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Research on the thermal safety of lithium-ion batteries (LIBs) is crucial for supporting
their large-scale application [1]. With the rapid development of high-energy-density battery
systems, the issue of insufficient intrinsic thermal stability of materials has become increas-
ingly prominent. This safety hazard is particularly severe in scenarios involving electric
vehicles and energy storage stations, where the thermal runaway (TR) of individual cells
within a battery pack may trigger cascading failures through thermal runaway propagation
(TRP), leading to significant property damage or even personal injury [2,3].

In this context, an effective battery thermal management system (BTMS) can dissipate
heat in time, keeping the LIB within an optimal temperature range, ensuring good temper-
ature consistency, reducing the risk of TR, and improving the safety and stability of battery
applications. Existing thermal management methods mainly include air cooling, liquid
cooling, phase change material cooling, heat pipe cooling, and their combinations [4,5].
Efficient battery thermal management is an effective means of ensuring the safety of elec-
trochemical energy storage systems, enabling the battery to operate within an acceptable
temperature range, with a suitable temperature difference, which plays a key role in pre-
venting TR [6]. To efficiently manage battery heat, a deep understanding of the processes
of heat generation, transfer, and dissipation is crucial. Developing thermal models for
batteries through theoretical derivation and experimentation is an effective approach, and
thermal models also serve as the foundation for the TRP models of battery modules [7].

Excessive temperature can cause TR in batteries, which is the leading cause of battery
fires and explosions. Once TR reaches a certain level, the gases and flammable materials
produced inside the battery are expelled simultaneously, forming a strong smoke flow,
which eventually leads to a fire. The triggering conditions and mechanisms of TR have
been comprehensively explored to improve the safety of LIB systems. Researchers have
also conducted experimental and numerical simulation studies on the TRP in LIB modules.
The propagation mechanism of TR in large-capacity LIB modules has been analyzed,
the TRP model has been established, and the temperature distribution and evolution
during the TRP of battery modules through experiments and computational fluid dynamics
simulations have been demonstrated. On the other hand, after TR and fire occurrence,
effective safety measures are also required to block the heat transfer path between batteries
or to dissipate heat from runaway batteries in a timely manner, thereby delaying or blocking
the TRP. TRP suppression based on existing battery module thermal management has
been proposed, achieving good results in phase change material thermal management
systems [8,9]. Monitoring and early warning refer to the technology of predicting potential
TR disasters in LIB systems by monitoring voltage, temperature, and other signal states
during the operation of the LIB system, even in the absence of open flames or smoke. For
example, an intelligent early warning system based on gas composition monitoring (such
as CO/H;) can identify the early signs of TR and shorten the accident response time [10].
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Currently, research on LIB fire extinguishing technology mainly focuses on fire sup-
pression, thermal management, and optimization of fire extinguishing agents. Researchers
are improving water-based, foam, and solid fire extinguishing agents to enhance the extin-
guishing effect and reduce secondary damage from battery fires [11]. Additionally, various
new fire suppression materials have been developed for the special properties of LIBs, such
as materials with high thermal conductivity or phase change properties, to enhance thermal
management capabilities and prevent overheating or TR. Some studies have also explored
fire suppression systems based on automation technologies, using sensors and intelligent
control for early fire detection and immediate extinguishing. Despite this progress, the
complexity of lithium-ion battery fires still presents a challenge for existing technologies,
and research continues to explore more efficient and safer fire suppression solutions [12].

Artificial intelligence (AI) also plays a crucial role in enhancing battery thermal
safety [13]. Al is applied in various ways, including modeling and forecasting, where
machine learning and deep learning algorithms predict battery behavior and potential
risks, such as TR, by analyzing factors like temperature, pressure, and voltage. Al also
supports failure mode and effects analysis by identifying potential failure modes through
data analysis, helping detect patterns or anomalies in battery behavior. Furthermore, Al-
driven, data-centered digital solutions allow for real-time monitoring and adaptive safety
strategies by processing large datasets from battery systems. Al is also involved in the
optimization of battery cell and pack design, improving heat dissipation and enhancing
thermal management to prevent TR. Overall, Al contributes to more accurate predictions,
better risk management, and the development of safer, more efficient battery systems [14].

This Special Issue of the journal Batteries, “Thermal Safety of Lithium-ion Batteries”,
brings together 15 research papers on the thermal safety of LIBs, covering a wide range of
fields from basic research to applied technology. These studies provide valuable references
for improving battery safety and performance. In terms of the TR mechanism and charac-
teristics, Matthew Claassen et al. characterized the particle size distributions and chemical
compositions of fine particles (PM2.5) and acidic gases released during TR. The study
provided key insights into the emission profiles and potential health hazards, contributing
to a better understanding of the risks associated with battery TR [15,16]. Kuntz et al. inves-
tigated the impact of LIB aging on safety behavior, comparing the safety performance of
fresh and aged cells under various thermal and standardized safety tests [17]. Zhang et al.
investigated the TR behavior of a large-capacity ternary lithium battery, providing valuable
insights into the temperature profiles, gas emissions, and ejection dynamics and contribut-
ing to improved safety design and the suppression of TRP [18]. Wang et al. highlighted the
influence of chamber pressure on battery temperature, internal pressure, venting dynamics,
and gas composition, contributing insights on the safety assessment and early warning
systems for energy storage batteries in high-altitude areas [19]. In terms of TR monitoring
and warning, Hebenbrock et al. introduced a novel monitoring method for prismatic
lithium-ion cells using a fiber Bragg grating sensor applied to a rupture disk to detect
pressure increases [20]. Kisseler et al. developed a method for real-time monitoring of
internal and surface temperatures in prismatic lithium-ion cells during TR induced by
overcharging [21]. In the field of fire extinguishing technology, Miao et al. demonstrated
that water mist effectively extinguished flames and provided significant cooling, offering
valuable insights for improving TR suppression in LIBs [22]. Bordes et al. found that
run-off waters could pose significant environmental hazards, emphasizing the need for
careful assessment of their impact in large-scale battery incidents [23].

In the domain of battery thermal management systems (BTMSs), Liu et al. reviewed
recent research on liquid cooling BTMSs, comparing different coolants, liquid channel
designs, and system structures for both indirect and direct cooling methods. It also ex-
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amined the integration of liquid cooling with other techniques, such as air cooling and
phase change materials, and highlighted the safety benefits of liquid cooling in managing
thermal runaway [24]. Rahmani et al. reviewed the latest developments in BTMSs from
2023 and 2024, highlighting new cooling methods and hybrid designs aimed at improving
thermal management efficiency [25]. Yu et al. introduced a novel flame-retardant composite
phase change material (CPCM) to enhance thermal management and safety in LIB sys-
tems, which effectively controlled battery temperatures and reduced thermal gradients [26].
Murphy et al. provided insights into the optimization of cooling systems, demonstrating
that the optimal design achieved superior temperature regulation and uniformity compared
to other designs [27]. Graichen et al. introduced a novel thermal management and safety
system using polymer-based mini-channel cold plates to delay TR and prevent TRP [28].
Mei et al. proposed a CPCM, specifically with sodium acetate trihydrate, which effectively
slowed temperature rise and reduced combustion duration, offering valuable insights for
safer thermal management system design [29].

In summary, this Special Issue showcases the latest research results in the field of
thermal safety of LIBs, covering a wide range of topics from basic research to applied
technology, and provides valuable references for improving battery safety and performance.
Looking ahead, with the continuous improvement of battery energy density and the diversi-
fication of application scenarios, the thermal safety research of LIBs is expected to encounter
greater challenges. Future research should further explore the TR mechanism, develop new
thermal management materials and technologies, and improve the monitoring and early
warning system to ensure the safety and reliability of batteries under high energy density
and complex working conditions. Additionally, Al's integration with advanced sensor
networks and real-time data analytics will further enable the development of autonomous,
self-learning systems capable of continuously optimizing battery performance and safety
under dynamic operating conditions.
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Abstract: The lithium-ion battery (LIB) thermal runaway (TR) emits a wide size range of particles
with diverse chemical compositions. When inhaled, these particles can cause serious adverse health
effects. This study measured the size distributions of particles with diameters less than 10 pum released
throughout the TR-driven combustion of cylindrical lithium iron phosphate (LFP) and pouch-style
lithium cobalt oxide (LCO) LIB cells. The chemical composition of fine particles (PM; 5) and some
acidic gases were also characterized from filter samples. The emission factors of particle number
and mass as well as chemical components were calculated. Particle number concentrations were
dominated by those smaller than 500 nm with geometric number mean diameters below 130 nm.
Mass concentrations were also dominated by smaller particles, with PM; particles making up 81-95%
of the measured PM;y mass. A significant amount of organic and elemental carbon, phosphate, and
fluoride was released as PM 5 constituents. The emission factor of gaseous hydrogen fluoride was
10-81 mg/Wh, posing the most immediate danger to human health. The tested LFP cells had higher
emission factors of particles and HF than the LCO cells.

Keywords: Li-ion battery; fire; smoke; particulate matter; thermal runaway; ultrafine particles; HF;
PM, 5; emission factor; particle size distribution

1. Introduction

Lithium-ion batteries (LIB) can generate significant gaseous and particulate emissions
when they experience thermal failure, through venting, thermal runaway (TR), fire, and
explosion [1,2]. The detailed characterization of particle size distribution (PSD), chemical
composition, emission factor, temporal evolution, and thermal stability is important for
LIB safety, including understanding the health effects of inhaled smoke particles, proper
personal protection, the mechanisms of fire origination and propagation, fire detection
and suppression, post-fire cleanup, and material recycling. For example, recent studies of
soot particles from LIB fires show higher toxicity to human cells than wood smoke [3,4].
However, as shown in a recent review [2], few studies have examined particle emissions
from LIB fires.

Size distribution is an important parameter that describes the transport behavior,
atmospheric residence time, and inhalation risk of particles. LIB TR generates a wide range
of particle sizes, varying from several nanometers to several millimeters. Most previous
studies have focused on larger particles that settled in the combustion chamber after exper-
iments. Zhang et al. [5] collected particles after burning a nickel manganese cobalt (NMC)
LIB cell and separated them by sieving into four size fractions. The mass percentages were

Batteries 2024, 10, 366. https://doi.org/10.3390/batteries10100366 5
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44% for 0-0.85 mm, 36% for 0.85-1.70 mm, 9% for 1.70-2.00 mm, and 11% for 2.00-8.00 mm.
Laser diffraction particle sizing showed that the volume distribution had a median diam-
eter of 198 pum for the 0-0.85 mm size fraction. Several other studies focusing on larger
particles also showed volume distribution median diameters >100 um [6-8]. Due to their
high temperature and large thermal mass, the larger sparking particles may contribute to
igniting flammable gases and TR propagation [9]. As they dominate the emitted particle
mass, the chemical composition of these larger particles provides useful information about
particle origin and TR reactions [5,8,10]. When released into the environment, they may
cause air, water, and soil contamination [11-13]. However, these particles represent a low
inhalation risk to humans as their large size causes them to settle quickly by gravity and
makes them unlikely to be inhaled while suspended in air [14].

Particles with aerodynamic diameters less than 10 um (PMy), 2.5 um (PM; 5), and even
smaller (e.g., ultrafine particles with diameters <100 nm [PMj1]) can remain suspended in
air for longer than larger particles. When inhaled, they will deposit at different locations
in the human respiratory track depending on the particle size, causing respiratory, cardio-
vascular, and other diseases [15]. Very few studies have measured PMy size distributions
from LIB fires. Premnath et al. [16] used an Engine Exhaust Particle Sizer (EEPS) [17,18] to
measure particle number concentrations in the size range of 5.6-560 nm in real time from
lithium iron phosphate (LFP) and NMC cells undergoing TR. The geometric number mean
diameters (GNMD) of the PSDs [19] ranged from 54 to 69 nm with either monomodal or
bimodal distributions. The emission rate varied from 1.6 x 103 to 2.1 x 107 particles/hour,
5-6 orders of magnitude higher than modern heavy-duty diesel engines. While the tests
evaluated the effects of the TR triggering mechanism (nail penetration vs. overcharging)
and LIB chemistry (LFP vs. NMC), the number of tests were small, and the influence of
the cell’s state of charge (SOC) was not examined. Goupil et al. [20] measured PSDs from
an NMC cell fire using a scanning mobility particle sizer (SMPS; 17.5-532.8 nm) and an
optical particle spectrometer (250 nm-32 pum). The number distributions were bimodal,
with one peak below 50 nm and one centered around 125 nm, while the mass distribution
had a peak around 10 um. The slow SMPS scan time (76 s) may cause inaccuracy in the
PSD, and the conversion from optical to aerodynamic diameter is affected by the particle’s
optical properties, morphology, and density [21,22]. Several other studies have estimated
PSDs from image analysis [2,11]. However, this method is prone to multiple artifacts, such
as particle loss during collection and sample preparation, a compromise between field of
view and size resolution, and potential overlaps between particles [23].

Emission factors (EFs) are commonly used in air quality management to estimate
pollutant emissions based on emission activities [24]. Because the total emission amount
depends on LIB SOCs and the number of LIBs burned, the proper activity metric for
estimating LIB fire emissions is the total energy capacity of the LIB cells burned [25].
Therefore, the particle number EFs are expressed in particles/Wh (watt-hours), and the
size-segregated PM mass and PM; 5 constituent EFs are expressed in mg/Wh. EFs in
these units are easier to use for estimating the total emissions than the emission rates
in particles/hour reported by Premnath et al. [16]. To our knowledge, no studies have
reported EFs of LIB fire particle chemical constituents.

In companion with the particle chemical characteristics presented by Claassen et al. [26],
the objectives of this paper are to: (1) characterize the size distribution of particles in the
diameter range of 6 nm-10 um; (2) quantify the EFs of particle number, particle mass, and
PM; 5 constituents emitted from LIB combustion; and (3) evaluate the dependence of PSDs
and EFs on cell type and SOC.

2. Materials and Methods

The experiments and data analysis have been described in the companion paper [26]
and only a brief description is provided here. Two commonly used LIB types were tested: a
cylindrical, 18650-style, LFP cell and a pouch-style lithium cobalt oxide (LCO) cell [27,28].
Each cell type was tested at five SOC levels with three to six tests per SOC. The cells used
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for these tests were purchased shortly before the experimental campaign and were received
at proper storage voltages. It was found that the LFP cells only vented at 0% and 30%
SOCs, flamed at 50% and 75% SOCs, and had either venting or flaming at 100% SOCs. In
contrast, LCO tests flamed at all SOCs [26]. While these two cell types will be referred to
by their cell chemistry (LFP vs. LCO), they also differ in form-factor and casing, both of
which can affect emissions. However, this study did not attempt to isolate the effects of
these factors. The LIB combustion tests were conducted inside an ~8 m? burn chamber [29].
The exhaust flow rate (Q) was set to ~3300 L/min, as determined by thermal anemometer
measurements in the exhaust duct [30]. Before each test, the chosen LIB cell was charged to
the desired SOC by a programable charger. The cell was then placed in a ceramic crucible
and heated to failure by an electric hot plate. A type K thermocouple was used to measure
external cell and flame temperatures.

A sample of LIB combustion emissions was extracted from the chamber exhaust vent
and directed to a suite of particle analyzers and the filter sampling system. Real-time parti-
cle mass concentrations were measured by two DustTrak DRX (TSI Inc., Shoreview, MN,
USA) aerosol monitors in five size fractions (i.e., PMy, PM; 5, PMy, PM;, and PMy5) [21,22].
The DustTraks were placed before and after sample line dilution to determine the dilu-
tion factors.

Finer resolution PSDs in the range of 6 nm-10 um were measured every second by an
electrical low-pressure impactor (ELPI+; Dekati Ltd., Kangasala, Finland) [31-34] which
was placed on a diluted sample line to prevent impactor overloading. In an ELPI+, particles
are first introduced into a unipolar diffusion charger to achieve a stable charge distribution,
and then are collected on 13 stages of electrically conducting cascade impactors and a
final filter, depending on their aerodynamic diameters. The electrical charges carried by
the deposited particles are measured as current by sensitive electrometers. An inversion
algorithm is used to convert the 14-channel electric current data to particle number distri-
butions with up to 500 bins. In this study, the particle number distributions were converted
to mass distributions by assuming spherical particle shape and a density of 1 g/cm®. The
high-resolution data were integrated over the size fractions of <0.1 pm (PMy 1), 0.1-1 pm
(PMy 1-1), 1-2.5 pm (PM155), and 2.5-10 pm (PM3 5_19). There are multiple potential arti-
facts (e.g., deposition of smaller particles at upper stages, size-dependent particle density,
and image current) that could lead to errors in the mass concentration calculation [35].
Therefore, the ELPI PM, 5 mass was normalized by gravimetric PM; 5 mass to account for
these artifacts.

Two filter channels were used to collect PM; 5 and acidic gases for analysis of mass by
gravimetry, ions and acidic gases by ion chromatography (IC), organic and elemental carbon
(OC and EC) by thermal/optical analysis, and elements by x-ray fluorescence (XRF) and
inductively coupled plasma mass spectrometry (ICP-MS) [24,36]. The backup potassium
hydroxide (KOH)-impregnated cellulose-fiber filters behind the Teflon-membrane front
filters were analyzed for acidic gases, including hydrogen fluoride (HF), hydrochloric acid
(HCl), nitric acid (HNO3), and sulfuric acid (H2SOy4) as their corresponding ions (i.e., F~,
Cl~,NO;~, and SO,427) by IC [37,38].

Emission factors (EF; in particles/Wh for particle number and mg/Wh for mass) were
calculated for each species i by Equation (1):

EF, = C; x Q x At/E 1)

where C; (in particles/ m? for number and mg/ m? for mass) is the mean stack concentration
for species i, Q (in m3/s) is the mean stack exhaust flow rate, At (in s) is the sampling
duration, and E (in Wh) is the nominal LIB cell energy capacity.

3. Results
3.1. Particle Size Distributions

Figure 1 shows the heat maps of PSD evolution for the representative tests for each cell
type and SOC. The y-axis represents particle aerodynamic diameter (D}), and the coloring
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represents particle number concentration normalized by the size bin width (dlog (Dp)).
While most particles had diameters below 500 nm, significant variations in PSD evolution
were seen. Low SOC (0 and 30%) LFP tests in this study, which had no flaming combustion,
emitted high concentrations of particles over a wide size range, but concentrations never
exceeded 107 particles/cm?®. These emissions occurred for a long period of time, with
maximum concentrations above 10° particles/ cm? for over 30 min for both low SOCs.
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Figure 1. Particle number distribution heatmaps for representative LFP and LCO tests at each SOC.

Particle emissions for other LFP SOCs and LCO tests reached peak concentrations
above 107 particles/ cm?, but concentrations above 10° particles/ cm?® only lasted for
10-18 min. A PSD discontinuity is seen in Figure 1 for these tests, occurring between
five and ten minutes of elapsed time and representing abrupt concentration increases
and particle size changes. This event coincided with visual and temperature-based TR
indicators, suggesting it was caused by the onset of TR. A short 5-10 s long emission of
coarse particles (up to 10 um) can be seen to occur simultaneously, likely corresponding
to the ejection of spark particles. Maximum particle concentrations occurred just after TR
began. This is where most of the particle mass was emitted as particle sizes peaked here
as well, with a notable decrease in particles below 50 nm in diameter. After this, peak
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concentrations and particle sizes decreased gradually, often forming a bimodal pattern of
nanoparticles (<100 nm) and larger particles between 100 nm and 1 pum.

Figures 2 and 3 show individual PSD “snapshots” for a 0% SOC LFP test and a 60%
SOC LCO test, each at four time intervals. The 0% SOC LFP test only vented, without
flaming combustion, while the 60% LCO test flamed vigorously. A detailed discussion of
the observed combustion behavior for all tests can be found in [26]. The intervals include
background concentrations (t;), when the test cell is outgassing (t), after TR (t3), and
after combustion is complete and the test cell is smoldering (ts). These time intervals
were selected to represent similar combustion stages despite the differences in combustion
duration between tests. The GNMDs and geometric number standard deviations (GNSD)
were calculated to characterize the PSD at each time interval [19].
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Figure 2. Particle number distribution snapshots (left: log scale and right: linear scale) and heatmap
(bottom) for a representative 0% SOC LFP test. GNMDs for tj_4 are 59 nm, 22 nm, 91 nm, and 49 nm,
respectively.

The 0% SOC LFP “venting” test and the 60% SOC LCO “flaming” test had similar
peak outgassing () concentrations at ~2 x 10° particles/cm?® but the particle diameters
were smaller for the venting test, with a GNMD of 22 nm and a GNSD of 1.7. The flaming
outgassing concentrations peaked at 59 nm with a GNSD of 1.9. While different cell types
are compared here, the intent is to contrast the PSD differences due to the varied combustion
behavior of the tests, not to infer differences due to the cell type itself. Concentrations
after TR (t3) peaked at four and six times the outgassing concentration for the venting
and flaming tests, respectively, with the flaming test PSD being generally larger-sized and
narrower. GNMDs at this time were 91 nm and 195 nm for the venting and flaming tests,
with GNSDs of 1.9 and 1.6, respectively.

Figure 4a,b show the evolution of PM;, PM;5, and PM; for the tests shown in
Figures 2 and 3, respectively. PM; accounted for most of the emission mass. Large spikes
of PM;o were observed at the onset of TR, corresponding to the emission of coarse particles
(PM35-10), as was discussed for Figure 1. Interestingly, small spikes of coarse particles
also occurred just before TR and before PM; 5 emissions began. This behavior may be
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useful for early TR detection by LIB pack monitoring systems. The venting test (Figure 4a)
shows PM; 5 mass concentrations rising above PM; starting when emissions peaked around
15 min of elapsed time and lasting until combustion ended. This behavior occurred for
all venting-only tests (LFP tests with 0% and 30% SOCs as well as half of the 100% SOC
tests [26]). For tests where flaming occurred, PM; dominated PM mass emissions outside
of TR onset.
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Figure 3. Particle number distribution snapshots (left: log scale and right: linear scale) and heatmap
(bottom) for a representative 60% SOC LCO test. GNMDs for t;_4 are 117 nm, 59 nm, 195 nm, and
52 nm, respectively.
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Figure 4. Mass concentrations of PM;, PM; 5, and PMj for the representative tests: (a) LFP at 0%
SOC and (b) LCO at 60% SOC (same as those in Figures 2 and 3). The coarse particles (PMy5_10) are
released predominantly during TR.

Figure 5 shows the average number-based (a and b) and mass-based (c and d) PSDs
for each SOC and cell type. The number distributions show a dominant mode centered
around 70-140 nm, with additional modes centered around 20 nm and 300 nm. These
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distributions are similar to those reported by Goupil et al. [20]. For LFP tests, particles
were smaller and were released in lower concentrations at low SOCs, increasing in size and
concentration at mid-SOCs. Tests with 100% SOC fell in the middle due to having disparate
combustion behavior. This is consistent with the combustion behavior of LEP tests: they
only vented at 0% and 30% SOCs, intensely flamed at 50% and 75% SOCs, and had more
variable combustion at 100% SOCs [26]. Particle sizes also increased with SOC for LCO
tests, but there was no consistent dependence of concentrations on SOC, likely because
flaming combustion was observed at all SOCs. The mass distributions show that LFP
tests with 0% and 30% SOCs only have one mode centered around 460 nm, with elevated
concentrations between 1 and 2.5 pm. All other tests had bimodal distributions, with one
fine-particle mode centered around 400 nm and a coarse-particle mode centered around
8 um. This indicates that the coarse particles were generated from flaming rather than
cell venting. The coarse particle mode mass increased with SOC for both cell types, being
insignificant for low SOC LFP tests. The fine particle mode mass also increased with SOC
for LFP tests as the PSD shifted to larger particle sizes. A coarse mode centered around
10 pm was also observed by Goupil et al. [20].
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Figure 5. Particle number (top panels) and mass (bottom panels) distributions for LEP (a,c) and LCO
(b,d) tests. An outlier was removed from some SOC groups to better show the prevailing trends.

Table 1 shows the GNMD and geometric mass mean diameters (GMMD) [19] for each
cell type and SOC. The GNMD varied from 74 to 114 nm for LFP tests and 90 to 130 nm for
LCO tests, showing that particles from LCO tests tended to be larger. GMMDs were larger
than GNMDs due to mass being proportional to the cube of particle diameter. Interestingly,
GNMDs peaked at mid-range SOCs while GMMDs increased with SOC, peaking at 100%.
This increase at high SOCs, along with the previously discussed emission of large particles
at TR, confirms that PMy 51 is generated by the energetic combustion and ejection of
material that occurs in a highly charged LIB cell during TR. Premnath et al. [16] found
that GNMD and GMMD ranges were 54-69 nm and 97-204 nm for LFP and NMC cells,
respectively, at 100% SOCs. These diameters are smaller than those in Table 1, especially for
GMMD, which is likely caused by the lower upper size limit of the EEPS (560 nm) [17,18]
than the ELPI+ (10 um).
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Table 1. Average and range (in parentheses) of geometric number mean diameters (GNMD) and
geometric mass mean diameters (GMMD) for each SOC and cell type.

Cell Type SOC (%) GNMD (nm) GMMD (nm)
0 74 (72-77) 415 (409-424)
30 74 (72-77) 426 (403-453)
LFP 50 110 (109-111) 425 (415-435)
75 114 (106-129) 479 (434-530)
100 84 (71-93) 568 (536-611)
0 90 (78-102) 387 (371-405)
30 120 (111-137) 474 (470-477)
LCO 60 130 (128-132) 663 (553-751)
80 118 (109-128) 673 (651-704)
100 116 (96-129) 668 (602-778)

3.2. Emission Factors (EFs)

EFs for particle number, mass, PM;5 constituents, and acidic gases are listed in
Tables S1-S5. The following sections describe EFs for particle numbers, mass, carbon,
PO,43~, selected metals and ions, and acidic gases, as well as the relationship between EF
and combustion temperature.

3.2.1. EFs for Particle Number and Mass

Figure 6a shows particle number EFs by cell SOC for each size fraction. The EFs for
ultrafine particles (PMy 1) ranged between 1.5 x 10%3 and 3.6 x 103 particles/Wh for LFP
tests and 3.2 x 10'2 and 9.6 x 10'2 particles/Wh for LCO tests (Table S1). Total particle
numbers decreased with SOC, and LFP tests released several times more particles than
LCO tests. PMy 1 and PMj ;-1 together accounted for >99.9% of PMjy numbers, at 42-84%
and 16-58% of PMy, respectively. Particles larger than 1 um had negligible contributions
to particle number. PMy ; tended to make up a higher proportion of PM;o when particle
emissions were high. On the other hand, Figure 6b shows PMj ; made up a much smaller
proportion of the PM;y mass due to having very small particle volumes, at 1-8%, while
PMj 1-1 dominated the PM;( mass at 77-89% due to their high concentrations. PM; particles
made up 81-95% of the measured PM;y mass, as also shown in Figure 4. Larger particles
made up significant portions of PMjg mass despite their low number concentrations, with
PM;_55 and PMj 519 accounting for up to 4% and 18% of PM;y mass, respectively. PM;_, 5
EFs were high for low SOC LFP tests and venting-only 100% SOC LFP tests while all other
tests had higher PM; 5 ;19 EFs instead.
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Figure 6. Emission factors for (a) particle number and (b) particle mass by size fraction for LFP and
LCO tests. Error bars represent the total PM; standard error (including all smaller particle sizes) and
are symmetric.
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3.2.2. EFs for PM, 5, OC, EC, PO43~, and Toxic Metals

EFs for PM, 5, OC, EC, and PO,3~ are shown in Figure 7a. EFs for PM, 5 mass were
between 35 and 140 mg/Wh. This equates to the emission of 1.4-5.6 g of PM, 5 from
the combustion of a standard laptop-sized LIB (40 Wh), or 2.1-8.4 kg of PM, 5 from the
combustion of an electric vehicle battery pack (60 kWh) if all cells are burned in a similar
way as those in this study.
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Figure 7. Emission factors for (a) PM, 5 mass, OC, EC, and PO,>~ and (b) selected metals. The error
bars represent the larger of the propagated analytical uncertainty or the standard error within each
SOC and are symmetric.

LEP tests had PM; 5 EFs of 67-140 mg/Wh, with the least mass emitted at 50% SOC
and increased variability at 100% SOC. OC EFs were 6-9 mg/Wh for 50-75% SOC and
increased to 63-106 mg/Wh otherwise. OC variabilities at 100% SOC were similarly high to
PM; 5. Low OC emissions at mid-range SOCs corresponded to high EC emissions for 75%
SOC only, where EC EFs spiked from <5 mg/Wh for all other SOCs to 24 mg/Wh. This
resulted in total carbon EFs dropping from 109 mg/Wh (0% SOC) to 12 mg/Wh (50% SOC),
before increasing back to 68 mg/Wh (100% SOC). PO,>~ emissions were also significant
for mid-range SOCs, at approximately 30 mg/Wh, but only 1-8 mg/Wh otherwise.

LCO tests had more consistent PM; 5 mass EFs of 35-45 mg/Wh, lower than LFP
tests by 1.5-3.8 times. EFs for OC, EC, and PO,%~ had much less dependence on SOC for
LCO tests than LFP tests. OC EFs were 3-24 mg/Wh and peaked at 75% SOC, where LFP
OC was lowest. EC EFs were 7-16 mg/Wh, higher than those of LFP tests except for at
75%/80% SOC. PO43’ EFs were 3-13 mg/Wh with a similar SOC dependance to EC.

Figure 7b shows EFs for four hazardous air pollutant metals [39] and Li. Variabil-
ity within SOCs was high but several features are notable. LCO tests had Cd, Co, Pb,
and Li emissions that increase with SOC, reaching (10 £+ 1) x 105 mg/Wh for Cd,
0.07 £ 0.01 mg/Wh for Co, (10 £ 2) x 104 mg/Wh for Pb, and 0.7 £ 0.2 mg/Wh for Li,
all at 100% SOC. All of these elements were near detection limits at low SOCs except for
Cd. Only Pb was consistently present for LFP tests at between (30 + 8) x 107> mg/Wh
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and (9 + 3) x 10~* mg/Wh, with no dependence on SOC. Hg and Cd were detected
sporadically. EFs for major compositions and elements are summarized in Tables S2 and S5,
respectively.

3.2.3. EFs for Anions and Acidic Gases

EFs for acidic gases HF, HCI, HNOj3, and H>SO, and their corresponding particulate
anions are shown in Figure 8. These acidic gases are toxic and corrosive and can cause
adverse effects on human health and material integrity if not neutralized after emission.
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Figure 8. Emission factors for (a) selected acidic gases and (b) corresponding particulate anions. The
error bars represent the larger of the propagated analytical uncertainty or the standard error within
each SOC and are symmetric.

Gaseous EFs were higher than that of particulate emissions (by cell type) for all
compounds shown except for NO3~, where HNOj3 emission was not detected. Gaseous
HF and particulate F~ had the highest EFs for all LIB types and SOCs. Gaseous HF EFs
ranged from 39 to 81 mg/Wh for LFP tests and 10 to 14 mg/Wh for LCO tests. Neither cell
type showed a relationship between SOC and HF emissions. Particulate F~ EFs ranged
from 0.4 to 3 mg/Wh for LFP tests and 0.3 to 1 mg/Wh for LCO tests. Particulate F~ had
a distinct minimum at 50% SOC for LFP tests, corresponding to the minimum PM, 5 EF
(Figure 7a). Gaseous HySO4 was the second most emitted acidic compound, with much
higher gaseous emissions than particulate. Gaseous EFs were 3-12 mg/Wh for LFP tests
and 0.6-2 mg/Wh for LCO tests. Unlike gaseous HySO, and all other acidic emissions
shown, particulate 50,42~ emissions were much higher for LCO tests than LEP tests, where
only trace concentrations were detected. LCO tests had EFs of 0.1-0.4 mg/Wh for most
SOCs, but only trace amounts for 60% SOC. Both gaseous and particulate emissions were
low for 50/60% SOC, but this was more pronounced for LFP tests. Particle 5042~ emissions
for LCO tests increased with SOC with the exception of 60% SOC. Gaseous HCl was
consistently detected, averaging 0.9 mg/Wh for LFP tests and 0.2 mg/Wh for LCO tests.
Particulate C1~ was present sporadically for both cell types with EFs of up to 0.4 mg/Wh.
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Only particulate NO3;~ was detected at between 0.005 and 0.04 mg/Wh, with higher
emissions from LFP tests.

Table 2 compares the gaseous EFs of HF and HCl with the values reported in the
literature. LFP HF emissions in this study (39-81 mg/Wh) compared well with the liter-
ature values which range at 12-350 mg/Wh. Emissions from LCO tests (10-14 mg/Wh)
were lower than the 30-40 mg/Wh found in the literature, but this may be due to the
limited number of studies [25,40]. Other cell types were reported to release a comparable
1-200 mg/Wh of HF. HCI emissions were reported by Diaz et al. [40] at 8-125 mg/Wh for
LEP and LCO cells, significantly higher than those measured in this study (0.1-1.3 mg/Wh).
No published EF values for HNO3 or H,SO4 were found. Acidic gas and particulate ion
EFs for all cell types and SOCs are listed in Tables S3 and S4, respectively.

Table 2. Comparison of gaseous emissions of HF and HCl to the literature sources, grouped by cell
chemistry. EFs for HNO3; and H,SO, were not found in the literature.

Source Cell Type HF (mg/Wh) HCI (mg/Wh)
This study LFP 39-81 0.7-1.3
[40] LEP 350 125
[25] LFP 12-24
[41] LFP 40-125
This study LCO 10-14 0.14-0.21
[40] LCO 30 8
[25] LCO 3040
[42] Unknown 20-200
[43] LMO 40-70
[44] NMC/LFP 23-36
[45] NMC 1-10
[46] NMC 42

3.2.4. Relationship between Emission Factors and Combustion Temperatures

Figure 9 shows the relationship between the EF and the maximum measured com-
bustion temperature for LFP tests. Cell SOC is also labeled by symbol coloring to show
groupings. With the exception of two outlier tests (Tests C1 and C8 in Figure 9a,b), EFs
for PM; 5 and OC were found to decrease with increasing combustion temperature. This
is expected as higher temperatures indicate more complete combustion that will release
more gaseous COj, instead of carbonaceous particulate. In contrast, PO,>~ increased with
combustion temperatures, indicating more efficient conversion of P-containing electrolyte
and cathode materials to particle emissions. Low EC emissions were found at lower
combustion temperatures as expected; however, EC was not necessarily higher at high
temperatures. Figure 9c shows that the 50% SOC tests had temperatures >600 °C but the EC
emissions were comparable to those of low temperature tests. Particulate F~ and gaseous
HF (Figure 9¢,h) had the opposite trend, with F~ decreasing (for SOCs > 30%) and HF
increasing with increasing temperature. This is possibly due to more HF remaining in the
gas phase at higher temperatures rather than condensing to form particles. Li* emissions
were hardly detected below 600 °C and increased rapidly thereafter, indicating a potential
exponential relationship. More tests with temperatures reaching >700 °C are needed to
explore this. Figure 9g shows that the part of PM; 5 mass with unidentified composi-
tion increased with temperature, a correlation that could help determine what additional
components (e.g., unmeasured phosphorous compounds) [26] need to be analyzed for.
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Figure 9. Relationship between EFs and maximum detected combustion temperature for LFP
tests. LCO tests showed little correlation, possibly due to poor temperature measurement, and are

not shown.

3.3. Cell Mass Losses

Each cell was weighed before and after combustion to determine the cell mass that
was lost. LFP cells lost 2.2-2.4 g/Wh during combustion for all except 50% SOC, which
lost noticeably less at 1.8-2 g/Wh. LCO cells lost roughly half the mass per Wh of cell
capacity at 0.95-1.2 g/Wh. As shown in Table S6, this equates to a loss of ~20% of the cell
mass for both cell types. However, only approximately 0.6-1.2% of the total cell mass, or
3-6% of the lost cell mass, was emitted as PM; 5 that reached the filter assemblies. The
proportion of lost cell mass that was emitted as PM; 5 was highest for low SOC LFP tests,
where 5-6% was converted to PM; 5. All other SOC groups averaged 3—4%. By subtraction,
this means that 94-97% of the lost mass, or roughly 16-22% of total cell mass, was emitted
as either settleable PM or as gas emissions. As shown in Table S6, cell mass losses from
previous studies range from 15% to 60%, with settleable particle mass accounting for 5-50%
of the original cell mass, depending on the cell chemistry, casing, and SOCs [5,6,10,47].
Even though PM; 5 only accounted for a small fraction of the total PM mass emitted from
LIB fires, it accounts for most of the particle numbers that can be inhaled by humans and
presents great health risks.

4. Discussion and Conclusions

This study conducted a detailed characterization of the size distribution of parti-
cles with diameter less than 10 um emitted from LIB fires and determined EFs for size-
segregated particle number, particle mass, and PM; 5 chemical constituents. The analysis
covered two cell types at a range of SOCs. While emissions may vary significantly depend-
ing on the specific cell types or LIB pack sizes, the cells tested represent two common cell
chemistries and form-factors, in terms of both cell construction and energy capacity, that are
used widely in modern LIB applications. As such, the findings offer valuable insights into
the characteristics of emission from LIB combustion. The key conclusions are as follows:

(1) LIB fires emit high concentrations of fine and ultrafine particles. The particle number
distributions showed a dominant mode centered around 100 nm, with additional
modes centered around 20 nm and 300 nm. The particle mass distributions showed
that the venting-only LFP tests in this study with 0% and 30% SOCs had one mode
centered around 460 nm, while all other tests had bimodal distributions, with one
fine particle mode centered around 400 nm and a coarse particle mode centered
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around 8 pm. PMy; and PMy1_1 together accounted for >99.9% of PMjy numbers,
while PMy ;-1 dominated the PMjy mass at 77-89%. Super-micron particles have
non-negligible mass contributions, with PM;_, 5 and PM; 5_1¢ accounting for up to 4%
and 18% of PMj mass, respectively. PM;_; 5 was emitted during cell venting, after TR
and when flaming did not occur, while PM, 5 19 was emitted just before and during
TR onset for all tests.

(2)  Venting-only combustion (LFP tests at 0% SOC, 30% SOC, and some at 100% SOC)
showed smooth evolution of PSDs, while the onset of TR caused a discontinuity in
particle size distribution by increasing both mode diameter and concentration and
releasing coarse mode particles (1-10 um). Particles from LCO tests in this study
(GNMD 90-130 nm; GMMD 387-673 nm) were generally larger than those from LFP
tests (GNMD 74-114 nm; GMMD 415-568 nm). The GMMD increased with SOC.

(3) LFP tests had higher EFs for particle number and mass than LCO tests. The EFs for
ultrafine particles (PM ) ranged from 1.5 x 10'3 to 3.6 x 10'® particles/Wh for LFP
and 3.2 x 10'? t0 9.6 x 10'? particles/Wh for LCO tests. LFP tests had PM, 5 EFs
between 67 and 140 mg/Wh with more variability at different SOCs, whereas LCO
tests had lower and more consistent PM; 5 mass EFs between 35 and 45 mg/Wh. Even
though PM, 5 only accounted for 0.25-1.5% of the total cell mass and a small fraction
of total PM mass emitted from LIB fires, it accounts for the most particle numbers that
can be inhaled by humans and presents great health risks.

(4) LIB fires emit acidic gases, such as HF, HCl, and H,SO,. Gaseous HF ranged from
39 to 81 mg/Wh for LFP tests and 10 to 14 mg/Wh for LCO tests. These toxic and
corrosive gases may represent great hazards to people and properties.

(5)  Emissions are highly dependent on cell type, SOC, and combustion temperatures. The
emitted PM; 5 mass can depend on cell SOC by a factor of two, while the emitted OC,
EC, and PO,®~ can differ by a factor of 10 or more. PO, increased with combustion
temperature, particularly when it reached >500 °C. Toxic metal emissions increased
with SOC, but only for LCO tests, with no trend for LFP tests. Acidic gas emissions
depended primarily on cell type, indicating that cell design is crucial to lowering
emissions of HF and other corrosive compounds. The emission dependence on LIB
cell properties should be considered when evaluating the overall hazard that each LIB
pack presents. For example, while LFP cells are known to be more thermally stable,
results from this study show that they may release more HF and can generate higher
particulate concentrations than LCO cells.

The emissions documented here have implications for health and safety as well as
environmental contamination. Considering that modern LIB packs can contain hundreds
to millions of Wh of energy capacity, the effects of significant emissions of volatile organics,
ultrafine and fine particles, hazardous metals, and acidic compounds must be taken into
consideration when responding to and cleaning up after LIB fires.

LIB fires are becoming more common as LIB use expands. The combustion process can
occur quickly and without warning, limiting the effectiveness of fire suppression. Therefore,
a detailed understanding of the resulting emissions is imperative to allow for effective fire
response and cleanup. This paper has detailed the expected fine particulate emissions in
a way that allows extrapolation to any size LIB pack if the burned LIB energy capacity
is known. This resource will allow first responders, LIB manufacturers, and responsible
authorities to plan for and respond to LIB fires.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/batteries10100366/s1, Table S1. EFs for four size fractions in par-
ticles/Wh and mg/Wh for particle number and particle mass, respectively; Table S2. EFs in mg/Wh
for PMj 5 chemical constituents; Table S3. EFs in mg/Wh for acidic gases for all cell types and SOCs;
Table S4. EFs in mg/Wh for particulate anions and cations for all cell types and SOCs; Table S5. EFs
in mg/Wh for elements for all cell types and SOCs; Table S6. A comparison of cell mass loss rates to
the literature values [5,6,10,47].
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Abbreviations

At sampling duration

C concentration

Cd cadmium

Cl- chloride

Co cobalt

Dp particle diameter

E battery cell energy capacity

EC elemental carbon

EEPS engine exhaust particle sizer

EF emission factor

ELPI electrical low-pressure impactor

F~ fluoride
geometric mass mean diameter: mean diameter of a particle mass distribution in

GMMD .
logarithmic scale

GNMD geometric number mean diameter: mean diameter of a particle number distribution
in logarithmic scale

GNSD geometric number standard deviation: standard deviation of a particle number
distribution in logarithmic scale

HCl1 hydrochloric acid

Hg mercury

HF hydrofluoric acid

HNO;3 nitric acid

H,SO,  sulfuric acid

IC ion chromatography

ICP-MS  inductively coupled plasma mass spectrometry
KOH potassium hydroxide

LCO lithium cobalt oxide

Li lithium

Li* lithium ion

LIB lithium-ion battery

LFP lithium iron phosphate
NMC nickel manganese cobalt
NO3;~ nitrate

oC organic carbon

P phosphorus

Pb lead

PM particulate matter

PMx particles with aerodynamic diameters <x um
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PO43~  phosphate

PSD particle size distribution

Q flow rate

SMPS  scanning mobility particle sizer
SO42~  sulfate

SOC state of charge

TR thermal runaway
Wh watt hours
XRF X-ray fluorescence
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Abstract: Lithium-ion batteries (LIB) pose a safety risk due to their high specific energy density and
toxic ingredients. Fire caused by LIB thermal runaway (TR) can be catastrophic within enclosed
spaces where emission ventilation or occupant evacuation is challenging or impossible. The fine
smoke particles (PM, 5) produced during a fire can deposit in deep parts of the lung and trigger
various adverse health effects. This study characterizes the chemical composition of PM; 5 released
from TR-driven combustion of cylindrical lithium iron phosphate (LFP) and pouch-style lithium
cobalt oxide (LCO) LIB cells. Emissions from cell venting and flaming combustion were measured in
real time and captured by filter assemblies for subsequent analyses of organic and elemental carbon
(OC and EC), elements, and water-soluble ions. The most abundant PMj 5 constituents were OC, EC,
phosphate (PO43’), and fluoride (F™), contributing 7-91%, 0.2-40%, 1-44%, and 0.7-3% to the PM 5
mass, respectively. While OC was more abundant during cell venting, EC and PO43’ were more
abundant when flaming combustion occurred. These freshly emitted particles were acidic. Overall,
particles from LFP tests had higher OM but lower EC compared to LCO tests, consistent with the
higher thermal stability of LFP cells.

Keywords: Li-ion battery; fire; smoke; toxicity; particle emission; chemical composition; PM, 5

1. Introduction

Lithium-ion batteries (LIB) are a ubiquitous component in modern consumer products
and commercial systems. Fire safety is a critical concern for LIBs due to their high energy
densities [1,2]. Failing LIBs possess all three components needed for a fire (i.e., fuel,
oxygen, and heat) in close contact, thereby allowing combustion to occur even when
deprived of ambient air [1]. LIB electrolytes, separator and binder materials, and anodes
are all combustible under suitable conditions. Oxygen can be released from cathode
decomposition or is available from ambient air once the cell casing is compromised. Heat
can be generated internally from a short-circuit or from exothermic chemical reactions, both
of which occur during initial cell breakdown. Heat can also be applied externally by fire,
neighboring cell failure, or other overheating components. As a result, when LIBs overheat,
are used improperly, or are defective, they can enter an exothermic chain reaction known as
thermal runaway (TR), which may further lead to violent combustion and even explosion.

Numerous fire incidents have been reported for LIBs of various sizes and in differ-
ent applications. Between the years 2010 and July 2023, 393 electrical vehicle (EV) fire
incidents were reported globally, most of them occurring after 2020 due to increasing EV
prevalence [3]. Several large fires have occurred at stationary storage facilities. The 250 MW
Gateway Energy Storage facility fire in San Diego, California, burned for over a week in
2024. The fire risk and consequences for light EVs (e.g., electric scooters and bikes) are
much higher than those for passenger EVs owing to lower quality LIB cells and battery
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management systems, device wear and tear, and variable domestic charging methods. Over
500 LIB fires, resulting in 36 fatalities, were caused by light EVs between January and July
2023 alone [3]. LIBs also pose risks to transportation. The Federal Aviation Administration
(FAA) has recorded over 250 incidents of smoke, fire, extreme heat, or explosion involving
LIBs aboard aircraft in the last 10 years. Three incidences suspected of being caused by
LIBs carried as cargo resulted in the loss of the aircraft and crew [4]. While a major LIB fire
has not yet occurred during a manned space mission, NASA test centers have experienced
catastrophic LIB failures, even in advanced, custom-designed applications that had seen
prolonged use without incident [5]. Fire risks persist even at the end of a LIB’s useful
life [6]. The U.S. Environmental Protection Agency (U.S. EPA) found that 245 fires across
64 waste facilities in the U.S. were definitely or probably caused by lithium (Li) metal, or
LIBs, between the years 2013 and 2020 [7].

In addition to intense heat and flame, LIB fires can generate large quantities of com-
bustible, toxic, and corrosive gaseous and particulate emissions. Past studies on LIB fire
emissions focus on combustible and/or toxic gaseous compounds [8-16]. Fewer studies
have examined smoke particle emissions from LIB fires [17-23]. Several studies measured
the elemental composition of large particles (up to several millimeters in diameter) de-
posited on nearby surfaces after a LIB fire and found that these particles are enriched
with toxic and corrosive chemicals, including Li, transition metals, fluoride compounds,
and carbonates [17,20,21,24]. However, many of these elemental measurements used scan-
ning electron microscopy-energy dispersive X-ray analysis (SEM-EDX) under vacuum
conditions, causing volatile particulate compounds to evaporate. Therefore, the volatile
compounds are not reported. While these large particles (>100 pm) may cause soil and
water contamination, they settle out quickly and are not likely to penetrate deep into the
human respiratory track.

Very few studies have examined the smaller particles (<10 um) that pose significant
inhalation hazards. Barone et al. [18] pointed out that little information was available on
the size, composition, and morphology of respirable particles. They used image and ele-
mental analyses of particles from the combustion of three types of LIBs: nickel manganese
cobalt oxide (NMC), lithium iron phosphate (LFP), and lithium titanate oxide (LTO) and
found abundant elements originating from LIB anode, cathode, and separator materials.
NMC and LTO particles had higher abundances of transition metals (e.g., nickel [Ni],
manganese [Mn], cobalt [Co], and titanium [Ti]) than LFP particles, causing greater health
and environmental contamination concerns. However, that study did not report particle
concentrations, and the composition focused mostly on elements that can be analyzed
by EDX. Premnath et al. [19] measured total and solid PM, 5 (particles with aerodynamic
diameters < 2.5 um) concentrations, black carbon levels, and organic and elemental carbon
(OC and EC) for NMC and LFP cells at 100% state of charge (SOC). OC and EC were 17-47%
and 7-33% of PM, 5, respectively; however, elements and ions were not measured. Padilla
et al. [22] showed high smoke concentrations and obscurations from laptop computer fires,
highlighting the potential catastrophic hazards of LIB fires in spacecraft. Xu et al. [25,26]
characterized the morphology, elemental composition, surface chemistry, and cytotoxicity
of soot collected from combusting LFP and ternary cells. Particles were collected inside or
close to the flame without size classification. To the best of our knowledge, no studies have
reported the detailed chemical composition of PM, 5 from LIB fires.

The objectives of this paper are to: (1) determine the chemical composition of PM; 5
emitted from LIB combustion events; and (2) evaluate the dependence of PM; 5 compo-
sitions on cell chemistry and SOC. The PMj 5 size fraction of particles from LIB fires is
of particular concern in terms of human health. While larger particles quickly settle on
surrounding surfaces due to gravity, PM; 5 can stay airborne much longer; when inhaled,
these particles can penetrate deep into the lung [27]. Toxic constituents of PM; 5 can either
accumulate in the lung or enter the bloodstream, leading to respiratory, cardiovascular, and
other diseases [28]. Depending on exposure level and individual susceptibility, PMj 5 can
cause both acute and chronic health effects. A recent study by Xu et al. found that soot
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particles from LIB fires have significant cytotoxicity to human cells, causing greater damage
than smoke particles from wood combustion [26]. In addition, the chemical characteristics
of emitted PM, 5 are useful for fire detection, personal protection, fire suppression, and
postfire cleanup. A companion paper [29] presents particle size distributions and emission
factors, and a future paper will describe toxic, combustible, and corrosive gas emissions.

2. Materials and Methods
2.1. Tested LIBs

LIBs are often categorized by their cathode composition. Two commonly used cathode
types (i.e., “cell chemistries”) were tested: a cylindrical, 18650-style, LFP cell manufac-
tured by LithiumWerks (Enschede, The Netherlands), and a pouch-style lithium cobalt
oxide (LCO) cell manufactured by AA Portable Power Corp. (Richmond, CA, USA) (as
shown in Figure S1 of Supplementary Materials). These cells were commercially available
and were safe to handle, charge, and discharge with minimal specialty equipment. The
cells were purchased shortly before testing and were received at proper storage voltages.
Specifications for each LIB type are shown in Table 1.

Table 1. Specifications for the two cell types tested [30,31].

Cell Cell Cathode Dimensions Nominal Nomu'.lal Average
Type Format Chemistry (mm) Voltage Capacity Cell Mass
P V) (Ah) ®
LFP Cylinder LiFePOy, 18 x 18 x 65 3.3 1.1 42
LCO Pouch LiCoO;, 5.4 x 47 x 95 37 2.5 47

Cell chemistry can affect the combustion behavior of a compromised LIB cell. As
illustrated in Figure S2, LFP cells have increased thermal stability and reduced heat genera-
tion during cell breakdown [32-35], but they are disadvantaged by having a lower energy
density. LCO cells are the least thermally stable of common cathode chemistries, but they
are commonly manufactured due to their high energy density, discharge voltage, cycling
performance, and legacy as the first mass-produced LIB type. LCO cells are mostly used
for personal electronics (e.g., phones, laptops, cameras, etc.) and are common in space
applications due to their high energy density [36], including use in the primary interna-
tional space station power storage system [37]. LCO cells were selected for this study
due to their wide use in personal electronics and space applications and the possibility of
unique emission profiles due to their thermal instability. LFP cells were selected due to
their increasing adoption and contrasting thermal stability to LCO cells. NMC and other
Ni-based chemistries have been represented in the current literature on TR emissions and
are commonly used in power tools, EVs, and other micromobility devices, such as electric
bikes and scooters. However, LEP cell prevalence is also increasing in these markets due to
lower costs and increased thermal stability.

2.2. Experimental Setup and Procedures

LIB combustion tests were conducted inside a burn chamber at the Desert Research
Institute [38]. The chamber is ~8 m? and is sealed except for an air intake and a flow-
controlled exhaust port (Figure 1). At the beginning of each testing day, all instruments
were turned on and allowed to warm up before use. Instrument consumables were checked,
along with all sample line ducting connections. The clean air dilution flow rate, discussed
below, was adjusted and measured. All particle analyzers had zero-calibrations performed
daily. Before each test, the chosen LIB cell was charged to the desired SOC by a programable
charger. The cell was then placed in a ceramic crucible heated by an electric hot plate. A
type K thermocouple was used to measure the external cell and flame temperatures. For
LFP tests, the thermocouple was placed next to the cell overpressure vents on the cylinder
endcap, where vented gases exit the failing cell. For LCO tests, the thermocouple was
placed above the flat side of the prone cell (see Figure S1). Filter flow rates were measured
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for each filter channel, and each instrument was configured for data collection. After
completing the test setup, the burn chamber door was closed, filter pumps were turned
on, and the hotplate power supply was turned on to begin heating the ceramic crucible
containing the LIB cell to 450 °C. Different heating rates did not affect emissions, as thermal
runaway will occur independently of heating once it has been triggered [39]. The hotplate
was left on until the cell had entered TR, combusted, and ceased emitting particles. The
time when each event occurred (power on pumps and the heater, smoke visible, flames
visible, and flames ending) was recorded. This approach simulates a TR propagation event
where a LIB cell is subject to continual heating due to the failure of adjacent cells in a LIB
pack. Such a failure mode is responsible for most emissions from large LIB packs, as the
failure of any single cell or group of cells spreads through the entire pack.
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Sampling Line Dilution Air
y 3 L/min TSI DustTrak DRX
— N (PMy, PMy., PM,,
PM,o, and PM;s)
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2L imin R TSI DustTrak DRX
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Filter Sampler
(PM mass and
chemical analysis)
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Figure 1. Burn chamber, instrument, and filter assembly layout.

The LIB fire emission sampling setup is similar to that used in previous studies [40—-42].
As shown in Figure 1, a sample of LIB combustion emissions was extracted from the exhaust
vent and directed to a suite of particle analyzers, as well as the filter sampling system.
Particle mass concentrations were measured by two DustTrak DRX (Model 8534, TSI
Inc., Shoreview, MN, USA) aerosol monitors in five size fractions (i.e., PM1, PMj 5, PMy,
PMj, and PMj5) [43]. Measurements were made before and after dilution to determine
the dilution factors for other instruments. Finer-resolution particle size distributions
were measured by an electrical low-pressure impactor (Dekati ELPI+, Kangasala, Finland;
6 nm-10 um) on the diluted sample line, to prevent impactor overloading [44,45]. Two
filter channels with different sampling media were used to collect PM; 5 at a flow rate of
5 L/min each and submitted for detailed chemical analyses [46]. Each test started with
a 1-2 min background measurement and ended when particle concentrations returned
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to background levels after combustion ended. A webcam (Model C270, Logitech, San
Jose, CA, USA) was used to record combustion behavior. Gas concentrations were also
measured, which will be reported in a future paper.

Each type of LIB was tested at five SOC levels: 0%, 30%, 50%, 75%, and 100% for LFP
and 0%, 30%, 60%, 80%, and 100% for LCO. Each SOC condition was tested between three
and six times, with some tests discarded due to instrument malfunction.

2.3. Chemical Analysis

The three filters from each test were analyzed by various instruments to determine
the composition of the deposited PMy5. The cellulose back filters in Channel 1 were
for collecting acidic gases, and the data will be reported in a future publication. The
Channel 1 Teflon filters were analyzed for deposited mass and elements, while the Channel
2 Quartz filters were analyzed for elements and carbon compounds. The Teflon filters
were first equilibrated in a clean room at a controlled temperature (21.5 & 1.5 °C) and
relative humidity (35 + 5%) before gravimetric analysis [47]. Filters were weighed before
and after sampling using an XP6 microbalance (Mettler Toledo Inc., Columbus, OH, USA)
with a sensitivity of +1 ug. This allowed for the calculation of the PM; 5 mass collected
on the filter as well as the average mass concentration of the smoke emissions using
the filter sampling volume. After being weighed, the Teflon filters were analyzed for
51 elements (sodium to uranium) by an X-ray fluorescence (XRF) analyzer (Model Epsilon
5, PANalytical, Eindhoven, The Netherlands) [48].

Half of the Channel 2 quartz filters were extracted in distilled and deionized water,
and analyzed by ion chromatography (IC; Dionex ICS-6000; Thermo Fisher Scientific, San
Jose, CA, USA) [49] for 11 water-soluble ions, including: lithium (Li*), ammonium (NH4*),
sodium (Na*), magnesium (Mg?*), potassium (K*), calcium (Ca®"), fluoride (F~), chloride
(C17), nitrate (NO3 ), sulfate (S0427), and phosphate (PO43). A 0.5 cm? punch was
taken from the remaining quartz filter halves and analyzed for OC, EC, and eight thermal
fractions (OC1-OC4, pyrolyzed carbon [OP], and EC1-EC3) following the IMPROVE_A
thermal/optical protocol using the DRI Model 2015 Multiwavelength Carbon Analyzer
(Magee Scientific, Berkeley, CA, USA) [50-52]. The remaining quartz filter material was
digested in a solution of 2% nitric acid (HNO3) and 5% hydrochloric acid (HCl) and
analyzed by inductively coupled plasma mass spectrometry (ICP-MS; NexIon 2000B; Perkin-
Elmer, Waltham, MA, USA) for 44 elements, including ones that could not be quantified by
XRF (i.e., Li, Be, Na, Mg, Pr, Nd, Pt, Bi, and Th). ICP-MS complements XRF as it has lower
detection limits for rare-earth elements [48].

2.4. Data Analysis and Quality Assurance

All raw PM, 5 chemical composition data were first converted to filter mass loadings
in pg/filter and stack mass concentrations in pg/ m3. Concentration uncertainties were
calculated from the propagation of analytical and sample flow volume uncertainties [53].

Mass closure was conducted to determine the proportion of the collected filter deposits
accounted for by chemical analyses, which is an indicator of the data quality [54,55].
The sum of the measured chemical species was first compared to the gravimetric mass.
As shown in Figure 2a,b, these two masses were highly correlated with coefficients of
determination (R2) of 0.99. The linear regression slopes were near but lower than 1, being
0.84 and 0.86 for the LFP and LCO tests, respectively, indicating that most chemical species
have been measured.
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Figure 2. Comparison of chemical analysis sum of species (a,b) and reconstructed mass (c,d) with
gravimetric mass for LFP (a,c) and LCO (b,d) tests.

Next, the “reconstructed” mass was compared to the measured gravimetric mass. The
measured PM; 5 species were grouped into six major compositions: (a) organic matter
(OM = OC x multiplier), (b) EC, (c) elemental phosphorus (P) that is not in PO4>~ (termed
P*, calculated as P from ICP-MS minus PO43~/3.07 from IC), (d) PO43~, (e) F~, and (f)
other ions and elements without double counting elements present in multiple species
(using the same method as for P*). The multiplier for calculating OM from OC was taken as
1.2 for fresh combustion emissions [56]. The sum of these six composition groups is defined
as the reconstructed mass. The difference between the gravimetric and reconstructed
masses is reported as the “unidentified” mass. Mass reconstruction attempts to account
for common elements not being measured in chemical analysis, such as oxygen (e.g., in
mineral oxides) and hydrogen. The slopes for reconstructed vs. gravimetric mass were
0.93 for LFP tests (Figure 2c) and 0.89 for LCO tests (Figure 2d). These relationships have
similarly high R? values as the sum of species. The regression slopes being slightly below
1.0 indicates that the reconstruction assumptions mentioned above were not completely
accurate for all samples. Figure S3 shows that the unidentified mass was correlated with
OM (inversely) and PO,>~ (directly), indicating that these species may have been the
main sources of uncertainty. The reconstructed-to-gravimetric mass ratio for all tests was,
however, within the acceptable range of 0.60 to 1.32 set by the U.S. EPA [57]. Mass fractions
(chemical profiles) were calculated by dividing the mass of each species by the total PM; 5
gravimetric mass.

