at the ambient temperature ranging from 248.15 to
318.15 K. When the ambient temperature is 288.15 K, the available discharge
capacity of LIB is approximately 280 Ah. However, as the temperature
decreases to 248.15 K, the battery discharge capacity is significantly reduced
to about 218 Ah. Note that the area enclosed by the voltage and capacity axis
refers to the total discharge energy (DE) that LIB can release at the given
temperature condition. It is observed from Figure 3B that total discharge
energy of LIB has more sensitive to low-temperatures, thus leading to an
exponential correlation f,-(7) between DE and ambient temperature. More
specifically, due to the increased diffusion resistance at low-temperature, a
higher overpotential is required to drive ionic migration, which in turn causes
a short time to obtain the cutoff voltage. As a result, the discharge duration
and available amount of battery energy are greatly reduced at cold environ-
ment. Figure 3B also compares the energy efficiency n of energy storage
battery under different ambient temperatures. The energy efficiency loss is
derived from the generation of total irreversible heat (Q,,, = fo'““‘“” fOVQ,,,dth)
and evaluates the available energy that can be recovered after discharging
process, i.e., N=1-Qui/ foe. The calculated n exhibits a sharp reduction at low-
temperatures. For real-time application of BESS that is subjected to cold
environment, the intrinsic transport resistance of batteries can result in a shift
in resistance-based heating, thereby increasing the loss of available capacity.
This section comprehensively evaluates the effects of different strategies,
like film heating (FH), liquid heating plate (LHP), and immersion heating (IH)
on the preheating performance of battery module. Considering the trade-off
between preheating energy consumption and battery performance recovery,
the cut-off temperature (T,,w5) is set to 297.35 K for fully charged LIB.*” Actu-
ally, the non-uniform temperature distribution of LIBs inevitably arises from
intrinsic thermal heterogeneity and external convective boundary conditions,
such as single-phase flow generates axial temperature gradients due to
progressive sensible heat exchange along the flow direction. As a result, T,
o 1S defined based on the volume-averaged temperature of the battery
module, not local temperatures. Figure 4A shows the average battery
temperature of three BTMSs under different preheating conditions. The heat-
ing power used for FH is varied from 500 to 2000 W m™ with an interval of
250 W m™ while the inlet velocity imposed on LHP and IH ranges from 1to 7
m s”! with an interval of T m s™. As shown in Figure 4B, battery heating rate
presents an almost linear rise with an increase in heating power of FH. When
the heating power varies from 500 to 2000 W m™, the heating rate can be
increased from 0.47 to 2.19 K min™". In contrast, preheating efficiency of LHP
and IH exhibits an obvious improvement at the lower inlet velocity (<3 m s™)
and then becomes less sensitive to increased flow strengths. This suggests
that a threshold exists making further increase in inlet velocity reduce the
preheating efficiency. In addition, the heating rate of IH is higher than that of
LHP when inlet velocity exceeds 3 m s™'. Excess heat generated from LIB is

transferred to liquid heating plate through thermal contact interface with
battery bottom, resulting in the increase in conduction resistance. In IH-
based BTMS, battery module is directly contacted with the flowing fluid,
which enables the larger heat exchange area and shorter thermal transfer
route. As a result, the heating rate of IH is superior to that of LHP, especially
at the high inlet velocities. When the inlet velocity ranges from 1to 7 m s™,
the obtained heating rate of IH is within 2.05-3.23 K min™".