The balance between anions and cations was examined via ion microequivalent mole
concentrations (eq/m?), which were calculated by dividing the ion mass concentration (in
pug/m3) by the ratio of atomic or molecular weight of the chemical species and the species’
charge, as shown in Equations (1) and (2) [54,56]:

2 3—
o [F, fcr] |, [NosT] | [so8]  [Pos]
weq/mfor anions = =5 + e+ — o=+ g t T os/3 M
3 o [Lif] [NH4 ] [Nat] | [Mg*T] | [KY] | [Ca*t]
ueq/m”for cations = =eo= + =+ =+ 513/ T 301 T a1z P
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3. Results
3.1. LIB Combustion Behavior

LIB combustion behavior ranged from only venting (with no visible flames throughout
the test) to mostly flaming. Most cells vented for a period immediately after the start of
TR and then autoignited for the remainder of combustion. Visual examples of the two
combustion phases for an LCO test are shown in Figure 3.

Figure 3. An example of combustion phases from an LCO test: (a) the LIB vented vigorously; and
(b) the LIB burst into large flames.

Both webcam footage (Figure 3) and PM; 5 concentration time series measured by
the ELPI+ were used to characterize the combustion behavior of each cell and estimate
the proportion of PM; 5 emissions from venting and flaming phases, as shown in Figure 4.
A threshold of 10% of the maximum PM, 5 concentration was used to signal the start
of TR. The webcam recording was then used to determine if and when flaming started.
Flaming combustion often began vigorously (as seen in Figure 3b) but quickly diminished
in intensity, ending as a small, candle-sized flame that persisted well into the overall decay
of PM, 5 concentrations. Figure 4 shows the venting and flaming phase peaks. Emissions
from each phase were integrated, and the proportions of each phase to total emissions were
calculated. This metric is a qualitative measure of emission proportion to characterize cell
combustion characteristics and explain variations in emission profiles.
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Figure 4. An example of emission allocation for the same LCO test in Figure 3, showing 44% and 56%
of PM, 5 emissions were from venting and flaming phases, respectively. Particle concentrations are
measured by ELPI+ and adjusted for sample dilution.
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Figure 5a shows that LFP tests did not flame at 0% and 30% SOCs, while LCO tests
flamed at all SOCs (Figure 5b). This is consistent with LFP cells having higher thermal
stability compared to LCO cells. LCO tests had an increasing proportion of emissions from
flaming as SOC increased, while LFP tests had the highest proportion of flaming emission
at middle (50-75%) SOCs, corresponding to higher detected flame temperatures (Figure 5c).
All LCO tests except one had >50% of PM; 5 emissions come from flaming combustion.
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Figure 5. Proportions of PM; 5 emitted by flaming combustion (a,b) and maximum detected flame
temperatures (c,d) for different SOCs and cell types. Symbol color represents cell SOC for each test.

3.2. Chemical Characteristics
3.2.1. Major Compositions

The six major composition groups as a percentage of gravimetric PM, 5 mass are
shown in Figure 6 for each cell type and SOC. OM, EC, and PO,3~ were the three most
abundant compositions. Overall, particles from LFP tests had higher OM and lower EC
compared to LCO tests. P* was mostly present in LCO tests.
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Figure 6. Average PM, 5 compositions as a percent of PM; 5 mass for LFP and LCO tests. The number
of tests varied from three to five for each SOC group. P* is calculated as the difference between the
total P and the P in PO43~
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The PM, 5 chemical compositions of individual tests are presented in Figure 7, grouped
by SOCs and cell type. Figure 7a shows that PM, 5 composition variation for LFP tests was
low within each SOC, except among 100% SOC tests. PM; 5 was characterized by high OM
for 0% and 30% SOC levels. EC, most dominantly produced from flaming combustion, was
low for these low SOC tests but increased for SOCs above 50%. PO43~ was similarly low at
0% and 30% SOC, but other ions, mostly F~ and C1~, were comparable among all SOCs.
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Figure 7. PM, 5 compositions as a percent of PMj 5 mass for each test of: (a) LFP and (b) LCO tests.
The percentages of PMj 5 mass emitted in flaming phase are indicated by the red circles (right y-axis).
Error bars indicate the combined uncertainty of all mass fractions in each test.

LFP tests with 50% and 75% SOCs were dominated by flaming combustion. The
reconstructed mass percentages were the lowest of any test group, at ~60-80%. Compared
to the 0% and 30% SOC cases, the OM fractions were much lower (1-20%), while the PO43~
fraction, practically absent in the 0% and 30% SOC cases, dominated with 34-44% of PM, 5
mass. The average EC fraction increased from 0-7% for 0-50% SOC to 25-29% for 75% SOC.
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The shift in OM, EC, and PO, mass fractions was likely caused by a more energetic TR
process due to increased cell energy as well as the ignition of the emissions stream.

LFP tests with 100% SOC exhibited two different combustion behaviors: Tests C1
and C8 had 24-46% emissions from flaming, while emissions from Tests C7 and C20
were dominated by venting (0-9% of emissions from flaming). The 100% SOC PM; 5
compositions had more variability but adhered to the trend that a higher proportion of
flaming combustion resulted in higher EC and PO,3~ mass fractions and lower OM mass
fractions. The two flaming tests (Tests C1 and C8) showed similar EC abundance to the
75% SOC tests but with higher OM, F~, and others, and lower PO4%~. The two venting
tests (Tests C7 and C20), however, resembled the vented emissions from low SOCs with no
EC and little PO,3~ present, although C7 (13%) had over four times the PO,3~ fraction of
any low SOC test. This indicates that ignition of the emissions stream, rather than cell SOC,
is mostly responsible for the general composition of emitted PM, 5 particles.

PM; 5 mass composition for LCO tests (Figure 7b) differed from that of LFP tests,
(Figure 7a), with less dependence of emissions composition on cell SOC. Two groups
existed within 0-80% SOCs: one with high OM (56-99%), low PO,43~ (0.2-4%), and variable
EC (1-35%), resembling low SOC LFP tests; and the other with lower OM (1-15%), high
PO~ (25-37%), and consistently high EC (29-45%), resembling mid-range SOC LFP tests.
As with LFP tests, the mass closure was lower for this low-OM group. Higher P* emissions
occurred for most SOCs. An exception to this grouping is the 0% SOC LCO Test P18,
where high PO~ suggests high EC should be present but high OM was seen instead, a
composition similar to 50% SOC LFP tests. As with LFP tests, these groupings were related
to combustion behavior, with the high EC group having more flaming combustion than
the high OM group. However, compared to LFP tests, this grouping was due to smaller
differences in combustion behavior, as significant flaming occurred for all LCO tests. For
example, significant flaming during 80% SOC LCO Test P5 resulted in a similar emissions
profile to low SOC LFP tests with no flaming. This is likely due to differences in cell casing
between LCO and LFP cells. The LCO cell’s thin wrapper likely results in multiple venting
locations, only some of which are ignited. Since all emissions are attributed to flaming once
any flames are seen, this could result in a misallocation of the emission source. The LFP
cell’s steel case and relief vents, on the other hand, ensure venting is concentrated into a
single stream, which was either ignited or not.

LCO tests with 100% SOC are somewhere between these two groups, emitting mostly
OM (38-75%) but with moderate EC (19-24%) and PO4%~ (5-11%) fractions. This was in
contrast to tests with high OM at SOCs below 100% (i.e., Tests P2, P5, P6, P9, and P19, with
P18 being the exception), where PO,3>~ mass fractions dropped to <2%. Ignoring SOC
dependence, the major combustion products from the LFP and LCO tests were broadly
similar, either consisting of high OM and low EC, PO,%~, and unidentified fractions (with
relatively less flaming combustion); or low OM and high EC, PO,4%~, and unidentified
fractions (from relatively more flaming combustion). All other ions and elements only
contributed to 1.4-13% (averaging 5%) of the gravimetric mass.

3.2.2. Carbon Fractions

Emitted carbon compounds were split into seven thermal fractions depending on
their volatility and thermal stability, four for OC, and three for EC [50]. As shown in
Figure S4, the dominant OC fractions were OC1, OC2, and OC3, accounting for 25% =+ 8%,
50% =+ 11%, and 23% =+ 12% of total OC on average for both cell types. OC4 was relatively
low for all tests, accounting for 1.4% =+ 1.2% of OC on average. EC2 was the dominant EC
fraction, accounting for 76% of total EC on average. However, while EC1 and EC3 account
for only 17% and 7% of total EC on average, they could individually account for over 50%
of EC for certain tests.

The SOC dependence of OC1—4 and EC1-3 is shown in Figure 8. For LFP tests
(Figure 8a—d), each EC fraction was emitted by a specific combustion behavior. EC1 was
emitted during venting-dominated combustion during low SOC tests and half of 100% SOC
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tests. EC2 was emitted across all SOCs but was most abundant for flaming 75% and 100%
SOC tests. EC3 was emitted for 50% SOC tests but much less so for 75% SOC tests, despite
both being heavily flaming. LCO tests (Figure 8e~h) showed a similar pattern for EC3 as
LEFP tests but differed for EC1 and EC2. EC2 and EC3 were more abundant in LCO tests
than in LFP tests. EC2 had the largest increase in both mass percentage and its presence
for a range of SOCs, with only three tests (i.e., P2, P5, and P18) having EC2 abundances
<18%. In contrast, only five LFP tests (i.e., C1, C8, C9, C11, and C13) had EC2 abundances
>18%, with the rest having abundances <5%. OC1—4 varied similarly with SOC, despite
large variations in total OC. This dependence of OC1—4 (Figure 8a,e) is similar to EC1 for
both cell types, an understandable result given that EC1 is measured at the closest analysis
temperature to the OC fractions.
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Figure 8. Dependence of total OC and EC fractions on SOC for LEP (a-d) and LCO (e-h) tests. Symbol
color represents cell SOC for each test. Four OC fractions that evolved at different temperatures in a
pure helium (He) carrier gas include: OC1 (140 °C), OC2 (280 °C), OC3 (480 °C), and OC4 (580 °C);
three EC fractions that evolved in 98% He/2% O, include: EC1 (580 °C), EC2 (740 °C), and EC3
(840 °C) [50]. These fractions are indications of carbon volatility and pyrolysis and have been used to
distinguish contributions to PMj 5 from different sources.

Carbonaceous aerosols can be generated from the combustion of graphite anodes,
electrolytes, polymer separators, wrappers, and other carbon-containing components in
LIBs. As electrolytes are volatile, unburnt electrolytes can contribute to OC fractions. EC2
and EC3 are refractory carbon with graphite-like structures, which may originate from the
decomposition and recondensation of graphite material, as well as from high-temperature
combustion [58]. Electrolyte and cathode materials may react to form carbonate, which
could also contribute to various carbon fractions, depending on their decomposition tem-
peratures. Previous studies show that polycyclic aromatic hydrocarbons (PAHs), polychlo-
rinated biphenyls, alcohols, aldehydes, alkenes, and esters are present in particles ejected or
deposited from LIB fires [20,24]. Future studies should examine the detailed composition
of carbonaceous PM; 5 components from LIB fire emissions to assess their health effects
and infer particle sources.

3.2.3. Elemental Abundances

Figures 9 and 10 show the mass fractions of 24 elements and 10 ions for the LFP and
LCO tests, respectively. Elements with an average abundance of >0.001% of PM; 5 mass
for all tests were plotted. Unlike for P* and the “other” components in Figures 6 and 7, the
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elemental masses within ionic compounds were not subtracted from the total measured
elemental mass here. Therefore, measured elements (primarily Li, Na, Mg, P, and Ca) may
have been in ionic, elemental, or oxide forms.

LFP Elements and Ions Mass Percentages
Elements Anions Cations
10 4 0% soc ] ]

10 430% soc

[
™

Percent of PM, 5 Mass (%)

10 4 75% SOC

10 4 100% SOC

- —_— - - I !
HEEIAMCCAEIRSASIEARBLEEE LTS W,
%) S0

Figure 9. Average abundance (in log-scale) of elements, anions, and cations for each LFP SOC.
Error bars indicate the larger of the propagated analytical uncertainty or the standard error within
each SOC.

Elemental emissions for both LIB types were dominated by P, consisting of 6.4% and
8.5% of PM,5 mass on average for LFP and LCO tests, respectively. PO4%~ accounted
for virtually all detected elemental P for LEP tests, and 77% of elemental P for LCO tests
(Figure S5¢,g). Other elements with significant abundance (0.1-1%) for both cell types
included Mg, Al, Ca, and Fe. Li and Zn were also within this abundance range, but for
LCO tests only, with Co falling just below it.

32



Batteries 2024, 10, 301

LCO Elements and Ions Mass Percentages
Elements Anions Cations
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Figure 10. Average abundance (in log-scale) of elements, anions, and cations for each LCO SOC.
Error bars indicate the larger of the propagated analytical uncertainty or the standard error within
each SOC.

Mg was the second most abundant element after P for LFP tests (Figure 9), at 0.4-1.3%.
Light metals are the next most abundant set of elements, with up to 0.7% Al, 0.6% Fe, 0.3%
Ca, and 0.1% Zn. Si had maximum abundances of 0.2% but was absent from mid-SOC tests.
Rare earth Tb was the only other element reaching 0.1%, while Li, Na, Sc, Ti, Mn, Ni, Cu,
and Eu had maximum abundances between 0.01% and 0.1%. S, Co, Br, In, Sb, Pt, Hg, and
Pb all had maximum abundances of <0.01%.

LCO tests (Figure 10) had higher Li abundances compared to LFP tests, reaching
2% at higher SOCs. Mg was the third most abundant element, at 0.4-0.7%. Light metal
abundances were similar to LFP tests, with up to 0.7% Al, 0.2% Fe, 0.2% Ca, and 0.1% Zn.
Due to its presence in the LCO cathode, Co was more abundant than for LFP tests, at up to
0.2%. The elements with maximum abundances between 0.01% and 0.1% were also similar
(Na, Sc, Ti, Mn, Cu, and Eu) but included Si, S, and Tb for LCO tests. The maximum Ni
abundance was half that of LFP tests (0.005%), while Br, In, Sb, Pt, Hg, and Pb were all
<0.01%.

Table 2 compares the maximum detected abundances by SOC to literature values for
total carbon (TC) and 16 elements. The measured and literature values that are most similar
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are compared in the right column, giving a “best case” comparability. Measured values for
Mn, Co, Ni, and Cu were much lower at 0.1-3% of the literature values. This difference
may have been due to several factors. First, the relevant literature mostly involved NMC
cells, so high levels of Ni, Mn, and Co are expected. Second, the larger, settleable particles
that were analyzed in previous studies were likely to have metallic compositions instead
of the majority of carbonaceous particles collected in this study, which were lighter and
suspended in air for a longer time. This resulted in a higher average TC abundance of
~57% in this study as compared to 23-30% in most literature sources, leaving less mass to
be composed of other compounds. Xu et al. [25,26], in contrast, reported much higher TC,
at 90-94%, and lower metals than other sources, more similar to this study. The particles
were likely in the submicron range due to a diffusion- and thermophoretic-dominated
collection mechanism. The soot-dominated composition from Xu et al. could be caused by
the particles being collected close to the flame before volatile compounds (e.g., phosphate)
cooled down and condensed in the particle phase, which is evident from much lower P
abundances than in this study. This is less representative of the composition of inhaled
particulate, however, as the emission stream will most likely have cooled before inhalation.

Table 2. Comparison of maximum measured species abundance to literature values. Literature
values are from NMC cell combustion with maximum collected particle sizes ranging from 200 to
15,000 um [17,21,59,60] and LFP cell combustion with unspecified particle sizes [25,26].

Closest Factor

Element This Study Literature [17,21,25,26,59,60] N
Difference

Measure % of PMjy 5 Mass (<2.5 um) % of Mass (200-15,000 pum) *

LIB Type LFP LCO NMC and LFP
TC 58 (avg.) 56 (avg.) 23-94 0.6 x lit. values
Li 0.044 1.98 2.9-4.0 1.3 x lit. values
Na 0.011 0.027 0.06-0.1 0.45 x lit. values
Mg 1.33 0.719 0.001-0.006 120 x lit. values
Al 0.720 0.688 3.6-13.5 0.2 x lit. values
Si 0.193 0.050 0.025 2 x lit. values
P 15.1 12.2 0.02-2.2 5.6 x lit. values
S 0 0.066 0.3-0.9 0.22 x lit. values
Ca 0.354 0.191 0.04-0.05 3.8 x lit. values
Ti 0.026 0.013 0.003-0.01 1.3 x lit. values
Mn 0.051 0.027 5.2-13.1 0.01 x lit. values
Fe 0.553 0.201 0.07-0.5 1.1 x lit. values
Co 0.001 0.191 5.9-10.5 0.032 x lit. values
Ni 0.010 0.005 18-51 0.001 x lit. values
Cu 0.020 0.016 2.2-9.5 0.009 x lit. values
Zn 0.108 0.141 0.001-0.008 14 x lit. values
Br 0.006 0.001 0.01-0.04 0.61 x lit. values

* Refs. [25,26] did not specify particle size. Since particles were collected near the flame with the dominant
deposition mechanisms of diffusion and thermophoresis, the particles are expected to be in the submicron
size range.

Values for Li, Na, Al, S, Ti, Fe, Br, and Sb were more similar at 20-130% of literature
values. Finally, some light elements had larger abundances than literature values, with
Mg, Si, P, Ca, and Zn having 120-, 2-, 6-, 4-, and 14-times higher abundances, respectively.
The differences in elemental composition from different studies can be caused by several
factors, including cell chemistry/age/SOC, combustion conditions, sampling methods,
particle size ranges, and analytical methods.

Figures 11 and 12 show SOC dependence for abundant elements or those with interest-
ing behavior for LFP and LCO tests, respectively. Both show the same species except that
Ni is shown for LFP tests, while Co is shown for LCO tests. As shown in Figure 11, many
elements have a positive correlation with SOC for LFP tests. Mg, Al, Ca, Fe, Ni, Zn, as well
as Ti, Mn, Pt, and, to a lesser extent, Li, Co, and Cu, all increased with SOC. Variability was
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high at 100% SOC, but the trend is still clear. SOC dependence of P was quite different, with
none found at low SOCs and then the abundance peaking at 50% SOC before dropping
below one-third the peak value at 100% SOC. The positive correlation of many elements
is interesting, as both the maximum temperature detected and the proportion of flaming
combustion (Figure 5) peaked abruptly at mid-range SOCs and then dropped for 100% SOC,
matching the behavior of P. The SOC dependence of P matching that of cell temperature
indicates that the thermally stable LFP cathode decomposed at the expected ~500 °C [35].
The difference in SOC dependence for the other elements indicates that internal changes
other than just hotter or more flaming combustion may be occurring with increasing SOC.
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Figure 11. Dependence of element abundance on SOC for LFP tests for Li (a), Mg (b), Al (¢), P (d),
Ca (e), Fe (f), Ni (g), and Zn (h). Symbol color represents SOC.

Li Mg Al P
(b) ° 1549 (d) ®
1.0

1.0
= 10
12}
s °

= o

er 0.0 T T 8 0.0 T T T 0 T T T
§ Fe Co Zn

0.6
[ <) h <]
< ® ° (€3] 02 ()
2 02 0.2 0.4
3
= 0.1
2 o1 0.1° 02

0.0 ° 8| 00 - ° 0.0 0.0
T T T T T T T T L T
0 50 100 0 50 100 0 50 100 0 50 100
Battery SOC (%)

Figure 12. Dependence of element abundance on SOC for LCO tests for Li (a), Mg (b), Al (c), P (d),
Ca (e), Fe (f), Co (g), and Zn (h). Symbol color represents SOC.

For LCO tests, Figure 12 shows that fewer elements (Li and Co) exhibited a positive
correlation with SOC. Instead, many elements (Mg, Al, Ca, Fe, and Zn) were most abundant
at 0% SOC and least abundant at 60% SOC, increasing again thereafter. P abundance is
variable for LCO cell tests, with no clear dependence on SOC due to the variable combustion
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behavior effects discussed in Section 3.2.1. That Li and Co increased with SOC indicates
that the LIB anode and cathode underwent more decomposition at higher SOCs despite
constant flame temperatures of ~400 °C (Figure 5), contrasting with the abrupt temperature
changes for LFP tests. This may be due to the primary flame jet missing the thermocouple
during LCO cell tests, resulting in an undermeasurement of peak flame temperatures.
The fraction of PM; 5 emitted from flaming combustion, however, increased with SOC
(Figure 5b).

3.2.4. Water-Soluble Ions

Water-soluble anions and cations are shown alongside element abundances in
Figures 9 and 10. PO4%~ was by far the dominant ion in PM, 5 for LFP tests (14-44% abun-
dance) at 50% SOC and above, and LCO tests (8-30% abundance) for all SOCs. For LFP
tests at low SOCs, PO,®~ and F~ abundances were similar at 1-2%. F~ was the second
most abundant ion at 0.7-3% for both cell types, followed by CI~ for LFP tests (up to 0.5%)
and Li* for LCO tests (up to 1.7%). Other notable abundances were SO4%~ (0.5-1.1%) for
LCO tests at high SOC and C1~ and ammonium (NH;*) for LCO tests (up to 0.4-0.5%). All
other ions had maximum abundances of <0.1%.

The ratios of ion abundance over that of corresponding elements were variable. Li*
made up only 40% of total Li for LFP tests but reached 87% for LCO tests (Figure S5, ratio
does depend on SOC as seen in Figure 56). Mg was predominantly nonionic, while the P
contained in PO43* accounted for ~100% and 77% of the total P for LFP and LCO tests,
respectively. The S in SO42~ was consistently higher than total elemental S for LCO tests,
especially at high SOCs (Figure S5h). This suggests that some sulfur compounds might
have evaporated in the vacuum of the XRF instrument.

Abundance dependences on SOC are shown for some ions in Figure 13a—d for LFP
and Figure 13e-h for LCO tests. F~ variability was high, but abundance tended to be low
for mid-range SOCs and higher for low, and high, SOCs. SO4%~ increased significantly for
>60% SOC in LCO tests but had no SOC dependence for LFP tests. PO43~ dependence on
SOC resembled that of P seen in Figures 11 and 12, except that a noticeable downward
correlation was seen for LCO tests. NH;* abundance was highest at low SOCs for both
cell types and decreased for mid-range SOCs, especially in LCO tests, likely because NH,*
decomposes at high flaming temperatures.
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Figure 13. Dependence of ion abundance on SOC for LFP (a-d) and LCO (e-h) tests. Symbol color
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Figure 14 shows the anion and cation balances for each test. The ratio of anion to cation
abundance indicates degrees of acidity or alkalinity since H* or OH™ were not directly
measured [54,56]. For LFP tests, the anion/cation ratio ranges depended on combustion
behavior, with ~10:1 for venting tests and ~200:1 for tests with significant flaming. It initially
appears there is a correlation to SOC in Figure 14a, but the two 100% SOC outliers (labeled
Tests C20 and C7, which are nonflaming tests with high OM as shown in Figure 7a) show
the underlying trend was actually due to combustion behavior (Figure 14c). In contrast,
LCO anion/cation ratios were directly dependent on SOC. With one exception (Test P7),
80-100% SOCs had ratios just above 1:1, while 0-60% SOCs had ratios near 20:1. Heavily
flaming LCO tests had lower ratios on average, but could be present in both groups.
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Figure 14. Anion and cation microequivalent (peq) concentration relationships for LFP (a,c) and LCO
(b,d) tests. Each test is color coded for SOC (a,b) or flaming fraction (c,d).

Anion/cation ratios > 1.0 indicate that the particles were acidic. Held et al. [20]
analyzed ion concentrations in sprinkler water used to extinguish an NMC LIB fire and
in storage water that the LIB was submerged in after extinguishing. They found that the
sprinkling water was moderately alkaline, with a pH value of 8, while the storage water was
highly alkaline, with a pH value of 12. The different acidity between the PM; 5 measured
in this study and the water analysis by Held et al. [20] could be caused by different battery
chemistry (Held et al. did not detect PO,37) as well as the different compositions of
particles and process water.

Figure 15 shows a much higher abundance of particulate anions than cations. PO,3~
was excluded from the anions to allow the relative abundances of other ions to be seen.
F~ dominated non-PO,3~ anion abundance, while Li* was only present in high SOC LCO
tests. Mg?* and NH,* were the dominant cations except for high SOC LCO tests, which
have elevated Li*. A greater S0,42~ abundance for LCO than LFP tests can also be seen.
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Figure 15. Abundance comparisons of particulate anions and cations (“A” and “C”) for each cell type
and SOC. The error bars represent the larger of the propagated analytical uncertainty or the standard
error within each SOC.

3.2.5. Comparison with Previous Studies

The mass fractions of major emission components are compared to the literature
values in Table 3. Average values for LFP tests at 100% SOC were used to most closely
match tests in the literature. Only one study [19] reported carbon fractions (also for LFP
cells), while others [17,20,21,24,59] reported the mass fraction of EC (all for NMC cells).
PO,*~ and F~ were reported by Held et al. [20], while elemental P and F were reported by
others [17,21,26,59-61]. The collected particle sizes were much larger than PM; 5 in most
literature, resulting in much higher metal mass fractions due to enriched compositions
from electrodes, current collectors, and casings [23]. The smaller particles are expected to
contain more combustion products, including organic compounds, EC, and PO,3~.

Table 3. Mass fraction comparison to literature values.

SOC and Cell Max Particle

Reference . Total Carbon EC/OC Total P Fand F~ Other Metals
Type Size (um)

This study 100% LFP 2.5 68 16/52 34 3.1(F) 2
[17] 100% NMC 850 30 0.55 0.002 42
[19] 100% LFP 2.5 63 20/43
[20] 100% NMC Settleable 10-15 2.5 (F7) 24
[21] 100% NMC 850 23 0.81 0.60 63
[24] Var. NMC Settleable 68 27

[25,26] 100% LFP Soot 90-94 0.02-0.1 1-2 <2
[59] 100% NMC Settleable 28 0.31 0.34 57
[60] 100% NMC 200 2.2 4.1 92
[62] 100% NMC 50 53

OC and EC carbon fractions from this study compared well to those from Premnath
et al. [19], who also measured PM; 5 particles. Held et al. [20] found that the carbon content
of soot increased from 1-5% at a distance of 1 m to 10-15% at 50 m from the battery
fire, indicating that smaller particles, which remain suspended longer after being emitted,
contained more carbon. The nucleation and condensation of carbonaceous materials upon
cooling will also generate smaller particles further away from the fire. Xu et al. [25,26]
found very high carbon content (90-94%) for soot particles collected near the flame, likely
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dominated by EC. F and total metal contents are more similar to our findings than other
studies. Total P and F~ from this study compared well with literature values, but no
published airborne PO43~ mass fractions were found.

4. Discussion and Conclusions

LIB fires emit a large number of particles over a wide size range. While several past
studies have examined the chemical properties of larger particles, few studies have exam-
ined the properties of PMj 5. These fine particles are of special concern because they can be
inhaled into the human respiratory track and cause adverse health effects [26]. The chemical
compositions of PM, 5 are also important for improving fire detection, designing proper
personal protection equipment for people near fires, such as emergency responders, and im-
plementing proper postfire cleanup. This study fills the chemical composition knowledge
gap for PM; 5 emitted from the combustion of two types of LIBs at various SOCs.

Key characteristics of LIB combustion behaviors and the composition of emitted
PM; 5 are:

(1) Consistent with the higher thermal stability of LFP than LCO cells, LFP tests did not
flame at 0% and 30% SOCs, while LCO tests flamed at all SOCs. LCO tests had more
emissions from flaming as SOC increased, while LFP tests had the highest proportion
of flaming emissions at 50% and 75% SOCs when higher flame temperatures were
detected.

(2)  The chemical composition of the PMj 5 emitted from LIB combustion was dominated
by OM, EC, and PO,3~. While OM was mostly emitted through cell venting, EC and
PO43~ were generated from flaming combustion. Particles from LFP tests had higher
OM but lower EC than those from LCO tests.

(3) OC1-3 fractions that volatilize at a range of temperatures (140-480 °C) were abundant,
indicating the presence of a variety of organic compounds. The high abundance of EC2
and the presence of EC3 in some tests are indicators of high combustion temperatures.

(4) Metals were present in small proportions of PM; 5 mass, with the most abundant
being Li, Mg, Al, Ca, Fe, and Zn. LCO tests had higher Li and Co abundances than
LFP tests, and both elements exhibited a positive correlation with SOC. LFP had
more elements (e.g., Mg, Al, Ca, Fe, Ni, and Zn) that increased in abundance with
SOC. The metal abundances in PM; 5 were much lower than those reported for larger,
settleable particles.

(5) Ionic compounds other than PO,3~ were detected, primarily F~ with lower abun-
dances of CI~ and SO42~. The balance between water-soluble anion and cation species
indicates that the freshly emitted particles were strongly acidic.

(6) While multiple tests within the same nominal conditions (LIB cell type and SOC)
showed mostly consistent PM, 5 characteristics, some variations were observed. In
addition to cell chemistry and SOC, the PM, 5 composition was also affected by the
combustion behavior, such as the fraction of vented emission streams that were ignited
and combustion temperatures.

The detailed PM; 5 chemical compositions and their variation with cell chemistry, SOC,
and combustion behavior will allow emergency responders, LIB manufacturers, and respon-
sible authorities to plan for and respond to LIB fires. The toxicity of the emitted organics,
ionic compounds, and phosphorus and lithium compounds warrants further research.
Future research should also address the interaction between fire suppression methods and
LIB fires, for example, water mist might temporarily intensify fires and increase hydrogen
fluoride emissions [63,64]. Finally, using data from this study to investigate cell chemistry,
electrochemical reactions, and combustion processes may lead to improved LIB designs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/batteries10090301/s1, Supplementary Captions. Figure S1: The
two LIB types tested; Figure S2: A comparison of LFP and LCO cell characteristics and performance
metrics; Figure S3: Correlation between unidentified portion of reconstructed mass and selected mass
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fractions; Figure S4: Thermal carbon fractions as a percent of PM, 5 mass; Figure S5: Proportions of
total elemental abundance attributed to ionic compounds; and Figure S6: Dependence of ion/element
ratios on cell SOC [50,65,66].
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Abbreviations

ueq microequivalent

Al aluminum

Br bromine

Ca calcium

Ca%* calcium ion

Cl™ chloride

Co cobalt

Cu copper

DRI Desert Research Institute

EC elemental carbon

EC1 elemental carbon evolved at 580 °C
EC2 elemental carbon evolved at 740 °C
EC3 elemental carbon evolved at 840 °C
EDX energy dispersive X-ray analysis
ELPI electrical low-pressure impactor
EPA Environmental Protection Agency
Eu europium

EV electric vehicle

F~ fluoride

FAA Federal Aviation Administration
Fe iron

HCl1 hydrochloric acid

Hg mercury

HNO; nitric acid

1C ion chromatography

ICP-MS  inductively coupled plasma mass spectrometry
In indium

K* potassium ion

LCO lithium cobalt oxide

Li lithium
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Li* lithium ion
LIB lithium-ion battery
LFP lithium iron phosphate

Mg magnesium
Mg magnesium ion
Mn manganese
MW megawatt

Na sodium

Na* sodium ion

NASA  National Aeronautics and Space Administration
NH;*  ammonium

Ni nickel

NMC  nickel manganese cobalt oxide
NO;~  nitrate

ocC organic carbon

0C1 organic carbon evolved at 140 °C
0ocC2 organic carbon evolved at 280 °C
0ocC3 organic carbon evolved at 480 °C
0C4 organic carbon evolved at 580 °C
or pyrolyzed carbon

OM organic matter

P phosphorus

PAH polycyclic aromatic hydrocarbons
Pb lead

PM particulate matter

PMy particles with aerodynamic diameters <x um
PO~ phosphate

Pt platinum

S sulfur

Sb antimony

Sc scandium

Si silicon

50,2~ sulfate
S0C state of charge

SEM scanning electron microscopy
TC total carbon

Tb terbium

Ti titanium

TR thermal runaway

XRF X-ray fluorescence

Zn zinc
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Abstract: Ternary lithium batteries have been widely used in transportation and energy storage due
to their high energy density and long cycle life. However, safety issues arising from thermal runaway
(TR) need urgent resolution. Current research on thermal runaway in large-capacity ternary lithium
batteries is limited, making the study of hazard indicators during the thermal runaway ejection
process crucial. This study places a commercial 156 Ah prismatic battery (positive electrode material:
Li(NipgMng 1Coq 1)Oy, negative electrode material: graphite) in a nitrogen-filled sealed container,
triggering thermal runaway through lateral heating. The experimental results show that the battery’s
maximum surface temperature can reach 851.8-943.7 °C, exceeding the melting point of aluminum.
Temperature surge inflection points at the battery’s bottom and near the small side of the negative
electrode coincide with the inflection point on the heated surface. The highest jet temperatures at
three monitoring points 50 mm, 150 mm, and 250 mm above the safety valve are 356.9 °C, 302.7 °C,
and 216.5 °C, respectively. Acoustic signals reveal two ejection events. The average gas production of
the battery is 0.089 mol/Ah, and the jet undergoes three stages: ultra-fast ejection (2 s), rapid ejection
(32 s), and slow ejection (47 s). Post-thermal runaway remnants indicate that grooves from internal
jet impacts are mainly located at +45° positions. This study provides valuable insights for the safety
design of batteries and the suppression of thermal runaway propagation.

Keywords: ternary lithium batteries; thermal runaway; jet characteristics

1. Introduction

In recent years, with the depletion of global fossil energy resources, new energy
sources represented by lithium-ion batteries (LIBs) have been widely applied in the fields
of transportation and energy storage. Among various types of lithium batteries, ternary
lithium batteries, whose cathode materials consist of nickel, cobalt, and manganese, have
become an essential part of modern energy storage technology due to their high energy
density, long cycle life, and low self-discharge rate [1-4]. As battery technology advances,
the application scope of ternary lithium batteries is expected to expand further [5].

However, there are still many safety issues with ternary lithium batteries that need
urgent resolution [6-9]. In recent years, incidents of fires and explosions caused by battery
thermal runaway have occurred frequently. For instance, in 2023, the New York Fire
Department handled 267 fire incidents caused by thermal runaway of lithium-ion batteries,
resulting in 150 injuries and 18 deaths [10]. Accident investigations have shown that lithium
batteries are highly likely to trigger thermal runaway when subjected to mechanical crush,
overcharging, internal short circuits, and high-temperature environments [11-17]. Ternary
lithium batteries have high energy density and generate significant heat during thermal
runaway, with faster heat propagation rates within the battery modules, leading to more
severe fire incidents [18]. Lithium batteries are composed of cathode materials, anode
materials, copper current collectors, aluminum current collectors, separators, electrolytes,
aluminum casings, and safety valves, with the electrolyte and electrode materials being
flammable [16,19-21]. During thermal runaway, reactions between the cathode and anode
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materials and the electrolyte produce large amounts of flammable gases such as CO, Hj,
CHy, and CoHy [22-24], releasing a significant amount of heat that causes the safety valve
to open. This results in combustible gases, electrolyte, and electrode materials coming into
contact with air, leading to intense combustion and flame jets [25-27].

Currently, numerous scholars are conducting extensive research on the mechanisms
of thermal runaway and fire behaviors of ternary lithium batteries. Wei et al. studied
the effects of different abuse methods on thermal runaway behavior using an embedded
thermocouple and an accelerating rate calorimeter (EV-ARC) with Li(Nip 5Cop2Mn 3)O; as
the cathode material and graphite as the anode material. They triggered thermal runaway
using three methods: puncture, overcharging, and side heating, with internal battery
temperatures reaching 994.8, 964.3, and 1020 °C, respectively. Observations indicated that
overcharging-induced thermal runaway caused the most severe battery damage [28].

Ohneseit et al. conducted a study on the thermal runaway behavior of 21,700 batteries
at different states of charge (SOC) using an EV-ARC. The batteries had a cathode material
of Li(NipgCop.1Mng 1)O; and a capacity of 4950 mAh. The results showed that at 0% SOC,
the batteries did not undergo thermal runaway, while at 30% SOC, 50% SOC, and 100%
SOC, thermal runaway occurred [29].

Han et al. performed thermal runaway propagation experiments on aged batteries
using a self-made box. The subjects were 1880 mAh ternary lithium batteries. The results
indicated that, at room temperature, the thermal runaway onset temperature and tempera-
ture change rate of batteries with a state of health (SOH) of 90% were lower than those of
fresh batteries, but the mass loss was significantly greater [30].

Previous studies mainly focused on methods for triggering thermal runaway in small-
capacity batteries [31,32], the impact of SOC [33-36], and SOH [31,37—41] on thermal
runaway. There is relatively less research on large-capacity high-nickel NCM batteries,
and jet studies specifically targeting NCM batteries are also rare. Therefore, this study
investigates the surface temperature and jet characteristics of large-capacity NCM batteries
during thermal runaway. The experiments were conducted in a nitrogen atmosphere with
99.75% concentration. The battery’s cathode material was Li(Nig§Cog.1Mng 1)O,, the anode
material was graphite, and the capacity was 156 Ah. The experiments were carried out in a
1000 L container, with thermocouples monitoring the surface temperatures at five positions
(front, back, left, right, and bottom) of the battery, jet temperatures at three positions (50,
150, and 250 mm above the safety valve), and ambient temperatures at four positions within
the test chamber. Pressure sensors were used to monitor the gas production in real time,
and cameras and recording devices were employed to observe the characteristics during
the battery ejection process. This study aims to provide references for battery safety design
and fire warning systems.

2. Materials and Methods
2.1. Battery Samples

The subject of this experiment is a large-capacity commercial prismatic lithium-ion
battery with a rated capacity of 156 Ah. The cathode material is Li(NipgCop1Mng1)O»,
and the anode material is graphite. The cathode current collector is aluminum foil, while
the anode current collector is copper foil. The energy density is 248.00 Wh/kg, and the
discharge energy is 572.00 Wh. The nominal voltage is 3.65 V. The charging cut-off voltage
is 4.2 V, and after resting for 24 h, the stabilized voltage is 4.146 V. The discharging cut-off
voltage is 2.8 V. The operating voltage range is 2.8 to 4.2 V. The internal resistance of the
battery is less than or equal to 0.6 mQ). The operating temperature range under discharge
conditions is —30 to 55 °C, and under charging conditions, it is —20 to 55 °C. The weight of
the battery is 2287 + 25 g. The main performance parameters of the battery provided by
the manufacturer are shown in Table 1 below.
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Table 1. Basic Parameters of the Battery to be tested.

Item Specification Condition
Nominal Capacity 156 Ah 25°C,52 A(1/3C) DCto 2.8V
Energy 572 Wh 25°C,52 A(1/3C) DCto 2.8V
Specific Energy 248.00 Wh/Kg 25°C,52 A(1/3C) DC to 2.8 V
Operating voltage 2.8~42V —30°C<T<55°C
Cathode Li(NiQ_gCOQ_] MI‘IQ_] )Oz N.A.
Anode Graphite N.A.
Standard Voltage 3.637 £ 0.01V 25 °C, BOL, 40% SOC
Operating temperature (Charge) —20~55°C N.A.
Operating temperature (discharge) —30~55°C N.A.
. 25°C, 1C/1C, 5-97% SOC, 80%
Cycle life >1500 SOH
discharge power >2100 W 25 °C, 50% SOC, 10 s
Discharge power density >912 W/Kg 25°C,50% SOC, 10 s
SOC 100% N.A.
Cell weight 2287 £25¢ N.A.
Cell dimension 220 x 102 x 45 mm N.A.
Shell Material Aluminum alloy N.A.

2.2. Experimental Equipment

The primary equipment used in this study is a self-made sealed pressure vessel with a
capacity of 1000 L. Its basic components include the chamber, signal acquisition system,
gas intake and exhaust system, and thermal runaway trigger system. Figure 1 shows the
composition of the experimental equipment.

The sealed chamber is cylindrical in shape. It has a circular sealing door on the side,
which is secured to the chamber body with bolts. Both the chamber body and the sealing
door are made of Q345R material, with a maximum pressure capacity of 2 MPa.

The signal acquisition system includes pressure sensors inside the chamber, tempera-
ture sensors, voltage signal sensors, and a camera system. An absolute pressure sensor is
mounted on the equipment door, with a range of 0-200 KPa and an accuracy of +0.2%FS.
Its function is to measure pressure changes in the container before, during, and after the
battery thermal runaway. Fifteen K-type armored thermocouples are installed on the sealed
chamber door, with a range of —200 °C to 1300 °C. The thermocouples measure the tem-
perature at various positions on the battery, the ambient temperature inside the chamber,
and the temperature of the ejected gases. Voltage acquisition lines with alligator clips are
also installed on the sealed chamber door to clamp onto the battery terminals and collect
voltage signals in real time. The TP700 multi-channel data recorder displays and stores data
from the absolute pressure sensor, K-type armored thermocouples, and voltage acquisition
lines, and uploads the data to a computer for analysis. A camera with charging capabilities
and recording equipment is installed inside the chamber. The camera has six fill lights
on its side, a battery capacity of 2500 mAh, and can operate continuously for 18 h. It has
128 Gb of storage space, a resolution of 1920 P, and can capture 30 frames per second. Its
function is to record the ejection phenomena during the battery thermal runaway process.
The camera can be reused. The specific protection method involves attaching a 3 mm glass
sheet to the camera using Teflon tape to protect the camera lens. In addition to the lens
area, the rest of the camera is covered with two layers of Teflon tape to isolate heat and
protect the camera body.

The gas intake and exhaust system includes a nitrogen source, intake valve, exhaust
valve, and vacuum pump. The nitrogen source is provided by a pure nitrogen cylinder
with a purity of 99.9%. When the intake valve is manually opened, nitrogen can be charged
into the sealed chamber. After manually closing the intake valve and opening the exhaust
valve, the vacuum pump can evacuate the mixed gases from the chamber.
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Figure 1. Experimental equipment.

The thermal runaway trigger system includes specialized aluminum alloy clamps,
mica insulating boards, electric heating plates, bolts, and nuts. The functions of the
specialized aluminum alloy clamps include: (1) According to China’s GB 38031-2020
“Electric vehicles traction battery safety requirements”, the electric heating plate is closely
attached to the battery, allowing the heat generated by the electric heating plate to quickly
transfer into the battery, triggering thermal runaway. (2) securely installing thermocouples
via bolt connections between the two aluminum alloy clamp planes, preventing them
from falling off during thermal runaway. The mica insulating board, with a thickness of
3 mm, insulates heat transfer, ensuring most of the heat generated by the heating plate is
conducted into the battery. The resistance of the electric heating plate is between 91.8 ()
and 93.8 Q). A DC power supply is used to power the heating plate, maintaining a heating
power of 400 W. According to the research by Jin and Ouyang et al., when lateral heating
triggers thermal runaway in a battery, the greater the power of the heating plate per unit
area, the faster the thermal runaway trigger rate [42]. In this study, a lower power 400 W
heating plate was selected. The battery can absorb more heat from the heating plate before
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thermal runaway, resulting in a more intense thermal runaway process. This simulates the
maximum hazard level during thermal propagation between adjacent batteries.

2.3. Experimental Procedure

1.

Preparation: Charge the 156 Ah NCMS811 battery to 100% SOC (State of Charge) at
0.1 C using a battery charge-discharge machine (model NEWARE BTS4000-5V30A)
and let it rest for 24 h;

Thermocouple Installation: Fix K-type armored thermocouples to the battery surface
using polyimide and Teflon tapes at the temperature monitoring points shown in
Figure 2b,c. Special attention should be paid to the thermocouple near the heating
plate. First, fix it with a layer of polyimide tape, and then attach two layers of Teflon
tape to prevent the thermocouple from coming into direct contact with the heating
plate. This ensures that the thermocouple measures the battery surface temperature
rather than the surface temperature of the heating plate. Clamp the battery as shown
in Figure 2a and use a torque wrench to pre-tighten the fastening bolts to 1 N-m.
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Figure 2. Battery installation. (a) Battery clamping structure. (b) Thermocouple placement locations.

(c) Actual thermocouple placement.
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1. Place the clamped battery in a custom-made sealed pressure vessel with a capacity of
1000 L. The top of the battery should be approximately 800 mm from the top of the
experimental chamber. Adjust the positions of the four environmental monitoring
thermocouples on all sides (top, bottom, left, and right), and start the camera. Close
the pressure vessel door and lock the bolts;

2. Nitrogen Purging: Ensure both the intake and exhaust valves are initially closed. At
the start of the test, open the exhaust valve and turn on the vacuum pump to evacuate
the air inside the chamber. When the pressure drops to 5 Kpa, close the exhaust
valve and turn off the vacuum pump. Open the intake valve to fill the chamber with
nitrogen until the pressure reaches 101 Kpa, then close the intake valve. Repeat this
process three times to reduce the oxygen concentration in the chamber to 0.0025%,
ensuring the chamber is filled with 99.75% nitrogen;

3.  Triggering Thermal Runaway: Turn on the heating plate power supply and maintain
the heating plate at a power of 400 W. Monitor the battery voltage data; when the
voltage drops to 0 V, immediately turn off the heating plate power supply, indicating
that thermal runaway has been triggered;

4. Post-Experiment Procedure: After the battery temperature inside the chamber drops
to room temperature, open the chamber door, collect the solid substances ejected
during thermal runaway, and clean the chamber;

5. Repetition: Repeat the above process for a total of three experiments.

3. Experimental Results and Analysis
3.1. Battery Surface Temperature and Voltage Changes

During thermal runaway, the battery surface temperature undergoes significant
changes [18,43,44]. To measure the temperature at various surfaces during thermal run-
away, thermocouples were attached to the center of the front, back, left, right, and bottom
surfaces of the battery.

Figure 3a shows the changes in surface temperature and voltage during the first
experiment with thermal runaway. The battery was heated with a 400 W heating plate,
causing a gradual accumulation of heat. The temperatures at all monitoring points increased
steadily. When the temperature on the front surface (Tg.op) reached 257.2 °C, the surface
temperature began to rise rapidly, indicating the onset of severe thermal runaway. The
internal battery generated a large amount of gas, leading to the opening of the safety valve,
and the highest recorded temperature reached 943.7 °C. This suggests that a significant
amount of heat was generated during the decomposition of the electrolyte and the short-
circuiting process inside the battery during thermal runaway [45-47]. Concurrently, the
battery voltage dropped sharply to 0. Compared to the findings of Shen et al. [5,48], the
maximum temperature observed in this study was higher, likely due to the larger battery
capacity, which resulted in longer chemical reaction times and more heat generation, leading
to higher temperatures. Therefore, it can be inferred that the larger the battery capacity, the
greater the heat generation during thermal runaway and the higher the temperature.

Figure 3b illustrates the surface temperature of the battery during the thermal runaway
ejection phase. At 1107 s, the Tfront rapidly increased, marking the start of the severe
thermal runaway phase. At 1136 s, the temperature at the back surface (Tp,ck) began to rise
quickly, indicating that the thermal runaway front had reached the back of the battery [49].
At 1140 s, the voltage dropped to 0, signifying the complete reaction of the active materials
within the battery. The propagation of thermal runaway from the front surface to the back
surface took a total of 29 s. Given the battery’s thickness of 45 mm, the propagation speed
of thermal runaway within the battery can be calculated using Equation (1) as 0.00155 m/s.

h
Vincell = ? x 0.001 (1)
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Vincenl Tepresents the propagation speed of thermal runaway within the battery, mea-
sured in m/s; h represents the battery thickness, measured in mm; f represents the duration
of thermal runaway, measured in seconds.
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Figure 3. Battery surface temperature during the first experiment. (a) Battery surface temperature.
(b) Battery surface temperature during thermal runaway ejection. (c) Rate of change in battery surface
temperature. (d) Rate of change in voltage.

Figure 3c shows the temperature rise rate at various monitoring points, with the high-
est rate observed at Derivative (Tgopt), reaching 177.15 °C/s. This is because the continuous
heat input from the heating plate causes more intense thermal runaway reactions at high
temperatures, resulting in a higher heat release rate. The lowest temperature rise rate is
at Derivative (Tpottom), only 17.8 °C/s, indicating good temperature uniformity. This is
because the electrolyte inside the battery evenly distributes the heat generated by thermal
runaway to the bottom surface, and the evaporation of the electrolyte also carries away
a significant amount of heat. The order of the temperature rise rates at the monitoring
points is: Derivative (Tgont) > Derivative (Tpack) > Derivative (Tyigpt) > Derivative (Tie) >
Derivative (Tpottom)- The Derivative (Tjes) and Derivative (Tyigh:) exhibit two peak groups
due to the two wound cores inside the battery, with thermal runaway propagating from
one core to the other sequentially. The order of the appearance of the thermal runaway
inflection points Ty.tr (Where the temperature rise rate exceeds 3 °C/s) is: Time(T¢ont)
= Time(Tpottom) = Time(Tyesr) < Time(Tyighe) < Time(Tp,ck), indicating that the direction of
thermal runaway propagation is from the heated side to the non-heated side, and from the
anode side to the cathode side.

Figure 3d shows the rate of voltage change during the battery’s thermal runaway. At
the start of the thermal runaway ejection phase, the voltage fluctuated for 33 s but remained
mostly unchanged. When the thermal runaway front reached the non-heated side, the
voltage began to drop sharply, decreasing from 4.0 V to 0 V within 6 s. This indicates that
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the battery voltage remains relatively stable during the ejection phase of thermal runaway
and only experiences a sharp decline when the thermal runaway front reaches the back of
the battery [50].

o  Txrgr: Inflection point temperature at the monitoring point (temperature rise rate
greater than 3 °C/s).
o Tx gyt Maximum temperature at the monitoring point.

Figure 4 shows the inflection point temperatures and maximum temperatures at each
monitoring point across three experiments [51], along with the calculated average values
for the three experiments. The average maximum inflection point temperature on the
heated side (front), Tgone-Tr, is 252.5 °C, due to the direct heating effect of the heating plate.
The inflection point temperature at the bottom of the battery ranks second at 126.7 °C.
This may be because the bottom of the battery is directly placed on a mica plate, resulting
in no heat conduction with the air. The temperatures on the left and right sides of the
battery are lower because they are exposed to air, creating thermal convection and causing
some heat loss. The back of the battery has a relatively low temperature due to its distance
from the heat source, leading to significant heat loss during heat transfer. The inflection
point temperatures at the back, left, and right sides of the battery are nearly identical,
at 103.7 °C, 102.7 °C, and 107.6 °C, respectively. The order of the highest temperatures
at the six monitoring points from highest to lowest is: Tgont-max > Thack-max > Tright-max
> Tleft-max > Thottom-max- This indicates that the largest surfaces of the battery have the
highest temperatures due to the maximum contact area with the wound cores, resulting in
efficient heat conduction. Since the copper current collector has better thermal conductivity
than the aluminum current collector, the small surface near the cathode has a higher
temperature than the small surface near the anode. The bottom surface of the battery has
the lowest Thottom-max temperature due to the heat conduction and heat absorption by the
electrolyte’s evaporation.
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Figure 4. Inflection point temperature and maximum temperature at each monitoring point in
three experiments.

3.2. Battery Thermal Runaway Jet Temperature

To measure the temperature of the thermal runaway jet of the battery, three tempera-
ture monitoring points were set up at 50 mm, 150 mm, and 250 mm above the safety valve.
Figure 5 shows the temperature monitoring of the thermal runaway jet of the battery.

Figure 5 shows the temperature monitoring of the battery thermal runaway jet during
the first experiment. Figure 5a—c display the temperatures at three monitoring points across
three experiments. The temperature is highest at the 50 mm position from the nozzle,
ranging from 351.6 °C to 364.2 °C. The temperature is lowest at the 250 mm position from
the nozzle, ranging from 175.3 °C to 216.5 °C. The temperature at the middle monitoring
point fluctuates between 229.8 °C and 302.7 °C. This indicates that the further away from
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400

the outlet, the lower the jet temperature. This is because there are no continuous heat-
producing substances within the jet, causing the heat within the jet to dissipate rapidly into

the environment, thus gradually lowering the jet temperature [52-55].
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Figure 5d shows the rate of temperature change at the three monitoring points during
the first experiment. The maximum temperature rise rates at the positions 50 mm, 150 mm,
and 250 mm from the safety valve were 77.1 °C/s, 40.9 °C/s, and 26.9 °C/s, respectively.
The temperature change rate is inversely proportional to the distance from the outlet. This
is because, during the jet ejection process, the jet expands in multiple directions. The further
the distance from the outlet, the less thermal energy-containing jet reaches the monitoring
point, resulting in lower temperatures [56,57].

Measuring the jet temperature during thermal runaway is challenging because the
shape of the jet often changes. Golubkov et al. (2018) used a fixed device for directional
jetting and placed a thermocouple offset from the centerline, resulting in higher measured
temperatures compared to most other studies on inert gas emissions [58]. This study
focuses on the thermal runaway jet of batteries in a nitrogen atmosphere. Experiments
revealed that during the initial phase of battery thermal runaway ejection, the jet direction
is not directly upward due to the internal structure of the battery.

As seen in the images captured by the camera in Figure 5ef, the initial jet forms an
angle of approximately 45 degrees with the battery. Thus, thermocouples placed directly
above the battery cannot effectively capture the initial jet temperature. As thermal runaway
progresses and the internal structure of the battery is damaged, the jet eventually ejects
directly upwards, allowing the thermocouples to measure the temperature during the latter
part of the ejection process.

3.3. Video and Audio Signals during the Battery Thermal Runaway Ejection Process

To investigate the changes in video and audio signals during the battery ejection
process [59], night vision cameras and recording equipment were used to monitor the
thermal runaway process of the battery. The camera recorded images in night vision
mode, resulting in black and white images. Figure 6 shows the audio signals and thermal
runaway images.
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Figure 6. Sound and video signals during thermal runaway. (a) Amplitude of sound signal during
thermal runaway. (b) Image of safety valve opening during thermal runaway. (c) Image of flame
generation at the start of thermal runaway combustion. (d) Image after completion of thermal
runaway ejection.
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Figure 6a illustrates the process from the opening of the safety valve to the complete
ejection of the battery. The moment when the sound starts is defined as time 0. During the
time intervals of 0-6 s and 24-32 s, the sound amplitude is larger, with a relatively smaller
amplitude in between. This is because, during the thermal runaway process, the heating
plate first triggers thermal runaway in the first wound core, and then the thermal runaway
propagates to the second wound core, resulting in two high-amplitude periods. The total
duration of the sound signal is 34 s. Sound is only produced during high-speed ejection;
low-speed ejection generally does not produce sound.

Figure 6b shows the image inside the chamber at the moment the sound starts, indi-
cating the initial opening of the safety valve. Figure 6¢c shows the image when the thermal
runaway ejection products begin to burn. Figure 6d shows the image inside the chamber
at the moment the ejection sound disappears, indicating that the ejection has essentially
ended and the chamber is filled with solid particle smoke. Therefore, the thermal runaway
process involves the accumulation of battery heat to a certain threshold, partial opening
of the safety valve, the beginning of gas ejection through the safety valve, generation of
airflow noise, and as the reaction progresses, intense reactions and jet combustion occur.
After a period of sustained combustion, the airflow noise ceases, the thermal runaway ends,
and the flames extinguish. By capturing images of the battery and monitoring the light
intensity of the flames, a low-cost early warning method for battery thermal runaway can
be achieved [60-62].

3.4. Pressure Changes and Gas Production

To investigate the gas production rate of the NCM811 battery during thermal runaway
in an oxygen-free environment, the battery was tested under a nitrogen atmosphere, and
the pressure changes inside the chamber were recorded, as shown in Figure 7.
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Figure 7. Pressure and temperature inside the experimental chamber. (a) Pressure changes during
three experiments. (b) Segmentation of ejection phases. (c) Rate of pressure change inside the chamber.
(d) Ambient temperature inside the chamber.

55



Batteries 2024, 10, 282

Figure 7a shows the pressure changes inside the chamber during the three experiments.
During the triggering of thermal runaway, the pressure inside the chamber increased
rapidly [35,63-66], reaching a peak of 203 KPa before quickly dropping and stabilizing
at 143 KPa. The presence of a single pressure peak in this experiment indicates that the
thermal runaway process involved only one ejection event.

Figure 7b illustrates the rate of pressure change inside the chamber during the first
experiment. According to the segmentation of the ejection process proposed in the refer-
ence [67], the gas ejection stage (D) of thermal runaway is divided into three phases:

1. Ultra-High-Speed Ejection Phase (Dy): The time from the start of thermal runaway

ejection (te) to the moment of maximum ejection rate (t,);

2. High-Speed Ejection Phase (Df): The time from the moment of maximum ejection rate

(tu) to the moment when the ejection rate drops to zero (t);

3. Slow Ejection Phase (Ds): The time from the moment when the ejection rate drops to
zero (tf) to the end of the ejection (ts).

Figure 7c shows the rate of pressure change during the three experiments. Based on
the segmentation of the ejection phases, the durations of the ejection phases for the three
experiments are listed in Table 2.

Table 2. Duration of each ejection phase and maximum pressure change rate in the three experiments.

Experiment Du (s) Df (s) Ds (s) De (s) (dP/dt)max (Kpa/s)
Ist 2 32 47 81 17
2nd 3 18 53 74 10.8
3rd 2 17 53 72 14.8
Average 2.3 22.3 51 75.7 14.2
To calculate the gas production during thermal runaway, the ideal gas law Equation (2)
is introduced in this study. By rearranging and transforming the equation, Formula (3) can
be obtained.
PV =nRT 2)
PV PV
n= o — 3)
RTﬂmbientfavemge RTy
In the formula:
e  Pis the pressure inside the chamber, in units of Pa;
e Dy is the initial pressure inside the chamber, in units of Pa;
e Vs the volume of the experimental chamber, in units of m3;
e 1 is the amount of gas in the chamber, in units of mol;
e  Ris the ideal gas constant, with a value of 8.31441 J/(mol-K);
e Ty is the ambient temperature at the start of the experiment, in units of K;
®  Tumbient-average 1S the average temperature of the four environmental monitoring points
inside the experimental chamber, in units of K.
Based on the above formulas and the ambient temperature shown in Figure 7d, the
amount of gas produced during the battery thermal runaway can be calculated. The data
from the three experiments are shown in Table 3.
Table 3. Gas production and parameters from the three experiments.
Experiment P (Pa) Tumbient-average (K) T ymbient-max (K) n (mol) 1,4y, (mol/Ah)
Ist 143,200 321.45 465.7 13.3 0.085
2nd 144,889 318.87 453.2 144 0.092
3rd 141,911 314.62 438.6 14.0 0.090
Average 143,333 318.31 452.5 13.9 0.089
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In the experiment, the distance from the top of the battery to the top of the chamber is
approximately 800 mm. During thermal runaway, the jet reflects off the chamber walls and
fills the entire container, causing the ambient temperature to rise. In the three experiments,
the highest ambient temperature reached 465.7 K (192.5 °C), which is within the operat-
ing temperature range of the pressure sensor (—40 °C to 200 °C). Therefore, the 1000 L
experimental chamber can accurately measure the pressure changes within the chamber.

Because gas production is closely related to battery capacity, a parameter called unit
capacity molar amount, nyj, is defined to evaluate the gas production per unit capacity.
The calculation formula is as follows:

n

- Capacity “)

NAR

In the formula:

e 1y represents the molar amount of gas produced per unit capacity, in mol/Ah;
e  nrepresents the total amount of gas produced by the battery, in mol;
e Capacity represents the battery capacity, in Ah.

Based on the above formula, the unit capacity molar amount for the 156 Ah NCM811
battery from the three experiments is 0.089 mol/Ah.

Based on the research by Shen and Yang et al. [5,48], the main gas components pro-
duced during the thermal runaway of 811 ternary lithium batteries in a nitrogen atmosphere
are CO; (30.75%), Hy (23.96%), CO (22.92%), CoHy (15.71%), and CHy (5.3%).

Figure 8 illustrates the relationship between gas generation and temperature during
the thermal runaway of the battery. The primary processes involved are as follows:

Reaction of lithiated carbon anode with fluorinated
binder:200-260°C

Time

Temperature(°C)
Figure 8. Time Series of Gas Generation [68].

SEI Film Decomposition:
(CH,OCOsLi); — LiCO3 + CoHy + CO, + %Oz (5)

As the temperature increases, the active lithium in the electrodes begins to react with
the electrolyte:
2Li + C3H,O3 (EC) — LipCO3 (6)

57



Batteries 2024, 10, 282

2Li + C4HgO3 (PC) — LipCO3 + C3Hg 7)
2Li + C3HgOs3 (DMC) — LipCO3 + CoHg 8)

The electrolyte simultaneously undergoes its own decomposition reactions:

CyHs0COOC,Hs + PFs — CyHsOCOOPF, + HF + CyH, )
CyHy + HF — CyHsF (10)

CyHsOCOOC,Fy — PF30 + COy + HF + CyHy (11)
Cy,H50COOC;,Hs + PFs — PF;0 + CO, + CoHsF (12)
CyHsOCOOC,Hs + HF — PE,OH + CO, + CyHsF (13)

According to Li et al.’s theory on the ignition triangle of gas generation during battery
thermal runaway, the upper flammable limit (UFL) and lower flammable limit (LFL)
curves of gases produced by ternary lithium batteries exhibit a peninsula shape [69]. The
flammable range remains relatively constant before sharply decreasing, forming a triangular
shape. In this study, experiments conducted in a nitrogen atmosphere effectively extend
the safety threshold during the thermal runaway process of lithium batteries.

3.5. Battery Morphological Characteristics

NCMS811 lithium batteries have high energy density, and their thermal runaway
generates a significant amount of heat. This heat leads to chemical reactions between the
electrode materials and the electrolyte, producing a large amount of flammable gas, causing
the battery casing to become damaged. To investigate the morphological characteristics
of the battery after thermal runaway [70,71], the remnants of the battery from the three
experiments were analyzed. Figure 8 shows the battery’s morphology before and after
thermal runaway.

Figure 9a shows the external appearance of the battery before thermal runaway.
Figure 9b-d display the morphology of the battery after thermal runaway. It can be
observed that 2/3 of the large surface area of the battery casing is damaged and melted,
exposing the internal copper foils. The casing near the safety valve is completely broken,
and jet grooves formed by ejection are present near the safety valve, with jet angles between
45 and —45 degrees.

Experimental data indicate that the inflection point of the pressure increase inside the
experimental chamber caused by the valve opening and the rapid temperature rise occur
almost simultaneously. At the 1106 s mark, the battery’s safety valve opens, and the highest
temperature at the Tfront position is 257.2 °C, which is far below the melting point of the
battery’s aluminum casing at 660.3 °C. Therefore, the battery casing will not be damaged
before the safety valve opens. After the safety valve opens, using the aluminum casing’s
melting point of 660.3 °C as the dividing line:

1.  When the Tgp position temperature is below 660.3 °C, the battery casing remains
intact, and all the jet is expelled through the safety valve;

2. When the T position temperature exceeds 660.3 °C, the battery casing will be dam-
aged, and the jet may be expelled from both the safety valve and the damaged area.

The damage and melting of the battery casing indicate that the intense reactions of the
internal electrode active materials and the electrolyte produced a large amount of heat, with
temperatures exceeding the melting point of aluminum (660.4 °C), causing the aluminum
casing and internal aluminum foils to melt. The exposed internal copper foils show no signs
of melting, indicating that the internal thermal runaway temperature did not reach the
melting point of copper (1083.4 °C). Therefore, the internal thermal runaway temperature
is between 660.4 °C and 1083.4 °C. The jet grooves are mainly distributed at angles of
+45 degrees, indicating that the jet direction is within this range. Placing temperature
monitoring points directly above the ejection outlet may result in inaccurate jet temperature
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measurements. The jet grooves are mainly distributed at angles of £45 degrees, indicating
that the jets are ejected at these angles. This occurs because, during the initial phase of the
ejection, the internal structure of the battery restricts the jet to a 45° angle. As the reaction
progresses, the temperature inside the battery rapidly increases, causing damage to the
internal structure. This results in the airflow starting to damage the central part of the
battery as well. Therefore, setting the temperature measurement point directly above the
nozzle may result in inaccurate jet temperature measurements.

Figure 9. Battery photographs. (a) Battery before thermal runaway. (b) Battery remains after thermal
runaway in the first experiment. (c) Battery remains after thermal runaway in the second experiment.
(d) Battery remains after thermal runaway in the third experiment.

4. Conclusions

In this study, the aim was to investigate the jetting behavior of ternary lithium batteries
at 100% SOC under a nitrogen atmosphere (99.75%) during thermal runaway. This was
achieved by laterally heating the battery with a 400 W heating plate, triggering thermal
runaway in a ternary lithium battery with a cathode material of Li(Nig§Cog 1Mng 1)O, and
a capacity of 156 Ah. Through data analysis, the battery surface temperature, jet tempera-
ture, pressure changes, acoustic signal changes, and post-thermal runaway morphological
characteristics were obtained. The main conclusions are as follows:

1. During the thermal runaway of the 811 ternary lithium battery, the front surface
temperature of the battery can reach 851.8-943.7 °C, and the back surface temperature
can reach 658.3-694.1 °C, both exceeding the melting point of the aluminum casing
(660.4 °C). This melting can cause inaccuracies in temperature measurements. The
temperatures of the bottom surface and the small side surfaces are lower than the
aluminum melting point, and the order of the appearance of thermal runaway temper-
ature inflection points is: Time(Tfront) = Time(Tbottom) = Time(Tleft) < Time(Tright)
< Time(Tback). From the perspective of thermal runaway early warning, monitoring
the temperature at the bottom surface and the small side surface near the battery
anode is more accurate;

2. The highest jet temperatures at 50 mm, 150 mm, and 250 mm above the safety valve
were 356.9 °C, 302.7 °C, and 216.5 °C, respectively. This indicates that the further
from the outlet, the lower the jet temperature. The temperature rise rates at these
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three points were 77.1 °C/s, 40.9 °C/s, and 26.9 °C/s, respectively, showing that the
temperature rise rate is inversely proportional to the distance from the safety valve;

3. Based on acoustic and image signals, it was found that there are two intensive sound
amplitude stages during the ternary battery ejection process, which are closely related
to the number of battery wound cores;

4. Under the conditions of this experiment, the average gas production of the battery
was 0.089 mol/Ah. Based on the pressure data from the first experiment, one ejection
process was observed, which included ultra-high-speed ejection (2 s), high-speed
ejection (32 s), and slow ejection (47 s) stages. Combined with the ejection process
captured by the acoustic signals (34 s), it indicates that exhaust sounds are produced
during the ultra-high-speed and high-speed ejection stages due to high-speed airflow
impact, while no exhaust sound is produced during the slow ejection stage. This
has significant research value for using acoustic signals to provide early warnings of
battery thermal runaway;

5. Based on the post-thermal runaway remnants, it was found that the grooves caused
by airflow impact are mainly located at +45°. Therefore, when measuring the jet
temperature during thermal runaway, monitoring points should be arranged within
the +45° range.
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Abstract: With the widespread application of lithium-ion batteries (LIBs) energy storage stations
in high-altitude areas, the impact of ambient pressure on battery thermal runaway (TR) behavior
and venting flow characteristics have aroused wide research attention. This paper conducts a lateral
heating experiment on 280 Ah lithium iron phosphate batteries (LFPs) and proposes a method for
testing battery internal pressure using an embedded pressure sensor. This paper analyzes the battery
characteristic temperature, internal pressure, chamber pressure, and gas components under different
chamber pressures. The experiment is carried out in a N, atmosphere using a 1000 L insulated
chamber. At 40 kPa, the battery experiences two instances of venting, with a corresponding peak in
temperature on the battery’s side of 136.3 °C and 302.8 °C, and gas generation rates of 0.14 mol/s and
0.09 mol/s, respectively. The research results indicate that changes in chamber pressure significantly
affect the center temperature of the battery side (Ts), the center temperature of the chamber (T¢),
the opening time of the safety valve (topen), the triggering time of TR (trr), the time difference (At),
venting velocity, gas composition, and flammable limits. However, the internal pressure and gas
content of the battery are apparently unaffected. Considering the TR characteristics mentioned above,
a safety assessment method is proposed to evaluate the TR behavior and gas hazard of the battery.
The results indicate that the risk at 40 kPa is much higher than the other three chamber pressures.
This study provides theoretical references for the safe use and early warning of energy storage LIBs
in high-altitude areas.

Keywords: torage; lithium-ion batteries; thermal runaway; flammable limit; gas content;
six-dimensional radar chart; embedded pressure sensor

1. Introduction

Lithium iron phosphate batteries (LFPs) have lots of advantages, such as a high
voltage, small size, high energy density, no memory effect, and a long lifespan [1]. They are
widely used in electrochemical energy storage and other fields [2]. However, security is the
bottleneck restricting the large-scale application of high-specific-energy LFPs [3].

The reliability and quality of a power supply cannot be guaranteed effectively because
of the shortage of conventional energy and the difficulty of supplying the plateau area. But
renewable energy sources such as hydro, solar, and wind power are widely distributed.
However, renewable energy is intermittent and unstable, and electrochemical energy
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storage power stations are the main solution. More and more energy storage stations are
landing at high altitudes [4]. In the high-altitude energy storage field, accidents caused by
LFPs thermal runaway (TR) are increasing, as reported in previous studies [5]. Therefore,
studying the TR characteristics and mechanisms of large-capacity LFPs at low pressure,
especially for high-altitude areas, is of great importance [6].

When the internal heat generation rate of lithium-ion batteries (LIBs) is higher than
the heat dissipation rate, the internal chemical reaction will be aggravated [7], which causes
the battery to burn and explode. In recent years, many researchers have explored the
causes and characteristics of battery TR. Feng et al. [8] found mechanical abuse, thermal
abuse and electrical abuse were the main causes of TR of LIBs. Tran et al. [9] discussed
the reasons for the large-scale internal short circuit caused by TR, focusing on the collapse
of the diaphragm, and summarized the existing methods for establishing TR models. Li
et al. [10] studied the mechanism of thermal runaway after rapid charging of batteries. The
results showed that the reaction between lithium plating and electrolyte was the trigger
for thermal runaway. Guo et al. [11] studied the impact of the heat-transfer coefficient
on the TR response. They found that an increase in the heat transfer coefficient led to a
shorter heat absorption phase in the battery, resulting in a shorter triggering time for TR,
and the critical temperature for triggering TR in the battery also increased. The maximum
battery temperature remained 430 K when the heat-transfer coefficient was higher than
25 W/(m?-K). Xu et al. [12] studied the impact of charge and discharge rates on the TR of
LIBs. The results indicated that the higher the charge rate, the higher the peak temperature
of TR. When the charging rate was 1C, the peak temperature was 362.15 °C and the time
was 283 s. When the charging rate was 3C, the peak temperature was 364.62 °C and the
time was 284 s. Paster et al. [13] studied the differences in TR between aged and normal
LIBs. The results indicated that the heat released during TR in aged batteries is significantly
lower than in normal ones, due to the reduction in lithium in the anode and electrolyte. Li
et al. [14] have created a model of an aluminum heat sink to study the impact of different
structural arrangements on the TR of LIBs. When there is no thermal management structure,
the average temperature of the battery is greater than 500 °C, and when there is a thermal
management structure, the temperature of the four adjacent batteries is lower than 120 °C.

TR of LIBs produces flammable gases [15], and it is important to study the gas content
and flammability for TR protection. Chen et al. [16] studied the TR gas composition and
used the Le Chatelier Formula to calculate the lower flammability limit (LEL). They found
that with the increase in the state of charge (SOC), the LEL showed a trend of initially rising
and then declining. When the battery SOC was 60%, the LEL was the largest at 21.10%.
When the battery SOC was 100%, the LEL was the smallest at 5.08%. Zhang et al. [17] used
gas chromatography (GC) analysis of produced gas components, and they found that an
increase in the multi-chain gas component proportion in mixed gas was the cause of the
increase in the combustible limit range. Baird et al. [18] compared the flammability limits
of Lithium Nickel Manganese Cobalt Oxide (NMC), LFP, Lithium Cobalt Oxide (LCO), and
Nickel Cobalt Aluminum (NCA), and found that among the four types of batteries, LCO
has the lowest LEL at 6.1%, while NCA has the highest LEL at 11.8%.

The venting gases of the LIBs safety valve after opening also enhances the thermal
radiation [19] and the impact on the battery TR behavior, and the resulting harm to the
environment cannot be ignored [20]. Zhou et al. [21] used a high-speed camera to study the
gas venting behavior of LIBs during TR, and LIBs exhibited two distinct venting streams
with speeds of 55 m/s and 40 m/s, respectively. Kang et al. [22] studied the thermal
characteristics that led to thermal runaway of LPF batteries of different capacities under
overcharge conditions. The experimental results showed that the danger caused by TR
increases with the increase in capacity, and the maximum temperature of a 140 Ah battery
is 476 °C, and the maximum temperature of an 86 Ah battery is 374 °C.

With the extensive application of LIBs in plateau energy storage, research on the TR
characteristics and mechanism of batteries under low pressures is a hotspot at present [23].
Liu et al. [24] studied the effect of low-pressure environments on the TR of LIBs. Their
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research found that the propagation velocity of TR increased with the chamber pressure.
When the chamber pressure increased from 0 atm to 1 atm, the propagation velocity in-
creased by 170%. Li et al. [25] studied the effects of low pressure on gas content components.
They found that as the pressure decreased, the content of CO increased, while the content
of CO, decreased. It was caused by incomplete flammability under low pressure. Liu
et al. [26] studied the temperature changes of LIBs under different chamber pressures and
found that the peak TR temperature is lower at low pressure. Ding et al. [27] studied
several key parameters, including the opening time of the safety valve (toen), the triggering
time of TR (f7gr), and the time difference (At). The results showed that as the chamber
pressure decreased from 101 kPa to 30 kPa, f7g exhibited an increasing trend. When the
chamber pressure decreased from 101 kPa to 30 kPa, At decreased to 22 s. Sun et al. [28]
used LiNig 5Cop2Mng 30, soft-pack batteries with a capacity of 10,000 mAh to perform
TR experiments in the air at different low pressures. The researchers found that as the
pressure in the test chamber increased, a significant flame appeared and the temperature
of the battery increased. Zhao et al. [29] introduced a hierarchical framework that takes
advantage of emerging trends in practical, cloud-based artificial intelligence technologies.
The core of this approach is comprehensive monitoring, early diagnosis, and risk prediction
at the battery, package, and system level to improve battery safety.

There have been many studies on the thermal runaway characteristics of LFPs at
low pressure, mainly from several perspectives such as gas production and temperature
change [30]. The innovation of this paper is that the battery is modified and the pressure
sensor is embedded to detect the battery pressure change. In order to further explore
the influence of different chamber pressures on the thermal runaway of the battery in
inert gases, the relative most dangerous chamber pressure is determined to provide a
reference for the safe use of high-altitude or aviation LFPs. Therefore, this study conducts
lateral heating experiments on a 280 Ah LIBs and proposes a method for testing internal
pressure using an embedded pressure sensor. The study analyzes the battery’s characteristic
temperature, internal pressure and chamber pressure, gas content characteristics, gas
mixture composition, and flammable limits under chamber pressures of 40 kPa, 60 kPa,
80 kPa, and 101 kPa. This research explains the mechanism of the influence of chamber
pressure on battery TR. It combines with characteristic parameters, quantitatively predicts
its risk, aiming to provide theoretical reference for the safe use of LFPs in high-altitude
energy storage and aviation fields.

2. Thermal Runaway Experimental Equipment and Methods
2.1. Methodology and Procedure

As shown in Figure 1a, the overall experiment has four parts. Firstly, the battery is
modified with an embedded pressure sensor. Nitrogen is then used to replace the air in
the sealed chamber to reach different pressure. Finally, the thermal runaway experiment
is conducted to obtain the experimental data. As shown in Figure 1b, the experimental
chamber is cylindrical. The internal volume of the chamber is 1000 L, the highest operating
temperature is 1500 K, and the maximum pressure is 5 MPa. The rear gas pump is connected
to charge nitrogen. After the replacement, the chamber is left to stand for 2 h to observe
whether the air tightness is good. Figure 1c shows the battery comparison before and after
the experiment, and the fixture uses 2 N-m clamping force to fix the battery. As shown in
Figure 1d, the data in the chamber are collected by a specific device, and the data of the
battery are obtained by the data collector model HIOKI LR8431-30. As shown in Figure 1d,
the model is a TRACE 1300 gas chromatograph (GC). The gas bag is used to collect the
gas generated by the thermal runaway of the battery, and then the gas is sent into the GC
to analyze the gas composition. This process is repeated three times. It is worth noting
that many researchers use the accelerated rate calorimeter (ARC) for TR experiments, but
this paper is not tested with ARC. The reason is that ARC has a pressure reduction process,
the lumen pressure is difficult to change, and ARC cannot meet the needs of replacing the
inert gas. Therefore, this paper is conducted in the equipment developed by itself. Qian
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et al. [15] also used the same equipment to study TR gas generation behavior. The data
acquisition system includes sensors for temperature and pressure measurements within
the chamber.
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Figure 1. (a) Experimental flow chart. (b) Experimental chamber. (c) Battery changes after thermal
runaway experiment. (d) Data collection. (e) GC analysis.

2.2. Battery with Embedded Sensor

The experimental sample utilizes capacity-type LFPs with a rated capacity of 280 Ah.
The battery shell dimensions are 207 x 72 x 174 mm, with an internal volume of 0.25 L.
The battery cover is equipped with a safety valve measuring 12 mm in length and 20mm
in diameter. The electrolyte of the battery is LiPFg, and the solvent for the electrolyte
comprises ethylene carbonate (EC), methyl ethyl carbonate (EMC), and dimethyl carbonate
(DMC) in a ratio of 1.9:2.8:1. Their respective evaporation temperatures are measured at
248 °C, 107 °C, and 90.1 °C, with a saturated vapor pressure of 5.54 kPa and an evaporation
temperature of 151.1 °C.The battery used in this paper is provided by Xiamen Haichen
New Energy Technology Co. Ltd., Xiamen, China, as detailed in Table 1, which showcases
comprehensive battery parameters.

Table 1. Basic parameters of the sample battery.

Parameters Value
Weight 5.34 +£ 0.3 kg
End of charge voltage 3.65V
End of discharge voltage 25V
Specific heat 1029.49 ]/ (kg-°C)

Zhang et al. [31] used the embedded sensor to obtain the internal thermal state of the
battery. This paper also uses the same method. The embedded pressure sensor schematic is
shown in Figure 2. Firstly, the battery is discharged to 0% SOC, and then the hole is drilled
by a hand drill in the glove box. The pressure sensor is installed using hot melt adhesive.
The modified battery is tested for charging and discharging to determine its capacity state.
The capacity of the battery is recorded for three charge—discharge cycles. The difference
between the three results and the battery capacity before the reform is within 5%, which
proves that the modification method is feasible.
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Figure 2. Battery embedded sensor method.

2.3. Thermal Runaway Experiment

In order to measure the temperature and pressure, pressure sensors and thermocouples
are installed. To ensure the accuracy of the data, the thermocouples are firmly secured
to the battery’s surface using insulation tape. The sensor placement is shown in Figure 3.
Thermocouple (T3) and pressure sensor (P2) are arranged in the center of the chamber.
Thermocouples (T1) and (T2) are positioned in the center of the battery’s side and on the
safety valve. The embedded sensor (P1) is placed 2-3 cm below the battery’s upper housing.
The thermocouples are ETA GG-K-30; the pressure sensors are HM90.

e
7

p-" ¢

T3 [ P2

_ gt

y 4 D

 clamp
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- 4

| N
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0. 5m

Figure 3. TR experimental diagram.

In this experiment, a front heating method was used to trigger TR of the battery. As
shown in Figure 3, the heating plate is fixed to the large side of the battery using a fixture.
The power of the heater is 2000 W. The heating plate and the battery are in close contact
and are fixed in the chamber with a fixed splint. Then, the gas replacement of the chamber
is carried out. Firstly, the vacuum pump is used to replace nitrogen to reach 40 kPa, 60 kPa,
80 kPa, and 101 kPa, respectively, to simulate the plateau environment. After holding for
1 h, the battery TR experiment can be started. The experimental data are automatically
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collected by the data acquisition system. The gas mixture in the chamber is collected by the
airbag for GC analysis.

3. Thermal-Venting Characteristics at 40 kPa
3.1. Feature Temperature

At 40 kPa, the temperature characteristics of the safety valve (T5), center temperature
of battery side (Ts), and the center temperature of chamber (T,) are obtained, as shown in
Figure 4. Figure 4a—d show the temperature change curves of the T, and the temperature

rise rate of valves T and T, respectively.
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Figure 4. Feature temperatures at 40 kPa. (a) Battery safety valve temperature; (b) temperature rise

rate of valve; (c) center temperature of battery side; (d) center temperature of chamber.

As shown in Figure 4a,b, at 40 kPa, the T, shows three rapid increases. The T,
also shows a similar pattern of shift, while the Ts shows two rapid rises. Based on the
temperature change pattern of the valve, the TR of the battery is divided into five stages
as shown in Table 2, with the time range and typical characteristics of each stage listed in

Table 2.
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Table 2. Characteristics of TR in different stages.

Stage I II 111 v v
Time (s) 0-800 800-958 958-1220 1220-1493 1493-2000
1. The safety valve 1. TR is triggered.
opens. 2. Ty and T, 1. The second
1. Heating period. 2. Ty increases increase venting occurs. 1. Cooling stage.
Basic features 2. Ty and T, dramatically, and dramatically, and 2. Ty and T, 2. The temperature
increase slowly. the first crest the second crest decrease after the drops.
occurs, occurs, third peak.
respectively. respectively.
Temperature range Ty 26.6-54 °C 49.6-74.6 °C 49.6-176.2 °C 141.8-245.9 °C
©0) Ts 112.7-138.4 °C 112.7-140.9 °C 136.3-302.8 °C 242.1-254.5 °C
Tc 27-37°C 37429 °C 37.4-63.1°C 63-90.4 °C

From Table 2, it can be seen that in Stage I, the battery is in the heating stage, and the
battery temperature is rising. The main chemical reaction that occurs in this stage is the
decomposition of the SEI film [32], as shown in reaction Equations (1) and (2).

(CHzoCOZLi)z — Li2C03 + C2H4 + C02 + 1/202 (1)

2Li + C3H403 — Li,CO3 + CoHy (2)

Stage II: The battery safety valve opens at 831 s and the Ts is 140.9 °C. After the safety
valve opens, a large amount of chemical reaction mixture and electrolyte vapor is ejected
from the safety valve, carrying a large amount of heat into the chamber. Both of which
reach their first peak in this stage. The Ts decreases rapidly due to heat exchange. The
main chemical reaction that occurs in this stage is that the lithium metal embedded in the
negative electrode reacts with the electrolyte [33], as shown in reaction Equations (3)—(5).

2Li + C3H,C3 (EC) — LipCO3+CoHy 3)
2Li + C5H1003 (DEC) — LiCO3+CoH4+CoHg (4)
2Li + C3HgO3 (DMC) — LiCO3+C,yHg (5)

Stage III: The range of T, is between 49.8 °C and 176.2 °C. The temperature change
rate reaches 1 °C/s at 958 s, defining the moment of TR triggering, which corresponds to a
Ty, of 49.6 °C. Ty reaches its peak change rate at 964 s, which is 1.68 °C/s. At this moment, a
large amount of heat is transferred to the chamber, causing a rapid increase in temperature.
T, reaches a second peak at 1084 s, corresponding to a temperature of 71.6 °C. Subsequently,
the temperature decreases to 57.8 °C after 1084 s. T reaches its peak at 1123 s, which is
302.8 °C. At this stage, the main decomposition process of the battery is film melting, and
the direct contact of the positive and negative electrodes causes an internal short circuit,
releasing a large amount of heat and emitting gases such as O,, C;Hy, HF, and PFs, as
shown in Equations (6)—(8).

LiPFg — LiF + PFs (6)
PFs + H,O — POF; + 2HF @)
C3HgO3 (DMC) + PF5 — CH3;0COOPF, + CH3F ®)

Stage IV: As the chemical reaction progresses, T reaches its third peak at 1275 s, at
90.4 °C, and then rapidly decreases. T, continues to rise rapidly during this stage, reaching
its third peak at 245.9 °C at 1424 s. As the reaction progresses and the internal active
material decreases, the chemical reaction rate gradually weakens, and the temperature
begins to decrease. T; fluctuates around 245 °C, with little increase in temperature. The
chemical reaction occurring in this stage involves the decomposition of the positive elec-
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Ambient pressure [kPa]

trode material to produce Oy and react with the solvent to generate CO and CO,, as shown
in Equations (9)—-(11).

Li _ XFePO4 — (1 — X) LiFePO4 +x/2 F82P207 + X/402 (9)
5/20, + C3H,05 (EC) — 3CO, + 2H,0 (10)
0, + C3H,0;3 (EC) — 3CO + 2H,0 11)

Stage V: Chemical reactions weaken, and the battery enters the cooling stage.

3.2. Internal and Chamber Pressure

The internal pressure changes of the battery, the pressure inside the chamber, and the
temperature and pressure difference changes of the safety valve at 40 kPa are shown in
Figure 5.
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Figure 5. Internal and chamber pressure. (a) Battery internal pressure and pressure difference;
(b) chamber pressure and valve temperature.

From Figure 5a, it can be seen that the internal pressure of the battery exhibits a rapid
increase, followed by a rapid decrease, and then stabilizes. From Figure 5b, it can be
observed that the trend of pressure change in the chamber shows three rapid increases,
similar to the three peak-like increases in the T.

Stage I: The internal pressure range of the battery is 49.4-747.7 kPa. From 0 s to 66 s,
the internal pressure remains basically unchanged, and the T, fluctuates around 26.5 °C.
During this time range, the temperature is far below the decomposition temperature of
the SEI membrane and the evaporation temperature of the electrolyte, indicating that
the electrolyte is in a relatively stable state. From 66 s to 831 s, the internal pressure of
the battery increases linearly, and this curve can be fitted into a pressure/time function
expression as shown in Equation (12). Correspondingly, the range of T is 31.2-140.9 °C,
and the SEI membrane begins to undergo a decomposition reaction.

y = —78.97 + 1.005x 12)

Stage II: At 831 s, the critical pressure inside the battery before the safety valve opens is
747.7 kPa. After the valve opens, the interior of the battery is connected to the chamber, and
the pressure inside the chamber is 44.1 kPa. Subsequently, the pressure slowly increases.

Stage III: At 958 s, TR is triggered, leading to a violent internal chemical reaction. The
electrolyte boils, the separator melts, and the positive and negative electrodes come into
contact. As the temperature rises, the internal energy of the gas increases, causing the
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pressure inside the chamber to rapidly rise during this stage. At 1068 s, the pressure inside
the chamber reaches 56.7 kPa.

Stage IV: The pressure inside the chamber continues to rise. At 1277 s, it reaches the
peak of the entire TR process, at 65.3 kPa.

Stage V: The internal chemical reactions of the battery gradually weaken, leading to a
slower gas content rate. The pressure inside the chamber slowly increases. Eventually, due
to the accumulated gas not being released, the pressure inside the chamber stabilizes at
63.6 kPa.

3.3. Venting Flow Characteristics
3.3.1. Component Identification

Using GC for gas component analysis, the gas composition of the 40 kPa is shown in
Figure 6. From Figure 6, it can be seen that the main components of the gas produced by
the battery under low pressure are Hy, CO,, and CHy, accounting for 46%, 26%, and 12%,
respectively. Among them, hydrogen has the highest proportion.

5
18% H,
6% CH,

co,

EHy

co

10%

11%

55%
Figure 6. Gas composition distribution at 40 kPa.

3.3.2. Flammability Analysis

In order to evaluate the safety of gas generation during TR of batteries, because the
mixture gas contains incombustible CO,, the improved Le Chatelier formula is used to
calculate the flammability limits of the gas mixture. The lowest and highest concentrations
at which a flammable gas mixture can ignite with air are referred to as LEL and UEL,
respectively [34]. The flammability limit range is obtained by subtracting the LEL from the
UEL, as shown in Equations (13)-(17).

100
L= Vi Vo 4 Vs Vi (13)
Lt " Lm2 " Lz ' Lya
Lm (1 + 20 ) %100
LEL = 10 @Dg) % 100% (14)
100 + L ( 1502257 )
100
Un= V; V. v, (15)
ot toetog
U (14 10025 ) x 100
UEL = ( ‘ZDz) % 100% (16)
100 + Un (1082575 )
Range = UEL — LEL 17)

In the formula, Ly, is the lower limit of flammability without inert gases, V,;;per repre-
sents the volume proportion of different gases, L ,;;,;per represents the lower flammability
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limit for different gases, and @p is the volume proportion of inert gases. U, is the upper
flammability limit excluding inert gases; U,;,,per Tepresents the upper flammability limit of
different gases.

The text describes the flammability limits of various components in a mixed gas.
It mentions the LEL as a percentage of the volume fraction of each component in the
mixed gas, and the UEL as a percentage of the volume fraction of each component. It also
introduces R as representing the flammability limit range.

The explosion upper and lower limits of each component gas are shown in Table 3. By
substituting the LEL of each gas into Equation (14), LEL of the mixed gas can be obtained.
By substituting into Equation (16), the UEL can be obtained. The calculation yields a LEL
of 6.42% for the mixed gas and a UEL of 63%. The range is 56.6%.

Table 3. Gas flammability limits table.

Parameter LEL (%) UEL (%)
H, 4 75
CcO 12.5 74
CHy 5 15
CoHy 2.7 36
Mixed gas 6.42 63
Flammability limit range 56.6

3.3.3. Gas Content Calculation

In this experiment, it is assumed that the generated gas conforms to the ideal gas
assumption. The mass flow rate, volume flow rate, and mass change characteristics of the
gas produced by the battery can be calculated based on the differential form of the ideal gas
state equation. Before the safety valve opens, the change in gas content inside the battery
can be calculated based on the internal gas pressure characteristics of the battery, as in
Equation (18). After the safety valve opens, the change in gas from the battery venting can
be calculated based on the pressure inside the chamber, as in Equation (19).

dmy _ il 18)
T,

dt R%e

L (19)

datr Rdc%

The total gas content is obtained by integrating the rate of change of gas content after
the valve is opened. During the time period #;, the gas produced internally is of equal mass.

T,

Jy o dt 20)

n =

In the equation, 1y is the gas content before valve opening, 1, is the gas content after
valve opening, T, is the temperature before valve opening, T}, is the temperature after valve
opening, P, is the internal gas pressure of the battery, P, is the gas pressure inside the
flammability chamber, V; is the internal volume of the battery, V, is the volume of the
chamber, and R is the gas constant, which is 8.314 J/mol-K [35].

After calculating the gas generation, the quality can be calculated using the following
Formulas (21)—(24).

dml _ dﬂ]
ar @ Mo 1)
dmz - di’lz
o a Mo 22)
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o t2 dmz
m= /tl Tt 23)

Mo = p1* My+p2 * Ma+pn+My (24)

In the equation: 1 is the mass before the valve is opened, m; is the mass after the valve
is opened, M is the molar mass equivalent, and the calculated value of My is 10.6 g/mol.
p% represents the percentage composition of each gas and M, e, represents the molar
mass of a specific gas.

The volume can be calculated using the following formula.

f2 4V gy
V= M (25)
Lo

0= pr*¥p1+p2¥p2+ ... Ppu*pPn (26)

In the equation, the equivalent density can be calculated as 0.439 g/m?, where p%
represents the proportion of each gas (as shown in Figure 6), and is the density of a
certain gas.

3.3.4. Venting Flow Characteristics

According to theoretical calculations, the cumulative gas content, cumulative mass,
and cumulative volume of the battery over time at 40 kPa are shown in Figure 7. The blue
area in the figure represents the gas content calculated using the internal pressure, while
the red area represents the gas content calculated using the internal pressure of the chamber
after the safety valve is opened.

From Figure 7, it can be seen that the gas content and the mass volume both show a
trend of rapid increase and fluctuation. The reaction rate has three peaks corresponding to
the three stages of TR.

Stage I: The battery is in the heating stage, maintaining a relatively stable state. At this
time, the safety valve is not open and the gas content is minimal. At 800 s, the accumulated
gas content is 0.067 mol, the accumulated mass is 0.79 g, and the accumulated volume is
1.62L.

Stage II: At 831 s, the safety valve opens, and high-temperature and high-pressure gas
inside the battery is ejected into the chamber. The rate of change of gas content reaches
the first peak, with a rate of 0.09 mol/s, and the cumulative gas content is 0.93 mol. The
cumulative gas volume and cumulative gas mass change trends are the same as the gas
content, at 10.9 g and 22.4 L, respectively.

Stage III: At 958 s, the battery experienced TR, triggering a vigorous internal chemical
reaction and a rapid increase in gas content. At 1008 s, the rate of change in gas con-
tent reached a second peak of 1.87 L/s. At this point, the cumulative gas content was
4.07 moles, with a cumulative gas mass of 48.06 g and a cumulative gas volume of 98.5 L.
Subsequently, the cumulative gas content fluctuated around 4 moles due to convective heat
exchange between gases at different temperatures inside the chamber, causing fluctuations
in temperature and pressure, which in turn affected the cumulative gas content. As the con-
vective heat exchange between hot and cold air inside the chamber ceased, the noticeable
fluctuations disappeared, and the gas content continued to increase.

Stage IV: As the TR reaction of the battery continues, the rate of change in cumulative
gas content reaches a third peak at 1224 s. At this time, the cumulative gas content is
6.61 mol, with a mass of 78.17 g and a volume of 160 L.

Stage V: The battery enters the cooling stage, and the chemical reaction basically stops.
The gas content behavior of the battery stops at 1493 s. The final cumulative gas content is
6.76 mol, with a cumulative gas mass of 79.8 g and a cumulative gas volume of 163 L.
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Figure 7. Gas venting characteristics at 40 kPa. (a) Molar of gas; (b) mass of gas; (c) volume of gas.
4. Pressure Effect on Thermal Behavior
4.1. Feature Temperature
The paper explores the influence mechanism of different chamber pressures on the
failure characteristics of battery. The inert gas pressure inside the chamber is controlled at
40 kPa, 60 kPa, 80 kPa, and 101 kPa, respectively. The Ts and the peak temperature under
different pressure environments are shown in Figure 8.
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Figure 8. Side temperature comparison. (a) Side center temperature; (b) peak temperature.
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Chamber temperature [C]

120

As shown in Figure 8a, at 40 kPa, the peak temperature of Ts reached 303.1 °C at
1124 s. At 101 kPa, the peak of Ts reached 218.1 °C at 1556 s. At 80 kPa, the peak of T
reached 278.6 °C at 1634 s. At 60 kPa, the peak of Ts reached 283.5 °C at 1974 s. The time to
reach peak temperature is in the order of 40 kPa < 101 kPa < 80 kPa < 60 kPa, and the peak
temperature is in the order of 40 kPa > 60 kPa > 80 kPa > 101 kPa. The peak temperatures
for the four pressures are shown in Figure 8b, and the peak temperature decreases with
increasing chamber pressure.

At 40 kPa, T reaches its peak faster compared to the other three pressures. TR is
triggered earliest at 40 kPa, leading to a quicker generation of a large amount of heat. T;
increases as the pressure decreases because of the increase in pressure inside the chamber,
where more inert gas is erupting into the chamber, effectively diluting the concentration of
reaction gas, suppressing TR, and correspondingly exhibiting the suppression of T rise.

The T, under four different pressures is shown in Figure 9. At 40 kPa, T first reaches
its peak at 1276 s, reaching 90.4 °C. At 101 kPa, T first reaches its peak at 1392 s, reaching
103.6 °C. At 80 kPa, T, first reaches its peak at 1567 s, reaching 103.1 °C. At the 60 kPa, T
first reaches its peak at 1862 s, reaching 92.5 °C. The order of peak temperature attainment
time is 40 kPa < 101 kPa < 80 kPa < 60 kPa, and the order of peak temperature from low to
high is 40 kPa < 60 kPa < 80 kPa < 101 kPa. The peak temperatures at four pressures are
shown in Figure 9b. As the pressure increases, the maximum T, continues to increase.
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Figure 9. Comparison of the central temperature in chamber. (a) Temperature in center of chamber;
(b) peak temperature.

The temperature trends under four different pressures are the same, and the peak of
T, increases at higher pressure. However, the Ts changes shown in Figure 8 decrease with
increasing pressure. The reason for this difference is that with higher pressure, the gas heat
transfer coefficient is higher, making it easier for the temperature inside the chamber to rise.

4.2. Internal and Chamber Pressure

This study replaces the air with nitrogen and maintains 40 kPa, 60 kPa, 80 kPa, and
101 kPa to conduct TR experiments. The curves of the internal pressure change of the
battery are shown in Figure 10.

As shown in Figure 10a, the curve represents the internal pressure changes in the
battery. Due to the opening of the safety valve, the trend is an initial increase followed by a
decrease. At 40 kPa, the safety valve opens at 831 s, corresponding to a peak pressure of
725.3 kPa. At 101 kPa, the safety valve opens at 1301 s, with a peak pressure of 726.6 kPa.
At 80 kPa, the safety valve opens at 1402 s, with a peak pressure of 739.2 kPa. At 60 kPa,
the safety valve opens at 1457 s, with a peak pressure of 729.3 kPa. The peak pressures are
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ranked from high to low as 80 kPa > 60 kPa > 101 kPa > 40 kPa. It is worth noting that at
40 kPa, the internal pressure of the battery increases the fastest.
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Figure 10. The internal pressure. (a) Internal pressure change; (b) peak internal pressure.
As shown in Figure 10b, the peak internal pressure of the battery under four different
chamber pressures is similar. The difference is only 0.8%.
The pressure change curve inside the chamber is shown in Figure 11a. At the moment
when the battery safety valve is opened, a large amount of gas enters the chamber, causing
a rapid increase in pressure inside the chamber. At 40 kPa, the peak pressure is 65.3 kPa,
at 60 kPa, the peak pressure is 88 kPa. At 80 kPa, the peak pressure is 116.9 kPa, and at
101 kPa, the peak pressure is 147.4 kPa. The peak pressures are sorted in ascending order
as 40 kPa < 60 kPa < 80 kPa < 101 kPa.
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Figure 11. The chamber pressure. (a) Pressure changes in chamber; (b) peak pressure changes.

As shown in Figure 11b, the internal pressure and the pressure increment inside the
chamber increase linearly with the increase in chamber pressure. The main reason for this
is that the temperature inside the chamber increases with the increase in pressure, causing
the gas inside the chamber to expand and the pressure to increase.

The change in pressure difference is shown in Figure 12a, and the variation is similar
to that in Figure 10a. As shown in Figure 12b, as the pressure increases, the maximum
pressure difference decreases slightly because the peak pressure inside the battery at
different pressures is not significantly different. Subtracting the four increasing chamber
pressure, the calculated maximum pressure difference shows a slightly decreasing trend.
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Figure 12. The pressure difference. (a) Pressure difference; (b) Peak pressure difference.

In summary, at four pressures, the internal pressure and maximum pressure difference
in the battery do not differ significantly, which is similar to the research conclusion of
Wang [36] and others. However, the pressure inside the chamber increases with the increase
in pressure due to the rise in temperature.

4.3. Feature Time

The key time points for characterizing battery failure behavior include trg, topen, and
At. The impacts of these key times at four different pressures are shown in Figure 13.
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Figure 13. The key time of TR.

From the above Figure 13, at 40 kPa, topen is 831 s, trg is 1021 s, and the difference is
190 s. At 60 kPa, topen is 1455 s, trg is 1519 s, and the difference is 64 s. At 80 kPa, topen is
1401 s, t1g is 1432 s, and the difference is 31 s. At 101 kPa, topen 181301 s, tTR i5 1329 5, and the
difference is 28 s. Sorting tr from low to high, we have 40 kPa < 101 kPa < 80 kPa < 60 kPa,
and sorting t,pen from low to high is 40 kPa < 101 kPa < 80 kPa < 60 kPa. Sorting At from
low to high is 101 kPa < 80 kPa < 60 kPa < 40 kPa.

In comparison to 40 kPa, t,pen and trg show a big increase, while the differences are
not significant at the other three pressures. This indicates that t7g and tpe, will significantly



Batteries 2024, 10, 270

Gas production [mol]

advance when the chamber pressure is below a certain critical value because the chamber
pressure of the battery after modification is 101 kPa, and the initial pressure difference
in the 40 kPa environment is 61 kPa, both of which are greater than the initial pressure
differences under the other three conditions. Therefore, reaching the safety valve pressure
difference early and opening the valve earlier under 40 kPa. The TR after the electrolyte
and gas discharge is triggered earlier.

The time difference decreases with the increase in pressure, and the time difference is
particularly large at 40 kPa. There are two main reasons for this. Firstly, at low pressure, the
safety valve opens early, leading to incomplete chemical reactions, requiring a longer time
to reach TR. Secondly, at high pressure, it helps molecules to overcome activation energy,
accelerating the rate of chemical reactions, and reaching the TR state faster after the valve
opens.

5. Pressure Effect on Venting Behavior
5.1. Gas Content

Figure 14 shows the variation rate of gas generation during battery TR at different
pressures, the accumulation characteristics over time, and the maximum gas generation.
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Figure 14. Comparison of gas content.
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According to Figure 14a, it can be seen that the cumulative gas content at 40 kPa,
60 kPa, and 80 kPa shows a trend of rapid increase three times, while at 101 kPa, it shows a
rapid increase only once, which is significantly different from the other three pressures. The
main reason is that at 101 kPa, the time taken for the safety valve to open and trigger TR is
the shortest, and the chemical reaction rate is faster, leading to only one rapid increase. For
the other three pressures, the first rapid increase in cumulative gas content occurs when
the safety valve opens, and the remaining two occur after TR.

According to Figure 14b, the cumulative gas content at 40 kPa is 6.76 mol, at 60 kPa
is 5.76 mol, at 80 kPa is 7.17 mol, and at 101 kPa is 6.57 mol. The cumulative gas content
in ascending order is 60 kPa < 101 kPa < 40 kPa < 80 kPa. Pressure has little effect on gas
production during TR.

From Figure 14c, it can be seen that there are three distinct peaks in the images of the
three pressures, except for 101 kPa, which only has one distinct peak. This corresponds
to the three rapid increases shown in Figure 14a. Table 4 shows the numerical values and
times of the peak rate of change for each pressure.

Table 4. Change rate of the gas content.

Parameter 40 60 80 101

. Value (mol/s) 0.09 0.06 0.1 0.38

The first peak Time (s) 831 1456 1411 1336
Value (mol/s) 0.14 0.1 0.06 \
The second peak Time (s) 1012 1638 1455 \
) Value (mol/s) 0.07 0.04 0.06 \
The third peak Time (s) 1228 1778 1520 \

According to Table 4, the cumulative gas content rate exhibits a peak sequence of
101 kPa > 40 kPa > 80 kPa = 60 kPa. The highest gas content rate is observed at 101 kPa, and
is primarily attributed to the enhanced likelihood of molecular overcoming of activation
energy under high pressure, resulting in an accelerated chemical reaction rate.

5.2. Gas Composition and Proportion

In this study, we conducted four experiments, collected gas samples using gas sam-
pling bags, and analyzed the components using GC. The gas composition and ratios under
four different pressures are shown in Figure 15.
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Figure 15. The proportion of gases at different pressures.
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According to Figure 15, at 40 kPa, the main components of the mixed gas are hydrogen,
methane, carbon monoxide, carbon dioxide, and ethylene, with proportions of 55:10:11:18:6.
At 60 kPa, the proportions are 51:11:11:21:6. At 80 kPa, the proportions are 47:12:11:23:7. At
101 kPa, the proportions are 23:6:5:13:3.

At 40 kPa, the proportion of hydrogen in the gas mixture is 0.55. At 60 kPa, 80 kPa, and
101 kPa, the proportions of hydrogen are 0.51, 0.47, and 0.46, respectively. The proportion
of hydrogen in the gas mixture is significantly higher at 40 kPa compared to the other three
pressures, while the differences in hydrogen proportions are not significant among the
remaining three pressures. The main source of hydrogen is the reaction between binder
and lithium. At high temperatures, the graphite particles on the anode fall off, bringing the
lithium metal into direct contact with the binder, producing hydrogen. Additionally, the
binder material is polyvinylidene fluoride (PVDF) and carboxy methyl cellulose (CMC), as
shown in Equations (27) and (28).

PVDF + Li — LiF+ —CH = CF — +%H2 7)

1
CMC+Li - CMC —OLi + EHZ (28)
There is little difference in methane production under different pressures. Methane is gener-
ated as DMC is reduced by hydrogen to produce methane, as shown in Equations (29) and (30).
1
DMC +Lit +e™ + EH2 — CH30CO;Li + 2CH, (29)

DMC + 2Li" + 2e~ +H, — LipCO;5 + 2CHy (30)

The proportion of carbon dioxide increases with increasing pressure, and the main
source of carbon dioxide is the reaction of oxygen released from the electrolyte and cathode
material, as shown in Equations (29)—(31).

2.50, + C3H,03 — 3CO, + 2H,0 (31)
30, + C3H603 — 3CO; + 3H,O (32)
50, + C4H302 — 4CO;, + 4H,0 (33)

5.3. Flammability Characteristic

LEL refers to the lowest concentration at which a combustible mixture can explode.
Due to the insufficient concentration of flammability, the cooling effect of excess air prevents
the spread of the flame, so it neither explodes nor catches fire at levels below LEL. Therefore,
the lower the LEL, the more dangerous, and the larger the flammability limit range, the
more dangerous [37]. Figure 16 shows the changes in the LEL, UEL, and flammability limit
range under four pressures.

According to Figure 16a, the LEL at 40kPa is 6.42% and the UEL is 63%. At 60kPa, the
LEL is 6.94%, and the UEL is 63.5%. At 80kPa, the LEL is 7.28% and the UEL is 63.6%. At
101 kPa, the LEL is 7.85% and the UEL is 64.5%. The UEL values are sorted in ascending
order as 40 kPa < 60 kPa < 80 kPa < 101 kPa, and the LEL values are sorted in ascending
order as 40 kPa < 60 kPa < 80 kPa < 101 kPa. As shown in Figure 16b, at different chamber
pressures, the flammability limit range basically does not change.
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Figure 16. Flammability limit of mixture. (a) UEL and LEL; (b) flammability limit range.

6. Safety Assessment
6.1. Methdology

The above research shows that the main parameters for characterizing battery safety
include Ts, T, internal pressure of the battery, gas content, LEL, and TR trigger time.
In order to comprehensively evaluate the risk of battery TR under four pressures, this
paper refers to the maximum benchmark method to evaluate each characteristic. The
evaluation method is shown in Equation (32). The scores of a characteristic under a certain
pressure condition are calculated by dividing the value of the characteristic at this operating
condition by the maximum value of the characteristic under the four operating conditions,
and then multiplying by 100.

Scores = (Value/Max value) x 100 (34)

In terms of the triggering time for TR, a shorter triggering time indicates a higher level
of danger. Therefore, the method described in Equation (33) is introduced for quantification.

Time Scores = 100 — [(Value — Min value)/Min value x 100] (35)

6.2. Six Dimensional Radar Evaluation Results

As shown in Table 5, the allocation of six characteristic values under different pressure
conditions is presented. The most dangerous characteristic is assigned a value of 100, with
smaller numbers indicating relative safety. The average of the assigned values for the six
characteristics is used to evaluate the risk of TR in a specific pressure for the battery.

Table 5. Scores of each characteristic quantity.

Parameter 40 kPa 60 kPa 80 kPa 101 kPa

Side temperature [°C] 100 93.5 91.9 72
Chamber temperature [°C] 87.3 89.3 99.5 100
Internal pressure [kPa] 100 92.9 94.1 92,5
Gas content [mol] 94.3 80.3 100 91.6
Lower flammable limit [%] 100 92 86.6 77.7
TR triggers time [s] 100 51.2 59.7 69.8
Average scores 96.9 83.2 88.6 83.9

To visually compare the TR risk under four different pressures, a hexagonal radar
chart, as shown in Figure 17, is plotted for better illustration.
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Figure 17. Comparison of radar charts in different pressures.

6.3. Sequence Analysis

Combining Table 5 and Figure 17, it can be seen that at 40 kPa, the area in Figure 17 is
the largest. At the TR triggering time, internal pressure, LEL, and T are more dangerous
than the other three chamber pressures, and the TR triggering time is far more dangerous
than the other three chamber pressures. T, at 80 kPa and 101 kPa is more dangerous than
the other two pressures. The gas content is the highest at 80 kPa and the lowest at 60 kPa.

According to Table 5, the average scores in descending order are 40 kPa > 80 kPa
> 101 kPa > 60 kPa. Therefore, it is considered that TR is most dangerous at 40 kPa, with
an evaluation score far higher than those of the other three chamber pressures. Among
the six characteristic parameters, four of them scored 100, indicating the most dangerous
conditions. Next is the 80 kPa and 101 kPa, with one characteristic parameter scoring 100.
Finally, for 60 kPa, none of the characteristic parameters were assigned a value of 100,
indicating they are the safest.

7. Conclusions

This article compares the TR characteristics of batteries under different chamber
pressures from the aspects of Ts, T, gas generation, topen, tTr, and gas composition, and
draws the following conclusions.

1.  The paper measures the TR characteristics at 40 kPa using temperature and pressure
sensors. The results indicate that venting occurs twice during the TR process, with
corresponding T, of 163.3 °C and 245.9 °C, and corresponding chamber pressures of
55.3 kPa and 65.3 kPa.

2. At40kPa, gas chromatography analysis reveals that the highest proportion of H, in
the mixed gas is 55%, followed by CO; at 18%, and then CO and CHy at 11% and 10%,
respectively. The LEL and UEL are calculated using the Le Chatelier formula and are
found to be 6.42% and 63%, respectively.

3. The paper further investigates the effects of 40 kPa, 60 kPa, 80 kPa, and 101 kPa on the
TR characteristics of the battery. It is found that chamber pressure significantly affects
the peak of T, T, topen, tTR, At, gas composition, LEL, and UEL. Conversely, pressure
has minimal impact on the internal pressure and gas generation rate of the battery.

4. A six-dimensional radar chart analysis method is proposed to evaluate the danger of
TR under different pressures. The results show that the most dangerous pressure is at
40 kPa, followed by 80 kPa and 101 kPa, while the 60 kPa is relatively safer.

5. Atlow pressure, it is found that topen and trg are much shorter than that of the battery
at normal pressure. At is significantly longer than that of the battery under normal
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pressure. It is recommended that designers use the opening sound of the safety valve
or the gas concentration to catch the opening action quickly and take action at longer
time intervals.

This study proposes a testing method with embedded pressure sensors and an eval-
uation method based on a six-dimensional radar chart. It analyzes the characteristics
and mechanisms of TR under different pressure conditions, providing theoretical refer-
ences for the safe use and TR warning of lithium-ion batteries in the high-altitude energy
storage industry.
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Abstract: Battery packs found in electric vehicles (EVs) require thermal management systems to
maintain safe operating temperatures in order to improve device performance and alleviate irregular
temperatures that can cause irreversible damage to the cells. Cylindrical lithium-ion batteries are
widely used in the electric vehicle industry due to their high energy density and extended life cycle.
This report investigates the thermal performance of three liquid cooling designs for a six-cell battery
pack using computational fluid dynamics (CFD). The first two designs, vertical flow design (VFD)
and horizontal flow design (HFD), are influenced by existing linear and wavy channel structures.
They went through multiple geometry optimisations, where parameters such as inlet velocity, the
number of channels, and channel diameter were tested before being combined into the third and
final optimal design (OD). All designs successfully maintained the maximum temperature of the
cells below 306.5 K at an inlet velocity of 0.5 ms ™!, meeting the predefined performance thresholds
derived from the literature. The HFD design was the only one that failed to meet the temperature
uniformity goal of 5 K. The optimal design achieved a maximum temperature of 301.311 K, which
was 2.223 K lower than the VFD, and 4.707 K lower than the HFD. Furthermore, it produced a cell
temperature difference of 1.144 K, outperforming the next-best design by 1.647 K, thus demonstrating
superior temperature regulation. The OD design can manage temperatures by using lower inlet
velocities and reducing power consumption. However, the increased cooling efficiency comes at the
cost of an increase in weight for the system. This prompts the decision on whether to accommodate
the added weight for improved safety or to allocate it to the addition of more batteries to enhance the
vehicle’s power output.

Keywords: thermal management; liquid cooling; wavy channel; linear channel; parameter optimisa-
tion; lithium-ion battery pack

1. Introduction
1.1. Background

With increasing concerns about global warming, the need to transition to renewable
energy sources and reduce greenhouse gas emissions is paramount for preserving the
future of the planet. The transportation sector alone contributes to 24% of the UK’s total
emissions, with cars accounting for 52% of the sector’s emissions [1]. The demand for
electric vehicles (EVs) is expected to surge in the coming years due to the sustainability
goals pursued by both the public and the government. Batteries are the primary power
source for EVs, and continuous developments in battery technology have significantly
improved EV performance, including charging speed, life cycle, and range. However, the
absence of effective battery thermal management systems (BTMSs) can severely impact
vehicle performance. For instance, abnormal temperatures can degrade the battery capacity,
shorten the EV’s lifespan, and, in extreme cases, lead to thermal runaway, resulting in
combustion and explosion [2]. Due to the critical role of battery thermal systems in EVs, this
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report will examine and present the development of three cooling structures, the vertical
flow design (VFD), horizontal flow design (HFD), and optimal design (OD), and assess
their effectiveness in regulating temperature within the battery pack.

1.2. Literature Review

The following literature review aims to provide a comprehensive summary of the key
areas influencing EV BTMSs, focusing on battery types and different cooling methods.

1.2.1. Batteries

As of 2015, lithium-ion batteries accounted for 85.6% of deployed energy storage
systems [3]. Their widespread use in EVs is attributed to several advantages over alternative
rechargeable batteries, such as nickel-, sodium-, and lead-based batteries. These advantages
include a higher operating voltage of up to 3.7 V, making them ideal for high-power
applications, and exhibit a low self-discharge rate, enabling them to store charge for longer
periods and therefore extending their lifespan [4]. EV manufacturers primarily utilise
three cell shapes: cylindrical, prismatic, and pouch cells. Cylindrical cells are available
in standardised dimensions of 18,650, 21,700, and 46,800; for example, all units are in
millimetres, with 18 and 65 representing the cell diameter and height, respectively [5].
Prismatic cells do not have a universal size but are rectangular in shape, and compared
to cylindrical cells, they feature lower voltage and fewer connections, resulting in slower
discharge rates. However, their fewer connections allow for larger energy capacities [6].
Cylindrical and prismatic cells are the preferred choice for EV manufacturers; conversely,
pouch batteries are an emerging technology, inducing high production costs, but most
importantly, their low mechanical resistance makes them a risk for installation in vehicles [5].
The significant hazards associated with pouch cells make them an unpopular choice for
designing battery packs.

Excessive heat generation within batteries occurs during the charging and discharging
process because of changes in enthalpy, electrochemical polarisation, and resistive heat-
ing [7]. Additional thermal issues, such as uneven temperature distribution, can arise
from capacity fading, self-discharge, and electrical imbalance. Liu et al. [8] found that
when the temperature of the battery exceeds 353.15 K, the chemical reaction rate inside
the cells increases, causing excessive internal heating and initiating the thermal runaway
process. According to Ji et al. [9], the maximum temperature range before performance
degradation for a lithium-ion battery is 253.15 K to 333.15 K, while the optimal operating
range is between 298 K and 313 K. Uneven temperature distribution can also affect the
battery lifespan, so the difference in maximum and minimum temperatures in a battery
pack should be less than 5 K to achieve the best performance [10]. Thermal problems can
affect the lifespan of the battery pack, which is why cooling methods are implemented
to dissipate heat, manage heat flow, and ensure the battery packs are operating within
the optimal temperature range with minimal temperature variation. The literature has
presented the three main types of cell types, and the focus of this study will be on cylindrical
cells, given their widespread use.

1.2.2. Cooling Methods

This section explores the different cooling methods that can be employed in BTMSs in
order to alleviate abnormal temperatures. Air cooling and liquid cooling are universally the
most used methods of cooling and will therefore be discussed to guide the development of
the cooling structures showcased in this report.

Air Cooling

Despite its poor thermal conductivity, air cooling is a preferred choice for certain
Chinese and Japanese EV manufacturers, such as BYD, Toyota, and Nissan [11], due to its
simplicity and low costs. Air cooling can be classified into forced and passive air cooling.
Passive cooling relies on the movement of the vehicle to naturally send air through the
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system but does not provide a sufficient cooling capacity compared to forced air cooling,
which makes use of fans to blow air across the surface of the cells. Although liquid
cooling contains a more complex geometry and heavier design, it can be 2-3 times more
efficient than air cooling. The average liquid-cooled structure lowers the cell temperature
by 3 K, resulting in energy savings of up to 40% while also making the battery pack more
compact [11].

Liquid Cooling

Liquid cooling is held at a higher degree of importance to researchers as it is the most
efficient cooling method, being employed by many EV manufacturers such as Tesla, BMW,
and Chevrolet [12]. Liquid cooling can be classified into direct and indirect cooling, where
direct cooling involves immersing the cells directly into a fluid, offering advantages like
maximum contact area and enhanced thermal uniformity [13]. Despite these advantages,
direct cooling is rarely employed in BTMSs because of the potential short circuits and
electrochemical reactions that can arise from the difficulty of producing completely water-
resistant battery packs [13]. Indirect cooling utilises metal cooling plates, tubes, or jackets
containing embedded miniature coolant channels [12]. These metal structures contact the
surface of the cell, allowing heat generated from the cells to be transferred through the
plates to the flowing coolant, which carries the heat out of the system. This approach
eliminates the direct contact between the battery and coolant, minimising the risk of
electrical short-circuiting. Tang et al. [14] investigated the effect of the coolant velocity at
the inlet for a cold plate prismatic cell pack. A discharge of 2C was applied to the cells,
and velocities ranging from 0.1 ms™! to 1 ms™! were evaluated. Greater temperature
reductions and thermal uniformity were observed at velocities above 0.5 ms~!. This
was only tested with one coolant channel applied along the edge of the cell, opening
the potential for investigation into more channels and their placements. Zhao et al. [15]
investigated the common wavy /serpentine channel design, referencing a Tesla Model S
battery pack consisting of 71, 18,650 Li-ion cells. The structure was made of an aluminium
alloy with a width of 2 mm and a height of 65 mm. It consisted of a singular coolant channel
spanning the length of the structure. Channel angles of 10°, 20°, 30°, and 40° were used,
and the thermal performance improved as the angles increased. This improvement was
attributed to the larger surface contact area achieved with larger channel angles, resulting in
greater thermal transfer and a lower cell temperature. The study by Xu et al. [16] confirmed
this effect and tested their own linear U-shaped structure with grooves to slot the cells
into place. It was found to be inferior to the wavy channel design, achieving a lower
maximum temperature of 0.37 K. A linear flowing channel design (LCD) constructed by
Lloyd et al. [17] features a uniform arrangement with four channels and contact points
per cell, providing 75% contact with the surface of each battery. This structure was able
to maintain the cell temperature within the optimal operating range and achieve the
recommended thermal uniformity proposed by Ji et al. [9]. A low mass flow rate of
7.5 x 10° kgs ! was used to save energy consumption, and channels with diameters of
3 mm, 6 mm, and 9 mm were assessed. The results revealed that larger diameters only
marginally reduced maximum temperatures. A mini channel-cooled cylinder (MCC) design
by Yates et al. [18] consists of a 3 mm thick cylinder structure with multiple microchannels.
This design fully encapsulates the cells and is therefore expected to provide the greatest
heat transfer. Comparing the MCC design to the LCD at a cell operating at a 5C discharge
rate, the maximum temperature of the MCC reached 309.308 K, while the LCD reached
310.26 K. This confirms that surface area contact plays an important role in determining the
cooling effectiveness of designs.

The literature review has highlighted the importance of liquid cooling and the many
types of cooling structures. The wavy channel design is prevalent, and this report will
explore further angle variations, whilst examining various numbers of coolant channels to
further optimise the design. Refining the linear channel design can potentially improve
thermal capabilities, as it utilises less material while still providing commendable thermal
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regulation. Therefore, my iteration of the LCD will incorporate a slightly modified shape,
and the coolant channel diameter will be adjusted accordingly. To further enhance the
scientific relevance of the study, a third and unique design will also be included.