Figure 4C also compares the time-averaged temperature uniformity of
batteries under four preheating strategies. Since maximum temperature
difference is greatly affected by localized hotspot and coldest point within
battery module, the statistical uniformity (7,,= [, |T—T.,|dA/ [,dA)is calcu-
lated.”® While increasing inlet velocity allows LIBs to warm up quickly at cold
environments, an imbalance of temperature distribution is inevitably
occurred. To clearly showcase the thermal gradient along flow direction,
Figure 4E shows the temperature contours of battery module at the moment
of attaining T, With heating power of 1000 W m™ or inlet velocity of 3 m
s™'. For battery module, thermal gradient may be derived from two sources,
i.e., internal inconsistency caused by the anisotropic thermal conductivity and
external differences due to the thermal boundaries of BTMSs.™ It is noted
that the in-plane thermal conductivity of prismatic LIBs is relatively high, an
order of magnitude above the through-plane thermal conductivity. In view of
this, it is difficult to transfer thermal energy along the thickness-direction of
LIBs, even though FH located on battery side features a large heat exchange
area. In addition, the spatial temperature distribution within the battery
module varies significantly due to fundamental differences in heat transfer
mechanisms, thermal boundary conditions, and flow dynamics inherent to
each BTMS design. IH-based BTMS applies volumetric-like internal heating
with relatively uniform power distribution, resulting in more homogeneous
temperature rise and hence the milder contour in Figure 4E. However, both
LHP- and FH-based BTMS rely on surface-boundary heating, where heat
must conduct through the casing into the core of the cells. Furthermore, LHP-
and IH-based BTMSs mainly exhibit an obvious thermal gradient along the
flowing direction and stagnation vortex regions. In contrast to IH system, the
boundary heating of LHP- and FH-based BTMSs are affected by natural
convection of surrounding environment and thermal coupling of preheating
system. For this reason, LHP- and FH-based BTMS have larger temperature
inconsistencies at high heating powers and inlet velocities.

To quantitively describe the preheating efficiency of various preheating
methods, Figure 4D shows the power consumption required to obtain T
with varying conditions. The increase in inlet velocity is expected to reduce
the thickness of boundary layer, thus improving convective heat transfer. On
the other hand, the increased flow circulation also leads to the undesired flow
resistance and power consumption. It is found that the additional power
consumption of LHP and IH has a non-linear relation to inlet velocity due to
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1000 W m™2 or inlet velocity of 3ms™.

the secondary flow resistance caused by sharp corners and bends. However,
the pumping power required to drive the fluid flow scales with both flow rate
and pressure drop across the system, i.e., P,ym,°<APxU;,. Thus, even though
higher velocities reduce heating time, the non-linear rise in pressure drop AP
leads to a sharp increase in parasitic pump power. Consequently, the total
power consumption increases with inlet velocity, leading to a positive correla-
tion trend. For film heating, the instantaneous power input is directly propor-
tional to heating power Py, but the total energy consumed depends on both
heating power and time, i.e., Exreneating=Paim*tauor. When the heating power is
increased, thermal response of the battery becomes significantly faster due
to enhanced heat generation rates at thermal contact interface, thereby
reducing the preheating time. The ultimate goal of preheating strategies is to
maintain the temperature of battery system within a recommended range at
cold environments, thereby reducing the battery performance degradation
and improving the available charging/discharge energy. When the batteries
warm up to a relatively high level, their operational performance gradually
recover, but at the same time, additional energy consumption caused by
preheating system also reduces the output energy of BESS. While the FH-
based BTMS, increasing heating power leads to relatively lower specific
energy consumption due to reduced preheating time, this does not imply

superior overall energy efficiency when compared to other two heating meth-
ods—LHP and IH. As shown in Figure 4D, energy consumption of FH remains
approximately two orders of magnitude higher than that of LHP and IH under
comparable operating conditions. In this model, fifty-two LIBs are series-
connected to form the energy storage module with the energy power of
46.592 kWh. Compared to FH, which depletes about 1.3 % of the total energy
of battery module at heating power of 500 W m™, the rest of preheating
methods have negligible power consumption (within 0.1 %) at relatively low
inlet velocities (<3 ms™).