2. Materials and Methods

The objective of the project was to develop and evaluate the effectiveness of liquid
cooling structures for thermal management within a battery pack. As identified in the
literature, liquid cooling surpassed air cooling in terms of heat capacity and heat transfer
efficiency, making it the chosen method for the investigation. Cylindrical cells are the most
common cell geometries for battery packs; hence, the cooling system will be tailored to
these specifications, as it offers more value and practicality.

2.1. Battery Chemistry

Lithium-ion batteries are the most popular type of battery, specifically those consisting
of a LiFePO4 chemistry. In cylindrical cells, the internal components include the cathode,
anode, separator, and current collectors, which are spirally wound [19]. The electrochemical
reactions that occur during charging (+—) and discharging (—) at the electrode/electrolyte
interfaces are presented by Equations (1) and (2) [19]:

Negative electrode : LixCg = Cg+xLiT +ze™ 1)
Positive electrode : Li;_,FePOy + xLi" + ze~ < LiFePOy, 2)

2.2. Battery Material and Properties

Modelling the physical and chemical reactions occurring within the cell can be chal-
lenging. Therefore, to reduce computational complexity, the internal battery components
were simplified to a solid cylinder with uniform heat generation and homogeneous material
properties. This simplification ensured a steady transfer of heat to the surroundings and re-
duced the computational requirements. The properties of the simplified cell model, sourced
from Zhao et al. [20], are presented in Table 1, alongside other experimental materials,
utilising the Ansys material database.

Table 1. Material properties.

Materials

Density (kg m—3)

Specific Heat Capacity Thermal Conductivity Viscosity (kgm-1s-1)

(Jkg 1K1 (Wm-1K-1)
Liquid water 309.219 4182 0.6 1.003 x 1073
Aluminium 305.705 871 202.4 -
Li-ion battery 304.842 1108 391 -

A battery undergoing a 5C discharge rate experiences significant strain and shock,
which can increase the chance of chain reactions. Wang et al. [21] studied the effects of a
single cell operating at this discharge rate and found that the heat generation increased
linearly, reaching a maximum temperature of 351 K after running transiently for 720 s. These
results were validated by Lloyd et al. [17], who calculated the equivalent heat generation
rate of the cell to be 138,000 Wm 3. These findings served as the basis for establishing the
heat generation of the battery pack in my own investigation.

Three models were created for the study. The first model featured a new partial jacket
structure, resembling a four-point star configuration, which provides more contact with
the cell. The second model focused on adapting the traditional wavy channel, where
modifications were made to explore different channel angles and the number of coolant
channels to assess variables not explored in the literature. Finally, the third and novel model
integrated both the wavy channel design and the partial jacket design with the optimised
parameters from the first two designs. One unique aspect of this model is the bidirectional
flow of coolant, which has not been explored in the literature. Many parameters will need
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to be modified for each design, so utilising CAD and CFD software (Ansys 2024 R1) for
modelling and experimentation will allow for an easy adjustment of the geometry and
parameters. This approach will require significantly less time and resources as opposed to
physical setup and model manufacture. SolidWorks 2022 will be used for model creation,
and once these models are created, they will be downloaded as a STEP file and imported
into Ansys 2024 R1, along with its fluent module, where meshing and simulations will
take place to analyse the heat generation of the cell and the extent to which the cooling
structures can manage the cell temperatures.

2.3. Numerical Model

The governing equations presented below explain the thermodynamics and coolant
dynamic principles that are fundamental to the numerical investigation. The tempera-
ture (T},) of a single lithium-ion cell can be modelled by the general conservation energy
Equation (3) [19]:

)
5 <Pb * Cpp * Tb> =V (kpxVTy) + dgen ®3)

where pj, denotes the generalised density of the battery, ¢, , is the specific heat capacity
of the battery, and ky, signifies the generalised thermal conductivity of the battery. qgen is
the total heat generation of the battery and can be determined by the simplified Bernardi
Equation (4) [22]:

1 du
Gyen = <1§Rb - Ibde—Tb> )

where V, is the volume of the battery, I, is the internal current of the battery, and Ry, is the
internal resistance of the battery. The term % represents the temperature coefficient, a
variable related to the electrochemical reaction of a cell and derived from the open-circuit
voltage of the battery, Uy,. Liquid water was the coolant used in the research, maintaining a
constant mass throughout the system. According to Zhou et al. [23], the coolant flow and
heat transfer can be expressed by continuity Equation (5) [23], momentum conservation
Equation (6) [23], and energy conservation Equation (7) [23]:

0
%+v*(pw*7w)=o (5)
67—‘”—&-(7 *V)7 *—iV*P—F *V2(7> (6)
5t w w = Ow Ky w
%(pw s cpw * Tw) + V * <pw * Cpw * Vo * Tw) =V (ky*VTy) (7)

where t represents time, 7w is the velocity of water, u, indicates the dynamic viscosity of
water, and P represents pressure. The subscript ‘w” is used to denote variables associated
with water that have been previously identified. The heat transfer between the coolant, cool-
ing channels, and the battery can be modelled by the heat flow Equations (8) and (9) [17]:

Q=mx*c* VT (8)

Q=h*A*xVT )

where Q is the thermal energy, m is the mass flow rate, h is the heat transfer coefficient,
and A is the surface area for heat transfer. The Reynold number (Re) (8) [16] can be used to
calculate the coolant flow characteristics:

o pwvwd
Hw

R (10)

where d represents the characteristic length. The Reynolds number is used to determine
the coolant flow characteristics, which can be laminar, transitional, or turbulent.
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2.4. Battery Pack Development

The first model, the vertical flow design (VFD), draws inspiration from the structure
created by Lloyd et al. [17]. The second model, the horizontal flow design (HFD), is based
on the serpentine design by Tang et al. [24]. The third and final model combines the features
of the VFD and HFD. The cooling systems were developed in SolidWorks and configured to
regulate the temperature of six 18,650 cylindrical cells. These cells were uniformly arranged,
with each cell positioned 20 mm apart from the adjacent cell.

2.4.1. Vertical Flow Design (VFD)

Typical linear liquid cooling structures contain a coolant domain located above and
below the cells with one inlet and one outlet, as shown in Figure 1a. Both this model and
a simplified version, as shown in Figure 1b, were tested with a set inlet velocity and cell
heat generation. The results revealed only a minimal temperature difference of 0.02 K
between the two designs. Therefore, the simplified version was adopted as it significantly
reduced model complexity and simulation time. The four-point star-shaped structure,
which is 65 mm in height, interlocks the cylindrical cell surfaces, as illustrated in the top
view drawing in Figure 1c. This figure also depicts the variation in channel diameters,
which will be evaluated in the simulations. Additionally, the inlet flow velocity will be
tested at 0.01 ms~1, 0.05 ms™ 1, 0.1 ms~ %, 0.5 ms !, and 1 ms~ 1. These parameters were
selected to explore untested variations in the cooling design and to validate against the
existing literature.

I:I Aluminium casing e

—

20.00

-—

P& 0 <

(b) (c)

Figure 1. VFD views and dimensions (mm): (a) isometric view of VFD with fluid domain and inlet;
(b) isometric view of simplified VFD; (c) battery pack top view and arrow indicating the section of
the design that will have channels of varying diameters.

2.4.2. Horizontal Flow Design (HFD)

The second model created is illustrated in Figure 2a. Figure 2b shows the top view of
the pack, depicting the cooling plate thickness and channel angles of 45 °, 55 °, 65 °, and
75° selected for the investigation. Then, 1, 2, 3, and 5 coolant channels will be examined,
with the width of these channels remaining constant. The varying height dimensions of the
coolant domain are illustrated in a front view in Figure 2c.
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(b) ()

Figure 2. HFD views and dimensions (mm): (a) HFD isometric view; (b) top view and dimensions,
with an arrow showing the detailed view; (c) front view dimensions of the inlet/outlet fluid domains.

2.4.3. Optimal Design (OD)

Ilustrated in Figure 3 is the OD, the third and final cooling structure. This figure also
depicts the design methodology of the OD which combines components from both the HFD
and VFD. The OD incorporates an outer wavy channel and a star-shaped configuration
into a single design. Two horizontal channels with an angle of 65° were used, determined
through testing of the thermal efficiency based on simulations of the VFD and HFD.

Figure 3. Construction of OD model with coolant inlet and outlet directions.

2.5. CFD Configuration and Boundary Conditions

Once the CAD model’s geometries were created, they were imported into Ansys 2024
R1, and a tetrahedral-shaped mesh was selected due to its ease of generation in complex
geometry cases. A mesh refinement study was conducted on the VFD to determine the
optimal mesh density, using the maximum temperature as a basis to ensure accurate
solutions. The results are presented in Figure 4 and show that the maximum temperature
converges when more than 400,000 elements are produced. The final mesh utilises a
1 mm element size, producing 781,479 elements. As this mesh size produced satisfactory
convergence, it was applied to the other designs as they share similar geometry. This
mesh was further refined using inflation layers over walls, flow channels, and cells where
heat transfer and thermal gradients are expected. The total number of mesh elements
for each design and parameter change was maintained at a similar range where possible.
Specifically, 781,479 elements were produced for the VFD, and 712,904 elements were
produced for the HFD, as shown in Figure 5a,b, respectively.
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Figure 4. Mesh dependency study on VED.
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Figure 5. Mesh generation for (a) VFD and (b) HFD.

In the fluent module, the double precision solver option was selected along with
four solver processors. A pressure-based solver and absolute velocity formulations with
a transient time step were chosen. The fluent energy model was activated to enable heat
transfer, utilising energy conservation Equation (7). The viscous standard k-¢ model with
enhanced wall treatment was selected, as the flow characteristics were expected to range
from laminar to turbulent flow, depending on variations in channel diameter and inlet
velocities as per Equation (8). As recommended by Yates et al. [18], the ambient temperature
of the environment is set to 300 K, assuming an adiabatic environment for the battery packs.
Therefore, the outer surfaces of the battery packs were designated as thermally insulating
boundaries, considering their confined environments with restricted airflow and minimal
thermal influence. Material properties used in this investigation are shown in Table 1, with
aluminium being assigned as the cooling structure material, custom battery material for
the cells, and liquid water for the coolant. Wall surfaces within the channel were set as
stationary with a no-slip condition. The solid and coolant cell zones were set as coupled to
allow for natural convection in the system.

A heat generation rate of 138,000 Wm 3 was applied to each cell, highlighted in green
in Figure 6, to replicate heat generation in a cell undergoing a 5C charge/discharge rate.
The temperature of the coolant at the inlet was set to 300 K, and the velocities were adjusted
accordingly to the project aims. The inlet location and coolant path of both designs are
depicted in Figure 6 by the blue arrows and blue lines.
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Figure 6. Boundary condition selection for (a) VFD and (b) HFD.The calculation initialisation was
computed from all zones, and the calculation was set to run for 720 s to replicate the time it takes a
cell to reach maximum temperature at 5C.

The timestep was set to 1 s for boosted accuracy, with a maximum number of iterations
per time step set to 400 to increase the chances of convergence. Although, the maximum
number of iterations it took for the time step to converge was 20. Following the completion
of each design and variable change in the investigation, the boundary conditions, solution
activities, and monitors to record and plot the maximum and minimum temperatures
for the cell volume were all transferred to the subsequent stages. The simplified CFD
configuration process can be summarised by the flow chart from Figure 7.

D Mesh generation EE— Solver selection

Heat generation and inlet Boundary conditions

condition selection

- Material assignment

- Environment condition

Figure 7. Flow diagram outlining CFD configuration of each design.

3. Results
3.1. Vertical Flow Design Results and Analysis
3.1.1. Influence of Inlet Velocity on VFD

The first parameter optimisation study explored the impact of inlet velocity on the
maximum temperature (Tmax) and temperature difference between the maximum and
minimum (AT) of the battery pack. For this study, 6 mm channels were used. Figure 8a
presents the results for the effect of the five different velocity values on the Tmax of the cell.
A clear trend is illustrated where increasing the velocity reduces the Tmax of the cells. This
trend aligns with heat flow Equations (8) and (9), where the rate of heat flow is directly
proportional to the mass flow rate and hence the velocity. Initially, the temperature rises
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rapidly for all velocities within the first 60 s of cell discharge, after which the temperatures
begin to diverge. Beyond 320 s, the Trax of the cell is reached and levels out for all
velocities except for 0.01 ms~!. Table 2 provides the maximum temperature and uniformity
achieved by the cell after 720 s for different velocities. Comparing the results reveals that
the difference in final maximum temperatures between 0.5 ms ! and 1 ms~! is only 0.327 K,
while the difference between 0.1 ms~! and 0.5 ms ™! is 1.308 K, indicating the diminishing
effectiveness of higher flow rates beyond 0.5 ms~!. This study can be validated against
the work of Lloyd et al. [17], where their LCD of a six-cell lithium-ion battery pack with
dimensions, material, and shape produced a Tmax of 309.308 K, which is 0.029% different to
the Trax from the work of this cooling structure.

Maximum Temperature (K)

Cell temperature at different inlet flow velocities

Thermal uniformity for different inlet flow velocities
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Figure 8. Effects of flow velocity on (a) maximum cell temperature and (b) cell temperature difference.

Table 2. Maximum temperature and uniformity achieved by the cells at different inlet velocities.

Velocity (ms—1) Tmax (K) at 720 s AT (K) at 720 s
0.01 309.219 1.733
0.05 305.705 1.503
0.1 304.842 1.426
0.5 303.534 1.306
1 303.207 1.271

Figure 8b shows the relationship between increasing inlet velocity and thermal uni-
formity. The first 80 s of the simulation feature a steep rise in AT before it stabilises as the
lithium-ion core cools at the same rate as the surface. A temperature differential is present
because the VFD comes into contact with half of each cell, leaving the outer part exposed
to the air. This makes it difficult for the heat generated to dissipate, resulting in higher
temperatures than the rest of the pack. Table 2 reveals that the AT is only 0.462 K between
the largest and smallest velocities tested. Despite the lowest velocity producing a AT of
1.733 K, it is still within the maximum AT goal of 5 K. These results demonstrate that the
inlet velocities have a greater effect on the maximum temperature of the cell than on tem-
perature uniformity. All examined velocities satisfy the desired operating temperatures of
298 K < Trax < 313 K and AT < 5 K. As the results of the 0.5 ms~! were very similar to and
within 0.12% of the Tax observed at a velocity of 1 ms~!, it will be used as the velocity for all
remaining experiments as it balances effective thermal regulation and power consumption.

3.1.2. Influence of Channel Diameter on VFD

Next, the channel diameter for the VFD was varied while using a constant inlet
velocity of 0.5 ms~ L. Figure 9a shows the relationship between Tpax and channel diameter,
indicating a reduction in Tmax as the channel diameter increases. This is explained by
the heat flow Equations (8) and (9), which suggest that increasing the channel diameter
increases the heat transfer area between the coolant and channel interior. Table 3 provides
the Timax and AT values recorded at the end of the battery discharge for the tested channel
diameters. Notably, the Tax of the 4.5 mm and 9 mm diameter channels measured
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303.750 K and 303.297 K, respectively, only showing a marginal difference of 0.453 K. This
can be attributed to the velocity in the channel decreasing as channel diameter increases,
reducing the heat transfer coefficient, and counteracting the cooling capability.

Cell temperature for different channel diameters Thermal uniformity for different channel diameters
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Figure 9. Effects of channel diameter on (a) maximum cell temperature and (b) cell temperature
difference with enlarged graph plot between AT of 2.7 K and 2.86 K and time step of 80 to 720.

Table 3. Maximum temperature and uniformity achieved by the cells at different channel diameters.

Channel Diameter (mm) Tmax (K) at 720 s AT (K) at 720 s

4.5 303.750 2.840
6 303.534 2.791
7.5 303.388 2.772
9 303.297 2.767

The thermal uniformity for different diameters is shown in Figure 9b. While initial
observations suggest a negligible difference between the variables, a closer examination
within a time of 80-720 s and a AT of 2.7-2.86 reveals some variation. The 9 mm diameter
exhibited a lower AT compared to the 4.5 mm at 720 s, but this was marginal; for the
4.5 mm channel, it was 2.840 K, and the 9 mm channel was 2.767 K, showing a difference of
0.0073 K. Although the channel diameter shows improvement in thermal uniformity, the
impacts are minimal when compared to changing the velocity.

3.2. Horizontal Flow Design Results and Analysis
3.2.1. Influence of Channel Angle on HFD

For the HFD, channel angles of 45°, 55°, 65°, and 75° were tested with one flow
channel. The relationship between Tmax and AT is presented in Figure 10a,b, and the
final values achieved at the end of the battery discharge are presented in Table 4. These
results indicate that using a lower channel angle worsens the thermal performance, with
a difference of 0.802 K and 0.858 K between the largest and smallest angles for the Tmax
and AT, respectively. The effect of channel angle has more influence on the thermal
uniformity, with a 16.5% change in AT between the angles of 45° and 55°, compared to a
0.26% change in Timax. The improved performance of higher contact angles results from
geometry changes during each design test, as the curves of the aluminium structure wedge
themselves into the gaps between the cells, creating more surface contact area. According to
Equation (9), this allows for more heat transfer from the lithium-ion cell to the aluminium
structure, thereby lowering the temperature of the cell and being the cause of the significant
difference in thermal uniformity. The Tax recorded was 306.250 K, meeting the condition
of 298 K < Tmax < 313 K. However, none of the angles in the simulation satisfied the
AT < 5 K thermal uniformity goal, with the best-performing angle (75°) only producing a
temperature difference of 5.197 K at the end of the 720 s. While the contact angle of 75°
showed better performance than smaller angles, this design uses more material and hence
weight. The sharper angles may introduce slight pressure drops in the system.
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Figure 10. Effects of channel angle on (a) maximum cell temperature and (b) cell temperature
difference.

Table 4. Maximum temperature and uniformity achieved by the cells at different channel angles.

Channel Angle (°) Tmax (K) at 720 s AT (K) at 720 s
45 306.250 6.055
55 306.018 5.710
65 305.620 5.326
75 305.448 5.197

3.2.2. Influence of Number of Coolant Channels on HFD

The graphs in Figure 11 present the results on how Trmax and AT of the cell vary when
one, two, three, and five coolant plate channels are present in the HFD. As seen in the first
80 s, both Tmax and AT increase sharply, before diverging. Increasing the number of cooling
channels leads to a decrease in the final Tax and AT within the battery pack. However,
beyond one channel, the influence becomes minimal, as indicated by Table 5, which shows
a Tiax difference of 0.544 K between one and two channels, while the difference between
Tmax of channels two and five is only 0.121 K. In addition, the temperature uniformity
showed a similar relationship as the number of channels increased.
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Figure 11. Effects of number of coolant channels on (a) maximum cell temperature and (b) cell
temperature difference.

Table 5. Maximum temperature and uniformity achieved by the cells at different numbers of
flow channels.

Number of Channels Tmax (K) at 720 s AT (K) at 720 s
1 306.018 5.710
2 305.474 5.223
3 305.451 5.204
5 305.353 5.111
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For both the channel angle and number of channel optimisations for the HFD, the
temperature difference AT exceeds 5 K, which is greater than the desired condition of AT
< 5 K. This phenomenon is caused by the design itself, where the aluminium structures
only wrap around the outside of the cell arrangement, leaving the inner cells unattended.
Additionally, as the channels loop around, they provide more cover for the two outer cells
compared to the cells located closest to the inlet and outlet, causing excessive thermal
gradients which are evident in the final temperature contour of the HFD, as shown in
Figure 12a. The results for the HFD can be validated against the work of Tang et al. [24]
who found the AT to be approximately 5.29 K, which is close to the values I obtained.
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Figure 12. Battery pack temperature contour after 720 s at 0.5 ms ™! inlet velocity: (a) HFD; (b) VFD.

3.3. Optimal Design Results and Analysis

The final optimal design (OD) for the six-cell 18,650 battery pack combines the VFD
and HFD, featuring three vertical 6 mm diameter channels and two 31.75 mm X 1 mm
horizontal channels for coolant flow, as shown in Figure 3. The thermal performances
of the VFD, HFD, and OD are plotted in Figure 13, with the final Tmax and AT values
presented in Table 6. The OD design excelled in the thermal management of the pack
compared to the other designs, efficiently dissipating the heat generated by the cells after
50 s and maintaining Tmax at an extremely low temperature of 301.311 K for the remaining
time steps. In contrast, the VFD took 160 s to reach a Tmax of 303.534 K, while the HFD
showed the poorest cooling performance, reaching a Tmax of 306.018 K after 320 s. The
superior performance of the OD is attributed to its greater contact surface area with the
cells compared to the other designs; the cells are almost entirely encapsulated, whereas the
HFD and VFD leave 50% of the cells without contact. The temperature contour of the OD is
illustrated in Figure 14a. Furthermore, as explained by Equation (9), more heat generated
by the battery can be transferred to the cooling structure and expelled from the system. All
three designs comfortably met the 298 K < Tnax < 313 K requirement, with only the OD
and VFD satisfying the AT < 5 K requirement.

The OD exceeded thermal management expectations and was subsequently assessed
with a smaller inlet velocity of 0.01 ms~!. The temperature contour for both the front and
back view of the structure at this lower velocity are shown in Figure 14b,c, respectively.
The results indicate that the Tayx at the end of the battery discharge cycle reached 304 K,
well within the desired range of 298 K < Tmax < 313 K, suggesting that the structure can
effectively conserve energy, by using lower flow rates while maintaining efficient thermal
management. However, the thermal gradients become more pronounced, with a AT of
4.05 K, approaching the 5 K thermal uniformity limit. The observed temperature variation
within the cells reveals that those situated closest to the inlet are cooler, while those closer
to the outlet exhibit higher temperatures. This phenomenon arises from the slower velocity,
which limits the heat transfer rate between the coolant and cold plates. By the time the
coolant circulates through the structures, it heats up, resulting in a slower heat dissipation
process, as explained by heat flow Equation (9). This effect is also evident in the wavy
aluminium structure, which experiences significant heating due to the coolant’s reduced
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capacity to extract heat from the system at lower velocities. In contrast, the wavy structure
from Figure 14a, remains closer to ambient temperature, due to the higher velocity of the
coolant moving through the system, and providing a more even temperature distribution.
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Figure 13. VFD, HFD, and OD thermal comparison: (a) maximum cell temperature; (b) cell tempera-
ture difference.

Table 6. Maximum temperature and uniformity of the OD, VFD and HFD.

Cooling Structure Tmax (K) at 720 s AT (K) at 720 s
OD 301.311 1.144
VFD 303.534 2.791
HFD 306.018 5.690
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Figure 14. OD thermal contours (a) at 0.5 ms~; (b) at 0.01 ms !, view 1; and (c) at 0.01 ms~!, view 2.
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3.4. Summary of Key Findings
3.4.1. VFD—Influence of Inlet Velocity

e Increasing the inlet velocity reduces the Tax of the cells.

e The effectiveness of higher flow rates diminishes beyond 0.5 ms~1

o  All tested velocities met the desired operating temperatures (298 K < Trax < 313 K)
and thermal uniformity (AT < 5 K).

e  Avalue of 0.5 ms ™! was chosen for further experiments as it balanced thermal regula-
tion and power consumption.

3.4.2. VFD—Influence of Channel Diameter

e Increasing the channel diameter reduces Tmayx, but this effect is only minimal. The
smallest diameter (4.5 mm) produced a Tmax of 0.453 K higher than the largest diameter
(9 mm).

e  Thermal uniformity improved slightly with larger diameters.

3.4.3. HFD—Influence of Channel Angle

e Larger channel angles displayed better thermal performance and uniformity than
lower angles.

e All angles met the thermal range; however, none of the angles tested met the thermal
uniformity requirement.

3.4.4. HFD—Influence of Number of Coolant Channels

e Increasing the number of coolant channels reduced Tmax, but this effect is minimal
beyond one channel.

o  The thermal uniformity improved when more than one channel is used but the effect
is minimal when additional channels are used.

3.4.5. OD

e  Superior thermal management was shown, maintaining a very low Tpyax (301.311 K)
and excellent thermal uniformity (1.144 K).

e OD met all thermal requirements and outperformed both the VFD and HFD.

e  Lowering the inlet velocity to 0.01 ms~! for OD still kept Tmax within the desired
range, but thermal uniformity approached the 5 K limit (4.05 K).

4. Discussion and Conclusions

This investigative project evaluated two liquid cooling designs: one with water flow-
ing in channels parallel to the cells (VFD), and the other with coolant channels placed
perpendicular to the cells (HFD). These designs were investigated using CFD to assess their
effectiveness in battery thermal management. Following the evaluation of the VFD and
HFD, they were combined to create a novel cooling design, incorporating the most effective
variables from each initial design. The simulations used a cylindrical 18,650 LiFePO4
battery model. The thermal generation within the cell was set to replicate a battery under-
going a 5C charge/discharge rate. The coolant and ambient temperatures were assumed
to be 300 K. The influence of inlet velocity and channel diameter was investigated for the
VFD model, while the influence of the wavy channel angle and number of channels was
investigated for the HFD model. The performance of the liquid cooling structures was
evaluated based on the maximum temperature reached and the temperature difference
between the maximum and minimum temperatures within the cell. The main conclusions
are as follows:

e Increasing the channel diameter in the VFD reduced the maximum temperature, and
the thermal uniformity also improved due to the relationship between the surface
contact area and heat transfer rate. These thermal effects were minimal in comparison
to the effects of inlet velocity.
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e As the inlet flow velocity increases, the maximum temperature and temperature
difference decrease due to the relationship between flow velocity and heat transfer.
The flow velocity was found to have a greater influence on temperature reduction
compared to the other variables evaluated in the report. A value of 0.5 ms~! was the
most efficient choice.

e  Increasing the number of channels in the HFD decreases the maximum temperature of
the cells and improves thermal uniformity, but the effects are almost negligible as the
number of channels increases. Two channels provide sufficient cooling and ease of
manufacture.

e  The maximum cell temperature increased as greater channel angles were used for the
HEFD. The angle increase also resulted in more of the casing coming into contact with
the cell, providing greater temperature reduction and uniformity.

e  The VFD produced a Tmax of 303.534 K and a AT of 2.791 K, meeting the thermal
objectives of 298 K < Trmax < 313 K and AT < 5K, using an inlet velocity of 0.5 ms~!
and 6 mm diameter channels.

e  The HFD produced a Tmax of 306.018 K and a AT of 5.690 K, meeting the thermal
objective of 298 K < Timax < 313 K but failing to meet AT < 5 K, using two channels and
an inlet velocity of 0.5 ms 1.

e The OD combines the HFD and VFD and produces a Trmax of 301.311 K and a AT of
1.144 K, comfortably within the thermal objective of 298 K < Trax <313 Kand AT <5 K.
It should be noted, in theory, that increasing the velocity in the HFD and VFD designs
would help meet the thermal targets, but at the cost of extra energy consumption.

The OD demonstrated exceptional thermal management for the battery pack; however,
this is outweighed by the larger structure, more components, and a greater volume of
coolant flowing through the system, resulting in increased overall weight. Consequently,
the additional weight may require the vehicle to expend more energy for transportation, and
the study by Carlson et al. [25] investigated the impact of additional weight and found that
a 10% mass increase can result in a 3-4% energy consumption increase for electric vehicles.
Taking only the mass of the aluminium structure for a six-cell pack, we find that the OD
has a mass of 89.93 g while the HFD, a design that is commonly found in modern EVs, has
a mass of 28.73 g. The added weight may impact vehicle driving range, and the additional
components, such as cooling channels and flow directions, increase the complexity of the
battery pack, and its compatibility in existing EVs. Furthermore, there is a greater risk of
leakage due to the greater potential for seal failures. The other designs, despite utilising
half the structure volume of the OD, managed to produce satisfactory thermal management
and would be seen as the most preferable options for implementation in EVs, but the OD
would be best suited for high-temperature and safety-critical applications. The excellent
thermal management of the OD allows for the vehicle to produce higher discharge rates
which in turn produces a greater power output, without the risk of exceeding the thermal
limit. Therefore, the OD would be best suited for high-temperature, power-intensive and
safety-critical applications.

The findings provide valuable insights into the influential parameters and effective-
ness of novel liquid cooling designs, but there are certain limitations to the report such
as the simplification of the battery pack, using only six cells to mitigate computational
requirements, and ignoring components like busbars and casing, which can further in-
fluence the temperature of the entire system. Additionally, the cell arrangement used
in the simulations is less compact than other battery pack configurations which poses a
slight constraint on its suitability for EVs. The material properties were assumed to be
homogenous throughout, and the heat generation model of the cell was assumed to be
uniform across the entire volume.

Future work could analyse these models using a larger battery pack and include
additional components to more accurately simulate a real EV battery pack.

Furthermore, exploring a wider range of innovative and lightweight materials for
the structure, such as phase change materials, could be beneficial. Investigating emerging
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coolant options such as coolants with nanometal additives or liquid metals may also further
refine these designs and enhance their performance.
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Nomenclature
Variables EV electrical vehicle
A contact area (mz) HFD horizontal flow design
c specific heat capacity (Jkg~! K~1) VFD vertical flow design
d channel diameter (mm) PCM phase change material
h heat transfer coefficient (Wm—2 K~1)
I current (A) Greek letters
k thermal conductivity (Wm~1 K1) A difference
L characteristic length (m) o dynamic viscosity (kgm ' s71)
m mass (kg) p mass density (kgm~2)
m mass flow rate (kgs’l)
P pressure (Pa) Subscripts
q heat generation (Wm™3) b battery
Q rate of heat flow (W) gen generation
R resistance (Q2) max maximum
Re Reynolds number p constant pressure process
T temperature (K) w water
t time (s)
U open-circuit voltage (V)
\% volume (m?)
v velocity (ms™ 1
Acronyms
CAD computer-aided design
CFD computational fluid dynamics
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Abstract: Thermal runaway (TR) is a serious thermal disaster that occurs in lithium-ion batteries
(LIBs) under extreme conditions and has long been an obstacle to their further development. Water
mist (WM) is considered to have excellent cooling capacity and is widely used in the field of fire
protection. When used in TR suppression, WM also exhibits strong fire-extinguishing and anti-re-
ignition abilities. Therefore, it has received widespread attention and research interest among scholars.
However, most studies have focused on the cooling rate and suppression effect of TR propagation,
and few have mentioned the effect of WM on flame heat transfer, which is a significant index in TR
propagation suppression. This study has explored the suppression effect of WM released at different

Citation: Miao, B.; Ly, |.; Wang, Q.; TR stages and has analyzed flame temperature, heat release, and heat radiation under WM conditions.
Zhu, G.; Guo, C.; An, G.; Ou, J. The Results show that the flame extinguishing duration for WM under different TR stages was different.
Suppression Effect of Water Mist WM could directly put out the flame within several seconds of being released when SV opened, 3 min
Released at Different Stages on after SV opening and when TR ended, and 3 min for WM when TR was triggered. Moreover, the heat

Lithium-lon Baftery Flame radiation of the flame in relation to the battery Qf could be calculated, and the case of WM released
Temperature, Heat Release, and Heat
Radiation. Batteries 2024, 10, 232.
https:/ /doi.org/10.3390/
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3 min after SV opening exhibited the greatest proportion of heat radiation cooling # (with a value of
88.4%), which was same for the specific cooling capacity of WM Q,, with a value of 1.7 x 1073 k] /kg.
This is expected to provide a novel focus for TR suppression in LIBs.
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1. Introduction

Lithium-ion batteries (LIBs) are widely used in electronic devices, electric vehicles,

il aerospace, and electrochemical energy storage, owing to their advantages of high energy
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This article is an open access article  consisting of high energy densities, prismatic batteries stand out among other batteries,
such as 18,650 batteries and pouch batteries, due to their large capacity [6]. However, a large
capacity also constitutes a high thermal hazard in the process of thermal runaway (TR) [7].
The TR process is a severe exothermic disaster in LIBs, with the phenomena of combustible
gases and jet flames [8]. Under extreme conditions, such as external heating, overcharging,
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penetration, and friction, the TR process may be triggered but not terminated [9,10]. In
the process of TR, a series of pyrolysis side reactions are triggered continuously among
the active materials inside the battery, exhibiting a high heat release rate, a high battery
surface temperature, violent combustible gas release, and a serious risk of combustion and
explosion [11-13]. Moreover, the process of TR in a single LIB will generally propagate to
the adjacent batteries, ultimately resulting in a large-scale TR process in the LIB module,
which will cause casualties and property damage [14,15].

The TR process in the LIB is both related to internal and external factors. The internal
factors of commonly used LIBs mainly include the cathode material, the state of charge
(SOC), the state of health (SOH), and the rated capacity [16,17]. The commonly used
battery cathode materials are nickel cobalt manganese ternary lithium (NCM), nickel cobalt
aluminum ternary lithium (NCA), and lithium iron phosphate (LFP). NCM and NCA
batteries have a higher energy density but poorer thermal stability than LFP batteries,
and they exhibit a fiercer TR process for a greater heat release rate and gas generation
rate [18,19]. With the decline in battery SOC, the TR process becomes weaker and even
disappears. In batteries with a high SOC, there are more lithium ions embedded in the
anode material, which directly accelerates the side reactions of TR and reduces the TR
triggering temperature [20]. The SOH does not directly affect the TR intensity, but it is more
likely for lithium deposition and lithium dendrite growth to appear in the batteries with
low SOH under extreme abuse conditions, causing a lower TR triggering temperature and
charging security [21]. A battery with a higher-rated capacity will generate more heat and
gases in its TR process due to a larger amount of active materials inside the battery [4]. The
external factors mainly include the TR triggering method, the external oxygen content, and
the ambient pressure. There are various thermal hazards of LIBs under external heating,
overcharging, and penetration conditions. Most TR hazards occur under overcharging
conditions, both in the single battery and the battery module [22,23]. When the oxygen
content is low, the TR reactions inside the battery will be weakened, resulting in a lower
surface temperature, mass loss, and heat release rate [24]. Additionally, under low or high
ambient pressure levels, the TR hazard will be impaired, but the TR process is more likely
to be triggered in low-pressure ambient environments [25].

In order to suppress the TR process and decrease the likelihood of a TR hazard, many
scholars have tested different fire-extinguishing agents and suppression strategies [18,26,27].
The typical fire-extinguishing agents for LIBs are gaseous fire-extinguishing agents, dry
powders, water-based fire-extinguishing agents, and aerosol fire-extinguishing agents.
Zhang [28] has investigated the TR suppression effect of CO,, HFC-227ea, and C¢F12,0
and found that C¢F1,0 could immediately extinguish the flame, CO; needed a longer
duration for flame extinguishing, and HFC-227ea could not suppress the flame. Sun [29]
has investigated the suppression effect of HFC-227ea and C¢Fq,0 for TR propagation
purposes and found that HFC-227ea could hardly suppress its propagation and C¢F1,0
could prolong the propagation time. Zhao [30] has investigated the TR suppression effect of
ABC and BC ultrafine dry powders and found that they could not suppress TR propagation
due to their poor cooling capacity. Davion [31] has tested aerosols for TR suppression
purposes and found that they could immediately extinguish the flame, but a re-ignition
phenomenon occurred. Tang [32] found that F500 had a good suppression effect for LIB
TR. Liu [33] has investigated the water mist (WM) cooling strategy for TR propagation
purposes and found that WM exhibited an excellent cooling capacity and could easily
prevent TR propagation in the LIB module. Zhang [34] combined Nj, C¢F1,0, and WM
in TR suppression and found that Nj-twin-C¢F1,0 mist could successfully inhibit the
re-ignition of the battery flame and that the Np-twin-H,O mist synergistic technology could
increase the cooling rate by over 20%. Li [35] added sodium dodecyl benzene sulfonate,
sodium chloride and soy protein in WM and found with these additives, WM exhibited
a greater cooling capacity and could cool down the LIB flame and surface temperature
in a low duration. Zhang [36] has investigated the suppression effect of WM intermittent
spray strategy for TR propagation and found this strategy could combine the advantages of
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low water consumption and high cooling capacity. Mei [37] has compared the suppression
effect of three TR retardants based on parameters including flame height, and these novel
retardants all expressed a greater TR suppression effect compared to paraffin.

Among various strategies for TR suppression, WM demonstrates outstanding cooling
capacity and can effectively prevent battery flame re-ignition. However, existing studies
predominantly focus on WM’s cooling rate and its impact on TR propagation, largely
overlooking its influence on flame heat transfer. When battery flames occur, the heat trans-
ferred from the flame to adjacent batteries similarly influences TR propagation dynamics.
Therefore, investigating WM'’s cooling effects on LIB flames is crucial. This study has ex-
plored the suppression effect of WM released at different TR stages and has analyzed flame
temperature, heat release, and heat radiation under WM conditions, aiming to introduce a
new perspective on TR suppression in LIBs.

2. Experimental Settings
2.1. Battery Sample

The experimental batteries used were 100 Ah prismatic LFP batteries manufactured by
Lishen (Qingdao). They consisted of a lithium iron phosphate (LiFePOy) cathode, layered
graphite (C) anode, aluminum (Al) positive current collector, copper (Cu) negative current
collector, and an electrolyte mixture of ethylene carbonate (EC), propylene carbonate (PC),
and dimethyl carbonate (DMC). The separator was polyethylene microporous membrane
(PE), and the battery shell was aluminum (Al). Each battery was equipped with a safety
valve (SV) to release gases during extreme conditions. The dimensions of each battery were
220 mm x 140 mm x 35 mm, with a mass of 2160 £ 2 g. Prior to experiments, all battery
samples had their plastic covers removed. During charging and discharging, the maximum
cut-off voltage was set at 3.6 V and the minimum at 2.5 V. Each battery underwent 3 cycles
of charging/discharging, followed by a full charge to 100% State of Charge (SOC) using
a Neware cycler and a 12-h rest period after each cycle. Each cycle included phases of
constant current charging, constant voltage charging, and constant current discharge.

2.2. Experimental Setup

The schematic diagram of the experimental setup is shown in Figure 1. The experimen-
tal platform was constructed according to the standard of ISO 9705 [38]. The experiments
of LIB TR and WM suppression were conducted in the combustion chamber where the
observation window and WM nozzle were. The exhausting fume collecting hood was
equipped at the top of the combustion chamber, and a fan was equipped at the end of the
smoke exhaust duct with an exhaust volume of 0.13 m3/s. A supply pipe for WM was
installed in the combustion chamber and a WM pump was connected to the pipe ending.
The WM-released pressure and mass flow were 6.5 MPa and 0.4 L/min, respectively.

The experimental module consisted of, a stainless steel module framework, two mica
insulation plates, an LFP battery sample, and the heating plate. The dimension of the
heating plate was the same as the battery sample, and the dimension of the mica insulation
plate was slightly larger than the battery sample. The power of the heating plate was
500 W, and heating was stopped when TR was triggered or WM was released. One type
K armored thermocouple was installed at the center of the battery surface and five were
installed 10, 30, 50, 70, and 90 cm above the SV in order to monitor the temperature of the
battery surface and flame. The measurement span, accuracy, and recording frequency of
each type K armored thermocouple were —100-1200 °C, £1.5-5 °C, and 1 Hz, respectively.
A disposable igniter was set in front of the experimental module. Once SV opened, the
igniter was remotely activated, generating sparks to ignite the battery flame.
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Figure 1. The schematic diagram of the experimental setup: (a) Experimental platform; (b) Experi-
mental Module; (c) Thermocouple layout.

2.3. Case Setting

The experiment cases were set as Table 1 shown. In order to investigate the TR
characteristic of the experimental battery sample, Case 1 was set to analyze the typical
TR process and establish a reference for the extinguishing cases. Cases 2 to 5 were set to
analyze the effect of WM on battery flame temperature and its heat release. In all the cases,
the TR of the battery samples was triggered by external heating.

Table 1. Cases setting.

No. WM Release Temperature Case Description
Case 1 \ No WM extinguishing.
Case 2 108 °C WM released at SV opening.
Case 3 116 °C WM released 3 min after SV opening.
Case 4 140 °C WM released at TR triggering.
Case5 400 °C WM released after TR ended.
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3. Experimental Results and Analyses
3.1. Analysis of the Temperatures of Battery Surface and TR Flame

During thermal abuse conditions, the battery temperature generally rose due to heat
transfer from an external heating plate, ultimately triggering the TR process accompanied
by a vigorous jet flame. Figure 2 illustrates the curves of battery voltage, temperature, and
temperature rise rate during the TR process.

Battery Temperature (°C)
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Figure 2. The curves of battery voltage, temperature, and its rise rate.

The battery temperature experienced a uniform rise, instantaneous descent, brief
jumping ascent, and overall rapid rise, and they corresponded to the phenomena of external
heating, SV opening, TR triggering, and TR peak. In the stage of external heating, with the
internal temperature increase, the solid electrolyte interface (SEI) film was experiencing
pyrolysis and slightly generated heat and combustible gases. When gases accumulated
exceeded the threshold, SV was broken and a part of the heat was brought by the jet gas,
resulting in the instantaneous descent of the temperature. The pyrolysis reactions of the
SEI film are shown as follows [39]:

(CH,OCOsLi), — LipCO34+CoHy+CO2+1/20, @)

2Li+(CHOCO,Li), — 2LiyCO3+C,H, @

During the stage of TR triggering, the temperature rise rate initially increased and
then decreased. Following the decomposition of the SEI film, lithium ions embedded
in graphite came into direct contact with the organic electrolyte, releasing combustible
gases and generating heat. Subsequently, lithium ions from the electrolyte deposited on
graphite formed lithium dendrites that eventually bridged the cathode and anode, leading
to internal short circuits and significant heat generation. This heat caused widespread
melting of the separator, which absorbed some heat and contributed to a reduction in the
temperature rise rate. Additionally, extensive internal short circuits occurring during this
stage caused the battery voltage to plummet to 0 V. The pyrolysis reactions of the electrolyte
are depicted as follows:

2Li + C3H403(EC) — LiyCO3+CoH, 3)
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2Li + C4HgO3 (PC) — Li;CO3+C3Hg (4)
2Li + C3HgOs3 (DMC) — Lip,CO3+CyHg (5)

With increasing heat accumulation within the battery, the pyrolysis reaction of the
cathode material initiates, marking the peak of the TR process. During this phase, exten-
sive pyrolysis reactions ensue among the battery’s internal active materials, generating
significant heat and gases and causing the vaporization of the organic electrolyte. Con-
sequently, the battery temperature rises rapidly. The pyrolysis reactions involving the
cathode material LiFePOy, and the electrolyte can be illustrated as follows:

2LigFePO4 — Fe,PrO7+41/20, (6)
5/20,+C3H403(EC) — 3CO,+2H,0 7)
40,+C4H¢O3(PC) — 4CO,+3H,0 8)
302+C3H603(DMC) — 3C0O,+3H,0 9)

The state of the battery flame was distinct from the TR process, and the curves of
battery temperature and TR flame temperatures were 10, 30, 50, 70, and 90 cm above the
SV, as shown in Figure 3.
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Figure 3. The curves of battery temperature and TR flame temperatures.

When the SV opened, combustible gases were expelled from the battery. Unlike the
gases released after TR triggering, which predominantly contained organic electrolyte vapor,
those released before TR were primarily inorganic gases like H, and CO, known for their
higher calorific values, resulting in a higher flame temperature prior to TR triggering [40].
Approximately 3 min after SV opening, the battery flame temperature exhibited a regular
fluctuation pattern, indicating stabilization thereafter, serving as a benchmark for WM
release. During TR triggering, flame temperatures at various positions initially soared,
then declined before stabilizing. At 30 cm, the maximum temperature exceeded 1200 °C.
It was noted that while temperatures at other positions rose, the flame temperature at
10 cm dropped significantly due to flame extinction caused by high-speed gas jets at the
flame base.
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3.2. Analysis of the Effect of WM on TR Flame

The flame characteristics, including velocity and temperature, varied with the pro-
gression of the TR process. Consequently, the impact of WM on the battery flame differed
across different stages of TR: WM swiftly extinguished the flame within seconds of release
upon SV opening, after 3 min of SV opening, and at TR termination. However, it took
approximately 3 min for WM to extinguish the flame once TR was triggered. Figure 4
illustrates the temperature curves of the battery flame under the influence of WM.

400 - 400
12004 —e—10cm -- - Battery Temperature 1200 —e—10cm - Battery Temperature
A30em | Ae30em |
S0em |3 S0em | Z
0em i3 0em 3
<90em 2 = “—90cm _
o H 1) &
< Fa0 & L300 &
5 8004 © 5 8004 >
E H EE z
= i RS £
]
g | g5 2
E f £E £
5 o) 2
= i =e ;
2 2o 2
5§ 400 | -znn;g‘g 4004 F200 £
= | o= o
v'«J . c"r"l-
L - .
= S PECRT - - LY s o i} A
== =<8 R B-f g fod o gel 100 0= : - = 100
1100 1300 1500 1700 1900 2100 1100 1300 1500 1700 1900 2100
(a) WM released when SV opened  Time (s) (b) WM released 3 min after SV opening Time (s)
400 a0
1200 —e—10cm --o-- Battery Temperature 1200{ —=—10cm -- = Battery Temperature ; -l
—4—30em —4—30em Sl
70 em 70 em
—<—90cm _ ——90cm _
o ) g
$ L300 & & L300 &
5 800 005 S 800 0 5
] 2z £
g 5 8 5
5 83 g
g Eg g
) ) o
& ee e
P D e
E 4004 200 % E 4004 !0 %
= o = @
s
= e
g |
0 T T T T 100 0 U T T T 100
1100 1300 1500 1700 1900 2100 1100 1300 1500 1700 1900 2100
(c) WM released when TR triggered ~ Time (s) (d) WM released when TR ended Time (s)

Figure 4. The curves of battery flame temperatures under the effect of WM: (a) WM released when
SV opened; (b) WM released 3 min after SV opening; (c) WM released when TR triggered; (d) WM
released when TR ended.

When WM was released before TR triggering, the battery flame could be extinguished
immediately. During this phase, the gas generation rate was moderate, maintaining a stable
flame that allowed WM droplets to effectively reach the flame’s base and extinguish it.
However, after TR triggering, the production of combustible gases accelerated significantly.
Short-chain alkenes mixed with organic electrolyte vapor were expelled at high velocity,
inducing a turbulent jet flame state. WM was less effective in suppressing this high-velocity
flame and could only influence its upper portion, causing the flame to assume a conical
shape. Before TR triggering, the flame temperature distribution showed lower temperatures
at the top and higher temperatures at the bottom, with the region 10 cm above the SV
exhibiting the highest temperature. However, due to the rapid jet gas velocity, the lower
part of the flame experienced uneven oxygen mixing, leading to unstable combustion and
resulting in higher temperatures observed at 30 and 50 cm above SV. Comparing the case
of no WM release and release when TR triggered, the temperature at 30 and 50 cm were
both greater in the case of WM released. This outcome occurred because WM suppressed
the flame’s upper region and concentrated the combustion into a smaller area, thereby
elevating the core flame temperature. Upon TR cessation, the flame transitioned into an
ember state, facilitating immediate extinguishment upon WM release.
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3.3. Analysis of the Heat Cooling of TR Flame and Specific Cooling Capacity of WM

For disaster prevention and control, the heat release of battery flame is a key parameter.
To calculate the heat release of battery flame Q, first, the heat flux density of battery flame q
calculated by Equation (10) is needed [41].

q= h(Tf,i - Ta) (10)

where Tf; and T, are the flame temperature at i position and ambient temperature, respec-
tively, and / is the convective heat transfer coefficient in the experimental environment
which can be calculated by Equation (11). The Nusselt number Nu can be calculated by
Equations (12)—(14) [42].

h= Nu% (11)
Nu = 0.27Re"®PrO3®(Pr( / Pr,,) "% (12)
pvd
Re = — (13)
Iz
0 0

where Re and Pr are the Reynolds number and Prandtl number of air in the experiment,
respectively, A is the thermal conductivity of air in the experiment, d is the combustion
chamber diameter, p is the density of air in the experiment, v is the gas flow rate in the
experiment, j is the dynamic viscosity of air in the experiment, « is the thermal diffusion
coefficient, c is the specific heat capacity of air in the experiment, and (Prf/Prw)O'25 is the
physical property correction factor with the value of 1.00 in this study. By substituting
various coefficients into the calculation, the convective heat transfer coefficient / in the
experiment was 70.4. Then, the heat release from battery flame Q could be calculated as
Equation (15).

5 te
Q = gAt = AhZ/ (Tpi—To)ar (15)
i=1"/tsv

where A is the flame surface area assuming the flame shaping a cylinder, f, and fgy are
the time of SV opening and TR ending, respectively. According to experimental videos,
four time points of flame stabilizing after SV opening, TR triggering, flame peaking and
TR ending were chosen to measure flame diameter and height. These were assumed to
exhibit a linear variation between each two time points. The results for each case were
321.5 k] in Case 1, 44.9 kJ in Case 2, 97.0 k] in Case 3, 216.0 k] in Case 4 and 284.4 k] in Case
5. Using the time of SV opening, TR triggering and TR ending in Case 1 as the calculation
reference, the differences in heat release between Case 1 and Cases 2 to 5 AQ were 11.6,
14.9, 54.4 and 37.1 kJ, respectively. Assuming the constant WM mass flow g, the specific
cooling capacity of WM Q, could be calculated by Equation (16). The results of each case
are shown in Table 2.
AQ _  AQ

mwm qmTWM

Qm = (16)

where myy is the WM consumption for flame extinguishing and twy is the release
duration for WM to extinguish the flame. In order to clearly demonstrate the relationship
between WM cooling and TR stages, Figure 5 is obtained by Q,;, and battery temperature
when WM is released.
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Table 2. The heat release difference and specific cooling capacity of WM in Cases 2 to 5.

No. AQ (K)) Qum (KJ/kg)
Case 2 11.6 1.8 x 1073
Case 3 14.9 1.7 x 1073
Case 4 54.4 2.8 %1073
Case 5 37.1 59 x 1073
e = O
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Figure 5. The scatter plot of Q,;, and the battery temperature when WM is released.

As shown in Figure 5, the scatter plot could be well fitted as the logarithmic function
in the figure, and the specific cooling capacity of WM Q,, was increased with the increase
in battery temperature (or TR process). It was because when the battery temperature was
high, the velocity of the jet flame became more violate and the flame became higher. And if
WM was released under a high battery temperature, the upper part of the battery flame
would be compressed and cooled to a lower flame temperature in this region. This would
significantly decrease the heat release from the flame and exhibit a higher Q. According
to the fitting curve, Q;, at each WM released temperature could be roughly estimated, and
the cooling effect of WM on battery flame was better after TR triggering.

In the TR process, the battery’s upper surface would be exposed to flame radiation
continuously which would directly affect other batteries of the module in practical LIB
applications. Thus, it is of great significance to consider the flame radiation to the battery. In
this experiment, the heat radiation of flame to the battery could be simplified to the average
of five temperature measurement points, and the heat radiation power of each measurement
point on the surface of the battery Pg ; could be calculated as Equation (17) [41].

oT¢

F,i

17
4mL2 (17

Pg; = Apse
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where Ajp is the area of the battery’s upper surface, ¢ is the surface emissivity of the alu-
minum battery surface which takes the value 0.05 [43], ¢ is the Stefan-Boltzmann constant,
Tr; is the flame temperature at i position and L; is the distance between i temperature
measurement point and battery’s upper surface. By integrating and averaging the Pr;
of five measurement points, the heat radiation of flame to the battery’s upper surface Qg
could be calculated as Equation (18).

Q 1i/te tt= L aueoy s [ 1 (18)
E= % PE/' t=— LIBET 7/ Ty .dt 18
55 iy 5 Hanl? )i,

The total flame heat radiation to the battery’s upper surface in Case 1 was 117.33 kJ,
and that of Cases 2 to 5 when WM released were 1.77, 0.56, 18.7 and 0.69 k], respectively.
Also using the time of SV opening, TR triggering and TR ending in Case 1 as the calculation
reference, the differences in flame heat radiation to the battery’s upper surface between
Case 1 and Cases 2 to 5 AQg were 5.83,4.27, 26.31 and 1.94 k], respectively. Dividing AQg
by the relative value of the reference case, the proportion of heat radiation cooling 7 in
Cases 2 to 5 could be obtained. The calculation results of Cases 2 to 5 are shown in Table 3.

Table 3. The flame heat radiation to the battery’s upper surface, its difference and cooling proportion
in Cases 2 to 5.

No. AQEg (K]) n
Case 2 5.83 76.7%
Case 3 4.27 88.4%
Case 4 26.31 58.5%
Case 5 1.94 73.8%

As with the flame temperature above, after TR triggering, the battery flame was not
directly extinguished and the temperatures of the flame bottom were still high. However,
in the combustion process, the flame bottom was the main part affecting the heat radiation
on the battery, resulting in a poorer suppression capacity for heat radiation. Although WM
in Case 4 exhibited the poorest suppression effect, its 7 still reached 58.5%, implying a
great suppression effect. For the whole TR process, WM released 3 min after SV opening
exhibited the greatest suppression effect of flame heat radiation with the value of 88.4%
which was the same for Q,, with the value of 1.7 x 1073 k] /kg.

4. Conclusions

During the TR process, a LIB undergoes distinct stages, including external heating,
SV opening, TR triggering, and TR ending. The flame behavior varies significantly at each
stage. After the SV opens, the battery flame exhibits a jet state, and its velocity intensifies
following TR triggering. Prior to TR triggering, WM can effectively extinguish the battery
flame, but its efficacy diminishes once TR is triggered. This study examined the impact
of WM on battery flames at different TR stages, and the key findings are summarized as
follows:

The flame extinguishing duration for WM under different TR stages was different.
WM could directly put out the flame within several seconds released when SV opened,
3 min after SV opening and when TR ended, and it took about 3 min for WM to put out
the flame released when TR triggered. When WM is released before TR triggering, the
flame temperature exhibits a gradient, with lower temperatures at the top and higher
temperatures at the bottom. Notably, the temperature at a position 10 cm above the SV
reaches significantly higher values. Conversely, when WM is released after TR triggering,
the temperatures at 30 cm and 50 cm are both higher. This observation correlates with
uneven combustion at the base of the TR flame and compression at its apex.

The heat release of battery flame Q could be calculated by the flame temperatures,
and Q in Cases 1 to 5 were 321.5, 44.9, 97.0, 216.0 and 284.4 k], respectively. Using the
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time of SV opening, TR triggering and TR ending in Case 1 as the calculation reference,
the differences in heat release between Case 1 and Cases 2 to 5 AQ were 11.6, 14.9, 54.4
and 37.1 kJ, respectively, and the specific cooling capacity of WM Q,; in Cases 2 to 5 were
1.8 x 1073, 1.7 x 1073, 2.8 x 1073 and 5.9 x 1073 kJ/kg, respectively. The results for
Qy could be well fitted as the logarithmic function, according to which, Q,, at each WM
released temperature could be roughly estimated. Moreover, the heat radiation of flame to
the battery Qf could be calculated, and the case of WM released 3 min after SV opening
exhibited the greatest proportion of heat radiation cooling 7 with the value of 88.4% which
was the same for Q,, with the value of 1.7 x 1073 kJ/ kg.

This is expected to provide a novel focus for TR suppression in the LIB and make
contributions to prevent further expansion of disasters from the perspective of TR flames.
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Nomenclature

A Flame surface area, m2

ALB Area of battery upper surface, m?

c Specific heat capacity of air, ]/ (kg-K)

d Combustion chamber diameter, m

h Convective heat transfer coefficient, W/(m?-K)

L Distance between i temperature measurement point and battery’s upper
! surface, m

MwM WM consumption for flame extinguishing, kg

Nu Nusselt number

Pe. Heat radiation power of each measurement points on the surface of the
Ei battery, W

Pr Prandtl number

(Pre/ Pry)0% Physical property correction factor

Q Heat release of battery flame, J

Qr Heat radiation of flame to the battery, |

Qm Specific cooling capacity of WM, kJ/kg

AQ Difference in heat release, |

AQE Differences in flame heat radiation to battery’s upper surface, J

q Heat flux density of battery flame, W/m?

Gm WM mass flow, kg/s

Re Reynolds number

T, Ambient temperature, °C

Tr; Flame temperature at i position, K

Tri Flame temperature at i position, °C
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te Time of SV opening, s

tsy Time of TR ending, s

v Gas flow rate, m/s

Abbreviations

LIB Lithium-ion Battery

LFP Lithium Iron Phosphate

NCA Nickel Cobalt Aluminum Ternary Lithium
NCM Nickel Cobalt Manganese Ternary Lithium
SEIL Solid Electrolyte Interface

SOC State of Charge

SOH State of Health

SV Safety Valve

TR Thermal Runaway

WM Water Mist

Greek

Thermal conductivity of air, W/(m-K)
Surface emissivity of the aluminum battery surface
Thermal diffusion coefficient, m? /s
Proportion of heat radiation cooling
Dynamic viscosity of air, m?/s

Density of air, kg/ m’

Stefan-Boltzmann constant

TWM Release duration for WM to extinguish the flame, s

I T | RO >
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Abstract: As the use of Li-ion batteries is spreading, incidents in large energy storage systems
(stationary storage containers, etc.) or in large-scale cell and battery storages (warehouses, recyclers,
etc.), often leading to fire, are occurring on a regular basis. Water remains one of the most efficient fire
extinguishing agents for tackling such battery incidents, and large quantities are usually necessary.
Since batteries contain various potentially harmful components (metals and their oxides or salts,
solvents, etc.) and thermal-runaway-induced battery incidents are accompanied by complex and
potentially multistage fume emissions (containing both gas and particles), the potential impact
of fire run-off waters on the environment should be considered and assessed carefully. The tests
presented in this paper focus on analyzing the composition of run-off waters used to spray NMC
Li-ion modules under thermal runaway. It highlights that waters used for firefighting are susceptible
to containing many metals, including Ni, Mn, Co, Li and Al, mixed with other carbonaceous species
(soot, tarballs) and sometimes undecomposed solvents used in the electrolyte. Extrapolation of
pollutant concentrations compared with PNEC values showed that, for large-scale incidents, run-off
water could be potentially hazardous to the environment.

Keywords: Li-ion battery; fire; safety; thermal runaway; toxicity; water; firefighting; pollutants

1. Introduction

The current development of Li-Ion batteries concerns numerous, application fields,
and the thermal runaway hazard about those systems, often leading to fire and sometimes
explosion events, remains a resilient issue. In parallel to the wide spread of Li-ion-powered
consumer products in complex built environments, the increasing use of applications of
LIB for e-mobility or large-scale battery energy storage systems (BESS), in the hundreds of
MW power range, requires the urgent development of environmentally friendly strategies
to fight lithium-ion battery fires. Considering that water remains one of the most efficient
fire extinguishing agents to fight battery fires, and in many cases is the only extinguishing
medium available in operational quantities to the fire-brigades, the potential impact of
relating fire run-off waters to the environment should be considered and assessed carefully.
Lessons of the past have primarily shown that uncontrolled release of toxic fire waters
in rivers may lead to a dramatic consequence for water livestock, as primarily shown
by major incidents involving large storage of toxic chemicals such as in Basle (Sandoz
fire, Switzerland, 1986) [1,2] or in Tianjin (China, 2015) [3]. This is a prerequisite for
establishing a clear and science-based firewater management doctrine [4]. In particular, the
level of contamination of fire waters in terms of toxicity to aquatic ecosystems is needed to
decide on the free release of extinguishing waters into the environment or into rainwater
drain systems or on their containment in suitable systems for post-hazardous liquid waste
management [5].
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During the thermal runaway phenomenon—initiating stage of relating field
failures—it is well-known that systems containing Li-ion batteries produce emissions
or effluents which can range anywhere within the full spectrum of physical states, e.g.,
liquids (electrolyte leak or ejection), gases or vapors or solid aerosols [6-10], which adds
complexity to both non-flaming and flaming conditions. These emissions may in turn
interact with the environment and lead to pollution [11]. One of the contamination modes
of both land and aquatic ecosystems is the aerosol sedimentation process arising during
smoke plume dispersion, often at a stage where contaminant concentrations in the smoke
plume are significantly diluted at a certain distance from the incident. Another possible
and easier way of pollution is linked to the extinguishing agents used, typically water used
by fire suppression systems or fire brigades, which can carry effluents emanating from
the damaged battery. These various modes of contamination have been, unfortunately,
largely confirmed in a significant number of fire records, as exemplified by Mc Namee
et al. [12]. This shows, in particular, the diversity of influencing factors in terms of burning
materials, size, and fire duration, potentially leading to environmental damage. Regard-
ing batteries, the contaminants involved depend on the materials composing the system.
These materials vary from one Li-ion battery chemistry/geometry to another and from one
system to another, but the phenomena at stake and the resulting effects are close [13]. For
small- or medium-isolated batteries (e.g., used for portable applications), the accidental
contamination risk should be relatively low, but for more energy- or power-demanding
applications leading to larger battery systems (containerized BESS, .. .) or large-scale cell
and battery storages (warehouse, recyclers, ...), the consequences might start to raise
concerns in the absence—so far the usual case—of any fire water containment capacity. As
a matter of fact, according to EPRI information, 64% of the BESS site owners are considering
the implementation of water containment for the firefighting run-off waters [4]. Regarding
fire extinguishing waters used to tackle car fires, if detailed studies [14,15] of fire water
ecotoxicity had concluded that subsequent fire water run-off had a negligeable impact on
the environment, as far as ICE cars are concerned, more caution is likely to be needed with
EVs, given the significant differences applied from potential contaminants from the battery
and the amount of water requirements.