Comparative study of normal cooling

Understanding the thermal characteristics of LIBs can provide valuable
guidance for the development of BTMS. Figure S2 shows the average
temperature of energy storage battery module under different discharge
rates. Note that the batteries are subjected to natural convection boundaries
(h=15 W m™ K™) without the implementation of externa cooling strategies.
For all discharge rates, battery temperature experiences three distinct stages,
namely, increasing with decreasing slope at the initial period of discharge
(DOD = 20 %), followed by a continual rise during the middle period of
discharge, and rapidly growing at the end period of discharge (DOD = 80 %).
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Figure 5. Comparison of maximum temperature rise, temperature uniformity, and power consumption obtained from three BTMSs

This change is attributed to the dynamic battery heat generation obtained
from battery electrodes.* Moreover, the average temperature of batteries can
reach about 320.7, 321.8, and 326.3 K at the end, respectively, for the
discharge rates of 0.5, 0.75, and 1 C. It indicates that the LIBs with no exter-
nal cooling may undertake an undesired rise in temperature during the work-
ing process and even surpass the recommended temperature range at high
current densities.

This section comprehensively discusses the impact of cooling methods
including air cooling (AC), liquid cooling plate (LCP), and immersion cooling
(IC) on the thermal management performance of energy storage battery
module. Figure S3 shows the average temperature evolution of three BTMSs
under various discharge rates. In which, the inlet boundary of AC, LCP, and IC
is constant velocity which is varied from 1 to 7 m s™' with an interval of 1 m
s™'. As expected, the higher velocity enables a larger convective heat transfer
coefficient, thus reducing the temperature rise of batteries. Taking the
discharge rate of 0.5 C as an example, when inlet velocity increases from 1 to
4 m s7', final average temperature of AC, LCP, and IC is decreased by 10.2,
2.6, and 0.6 K, respectively. With it, however, since convective heat transfer
coefficient grows slowly with small thermal gradients, the reduction in battery
temperature becomes less sensitive at the higher inlet velocity.* Meanwhile,
when AC or LCP is implemented, the temperature of battery module presents
an upward trend throughout the discharge process, indicating that their cool-
ing capacity is insufficient to tackle the heat generated by LIBs. In contrast, IC-
based BTMS performs the superior cooling performance regardless of
discharge rate. The average temperature of IC exhibits an increasing trend
first and then decreases at low discharge rate or remains almost unchanged
at relatively high discharge rates. This phenomenon suggests that IC-based
BTMS can effectively respond to the variations in battery heat generation and
current density, and therefore shows a promising potential in terms of
dynamic working conditions.

Figure 5 shows the time-averaged maximum temperature and tempera-
ture uniformity versus power consumption required for three cooling strate-
gies. Although the cooling performance of these strategies can be improved
as inlet velocity increases, the parasitic power consumption required to drive
fluid increases dramatically. It is noted that when the operational condition
remains constant, IC-based BTMS exhibits the lowest power consumption
required to maintain maximum temperature and temperature uniformity of
battery module within recommended ranges. Additionally, LCP-based BTMS
shows undesired temperature rise and uniformity than those of AC at rela-
tively high discharge rates. For one thing, since LCP has a lower flowing path,
inlet fluid with higher velocity may reach outlet in a short period of time, which
in turn leads to the insufficient heat exchange between LIBs and cooling fluid.
For another, due to limited thermal contact area at LCP-LIBs interfaces,
battery temperature can significantly increase along height direction, thus
causing the sharp thermal gradient and weakened heat dissipated through
LCP. As a result, considering the trade-off between energy-saving and cool-
ing capacity, the priority of three BTMSs used for batteries can be ranked as
follows: IC > LCP > AC at low discharge rate (0.5 C) and IC > AC > LCP at rela-

tively high discharge rates (0.75and 1 C).

On the other hand, when the batteries are subjected to long-term operation,
lithium plating and SEI formation inevitably appears, which in turn influence
electrochemical and thermal behaviors of LIBs. Based on Arrhenius equation,
electrochemical reaction rate of battery is exponentially dependent on
temperature.”” This indicates that high-temperature environment may
promote the electrochemical reaction and thus accelerate capacity fading.
The battery degradation performance under different cooling methods is also
determined by coupling the aging model as detailed in Section 2.2.1. As
shown in Figure 6A, thermal characteristics of LIBs perform an obvious
difference before and after 0.75 C discharge-charging cycles. The average
temperature of aged battery module is increased by about 6.37, 3.69, and
1.32 K, respectively, for AC-, LCP-, and IC-based BTMS. In which, the inlet
velocity of three cooling approaches is set to 3 m s™'. Notably, AC and LCP
only regulate the temperature rise of battery module at beginning but are
unable to maintain the average temperature within recommended range for
aged energy storage battery module after 1000 cycles. In comparison, IC-
based BTMS can suppress battery temperature rise effectively throughout
the cycling process. More importantly, the increased temperature also
achieves higher heat generation rate of aged LIBs, which adversely exacer-
bates the thermal management demands (as seen in Figure 6A). To clearly
identify aging effect, Figure 6B shows the formation of SEI film during cycling
process. The reduction of available lithium-ion and formation of SEI film are
the primary cause for significant rise of battery temperature and heat genera-
tion. It is observed that high-temperature state contributes to thicker SEI film
due to reduced diffusive resistance and intensified parasitic reaction inside
batteries.*” As a result, the BTMSs with different cooling strategies present
the varied trends of SEI formation. Overall, IC-based BTMS achieves the opti-
mum performance to control SEI thickness, which is reduced by about 39.3
and 21.2 mm compared to AC and LCP, respectively, after 1000 cycles. As for
battery aging, the reduction of SOH matches well with the change of SEl
thickness. The SOH of energy storage battery module becomes smaller as
repeated discharging-charging operations and further decreased at high
battery temperature. From this perspective, the module integrated with suit-
able BTMS is expected to slow down capacity fading by controlling the
temperature rise. In contrast to AC and LCP, the final SOH of IC-based BTMS
after 1000 cycles can be improved by about 4.85 and 2.65 %, respectively.

3.3 Comparative study of thermal runaway protection

The thermal runaway evolution of LIBs can be regarded as a transient
propagation process caused by exothermic reaction and convective diffusion
process due to external heat dissipation. To illustrate the thermal runaway
behaviors of LIBs, Figure S4 shows the temperature evolution of failed batter-
ies under natural convection condition. Note that an electric heater with the
same size of energy storage LIB is applied instead of a battery to transfer
plenty of thermal energy into the system and thus induce thermal runaway.
To facilitate the analysis, four LIBs in the vicinity of heat source are moni-
tored, which are labeled as cell-1, cell-2, cell-3 and, cell-4. From the perspec-
tive of temperature rise, the thermal runaway process of LIBs can be classi-
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Figure 7. Comparison of battery temperature rise of three BTMSs during local overheating process.

fied into three distinctive periods: 1) heating period where the local tempera-
ture of batteries gradually increases with a slow trend; 2) thermal runaway
process where the self-heating reactions of LIBs are triggered and causes
extremely high temperature rise; 3) cooling period where the temperature of
LIBs is gradually reduced due to the end of exothermic reactions. Taking the
cell-3 as an example, Figure S4 shows the accumulation of abuse heat
obtained from thermal failure process. It is noted that the energy storage LIB
sharply fails into thermal runaway once the chain heat generation reaction is
occurred under overheating condition. The battery temperature matches well
with the generation of abuse heat, showing an almost linear growth trend up
to 735.4 K at around 2250 s. Additionally, the reaction heat generated from
anode-electrolyte and cathode-electrolyte decomposition contributes the
primary portion of self-heating behaviors.