Emissions during thermal events are directly linked to the materials constituting the
battery. However, they will possibly be altered by reactions of thermal decomposition,
electrolysis or even combustion that might drastically change the nature and properties
of the ejected matter [8]. Carrying those substances by water will vary depending on the
chosen extinguishing method. Three options are generally possible: (1) Direct watering
of the batteries—when sprinklers or water fire hose are directed to the faulty system with
direct contact with the batteries. (2) Fire plume watering for fire and smoke progress
abatement—when water is not applied directly to the system but to its surroundings
to prevent fire and subsequent damage propagation to adjacent elements and therefore
minimize the impact of the root fire. (3) Water immersion—when the battery is immersed
in a large volume of water, either after an incident to cool down the sample, or during
an incident to try to limit it. In this last option, managing firefighting waters is relatively
simple as water is already contained.

Water contamination in the smoke watering scenario (#2 firefighting option) was
recently studied by EMPA [16,17] while analysis of immersion water (#3 firefighting option)
has been performed both by EMPA and RIVM [18]. However, more globally, published
information regarding contamination of fire waters used to tackle li-ion battery fires,
regardless of the application, remains quite scarce. Therefore, further investigation is
needed to confirm the early trends observed [19] and to address those issues in the entire
value chain of LIBs.

In the present paper, the case of direct watering of the batteries is the only scenario
studied. Commercially available NMC battery modules composed of two different cell
formats (18,650 and prismatic) were chosen for the experimental approach selected in
this study.
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2. Materials and Methods
2.1. Description of the Samples

Two types of commercial Li-ion modules were used, both composed of NMC/
graphite cells.

Module A comprises 16-metal-can prismatic cells (7.5 Ah) and has an electrical energy
of 500 Wh. In addition to the electrochemical cells, the module also includes metallic
(aluminum plates, cells connectors) and plastic (casing cover, wire insulation etc.) parts.

Module B is an assembly of 2 cell blocks, each one composed of 45-cylindrical
18,650 cells (2.4 Ah), circled with a metallic grid to ensure its mechanical integrity. The
total energy of the battery assembly is 900 Wh. In addition to the electrochemical cells, the
module also integrates a thin plastic film keeping the cells tightly together and connected.

The week before the abuse tests, the modules were fully charged using a constant
current profile at C/5 using a cycling bay from FEV manufacturer.

2.2. Abuse Tests Set Up

Abuse tests on modules were performed in the Ineris 80 m? test chamber equipped
with a smoke exhaust and treatment system remotely controlled to fully extract, measure,
and eventually convey gases through the gas cleaning system of the facility before their
rejection to the atmosphere. The room is also connected to a water-draining system to
collect all liquid effluents produced by the fire or during the fire suppression process. In the
testing room, the air entrance is located on one side, near the ground; extraction is placed
in the center of the roof. All tests were performed under air with an extraction flow rate in
the test chamber of approximately 2 500 m3/h.

The sample was positioned in the center of the test chamber for each test, as repre-
sented in Figure 1. Modules were positioned on a metal grid, electrically insulated, using a
small support made of inert material (calcium silicate).

Figure 1. Pictures of the experimental set-up. (a) Overview, (b) sprinkler head, and (c) battery module
B. White pads on the front faces of each battery block correspond to the heaters.

For module A, as the thermal pad failed to initiate a thermal runaway, a 20 kW gas
burner was selected and positioned 30 cm from the sample and directed to the middle of
the module. To prevent any interaction between the propane burner and the water used for
firefighting, the burner was switched off as soon as thermal runaway was triggered.

For module B, two thermal pads with individual power of 220 W and a 50 cm? surface
were put in contact with each cell block.
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Since the objective of the tests was to evaluate water contamination in thermal runaway
situations, the sprinkler activation was performed manually as soon as the thermal runaway
was visually confirmed. As the modules were not equipped with thermocouples, the
thermal runaway event was considered occurring when flames were escaping for the first
time from the module. The application rate was set at 10 L/m?/min. The basin surface was
0.25 m?, and the volume of collected water was estimated by calculation using the water
flow, the watering time, and the basin surface.

2.3. Water Sampling

After each test, 2 L of water was immediately sampled from the extinguishing water
containment basin for chemical composition analysis. It is important to highlight that no
filtration was made to keep all of the emissions in the analyzed samples, whatever the
chemical or physical processes that were involved in the interactions of emissions from the
battery module and extinguishing waters (condensation, dissolution, sedimentation etc.),
since the objective of the test was to characterize the global composition of runoff water.

Before the test, the water receptacle was exposed to a direct flame to remove the
potential traces of organic solvents. However, deposit remains possible, and a reference
was then carried out by watering the same set-up, without any battery, in order to have a
baseline of potential species inherently present in the water supply or due to receptacle
component extraction during sampling.

2.4. Water Analysis
2.4.1. Inductively Couple Plasma Optical Emission Spectroscopy

Inductively Couple Plasma Optical Emission Spectroscopy (ICP-OES, Agilent 5110
equipment, Santa Clara, CA, USA) has been used for the analysis of major elements (Al Fe,
Li, Na, Ni, P).

2.4.2. Inductively Couple Plasma Mass Spectrometry

Inductively Couple Plasma Mass Spectrometry (ICP-MS, Agilent 7900 instrument,
Santa Clara, CA, USA) has been used for the analysis of trace elements (Co, Cu, Mn).
Instead of the ICP-OES used for major elements by measuring the light emitted from
elements, ICP-MS uses a quadrupole to filter the ions according to their mass/charge ratio
and counts each mass passed to the detector. The high sensitivity of the ICP-MS detector
provides a much lower detection limit than ICP-OES.

2.4.3. Ion Chromatography

Chloride and fluoride species were measured by ion chromatography (Metrohm,
850 Professional IC, Herisau, Switzerland) with conductimetric detection. Ion chromatog-
raphy is a method for separating ions (C1~ and F~) based upon their interactions with resin
(stationary phase) and the eluent (mobile phase).

2.4.4. Liquid Chromatography

To extract polycyclic aromatic hydrocarbons (PAHs) from the water sample, a separa-
tion of the particle phase was carried out using glass wool. Aqueous phases were extracted
using dichloromethane by liquid/liquid extraction and particulate phase was extracted
using acetonitrile. Both extracts were evaporated and collected in 0.5 mL of acetonitrile
each and recombined in the same vial before analysis.

Analysis of PAHs was performed on a liquid chromatography system, an ultimate
3000 from thermo coupled to a diode array detector (DAD) and fluorescence detector (FLD)
detector. Molecules were separated on C18 column (Zorbax eclipse PAH 2.1 x 150 mm
1.8 micron from Agilent). All PAHs were quantified using the FLD detector except for
Acenaphthylene that was quantified using the UV-DAD detector.
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2.4.5. Gas Chromatography

Carbonates were analyzed using a gas chromatography system from Varian. Sam-
ples were diluted in methanol and 1puL was injected in split mode 1:10. Separation was
performed on a capillary column from Agilent VF-5 ms 60 m, 0.25 mm internal diam-
eter and 1 pm film thickness. A flame ionization detector was used to quantify the
different compounds.

2.5. Particle Morphology Characterization

A particle size distribution analysis using the centrifugal disc method (by use of CPS
Disc Centrifuge™ instrument, Tokyo, Japan) and further particle morphology study by
Transmission Electron Microscopy (TEM, JEOL 1400 Plus instrument, Tokyo, Japan) were
carried out on the sampled water. To enable this analysis, all particles larger than 2 um in
size were filtered beforehand.

To perform microscopic analysis of the particles, a droplet of the sample suspension
was casted on a copper grid and dried at room temperature to be observed with a TEM
(Transmission Electron Microscope, JEOL, 1400 Plus, Tokyo, Japan). A beam of electrons
accelerated by a high voltage (120 kV) passes through a very thin sample, in this case a
carbonized copper grid on which a microdrop of the sample to be analyzed was deposited.
During the electron-matter interaction, the transmitted and diffracted electrons are used to
form an image with high resolution in gray levels, and the X-ray photons allow for a micro
or even a nano-volume of the sample to be chemically characterized.

3. Results
3.1. Test Conditions and TR Characteristics

Table 1 compiles the test conditions and reactions observed during the three successive
test runs and Figure 2 gives details on the timeline of the experiments and presents pictures
of the markers of significant events.

Table 1. Summary of test conditions and observations.

; . Amount of
Module Type Module Heating Reaction Module State Sprinkler Water
Energy Method after Test Flow .
Delivered
Prismatic cell Upper ]).last{c burr'1t
assembly Venting + Mechanical integrity 10
Test 1 500 Wh  Gas burner . conserved 2, . 7L
NMC moderate fire . L/m*/min
No module casing
(module A) .
opening
zsréserriitlm cell Jet fire + Module casing ejected 10
Test 2 ¥ 500 Wh  Gas burner - All cells fully burnt 2, . 7L
NMC explosion with casing damaged L/m*/min
(module A) g g
Cylindrical cell
assembly Thermal Jet fire + All cells burnt 10
Test3 NMC 900 Wh pad explosion Some jelly rolls visible  L/m?/min oL
(module B)

In the first experiment, the thermal runaway of module A was characterized by the
emission of a large amount of white smoke followed by the appearance of flames. No jet
fire was observed, but a rather moderate combustion process, as visible on the first line of
Figure 2 was observed. Water was applied for 2 min 50 s, corresponding to a volume of
collected water of 7 L. The flames stopped as soon as water was applied. After the test, no
cells presented any side wall rupture, and their mechanical integrity was conserved.
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A

T,: Burner start

To: heaters start

W 2P

"8 min 20 sec 9 min 24 sec 9 min 26 sec 9 min 37 sec ~ 12min 16 sec
Thermal runaway start Ongoing reaction Water application start Water application ongoing Water application end
(immediate end of flames)

10 min 11 sec 12 min 02 sec 12 min 09 sec 12 min 44 sec 14 min 49 sec
Thermal runaway start Ongoing reaction Water ication start Water application ongoing Water application end

(end of flames)
& |

6 min 30 sec 6 min 38 sec 6 min 40 sec 7 mln 25 sec 10 min 55 sec
Thermal runaway start Ongoing reaction Water ion start Water ion ongoing Water application end
(end of flames)

Figure 2. Extracts from the test video and timeline of the three experiments.

Test 2 was performed because module A was only moderately impacted by the first
experiment. It was decided that the thermal runaway of module A should be further
pushed and to restart the burner. After a few minutes of heating, the module entered again
in the thermal runaway process. In this case, the reaction was much more violent since the
jet fire was observed, the module casing was ejected, and all cells subsequently seemed
damaged, some of them losing their mechanical integrity (casing opening). The second line
of Figure 2 shows the reaction’s visible effects just before water application (12 min 9 s).
Water was applied for 2 min 40 s, leading to an additional volume of collected water of
7L, i.e., atotal of 12 L considering 5 L remains from test 1 (after that 2 L were sampled
for analysis). Contamination levels indicated for test 2 are the values corresponding to
the mix of the 5 L remaining from test 1 and the 7 L applied during test 2. The flames
did not stop immediately upon water application, and an unknown portion of the water
vaporized before reaching the receptacle. In the first approximation, this proportion of
water vaporized was not considered for further calculation of the contaminant. The flames
stopped 35 s after the application of water.

For module B, a single TR/fire water suppression step was carried out when the
thermal runaway was reached. The third line of Figure 2 shows that the reaction was
rather violent. All of the cells seemed damaged after the test and some of them lost their
mechanical integrity (casing opening or jelly roll ejection). Water was applied for 3 min 30 s
corresponding to a volume of collected water of 9 L, neglecting once more the vaporizer
part. Flames stopped 45 s after water activation.

3.2. Characterization of Water Contamination
3.2.1. Halogens and Metals

Table 2 shows the results of the analyses for the presence of the two anions (F~ and
Cl7) as well as a selection of metal compounds. Those species have been chosen to reflect
the foreseeable pollutants considering NMC Li-ion batteries composition [20].

As expected, the levels of fluorides and metals are found in large amounts, due to
the composition of the cells. In module A, phosphorus and fluoride ions are the dominant
species. In contrast, in module B, lithium is the more concentrated pollutant element
compared to all other metallic elements and fluorides or chlorides. All these species are
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found in cell electrolytes or in the electrode for Li. Transition metals contained in the
cathode (Ni, Mn, Co) are found mainly when the reaction was violent (tests 2 and 3). Their
ratios, across different tests vary but in the three tests, Ni is overrepresented compared
with Mn and Co, which is expected as stoichiometry of the current NMC cathode favors
Ni. Their presence—in undetermined metal containing chemicals (oxides ? hydroxides ?
metal complexes ?) [21]—is consistent, with composition of the selected cells. In order to
better understand their respective amount, further studies on their chemical state and their
solubility in water are necessary.

Table 2. Analysis of anions (F~ and CI7) and a selection of metals in the water before application
and in the three samples after extinguishing. QL = quantification limit. Uncertainty values refer to
expanded uncertainties (k = 2).

. Test 1 Test 2 Test 3
ot Uncertainty Reference (Module A) (Module A) (Module B)
Tons
F~ (mg/L) 0.05 8% 0.25 142 91.6 93.7
Cl™ (mg/L) 0.01 3% 24.9 33.4 36.5 203
Metals
Al (mg/L) 0.17 15% 0.91 74.2 29.3 73.9
Co (mg/L) 0.03 10% <LQ 0.42 12.8 7.07
Cu (mg/L) 0.03 10% 0.04 0.30 0.26 4.18
Fe (mg/L) 0.08 9% 0.30 5.92 4.59 0.30
Li (mg/L) 1.67 15% <LQ 445 27.8 360
Mn (mg/L) 0.03 10% <LQ 1.22 17.0 5.82
Na (mg/L) 1.67 14% 13.0 15.6 163 26.2
Ni (mg/L) 0.08 12% <LQ 3.25 49.0 40.1
P (mg/L) 0.17 17% <LQ 201 113 5.80

Aluminum, copper, and iron in pristine cells are present in sheets or bulk form and as
particulate matter; therefore, they are expected to be less present in particulate emission.
Aluminum is, however, found in noteworthy amounts probably because of its low melting
point (660 °C). Iron and copper, which have higher melting points are found in relatively
low amounts in the three tests.

By comparing the two extinguishing operations on the prismatic cells (test 1 and 2), it
can be observed that when the thermal runaway thermal impact is characterized by a fully
developed combustion process, the interacting water collected is much more concentrated
in Polycyclic Aromatic Hydrocarbon (PAHs) and cathode metals (Ni, Mn, Co). On the
other hand, the concentrations of elements essentially coming from the liquid electrolyte
(typically Li, P, F) are present in higher quantities (1.6 to 1.8 factor) when the reaction is
not fully developed, and where the electrolyte has a chance to be dragged in the water.
This observation is coherent with the higher amount of organic carbonates found in test 1
presented in Section 3.2.3.

The comparison of the results between different cell geometries also confirms the
importance of this parameter, influencing, in particular, the mechanical strength of the
system and, therefore, the confinement of the species.

3.2.2. Poly Aromatic Hydrocarbons (PAHs)

Another important family of water contaminants in fire situations is PAHs. While the
common specification for PAHs mentions 16 substances to be analyzed [22], 23 PAHs were
analyzed; the results are reported in Table 3.
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Table 3. Analysis of 23 PAHs in the water before application and in the three samples after extin-
guishing. QL = quantification limit. (Expanded: k = 2) Uncertainty of analysis for HAPs is 15% for
all species.

PAH (Polycyclic Aromatic Hydrocarbons)

oL Reference Test 1 Test 2 Test 3
(Module A) (Module A) (Module B)
Naphtalene (ng/L) 10.0 <LQ 1279.2 2792.2 3114.6
Acénaphtylene (ng/L) 40.0 <LQ 2421.7 2405.1 1193.4
méthyl-1.naphtalene (ng/L) 10.0 <LQ 26.8 459.4 667.1
méthyl-2.naphtalene (ng/L) 10.0 <LQ 203.2 <LQ 2058.4
Acénaphtene (ng/L) 2.0 <LQ 34.1 110.6 275.7
Fluorene (ng/L) 2.0 <LQ 74.1 752.3 1055.0
Phénanthrene (ng/L) 4.0 5.7 360.9 3026.8 2581.6
Anthracene (ng/L) 2.0 <LQ 10.6 330.5 303.3
Fluoranthene (ng/L) 2.0 10.8 57.7 1280.9 349.8
Pyrene (ng/L) 2.0 7.2 45.1 1279.8 20.5
méthyl-2.fluoranthene (ng/L) 4.0 <LQ 7.3 45.1 21.3
B(a)A (ng/L) 2.0 <LQ 24.8 185.7 131.8
Chrysene (ng/L) 2.0 <LQ 32.5 212.3 40.8
Retene (ng/L) 2.0 <LQ 104.9 170.7 19.8
B(e)P (ng/L) 2.0 <LQ 7.5 306.3 50.4
B()F (ng/L) 20.0 <LQ <LQ 106.3 <LQ
B(b)F (ng/L) 2.0 <LQ 34.6 259.6 5.8
B(k)F (ng/L) 2.0 <LQ 8.3 81.0 8.2
B(a)P (ng/L) 2.0 <LQ 13.0 163.9 20.8
D(a.h)A (ng/L) 2.0 <LQ <LQ 36.7 45
benzo(ghi)P (ng/L) 2.0 <LQ 13.3 169.6 41
Indeno (ng/L) 4.0 <LQ 35.2 162.1 11.8
Coronene (ng/L) 2.0 <LQ 4.0 54.0 <LQ

It shows the presence of numerous PAHs including naphtalene and phenantrene, the
most present, which typically indicates the combustion of hydrocarbon-based products.
Specific attention should be paid to B(a)P as it is class 1 on the IARC scale (proven carcino-
gen). According to the potential ecotoxicological impact of those products, one should pay
specific attention to the potential impact of runoff water.

3.2.3. Organic Carbonates

To complete the chemical characterization of the pollutants in the extinguishing waters,
a selection of organic carbonates, classically used as electrolyte solvents or critical additives
(VC, FEC), was quantified. Results are shown in Table 4.

Table 4. Analysis of 7 common carbonates used as electrolytes in the water before application and in
the three samples after extinguishing. QL = quantification limit.

Species QL Reference Test 1 Test 2 Test 3
(Module A) (Module A) (Module B)

DMC (ug/mL) 8.8 n/a n/a n/a n/a
EMC (ug/mL) 8.3 n/a 138 59 n/a
VC (ug/mL) 9.4 n/a n/a n/a n/a
DEC (ug/mL) 8.1 n/a n/a n/a n/a
FEC (ug/mL) 10.2 n/a n/a n/a n/a
EC (ng/mL) 7.7 n/a 1082 461 n/a
PC (ug/mL) 10 n/a n/a n/a n/a

The presence of such compounds is found only in tests 1 and 2. This difference between
the tests could be explained by the important combustion reaction observed during tests 3; it
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is most likely that the high temperature reached during this test led to the total evaporation
and possible thermal decomposition of those volatile and easily flammable compounds
before being dragged into the wastewaters. The boiling point for EC is typically 244 °C
and 100 °C for EMC, which is significantly lower than the flame temperature. For the same
reason, as the reaction in test 1 was less violent than in test 2, the quantity of carbonates
found is higher for test 1 than for test 2. Species identified in the water are EMC and EC
which are very commonly used as electrolyte solvents. Also, the boiling point difference
might explain the difference between the quantity of EC and EMC found in the liquid phase,
as EMC evaporates more easily. This also means that the massive use of water to cool down
a whole system as a container could lead to a higher concentration of organic carbonates
since part of the cells might, in such a case, be damaged but not burnt. Hydro solubility of
those compounds may also play an important role (778 g/L for EC and 46.8 g/L at 20 °C
for EMC) and explain the differences in the concentrations found. These compounds must
be carefully monitored because they cannot easily be filtered out or left to settle.

3.2.4. Particle Size Analysis

To complete the chemical analysis of the water, particles sizes in the water were
evaluated using the CPS method. Using Stokes’ law, a hydrodynamic intensity-weighted
particle-size distribution of diameters is obtained and transformed into a volume-weighted
or number-weighted particle-size distribution, as presented in Figure 3.

100- A
/ \

F Test 1
Test 2

—
—  Test 3
I

Reference

S04 {

Relative VWeight

VA

1 T T T T T 1T 1
0.05 0.07 0.4 02 03 05 07 10 20
Patrticle Diameter - Microns

Figure 3. Number-weighted particle-size distribution of the particles presents in the water before
application (reference) and in the three samples after extinguishing. Measurement was carried

out by CPS.

This analysis leads to the conclusion that only extinguishing water from test 1 has a
nanometric fraction, with particles around 70 nm in diameter. Other samples contain a
majority of particles between 0.9 and 2 um. This analysis confirms the possibility, mentioned
in the literature [11], that extinguishing water might be loaded with nanoparticles, without
being able to quantify them with the method used. Also, because nanoparticles are absent
from tests where the reaction was the most developed, it can indicate that those particles
might be dragged in the smoke plume before being dragged by water.

To get information on the nature of the nanometric particles in the extinguishing water
of test 1, additional analysis by transmission electron microscopy were performed. Images
are presented in Figure 4. Figure 4a shows a picture of a representative sample of what
was observed over the entire grid. Several populations of particles of highly variable sizes
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are identified and presented on Figure 4b—d. The majority of particles are the finest and
correspond to the smallest black dots in Figure 4a. According to Figure 4b, one can conclude
that soot nanoparticles agglomerate and form nanostructured clusters. Spherical particles
of intermediate size are then observed (Figure 4c) and are associated with tarballs, having a
diameter around 100 nm. Finally, the largest particles (Figure 4d) have a characteristic size
around one micron and are mainly metal particles, composed of iron and aluminum.

Figure 4. TEM analysis of the particles presents in the extinguished water of test 1. (a) Zoom-out of a
representative area showing the relatives proportion of the three particles population encountered,
(b) zoom-in of particles identified as soot agglomerate, (c) zoom-in of particles identified as tarballs
and (d) zoom-in of particles identified as metallic.

Particles bellow 2.5 um are inhalable and might pose a toxicological risk for hu-
mans [23]. In the case of this study, the particles are in water, making eco-toxicity the main
risk identified. No size threshold is clearly defined in the literature nor in regulations. Some
studies have nonetheless showed that particles with a size lower than 100 nm can enter
the root system of higher plants and be translocated to aerial parts which demonstrate the
possibility of trophic transfer [24]. In invertebrates (water flee), accumulation of several
types of nanomaterials has been shown [25]. The interaction phenomenon between metallic
oxide nano materials and freshwater micro-algae was also evidenced by Rivero et al. [26].

3.2.4.1. pH Measurement
Table 5 shows the pH measured in the sampled water immediately after each test.

Table 5. pH of the extinguishing water. (Expanded: k = 2) uncertainty of measurement is 1%.

Test 1 Test 2 Test 3
(Module A) (Module A) (Module B)
pH 5.2 5.9 11

Depending on the test, the pH of extinguishing water is either acidic or basic. Values
obtained in our tests would rate the corresponding water clearly outside recommended
freshwater quality standards (6.5 < pH < 9) or limiting pH values for treatment in wastewa-
ter sewage systems (see Table 6).
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Table 6. pH limit values in different local regulations.

Industrial Effluent Value for

pH Limit Values Drinkable Water Discharge in Sewage Systems
EPA [27] (USA) 6.5t09
Canada [28,29] 7 t0 10.5 6-9
Switzerland [16,17] 6.8 t0 8.2 6.5t09

Battery field failure incident reports as well as scarce pH values reported in the
literature mostly report very basic contaminated water resulting from fire-fighting opera-
tions [16-18,30], although this is not always the case [31].

The basicity of the water is sometimes explained by the inner content of the cell that
may contain soluble metal hydroxides. By contrast, the resulting acid fire water could be
related to the interaction of the water with the acidic gases contained in the fire plume [31].
A difference in concentration in metallic species between the two tests might explain (see
Table 2) the difference in pH observed. Depending on the environments in which the water
will evolve (acidic or basic soils, etc.), it cannot be ruled out that these pHs are modified [32]
before final pouring into aquatic ecosystems (surface of underground water resources).

4. Discussion

These tests were carried out at a small scale compared to what could occur, for example,
in the event of an incident with a stationary storage container or storage warehouse. In such
an event, the quantities of batteries involved, and the quantity of water used for extinction
would be much higher. To estimate the orders of magnitude of water contamination values
for a realistic situation (BESS container or storage warehouses), a simplistic extrapolation
of the results obtained based on real incident data is proposed. In the Perles and Castelet
(Ariege in France) battery stationary storage fire, which is well documented [33], and
involving a stationary storage of 1500 kWh, the local authorities estimated that a volume of
water of 180 m> was used by the firefighters, i.e., 0.12 L/ Wh. This volume seems to be a
good basis to extrapolate results as other feedback for other large-scale applications give
similar values [34].

In the tests presented here, the volume of water used is coherent with other same-
level studies [35] and, for test 1 on prismatic cells, 7 L were poured onto the 500 Wh
battery (0.014 L/Wh) during test 2, and the total volume of water was 12 L (0.024 L/Wh).
For the cylindrical cell, 3.9 L were poured onto the 900 Wh (0.01 L/Wh) battery. The
values proposed in Table 7 correspond, for a selection of substances, to an extrapolation
using a proportionality rule between the concentrations measured during the tests and
the actual conditions reported during the Ariége incident (see Supplemental Material).
This calculation also assumes that the normalized water flow rate (per watt-hour) does not
significantly influence the mass transfer of pollutants in the run-off water.

In order to evaluate the potential environmental hazard of these wastewaters, the last
column presents the “Predicted No-Effect Concentration”(PNEC) of the substance when
available on the ECHA website [36]. Those values should be read with caution as they are
given for a yearly average and are extracted from several sources, including industrial ones.
The concentration in the wastewater was above PNEC values for all the substances studied
when the data were available except for naphthalene, showing a potential environmental
hazard. Two compounds show a particularly high hazardous potential: Co and EMC with
concentrations, respectively, 2500 and 260 times greater than their PNEC. This means that,
in a realistic scenario where two fire hoses are used to fight a fire using 1000 L /min, and
the waste waters are flowing to a small river with a flow of 3 m3/s, the concentrations of
contaminants in the river are still above the PNEC for those compounds. It is also worth
noting that some of the compounds’ PNEC could not be found on the ECHA website but
might be even more hazardous. For example, a PNEC as low as 0.0017 mg/L can be found
for nickel [37] from sources other than ECHA. Another point to consider is the possible
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interaction between the contaminants. To assess this, the best method would be to test the
particle mix directly. Few studies of this kind are available but, Yang et al. has recently
shown [8] that particles from the NMC cell thermal runaway could cause inhibition of
bacterial activities in the range of 25-200 mg/L and severe acute toxicity at 100 mg/L in
5 h [8] and Quant et al. showed the acute toxicity of the runoff water [19].

Table 7. Extrapolation of the experimental results to a real application and extinguishing. The last
column presents the PNEC of the compound when available on ECHA website [36].

Test 1 Test 2 Test 3

Substance (Module A) (Module A) (Module B) PNEC Freshwater
Al (mg/L) 8.7 5.9 6.2 -

Co (mg/L) 0.05 2.6 0.6 0.00106
Cu (mg/L) 0.04 0.05 0.3 0.0063
Fe (mg/L) Test 1 Test 2 Test 3

(module A) (module A) (module B)

Li (mg/L) pH 52 5.9 11
Mn (mg/L) 0.1 34 0.5 0.034
Na (mg/L) 1.8 3.3 22 -

Ni (mg/L) 0.4 9.8 33 -

P (mg/L) 23.5 22.6 0.5 -
Fluorides (mg/L) 16.6 18.3 7.8 0.89
Chlorides (mg/L) 3.9 7.3 16.9 -

EMC (mg/L) 16.1 11.8 n/a 0.062
EC (mg/L) 126.2 92.2 n/a 5.9
Naphthalene (mg/L) 0.00015 0.00056 0.00026 0.0024

5. Conclusions

In the present work, the two battery modules were triggered in thermal runaway and
subsequent degassing and fire. Water was applied to mock-up firefighting operations in
order to analyze the composition of the extinguishing water.

The tests presented in this paper highlight that waters used for firefighting on NMC
Li-ion batteries are susceptible to containing many metals, including Ni, Mn, Co, Li and
Al. Those metals are mixed with other carbonaceous species (soots, tarballs). It is also
important to note that particles present in the water can be nanometric or in the form of
nanostructured clusters. In addition to the solid contaminants, liquid compounds can be
present, especially organic carbonates coming from the electrolyte (EC and EMC in this
case) and also gaseous species such as PAH. A comparison with PNEC values showed
that this water could be potentially hazardous to the environment, depending on the
actual situation encountered in the case of thermal runaway propagation with a Li-ion
battery-based system.

These tests also make it possible to identify some trends concerning the reaction
scenario. By comparing the two extinguishing operations on the prismatic cells, one
can see that when the fire is developed, the water is much more concentrated in PAH
and cathode metals (Ni, Mn, Co). On the other hand, the concentrations of elements
coming from the liquid electrolyte (typically Li, P, F), more easily accessible, are present
in equivalent quantities. Liquid organic carbonates are preferably found in the case of
degassing without ignition. These low boiling point liquids are otherwise vaporized and
found mainly in the gaseous phase. The comparison of the results between the prismatic
cell module and the 18,650-cell module also confirms the importance of the cell and module
geometry, influencing, in particular, the mechanical strength of the system and, therefore,
the confinement of the inner materials.

As large Li-ion batteries are fast spreading (in so-called Battery Energy Storage Sys-
tems, BESS, for example), and only few data on the environmental impact of fires in those
systems are available, it is crucial to further develop consolidated knowledge in this field.
Several directions could be suggested for future tests like developing higher level (or full
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scale) testing to increase test representativity. Owing to field operational constraints in
terms of emergency response following a fire, considering time between event initiation
and water suppressant application as a parameter in futures studies also seems important.
Other investigations worth being performed are, for instance, a detailed assessment of
air, water and soil local impacts following Li-ion BESS significant incidents or in-depth
environmental impact studies of key Li-ion substances like organic carbonate solvents (EC,
EMC, etc.).
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Abstract: The increasing adoption of lithium-ion battery cells in contemporary energy storage
applications has raised concerns regarding their potential hazards. Ensuring the safety of compact and
modern energy storage systems over their operational lifespans necessitates precise and dependable
monitoring techniques. This research introduces a novel method for the cell-specific surveillance
of prismatic lithium-ion cells, with a focus on detecting pressure increases through the surface
application of a fiber Bragg grating (FBG) sensor on a rupture disc. Commercially available prismatic
cells, commonly used in the automotive sector, are employed as test specimens and equipped with
proven pressure and innovative FBG sensors. Encompassing the analysis capacity, internal resistance,
and pressure (under elevated ambient temperatures of up to 120 °C), this investigation explores the
thermal degradation effects. The applied FBG sensor on the rupture disc exhibits reversible and
irreversible state changes in the cells, offering a highly sensitive and reliable monitoring solution
for the early detection of abuse and post-abuse cell condition analysis. This innovative approach
represents a practical implementation of fiber optic sensor technology that is designed for strain-
based monitoring of prismatic lithium-ion cells, thereby enabling customized solutions through
which to address safety challenges in prismatic cell applications. In alignment with the ongoing
exploration of lithium-ion batteries, this research offers a customizable addition to battery monitoring
and fault detection.

Keywords: lithium-ion battery; battery safety; prismatic cell; thermal fault; early detection; solid
electrolyte interphase decomposition; fiber Bragg grating

1. Introduction

The safety of lithium-ion battery technology in the context of battery electric vehicles
and large-scale battery storage has become increasingly crucial as the market for large
lithium-ion battery systems continues to grow [1,2]. Foremost of the demands on present
battery systems arise from heightened energy density and rapid charging capabilities,
necessitating robust safety measures in response [3]. However, achieving these goals is a
complex task, with cost pressures and the need for more rigorous thermal management
(owing to the rising energy density) challenging the design of safe battery systems [4,5]. Re-
cent advancements have led to substantial improvements in understanding and addressing
thermal runaway (TR) events within lithium-ion batteries. These include breakthroughs in
replicating TR events [6-8], early detection methods for battery cell TR [9-14], strategies to
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mitigate TR [15-17], and the prevention of thermal propagation [18]. From these ongoing
advancements around the TR event ensue recommendations that translate to various regu-
latory levels [19,20]. Despite these improvements, there are still challenges in the field of
early detection like the high computational effort required to extract accurate and relevant
battery state data, as well as accounting for the development of relevant fault features due
to the aging of the cell [5,14,21].

In recent years, various calorimetric studies have shed light on the reversible and
irreversible degradation phenomena associated with thermal degradation in batteries lead-
ing up to a TR event, especially lithium-ion batteries using graphite-based anodes [22-24].
It has been proposed that the irreversible pressure increase observed during battery cell
operation can be attributed to gas formation [25,26]. The nature and extent of gas-forming
reactions in battery cells depend on factors such as temperature and the state of charge
(SOC), which vary depending on the cell chemistry [18,27-30]. In addition to gas emission,
the typical progression of TR inevitably leads to a significant increase in temperature [31].
The escalating cell pressure inexorably results in the opening of the battery cell, which is
accompanied by a loud noise and visible smoke generation [32].

Therefore, leveraging the expansion of battery cells is one promising avenue for the
early detection of battery degradation and critical battery states [33]. This volume increase
can be utilized for cell state determination, early fault detection, and the identification of
lithium plating in batteries [26,34,35]. Recent safety-related FBG application research in
battery technology has particularly evolved based on strain measurements and internal
sensing methods [35]. Complementary mechanical monitoring with fixed FBG sensors has
proven to be particularly applicable in mechanically sensitive and lighter pouch cells [36],
and it has also found applications in improved temperature sensing for inherently smaller
cylindrical cells [37,38].

However, prismatic cells, commonly used as large format cells in various high-capacity
systems, possess sturdy casings that make them less prone to expansion during opera-
tion compared to pouch cells, thereby limiting the usefulness of strain measurements.
Additionally, lithium-ion battery cells are often externally braced in applications, further
impeding the measurement of volume changes [34]. During operation, large format cells
develop temperature fields that decrease in uniformity based on operational demand and
cell size [39,40]. This is due to the small surface-to-volume ratio, which dampens cool-
ing efficiency. Representative and system-wide temperature measurement is therefore
challenging for larger cells.

This study introduces an innovative and non-invasive approach with FBG sensors for
meaningful strain monitoring on commercial large format prismatic cells in a realistic braced
application, thereby leveraging a mechanically fixed connection to the standard rupture disc in
these cells for improved battery state determination. The experimental investigation targeting
thermal abuse and internal gas evolution with parallel pressure measurement demonstrated
the effectiveness of the FBG sensor application for sensitive strain measurements as an
additional state parameter—complementary to voltage, current, and temperature—to ensure
safe battery operation. Analysis of the underlying degradation reactions through phases of
elevated temperatures of up to 120 °C revealed the potential for the early detection of critical
pressures before a cell opening event. Thus, this work demonstrates a novel possibility for
customizable and reliable cell-specific strain monitoring.

2. Materials and Methods
2.1. The Device under Test

The tested cell was an industry-standard, available prismatic cell of the PHEV2 type
(according to the German Association of the Automotive Industry), and it was disassembled
from a module with a nominal capacity of 37 Ah [41]. It was composed of nickel manganese
cobalt oxide (Liy Nig.33 Mng 33 Cop.33 O2) (NMC111)/graphite intercalation compound (GIC)
chemistry, as well as polypropylene (PP) and polyethylene (PE) separator combination,
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and it is usually employed in battery electric vehicle applications. Further relevant cell data
from the manufacturer can be found in Table 1.

Table 1. Cell characteristics given by the manufacturer.

Property Value
Mass/g 810
Length x width x thickness/mm 91 x 148 x 26.5
Upper cut-off voltage/V 42
Lower cut-off voltage/V 3.0
Maximum charge current/A 55
Maximum discharge current/A 123
Maximum storage temperature/°C 70
Minimum storage temperature/°C —40
Maximum operating temperature/°C 60

Positioned in a symmetrically fastened arrangement, 8 mm thick aluminum plates
clamped the cell on each side with a torque of 0.5 Nm. This applied torque resulted in a state-
of-charge (SOC)-dependent pressure ranging from an approximate range of 0.074-0.11 MPa,
which fell within the typical pressure range observed in automotive applications [42,43].
The cell was equipped with an overcharge safety device (OSD), which consisted of a
pressure-sensitive aluminum diaphragm that causes an external short circuit when a certain
pressure threshold is reached (Figure 1). The short-circuit current would cause the fuse to
melt, which would interrupt the current flow [44]. Triggering the OSD would thus prevent
further operation of the cell when an increased pressure is reached. To test the thermal
degradation and to evaluate the effects on discharge capacity and internal resistance, the
electrical operability must be preserved. The OSD was, therefore, deactivated beforehand
by filling the membrane cavity with epoxy resin.

S Mo
L 1
| 1

]
i ————1

Pressure

Jelly roll .
increase

Jelly roll

|

Figure 1. Schematic representation of the operation of the OSD in the prismatic cell showing the
consequence of an external short circuit in the event of a pressure increase, as well as the subsequent
triggering of the fuse. Based on ref. [44].

To allow for the cell opening to take place in a controlled way, the cell was equipped
with a rupture disc as standard. The rupture disc was an approximately 0.15 mm thick
aluminum sheet, and it was measured as 24 mm x 9 mm at its longest dimensions. It had
a 12 mm-elongated perforation in the center. On both sides, two additional perforations
protruded from it with a length of 4 mm at 135° (bottom left Figure 2).

134



Batteries 2024, 10, 92

Figure 2. The cell was equipped with a pressure sensor (top left) and a fiber optic sensor (bottom left).
The connection to the gas space was made by a penetration of the sealing pin. The sealing pin without
the aluminum cover can be seen in the top middle breakout. The fiber optic sensor was positioned
next to the elongated perforation and is marked by the red glowing dot in the middle. The clamped
cell that was inside the climate chamber in the complete setup is shown on the right side.

2.2. Thermal Abuse Conditions

During the experiment, the cell was exposed to elevated ambient temperature phases
in a 50-120 °C range. This high-temperature range was chosen to better quantify the
less identifiable phenomena of cells overheating due to processes at the solid electrolyte
interphase (SEI) layer of the GIC electrode. The test range, thus, started just below the
maximum operating temperature, and it ended below the melting temperature of the PE
layer in the separator, which would lead to pore closure, as well as drastic and thus easily
identifiable irreversible degradation effects [31]. As for the used temperature range, we
looked mostly at the reactions at the SEI layer on the graphite active material (Figure 3).
The SEI layer is essential for the sustainable usage of lithium-ion batteries as a rechargeable
energy storage, as the anode potential is otherwise outside the stability window of the
electrolyte [45]. According to Peled et al. [46], the desired attributes are high electrical
resistance, high selectivity, and low diffusion resistance for lithium-ion batteries, as well as
low thickness, high mechanical stability against expansion, and a high tolerance for high
temperatures and high potentials. The formation of the electrically insulating SEI layer
started with the initial charging of a lithium-ion battery with a GIC anode to stabilize it
against the potential window used. However, this SEI could not meet all the formulated
requirements. With increased temperatures, electric cycling, and longer storage times, the
layer thickness continued to increase [47].

The components of the initial SEI formation are composed of insoluble inorganic and
partially soluble organic compounds like the reduction products of the electrolyte resulting
from its reaction with lithium ions and electrons [46].
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Figure 3. Progression of the cell events for the NMC/GIC chemistry and PE/PP separator with
increasing temperature. Illustration style based on ref. [48] with insights from refs. [9,31,49].

The mix was strongly dependent on the solvent composition of the used additives
and impurities [23]. The SEI formation reactions were irreversible and led to the bind-
ing of lithium ions, thereby contributing to capacity fade and Ohmic resistance increase
(ORI) [22,47]. The exact electrolyte composition of the tested commercial cell is not known.
Due to the similarity of the organic carbonate solvents commonly used in lithium-ion bat-
teries, and for simplification in subsequent qualitative discussions, we assume the presence
of EC. Consequently, (CH,OCO,Li), emerges as the primary component in SEI formation,
accompanied by the release of CoHy, as expressed in Equation (1) [50]:

2C3H403 +2 Lit +2e — (CHQOCOzLi)z + CoHy (@)

The decomposition of the main component of the SEI can be described by the global re-
action form at which the metastable (CH,OCO»Li), reacts to the stable inorganic Li>CO3, as
expressed in Equation (2) [51]. Furthermore, the reaction was shown to be largely indepen-
dent of the lithium content of the anode [52]. The onset temperature of the decomposition
reaction depends on the electrolyte composition [23,53]. Additionally, the initial heating
rate/reaction rate was found to be greatly dependent on the graphite surface area [31].
Therefore, with the use of calorimetry, the starting temperature of the SEI degradation was
found to vary in a range of 57-80 °C [52,53].

(CH2,0CO;Li); — LixCO3 + CoHy + COz 4+ 0502 2)

With increasing temperature, an acceleration in the decomposition of metastable SEI
components to stable components can be assumed [31,52,54,55]. The SEI decomposition
has a peak at roughly 100 °C. As shown by Richard and Dahn, the self-heating rate slows
down but increases again as new SEI is formed if lithium ions are available in the GIC [52].
As in the initial SEI formation, all reactants (as expressed in Equation (1)) have to come in
contact, which can be at the graphite/electrolyte or SEI/electrolyte interface and can lead
to the increasing growth of the SEI layer even after complete coverage of the graphite [46].
These necessary reaction conditions for the reforming process are mainly managed by
two mechanisms.
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e Cracking of the SEI layer due to the expansion of the graphite during charging leads
to direct contact of lithiated graphite with the electrolyte and thus to the reformation

of metastable SEI [46,54].

e Since the SEI layer is conductive for lithium ions, and with the tunneling effect for
electrons, a new metastable SEI layer can be formed on already existing inorganic

SEI [52].

A parallel occurrence between SEI decomposition and formation could also be ob-
served from about 100 °C by the calorimetry experiments [52,56]. This then led to an
equilibrium in the reformation of metastable organic species being set externally over the
inorganic SEI layer, which increasingly reacted to form the stable inorganic layer (Figure 4).

9=

SEI formation SEI decomposition SEI decomposition
—_

CoHy COZ

CoHy 2 co,
O,

T>80°C

CH,OCO;Li), Li,CO3

~
SEl regeneration

Figure 4. Schematic display of the temperature-dependent stages of the SEI composition and occur-
ring reactions. Based on refs. [31,51].

At high temperatures, these reactions contribute to an irreversible growth of the
stable SEI component (Li;COs), which passivizes the active material and thus increases the
cell’s resistance, as well as a deactivation of active anode regions [57]. Both the formation
(Equation (1)) and the decomposition (Equation (2)) of the SEI layer are exothermic reactions
which bind of lithium ions and lead to gas evolution [31,51]. When the emission of gases
is compared (Equations (1) and (2)), it is obvious that significantly more gaseous species
are released during the decomposition of the SEI layer, which shows that the measured
pressure increase strongly depends on the onset of the decomposition.

2.3. Sensors

Battery cell degradation due to SEI growth during use manifests itself in changes in
internal resistance and in the decrease in capacity due to loss of lithium inventory (LLI) and
loss of active material (LAM) [58,59]. Depending on the use case, this leads to an unknown
internal state and uncertain thermal stability [18]. To prevent the uncertainty conceptually,
the examined prismatic cell was equipped with a pressure sensor and an FBG sensor on the
rupture disc as a basis for the early detection and monitoring of the degradation progress.

2.3.1. Pressure Sensor

In principle, a pressure sensor can be installed inside or outside the cell [60]. Here,
an external cell sensor with a threaded connection was chosen for its simple installation.
Despite its advantages, the sensor had some drawbacks, including dead volume and
thermal mass, which were not considered in this work due to the large cell size (additional
volume < 1% and mass < 0.5%). The selected piezoresistive ceramic sensor was suitable
for use during the thermal loading of the cell, with a maximum storage temperature of
125 °C and a maximum media temperature of up to 135 °C. Exhibiting good media stability,
the pressure sensor can measure pressures up to 6 bar relative to atmospheric pressure
and provides an accuracy of £0.25%. Between the positive pole and the rupture disc, a
welded-on protective cap on top of the sealing pin can be seen on the cell. After removing
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the protective cap, there is an opening sealed with a plastic sealing pin, which is used
during the production process to fill the cell with electrolyte (Figure 2). For attaching the
sensor, an aluminum block with concentric inner threading was positioned over the sealing
pin of the prismatic cell. Using this location for the measurement setup is considered
advantageous due to the following reasons:

e It provides easy access to the opening without the need for drilling, which could
introduce metal shavings into the cell and potentially cause an internal short circuit.

*  Remaining uncovered, the rupture disc of the cell preserves its functionality, thus
enabling the authentic behavior that is crucial to the FBG sensor.

e The electrolyte does not flow into the measurement block because of its position
on top of the cell, thereby ensuring that the electrochemical properties of the cell
remain unchanged.

For fixing the aluminum block, an adhesive silicon-based sealing paste (Acc Silicones-Part
No.: 740010640) and epoxy resin (MG Chemicals—Part No.: 832HT-375ML) were utilized
to bond the aluminum block to the cell housing. After hardening, the silicone-based ad-
hesive sealing paste forms a resilient silicone elastomer and can withstand temperatures
up to 300 °C. It was used as the outer ring sealant and the electric insulation between the
aluminum block and the cell housing, which was connected to the positive pole.

An 8 mm-long tinned copper tube was fixed into the electrolyte pin opening with
epoxy resin (maximum operating temperature of 200 °C) on the inside of the aluminum
block. The chemical stability of the inner cured epoxy resin was tested by exposure to an
electrolyte mixture of ethylene carbonate (EC):dimethyl carbonate (DMC) in a ratio of 1:1
with the conducting salt LiPFe in the concentration of 1 mol L~! and had shown no visible
changes over 2 years.

Before the cell was opened by puncturing the seal pin’s final plastic layer, the cell
was transferred into an argon-filled glove box. As the final steps, the pressure sensor was
mounted on the aluminum block together with the silicone O-ring seal (max. operating
temperature 200 °C) inside the glove box, and it was cast on the outside with epoxy resin
to ensure complete sealing. The successfully retrofitted sensor was braced against the cell
and can be seen on the right side of Figure 2.

2.3.2. Fiber Bragg Grating Sensor

The fiber optic sensors used were single-mode 800 polyimide-coated glass fibers. In
addition to their mechanical robustness and immunity to electromagnetic interference,
these sensors have a small form factor. Inside this fiber are uniform FBGs inscribed by a
femtosecond laser. Depending on the grating period A and the effective refractive index
1eff, the FBG reflects a specific Bragg wavelength (Ag), as can be seen in Equation (3) [61,62].

A = 21 3)

These physical properties of the FBG grating are sensitive not only to mechanical
strain, but also to temperature changes (Equation (4)) [61,62].

% — (1= pe)Ae+ (& +7)AT @)
B

The stress-optic coefficient pe, the thermo-optic coefficient 77, and the thermal expan-
sion « describe the effect of strain changes (A¢), as well as the temperature changes AT on
the Bragg wavelength when compared to the initial state of the measurement. The fiber
optic sensor was mounted on the outside of the rupture disc parallel to the long perforation
in the middle (bottom left Figure 2). This designed mechanical weakness as a safety feature
is accessible, and it demonstrates the highest sensor sensitivity to state changes in the cell
compared to other positions on the cell due to its thinness. Because of the orientation of the
fiber on the rupture disc, the FBG was compressed with increasing swelling along the perfo-
ration as a result of the plastic deformation due to high cell pressure. After the irreversible

138



Batteries 2024, 10, 92

deformation, the FBG thus relaxed to a compressed state at reference conditions and was
directly dependent on the degree of the increasing curvature, which led to a reduction in
the grating period A and therefore to a decrease in Ag (Equation (3)). This compression
made it necessary to apply the fiber under tension during the application; otherwise, no
measurement was possible [63]. To test for the highest sensitivity, a configuration with
the sensor glued on one side and free on the other side along the elongated perforation
(one-sided adhesive), which had an even distribution of the adhesive on both sides of the
elongated perforation (balanced adhesive) for a more symmetrical deformation behavior,
were tested (Figure 5).

Initial state One-sided

P T T

\
P AN

End of test - reference state

F:"........---..................-------.---.EF 5

Figure 5. Scheme of transition from the initial state of the rupture disc to the state with swellings
around the perforation at 25 °C after the thermal abuse test (red). In the one-sided configuration, only
the area around the FBG sensor was glued to the rupture disc (gray box). In the balanced configuration
(yellow boxes), both sides of the elongated perforation were glued for a more symmetric deformation.

To optimize the strain transfer, the fiber was bonded with a cyanoacrylate-based adhe-
sive (Loctite 406) with a high Young modulus for optimal strain transfer (which was stable
up to 120 °C and parallel to the center perforation with low adhesive thickness between the
bursting disc and fiber). The bond length was chosen to be as long as the elongated perfo-
ration. To further improve the strain transfer of the FBG sensor, the polyimide coating was
removed from the fiber [63,64]. Before the adhesive was used, the surface was roughened
with 80-grit abrasive paper, which was then afterward cleaned with isopropyl alcohol. The
bonding process took place in two steps. First, the tip of the sensor was glued next to the
end of the elongated perforation that was midway to the wall of the rupture disc. This was
followed by bonding the remaining fiber to the aluminum next to the perforation under
tension. Using this two-step method allowed for the application of sufficient pretension to
the fiber so as to allow the measurement of the increasing compression. For the balanced
glue configuration, the other side of the long perforation was also coated with the same
amount of adhesive to ensure the symmetrical behavior of the rupture disc’s deformation.
In addition to the rupture disc’s surface-applied FBG sensor, there was an additional FBG
sensor in a 3 cm distance along the fiber, which was attached loosely to the cell with a nar-
row adhesive strip that was perpendicular to the fiber course. This free FBG sensor served
as a temperature reference to the bonded FBG sensor and was mechanically decoupled
from the cell.
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2.4. Experimental Method

In Figure 6a, it can be seen that the clamped cell in the climate chamber was electrically
connected to an electric battery test rig (Scienlab-SL60/200/12BT4C, Bochum, Germany),
which controls the electrical load; supports the galvanostatic electrochemical impedance
spectroscopy (GEIS) that operates in a frequency range of 10 mHz to 5 kHz and a maximum
current amplitude of 5 A, as well as logs the pressure sensor, the cell temperature by
a Pt100 sensor on top of the cell, the chamber temperature, current, and voltage of the
cell. Additionally, the fiber with the FBGs was monitored by a commercial FBG measure-
ment system (FiSens—X400, Braunschweig, Germany). Each adhesive configuration on
the rupture disc was tested two times (balanced: Bl and B2 and one-sided: O1 and O2).
Opverall, the measurement frequency was 1 Hz. The pressure and free FBG measurement
was performed only for the Bl and O1 configurations due to the high similarity of the
measurement results.

Critical stop condition:
p = 3.6 bar

PHEV2 cell

=

L) L--
l Impedance and capacity measurement

t

Impedance and capacity measurement
R ——

1. GEIS - 5 kHz - 10 mHz

2. Discharge capacity at 1 C

|
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|
|
|
|
|
|
|
|
|
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|
: 3. GEIS — 5 kHz - 10 mHz

Battery test system

FBG interrogator

Figure 6. (a): Test setup of the prismatic PHEV2 cell used in the experiment with a pressure sensor
and FBG sensor in the balanced configuration. (b): Gradual temperature increase in 5 °C steps
from a range pf 50-120 °C or until a measured pressure of 3.6 bar was reached. (c): The electrical
characterization procedure during the reference temperature phases after a 3 h relaxation at 3.95 V.

A climate chamber (Binder-MK720) with a heating rate of 4 K min~! and a cooling
rate of 4.5 K min~! was chosen to minimize the transition times between each phase. To
ensure the safety of the test, the experiments were carried out in a safe environment with a
set critical pressure limit that was determined beforehand by heating an identical cell until
the rupture disc burst. The critical pressure limit until test termination was set to 3.6 bar. To
investigate the increasing thermal degradation effects of the cell, a sequence of reference and
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high-temperature phases going from a range of 50-120 °C in 5 °C increments were applied
to the cell (Figure 6b). The test was finished when the 120 °C high-temperature phase was
concluded, or it was ended prematurely when the critical pressure limit was reached.

After each 3 h high-temperature phase, the cell was electrically characterized during a
20 h-long reference temperature phase at 25 °C by a procedure comprising a GEIS before and
after a capacity test to monitor the change in cell impedance after every high-temperature
phase (Figure 6¢). The complete electrical procedure from the start of the cooling from a
high-temperature phase to the start of the next is listed below. There were two cells in the
climate chamber for each experiment. Steps 2 and 3, as well as 6 and 7, were swapped for
the cells in the O1 and O2 configuration to perform GEIS on only one cell at a time, thereby
avoiding interference.

1. Hold voltage at 3.95 V for 4 h once the reference temperature of 25 °C is reached;
2. GEISat5 A from 5 kHz to 10 mHz for 10 sine periods;

3. Restlh;

4. Capacity check at 1 C (2x)

(a) Discharge at 1 Cuntil 3 V;

(b)  Rest1lh;

(c) Charge at 1 C until 4.2 'V;

(d)  Hold voltage 4.2 V until C-rate drops to 0.05 C;
(e) Rest 1 h.

Discharge at 1 C to the desired 80% SOC;

Rest1h;

GEIS at 5 A from 5 kHz to 10 mHz for 10 sine periods;

Hold voltage at 3.95 V during the next high-temperature phase.

Before the start of the abuse test, the SOC of the cell was charged to 100% by a 1 C
constant current (CC) charge and a 4.2 V constant voltage (CV) phase; this phase ended
when the current dropped to 0.05 C, and it was then set to 80% SOC by a 1 C CC discharge
phase. The cell was held at a constant 3.95 V (80% SOC) during the high-temperature phase
to keep the boundary conditions for the SEI reactions constant. Thus, the experiments were
conducted at a higher SOC close to the upper operation limit of commercially used cells [65].
Increasing the SOC any further would result in intensified gas emissions due to higher
cell voltage, which are not related to the degradation phenomena under investigation [30].
After the end of the abuse test, the cells were cycled two times at 20 °C and in a CC phase
at 0.05 C. These measured voltage responses were used for incremental capacity analysis
(ICA) and were compared against cells without thermal abuse (Section 3.2).

® NG

3. Results and Discussion

All the temperature abuse tests were finished within a complete temperature range of
50-120 °C (Table 2). The overview of the capacity fade, ORI, maximum pressure increase
(only B1 and O1), as well as the maximum FBG wavelength change compared to before the
abuse, can be seen in Table 2. The capacity fade after the experiment was approximately
6% of the initial capacity. The resistance increases were around 25% except for the test O2,
which had shown a problem with the GEIS measurement. A maximum pressure of 3.4 bar
was reached during the 120 °C phase for the Bl and O1 tests. The start-to-end change in
the wavelength change (at 1 Hz with an accuracy of £2 pm) of each fixed FBG adhesive
configuration was spread from a 0.74-1.20 nm range, thereby showing that there was
potential for improving the quality of application methodology to reach more consistent
results. The trends of all the tabulated characteristics over the thermal abuse can be seen in
Appendix A.2.
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Table 2. Degradation overview of the capacity fade, FBG wavelength change at reference conditions,
pressure, and ORI after completion of the thermal abuse test. Additionally, the temperature-specific
wavelength change of the fixed FBG sensors at 50 °C are displayed.

Property Value

1D o1 02 B1 B2
Max pressure/bar 3.40 - 3.44 -
FBG hub/nm —1.02 —0.74 —0.86 -1.20
Capacity decrease/% 5.32 6.15 5.00 7.09
ORI/ % 26.29 134.92 26.77 27.45
Ay /AT /pm K~ 1—before until end of 50 °C phase 21.2 19.1 13.2 18.4
AAgy /AT /pm K~1—cycle after 50 °C phase 36.8 434 37.4 36.1

3.1. State Development during Thermal Degradation

The test performance of the conducted tests proceeded in a very similar fashion. The
following describes the results of experiment B1. It can be seen in Figure 7a that, in each
phase of increased temperature, the wavelength change of the free FBG sensor was found
to be directly proportional to the cell temperature. By comparison, the reversibility of
the Bragg wavelength of the fixed FBG was equal to the free FBG up to the maximum
storage temperature of 70 °C (Figure 7b). Thus, up to this temperature, the deformations
of the rupture disc were exclusively elastic. Exceeding this temperature led to a plastic
bulging in the perforations on the rupture disc during the high-temperature phase, which
was shown as an irreversible wavelength decrease due to the resulting compression of the
fixed FBG in the following phase at reference temperature. However, like the free FBG,
the relative signal change of the fixed FBG can be directly correlated with the temperature
rise during the high-temperature phase, thereby allowing for temperature monitoring.
While the sensitivity for the free FBG was based on the thermal part of Equation (4), and
showed an effective sensitivity of 8 pm K1, the sensitivity of the fixed FBG during the high-
temperature phase was three times higher (Table 2). As the complete fiber was assumed to
be at an ambient temperature, the additional wavelength shift could be attributed to the
thermal expansion of the host material. In contrast to the increasingly visible irreversible
changes in the FBG that were fixed on the thin rupture disc, the expansion-induced higher
temperature sensitivity could also be shown for other fixed FBG measuring points on the
robust aluminum housing of the prismatic cell in the preliminary experiments.

Before starting the experiment, the pressure at the reference conditions inside the cell
was at a slight over-pressure at a constant 160 mbar (Figure 7b). The pressure exhibited
purely reversible pressure increases due to thermal expansions up to 75 °C. An irreversible
pressure rise became apparent within the following high-temperature phases. In the
closed cell, the increase in pressure at reference conditions could only be related to the
gas evolution inside the cell due to the onset of the SEI degradation reactions. These
irreversible contributions of both the pressure and the fixed FBG sensor were superimposed
with the thermal expansion at elevated temperatures. As the deformation state was directly
dependent on the cell pressure due to the design of the rupture disc, the measurable
compression of the fixed FBG was found to be dependent upon the significantly larger
pressure increase from the thermal expansion rather than the additional gas generation.

In addition to the increasing irreversible changes in the sensor signals, the GEIS
performed also showed an ORI of the cell. The repeated GEIS measurements at 80% SOC
and at the reference conditions showed a high reproducibility between the measurements
before and after the determination of the discharge capacity. Therefore, only the first
impedance spectrum after the high-temperature phases at 50, 85, and 120 °C can be seen in
Figure 7c. The GEIS measurements showed an ORI leading to a shift along the real-axis in
the characteristic impedance spectrum (at 50 °C) that saw increasing temperature.