This section assesses the thermal runaway protection of different cooling
methods, including LCP, IC, and boiling heat transfer. Figure 7 shows the
temperature variations of heated batteries under three BTMSs. For LCP-
based BTMS, LIBs adjacent to heating source undergoes a rapid rise in
temperature because the cooling capacity is insufficient to accommodate the
excessive thermal energy (as seen in Figure 7A). The side reactions of cell-3
are induced at around 2560 s, accompanied by the temperature peak (7jex)
of 712.4 K. Moreover, the interval between cell-3 and cell-2 is only about 440
s, indicating that LCP-based BTMS cannot provide protective measures to
cease the occurrence and propagation of thermal runaway within energy
storage battery module. As shown in Figure 7B, the initiation time of thermal
runaway is greatly reduced in IC compared to LCP-based BTMS. This
phenomenon is attributed to the enhanced heat removal effect of IC, which
enables the rapid thermal dissipation between batteries rather than accumu-

lating it. While IC-based BTMS delays thermal propagation from heating
source to adjacent batteries, the system cannot effectively dissipate side
reaction heat, resulting in thermal runaway of cell-3 at around 5940 s. Mean-
while, due to high temperature environment, thermal runway of cell-2 also
begins to appear after 810 s. More importantly, since the thermal transport
between different columns of LIBs is mainly achieved by surrounding
convection and bottom heat conduction, cell-1 and cell-4 cooled by IC-based
BTMS do not experience thermal runaway after a long-term heating period.
As a result, when the thermal load of batteries exceeds to a certain level, the
single-phase cooling approaches such as LCP and IC may fall short of satis-
fying thermal protection requirements. In this context, boiling heat transfer
served as an advanced technique can be utilized in BTMS.”” As shown in
Figure 7C, the temperature variation of batteries adjacent to the heating
source first rises and remains almost unchanged after nucleate boiling
occurs regardless of heating time. The final T, of boiling-based BTMS is
only about 402.6 K for which no thermal runaway occurs. This suggests that
boiling heat transfer allows for efficient response to thermal load and
performs the great thermal regulation potential in dynamic scenarios.

Selection guidance of BTMSs under different conditions

Based on the aforementioned results, Figure 8 provides the comparison of
different thermal management approaches in terms of preheating, normal
cooling, and thermal runaway protection. As shown in Figure 8A, FH shows
better mass energy density and volumetric energy density than that of LHP
and IH, but its performance on heating rate and energy-saving is relatively
poor. The preheating results of FH-, LHP-, and IH-based BTMSs are obtained
at the conditions of heating power of 1000 W m™ or inlet velocity of 3 m s™.
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When inlet velocity is set to 3 m s, IH can achieve excellent preheating effi-
ciency and power consumption due to shortened heating time required to
obtain cutoff temperature. As shown in Figure 4C, although FH exhibits a
smaller T, (3.25 K at 1000 W m™2) compared to LHP (5.67 K at 3 m s™") and
IH (4.73 K at 3 m s™), this does not reflect better uniformity when contextual-
ized against their respective system designs. More importantly, the trend
matters—temperature difference in FH increases linearly with heating power,
indicating deteriorating thermal uniformity under higher loads, whereas both
LHP and IH maintain flatter T, profiles across flow rates. On the other hand,
the extra weight and volume caused by immersion fluids inevitably leads to
reduced energy density of energy storage battery module. For the application
of normal cooling, cooling performance factor and residual SOH after 1000
cycles are also taken into account (as seen in Figure 8B). The cooling perfor-
mance factor B can assess the heat transfer rate per unit power consump-
tion, i.e, B=MCy(TourTi)/P.”" In which, m;, T, and T, are inlet velocity,
outlet temperature, and inlet temperature of cooling fluid. The normal cooling
results of AC-, LCP-, and IC-based BTMSs are obtained at the conditions of
inlet velocity of 3 m s™' and discharge rate of 0.75 C. It is observed that the
cooling performance factor and mass energy density of AC is superior to that
of LCP and IC due to the extremely low viscosity and density of air. Neverthe-
less, the poor conductivity of air can cause an evident thermal gradient along
flow direction, which in turn worsens the temperature uniformity of energy
storage battery module. While LCP-based BTMS is characterized as compact
design, i.e,, high volumetric energy density, the limited thermal contact area
between cold plate and batteries cannot satisfy the heat dissipation
demands, especially at the high current densities (=0.75 C). Since the batter-
ies exposed to high-temperature environment may achieve the higher loss of
lithium-ion caused by the formation of SEI film, IC-based BTMS which
features lower temperature rise and thermal inconsistency provides the
reduction in capacity fade after long-term operations. The thermal runaway
results of LCP- and IC-based BTMSs are obtained at the conditions of inlet