In Figure 7d, the current (I < 0 is a discharge) of the capacity measurement with
two discharge cycles at 1 C is shown at 50 °C. The second discharge AQ ;s » was used as a
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reference for capacity determination. With the measurement after 50 °C taken as a reference
measurement with 38.82 Ah, the discharge capacity decreased to 36.89 Ah after the 120 °C
phase. On the secondary axis of this plot, the measured temperature of the Pt100 sensor on
top of the cell showed a temperature increase of 1.5 °C at the end of the discharge phase.
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Figure 7. Overview of the results of experiment B1. (a): The free FBG wavelength change and
temperature profile of the Pt100 sensor on top of the cell during test time. (b): Progression of
the pressure and fixed FBG signals over the test duration and high-temperature phases that saw
initial reversible changes up to 70 °C and which accumulated irreversible changes with increasing
temperature. (c): Impedance spectroscopy spectra after 50, 85, and 120 °C temperature phases before
capacity determination at 25 °C. (d): Current profile for the capacity determination and measured
temperature at 25 °C after the 50 °C phase. (e): Sensor performance of the pressure, as well as the
free and fixed FBG sensor during cycling after 50 °C. The wavelength change of the free FBG sensor
was multiplied by four to create a comparable signal level to the fixed FBG sensor.

The cyclic load with changes in the SOC, which led to minimal cell temperature
increase, was particularly interesting for the applied sensors to test their sensitivity during
normal operation at the constant ambient temperature of 25 °C. Therefore, the optical
wavelength shift of the fixed and free FBG sensor and the pressure, which were obtained
during the same procedure, are displayed in Figure 7e. While dependent on the gas
temperature inside the cell, the equilibrium pressure was directly proportional to the SOC
of the cell, which can be seen during the relaxation phases in between the charge and
discharge phases. This was in line with other results found in the literature, and it can be
explained by the different states of the volumetric expansion of the electrodes depending
on the SOC [66,67].

Looking at the FBGs, the results for the free FBG were corrected accordingly in the
plot to allow for a comparison of trends (Figure 7e). The direct proportionality of the
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free FBG to the temperature profile became less accurate during cycling due to the low
sensitivity. In addition, between hours 3 and 4, there was a steep decrease in Ag. This
irregular effect can be observed on average 2 to 3 times a day, and it was related to the
mechanical disturbances outside the described test environment that were due to other
activities in the lab environment to which the free FBGs sensors were susceptible.

The temperature profile was captured more precisely by the fixed FBG sensor as it
displays a sensitivity over 35 pm K~ (Table 2), which was averaged by the temperature
difference at 150 mbar £ 10 mbar during the discharge between hours 1 and 2, as well
as 5 and 6 (Figure 7e). By comparing the sensitivity of the fixed sensor during the high-
temperature phase and cycling, it became evident that the pressure increase led to a
compression in the FBG (Table 2). This became especially apparent when we compared the
sensitivities to the temperature during cycling with small pressure changes of ~70 mbar
and the 50 °C phase with increased pressures at ~270 mbar in Table 2. The apparent
sensitivity to even minor pressure changes in the performed tests could be seen at the start
of the charge phase for cell Bl (just after hours 3 and 7), where the charge led to a steep
increase in pressure due to the parallel temperature and SOC increase. During the start of
the charge, it could thus be seen that the fixed FBG signal decreased despite the increase in
temperature. Later, during the charge, the pressure gradient decreased, which led to an
increase in Bragg wavelength until the temperature reached a constant of 27 °C. Overall,
the fixed FBG sensitivity to temperature predominated due to the thermal expansion of the
material, while the SOC dependency was only noticeable under certain conditions due to
the minimal changes in pressure in the SOC range.

The small elastic geometry changes of the rupture disc leading to the elastic compres-
sion of the fiber show an increasing wavelength change after the completion of the test due
to an increase in the sensitivity of 30-80% at the last cycle depending on the test (Figure 7b).
The sensitivity toward these small pressure changes seemed to vary between each test and
was most likely highly susceptible to minor changes in the fiber positioning and adhesive
geometry on the whole rupture disc.

A lower sensitivity toward pressure changes and a more direct proportionality of the
fixed FBG to the temperatures during these cycling conditions can be seen in the analog
figures of the experiments O1 (Figure A1), B2 (Figure A2), and O2 (Figure A3).

The development of the start-to-end normalized state changes of pressure, ORI, and
capacity at reference conditions before the start of the next high-temperature phase showed
an exponential deterioration over the intensified thermal abuse (Figure 8). The normalized
measurement profiles of the irreversible wavelength changes in the first experimental
test, which exemplified the differences in the fixed FBG adhesive configurations, are also
depicted in this figure. These profiles did not exhibit an exponential dependence on the
temperature level of the preceding phase.

After each high-temperature phase, there was an increasing change in the Ohmic
resistance and discharge capacity (Figures A4 and A5). However, the irreversible rise of
pressure only started after the high-temperature phase at 75 °C (Figure A6). Reaching the
onset temperature of the SEI decomposition led to gas emissions that increased exponen-
tially with increasing temperatures due to the decomposition reaction rate (Figure 8) [51].
This was also consistent with the measurable plastic deformation of the rupture disc by the
fiber optic sensor system after the high-temperature step in the setup, which was conducted
with a balanced distribution of adhesive on both sides of the middle perforation. However,
this did not develop exponentially but correlated linearly in a range of 75-115 °C for Bl and
a range of 85-115 °C for B2, which saw increasing temperatures in the high-temperature
phases (Figure A7).
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Figure 8. Progression start-end that was normalized in terms of the discharge capacity fade, ORI,
pressure increase, and Bragg wavelength decrease in the fixed FBG, which was configured with an
adhesive applied to one side (O), as well as both of the sides (B) of the middle rupture disc perforation
after each high-temperature phase at 25 °C.

Because of the designed structural weakness to a plastic deformation of the aluminum
rupture disc, the FBG sensor used here showed a clearer signal change compared to the
pressure sensor. As the pressure approached the critical pressure limit, the linearity of
the decline in the relaxed wavelength change decreased. This is an indication that the
tensile strength of the aluminum of the bulging rupture disc had been reached and that
the mechanical failure of the rupture disc had begun. Due to its direct dependence on the
internal pressure, the deviation from linearity was a good indicator of the coming failure of
the rupture disc, which thus enabled reactions to be made. Therefore, the early detection
of critical rupture disc deformations due to critical pressure developments was directly
enabled by monitoring the intentionally weakest point of the cell housing.

In contrast, the results of the one-sided configuration exhibited no reproducibility
in the Ap change during the high-temperature abuse. Particularly striking was, before
the period of the expected decrease in the Ag after 110 °C, the increase in wavelength in
the O2 configuration. A positive wavelength change indicates an elongation. This can
be explained by the non-parallel fixation of the FBG sensor near the center perforation,
whose increasing curvature on the side of the FBG sensor explained the increase in Ag
from a range of 90-110 °C (Figure A7). When increasing the pressure, depending on the
adhesive geometry on the rupture disc, there were variations in the extent of deformation.
The use of a symmetric adhesive geometry resulted in a more homogeneous resistance
behavior against deformation on the rupture disc. This led to a balanced configuration on
the sensor side detecting (linear) changes significantly earlier. On the other hand, in the
one-sided configuration, the adhesive-reinforced side, along with the sensor perforation,
caused a higher mechanical resistance on the sensor side, thus resulting in lower sensitivity
to pressure changes.

Thus, the sensor in the one-sided configuration effectively showed a less significant sig-
nal at slightly elevated temperatures, as well as drastic increases in the plastic deformation
above 110 °C (Figure 8). The non-linearity and lower signal expression of this application
alternative thus reduced the easily accessible informative value for state detection.
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3.2. Incremental Capacity Analysis

Due to the good suitability of the ICA for the investigation of various significant
degradation phenomena like the loss of mobile lithium inventory (LLI), loss of active
material (LAM), and changes in ORI, the change in incremental capacity (1Q/dU) due
to the thermal abuse test of the damaged cells was considered [59,68]. To evaluate the
degradation effects, the results of the two cycles at a current rate of 0.05 C at a 20 °C ambient
temperature on the cells after the high-temperature step test, as well as two undamaged
cells, were compared to each other. Before the determination of the incremental capacity of
each of these cells, the final charge and discharge curve of the voltage was smoothed with a
Gaussian filter for a window of 400 s to improve the curve feature visibility. Figure 9 shows
the dQ/dU curves of the undamaged cells, as well as the B1 and O1 cells as a function of
the cell voltage for charge (dQ/dU > 0) and discharge (dQ/dU < 0).
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Figure 9. Incremental capacity analysis of the two reference cells without thermal degradation
and the two cells after the thermal abuse test (B1 and O1) at a constant SOC of 80% during charge
(dQ/dU > 0) and discharge (dQ/dU < 0). The features of interest during the charge phase are

annotated by Dto@.

The incremental capacity curves of the damaged cells and the reference cells showed
good agreement, which indicates good cell quality and high reproducibility in the thermal
step tests concerning the degradation state. Significant features of interest (FOI) for the
NMC111/GIC cell chemistry are shown in Figure 9 by (D) to (4). These FOI enabled
assessments of the degradation phenomena [59]. Each feature was a combination of
the electrochemical reactions at the positive and negative electrodes depending on the
material [68]. The peaks identifiable in the NMC111/GIC results are largely dependent on
the graphite [59,68,69]. There are further smaller peaks that are identifiable; these have been,
however, disregarded due to their uncertain meaning [59]. Due to the oversized capacity
for lithium ions after formation, the LAM was only detectable with a delay (incubation
time) [58,59,70]. Any LAM may, therefore, be masked by the LLI accordingly [58,70].

For the NMC111/GIC chemistry, the effects can be interpreted according to Table 3,
which lists the individual contributions of delithiated LAM (deNMC111 and deGIC), lithi-
ated LAM (liNMC111 and liGIC), LLI, and ORI that have been studied by Dubarry et al. [59].
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Table 3. Interpretation of the prominent feature shift of the NMC111/GIC cell chemistry due to
different degradation effects. Multiple arrows correspond to the multiple positions that are dependent
on the progression of degradation. The table is based on degradation maps for NMC111/GIC [59].

Property ® ® © @
LLI - N = =N\
LAMgeNmMmct11 — v {
LAMjinmc111 e 4 = 1
LAMgecic = = VAN =\
LAMjicic - N = =\
ORI — — — —

The increase in the ORI by about 25% led to no constant shifts in the peaks in the
charging or discharging directions to higher or lower potentials, respectively (Figure 9),
which quantitatively corresponded to the degradation map by Dubarry et al. [59]. The shift
of the feature @ for the NMC111/GIC material system was found to be suitable for deter-
mining whether the positive electrode was limiting. In this case, the peak would shift to the
left (<) until it disappeared (") [59]. A shift to \, was observed at (1), this corresponded
to the LLI, which would include the loss of lithiated active material (LAMj;gic and/or
LAMjinmci11) and could not be distinguished in this full cell ICA (Table 3). However,
due to the continuous SEI formation, the LLI can be assumed in that case. Feature (3)
(=) fits the degradation mode while (4) (}) remains rather inconclusive as the position of
this feature varies a great deal depending on the progression of the LLI [59]. Interestingly,
feature (2) showed only the slightest decrease in potential and incremental capacity, and it
was found to be unusually independent of the combination of degradation phenomena
compared to the other literature data [58,59]. Overall, the ICA supported the LLI and
showed no detectable LAM that corresponded to the expected degradation phenomena in
this temperature range (Figure 3).

3.3. Pre-Critical Thermal Abuse Correlations

When the onset of the irreversible pressure increase was examined, the exothermic
decomposition of the SEI layer began after the 80 °C phase (Figure A6). The ensuing
reformation reactions of the SEI layer contributed to an irreversible growth in the stable
SEI components. Subsequent increments in temperature beyond 100 °C did not result in a
further acceleration of the SEI layer decomposition and reformation, and this was evident
through a linearization that commenced from this temperature phase during pressure rise,
as depicted in Figure A6. This behavior, indicative of the kinetic limitations on the involved
reactions, aligns with documented evidence in the literature [31]. This limited reaction
equilibrium binds an increasing number of lithium ions and further passivates the GIC.
The resulting SEI recomposition causes—in addition to the irreversible pressure increase
due to gas evolution (as expressed by Equations (1) and (2))—increasing ORI (Figure 7b)
and LLI, as shown by the ICA (Figure 9), which is also reflected in the increasing loss
of capacity. As these effects are based on the same reactions at the tested temperature
range, a strong correlation between them can be shown (Figure 8). The wavelength shift
of the FBG sensor on the rupture disc at reference conditions was directly dependent on
the plastic deformations on the rupture disc. In comparing the one-sided and balanced
configuration, it was found that the development of the plastic deformations was strongly
dependent on the glue distribution and correlates with the maximum pressure, which
is a result of thermal expansion during the high-temperature phase. Therefore, it was
not directly connected to the changes in the SEI layer composition. For the balanced
configuration, the linear correlation to the reversible pressure increase was preserved due
to the symmetric deformation behavior of the rupture disc. In the one-sided configuration,
the plastic deformations of the glue-reinforced rupture disc side were only unambiguous at
temperatures over 110 °C. The correlation of the degradation phenomena in the pre-critical
thermal abuse can be summarized as shown in Figure 10.

147



Batteries 2024, 10, 92

High temperature |[—— Rever§1b1e — Plastic .de-
L ) pressure increase | formation
S750° Cl Strong correlation
SEI degrada- Gas f i | Irreversible
tion reaction as tormation pressure increase
l - k4
[ Li* consumption ) (. ) (.. . )
by SEI formation ——| Thicker SEI layer |——| Higher impedance
Loss of mobile Li* Capacity loss

Figure 10. Correlation map of the degradation phenomena due to irreversible changes in measurable
cell characteristics with an onset of SEI decomposition due to measurable gas formation over 75 °C.

4. Conclusions

Analysis of the experimental results showed that exceeding the maximum storage
temperature during high-temperature phases contributes to the expected recomposition of
the SEI layer, thus leading to increasing passivization (ORI), irreversible pressure increase,
and capacity fade due to LLI, which was shown by ICA. The presented instrumentation of
the standard rupture disc by fixed FBG sensors was shown to be reliable up to a temperature
of 120 °C in terms of allowing temperature and rupture disc deformation surveillance.

A one-sided and balanced configuration of glue was tested for the FBG fixation. The
balanced adhesive configuration displayed optimal conditions for a cell-specific, combined
sensitive temperature sensor, as well as for reliable rupture disc monitoring due to the linear
trend for plastic deformation that was shown. In contrast, the one-sided configuration failed
to present a reproducible trend and unambiguous progression toward critical pressures.
This showed the individual optimization potential for monitoring solutions, which depends
on the exact location and application of the fixed FBG sensor.

The key features displayed by the fixed FBG sensor during these thermal abuse
experiments were as follows:

®  On the rupture disc, the fixed FBG sensors showed highly sensitive proportionality to
temperature, as well as an inverse proportionality to the cell pressure.

e The fixed FBG application displayed regardless of the adhesive configuration sufficient
sensitivity for cell temperature monitoring, and it also showed potential for the in
operando detection of critical cell states.

e The direct correlation of the plastic deformations to the pressure via the mechanical
properties of the rupture disc allowed for the determination of cell-specific critical
states within a battery system, as well as ensured early warnings for the cell rup-
ture event.

These sensor properties, thus, showed a robust baseline as a sensor in both normal
operation and critical stress. Therefore, they also showed a feasible extension with favorable
properties such as the small form factor and reliability in the monitoring of large format
prismatic cells. However, it is important to investigate the potential for the early fault
detection of developing local defects in large format prismatic cells with the proposed
concept to establish a minimal severity in developing cell faults in future work.
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The following abbreviations are used in this manuscript:

CC Constant Current

cv Constant Voltage

DMC  Dimethyl Carbonate

EC Ethylene Carbonate

FBG Fiber Bragg Grating

FOI Feature(s) Of Interest

ICA Incremental Capacity Analysis
LAM  Loss of Active Material

LLI Loss Lithium Inventory

ORI Ohmic Resistance Increase
OsD Over-charge Safety Device
PHEV  Plug-In Hybrid Electric Vehicle
SEI Solid Electrolyte Interphase
SOC State Of Charge

TR Thermal Runaway
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Appendix A

Appendix A.1. Experimental Results
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Figure Al. Overview of the results of experiment O1. (a): The free FBG wavelength change and
temperature profile of the Pt100 sensor on top of the cell during test time. In comparison, the contact
of the free FBG sensor with tape was realized worse than in the B1 experiment that led to less
stable wavelength changes. (b): The progression of pressure and fixed FBG signals over the test
duration and high-temperature phases with initial reversible changes to 70 °C and accumulating
irreversible changes with increasing temperature. (c): Impedance spectroscopy spectra after 50,
85, and 120 °C temperature phases before a capacity determination at 25 °C. (d): Current profile
for capacity determination and measured temperatures at 25 °C after the 50 °C phase. (e): Sensor
performance of the pressure, as well as the free and fixed FBG sensor during cycling after 50 °C. The
wavelength change of the free FBG sensor was multiplied by four to create a comparable signal level
to the fixed FBG sensor.
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Figure A2. Overview of the results of experiment B2. (a): Temperature profile of the Pt100 sensor on
top of the cell during test time. Due to an error, the 120 °C rest was prolonged from the usual duration
of 3 h to 4.5 h, and the contact loosening of the Pt100 sensor on top of the cell after 110 °C, which
resulted in an insufficient temperature measurement during cycling. (b): Progression of the fixed FBG
signals over the test duration and high-temperature phases with initial reversible changes to 70 °C,
as well as the accumulation of irreversible changes with increasing temperature. (c): Impedance
spectroscopy spectra after 50, 85, and 120 °C temperature phases before capacity determination at
25 °C. (d): Current profile for capacity determination and the measured temperature at 25 °C after
the 50 °C phase. (e): Sensor performance of the fixed FBG sensor during cycling.
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Figure A3. Overview of the results of experiment O2. (a): Temperature profile of the Pt100 sensor on
top of the cell during test time. Due to an error, the 120 °C rest was prolonged from the usual duration
of 3h to 4.5 h. (b): Progression of the fixed FBG signal over the test duration and high-temperature
phases with initial reversible changes to 70 °C, as well as the accumulation of irreversible changes
with increasing temperature. (c): Impedance spectroscopy spectra after 50, 85, and 120 °C temperature
phases before capacity determination at 25 °C. (d): Current profile for the capacity determination
and measured temperature at 25 °C after the 50 °C phase. (e): Sensor performance of the fixed FBG
sensor during cycling.
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Appendix A.2. Characteristic Trends
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Figure A4. Decrease in the cell capacity at 25 °C after the high-temperature phase for each cell at the
time before the start of the next high-temperature phase.
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Figure A5. Increase in the Ohmic cell resistance at 25 °C after the high-temperature phase for each
cell at the time before the start of the next high-temperature phase. The result of the O2 setup is not
displayed due to an error during GEIS measurement.
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Abstract: The temperature of a lithium-ion battery is a crucial parameter for understanding the inter-
nal processes during various operating and failure scenarios, including thermal runaway. However,
the internal temperature is comparatively higher than the surface temperature. This particularly
affects cells with a large cross-section, which is due to heat development within the cell and lower
heat dissipation due to a poorer ratio of volume to surface area. This paper presents an approach
that enables real-time monitoring of the behavior of a commercial prismatic high-energy battery
cell (NMC811/C, 95 Ah, Contemporary Amperex Technology Co., Limited (Ningde, China)) in the
event of thermal runaway induced by overcharging. The internal cell temperature is investigated by
the subsequent integration of two hard sensors between the two jelly rolls and additional sensors
on the surface of the aluminum housing of the battery cell. The sensor’s signals show a significant
increase in the temperature gradient between the temperature in the core of the cell and the cell casing
surface until the onset of venting and thermal runaway of the battery. The data enable a detailed
investigation of the behavior of the battery cell and the comparatively earlier detection of the point of

no return in the event of thermal runaway.

Keywords: lithium-ion battery; thermal runaway; temperature monitoring; internal temperature
monitoring; battery safety

1. Introduction

The increasing electrification of passenger transportation is resulting in a significant
increase in demand for lithium-ion batteries (LIBs) [1]. The demand in LIBs for battery
electric vehicles (BEVs) for the Chinese, US and European markets currently amounts to
400 GWh and is expected to increase to 6800 GWh by 2030 [2]. However, there are still
technological challenges that affect the broad acceptance of the technology for mobility
applications in society. In addition to the technological challenges of increasing energy
density, reducing charging time and reducing production cost, safety concerns are a critical
factor [3]. A key to maximizing the safety of LIBs is a comprehensive understanding of the
behavior before and during the occurrence of a failure [4].

The thermal runaway (TR) of a LIB as a failure mode is the key scientific problem
in battery safety research, especially for batteries with Ni-rich cathode materials such as
LiNi gCop.1Mng 10, (NCM811) due to their comparatively low thermal stability. Thermal
runaway defines the uncontrolled increase in cell temperature, often resulting in fire,
due to an exothermic chain reaction within the cell. The TR of a cell can be caused by
mechanical abuse, electrical abuse, such as an external short circuit or overcharging, or
thermal abuse [5,6].

In this context, the integration of sensors into the battery cell is a promising way of
quantitatively monitoring internal cell behavior during operation and failure [7,8]. In recent
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years, increased efforts have been made to integrate various sensor types into different
battery cell sizes and form factors to be able to directly monitor the internal battery cell
temperature. Novais et al. use fiber Bragg grating (FBG) sensors to monitor the internal and
external temperature of LIBs [9]. Nascimento et al. report that the hybrid sensor network,
consisting of a Fabry—Perot (FP) and an FBG sensor embedded in the commercially available
LFP pouch cell, proves to be effective, non-invasive and accurate [10]. Raghavan et al.
integrate two FBG sensors into a pouch battery cell to monitor the state of the battery [11].
Lee et al. use a resistance temperature detector (RTD) to monitor the internal temperature
of LFP/LTO coin cells [12]. A similar approach is taken by Zhu et al., who embed RTD
thin film sensors in a pouch format LIB to monitor the internal cell temperature at multiple
locations [13]. In another study by Fleming et al., NTC thermistors bonded to a flexible
polyimide substrate are used as internal sensors for both a cylindrical 18650 cell and a
5.5 Ah pouch format battery cell [14]. In contrast, Mutyala et al. use a thin film K-type
thermo-couple (TFTC) to monitor the temperature inside a 3 Ah pouch cell [15]. In various
other approaches, thermocouples were also integrated into LIBs to quantify the temperature
behavior within the cell [16-20].

However, most of the existing approaches are limited to investigating the internal cell
temperature behavior of small-format pouch, cylindrical or coin cells during regular cycle
tests. In contrast to this, Xu et al. present a study analyzing the behavior of a medium-
size prismatic 37 Ah NMC111/C battery cell during thermal runaway with integrated
temperature sensors in addition to a cylindrical 21700 cell and a pouch cell [21]. Parekh
carries out a similar experiment with an LCO coin cell with integrated RTD and induces
the thermal runaway by overcharging the cell [22]. In their work, Mei et al. present an
approach to monitor the internal temperature and pressure during the thermal runaway
of a commercially available 18650 LFP battery cell after applying external heat, using
FBGs [23].

This work aims to investigate the temperature behavior of a large-format prismatic
automotive grade LIB with a high energy density of 246 Wh/kg and NMC811/C electrode
chemistry during thermal runaway using two redundant integrated thermocouples.

2. Experimental Set-Up and Methods
2.1. Cell Preparation and Sensor Integration

Prismatic lithium-ion cells from the manufacturer “Contemporary Amperex Technol-
ogy Co., Limited” (Ningde, China) are used for the experiment. The specified nominal
capacity is 95 Ah with a nominal voltage of 3.67 V, which results in a total energy of 350 Wh
and a gravimetric energy density of 246 Wh/kg. The cell housing is made of aluminum
and has the following dimensions: 35.7 mm x 180 mm x 102 mm. The wall thickness of
the sides is 1.2 mm, whereas the wall thickness of the base is 1.4 mm. The internal cell
structure consists of two jelly rolls connected in parallel. The jelly rolls each have a width
of 178.1 mm, a height of 84 mm and a thickness of 16.65 mm. Graphite is used as the active
material on the anode side and NMCB811 on the cathode side. The aluminum foil of the
cathode has a material thickness of 0.014 mm and is coated on both sides, whereby the
total electrode thickness including coating is 0.12 mm. The copper foil of the anode has
a comparatively lower material thickness of 0.012 mm and is also coated on both sides,
whereby the total electrode thickness including coating is 0.165 mm. The separator has a
thickness of 0.015 mm.

Type K thermocouples from the manufacturer “TC Mess-und Regeltechnik GmbH
(Monchengladbach, Germany)” with a measuring range of up to 1350 °C in short-time
operation are used as temperature sensors to monitor the relevant temperature range
despite the high temperatures during the thermal runaway of a battery cell.

A systematic process is used to enable safe and reliable integration of the thermo-
couples into the battery cell. During the integration process, the battery cell’s internal
structure must not be damaged, as this could otherwise lead to an irreversible loss of
capacity and performance or to an internal short circuit. Before the integration process,
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the cells are preconditioned using a constant current—-constant voltage (CC-CV) charging
protocol over 2 full cycles at 0.25 C and 100% depth of discharge (DOD). The thermocou-
ples are integrated after an additional relaxation phase of 2 h at approximately 0% state of
charge (SOC).

The integration process is divided into six steps according to Figure 1 and is carried
out in a conventional glovebox environment under a controlled argon atmosphere. To open
the cell, the first step was to make a flat circumferential cut on the top of the cell, which
separates the housing cover, including the electrode stacks, from the rest of the housing. To
prevent an internal short circuit caused by aluminum chips penetrating the battery cell, the
housing can is cut in a two-stage cutting process.

Figure 1. Systematic approach for integrating two thermocouples into a large-format prismatic
cell; (a) milling a groove 5.0 mm below the housing cover; (b) cutting through the thin cut edge;
(c) extraction of the jelly rolls and the housing lid from the housing can; (d) drilling two feed-throughs
for the thermocouples; (e) integration and positioning of the thermocouples; (f) closing and sealing of
the cell.

First, the upper layer of the cut edge is removed by a spiral cutter and the metal
chips are carefully removed before a round blade cutter cuts through the remaining thin
aluminum layer in the second step. In the third step, the two jelly rolls, including the
housing cover, are extracted from the housing. In the fourth step, the jelly rolls are unfolded
to drill two holes in the housing cover near the safety valve for the thermocouples to be
integrated. Once the holes have been drilled and the swarf removed, in the fifth step, the
two type K thermocouples are inserted into the cell and positioned on the separator surface
of the side of the two jelly rolls facing inwards. The two measuring tips of the thermocouples
are positioned centrally under the electrodes at the same height. No additional measures
are required to keep the two thermocouples in place, as the stiffness of the thermocouple
ensures that its position does not change during folding. In the sixth and final step, the two
electrode stacks with the thermocouples are again folded and reinserted into the original
housing. However, while working on the open cell, the solvent of the electrolyte evaporates
at room temperature. To compensate for this loss of solvent and the expected loss of
capacity, 10 mL of electrolyte containing LiPF6 in EC:EMC (3:7, by wt.) is added before the
cell is closed again.

To seal the reassembled cell, the 2-component structural adhesive type “BETAMATE
2090” from the manufacturer “Dow Europe GmbH (Horgen, Switzerland)” is applied to
the circumferential cut edge and around the two holes for the thermocouples. The cell
is left to rest for 72 h at ambient temperature to allow the adhesive to cure completely.
After the curing time, the modified battery cell is tested in a vacuum leak test stand to
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prevent electrolyte leakage during handling and operation. In the following, the cell with
integrated sensors is referred to as Celljyr.

In addition to the two integrated thermocouples in the cell, the temperature is recorded
on the cell surface and near the cell environment, as shown in Figure 2. The two thermocou-
ples on the cell surface (1, 3) are located at the same respective positions as the two internal
sensors (2, 4). Three additional thermocouples are used to monitor the temperature in the
environment, in the center of the cell (5) and at the height of 10 mm above the safety vent
(6) to monitor the temperature of the escaping flammable gases during thermal runaway.

6 O L6
S ) I o E— S i
2,4 1,3
® ® % |O
3,4 1,2
5
@) O

X = Internal measuring point
O = External measuring point

(a) (b)

Figure 2. Projection view of the cell with thermocouple position; (a) front view; (b) side view; (c) top view.

2.2. Cyclization Pre-Tests

Cellyr is first tested within a comparably low number of charge-discharge cycles
to exclude a significant cell defect due to the integration of the sensor technology in
the first instance. The cells therefore undergo several CC-CV cycles with 24 A (0.25 C)
charging current and 14 A (0.15 C) discharging current at 100% DOD with an additional
10 min break between each charging and discharging step. Celljnt is placed in a test
chamber at a temperature of 22 °C during cycling. During cyclization of the modified cell,
the temperature data of the internally and externally mounted temperature sensors are
also recorded. This makes it possible to additionally evaluate the temperature gradient
across the cell cross-section of the prismatic battery cell during normal operation. The
cyclization pre-tests are carried out with a battery cell tester model “SI-9300R” from the
manufacturer “Ametek, Inc. (Berwyn, PA, USA)”. The temperature data are logged
using a data acquisition system from the manufacturer “Gantner Instruments GmbH
(Schruns, Austria)”.

2.3. Thermal Runaway Tests

The thermal runaway tests take place in a test chamber suitable for abuse tests as
displayed in Figure 3. The test chamber is equipped with active temperature control and a
fume extraction and filtering system. The respective battery cell is connected to the battery
cell tester and the temperature data recording unit presented in Section 2.3. The battery cell
is placed upright. In case the cell cannot be brought into thermal runaway by overcharging,
an external heating mechanism is installed as a backup thermal runaway trigger. For

161



Batteries 2024, 10, 41

this purpose, the cell is fitted with tungsten wire heating elements encased in polyimide
adhesive foil. To be able to investigate a possible influence of the integrated sensors on the
thermal runaway behavior, the thermal runaway test is carried out both with Celljyt and a
reference cell without integrated thermocouples, referred to below as Cellggr.

Gantner DAQ |

(Tsurface)

Gantner DAQ

(Tinternat)

External heater

Battery tester

(v, )

(Backup)

Climate control |

(Tambient)

| Abuse test chamber

Figure 3. Schematic representation of the test setup in the abuse test chamber and the data interfaces.

The SOC of the cell is approximately 0% SOC before initiating the overcharging
process. A constant electrical current of 26 A is continuously supplied for this purpose. The
(over-)charging continues until thermal runaway occurs.

3. Results and Discussion
3.1. Cyclization with/without Integrated Thermocouples

To estimate the influence of the sensor insertion in the prismatic cell, the discharge
capacity and quasi-open-circuit voltage (qOCV) curve at a low C rate of Celljyt before and
after sensor integration are compared.

According to Schmalstieg et al., it should be noted that the qOCV measurement only
approximates the actual values for the open-circuit voltage, as a small current always
flows and the cell is not in a relaxed state. However, the actual deviation depends on the
current and is therefore comparatively small at low C rates [24]. Experimental results of the
qOCV curve and discharge capacity as well as the 1 kHz impedance before and after sensor
integration are shown in Figure 4 and Table 1. The deviation of the qOCV after sensor
integration fluctuates around the zero value and reaches its maximum at an SOC of 0%
and is 0.16% compared to the qOCV before sensor integration. The value of the discharge
capacity at 22 °C and 0.15 C is 1.22% above the initial value after sensor integration. This
suggests that the amount of electrolyte added during the integration process to compensate
for electrolyte evaporation has expanded the lithium-ion inventory in the cell and the
evaporation effect has been overcompensated.

The correlation between electrolyte quantity and cell (discharge) capacity has already
been described by Giinter et al. in their study [25]. For future studies on integrated sensing,
itis important to determine the actual amount of evaporated solvent as precisely as possible
during integration to be able to carry out the compensation precisely.

Based on the results, it can be concluded that the insertion of the thermocouples
did not lead to significant impairment of the electrochemical behavior of the battery cell.
However, it cannot be determined to what extent the intervention in the internal structure
of the battery cell has long-term effects regarding cell aging. This would require a reference
analysis of the cyclical aging behavior of CelljyT.
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Figure 4. Comparison of (a) the qOCV curve for CelljyT before and after sensor integration and
(b) the relative deviation.

Table 1. Comparison of the discharge capacity and 1 kHz impedance for Celljyt before and after
sensor integration.

Reference Values Before Sensor Integration After Sensor Integration Deviation
Discharge capacity ! o
A£22°C 0.15 C 96.09 Ah 97.28 Ah +1.22%
1 Kz Impedance 0.921 mOhm 0.893 mOhm ~1.03%

at 22 °C and 50% SOC

! Nominal capacity of 95 Ah according to the cell manufacturer’s data sheet. No information is provided on C
rate and ambient temperature.

After the initial validation tests, further full charge/discharge cycles were performed
to quantify the temperature gradient between the cell center and the cell housing surface
at 0.15 C. For this purpose, the course of the internal and external temperature of the cell
was analyzed for a reference cycle with 100% DOD as shown in Figure 5. In Figure 5c, the
temperature difference between the two thermocouples inside the cell is approximately
constant at a value of 0.4 °C during the reference cycle. The distance between the two
measuring points is 130 mm. The temperature difference between the center of the cell
and the point on the surface of the cell housing with the smallest distance is 1.8 °C at
maximum. The absolute distance between the two measuring points is 17.85 mm, whereby
1.2 mm is accounted for by the thickness of the housing wall and 16.65 mm by the total
thickness of the jelly roll. This results in an average temperature gradient of 0.1 °C/mm.
The comparatively greater temperature gradient can be attributed to the comparatively
poorer thermal conductivity perpendicular to the electrode surface compared to the thermal
conductivity in the plane of the electrode and the more efficient heat dissipation at the cell
surface [26].

3.2. Thermal Runaway with/without Integrated Thermocouples

The evaluation of the thermal runaway behavior on the basis of different character-
istic temperatures (T1, T2 and T3) before and during the thermal runaway is carried out
according to Feng et al. [27]. T1 is the temperature at which the decomposition of the solid
electrolyte interface (SEI) begins. T2 is the temperature at which the thermal runaway is
triggered. The time of reaching temperature T2 is also indicated by a temperature rise rate at
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around 1 °C-s~ 1. At this point, the side reactions, such as the decomposition of the SEI film,
are highly exothermic reactions between Li and organic solvents, melting of the separator
and decomposition of the cathode materials. T3 is the maximum cell temperature during
the thermal runaway of the battery cell. T2 is the most important evaluation parameter for
thermal runaway behavior, as a higher T2 generally correlates with the thermal stability
of a battery cell. T3 is a good indicator of the risk of thermal propagation at system level.
With increasing temperature T3, the risk of thermal propagation increases [27].
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Figure 5. Reference cycle at 100% DOD and detected internal and external cell temperature values
over the charge/discharge cycle: (a) course of the temperature measured on the cell surface at
measuring points 1, 5 and 6 and the temperature measured inside CelljnTt at measuring points
2 and 4; (b) progression of the cell voltage and charge/discharge current in the reference cycle;
(c) absolute temperature difference between the internal cell temperature at measuring point 2 and
the external cell temperature at measuring point 1 as well as the temperature difference between the
two integrated thermocouples at measuring points 2 and 4.

For Cellinr, the characteristic temperatures are analyzed based on the temperatures
detected inside the cell according to Figure 6d. In this case, T1 is 95.7 °C and is reached
4289 s after the end-of-charge voltage is exceeded. Up to this point, the temperatures
at measuring points 2 and 4 do not deviate significantly from each other. This is due to
the small charging current of 0.25 C. The cell is in a thermally stable state, whereby the
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decomposition of the SEI layer has already begun. T2 is reached first at measuring point 4
after 4600 s on the selected time axis. The temperature here is 157.0 °C. For measuring point
2, T2 is reached after 4602 s at 154.7 °C. This supports the findings of Feng et al. that LIBs
with high-energy-density materials will release their stored electrochemical and chemical
energy at temperatures significantly below 300 °C as thermal energy [27]. For measuring
point 2, T3 is reached after 4614 s at 925.5 °C. T3 is also reached at measuring point 4 after
4615 s. The maximum temperature measured inside the cell here is 723.5 °C. This significant
difference in the maximum expression of T3 at two measurement points 130 mm apart
on the identical electrode position is interesting for a possible consideration of a thermal
propagation scenario on battery system level. The results suggest that the positioning of
the sensors in the cell has a decisive influence on the detection of the actual maximum
temperatures in the cell and that this must be considered when planning experiments to
characterize possible propagation scenarios. This is also evident from the data for the
temperature difference between different measuring points for CellpyT.
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Figure 6. Test data from overcharging Celljnt and Cellggr without integrated sensors: (a) voltage and
current data from the point of reaching the end-of-charge voltage to the thermal runaway for Cellggp;
(b) voltage and current data from the point of reaching the end-of-charge voltage to the thermal
runaway for Celljyt; (¢) course of the surface temperature and the ambient temperature above the
vents of Cellggr during overcharging and thermal runaway; (d) course of the surface temperature
and the ambient temperature above the vents of Celljyt during overcharging and thermal runaway.
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The temperature difference between the two integrated thermocouples during the
thermal runaway according to Figure 7a is up to approx. 260 °C at the maximum and
200 °C after the first peak has subsided at a spatial distance of 130 mm. The differential
temperature between the cell interior and the cell surface stabilizes at only 100 °C after
the first peak (see Figure 7b) before cooldown. This is due to the significantly poorer heat
conduction behavior perpendicular to the electrode compared to heat conduction along the
electrode surface, as already described in Section 3.1.
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Figure 7. Temperature difference between the thermocouple pairs of Cellyt: (a) temperature
difference between internal measurement points 2 and 4; (b) temperature difference between internal
measurement point 2 and surface measurement point 1.

At temperatures higher than 1200 °C, the temperature measured at measuring point 6
for Celljnt is considerably higher than the temperatures for T3 (see Figure 6d). Although
this temperature was not measured inside the cell, it is particularly significant in the context
of a possible thermal propagation scenario. The temperature of the burning gas stream
escaping from the vent of the prismatic cell can additionally heat neighboring cells if
deflected by, e.g., busbars in the battery system.

To compare the thermal runaway behavior of Cellrgr and Celljnr, the temperature
values measured on the cell surface are analyzed. Cellrgr reaches a temperature rise rate of
1°C*s~! on the cell surface 4.315 s after reaching the cut-off charge voltage according to
Figure 8a. The temperature T2 at measuring point 1 is 107.5 °C for Cellggg. CellinT reaches
the critical point on the cell surface measuring point 1 at 4.623 s after the end-of-charge
voltage has been exceeded (see Figure 8b). The detected temperature T2 for Celliyt is
119.5 °C and, therefore, significantly higher.

At 813.0 °C, the surface temperature T3 at position 1 for Celljyr is also significantly
higher than for Cellggr, whose maximum temperature T3 is 460.4 °C at the same position
(see Figure 6¢,d). However, it cannot necessarily be assumed that these temperature
differences are due to the change in the cell caused by the implementation of sensors. It
is conceivable that the temperature hotspots on Cellggr have formed at positions other
than the measurement positions. Studies on the thermal runaway behavior of identical
cells under identical boundary conditions and without integrated sensors also show a
divergence in thermal runaway behavior [28].
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Figure 8. Temperature change rate at various measuring points before, during and after the thermal
runaway limited to an observation range of +/—5 °C: (a) surface temperature at measurement
points 1 and 5 of Cellggr; (b) surface temperature at measurement points 1 and 5 as well as internal
temperature at measurement points 2 and 4 of Celljnr.

However, the comparison of the voltage data during the process of overcharging
according to Figure 6a,b shows significant similarities between the behavior of Cellggr and
Cellint. According to Wang et al., the significant increase in cell voltage shortly before
thermal runaway can be attributed to the consumption of Li, which is caused by Li-related
side reactions at the interface between electrolyte and electrode and the structural change
in the cathode active material [29]. The local voltage maximum for Cellggr is 4.878 V. The
local voltage maximum for Cellpyt is 4.872 V. A comparison of the temperature data from
measuring point 6 of both cells shows that the voltage maximum coincides with the time
directly before the vents of both cells open.

For future studies, it is necessary to determine the proportion of the deviation pos-
sibly attributable to cell modification by means of further tests to be able to evaluate the
comparability.

4. Conclusions

In this work, two thermocouples were inserted into a commercial prismatic high-
energy lithium-ion battery cell (NMC811/C, 95 Ah) to characterize the thermal runaway
behavior. A cell prepared with thermocouples and an identical reference cell without
integrated thermocouples were each brought into thermal runaway by overcharging. Based
on the voltage, charge current, surface temperature and internal temperature data of the
reference cell and the modified cell, the thermal runaway behavior was investigated. The
experimental results provide a data-based insight into the real-time behavior of a prismatic
automotive LIB with a Ni-rich cathode and high energy content. The following main
conclusions can be drawn from the results:

(1) The methods presented in the existing literature for integrating temperature sensors
into small-format battery cells with low energy density and low energy content can be
transferred with minor adaptations to large-format prismatic battery cells with high
energy density and high energy content without major impact on the cell properties.
The loss of solvent from the electrolyte due to evaporation at room temperature during
sensor integration can be compensated for by subsequently adding an electrolyte with
an identical composition without loss of cell capacity. In future work, there is a need
to determine the amount of solvent evaporated as precisely as possible to prevent
overcompensation.
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(2) Inlarge-format prismatic high-energy battery cells, a temperature difference of up to
1.8 °C between the internal temperature between the two jelly rolls and the external
cell surface temperature occurs during cycling under the condition of natural convec-
tion, even at low charging currents of 0.25 C, which are likely to be much higher at
higher C rates. This confirms the assumption that cell-integrated temperature sensors
offer considerable added value for understanding the internal processes in the cell,
especially in large-format battery cells with a high energy density.

(3) Using integrated thermocouples, the point of no return can be detected 21 s earlier in
the event of a thermal runaway induced by overcharging with a constant charging
current of 0.25 C in direct comparison to surface temperature measurement. This
confirms the potential of cell-integrated temperature sensors for the early detection of
potentially critical conditions for cell chemistries with low thermal stability.

In future research work, the aim is to further standardize the approach of cell-
integrated sensor technology, especially for large-format prismatic cells, to fully capture the
influence of the sensor technology and its integration. This would enable high-precision
comparability of cell behavior with and without integrated sensors and thus better transfer-
ability of the results to cell development.
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Abstract: Lithium-ion batteries are widely used in mobile applications because they offer a suitable
package of characteristics in terms of specific energy, cost, and life span. Nevertheless, they have
the potential to experience thermal runaway (TR), the prevention and containment of which require
safety measures and intensive thermal management. This study introduces a novel combined thermal
management and safety application designed for large aspect-ratio battery cells such as pouches and
thin prismatics. It comprises polymer-based mini-channel cold plates that can indirectly thermally
condition the batteries’ faces with liquid. They are lightweight and space-saving, making them
suitable for mobile systems. Furthermore, this study experimentally clarifies to which extent the
application of polymer mini-channel cold plates between battery cells is suitable to delay TR by heat
dissipation and to prevent thermal runaway propagation (TRP) to adjacent cells by simultaneously
acting as a thermal barrier. NMC pouch cells of 12.5 Ah capacity were overcharged at 1 C to induce
TR. Without cold plates, TR and TRP occurred within one hour. Utilizing the polymer mini-channel
cold plates for face cooling, the overcharge did not produce a condition leading to cell fire in the same
time frame. When the fluid inlet temperature was varied between 5 and 40 °C, the overcharged cell’s
surface temperature peaked between 50 and 60 °C. Indications were found that thermal conditioning
with the polymer cold plates significantly slowed down parts of the process chain before cell firing.
Their peak performance was measured to be just under 2.2 kW/m?. In addition, thermal management
system malfunction was tested, and evidence was found that the polymer cold plates prevented TRP
to adjacent cells. In conclusion, a combined thermal management and safety system made of polymer
mini-channel cold plates provides necessary TR-related safety aspects in lithium battery systems and
should be further investigated.

Keywords: lithium-ion battery; pouch cell; battery safety; thermal runaway; overcharge; propagation
prevention; thermal management; face cooling; non-metallic polymer-based cold plate; mini-channel
heat sink

1. Introduction

Lithium-ion batteries heat up under load due to electrochemical reactions and vari-
ous multi-physical processes, which interact closely. The underlying thermal effects have
distinct origins and can be further differentiated. The operation temperature exerts a signif-
icant influence on these processes and, thus, on the performance, aging, and, ultimately,
the hazard potential of the batteries. Ideally, a cell temperature of approximately 25 °C is
maintained during operation to prevent the slow down of reaction and transport processes,
increasing overvoltages. In contrast, at elevated temperatures, the battery performance
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increases, but simultaneously, parasitic reaction mechanisms intensify, which leads to
accelerated cell degradation and, in the worst case, to thermal runaway (TR).

Different research groups [1,2] urgently recommend a closer evaluation of integrated
safety measures for fire and thermal runaway propagation (TRP) in the battery thermal
management system (BTMS). In particular, this applies to mobile applications because of
weight and space availability limitations. However, every battery electric vehicle (BEV)
must fulfill strict regulatory safety requirements before road approval. Thermal barriers
enhance safety during abnormal operation conditions by containing the damage of cell
fires and avoiding propagation to adjacent cells. However, they disrupt the regular heat
transport path during normal operation. Thermal conditioning, which involves heating
and cooling, maintains battery cells within their optimal temperature range and slows
down critical processes during their early stages by intensive heat dissipation. Therefore,
a trade-off between the rapid dissipation of heat and heat blockage is required in the
design of a combined thermal management and safety system. In this article, a novel
approach to an application addressing this trade-off is introduced, consisting of polymer-
based mini-channel cold plates suitable for the face cooling of large surface-to-volume
battery cells. Additionally, the effectiveness of this approach in achieving the trade-off is
experimentally investigated.

In a regular use case of lithium-ion battery cells, three fundamental shares of irre-
versible heat production can be pointed out [3,4] that result from the following effects: (I)
ohmic losses based on Joule heating related to charge transport and polarization, as well as
overvoltages originating from (II) activation losses of the kinetics at the catalytic surface,
and (III) concentration losses due to imperfections in the species transport during diffusion.
Additionally, a reversible share related to the entropic heat production of the primary
reaction system is noticeable under load [5]. In Equation (1), a simplified expression [3,6]
of the released battery heat during cycling, initially proposed by [7], can be found.

. U
Q=% +1 (T aOTCV> (1)
Qirrev .
QYL"{)

The irreversible heat increases as the current I does and depends on the cell’s internal
resistance, 7;. The reversible heat is proportional to the current. Since it is related to the
electrochemical reactions’ entropy alterations, determinable by the derivative of the open
circuit voltage Upcy with respect to the temperature T, it is contingent on the direction of
the reactions [5]. Despite both shares of heat production depending on the state of charge
(SOC), at charging and discharging rates around 1 C, they are of similar magnitude and, as
such, pertinent to heat dissipation [8,9].

Outside the regular operation range in voltage and temperature, rapid battery degra-
dation occurs, accompanied by accelerated aging [10]. The cycle stability of such abused
and irreversibly damaged cells is not guaranteed anymore [11], and there is an increased
risk of TR and cell fire. A TR’s cell fire results from a long and complex process chain,
which commences with the intensification of parasitic side reactions at cell temperatures as
low as 40 °C [12]. The deposition and oxidation of different species hinder the charge and
mass transports inside the cell, and the polarization overvoltage and internal resistance
rise, as does the temperature level because of an increased side reaction heat production.
The runaway’s nature can be depicted well as a sequence of alternating causes and effects.
Species degenerate, and a mixture of highly flammable gases is formed and then ignited
from internal short circuits upon reaching the onset temperature. The remaining chemi-
cally bound energy is released quickly through more heat, and highly toxic substances are
emitted while the cell burns out explosively [13,14]. If adjacent cells are exposed to severe
heating, with a delay in time, they also undergo the process chain toward TR, referred to
as TRP. In the experimental part of this study, battery cells are overcharged to induce TR,
which is further explained in Section 2.1.
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To comply with TR and cell fire safety regulations, numerous technical approaches
have been integrated and tested in battery systems as safety mechanisms at cell, module,
and pack levels in recent years, incorporating resistant cell materials [15], sensor-based
hazard detection [16], or safety valves [17,18], and thermal barriers [19,20] to reduce
criticality and hinder TRP and its impact. BTMS-related safety approaches aim towards
a slowdown of the TR’s underlying process chain in its early stages by compensating for
the temperature rise through intensive heat dissipation since it is subject to Arrhenius
law [21]. As a general rule, a temperature rise of 10 K doubles the reaction rates. However,
BTMS should regulate battery packs during normal operation conditions to maintain a
temperature range of 15-35 °C while ensuring a high degree of uniformity with gradients
below 5 K within each cell and between all cells in the pack [3,22]. On the downside,
implementing a BTMS increases the battery pack’s complexity, weight, and volume. An
enormous variety of BTMS options has been developed in the past. Figure 1 offers a
potential classification of prevalent thermal management concepts, highlighting the type
of system introduced in this article. Further classification can be conducted in terms of
flow configuration (serial, parallel), exceptional media cooling (nano-fluids, heat pipes), or
a unique location of heat dissipation, such as from the cell tabs [23]. The state-of-the-art
applications of each category are discussed in detail in [1,24-29].

Indirect

Coinecooins. | RN

Face cooling

Figure 1. Potential classification of BTMS.

In general, battery cells can be cooled by air, liquids, or Phase Change Materials (PCMs).
Air cooling shows poor heat dissipation rates because of its inherent thermophysical
limitations. Nevertheless, these systems are simple, low-cost, and lightweight [26]. If
high heat dissipation requirements have to be met, such as those experienced during
fast charging, liquid cooling remains the preferred method, as recently affirmed by [25].
However, the need for leakage prevention increases the price and complexity [26]. PCM
cooling uses the latent heat during the material’s melting and solidification. These systems
can prevent TRP as PCM media serve as thermal buffers and insulators [30]. However,
heat cannot be dissipated actively, so PCMs are mostly coupled with another method into
hybrid approaches.

Cold plates are usually flat metal plates with internal fluid channels [2,29] that exhibit
a significant cooling performance in combination with rectangular cells. The placement of
the cold plates to the cell, either attached to its faces or sides, is of the essence for the quality
of the heat dissipation in terms of cell temperature uniformity and, even more importantly,
for enhancing the safety potential as a thermal barrier. In this experimental study, face
cooling with cold plates is utilized; see Section 2.2 for more details. The method is paired
with pouch cells, whose response to thermal conditioning is significant [24].

Integration of small ducts into cold plates is considered where space and weight limi-
tations apply. Mini-channel cold plates of only 5 mm thickness are reported to be capable
of demonstrator usage [31,32]. Even approaches with plates as thin as 2 mm, used on a
laboratory scale, have been found [33] to cool individual cells up to 4 C. However, its sealing
and applicability to battery modules remain unclear. The demonstrators mentioned above
are composed of aluminum, an excellent thermal conductor, whose capability to avoid
TRP as an intercellular application is weak. However, the implementation of insulation
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layers between large-capacity prismatic cells of at least 2 mm thickness and 0.1-0.2 W/(mK)
thermal conductivity was reported to prevent TRP [34,35].

The concept of non-metallic, polymer mini-channel cold plates is introduced to com-
bine the cold plates as a BTMS with a safety aspect. Channel geometries on a mini-scale
can be conveniently machined, and sealing is reached with thermal bonding [36], which
results in very thin structures containing internal fluid channels.

The combination of passive heat blockage and active heat dissipation into one compo-
nent is deemed necessary to comply with forthcoming battery system safety regulations [27].
However, it is seldom mentioned in literature. In Table 1, the most relevant studies address-
ing this trade-off are outlined. As a further restriction, the studies” applications exclusively
utilized a polymer component or thin aluminum structures with mini-channels coupled
with layers of thermally insulating materials.

Table 1. Collection of combined thermal management and safety approaches.

Source/ Type of Type of Cell/ ..
Year Examination Configuration Type of BTMS Findings
G Namjop,  owhionn  Dieecdlnglyimmerion A0S o Mo chand e improvs cosing
2022 Cycling/cooling module P P; 3 ' space by 8
turbulator between cells the temperature gradient in the system
1381/ Num./exp., Prismatic, 37 Ah/ 1n_du:ct bolttorlnd co]olmg bdy_alurlmr.\umb Singular hq;;{dpc(oohn%' or mfsula?on fang to mitigate
2001 TR ind./cooling module mini-channel cold plate and insulation by ) RP; coupling of cooling an
aerogel layers between cells insulating with 1 mm layers avoids TRP
Cycling: coupled cooling results in more uniform
. . . e . temperatures than singular techniques;
[391/ c l\iﬂ?/:n?]’.R Prismatic, 25 Ah/ In:gg?f; Cgﬁgﬁg:é“g;?;g‘ dgiagen %réla\l/? (ljaﬂ;}d TRP: induction by overheating only prevented by
2021 1};1 dq /gcoolin array of two cells & between cells 4 coupled cooling, not by singular techniques; PCM of
’ g high thermal conductivity lowers system temperature
but increases TRP probability
1401/ Num./exp. 188ii§g£?\ireiﬁal’ Indirect cooling by polymer macro-channel ) Heat dissipation requirements met e?t low
2001 Cyclin /Cooli’n capacity/ 50 Ah tubes, discharge rates; <5 °C temperature gradient in the
yeing s P ptz\]ck connected at one side with the cells system up to 2 C
18650 Cylindrical, Indirect cooling by aluminum micro-channel . . Lo
1411/ _Num, 1.5 Ah/ cold plates embedded in a PCM matrix between TRP induced by nail penetration is preven ted by
2019 TR ind./cooling module battery rows coupled cooling, not by singular techniques
Prismatic, unknown Indirect cooling by aluminum mini-channel Coupled cooling lowers maximum
w21/ Num., ity/ tubes coupled into PCM I t tures; decreasing t tures with risi
2016 Cyeling/cooling capacity ubes coupled into ayer emperatures; decreasing temperatures with rising
Module between cells thermal conductivity of the PCM

The closest resemblance between this study’s application and literature comes from
hybrid thermal management approaches, whose liquid cooling inlay serves heat dissipation,
while the PCM matrix performs as a thermal buffer and insulator during abnormal heat
generation but at a much higher weight and volume compared to the polymer mini-channel
cold plates.

Consequently, to the authors’ best knowledge, this article represents the first exper-
imental study utilizing a polymer mini-channel cold plate as a combined thermal man-
agement and safety system for batteries integrated into a single component. This study
examines whether non-metallic cold plates are viable for the trade-off between dissipative
heat removal from batteries during the early stages of TR while acting as a thermal barrier
under critical circumstances in the later stages to prevent propagation to adjacent cells.

In the experiments, NMC pouch cells of 12.5 Ah are overcharged at 1 C while receiving
thermal conditioning from the polymer mini-channel cold plates. The following questions
regarding the application’s functionality will be investigated:

e Isthere a difference in battery cell behavior between thermally conditioned and non-
conditioned cells when subjected to overcharge-induced TR up to the cell fire? Is there

a significant temporal impact on the process chain recognizable, especially before the

TR and cell fire?

e Which heat dissipation rate is achievable using the polymer mini-channel cold plates?
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e If the TR and cell fire are reached, is there a detectable preventive influence of the
polymer cold plates on TRP to the adjacent cells?

2. Theory

Safety testing for different battery abuse scenarios and battery level scales has been
developed [43]. However, establishing standardized TR test procedures is challenging
due to the large variety of cell formats and chemistries. The methods used must be field-
relevant [44], and an essential distinction is made in terms of the thermal, mechanical,
or electrical triggering of the TR. The organic electrolyte is flammable, and cells may be
exposed to overtemperature due to a fire scenario. The potential for crush or penetration
is crash-related, which may result in an internal short circuit occurring at the intrusion
site. Excessive overcharging of lithium batteries is reported to be one of the most prevalent
safety issues for large-scale applications [45]. An overcharged battery releases more heat
and combustible gases during cell fire events than those triggered by overheating or
penetration [46] because of an increased energy content [47]. The TR in this study’s
experiments is overcharge-induced, posing a challenging scenario for the combined thermal
management and safety system.

2.1. Overcharge-Induced Thermal Runaway

In the overcharging process of a battery cell, five distinct stages occur before TR and
the cell fire, which is widely applicable to cells of varying capacities across different cell
chemistries [13,14,48,49]. Regarding NMC chemistries, charging leads to oxidation at the
NMC cathode, lithium-ion charge transfer, as well as intercalation and lithium reduction at
the graphite anode; see the reactions in Equations (2) and (3).

Cathode : LiyNixMnyCoO0y — Li,_;NixMny,Co;O, + kLiT +ke™ withk<1 (2)

Anode : nC +kLi" 4+ ke~ — LiyC, withn > 6 3)

During the first stage of overcharging, the regular charging process continues beyond
the upper cutoff voltage because not all available spots in the anode active material are
occupied by lithium-ions at 100 % SOC. Stage I comprises the most substantial time until
the TR but is strongly connected to cell chemistry. Nickel-rich cathodes, responsible for
increased capacities, exhibit a decreasing thermal stability [50]. The external appearance
of the cell remains unchanged during stage I, but there is a gradual increase in surface
temperatures and voltage. This relatively stable stage ends, and lithium plating occurs if
any successive steps involved in the lithium transport and intercalation become sluggish.
Initially, diffusion of solvated lithium-ions in the electrolyte takes place, followed by the
charge transfer at the electrode/electrolyte interface, and finally, lithium diffusion into the
solid electrode material [51].

In stage II, the cell begins to expand, and significant voltage and surface tempera-
ture increases are noticeable. Metallic lithium deposits at the anode as mosses or den-
drites [52,53]. The SOC, from which this overcharging phenomenon occurs, is a vital
function of anode oversizing in terms of capacity and size compared to the cathode, mak-
ing it cell-specific [54,55]. Experiments are documented, which show no lithium plating
up to 120% SOC [56]. With nearly complete lithiation of the graphite anode, there is an
increase in the concentration of lithium-ions at the anode/electrolyte interface because,
per time step, fewer ions can deposit and intercalate compared to the number moved to
the anode [57-59]. The widely accepted criteria conception for lithium plating occurrence
necessitates a lithium-ion concentration that exceeds the saturation at the interface and an
interface potential equally or below that of Li/Li* at 0 V [60,61]. The negative potential shift
raises the cell voltage [62]. Electrolytes become unstable at excessively high voltage levels in
contact with lithium metal. Spontaneous reactions lead to species consumption [63] and the
formation of additional passivation layers at the electrode interface [51,58], similar to the
primary Solid Electrolyte Interface (SEI) film formed during the first battery cycle [64,65].
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With elevated temperatures, the SEI grows more porous and subsequently less stable and
performing [4]. Consequently, the charge and mass transports inside the cell are hindered,
coupled with an increase in the polarization overvoltage and the cell’s internal resistance,
making lithium plating a self-accelerating process [66,67]. Additionally, electrolyte decom-
position at high voltages of 4.9-5 V leads to gas generation and cell swelling [68-70], and
its consumption decreases the ionic conductivity, causing a further increase in overpoten-
tials, which results in an additional heat generation and significant temperature rise. In
stage I and early stage I, Joule and reaction heating contributed the most to the overall
heat production. However, as the temperature and voltage levels increase, parasitic side
reactions intensify, introducing more side reaction heat into the system and marking the
transition to the later stages of overcharging [71,72]. Stages IIl and IV are characterized by
species decomposition, cell deformation due to substantial swelling, and further increases
in surface temperature.

The transition to stage III is characterized by a brief voltage plateau, ascribed to a
disproportionation reaction and intensive species conversion, as referred to in [73,74].
Electrode surfaces show significant defects like pits and cracks, leading to a substantially
non-uniform lithium deposition beneath the SEI layer [75-77]. The resultant mechanical
stress causes dendrites to break through the SEI layer, leading to its partial destruction [78].
Destruction and healing processes of the SEI take place simultaneously, supporting the
voltage stagnation. As the internal cell temperature surpasses a critical threshold of ap-
proximately 60 °C, the thermal electrolyte decomposition is further promoted [79], and a
mixture of highly flammable gases is formed [69]. The cell expansion increases the electrode
spacing, leading to higher internal resistance, overpotentials, and additional heating [14,48].
Following the voltage plateau, the voltage elevates to a local maximum or crest value.

At the transition to stage IV, the voltage decreases due to various phenomena. For
example, excessive delithiation of the cathode led to an irreversible structural change and a
collapse of the crystal [80,81]. The cell envelopes or casings reach the tensile limit of the
seam because of the internal pressure build-up. They open up and release warm gas during
the first venting [16,49]. The core temperature of the cell reaches a point at which the SEI
decomposes, and dendrite growth from the deposition of solid materials on the electrodes’
surface leads to separator penetration and the emergence of micro short circuits [81]. These
result in local hot spots because of high current densities and corresponding Joule heating.
The cell voltage increases to a global maximum due to a rising ohmic resistance and
then sharply drops to zero as the separator melting and shrinkage leads to an immense
short circuit.

Finally, at the beginning of stage V of overcharging, the onset temperature for cell fire
is reached. In this context, we define it as a detectable steep surge in surface temperature,
the start of the second venting, and rapid thermal runaway. Sparks at the short circuit
ignite the highly flammable gas mixture, and the cell undergoes TR while burning out
explosively [82-84]. During this fifth stage, there is a short peak in Joule heating, followed
by a dominant heat release due to the release of chemically bound energy [48].

2.2. Cold Plate Thermal Management

Designing a performant thermal conditioning system must consider the cell’s internal
structure; see Figure A1 in the Appendix A.2. The pouch contains a stack of numerous thin
layers, which in the smallest repeatable structure, the unit cell, comprises the cathode and
anode current collectors with electrodes’ coatings and the separator. The porous layers
are filled with electrolytes. All other components except the metallic current collectors
show inferior thermal conductivity [85]. When it comes to heat dissipation out of the
battery volume, acc. to Equation (4), the effective thermal conductivity ks of the materials
being involved in the transport process and hence the path available  for heat transfer is
pivotal [86]. Nevertheless, the available heat transfer surface A also plays a crucial role.

. k,
Q=LA - 1) @
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The heterogeneous cell stack exhibits a greatly anisotropic thermophysical behav-
ior [85]. The effective thermal conductivity for the direction perpendicular to the stacking
direction has to be described as a series connection of thermal resistances. In contrast,
the direction parallel to the stack is a parallel connection; see Equations (Al) and (A2)
in the Appendix A.1. Consequently, battery cells show significantly higher thermal bulk
conductivities in-plane than perpendicular to the stacked layers, typically differing by
more than one order of magnitude; see Section 3.1. However, these are still relatively
poor and one magnitude short compared to the metallic materials commonly used for
heat sinks (Al ~240 W/ (mK) and Cu ~400 W/(mK)). In this context, it is concluded that
heat dissipation from lithium-ion batteries is not an issue of high heat flux, as seen in
microelectronic devices. However, it is influenced by low effective conductivities and high
heat flow rates [3]. Heat dissipation from the center of a battery presents a greater difficulty
than from the outer layers near the surface. The close arrangement of cells in battery packs,
the trend towards large formative cells of high thickness, and fast charging, in general,
aggravate the challenge of thermal conditioning [4].

If manufacturers of mobile applications use cold plate thermal management, they
typically opt for side cooling, particularly from the bottom. These approaches show easy
technical feasibility and are cost-effective, feature a solid safety aspect with the cooling fluid
staying outside the high-voltage compartment, and exploit the cells” higher in-plane thermal
bulk conductivity. A notable instance is the VW ID.3, whose battery modules are situated
atop an aluminum cooling plate with internal macro fluid channels [87]. Furthermore,
although marginally more complex and costly, face cooling through cold plates is similarly
industrialized. In the high-voltage battery of the Chevrolet Volt, slender fin-like aluminum
cold plates hosting multiple mini-channels are placed between the cells [88,89].

To realize a combined thermal management and safety system embodied by a single
component of the polymer mini-channel cold plates, these must be positioned between the
cells and not at their sides. Only under this condition can the polymer plates fulfill their
purpose of a thermal barrier to prevent TRP. Furthermore, trend-setting studies of several
research groups have shown far-reaching advantages of a thermal management concept
with cold plates applied to the batteries” faces over side-cooling approaches in terms of
quantity and quality of heat dissipation. During the cycling of large-format batteries [32,90]
and commercially available electric vehicle battery packs [91] of up to 3 C, face cooling
resulted in a lower mean cell temperature and a significantly smaller temperature gradient
across the cells” central section than bottom cooling. The outcome was attributed to a much
larger heat transfer interface of the face cooling system with the batteries and the cell’s
poor thermal conductivity, which comes into calculation if the complete heat has to be
transported internally toward the bottom cold plate, where it is dissipated through a small
area. Other advantageous aspects of face cooling concern a short reaction time of the battery
system temperatures [92] and more homogeneous aging at the electrode level [93,94].

The term cold plate is widely used but can be misleading, as the thermal management
of battery cells is not exclusively about cooling but thermal conditioning. Consequently,
the investigated polymer structure is also referred to as a mini-channel heat sink or heat
source (MCHS).

3. Materials and Methods

This chapter contains information about the battery cells and polymer mini-channel
cold plates used in the overcharging experiments. Additionally, the experimental design,
including the setup, procedure, and measurement plan performed, is explained.

3.1. Battery Cell

Batteries manufactured by CTS Technology Co. (Hunan, China) were used; see
Figure 2. This pouch cell of 12.5 Ah capacity has an NMC cathode, while the anode is
graphite-based. The manufacturer-provided information and properties are shown in
Table 2. The cell does not contain a safety vent at the sealing. The pouch cells are thin and
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have the highest surface-to-volume ratio of any commercially available cell type [24], which
makes them an attractive fit for face cooling. The cell components are not surrounded by a
hard casing but a resistive composite aluminum envelope. Therefore, the cells require a
mechanical pre-stress under load. The pouch is slightly larger than the effective contact
surface (84 mm x 182 mm), which is in contact with the adjacent cell or the cold plates in
the assembled stack; see Section 3.3.1.

Length

FEE

Figure 2. NMC pouch cell of 12.5 Ah capacity, CTS-S7688190.

Table 2. Pouch cell properties.

Parameter Value
Voltage limits (V) 3-4.2
Nominal capacity (Ah) 12.5
Weight (g) 260 + 15
Energy density (Wh/kg) 173
Max. charge/discharge current 1C
Operating temperatures (°C) 0~50
Width/Length/Thickness (mm) 88/192/7.6
Internal resistance (mQ}) 35
@1 kHz and 50% SOC
Cycle stability (-) 2000

The cells’ performance was pre-tested for quality control [95], and they were approved
for experimental use if the results matched the manufacturer’s datasheet. A Delta Elektron-
ika SM 15-200 D power supply and a Hocherl & Hackl PLI6406 electrical load were used
for cycling. The cell capacity was determined by charge counting; see Equation (5).

t
Qe = /0 1(t)dt 5)

The cells were fully CCCV-charged to 4.2 V at 1 C, then cycled and measured during a
full 1 C CC-discharge to 3 V at a room temperature of 25 & 2 °C. The resulting capacities
were measured between 12.6 and 12.8 Ah, with no cell showing significant deviations.
Additionally, a randomized sample set of cells was characterized with respect to their
internal resistance, according to the IEC 62620 standard [96], and their voltage response
to CC-discharging at rates of 1 C, 0.5 C, and 0.1 C. As can be taken from Equation (6),
the internal resistance is determined as the direct current resistance rpc with currents of

L =05Cand ; =0.2C.
-9
(L (6)
Instead, the manufacturer-provided data refers to an Electrochemical Impedance Spec-
troscopy (EIS) at 1 kHz and 50% SOC and amounts to 3.5 m(). However, multiple research
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Voltage [V]

groups have shown that this value tends to underestimate internal resistance [97,98]. For a
representative cell, in Figure 3a,b, the voltage response and the internal resistance according
to DIN EN 62620 can be found. As expected, the voltage response decreases with higher
discharge rates. The measured resistance values are between 5 and 7 mQ), which is up to
twice as high as the manufacturer’s specification for the abovementioned reason. Below
15% SOC, the resistance increases up to 10 mQ). All of the tested cells showed this behavior
with no significant deviations.
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Figure 3. (a) Discharging voltage response at different C-rates; (b) internal resistance according to
DIN 62620.

Transient Plane Source (TPS) method measurements of the effective thermal bulk con-
ductivity were made for cell characterization. Using a 4922 Mica-insulated sensor and 20 aver-
aged single shots at a power of 1 W and a time of 10's, values of ks | = 0.72 & 0.02 W/(m K)
perpendicularly k¢ =30.3 £ 0.5 W/(m K) in-plane were obtained.

3.2. Polymer Mini-Channel Cold Plates

In recent years, non-metallic mini-channel cold plates, or MCHSs, have been developed
at the OVGU Magdeburg. They consist of robust polymer materials to promote lightweight
construction and own an internal channel system sealed tightly for leakage-free fluid
transport. They are manufactured by micro-milling and thermal bonding at the glass
transition temperature [36]. To prevent the fine channels from clogging, adhesives of any
kind are averted. The channel geometry is adaptable to the applications’ needs. Aluminum
adapters with circumferential holes were used for the connection to the macroscopic fluid
supply system. Figure 4a,b show the demonstrator used in the experiments.

The mini-channel cold plates are made of standard polycarbonate (Makrolon®), an
amorphous thermoplastic polymer. It has a high fatigue strength that does not lead to
material flow and deformation of the mini-channels during pre-stressing of the pouch cells.
According to the manufacturer, the material has a thermal conductivity of 0.2 W/(mK), a
heat capacity of 1170 ]/ (kg K), a density of 1200 kg/ m?, and the glass transition temperature
is reached at about 148 °C.

The cooling channel geometry is divided into two sections; see Figure 4a. The inlet
and outlet are designed to distribute and collect the fluid evenly to and from each channel.
The fluid flow field dissipates heat from the cells” faces. The dissipated heat rate can
be calculated from the fluid mass flow rate m, the fluid heat capacity ¢, and the fluid
temperature difference between the inlet and outlet; see Equation (7). Deionized water was
used as the fluid in the experiments.
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144!

(b)

Figure 4. (a) CAD sketch of the mini-channel cold plate (b) experimental demonstrator.

Q = mec(Triuidout — Triuid,in) @)
Regarding the flow field geometry, a multi-channel system results in a more uniform
temperature field during thermal conditioning than a single channel, while an increased
channel width and height reduce the pressure drop and may result in a lower maximum
temperature [29]. At the cost of a slightly higher pressure drop, the inlet and outlet were
designed as a bifurcation, leading to better flow uniformity and a more homogeneous heat
transfer than a consecutive manifold [99,100], borrowed from fuel cell technology [101]. The
width and height of the flow field channels are 1 and 0.5 mm, respectively. The hydraulic
diameter of 667 um classifies the geometry as a mini-channel system according to [102].
The walls between the channels are 2.25 mm wide. The flow field contains 24 channels with
a length of 137 mm.
With a total thickness of 2 mm and a relatively low thermal conductivity of the
polycarbonate, the manufactured mini-channel cold plates match the properties of the
aforementioned insulation material layers tested in [34,35], which prevented TRP.

3.3. Experimental Design
3.3.1. Structure of the Battery Assembly

The batteries and the mini-channel cold plates were placed into a steel clamping
device during overcharging; see Figure 5. The setup contains two fully charged pouch cells,
tabs to the top, three cold plates in the case of thermal conditioning, and multiple sheath
thermocouples (TCs). The cell to be overcharged is consecutively designated as the “OC
cell” and its neighbor as “cell 2”. Insulation layers reduce the heat transfer from the cell
and cold plate stack into the clamping device [103].

Pre-stress applied by the clamping device’s bolting serves proper operation during the
experiment. Firstly, the swelling behavior of the pouch cell is homogenized, which prevents
early non-reproducible short circuit failures, and secondly, thermal contact resistances
between batteries and cold plates are reduced. Industrial manufacturers typically use
Thermal Interface Materials (TIMs) in the form of conductive pastes and adhesives for
contact resistance reduction. A previous paper showed that TIMs usually embody one of
the largest thermal resistances in a cooling system [104]. Furthermore, they complicate the
recycling of battery systems. Therefore, with large heat transfer areas and moderate heat
flux in battery modules [3,26], the TIMs are entirely dispensed with.
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Figure 5. CAD schematic and realization of the experimental setup.

In Figure 6a,b, the cell and cold plate assembly is presented in detail. Three MCHSs
are placed next to the cells in the thermally conditioned setup. To achieve a homogeneous
conditioning performance, the mini-channel plates were connected in parallel to the fluid
supply, and the fluid ran in countercurrent through adjacent plates [26,29].
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Figure 6.  Distribution of TCs (a) setup without thermal conditioning; (b) setup with
MCHS conditioning.

Eight calibrated type-K sheath TCs (1 mm) were installed to observe the temperature
changes in the assembly during the overcharging procedure, the TR, and its propagation;
cf. Figure 6a,b. In the setup without thermal conditioning, they are located in the upper
and lower thirds of the battery faces and laterally in the fold of the aluminum envelope
of the overcharged cell. In contrast, good contact between the batteries and the MCHSs
is required in the conditioned setup. Consequently, the TCs are located in the upper- and
lower thirds between the outer cold plates and the thermal insulation (not displayed) and
laterally in the aluminum folds of both batteries. During the measurement campaign, no
significant differences were found between the respective TCs at the assembly’s head and
foot. For clarity, the averaged corresponding temperatures are presented in the results in
Section 4. A pre-test for evaluation of the TC positioning showed good agreement between
the temperatures measured laterally at the sides of the OC cell and its face between both
cells before TR; cf. Figure A2 in the Appendix A.2. During the cell fire, the TCs between
both cells show the highest temperatures. Nevertheless, the laterally captured values
reasonably indicate the OC cell’s surface temperature, which is consequently assumed for
the thermally conditioned experiments.

3.3.2. Experimental Setup and Procedure

The experimental setup must be split for reasons of protection and is partially located
inside the fire and the control rooms; see Figure 7. The fire room is equipped with an exhaust
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gas purification system, and its robustness allows experiments up to EUCAR hazard level
7—the highest classification—and includes the explosion and complete disintegration of a
battery cell. External monitoring from the control room becomes necessary. The clamping
device, including batteries, cold plates, and distributed TCs, is installed in the fire room.
A high-speed color camera allows for the visual detection of venting and cell fire events.
The battery is charged by a DC power supply, and the voltage is measured at its tabs. A
refrigeration thermostat supplies the system with tempered deionized water. The fluid’s
mass flow and temperature at the inlet and outlet of the cold plate assembly are measured.
A difference-pressure sensor signals potential leakage across the MCHSs. Data are recorded
at 1 Hz and a camera frame rate of 250 fps. More detailed information about the equipment
is provided in Table 3.

DC-Current supply Fluid piping
Electriccable

High spec- !- 9.9 r 1 Sensor connection
s H @' ' -------- Data line
“ i Refrigeration ‘; 8 TCS

|

{ M l—’u thermostat
Clamping device

) |

with battery and | |
L iiiiiioooooo- [ Data acquISItlon

Legend

Figure 7. Schematic representation of the experimental setup in the fire and control rooms.

Table 3. Technical details of the experimental equipment.

Model Comment
Power Supply Delta Elektronika SM15-200 D Range: 0-15V, 0200 A
Refrigeration thermostat Huber Ministat 240 Range: —45-200 °C; Cooling power 550 W @ 0 °C
High-speed camera Photron Fastcam Mini UX100 1.280 x 1024 pixels, 250 fps frame rate
Sensors Model Range Max. uncertainty
Temperature Sheath TC Type K, 1 m x 1 mm Up to 1300 °C short-term After calibration: 0.2 K

Mass flow Krohne Optimass 6400 C 0-450 kg/h +0.05% of the value
Pressure ‘Yokogawa EJX110A 5-1000 mbar +0.04% of the value
Voltage Voltcraft VC 950 Datalogger 0.001 mV-1000 V +0.03% of the value

Data acquisition system

Rack: NI cDAQ-9174; Modules: NI-9203 Current Input, NI-9213 Thermocouple

Before the experiment, each cell was fully CCCV-charged at a rate of 1 C and a cutoff
current of 0.05 C. Thermal pre-conditioning begins, and overcharging at a rate of 1 C or
12.5 Ah is started when the desired fluid inlet temperature is reached and the fluid outlet
temperature changes by less than 1 K within 10 min, which takes between 60 and 120 min,
depending on the fluid temperature level. Without thermal conditioning, the overcharging
procedure can start immediately. The camera starts recording after the detection of the
cell opening and first venting, which embodies a critical state and an approaching TR. The
experiments end with the potential TR and TRP.

3.3.3. Measurement Plan

Table 4 provides an overview of the experimental overcharging scenarios performed
in this study. In the first scenario (#1-9), no thermal conditioning or safety system was
installed. This creates a base reference of the temporal process sequence of the overcharged
cell towards the TR and the TRP to cell 2 without any safety measures. The second scenario
(#1*—4*) captures whether the utilization of the polymer cold plates for thermal conditioning
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leads to significant temporal changes in the behavior of the OC cell or an overall different
outcome from the first scenario. In the case of TR, evidence of protection regarding TRP
to the adjacent cell is investigated. A variation in the fluid inlet temperature significantly
affects heat transfer [104,105]. At5 °C, it might impact the cell’s internal process chain the
most because a significant temperature difference between the cold plate and the battery
is created. Fluid inlet temperatures of 20 and 30 °C arise from applicational reasons and
the desire to achieve ideal temperatures inside the battery system under load. In the third
scenario (#5*¢ and 6*°), a malfunctioning thermal management system is emulated by
raising the fluid inlet temperature to a critically high value of 40 °C, representing a heat
dissipation limitation due to a damaged cooling circuit. The OC cells are brought to a high
SOC after the pouch opening and first venting, and then, in two steps of escalation, either
the current supply (#5*°) or the fluid supply (#6*°) is stopped. The outcome is examined to
determine if the compromised combined thermal management and safety system maintains
a protective effect, particularly respecting TRP towards the adjacent cell.

Table 4. Experimentally tested overcharging scenarios.

Experiment Number Fluid Inlet Temperature (°C) Comment
Overcharging, no thermal conditioning #1-9 - Base reference
Overcharging, thermal conditioning with MCHS #1*-4* 5,20, 30 Regular cooling
Overcharging, malfunctioning thermal conditioning with #5+ 40 Interruption of overcharging
MCHS at critical conditions #6*¢ 40 Interruption of conditioning

4. Results and Discussion

In the following, for each scenario, the description of the temperature and voltage
characteristics, the visualization of the cell fire, and the evaluation of the results with
literature are carried out.

4.1. Overcharging without Thermal Conditioning

In the first scenario without polymer cold plate utilization, the overcharged cell
undergoes TR within less than an hour in every experiment. TRP is then followed to the
adjacent cell in less than one minute.

4.1.1. Temperature and Voltage Characteristics

Figure 8a presents the temperature and voltage changes during overcharging without
thermal conditioning above the SOC based on representative experiment #1. At a C-rate
of 1, a cell is charged from 100 to 200% SOC in 60 min. Figure 8b shows the time interval
before the TR in more detail. As can be taken from it, certain characteristics of the changes
were assigned to specific externally detectable phenomena, the backgrounds of which are
discussed in Section 4.1.3.

During stage I of overcharging, the voltage and the measured temperatures increased
steadily in a linear manner. At 150% SOC, the voltage started growing superlinearly from
4.84 V to a local maximum of 5.59 V at 162% SOC, which marked the beginnings of stages
IT and III, respectively. All temperatures, especially at the overcharged cell’s outer face,
showed a noticeable increase. The phenomena can be associated with initiated lithium
plating and cell expansion due to internal gas production. The voltage demonstrated a
period of stagnation and then increased to a second local maximum at 178% SOC and
7.22 V, where it abruptly dropped by almost 1.2 V, showing the transition to stage IV. All
temperatures spontaneously increased, which affected the TCs next to the OC cell more
than those next to cell 2 and suggested the opening process of the pouch and first venting
of warm gases from the inside had taken place. However, the camera did not capture any
observable visual effect of this first gas ejection.
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Figure 8. (a) Characteristic changes in temperature and voltage in experiment #1; (b) magnification

before cell fire.

Shortly after, the voltage took a turn, rose progressively, spiked to 11.36 V at 182%
SOC, and then collapsed, which embodied an internal short circuit. Around the voltage
collapse, white vapor from the top of the overcharged cell was visible in the camera footage.
After the first cell opening, the temperatures of the overcharged cell increased steadily
to about 90 °C. At an onset surface temperature of 95 °C, the temperatures rose sharply
and led to stage V with TR and the actual cell fire due to gas mixture ignition. Internal
onset temperatures are known to be significantly higher than surface temperatures [72]. At
183% SOC, the overcharged cell’s outer face temperature peaked at 506 °C. An even higher
temperature of up to 865 °C was reached between the cells. Less than one minute after the
TR, the adjacent cell had heated up significantly, and TRP occurred, which is proven by a
peak of the adjacent cell’s face temperature of 574 °C. Table 5 shows the averaged temporal
characteristics of the selected events and stages regarding the overcharging procedure of
experiments #1-9 with voltage noise and cell fire. In the Appendix A.2, Table A1 contains
information on the individual experiments. At an average SOC of 145 %, stage Il with a non-
linear voltage increase, defined as 5 % deviation from linear increase, and cell expansion, at
a SOC of 172% stage IV with voltage drop and cell opening including first venting, and
at a SOC of 179% stage V with TR and cell fire began. Therefore, the non-linear voltage
increase with gas development started after 27 min of overcharging. Another 16.2 min
elapsed between the non-linear voltage increase and voltage drop with cell opening and
first venting. Then, 4.5 min after the cell opening, at the earliest after 70 s, and the latest
after 12 min, TR and cell fire commenced, cf. Table A1l.

Table 5. Average temporal characteristics of the first scenario without thermal conditioning.

Exp.
#1-9

Increase of Voltage/

it Voltage Drop/
Begin Stage II Begin Stage IV

Duration from
Voltage Increase to
Drop/
Stages II + III

Duration from
Voltage Drop to TR/
Stage IV

TR/
Begin Stage V

V)

sSocC Diff.

V)

Lower
[\%]

Time
(min) (%)

Upper
V)

Time
(min)

SOC
(%)

Time sOC . . . .
(min) ) Time (min) Time (min)

Mean

4.87

27.0 145 6.94 5.87 1.07

43.2

172

47.7 179 16.2 4.5

Std. Dev.

0.06

20 3 0.89 0.50 0.55

22

4

44 7 23 3.6

4.1.2. Visualization of the Cell Fire

In Figure 9, high-speed camera recordings of the overcharging procedure without
thermal conditioning are shown shortly before and during the cell fire. During the first
venting, the pouches tended to open at the top, near the cell’s tabs. In (a), the beginning
of the second venting and the impending cell fire were indicated by white vapor. As the
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temperature difference between the battery cell and the ambience gradually increased due
to further overcharging, the escaping gas mixture’s condensation became visible, marking
the rising pouch internal temperatures. With an increasing gas production rate, the tensile
strength of the seam was reached, and the envelope opened at multiple locations, evidenced
in (b). As the internal temperature continued to rise, the vapor changed from white to gray,
then to thick black smoke in (c), gradually containing higher proportions of active materials
due to pouch internal degradation and melting [106]. In (d), the ignition of the combustible
gas composition was triggered by local hot spots due to short circuits. Subsequently, the
internal structures dissolved entirely, and a burst of fiery particles, as shown in (e), was
forcefully discharged from the cell. The cell burned out completely, see (f), and posed a
considerable risk of TRP because of its heat generation.

U Multiple
gas releases

particle
ejection

/

—
[ 35

(d) (t=24.15) (e) (t=2455) (f) (t=31

(AR

Figure 9. Characteristic processes shortly before and during cell fire: (a) Second venting with white
vapor emerging from the tabs; (b) intensified gas release at various openings; (c) active material
release with the appearance of black smoke; (d) ignition of flammable components; (e) explosive
particle discharge; and (f) cell fire.

4.1.3. Evaluation of the Results

Specific characteristics of the voltage noise were assigned to externally detectable
phenomena during overcharging in Section 4.1.1, namely the cell expansion and pouch
opening before the cell fire. However, the relation between the mechanical processes
and the voltage behavior under overcharging conditions is not considered much in the
literature. In [107], pouch cells (NMC 622, 75 Ah) were overcharged at rates ranging from
1-3 C without thermal conditioning, and their swelling behavior up to TR was investigated.
The cell’s expansion force to the clamping device and the proportional cell displacement
were measured next to the voltage and temperature. Cell opening was detected offline
with a Fourier Transform-Infrared Spectrometer (FI-IR). The group was able to predict
upcoming TR events early by detecting the swelling behavior. However, the qualitative
similarity between the change in voltage and cell expansion, of which in Figure 10 an
excerpt [107] is shown, had been less emphasized.
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Figure 10. Characteristic changes in cell temperature, voltage, and clamping force during overcharg-
ing. Data revisualized with permission from [107].

The voltage and temperature characteristics closely resemble the results of the first
experimental scenario without thermal conditioning, displayed in Figure 8. A first cell
expansion due to gas formation was detected during the non-linear voltage increase. At
the voltage drop, an increase in temperature was measured, and the FT-IR detected the first
gaseous electrolyte components, denoting the cell opening and first venting. The clamping
force remained with a positive offset compared to the experiment’s beginning, which
can be attributed to an increased cell thickness because of excessive lithium plating [107].
The voltage correlates with the cell’s resistance and the electrode spacing, which varies
depending on the cell expansion [16,49] and is one explanation for the related change in
the voltage and cell expansion.

According to Arrhenius’s law, the gas production rate increases with temperature.
Therefore, a quicker cell expansion and a higher gas production rate can be concluded from
a steeper voltage increase. Since the voltage behavior directly reflects the cell expansion and
pouch opening and allows an estimation of the internal processes during overcharging, it
will consequently serve as the comparison between the experimental scenarios of this study.

Nevertheless, to illustrate the impact of the polymer cold plates on overcharge-induced
TR, the temporal characteristics of the first experimental scenario without thermal condi-
tioning must be validated with similar studies from the literature.

In the swelling behavior study of [107], it was observed that at 1 C overcharging, the
expansion of the cell initiated at 112% SOC on average, the cell opened with a voltage drop
at 147%, and a cell fire was experienced at 214%. The first two events were reached at lower
SOCs, whereas the cell fire events were reached at a higher SOC than in the first experi-
mental scenario of this study without thermal conditioning. Another group [14] conducted
overcharging experiments on 40 Ah pouch cells of distinct chemistries (NMC 111, 622, and
811) at a rate of 1 C. The NMC 622 cell showed a non-linear voltage increase at a 129% SOC,
and TR began at a 141% SOC with an onset surface temperature of 92 °C. According to their
nickel contents, the NMC 111 and 811 cells showed higher and lower thermal stabilities
with TRs at 155% and 134% SOCs, respectively. Consequently, all corresponding processes
were reached at lower SOCs than in the first experimental scenario. Instead, in [13], cells of
1200 mAh capacity (NMC 523) were overcharged at 0.4 C and showed TRs ranging from
160 to 205% SOCs, aligning with the range of the first experimental scenario of this study.
In both studies [13,14], no abrupt voltage drop and cell opening were detected before TR.
Instead, a more gradual voltage drop was found.

The experimental results of the first scenario are generally in line with those findings
of similar studies in the literature. The deviations in SOCs concerning certain events in
the overcharging process could be significantly related to the cell-specific oversizing of the
anode capacity.
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4.2. Overcharging with Thermal Conditioning

In the second scenario, the polymer mini-channel cold plates were implemented
between the pouch cells to provide thermal conditioning and prevent TR propagation.

4.2.1. Temperature and Voltage Characteristics and Comparison

Figure 11a—c displays the characteristic cell temperature and voltage changes as a
result of overcharging and thermal conditioning at different fluid inlet temperatures. The
experiments were conducted with different fluid temperature levels, referred to as “low”
(5 °C), “medium” (20 °C), and “high” (30 °C). For clarity, the temperatures have been
reduced to the laterally measured ones, reflecting the cell’s state most accurately.

—g 80+ ; —e —6 80 - ; S
[\ Stages [l v Stages [l v
70 {——Cell OC Side| 70 {——Cell OC Side
—— Cell 2 Side —— Cell 2 Side
L 5% Ambient A 15 M0 Ambient
£, o ||= = -Fluid out ||= = -Fluid out
Voltage Voltage

[ Teluid,in = 20°C \_—5 [ Trluid,in = 30°C

45 20

156

)
Voltage [V]
at
5
Voltage [V]

-
)
Voltage [V]

145 20+ 145

0 " i N N N
100 120 140 160 180 200

SOC (%]

(a)

120

140

160

SOC (%]

(b)

180 200

120

140

160 180
SOC (%]

(c)

Figure 11. Characteristic changes in temperature and voltage during overcharging with face condi-
tioning at fluid inlet temperatures in experiments #2*, #3*, and #4*: (a) Low at 5 °C; (b) medium at
20 °C; and (c) high at 30 °C.

As in the first scenario without thermal conditioning (cf. Figure 8), in every experiment,
a voltage noise containing a non-linear voltage increase, a local maximum, a voltage plateau,
and an abrupt voltage drop, along with a peak in temperature of the OC cell was detected,
which can be attributed to the internal gas production, and therefore to the cell expansion
and pouch opening with the first venting. Table 6 shows the temporal characteristics of
all thermally conditioned experiments. These were conducted in an ambient temperature
range of 6 to 7 °C and at 11 °C in experiment #1*. Table 6 indicates that the process behavior
was analogous for both experiments #1* and #2* under low fluid temperature conditions.

The temperature of the overcharged cell rose significantly from the start of the non-
linear voltage increase. It peaked shortly before the voltage drop if conditioned under low
fluid temperature conditions and at its voltage drop at medium and high fluid temperatures,
as shown in Figure 11. The peak temperatures of the OC cell reached 59 and 55 °C
under low fluid temperature conditions but stayed at lower temperatures of 47 and 48 °C
when conditioned by medium- and high-tempered fluid. The reduction in the OC cell’s
temperature after the voltage drop is more significant with a lower fluid temperature.

Table 6. Temporal characteristics of the second scenario with thermal conditioning.

Exp.

Fluid
Inlet
Temp.

Starting
Temp.
of Cell

Duration from
Voltage Drop/ Voltage Increase to
Begin Stage IV Drop/
Stage II + III

Max.
Temp.
OC Cell

Non-Linear Increase
of Voltage/
Begin Stage II

O

(g

Time soC Upper Lower Diff. Time soC Time

\ (min) %) V) V) V) (min) %) (min)

((]

#1*

5

9

491 23.7 139 5.83 5.30 0.53 429 172 19.2 59

#2*

5

6

4.75 227 138 5.79 5.45 0.34 43.7 173 20.9 55

#3*

20

17

4.76 28.6 148 5.52 5.05 0.47 43.0 172 14.5 47

#4*

30

25

4.73 28.2 148 5.67 4.82 0.85 42.8 171 14.7 48
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Atalow fluid temperature, after the voltage drop at a 172% SOC, the voltage recovered
in a degressive manner. Then, it remained constant, slightly above 5.5 V, for more than
20 min beyond a SOC of 200%, while the cell temperature dropped to 32 °C during the cell
opening and then stagnated; see Figure 11a. The experimental time in the fire room is a
valuable resource. Since the stage’s IV duration of overcharging in experiments #1* and #2*,
from the cell opening to the potential TR, of more than 20 min exceeded the respective times
of the unconditioned experiments with an average duration of 4.5 min and a maximum of
12 min by far, the overcharging procedure was terminated here.

Before doing so, the camera footage was checked for optical effects of white vapor;
cf. Figure 9a. Its presence indicated elevated internal temperatures and the beginning of
the second venting in the first scenario without thermal conditioning. Although every
overcharged cell in the second thermally conditioned scenario opened at the top near
its tabs during the first venting, vapor was not detectable in any experiments with low,
medium, and high fluid inlet temperatures, which suggests a certain system stability.
Ceasing the overcharging resulted in a cool down and stabilization of the OC cell in each
experiment, with no TR and cell fire occurrence.

At a medium fluid temperature, the voltage recovered more significantly after its
drop than at a low fluid temperature, yet in a degressive way. Then, it showed a slightly
more linear increase, staying below 5.5 V. The temperature showed a degressive increase,
reaching a limit of 41 °C after 20 min from the voltage drop, as depicted in Figure 11b. The
voltage recovery was even more significant at high fluid temperature yet still degressive. It
remained stable below 5.5 V throughout the experiment, while the cell temperature showed
a degressive increase up to 44 °C about 20 min from the voltage drop; see Figure 11c. As
before, the systems stabilized after the overcharging was terminated.

Comparing the temporal characteristics of the experiments conducted in the first two
scenarios without and with thermal conditioning reveals significant findings, as indicated
in Tables 5 and 6. Stage II of overcharging, characterized by the initiation of a non-linear
voltage increase, commenced at lower SOCs of 138 to 139% when conditioned at a low
fluid temperature than at the medium and high levels (148% SOC). It began at an average
of a 145% SOC without conditioning. The voltage drop and stage IV were reached at
approximately the same SOC of 172% for both sets of experiments, leading to significant
differences between the scenarios in the duration of stages II and III between the non-linear
voltage increase and voltage drop. At a low fluid temperature, a length of 19 to 21 min
was measured, whereas it took a good 16 min on average without thermal conditioning.
It should be noted here that overcharging in the unconditioned experiments #1-9 started
at ambient and cell temperatures of 7-14 °C; see Table Al. This temperature range falls
between the OC cell’s starting temperatures in the conditioned experiments at low and
medium fluid temperature levels. Finally, stages IT and III were decreased to barely 15 min
at medium and high fluid temperatures.

4.2.2. Evaluation of Results and Comparison

The disparities in the temporal characteristics of the first two experimental scenarios
with and without thermal conditioning, as well as the prolongation of stage IV of over-
charging after the cell opening in the thermally conditioned scenario, can be attributed to
the cooling effect of the polymer cold plates.

Lithium plating on the anode, besides due to overcharging, is intensified at low-
temperature working conditions as well as high-rate charging [108]. The batteries were
not exposed to invalidly high currents, only to their maximum charging rate. At low
temperatures, the poor battery performance of lithium batteries is related to the increased
polarization of the anode, leading to the occurrence of early lithium plating before the anode
intercalation sites are even fully utilized [109,110] because of the electrolyte’s reduced ionic
conductivity and slow lithium diffusion within the graphite [111,112]. Early lithium plating,
due to the low-temperature criterion, is promoted the most by using fluid for conditioning
at a low temperature of 5 °C in experiments #1* and #2*, to a lesser extent in the thermally
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unconditioned first scenario and the least at higher fluid temperatures in experiments #3*
und #4*. If lithium plating is already more pronounced at lower SOCs, the associated
parasitic side reactions and gas production are also promoted earlier. Consequently, the
non-linear voltage increase and pouch expansion occurred from lower SOCs of 138 to 139%
during low fluid-temperature conditioning, on average at a 145% SOC in the experiments
without thermal conditioning and at a 148% SOC with medium and high fluid temperatures.

According to Arrhenius law, the kinetics of the parasitic side reactions and the gas
production rate are correlated to the OC cell temperature. At elevated temperatures, more
gas volume per timestep is produced. Instead, the cell’s pouch opens up as the tensile limit
of the seam is reached. Consequently, the time interval between the initial gas production
and pouch opening is reduced if the cell is conditioned at elevated fluid temperatures.

Figure 12 presents the voltage and laterally measured temperature changes in the over-
charged cell from meaningful experiments of the thermally conditioned and unconditioned
scenarios in (a) and (b), respectively.
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Figure 12. Comparison of thermally conditioned experiments #1*, #3*, and #4* at different fluid tem-
peratures, along with unconditioned experiments #1 and #9: (a) Changes in voltage and (b) laterally
measured OC cell temperature.

Two unconditioned experiments, #1 and #9, are included next to the thermally con-
ditioned experiments, #2*, #3*, and #4%, at low, medium, and high fluid temperatures.
Experiment #1 introduced the first experimental scenario in Section 4.1.1. With a duration
of 3 min, this cell exhibited a relatively short stage IV of overcharging between the pouch
opening and cell fire, while it lasted the longest in experiment #9 with 12 min. To enable
comparability between all experiments, every curve’s starting point refers to the beginning
of stage II of overcharging, marked by the non-linear voltage increase, after deducting the
corresponding voltage and temperature offsets.

Firstly, the voltage increased more rapidly if fluid at medium and high temperatures
was used, compared to low-tempered fluid or no conditioning, due to the increased gas
production rate and faster cell expansion at higher temperatures. Despite the two uncondi-
tioned cells and the cells conditioned at a low fluid temperature showing a more significant
temperature increase over the subsequent minutes than those conditioned at medium and
high fluid temperatures, their pouches opened later.

Secondly, the impact of face conditioning by the polymer MCHS was noticeable after
the voltage drop. Without thermal conditioning in experiments #1 and #9, the voltage
immediately took a turn and continued to rise progressively until a cell fire event occurred.
The cell temperature rose steadily and reached the onset of TR at approximately 100 °C,
the latest 12 min after the pouch opening. In contrast, after each cell opening during
the thermally conditioned experiments, a degressive voltage increase and a reduction
in cell temperature, followed by a limited growth and stagnation of both metrics, were
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observable for at least 20 min until the overcharging process was terminated. Consequently,
the thermally conditioned cells outlasted the unconditioned ones regarding the system’s
stability. However, although there was no discernible superlinear and progressive voltage
increase after the cell opening, the possibility of TR and cell fire cannot be ruled out entirely
after an additional overcharging time.

The utilization of the polymer MCHS for thermal conditioning showed a recogniz-
able temporal impact on the cell behavior and the process chain during the attempted
overcharge-induction of the TR. Despite their low thermal conductivity material, the cold
plates facilitated a significant heat dissipation from the pouch cells. The cell temperatures
were lowered in the later stages of overcharging. Stage IV, starting from the pouch opening,
was exceptionally prolonged, without reaching a cell fire for the next 20 min. The absence
of white vapor at the end of the overcharging procedure indicated a significant reduction
in the OC cell’s internal temperatures using the polymer cold plates for face cooling.

4.3. Overcharging with Malfunctioning Thermal Management

In the third experimental scenario, a malfunctioning thermal management system is
emulated. If the cooling system is damaged, the heat dissipation of the mini-channel cold
plates can be reduced, and reaching the onset of the TR and cell fire is more likely. The
polymer cold plate’s function as a thermal barrier in the system is investigated regarding
the differences in TRP compared to the first scenario without any safety measures. Two
different escalation levels were tested. After setting a “critical” fluid inlet temperature of
40 °C, either the power supply is switched off in experiment #5* at a specific SOC 12 min
after the voltage drop and pouch opening, or the cooling unit is switched off in #6* at the
same SOC.

4.3.1. Temperature and Voltage Characteristics

Figure 13 presents the voltage and temperature characteristics during overcharging
with a malfunctioning thermal management system, with (a) and (b) showing the outcomes
of experiments #5* and #6*¢, respectively. Table 7 shows the temporal characteristics of
the corresponding experiments. As in the first two experimental scenarios, a voltage noise
containing a non-linear voltage increase and voltage drop was identified. With 10.6 and
10.1 min, the shortest times between cell expansion and cell opening were found, correlating
with the critically high fluid temperature and elevated gas production rates.
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Figure 13. Characteristic changes in temperature and voltage during overcharging with malfunction-
ing thermal management: (a) Power supply switched off at 185% SOC; (b) fluid supply switched off
at 185% SOC.
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Table 7. Temporal characteristics of the third scenario with malfunctioning thermal conditioning.

Duration from

Fluid Starting Non-Linear Increase Max.
Inlet Temp. of Voltage/ Vol.tage Drop/ Voltage Increase to Temp.
Temp.  of Cell Begin Stage 11 Begin Stage IV Drop/ ocC Cell
Exp. P gin Stag Stage II + III
° o Time SOC Upper Lower Diff. Time SOC Time o
co o Y min ) i) ) ™ min () (min) o
#5%¢ 40 33 4.77 28.6 148 5.69 4.87 0.82 39.2 165 10.6 62
#6*¢ 40 34 5.01 33.9 156 5.99 5.02 0.97 44.0 173 10.1 59

In experiment #5*¢, the cell opening occurred at the lowest SOC of 165% among all
thermally conditioned experiments; see Figure 13a. The change in voltage then showed
strong similarities to the previous experiments #1*—4*. After the drop, the voltage recovered
quickly, but degressively, to a local maximum of 5.26 V and then stagnated at that level.
Meanwhile, the OC cell’s lateral temperature, after peaking to 62 °C during the pouch
opening and reducing by 9 K afterward, changed its orientation and linearly increased
to 58 °C after 12 min. Here, at a 185% SOC, the power supply was switched off, while
no white vapor from the cell and a beginning second venting had been visible before; cf.
Figure 9a. All measured temperatures immediately decreased, and the overcharged cell
stabilized at 37 °C 9 min later.

In experiment #6*¢, the events and their outcomes diverged. In the early overcharging
stages, an analogous appearance to experiment #5*° was observed; see Figure 13b. The
voltage noise occurred slightly later. Consequently, at a SOC of 185%, the voltage drop was
experienced just a good 6 min prior. However, the voltage and OC cell’s lateral temperature
had already leveled to 5.5 V and 51 °C shortly after. Upon switching off the thermostat’s
pump and halting the fluid flow, the temperature at every point in the clamping device
increased significantly in a linear manner, with the most rapid ascent occurring at the OC
cells” sides. The voltage decreased by 0.2 V and subsequently increased significantly. After
approximately 10 min, white vapor was observed in the camera footage. About 11 min after
switching off the fluid supply, at an onset temperature of 98 °C, the TR and cell fire occurred
at a 203% SOC. While the lateral temperatures at the overcharged and now burning-out
cell were measured to a maximum of 769 °C, the corresponding TCs of cell 2 only captured
a temperature of 104 °C for a concise amount of time. The TCs, located at the face positions
of the OC and the adjacent cell between the outer MCHS and the clamping device, recorded
peaks of 72 and 46 °C, respectively. Although the temperature on the adjacent cell shortly
exceeded a critical value of 60 °C at its sides, no evidence of a TRP was found. A decrease
in the fluid outlet temperature was detected upon cell ignition, which revealed the opening
of one of the cold plates next to the overcharged burning cell. The remaining cooling fluid
flew out of the piping towards the opening, and the TC in the fitting adjusted accordingly
to the cooler downstream fluid.

4.3.2. Visualization of the Cell Fire with Thermal Management and Safety System

Figure 14 displays the characteristics of the cell fire in experiment #6*¢, including the
water-supplied combined thermal management and safety system. Here it must be noted
that inside an actual battery pack, alternative non-reactive heat transfer media are needed
to supply the cold plates, since water which is in contact with lithium reacts and produces
hydrogen gas, which serves the cell fire as additional fuel.

Shortly before the cell caught fire, white vapor was released from the opened cell in (a).
The cell ignited spontaneously without the occurrence of black smoke beforehand in (b),
and the active material was ejected explosively from the cell in (c). When the polymer cold
plates next to the cell melted and opened in (d), a reaction of the water droplets with the
hot lithium was likely, which fueled the cell fire with further combustible gases. The cell
fire persisted in (e) until an extinguishing of the flame next to the opened cold plates was
observed in (f). After the TR of the OC cell, no propagation and second TR were observed.
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Figure 14. Characteristics of the cell fire with implemented MCHS: (a) Second venting with white va-
por begins at the tabs; (b) intensified release and ignition of gaseous electrolyte; (c) explosive ejection
of active material; (d) reaction between lithium and cooling water; (e) cell fire; and (f) extinguishing
of flame by cooling water.

4.3.3. Impact of Polymer-Based Cold Plates as Thermal Barriers

Figure 15 shows the clamping device after the cell fire in experiment #6*, the disas-
sembled cell array with the central polymer mini-channel cold plate being attached to the
overcharged and now burned-out cell, and the condition of the outer polymer mini-channel
cold plate next to the overcharged cell. The overcharged cell had burned out violently,
revealing a see-through of its core. The adjacent polymer MCHSs were partly molten and
opened at several positions, so cooling water flooded the setup. No evidence of propagation
of the TR towards the adjacent cell could be detected.

After the experiment, the vacuum of the adjacent pouch cell remained intact, and the
cell maintained a steady voltage of 4.2 V during a 14-day observation period. In summary,
implementing a mini-channel cold plate of 2 mm thickness as a thermal barrier next to a
pouch cell, which is subject to an overcharge-induced TR, can have a significant effect on
the prevention of TRP to the adjacent cell.

Figure 15. Experimental setup (#6*°) with polymer mini-channel cold plates after TR and cell fire of
the overcharged cell.
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4.4. Performance of the MCHS

Implementing polymer mini-channel cold plates significantly impacted the overcharge-
induced TR and TRP of the tested pouch cells, which warrants further investigations. For an
evaluation of subsequent development stages of the cold plates and ongoing optimizations,
the characteristics of the dissipated rate of heat flow are shown in Figure 16a,b regarding
the low and medium fluid temperatures in experiments #2 and #3, respectively. These

results are representative and applicable to the other experiments.
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Figure 16. Dissipated heat flow during overcharging at different fluid inlet temperatures: (a) Low at
5 °C; (b) medium at 20 °C.

The mass flow was set to 2 g/s at the lowest fluid inlet temperature level and increased
slightly at higher temperatures. Significant heat dissipation began analogously to the cell’s
temperature increase during cell expansion from stage II of overcharging. A temporal peak
of 60.9 & 2.54 W and 51 + 2.71 W was achieved at low and medium fluid temperatures,
correspondingly. After the cell opening and first venting, the cell’s surface cooled down,
and the dissipated heat flow reached a local minimum, which was more pronounced at
higher fluid temperatures. As soon as the cell temperature rose again during stage IV of
overcharging, the dissipated heat flow rate increased until the cell temperature leveled out.
Here, dissipated rates of heat flow of 65 & 2.58 W and 57 + 2.74 W at low and medium
fluid temperatures were obtained. Based on the uncertainties from Table 3 pertaining to
the mass flow and temperature sensors, the heat flow is estimated to have uncertainties of
4-5%. Even with a calibration of the TCs, around 90% of the uncertainty originates from
the fluid temperature measurement.

Incorporating not only the flow field but the entire contact surface between cells
and cold plates for heat transfer (see Section 3.2), the maximum dissipated heat flux was
calculated to be 2150 and 1900 W/m? at low and medium fluid temperatures, respectively.
At this point, a determination of the exact heat transfer coefficients at the wall-fluid
interface does not seem appropriate based on the experimental results since it has been
found that none of the generally applied ideal thermal boundary conditions are valid, and
the characteristic length of the flow cross-section changes in the inlet and outlet regions.

Nevertheless, this first development stage of the polymer cold plates showed an
adequate and satisfactory dissipation performance if heat fluxes in lithium-ion battery
modules between 200 and 3000 W/m? are assumed according to [3,26].
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5. Conclusions

This study presents a novel combined thermal management and safety system for thin
prismatic and pouch battery cells and tests its impact on delaying and preventing TR and
TRP through experimentation. Such a system must solve an inevitable trade-off. On the
one hand, it must successfully dissipate a sufficient heat flow rate during regular operation
and the early stages of an impending TR to slow and delay its progress. On the other hand,
in the event of a cell fire, it must serve as a thermal barrier to avoid irregular heating of
adjacent cells to prevent TRP. The introduced combined thermal management and safety
system consists of polymer mini-channel cold plates for application between battery cells.

The experimental setup in this study contained a cell array of two fully charged pouch
cells with NMC chemistry, of which one cell was overcharged at 1 C to induce TR and TRP.
In detail, three scenarios were distinguished: (1) no application of cold plates, (2) cold plate
application between the cells at regular fluid inlet temperatures ranging from 5 to 30 °C,
and (3) a cold plate application as before, but with a malfunction in the cooling system,
resulting in a critically high fluid inlet temperature of 40 °C and an interruption of the fluid
supply during overcharging.

In the first scenario, the TR and TRP occurred within one hour of overcharging in each
experiment. Prior to the cell fire, a voltage noise indicated a cell expansion from an average
SOC of 145%, and a pouch opening with first venting due to internal gas development
was found at an average SOC of 172%. The time interval between both events averaged
16.2 min across nine experiments. After another 4.5 min, on average, at a SOC of 179%, but
at a maximum after 12 min, the onset of TR and cell fire occurred. The sensed temperatures
between the two cells exceeded 800 °C, and within less than one minute, the TR propagated
to the adjacent cell.

In the second scenario, utilizing the cold plates as a combined thermal management
and safety application at different fluid inlet temperatures of 5, 20, and 30 °C, overcharging
the cell did not produce a TR and a subsequent TRP in the same time scale. Instead, a
temporal shift in the characteristic process chain was observed. At low fluid temperatures,
gas production and cell expansion commenced at a lower SOC of 138% than without
thermal conditioning. Conversely, they began later at 148% with medium and high fluid
temperatures. The gas production rate is directly correlated with the fluid inlet temperature
level, subsequently affecting the time from the first expansion to the cell opening. On
average, this process took 20 min at a low fluid temperature and approximately 14.5 min at
medium and high levels.

Altogether, no significant impact of thermal conditioning was observed on the cell
opening itself, which consistently occurred at SOCs ranging between 171% and 173%
with and without thermal conditioning. Instead, with thermal conditioning, a significant
temperature decrease at the cell’s surface was detectable after the pouch opening and first
venting, which was not observable without thermal conditioning. Stage IV of overcharging
between the pouch opening and a potential TR with cell fire was most affected by thermal
conditioning. In the subsequent experimental runtime, the polymer cold plates dissipated
an increasing rate of heat flow. This enabled a significant stabilization in the overcharged
cell’s voltage and temperature, which was not detectable without thermal conditioning.
Even 20 min after the cell opening, no thermal runaway had occurred. Additionally, there
was no visual evidence indicating the initiation of the second venting, such as white vapor
being released from the overcharged cell at this point of the overcharging experiment if
the cells were thermally conditioned by the polymer cold plates between a 5-30 °C fluid
temperature. After the overcharging procedure was terminated, the system managed
to stabilize.

In the third scenario, a defective thermal management system was simulated with
a critical fluid inlet temperature of 40 °C. A similar outcome to the second scenario was
observed in the early overcharging stages. The period from initial cell expansion to pouch
opening was reduced to 10.8 min, according to an increased gas production rate at elevated
temperatures. Despite the critically high fluid temperature, the cell stabilized utterly after
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the overcharging procedure was terminated 12 min after the cell opening at a SOC of 185%.
At this point, no visual indications of a second venting initiation were detected. If the
fluid supply was halted at the same SOC, the overcharged cell heated up promptly, and
then second venting and TR occurred approximately 10 and 11 min later at a SOC of 203%.
Since the polymer cold plates served as an excellent thermal barrier, despite a violent cell
fire that started from the overcharged cell in the assembly, the lateral temperatures of the
adjacent cell just peaked momentarily at 100 °C, which did not result in a TRP. While the
overcharged cell burned out entirely, the adjacent cell maintained a stable voltage and an
intact vacuum within a fortnightly observation period.

In summary, the polymer mini-channel cold plates serve the requirements of a com-
bined thermal management and safety application and effectively address the trade-off
mentioned before. Despite the low thermal conductivity of the polymer, making use of
extensive heat transfer surfaces, thermal conditioning and heat dissipation of the mini-
channel cold plates are so intense that a significant delay of the overcharge-induced TR,
especially in the form of prolongation of stage IV of overcharging, between the cell opening
with first venting and TR with a cell fire, is observed. A heat flux of up to 2150 W/ m?
is dissipated by the polymer cold plates, and the overcharged cells are stabilized so that
no cell fire occurs within a time, leading to safe TR without thermal conditioning. In the
event of TR and a cell fire, the polymer’s low thermal conductivity, typically considered a
drawback, becomes beneficial since the cold plates serve as thermal barriers that protect
the adjacent cells from excessive short-term heat generation during TR and prevent TRP.

The polymer-based mini-channel cold plates, next to their viability as a combined
thermal management and safety application, are among the thinnest and lightest of their
kind. They are robust and less expensive than comparable aluminum components, making
them an appealing option for mobile applications. In the future, they should be further
investigated as an alternative to conventional applications.

6. Outlook

Using the polymer cold plates within a battery system could extend the evacuation
time during a hazardous situation inside a BEV. Numerous entry points regarding further
investigations arise from the experimental study performed.

The experiments under thermal conditioning should be repeated to investigate the
cell’s long-term behavior and stability during stage IV of overcharging. Online electrochem-
ical mass spectrometry [113] is advised to acquire crucial insights into the effect of thermal
conditioning on internal cell processes. According to Figure A3 in the Appendix A.2, a first
long-term overcharging test at a low fluid temperature showed no TR for almost 300 min of
overcharging. The pouch opened during the experiment with a first venting, but no white
vapor and second venting were visually detected. A post-mortem examination revealed a
completely dry cell without liquid electrolyte. A maximum heat flow of 162 4 4.16 W was
dissipated at a fluid temperature difference between the inlet and outlet of 11.2 K.

Further investigations should consider a higher quantity of cells in the experimental
setup with a larger capacity situated in a more encapsulated environment to represent
a mobile application-oriented scenario. Additionally, thermal and mechanical TR induc-
tion should be considered. The overcharging behavior of thicker cells should be studied
comparatively. The focus should be on the internal temperature gradients and the TR risk
potential at different cell thicknesses using the face-conditioning approach.

The investigation of the heat dissipation potential of the polymer cold plates during
regular cycling or super-fast charging is advisable. In this context, a variation in the
polymer material and the cooling channel geometry should be considered. If fluid mixing
and boundary layer interruptions within the channel geometry can be intensified without
disproportionately increasing the turbulence and pressure drop, a performance increase is
expectable, compared to a flow field with straight channels [29]. Hybrid cooling approaches,
such as the combination of face and tab cooling, should be evaluated, aiming for a high-
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temperature uniformity inside the cell volume at sufficiently high heat dissipation rates
under a heavy load of the cells [23].

Nevertheless, it is imperative not to overlook the contradictory heat dissipation and
protection requirements. Future work should explore material modifications, and the cold
plate geometry should be redesigned to maintain the external temperature of the adjacent
cells below 60 °C.

A month after the overcharging experiments, the thermally conditioned cells from
experiments #1*—#4*¢ still posed a safety hazard since their voltages remained above the
nominal upper limit of 4.2 V, and liquid electrolyte was discovered near the pouch opening,
as shown in Figure A4 in the Appendix A.2. Their resistance was found to have raised by
magnitudes, from 6-10 mQ) to 0.54-1.04 (2, embodying substantial cell damage. Regular
discharging failed, and alternative strategies must be considered in the context of recycling
damaged cells. CCCV-discharging down to meager rates of 0.05 C allowed for greater
discharge capacities but at the expense of longer discharging times.
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Nomenclature

Symbol Name Unit

A Area m?

c Heat capacity J/kg K
1 Current A

k Thermal conductivity W/mK
1 length m

m Mass flow rate kg/ m3
t Time s

T Temperature K

el Electric charge Ah

Q Heat J

0 Heat flow rate W

r Electric resistance Q
Uocv Open circuit voltage \Y%

1% Electric voltage \Y%
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Subscripts

DC Direct current
eff effective

el electric

Fluid,in Fluid inlet
Fluid,out  Fluid outlet

i internal

irrev irreversible

layer,j layer number j

oCcv Open Circuit Voltage

rev reversible

| parallel

L perpendicular

Abbreviation

Exp. Experimental

Ind. Induction

Max. Maximum

Num. Numerical

ocC Overcharged

Std. dev.  Standard deviation

Temp. Temperature

Acronyms

ABS Acrylonitrile butadiene styrene

CC Constant Current

CCcv Constant Current Constant Voltage

BEV Battery electric vehicle

BTMS Battery thermal management system

EIS Electrochemical Impedance Spectroscopy
EUCAR  European Council for Automotive Research & Development
FT-IR Fourier Transform-Infrared Spectrometer

MCHS Mini-channel heat sink or heat source
NMC Nickel-Manganese-Cobalt

OVGU Otto-von-Guericke University

PCM Phase Change Material

SEI Solid Electrolyte Interphase
SOC State of charge

TCs Thermocouples

TIM Thermal Interface Material
TPS Transient Plane Source

TR Thermal runaway

TRP Thermal runaway propagation
Appendix A.

Appendix A.1. Equations
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Appendix A.2. Figures and Tables

Pouch cell Reduced Unit cell
Cell stack

Cathode current Separator Anode current

collector collector
Cathode Anode
coating coating

Figure Al. Simplified structure of a battery cell, the reduced stack, and the unit cell.
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Figure A2. (a) Temperature and voltage characteristics during TC positioning test; (b) magnification
before TR.
Table Al. Individual temporal characteristics during overcharging without thermal conditioning.
Non-Linear Duration from Duration from
Ambient Voltage Drop/ TR/ Voltage Increase Voltage Drop
Increase of Voltage/ s .
Temp. Begin Stage IT Begin Stage IV Begin Stage V to Drop/ to TR/
Exp. t 8 Stages II + 111 Stage IV
o Time soC Upper Lower Diff. Time SOC Time sOoC . . . .
OV ming %) ™ V) ™ i %) Gmin) (%) Time (min) Time (min)
#1 8 4.89 30.1 150 7.22 6.05 1.17 467 178 497 183 16.6 3.0
#2 10 4.89 27.8 146 6.25 5.25 1.00 43.7 173 50.0 183 15.9 6.3
#3 8 4.85 26.1 143 6.84 5.93 091 43.8 173 45.0 175 17.7 1.2
#4 10 4.96 24.8 141 8.33 6.91 1.42 39.0 165 40.5 168 14.2 1.5
#5 12 491 26.4 144 5.77 528 0.49 42.5 171 50.0 183 16.1 7.5
#6 11 4.80 29.1 149 6.83 6.23 0.60 40.6 168 41.7 170 115 1.1
#7 14 4.86 29.2 149 8.52 6.08 244 452 175 46.5 178 16.0 13
#8 10 4.88 253 142 6.51 5.69 0.82 44.0 173 50.3 184 18.7 6.3
#9 7 4.76 243 140 6.17 543 0.74 432 172 55.2 192 18.9 12.0
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Figure A3. Long-term overcharging at 1 C at 5 °C fluid temperature and a mass flow of 3 g/s.
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Figure A4. Liquid electrolyte under the Kapton® tape near the pouch opening at the tabs.
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Abstract: To deal with the flammability of PA (paraffin), this paper proposes a CPCM (composite
phase change material) with a high heat-absorbing capacity for mitigating the thermal runaway of
lithium-ion batteries. Two heating power levels were used to trigger thermal runaway in order to
investigate the influence of heating power on thermal runaway characteristics and the mitigation
effect of the PCM (phase change material). Thermal runaway processes and temperature changes
were recorded. The results showed that heating results in a violent reaction of the battery, generating
a high temperature and a bright flame, and the burning of PA increases the duration of a steady flame,
indicating an increased threat. SA (sodium acetate trihydrate) effectively inhibited PA combustion,
and the combustion time was reduced by 40.5%. PA/SA effectively retarded the rise in temperature
of the battery, and the temperature rise rate was reduced by 87.3%. Increased heating power caused
faster thermal runaway, and the thermal runaway mitigation effect of the CPCM was dramatically
reduced. This study may provide a reference for the safe design and improvement of thermal
management systems.

Keywords: lithium-ion battery; paraffin; thermal runaway; phase change material; heat absorption

1. Introduction

Because of their high energy and power density, lithium-ion batteries have been used
in a variety of applications in recent decades, including electric vehicles, large-scale energy
storage, and power grids [1-3]. However, the long-term operation of batteries at a high
temperature reduces their lifetime and may induce thermal runaway, leading to great
danger [4-6]. As a result, the construction of a thermal management system for lithium-ion
batteries has been proposed in order to assure the safety of the batteries [7-9].