velocity of 4 m s™. For the protection of thermal runaway, LCP- and IC-based
BTMSs have been proven to delay the initiation and subsequent propagation
of decomposition reactions within energy storage battery module (as seen in
Figure 8C). Despite this, it remains hard for LCP and IC to fully inhibit the
occurrence of thermal runaway under continuous heating condition. From the
safety concern, boiling-based BTMS exhibits a superior thermal runaway
suppression due to its phase-change cooling effect.

According to the unique merits and drawbacks of different thermal
management methods, the following selection guidance can be made:

e For small-scale BESSs which do not require high current density, the
BTMSs with suitable heat transfer performance, like AC and LCP, can be
adopted to improve energy density and reduce power consumption.

e For large-scale BESSs which have no strict requirements on volume and
weight, the BTMSs with sufficient thermal exchange area between cooling
medium and batteries, such as AC and IC are recommended to achieve
temperature consistency and prolong service life.

e For BESSs which are subjected to dynamic and wide-temperature condi-
tions, the BTMS with multi-functional performance, i.e., IC is expected to fulfill
preheating and normal cooling demands without complex system design.
Meanwhile, when the immersion fluids with proper boiling temperature are
used, the heat dissipation performance caused by phase-phase effect can
provide desired protection against thermal runaway.

CONCLUSION

With the ever-increasing growth in energy storage capacity of BESS, the
efficient and reliable BTMS is essential to address thermal concerns of LIBs.
Despite different BTMSs being established in literature, the comparative
study on thermal management efficiency and system design has been rarely
evaluated for energy storage LIBs. In this work, a multi-physics model that
considers electrochemical reaction heat, aging effect, thermal abuse reaction,
and fluidic behaviors is built and experimentally verified. Then, the influences
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of different BTMSs on preheating, normal cooling, and thermal runaway
protection are systematically determined based on the simulation framework.

e When energy storage LIB is exposed to low-temperature environments,
increased overpotential caused by reduction of ionic diffusion and formation
of irreversible heat can obviously reduce the available battery energy.
Increasing inlet velocity leads to improved heating rate of LHP and IH before
exceeding 3 m s, whereas the preheating performance of FH shows an
almost linear ration to heating power. From the viewpoint of energy-saving,
LHP and IH need lower power consumption (< 0.1 %) than FH, which
consumes about 1.3 % of the total battery module energy.

e Compared to IH, AC- and LCP-based BTMSs is insufficiently to limit
temperature rise and maintain thermal uniformity throughout the discharge
process, especially at high current densities. While IC-based BTMS needs
higher power consumption required to liquid circulation, its improved cooling
performance reduces SEI film formation, with 4.85 % and 2.65 % reduction in
SOH after 1000 cycles versus AC and LPC, respectively.

e When operating temperature exceeds a certain value, battery may
sharply fain into thermal runaway after triggering chain exothermic reactions.
LCP- and IC-based BTMSs allow for delaying the onset of thermal runaway
among battery module, but cannot completely suppress local overheating,
with propagation interval of 440 and 810 s, respectively. In contrast, boiling-
based BTMS features excellent phase change cooling effect, resulting in the
inhibition of thermal runaway regardless of heating time.

According to the mentioned results, the practical performance and safety
of energy storage batteries is strongly dependent on operating temperatures.
Even through various BTMSs are discussed at wide temperature ranges,
some problems potentially be further improved. The selected BTMSs, includ-
ing system configuration and operating factors, are obtained from previous
studies or other literature without the optimization for a given battery system.
Meanwhile, the comparative study only focuses on single battery module and
constant operating factors, which may be further extended to larger systems,
variable current protocol and dynamic environments. Besides, analysis of
potential fire and gas generation occurring at thermal runaway should be
taken into account in future works.
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