PA (paraffin) is considered an ideal thermal management material for lithium-ion
batteries due to its suitable phase change temperature, large latent heat and corrosion resis-
tance. Abbas and An et al. respectively used PA as a PCM (phase change material) for the
thermal management system of lithium-ion batteries and employed different liquid-cooled
plates in combination with PA to form an efficient BTMS (battery thermal management
system). The results showed that the heat-absorbing effect of PA suppressed the tem-
perature rise of the batteries and gained a more homogeneous temperature distribution
among the module, and the liquid-cooled plates further improved the thermal management
performance of PA [10,11]. In order to improve the thermal management performance of
PA, PA is blended with other materials to obtain improved properties, such as thermal
conductivity, and this blend is called a composite phase change material. To address the low
thermal conductivity of PA, Hussain et al. introduced PA into graphene-coated nickel and
found that the thermal conductivity of the CPCM (composite phase change material) was
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significantly improved and the battery temperature was further reduced [12]. According to
research conducted by Wang et al., a graphite powder/ paraffin /nickel foam ternary CPCM
can not only regulate the temperature increase of the battery surface, but can also decrease
the heat dissipation of the battery at low temperatures to assure normal usage [13]. Zhao
et al. designed a BTMS with a combination of a copper foam/paraffin CPCM and liquid
cooling channels, showing that the introduction of liquid cooling reduces the maximum
temperature of the battery while also leading to a bigger temperature difference; thus, a
balance between the maximum temperature and temperature uniformity is required [14].
Greco et al. employed compressed expanded natural graphite to increase the thermal
conductivity of paraffin and demonstrated that the composite performed significantly
better than forced air cooling [15]. Kang et al. introduced a new high thermal conductivity
and insulating CPCM made of PA and silicon carbide for the thermal management of
lithium-ion batteries and found that the temperature of the battery pack was significantly
reduced [16]. Wang et al. investigated the effects of PA with different melting points
and different mass fractions of EG (expandable graphite) on the thermal management
performance of a CPCM using numerical simulation and the results showed that 48 °C
was a suitable melting point, whereas the larger the mass fraction of EG, the higher the
battery temperature [17]. Chen et al. used EG and silicon carbide as thermally conductive
materials, blending them with PA to form a CPCM, and found that the thermal conductivity
could reach up to 4.086 W/(m - K), exhibiting an extremely high cooling efficiency [18].
The battery temperature was lowest with 9 fins, according to Chen et al.’s investigation
of the influence of the number of fins on the thermal management performance of paraf-
fin [19]. Fins and expanded graphite can significantly improve the thermal management
performance of paraffin, according to research by Mei et al. [20].

However, batteries may still experience thermal runaway due to aging, design flaws,
and the presence of some extreme conditions. Liu et al. showed that lithium plating is
generated during the charging and discharging of lithium-ion batteries, which is highly
likely to lead to thermal runaway [21]. According to research by Liu et al., even slight
overcharging can cause the battery’s internal resistance to rise, which in turn causes the
battery to heat up more, eventually leading to thermal runaway [22]. Further research
on the thermal runaway caused by overcharging was conducted by Mao et al. The
findings indicated that after overcharging, the deposited lithium reacts with the electrolyte
to produce a significant amount of heat, and the stability of the cathode material also
diminishes [23]. Hu et al. investigated the thermal runaway characteristics of electrical
abuse and showed that with an increasing charge rate, the battery presents a higher
thermal risk, with a lower onset temperature and higher maximum temperature [24].
Liu et al. investigated the thermal runaway of lithium-ion batteries under overcharging
and showed that high-current overcharging results in two violent combustion—explosion
reactions [25]. External heat sources are another frequent cause of thermal runaway in
lithium-ion batteries, which not only produce a great deal of heat, but also result in the
production of hazardous combustible and toxic gases [26-29]. Huang et al. investigated
the effect of heating power on the thermal runaway of batteries, and the results showed
that with the increase in heating power, the onset time advances and the heat release rate
increases [30]. When Md Said et al. simulated the effects of the mechanical impact on
lithium-ion batteries, they found that the battery was rapidly damaged and produced an
extremely high temperature [31]. Therefore, even though the BTMS regulates the rise in
battery temperature, thermal runaway may still occur, and it is necessary to investigate
the impact of a PCM during thermal runaway. In the case of a battery’s thermal runaway,
PA, a flammable PCM, can increase the threat. Zhang et al. found that a composite phase
change material consisting of paraffin and expanded graphite helps dissipate heat, but
thermal runaway propagates more widely once it has occurred [32]. Dai et al. conducted
thermal runaway experiments on a 18650 Li-ion battery containing PA and found that the
heat-absorbing effect of PA prolongs the onset of thermal runaway, but its flammability
greatly increases the heat release, and the use of a mixture of flame retardants can reduce
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the heat release rate [33]. Weng et al. showed that the addition of EG to PA significantly
suppresses the combustion flame, but accelerates the propagation of thermal runaway [34].
Huang et al. used a composite flame retardant in combination with paraffin wax and other
materials to form a new type of flame-retardant flexible CPCM and discovered that the
addition of 15 wt% is able to inhibit heat diffusion and resist flames, achieving a better
flame retardant effect [35]. Graphene-enhanced hybrids are effective at preventing the
spread of thermal runaway, according to Wang et al. [36]. However, there are few detailed
studies on the impact of PA on the thermal runaway of lithium-ion battery processes, and
the use of a CPCM for inhibiting the flammability of PA and the thermal runaway threat is
rarely investigated. In addition, the effect of different heating powers on thermal runaway
and validation of the effectiveness of a CPCM have rarely been reported.

Therefore, in this paper, the inorganic material SA (sodium acetate trihydrate) was
mixed with PA (paraffin) to form a CPCM, and its inhibitory effect on PA’s flammability,
as well as the effect on the thermal runaway of batteries, was investigated. Due to the
high latent heat and non-flammability of SA, the evaporation of its water of crystallization
absorbs heat, which theoretically inhibits the combustion of PA and reduces the threat of
a battery’s thermal runaway. Additionally, the effectiveness of the CPCM was evaluated
at various heat intensities, and data on the thermal runaway process, flame, and battery
temperature were gathered and analyzed. Some characteristic parameters such as the
temperature rise rate, temperature rise time after thermal runaway, and peak battery
temperature were compared and analyzed. This study serves as a guide for creating a
secure PCM lithium-ion BTMS (battery temperature management system).

2. Experimental Section
2.1. Materials

The battery used in this study, a Sony US18650VTC5, had a 2600 mAh capacity,
weighed approximately 45.4 g, and had discharge and charge cutoff voltages of 2.0 and
4.2V, respectively. The positive electrode of the battery was nickel-manganese—cobalt
ternary material and the negative electrode was graphite. Before testing, the battery was
cycled three times, and was then fully charged to 100% SOC to show the greatest hazard of
thermal runaway. The two PCMs used in this paper were PA and SA, and their detailed
parameters are shown in Table 1. The PA was supplied by Henan Baihuali Chemical Product
Co., Ltd., Zhengzhou, China, and its phase transition temperature was 48-50 °C, with a
latent heat of 136 J/g. The SA was supplied by Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China, and its phase transition temperature was slightly higher than that of the
PA at 58 °C, with a latent heat of 260 ] /g, which was nearly twice as much as that of the PA.
In addition, the SA contained crystal water, which can absorb a large amount of heat in the
case of thermal runaway, thus lowering the battery temperature.

Table 1. Physical and thermochemical properties of the materials.

Molecular 3 . .o e < o Specific Heat
Name Formula p/(g/cm?) Melting Point/°C Boiling Point/°C Capacity (j/(kg-°C))
Paraffin CnHanso 0.88 45-48 322 2140
SA CH3COONa-3H,0 1.45 58 400 1970

2.2. Experimental Setup

Figure 1 depicts a schematic of the experimental setup used to study thermal runaway.
The heater was the same size as the battery and provided 200 and 500 W of heating power,
respectively. The heater stopped heating after the battery suffered thermal runaway. The
battery was placed in a battery tube made of an Mg-Al (magnesium—aluminum) alloy
(type 5052) with a thermal conductivity of 138 W/m:-°C, a diameter of 36 mm, a height of
65 mm, and a thickness of 2 mm. There were three screws (8 mm in diameter) on the top
and bottom of the tube to hold the battery in place. To measure the temperature change

205



Batteries 2023, 9, 513

during thermal runaway, thermocouples were placed in the middle of the battery surface,
as well as 5 and 15 cm above the battery. The flame temperatures at 5 and 15 cm above
the battery were termed Tﬂ and sz, respectively, while the temperature at the battery
surface was assigned the designation T,. The SA and PA were placed up-and-down to
maximize the heat absorption effect of the SA, with the SA occupying a third of the volume.
The temperature of the material was denoted T},. K-type thermocouples were utilized to
measure the temperature, and C-7018 was used to record data. Digital cameras were used
to record the thermal runaway process.

,,,,,,,,, PA
_______________________ :
|
|
|
|
|
|
|
K-type :
thermocouple |
Heater |

Figure 1. Schematic diagram of the experimental platform.

2.3. Experimental Conditions

The tests were categorized into three groups, i.e., Group I (single battery), Group
II (PA), and Group III (SA/PA). Excluding the volume occupied by the fixation screws,
the amount of PA added alone was 14.55 g, whereas the amount of PA and SA added to
the CPCM was 9.7 and 7.99 g, respectively. The impact of heating power on the thermal
runaway was examined using two heating powers, 200 and 500 W. Each test was performed
at least three times and the relative standard deviations of characteristic parameters were
calculated for all groups. A smaller relative standard deviation means more accurate exper-
imental data. The standard deviations of the characteristic times and temperature during
thermal runaway were less than 15%, so the experimental results are highly consistent and
reliable.

3. Results and Discussions
3.1. Thermal Runaway Behaviors of a Single Battery

The thermal runaway process of a Group I with a single battery is depicted in Figure 2a,
which can be divided into four stages: Heating, jet spark, steady flame, and extinguishing.
It can be seen that the thermal runaway of the battery generated a great danger—jet sparks
and flame combustion. The t; (the duration of a stable combustion stage) of a single
battery was 10 s, and the main burning substances were internal electrolyte and separator,
alongside other combustible substances, with the combustion generating a great threat to
the surrounding environment. According to Figure 2b, the battery suffered more severe
damage following thermal runaway, as the top safety valve ruptured, and the battery case
contained more carbon black as a result of combustion.
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(a)

Stage I: Heating Stage II: Injection

Stage III: Flame Stage IV: Extinguish

(b) | pr—— \

|
\
|

Body Bottom

Figure 2. Single battery thermal runaway process and residues: (a) The thermal runaway process;
(b) the residues.

As shown in Figure 3a, the battery heated up to 133.9 °C after 393 s, at which point
it entered the thermal runaway stage, causing a sudden rise in Ty, jet sparks, and a
continuous flame. Around 432 s, T}, reached a peak value of 681.9 °C and then decreased,
indicating the ending of the thermal runaway. Due to the heater rod’s constant heating,
the battery experienced thermal runaway, which was characterized by an extraordinarily
high temperature and a potentially dangerous flame. The Tr2-max (maximum value of
Tp) was 1031.9 °C, which was much higher than Ty, indicating that the battery flame
height was above 15 cm, which would cause serious damage to the surroundings and
even a secondary disaster.

3.2. Effect of the PCMs on Thermal Runaway

The thermal runaway process and residues of the battery for Groups II (PA) and III
(PA/SA) are shown in Figure 4. It can be seen that the addition of PA provided a more
violent injection process and a higher flame than the single battery, while the process of
PA/SA was almost the same as that of a single battery. A probable reason for violent jetting
is that the heat absorption led to a reduction in the internal reaction rate of the battery,
active combustibles accumulated inside the battery, and when the temperature reached the
onset temperature of thermal runaway, the internal combustibles were instantly released,

207



Batteries 2023, 9, 513

leading to a more violent jetting. The t,, for Groups II (PA) and IIT (PA/SA) was 42 and
25 s, respectively, while the fqy; for a single battery was 10 s. The thermal runaway was
thus made more harmful by the addition of PA, whereas the t; of PA/SA reduced by
40.5% compared to that of PA, demonstrating SA’s efficiency in inhibiting PA combustion.
Both PCM additions provided relatively well-preserved battery shells, as shown by the
residue plots. Two potential explanations for this include the fact that PA has a relatively
low boiling point and would not cause significant damage to the battery case and that the
heat absorption ability of PA prevents the breakdown of the battery case.

: (b) 1200 :
(@) 700 f—o—1, [ss1.9°C— 1031.9°C =T
A 7
5 - emed T2
500 1000 ] = T,2
d
L 5004 3 L 800 g
%E ;u; %g [216°C] &
g 400 : £ o 2
£ 300 e £
= g e 400 -
200 4 i
- [133.9°C] H
100 y 200
e
0 — T 0 : T —— —— j
0 100 200 300 400 500 0 100 200 300 400 500 600 700 800
Time/s Time/s

Figure 3. Temperature of Group I: (a) The battery surface temperature; (b) the flame temperature

(redrawn from [37]).

Stage [: Heating Stage II: Injection

-

Stage III: Flame Stage IV: Extinguish

Figure 4. Cont.
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(b)

¥

Bottom

Stage I: Heating Stage II: Injection

Stage IV: Extinguish

(d)

Body Bottom

Figure 4. Thermal runaway process and residues of Groups II and III: (a,c) The thermal runaway
process of Groups I and III; (b,d) the battery residues of Groups II and III.
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Figure 5 shows the battery and flame temperature curves during thermal runaway for
both PCMs. According to Figure 5a, the addition of PA increased the thermal runaway onset
temperature by 33.5%, while also prolonging the onset time by 58.6%. The Tj.;;5, (maximum
value of T},) of Group II (PA) was 644.9 °C, which shows no significant change from the
single battery. In comparison to pure PA, the addition of SA substantially delayed the
thermal runaway onset time and temperature, with an increase of 6.5% in onset temperature
and 47.1% in thermal runaway onset time; the T},_,,,,, dropped by 23.4% as well. The latent
heat was calculated based on the properties of the two PCMs in the Materials section, with
an AH (maximum latent heat absorption) of 1.98 kJ for PA and 3.4 k] for SA/PA. As a
result, the huge latent heat of PA was able to absorb the heat transferred by the heating
rod, thus delaying the thermal runaway. The AH of SA/PA was increased by 41.7% more
than that of PA, which resulted in a substantial increase in the thermal runaway onset
time. Figure 5b demonstrates that, despite the prolonged steady combustion duration,
PA had little impact on the flame threat, as seen by the tiny difference in the peak battery
flame temperature of Groups II (PA) and I (single battery). It is noteworthy that the Tp_yax
of PA/SA was significantly increased, related to the fluctuation of the flame during the
combustion process, resulting in both a higher Ty, and a higher Tp,.

b
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Figure 5. Temperature of Groups II and III: (a) The battery surface temperature; (b) the flame
temperature.

The tope-max (time interval between thermal runaway onset and the maximum tem-
perature) of the three groups is shown in Figure 6. The t,e-max of Group I (single battery)
was 39 s, which was the longest among the three groups, while the fy;e-ax of Group II (PA)
was only 16 s, which was reduced by 59%. Therefore, the PA was ignited after the battery
thermal runaway, which accelerated the inside chemical reaction and caused the battery
temperature to peak more quickly. The te-pax of Group III (PA/SA) was 37 s, which was
56.8% longer than that of Group II (PA), although slightly shorter than that of Group I
(single battery). A significant quantity of heat was absorbed by SA due to its high latent
heat, which, on the one hand prevented a temperature rise in the battery and, on the other,
hindered the combustion of PA, slowing the battery temperature rise rate. Therefore, the
introduction of SA for inhibiting PA combustion was effective and helpful in reducing the
rise in battery temperature.

The material temperature of the two PCMs is shown in Figure 7a, indicating that the
T, of PA/SA was much lower than that of PA, which shows that the heat absorption effect
of SA greatly lowered the material temperature of the CPCM, with a maximum reduction of
45.8%. The inhibition mechanism of SA is shown in Equations (1) and (2) [38,39]. Because
of its enormous latent heat capacity and the contribution of its crystal water to absorb heat,
the battery temperature decreased substantially and the thermal runaway onset time was
greatly prolonged. Additionally, the concentration of combustibles could be reduced due
to the evaporation of crystal water, which also partially prevented the thermal runaway
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reaction of the battery. Figure 7b shows the battery Tyeq0e (average temperature rise rate)
before thermal runaway of the three groups of experiments, and the Tyate-g0e of Group II
(PA) was reduced by 38.0% more than that of Group I (single battery), while the Tyate-ave
of Group III (PA/SA) was only 0.1 °C/s, which was 87.3% and 44.4% lower than that of
the single battery and PA, respectively. Therefore, the excellent heat absorption effect of
SA greatly prevented the battery temperature rise, thus prolonging the thermal runaway
onset, and SA also had an inhibitory effect on the combustion of PA, which decreased the
material’s temperature.
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Figure 6. Time of the different groups from thermal runaway onset to maximum temperature of the
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Figure 7. Temperature of the material and battery temperature rise rate of Groups II and III: (a) The
material temperature; (b) the battery temperature rise rate before thermal runaway.

3.3. Influence of Heating Power

In actuality, overheating triggers thermal runaway accidents, and the heating power
acting on the battery is usually random and variable. Different heating powers lead to
variations in the characteristic time and temperature of the battery’s thermal runaway,

211



Batteries 2023, 9, 513

—~
&

Temperature/°C

~
&

Temperature/°C

which may affect the thermal runaway suppression effect of the CPCM. To verify the
suitability of the new CPCM at higher heating powers, thermal runaway experiments at
a heating power of 500 W are presented in this section. Figure 8 shows the temperature
curves of a single battery at 500 W, for which the onset of thermal runaway occurred 21.9%
earlier than that at 200 W, while the T} 5, and T 5, (maximum value of Ty or Tp) did not
change significantly. Therefore, the increased heating power merely accelerated the onset
time of thermal runaway, with less effect on the battery and flame temperature.
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Figure 8. Temperature of Group I at 500 W: (a) The battery surface temperature; (b) the flame
temperature.

Figure 9a shows that the thermal runaway onset time of Group II (PA) was 635 s, and
the temperature was 215.3 °C. Comparing the results with those in Section 3.2, the thermal
runaway onset temperature was less varied, while the thermal runaway onset time was
reduced by 33.1%. The thermal runaway onset time was decreased by 54.7% in Group III
(PA/SA), which showed a more noticeable difference. Increasing the heating power had
little impact on the temperature of the battery or the flame. In addition, it is worth noting
that the Ty of the PA/SA at 500 W was significantly lower than that at 200 W. The main
reason is that the greater heating power resulted in a more intense internal reaction, and
thus the occurrence of a lower flame was greatly reduced.
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Figure 9. Temperature of Groups II and III at 500 W: (a) The battery surface temperature; (b) the
flame temperature.

Figure 10 shows a comparison of the combustion duration and temperature rise rate
for two heating powers, highlighting that an increased heating power is a greater threat.
As seen in Figure 10a, the tcy, of the single battery nearly remained unchanged, while that
of Group II (PA) increased by 16%, indicating that a higher heating power causes more PA
to ignite, leading to a bigger tn. Group III (PA/SA) changed most significantly, with an
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increase of 37.5%, indicating that an increased heating power significantly weakens the
inhibition of PA combustion by SA. Figure 10b shows that increasing the heating power
leads to a rapid increase in the battery temperature, with Ty 0 increasing by 42% for a
single battery, and 43.8% and 60% for PA and PA/SA, respectively. An increased heating
power thus results in more severe thermal runaway consequences and also diminishes the
heat-absorbing capabilities of both PCMs, decreasing the efficiency of thermal runaway
retardation.
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Figure 10. Comparison of two heating powers: (a) Burning duration; (b) battery temperature rise
rate before thermal runaway.

Figure 11 shows the comparison of two heating powers after thermal runaway. The
temperature of the single battery was significantly affected by the heating power; foue-max
dropped by 64.1%, demonstrating that increasing the heating power made the internal
reaction rate during thermal runaway faster and caused a slight increase in T}._;,,, which
was unfavorable for suppressing thermal runaway. While the 15.5% increase in T,y
demonstrated that a larger heating power led to a fuller combustion of the PA and the
battery, which produced a higher peak temperature of the battery, the unchanged t,ye-ynax of
Group II (PA) at both heating powers indicates that the accelerating effect of PA combustion
on the rise in battery temperature was almost independent of the heating power. It is
interesting to note that the toemax for Group III (PA/SA) was only 2 s, indicating that the
increased heating power significantly reduced the inhibition effect of PA/SA on the rise
in the battery temperature after thermal runaway, which is also related to the increased
heating power and the lower peak temperature of the battery. The T}, of Group III (PA/SA)
was the smallest among the three groups, suggesting the efficiency of PA/SA in reducing
the battery’s peak temperatures, and it was nearly unaffected by the heating power, despite
the rapid temperature rise of the battery following thermal runaway under 500 W heating.
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4. Conclusions

To counter the thermal runaway of lithium-ion batteries and to reduce the flammable
risk of PA, a new CPCM was proposed with an enhanced heat absorption capability
to mitigate thermal runaway and to reduce the threat of PA. Heating rods of the same
size as the battery were used to trigger thermal runaway. The combustion process and
flame and battery surface temperatures during thermal runaway were recorded, and
the thermal runaway mitigation mechanism of the CPCM was revealed. Additionally,
comparisons and analyses of the characteristics of thermal runaway and the impact of
the PCMs at various heating powers were conducted. The main conclusions of this study
are summarized as follows:

(1)  The thermal runaway of the battery was accompanied by violent combustion behav-
iors and a high temperature. The heat absorption of PA delayed the thermal runaway
by 33.5%, but its flammable characteristic led to more violent combustion and a longer
combustion duration. The tc, of Group II (PA) was 42 s, while that of Group I (single
battery) was only 10 s.

(2)  The heat absorption of SA reduced the combustion of PA, and Group III (PA/SA) had
a 40.5% reduction in feyy than that of Group II (PA). The rise in battery temperature
was significantly slowed down by PA/SA, and its Tyteq0e Was decreased by 87.3%
and 44.4% in comparison to PA and a single battery, respectively. The temperature of
the battery flame was essentially unaffected by either PCM.

(3) Although the battery and flame temperatures of the two PCM groups were essentially
unaffected by the increasing heating power, the thermal runaway mitigation effect
was significantly reduced, while the thermal runaway onset time was advanced by at
least 33.1%. The heating power had a pronounced impact on SA /PA, with t;, and
Trate-ave increasing by 37.5% and 60%, respectively. The fact that the tyyemqx for Group
III (PA/SA) changed from 37 to 2 s further illustrates the tremendous impact of the
heating power on the suppression effect of PA/SA on a battery’ temperature rise.

Herein, an experimental study was conducted on the effect of PA on the thermal
runaway of lithium-ion batteries and a CPCM was proposed for inhibiting the combustion
of PA and mitigating the thermal runaway. However, this paper did not conduct a detailed
study of different ratios of the CPCM, nor did it conduct experiments to verify its thermal
management performance. Therefore, the future work requires an in-depth study of
different material ratios and thermal management performance.
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Abstract: The Li-ion battery is one of the key components in electric car development due to its
performance in terms of energy density, power density and cyclability. However, this technology is
likely to present safety problems with the appearance of cell thermal runaway, which can cause a car
fire in the case of propagation in the battery pack. Today, standards describing safety compliance
tests, which are a prerequisite for marketing Li-ion cells, are carried out on fresh cells only. It is
therefore important to carry out research into the impact of cell aging on battery safety behavior
in order to ensure security throughout the life of the battery, from manufacturing to recycling. In
this article, the impact of Li-ion cell aging on safety is studied. Three commercial 18,650 cells with
high-power and high-energy designs were aged using a Battery Electric Vehicle (BEV) aging profile
in accordance with the International Electrotechnical Commission standard IEC 62-660. Several
thermal (Accelerating Rate Calorimetry—ARC) and standardized safety (short-circuit, overcharge)
tests were performed on fresh and aged cells. This study highlights the impact of aging on safety by
comparing the safety behavior of fresh and aged cells with their aging conditions and the degradation
mechanisms involved.

Keywords: Li-ion; battery; aging; degradation mechanisms; abuse test; safety behavior

1. Introduction

Li-ion batteries with graphite-based negative electrodes are now widespread in electric
mobility applications thanks to their higher energy density and durability compared
to other storage systems. Presently, the main developments in Li-ion batteries concern
increasing their energy and power density by developing new positive electrode materials
or blending silicon with graphite in the negative electrode. Despite the fact that Li-ion
technology has numerous advantages, it has been proven that the Li-ion battery poses a
safety risk [1] and is the source of many car fires [2]. Therefore, battery safety assessment
is a key issue that must be dealt with in order to continue developing more efficient and
durable vehicles, as well as ensuring the user’s safety.

The lifetime of Li-ion cells is being continuously improved by innovations, but it is well
known that their use can cause degradation mechanisms inside the cell [3,4]. Depending
on the storage and cycling conditions, several aging mechanisms can be triggered and
induce physical and chemical modifications of the internal components. They can provoke
physico-chemical changes, like active material damage [5-11], lithium consumption by SEI
growth [5,12-14] and lithium plating [15-19]. These physical and chemical modifications
induced by aging first impact cell performance, but can also influence cell safety. Therefore,
cell aging conditions have a strong influence on a cell’s safety behavior.
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One research group has already studied the safety of aged Li-ion cells coupled with
post-mortem analysis, especially in terms of thermal stability, by performing Accelerating
Rate Calorimetry (ARC) tests after cycle aging at 0.5 Cand at 0 °C, 5 °C, 25 °C and 45 °C [20].
The tests showed that low-temperature cycle aging reduces cell thermal stability [20,21].
The Li plating phenomenon that takes place on the negative electrode at low temperature
ranges is principally responsible for the degradation of safety behavior, because metallic Li
reacts exothermally with the electrolyte solvent. On the contrary, high-temperature aging,
which induces the degradation mechanism of SEI growth on the negative electrode, does
not have a negative impact on the thermal stability of the cell [20,21].

Other studies have also treated the subject of thermal stability but were not always
supplemented by post-mortem studies. Some studies observed the decrease of thermal
stability of cycled cells at low temperatures [22,23], and compared the thermal stability of
several cell chemistries, the State Of Health (SOH) and the State of Charge (SOC) [24].

In an accident caused by a Li-ion cell, a temperature increase is always responsible
for triggering thermal runaway [25], possibly leading to fire and/or explosion. Electrical
solicitations like overcharging and short-circuiting can be responsible for this temperature
increase, which is why international safety standards have standardized electrical safety
tests (overcharge and short-circuit) to ensure the safety of fresh cells before their sale on
the market. To our knowledge, the safety behavior of aged cells during overcharging and
short-circuiting has not been discussed in the literature. Studies appear to have focused
only on overcharge mechanisms [26] or compared the safety behavior of fresh cells for
different chemistries [27].

Our research work has two different parts. The first one concerns the ante-mortem
analysis of the Li-ion cells studied, the aging of these cells and their post-mortem analy-
sis through the identification of the degradation mechanisms involved. A paper on the
first part of our work has already been published and bears the title “Identification of
Degradation Mechanisms by Post-Mortem Analysis for High Power and High Energy Com-
mercial Li-Ion Cells after Electric Vehicle Aging” [28]. In this first part, the aging process,
ante-mortem and post-mortem analyses (half coin cell at the electrode level, Scanning Elec-
tron Microscope (SEM), Energy-Dispersive X-ray (EDX), Glow Discharge-Optical Emission
spectrometer (GD-OES), X-Ray Diffraction (XRD), Nuclear Magnetic Resonance (NMR),
etc.) have already been performed [28]. This work allows us to understand which main
degradation mechanisms occur according to aging conditions, cell chemistry, and design.

The second part of our research work, which is the subject of this article, has the
objective of understanding the effects of aging on cell safety. The use of real experimental
data from cell aging and aged cell safety tests, coupled with post-mortem analysis, highlight
the impact on safety of cell internal degradation mechanisms due to aging.

The novelty of this article consists in the understanding on the impact of aging on
Li-ion cell safety, through the realization of a large panel of experimental tests: ante-mortem
study, several aging conditions according to the standards, post-mortem study to identify
the aging mechanisms involved, and finally abuse and safety tests on fresh and aged cells
to highlight the impact of aging on Li-ion cell safety. In addition, this study was carried out
on a large amount of cells, divided into three commercial cell references, with 100 units for
each reference.

To assess the impact of aging on safety behavior, and not only of thermal behavior,
several abuse tests were performed on each fresh and aged cell. Thermal stability was
characterized by the ARC test and electrical safety by short-circuiting and overcharging
according to the international standard IEC 62-660, part 2 [29]. Data cross-referencing
between aging degradation mechanisms [28] and the safety behavior observed enables
understanding of the influence of each aging mechanism on the safety of Li-ion cells.
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2. Material and Methods

2.1. Samples

The three commercial cells chosen were from SAMSUNG SDI: INR18650-35E (written
“35E” afterward), INR18650-32E (written “32E” afterward) and INR18650-30Q (written
“30Q” afterward). Each cell of the same reference used in this study comes from the same
manufacturer production batch. To ensure that the internal mechanical design, separator
and the electrolyte composition of the three samples were similar, the three cells were
provided by the same manufacturer.

All the internal components of the fresh and aged cells were analyzed in the first part
of our work [28]. The detailed description of the fresh cell chemistry and design, and of the
degradation mechanisms occurring inside the aged cells, is described in this paper.

2.2. Aging Tests

Three cell references were investigated using BEV (Battery Electric Vehicle) repre-
sentative aging at various temperatures (—20 °C, 0 °C, 25 °C, 45 °C), according to the
international standard IEC 62-660 part 1 [30], including cycle aging and calendar aging.

Cycle aging was performed at various temperatures (—20 °C, 0 °C, 25 °C, 45 °C). The
cycling described in the international standard IEC 62-660 is representative of a typical
driving cycle, including a CC-CV charge and a discharge profile with current pulses that
simulate braking (charge) and acceleration (discharge) event. SOH assessments using
electrical performance measurements were performed every 28 days at 25 °C. The cycling
test was stopped once the cell had lost at least 20% of its initial performance in terms of
capacity, energy or power density, or after 6 months of cycling.

Calendar aging was achieved at 45 °C, either at constant voltage (CV) at 4.2 V or at
100% SOC in Open Circuit Voltage (OCV, meaning that the voltage was not maintained
constantly). The voltage difference between OCV and CV calendar aging was between
0.02 V and 0.1 V maximum after 6 weeks aging. According to the standard, SOH assess-
ments using electrical performance measurements were performed at 25 °C every 6 weeks,
and after 18 weeks of storage, the calendar test was stopped.

These electrical measurements were used to trace the evolution of appropriate cell
characteristics: capacity, internal resistance and nominal voltage. Each aging procedure
was performed on a batch of 15 cells. The periodical electrical performance measurements
and cycling test were achieved on a PEC® SBT 05250 test bench (6 V, 50 A).

2.3. Abuse Tests

Thermal stability tests were performed with an ARC EV with Thermal Hazard
Technology® equipment. The Heat-Wait-Seek [31] protocol was applied with 5 °C temper-
ature steps, 35 min rest and the detection of the onset temperature (Tonset) for a temperature
increase of more than 0.02 °C/min. Tonset is the temperature at which exothermal reactions
start in the cell and the cell starts to heat up by itself.

Overcharging and short-circuiting were carried out on a abuse test bench made spe-
cially for this study (shown in Figure 1) at an ambient temperature between 20 °C and 30 °C.
According to the standard IEC 62-660 part 2 [29], the short-circuit set-up had a maximum
resistance of 5 mQ) and had to be applied for 10 min or until cell failure. Overcharging
consisted of applying a current of C (considering the cell capacity at the moment of the test)
up to 8.4 V or cell failure. This new abuse test bench allows one to perform up to 6 tests in
a row and is fully remote-controllable. The bench was placed in a reinforced box and in a
closed room under air suction to ensure the user’s safety. The release cylinder works with
compressed air and is controlled by an Arduino card. Only one cell can be connected at the
same time; this system allows one to connect the chosen cell and change it when the test is
finished without entering the room.
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Figure 1. Picture of the abuse test bench specifically developed for this study.

A GM10-2E0 data acquisition unit (Yokogama®) was used for the acquisition of cell
voltage, current and temperature. Voltage was measured directly by the unit with a
measurement uncertainty of <42.5 mV. K-type thermocouples were fixed in the middle of
each cell using a Kapton tape to ensure the measurement of the surface cell temperature with
a measurement uncertainty of <40.3 °C. The current was measured using an aerometric
clamp with measurement uncertainties of <+95 mA for overcharging and <44 A for
short-circuiting.

All the thermal and safety tests were carried out at 100% state of charge (SOC), because
it is the worst possible case in terms of safety [24]. Before each test, the cells were charged
by a constant current at C/3 until 4.2 V, followed by a constant voltage until C/20. A
battery’s C-rate is defined by the rate of time in which it takes to charge or discharge; for
example, at C/3 it takes 3 h to charge or discharge.

3. Cell Aging and Degradation Mechanism

Before describing a picture of the aging state of sample for each protocol, an overview
of the cell materials and design at the initial state is required. One cell of each reference was
opened to perform physico-chemical analysis. All the results of the ante-mortem analysis
are given in the first part of this study, published in a previous paper [28]. Regarding the
electrochemical characterization, the three fresh cell batches (100 units) had a very low
standard deviation regarding their characteristics in terms of weight, capacity, nominal
voltage, internal resistance and energy density.

The chemistry of the three cells showed similarities, but also some differences. 30Q
is composed of a blend of NCA (LixNiyCo,Al,O; withy +z+a=1and 0 <x < 1) + NC
(LixNiwCo, O, with w + b = 1 and 0 < x < 1) on the positive electrode and of a blend
of graphite + silicon on the negative electrode. 32E contains only NCA on the positive
electrode and only graphite on the negative electrode. 35E also contains only NCA on
the positive electrode but a blend of graphite + silicon on the negative electrode. All the
detailed chemical compositions of the three cells” electrodes are detailed in our previous
paper [28].

The design of the cells was different for the three references: cell 30Q has the thinnest
and largest electrodes compared to 35E and 32E. The 30Q cell has a “power” design (i.e.,
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“power cells”); indeed, the larger and thinner electrode allows for delivering higher current.
On the contrary, the 35E and 32E cells have an “energy” design (i.e., “energy cells”), with
thicker and smaller electrodes, which allows optimizing the energy density.

Electrolyte compositions are different but contain similar solvents: ethylene carbonate
(EC), dimethyl carbonate (DMC) and fluoroethylene carbonate (FEC). The separator is
based on polyethylene (PE) with AIOOH coating on the negative electrode side and is
similar for all references.

The post-mortem analysis is detailed in the first part of this study published in [28],
dedicated to understanding degradation mechanisms after aging. The main conclusions of
this previous study are summarized in Table 1.

Table 1. Main degradation mechanisms detected by post-mortem analysis after aging.

30Q 32E 35E
Aging Condition Degradation Degradation Degradation
SOH Mechanisms SOH Mechanisms SOH Mechanisms
. . Li plating ++
St chcking and §i cracking
-20°C 85 di 6a 59 Li plating +++ 83 and disaggre-
isaggregation .
gation
++
++
Cycling Si cracking and aildccri?sc:égfe—
0°C 91 dlsaggiegatlon N/A Li plating ++ 70 gation
+
25°C 76 SEI growth ++ 81 SEI growth + 92 SEI growth +
45°C 78 SEl growth 80 SEI growth ++ 86 SEI growth ++
45°C,CV 87 SEI growth 80 SEI growth ++ 87 SEI growth ++
Calendar —
45°C, OCV 91 SEI growth ++ 88 SEI growth + 91 SEI growth +

For tests at higher temperatures (25 °C and above), the Solid Electrolyte Interphase
(SEI) growth at the negative electrode was a predominant degradation mechanism ob-
served for both types of test (calendar and cycling). This phenomenon is caused by the
solvent degradation for calendar aging and salt degradation for cycle aging [28]. During
low-temperature cycling (lower than 25 °C), the main aging mechanism identified was
the deposition of metallic lithium leading to the formation of a secondary SEI. In addi-
tion, silicon can significantly degrade during aging, especially during cycle aging at low
temperatures through particle cracking and disaggregation.

The internal design of the cell seemed to have an influence on the aging mechanisms.
Energy cells are more sensitive to low-temperature aging, which induces more lithium
metal deposition partly due to their higher internal resistance [28]. Power cells, which work
well at lower temperatures, are more affected by high temperature with increased growth
of SEI due to their larger electrode surface [28].

The nature of the internal components of the cell also has an important influence on
the aging mechanisms, since the nature of the electrolyte influences the growth of SEI
through solvent degradation and the silicon sometimes present in the negative electrode
seems to be a privileged site of degradation.

All the ante- and post-mortem work carried out enabled the complete analysis of new
and aged cells. Thus, the cause-and-effect relationships between the aging conditions and
the aging mechanisms were highlighted by this work. For more details about the ante- and
post-mortem work, please refer to our previous paper [28].

Abusive tests were carried out on the three fresh cell references. These results were
then compared with those obtained on cells aged according to different aging modes
(different temperatures, calendar, cycling) in order to identify the impact of aging on the
abusive test behavior.
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The 32E cells cycled at 0 °C did not survive the aging subjected by triggering the
opening of the current interrupting device—CID, so they could not be tested for the safety
study.

4. Results
4.1. Thermal Stability-ARC

Since separator melting (~140 °C) signals the point of no return of thermal runaway,
we decided to stay under this point and stop the ARC test at around 100 °C (90 °C for the
30Q, 100 °C for the 35E and 110 °C for the 32E). We focused on the reactions that take place
under the separator melting, because they are responsible for the temperature increase
leading to the separator melting and therefore to thermal runaway. In the present study,
the onset of self-heating was considered in particular because we were interested in the
earliest exothermal reactions responsible for cell heating. It is known that the two reactions
that occur at the beginning of self-heating are the reaction of inserted and plated lithium if
present with solvent [32] after the thermal degradation of the SEI [2,32,33]. Both of those
reactions should take place under 90 °C and can be affected by the chemical changes due
to aging. Another objective was to not extensively damage the cell for possible further
investigations.

Two cells per aging condition were tested in ARC and the results are shown in Figure 2
for Tonset and in Figure 3 for the temperature rate. The results are compared to the fresh cell.

(a) Cvclin (b) Calendar at 45 °C
100 clicll:
90
O 3.
T 80 P
2 L o
©
5 70
Q.
E ____________
L 60+ A - __
@ 30Qcv M 35ECV
g 50 + ———Ereshi300 3oqocv [ 350cv
- - - Fresh 32E @ 32 W 32ECy
= = =-Fresh 35E @ 3¢ ] 32E0CV
40 t } } t t } } t
-30 -20 -10 0 10 20 30 40 50
Aging temperature (°C) Aging temperature (°C)

Figure 2. Onset temperature of fresh and aged cells in terms of aging temperature for references 35E,
32E and 30Q, after (a) cycle aging and (b) calendar aging.

The onset temperature is the beginning of self-heating of the cell due to exothermal
reactions during the ARC test. It can be seen that for cells aged at —20 °C and 0 °C, Tonset
is between 50 °C and 60 °C, and for cells aged at 25 °C and 45 °C Tonset is between 65 °C
and 100 °C. The change of Tonset during aging for the three references Tonget is lower after
low-temperature cycling than after high-temperature aging (cycling and calendar).

Compared to the fresh cell, two trends can be distinguished. First, the cells containing
Si within the negative electrode (30Q and 35E), which has a Tonset around 60 °C for the
fresh cell, show a decrease of Tonget after low-temperature cycling (—20 °C and 0 °C) and,
conversely, an increase after high-temperature (45 °C and 25 °C) cycling or calendar storage.
Secondly, the cells containing only graphite within the negative electrode (32E), which have
a Tonset around 80 °C for the fresh cell, show a decrease of Tonset after all aging conditions,
except after calendar CV storage.

222



Batteries 2023, 9, 427

o
-
(o]

o
-
N

0.06

Temperature rate (°C/min)

,..
2
o

=
-
(o]

o
ey
N

0,06

Temperature rate (°C/min)

A
=
o

0.18

=
[
N

0.06

Temperature rate (°C/min)

o

—_
(g)
~—

m o Fresh ® o Fresh
= ® -20°C (72 CE, 85% SOH) m e 45°C,CV(87%SOH)
® @ 0°C (317 CE, 91% SOH) 0O O 45°C, OVC (91% SOH)
-8 @ 25°C (450 CE, 76% SOH) i <+ )
® @ 45°C (319 CE, 78% SOH)
- e
% : 4 4 % { : 4 % :
m o Fresh ,‘f i_-. ] m o Fresh
= e -20°C (21 CE, 59% SOH) #&¢* F = @ 45°C,CV (80% SOH)
= @ 25°C (267 CE, 81% SO O O 45°C, OVC (88% SOH)
® 45°C (467 CE, 80%S T
} i } I l
¢ f . ¢ ¢ : : ' : *
m o Fresh = o Fresh
= e -20°C (60 CE, 83% SOH) m @ 45°C,CV(87% SOH)
® » 0°C (75 CE, 70% SOH) o O 45°C, OVC (91% SOH)
-+ ® » 25°C (628 CE, 92% SOH) ==
® @ 45°C (636 CE, 86% SOH)
F=5
} t } } } t } } } t
50 60 70 80 90 100 110 50 60 70 80 90 100 110

Temperature (°C) Temperature (°C)

Figure 3. Temperature increase rate during the ARC test of aged and fresh cells for (a) 30Q, (b) 32E
and (c) 35E, for 2 cells (square and circle) per aging condition.

The rate of temperature change during the test was also significantly altered by aging.
The more the aging was carried out at low temperatures, the faster the temperature rate
increased, signifying that the cell was more reactive to self-heating. For example, at 90 °C,
the temperature rate increased about 3 times faster for cell 30Q and 6 times faster for cell
32E for a cell aged at —20 °C compared to a cell aged in calendar conditions.

The only exception was for the 35E cell: the temperature of the cells aged at 0 °C
increased faster compared to cells aged at —20 °C. However, the behavior at 0 °C can be ex-
plained by their lower SOH linked to a more severe damage state (lithium metal deposition
and silicon particle degradation). This highlights that the method and the conditions in
which the cell is aged had a strong impact on their thermal stability. Systematically, aging
at low temperature degraded the thermal stability of the cell.

It is noticeable that for all the cells aged at 45 °C, the temperature rate of the cells was
either equivalent to that of the fresh cell or lower for the calendar aging conditions (espe-
cially for that set in CV at 4.2 V). This observation reveals that aging at high temperature
(especially calendar aging) increased the thermal stability.

Taking into account the post-mortem results and the aging effect on thermal stability
(Tonset and temperature rate), we can assume that the degradation mechanisms of low-
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temperature cycling (Li plating [15-19,28] and Si cracking [28,34-36]) degraded the thermal
stability of the cell. On the contrary, the degradation mechanisms of high-temperature
cycling and storage (SEI growth by salt and solvent degradation) improved the thermal
stability of the cell.

4.2. Safety Tests

To evaluate the impact of aging on Li-ion cell safety, short-circuit and overcharge tests
were performed on fresh and aged cells. Voltage, current and temperature were tracked
during the tests. Particular attention was paid to the temperature because it could show if
an accident would occur or not. The results of all the safety tests are described here.

4.2.1. Assessment of the Risk of Short-Circuit

Figure 4 shows the results of short-circuit tests. Data were compared with four param-
eters: CID opening duration, maximum current, maximum temperature and maximum
temperature rate increase. The CID opening duration of a fresh cell is between 10 and 20s,
but after aging it increases to 50 s. CID opening is always longer for aged cells than for
new ones. We observed a significant increase of the CID opening duration in particular for
energy-designed cells after cycling at low temperature.
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Figure 4. Characteristics of the short-circuit test in terms of CID opening duration, Imax, Tmax and
Tspeed max for 30Q, 32E and 35E fresh and aged cells.

The maximum short-circuit current is generally between 100 A and 200 A. Most of
the time, the maximum short-circuit current will decrease after aging in accordance with
the increase of cell internal resistance. The short-circuit current also depends on the short-
circuit resistance, here between 0 mQ) and 5 m(2, and its variation can explain non-expected
values like for 30Q cells after —20 °C and calendar OCV aging.
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The maximum temperature reached during the test was between 100 °C and 140 °C
for fresh cells. The temperature reached during the short-circuit test was sufficiently high
to initiate exothermal reactions inside the cell [2,32,33,37-40], as shown during the ARC
test (Figure 3). After aging at 45 °C and 25 °C, the maximum temperature did not change
significantly. We could even observe a small decrease of the maximal temperature for the
CV calendar-aged cells at 45 °C, confirming that high-temperature aging can be beneficial
for cell safety. After aging at low temperature, some cells went into thermal runaway (35E
aged at —20 °C and 0 °C and 30Q aged at —20 °C). The maximum temperature reached
during short-circuiting was more than 500 °C for 35E cells aged at 0 °C.

The maximum temperature increase rate was between 300 °C/min and 600 °C/min
for fresh cells and decreased slightly between 200 °C/min and 500 °C/min for aged cells
which did not go into thermal runaway. For the cells that went into thermal runaway, the
maximum temperature increase rate could increase up to 3000 °C/min at the cell surface.

Table 2 shows a comparison of the aging degradation mechanisms identified for each
aged cell during the post-mortem studies and the observation during the short-circuit tests.
First, all the fresh cells passed the short-circuit safety test successfully because they did not
vent and remained intact. After aging, the CID was no longer efficient enough because
venting and explosion of the cells was observed.

Table 2. Short-circuit test results, compared to the SOH and the aging mechanisms identified for each
aging condition for cells 30Q, 35E and 32E.

Ref  Fresh —20°C 0°C 25°C 45°C cv ocv
85% SOH
Li platin 91% SOH 76% SOH 78% SOH 87% SOH 91% SOH
30Q ‘/ Si Cgackir:gg Si cracking SEI SEI" S,/EI SEI
% T > >
83% SOH .
Li plating 70% SOH 92% SOH 86% SOH 87% SOH 91% SOH
3BE o Si cracking Si cracking SEI SEI SEI SEI
59% SOH 81% SOH 80% SOH 80% SOH 88% SOH
32E < Li plating Li plating ‘i};l ‘i];I i/EI ‘iE/I

Meaning of symbols: {:} explosion; o= gas and smoke; v NTR.

The 32E cell, unlike the other cells tested, does not contain silicon in the electrode
and is not the cause of any negative events. However, we have shown during the post-
mortem study of other cell references that silicon was particularly degraded on the surface
of the negative electrode. Its considerable volume variations during cycling induced its
fragmentation, thus favoring the formation of lithium silicates [28]. The silicon-containing
cells exploded after cold aging and often released gases and fumes. It is therefore likely that
silicon plays an important role in the safe behavior of the cells, as all the negative events
took place in silicon-containing cells, whether or not lithium plating was present.

The energy-type design also appears to be a detrimental factor in terms of safety,
as the 35E cell presented more explosions and outgassing than the 30Q cell during the
short-circuit tests.

4.2.2. Assessment of the Risk of Overcharge

Figure 5 shows the results of the overcharge tests. Data were compared through three
parameters: the final SOC reached at the end of the test, the temperature at the CID opening
and the maximum temperature. The final SOC of the overcharge test was between 110%
and 130%. The final overcharge SOC can evolve during aging; a significant increase of
the final SOC was observed for the energy-designed cell after aging at low temperatures.
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This parameter was lower for all the cells after calendar aging, especially for the calendar
condition at OCV.
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Figure 5. Characteristics of the overcharge test in terms of final SOC, Tcp opening and Tmax for 30Q,
32E and 35E fresh and aged cells.

The temperature at the CID opening and the maximum temperature reached were
between 50 °C and 120 °C, most often under 70 °C. The temperature at the CID opening
was very close to the maximum temperature of the test. It revealed that CID triggers early
enough to avoid irrevocable exothermal decomposition reactions. During overcharging,
no accident was observed and all cells stayed intact (no venting). However, the cells aged
at low temperature had the biggest temperature rise during the test, especially for the
energy-designed cells (up to 120 °C), confirming that aging at low temperature decreases
cell safety.

5. Discussion

The set of experimental results detailed above highlighted the thermal behavior of
fresh and aged cells following standardized protocols and a wide temperature range. An
assessment of the risk of the technology throughout its use was thus made possible.

At fresh state, the first two exothermic reactions that cause the cell temperature rise
and initiate the thermal runaway are known. They imply SEI decomposition and the direct
reaction of inserted lithium with electrolytes, since lithiated graphite is no longer protected
by this passivation layer.
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The decomposition of the SEI starts at a temperature between 90 °C and 120 °C [2,32,33,37].
The enthalpy of reaction was between 180 and 350 J/g [41]. A representative decomposition
reaction considering LiIEDC ((CH,OCOsLi),) as the main compound of the SEL is the following:

1
( CH20C02L1)2 — LipCO3 + CyHy + CO, + EOZ @)

The enthalpy of the direct reaction between organic solvents and lithium inserted
within graphite (free of SEI, decomposed beforehand) [32,38] is between 350 and
1714 J/g [41]. The reaction proposed considering only one of the solvents present in
the electrolyte (Ethylene carbonate, EC) takes the following form:

2LiCg + C3H403(EC) — 2Liy_1C¢ + LinCO3 + CoHy 2)

Both the reactions mentioned here can take place simultaneously and generate other
reactions when the temperature rises.

After aging, the degradation phenomena generate new exchange surfaces that impact
the exothermicity of the cells. One of these phenomena is lithium metal deposition, favored
by cycling at low temperatures. Cells aged at very low temperatures (—20 °C), for which we
identified the lithium metal deposit on the negative electrode as the main aging mechanism,
effectively showed the least thermal stability. When the cell heats up, the lithium metal
present on the surface of the negative electrode is directly available to react with the
organic solvents in the electrolyte as early as 68 °C [32]. These reactions are exothermic
and contribute to the temperature increase of the cell. The presence of electrodeposited
lithium metal in the cell is therefore responsible for its greater “reactivity”, as the cell
heats up earlier and faster. These findings are consistent with the results obtained in the
ARC tests with Topset lowering for all cells containing lithium metal. Indeed, whatever the
reference studied (30Q, 32E or 35E), the cells in which a lithium metal deposit was observed
had a Tonset between 50 °C and 60 °C. Exothermic reactions involving lithium metal thus
appeared to start as early as 50-60 °C. The following reactions can take place as early as
68 °C according to the literature [32] and have enthalpies between 350 and 1714 J /g [41].

2Li + C3H4O3(EC) — LipCO3; + CyHy 3)
2Li + C4HeO3(PC) — LipCOs + CsHg 4)
2Li 4+ C3HgO3(DMC) — Li,CO; + CoHg )

In some cases, as a function of the amount of plated lithium, when the cell is brought
to higher temperatures, the electro-deposited lithium in contact with the electrolyte may
oxidize partially or entirely and form a “secondary” SEI [17]. It will no longer be able
to react with solvents according to the above-mentioned reactions, or it may be covered
with a passivation layer, creating lithium metal islands isolated from the electrolyte and
consequently become electrochemically inactive.

SEI growth is the major degradation phenomenon at high temperatures. Cells aged at
45 °C in cycling and calendar conditions are the most thermally stable because when the
cell heats up, the first exothermic reaction encountered will be the decomposition of SEI at
a temperature between 90 °C and 120 °C [2,32,33,37]. Cells aged at high temperatures are
more thermally stable due to a thicker, homogeneous layer of SEI, which explains the start of
thermal runaway at higher temperatures than for a fresh cell or for a low-temperature-aged
cell.

Regarding the impact of silicon in thermal runaway, it can be noted that the only
explosions observed in short-circuit concerned 30Q cells aged at —20 °C and 35E cells aged
at —20 °C and 0 °C, i.e., low-temperature-aged cells containing silicon in their negative
electrodes. On the other hand, for the 32E cell which did not contain silicon, there was
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never any fire, even in the case of aging at —20 °C. Silicon therefore has a significant effect
on the thermal stability of the cells. To interpret this result, the mechanical behavior of
silicon must be considered. Silicon cycling causes a volume expansion during the lithiation
phases and a shrinkage during the delithiation phases [35]. As we observed in post-mortem
analysis, these successive volume variations cause cracks and fractionate the particles into
smaller and smaller pieces [36,42]. However, it has been shown that the particle size of
lithiated silicon has a significant impact on the exothermicity of its degradation between
100 °C and 150 °C [39,40,43]. The disaggregation of lithiated particles of silicon causes
a considerable increase in the exchange surface with the electrolyte. This increases the
kinetics of the reactions involved and thus the acceleration of cell heating. These reactions
start between 100 °C and 150 °C and can therefore lead to additional heating up to reach
the separator shrinking temperature, then the triggering of an internal short-circuit, and
finally the cell runaway.

Figure 6 shows an illustration of the exothermic reactions present in a low-temperature-
aged cell (with lithium metal deposition) containing silicon in the negative electrode. The
coupling of lithium metal deposition and silicon degradation is therefore the worst-case
scenario in terms of safety. It was in this configuration that we observed cell explosions
during the short-circuit tests, the worst stability during the ARC tests and significant
heating during overcharging (30Q and 35E cells aged at —20 °C).
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Figure 6. Illustration of the exothermic reactions in a cell containing silicon in the negative electrode
and aged at low temperature, with lithium metal deposition.

Finally, this study carried out on energy- and power-designed cells allowed us to
assess the impact of cell design on safety. It has been shown that fresh power cells seem to
be slightly less stable than fresh energy cells considering their Tonset and runaway speed
being higher in ARC tests. This observation is still valid after aging at high temperatures
(25 °C and above) in calendar and cycling life. But this must be qualified after ageing
at low temperatures. We indeed saw that safety hazards occur more after aging at low
temperatures (—20 °C and 0 °C). Energy-type cells age poorly at low temperatures com-
pared to power-type cells. As we saw in our previous study [28], they are more exposed to
lithium metal deposition, so their thermal stability degrades more rapidly as the cycling
temperature decreases. In addition, energy cells have two major safety disadvantages: a
higher internal resistance, which gives them the capacity to heat more easily than a power
cell, and a higher energy density (amount of combustible active material), which potentially
represents a greater risk in case of accident. The operating temperature range of the battery
must therefore be considered when selecting a cell and not only its initial performances to
ensure that safety is maintained throughout the aging of the cell. A minimum operating
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temperature must be defined to avoid the deposition of metallic lithium for each cell. This
minimum temperature is lower for power cells.

6. Conclusions

The influence of aging was correlated with the thermal behavior of cells in the pre-
liminary phase of thermal runaway through three safety tests, i.e., thermal stability, short-
circuiting and overcharging. This study showed that the thermal behavior in the runaway
phase depends on aging conditions that favor and intensify certain aging mechanisms (SEI
growth, Li-plating). Power and energy cell designs must be considered because they do not
have the same ability to accept high current, especially at low temperature ranges. Specific
experimental devices were set up to perform a large number of tests, which certified that
the observed behaviors were clearly repeatable. The exothermic phenomenon involved
above 150 °C is the consequence of the separator melting, after which thermal runaway
can no longer be controlled. The whole issue of maintaining the safety of this accumulator
technology is played out before the separator melts. After aging at room and elevated
temperatures, where the main degradation mechanism is the growth of SEI on the surface
of the negative electrode, the thermal stability of the cell was improved. Thicker SEI served
as a better protective layer by delaying the onset of further exothermic reactions until it
decomposed itself. Thermal degradation of SEI is an exothermic phenomenon that can
begin as early as 90 °C, but the associated energy is relatively low. After low-temperature
aging, in which the main degradation mechanism was the deposition of metallic lithium
on the surface of the negative electrode, the thermal stability of the cell was degraded. The
electrodeposited lithium in metallic form reacted with solvents as early as about 60 °C. This
was the first exothermic reaction that took place with a relatively high reaction enthalpy.
It can be delayed if lithium metal is surrounded by a secondary “SEI”. The chemistry
of the negative active materials also had an influence on the development of its safety
behavior. Indeed, we showed that silicon breaks down into smaller particles and that this
phenomenon is exacerbated during cold aging. The reactivity of lithiated silicon particles
increased significantly as their size decreased. Thus, an additional exothermic reaction took
place between 100 and 150 °C in cells containing silicon, and this reaction increased after
low-temperature cycling due to the degradation of silicon by fragmentation.

Energy-type cells are more thermally stable in a fresh state, but the significant degra-
dations they undergo during cycling at low temperatures drastically increased the risk of
thermal runaway. Power cells, on the other hand, were less stable when fresh, but their
better performance in low-temperature cycling made them slightly less exposed to thermal
runaway after aging.

The abusive behavior qualification of the Li-ion cells and in particular the correspond-
ing standards must also take aging into account to be able to qualify the safety of the
batteries. Finally, these results could contribute towards improving safety standards.

One way of improving the results of this work would be to monitor cell parameters
more closely during testing, and achieve greater reproducibility by testing a larger number
of cells. However, this is a time-consuming and costly process.
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Abstract: Thermal management systems are critical to the maintenance of lithium-ion battery per-
formance in new energy vehicles. While phase change materials are frequently employed in battery
thermal management systems, it’s important to address the concerns related to their leakage and
flammability, as they can pose hazards to the safety performance of batteries. This paper proposes a
novel flame retardant composite phase change material (CPCM) consisting of paraffin, high-density
polyethylene, expanded graphite, ammonium polyphosphate, red phosphorus, and zinc oxide. The
performance of CPCMs containing different ratios of flame retardants is investigated, and their
effects when applied to battery thermal management systems are compared. The results demonstrate
that the leakage rate of the flame retardant CPCMs is maintained within 1%, indicating excellent
flame retardant performance and thermal management efficiency. The combination of ammonium
polyphosphate and red phosphorus in the flame retardant exhibits effective synergistic effects, while
zinc oxide may help phosphate compounds create their bridging bonds, which would then make it
possible to construct a char layer that would separate heat and oxygen. Under a 2C discharge rate,
the maximum temperature of the battery pack remains below 50 °C, and the temperature difference
can be controlled within 5 °C. Even under a 3C discharge rate, the maximum temperature and
temperature difference are reduced by 30.31% and 29.53%, respectively.

Keywords: lithium-ion battery; composite phase change materials; flame retardant properties;
thermal properties; thermal management systems

1. Introduction

In recent years, sustainable development has received widespread attention around
the world, and carbon peaking and carbon neutrality have emerged as critical strategic
goals for national development [1,2]. There is a large amount of green energy in nature,
such as solar, wind, geothermal, and biomass energy, but their use has not yet reached the
expected level [3,4]. To reduce environmental pollution, many countries have chosen to
switch from conventional to renewable energy sources and develop clean and efficient new
energy vehicle technologies. By replacing conventional gasoline cars with electric or hybrid
electric ones, less carbon dioxide is released into the atmosphere. Currently, the safety
of electric and hybrid vehicles has become one of the hotspots in the research field and
should be given high priority and improved in terms of its thermal safety performance [5].
The battery, being the primary source of power in new energy vehicles, has a significant
impact on the driving performance and safety performance of new energy vehicles [6].
Lithium-ion batteries (LIBs) are frequently employed as energy storage devices for new
energy vehicles due to their long cycle life, high energy density, low self-discharge rate, and
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high charge/discharge rate. However, LIBs are extremely temperature-sensitive chemical
products. The temperature has a direct impact on the chemical processes that take place
during the charging and discharging of LIBs. LIBs are subject to short-circuiting or thermal
abuse due to the lack of effective heat dissipation at high temperatures, generating large
amounts of heat and triggering thermal runaway, seriously endangering the life and health
of car drivers [7,8]. In addition, as the development of electric vehicles demands, the LIBs
energy density was enhanced, which also means higher power and more potential risks.
Therefore, the design of effective thermal management systems capable of maintaining the
excellent performance of LIBs is essential in the application.

To effectively address these issues, a large number of cooling systems have been
proposed in previous research, including air cooling, liquid cooling, heat pipes, and phase
change material cooling [9-12]. Based on energy consumption, cooling techniques can
be categorized as active cooling and passive cooling. Active cooling requires additional
energy consumption, such as fans, pumps, and other equipment, while passive cooling,
such as phase change material (PCM) cooling, does not require additional energy con-
sumption. However, low thermal conductivity and low efficiency are drawbacks of air
cooling-based battery pack modules [13]. Liquid cooling is currently the predominant
method for commercial new energy vehicles managing battery temperature; however,
the large temperature difference of the batteries and the increased heat dissipation from
external devices to the battery limit the development of liquid cooling systems. PCM-based
battery thermal management is a new type of thermal management technology. PCM offers
the benefits of large thermal energy storage capacity and zero energy consumption since
it does not produce temperature change during the phase change process, with strong
thermal management capability and high efficiency [14]. Liu et al. [15] investigated the
effect of different heat generation powers, air cooling airflow rates, melting point, thermal
conductivity, and filling thickness of PCM on the thermal management of fast charging
modules and recommended the use of PCM with a suitable melting point and a high
thermal conductivity. However, the limited thermal conductivity of PCM materials is
an inherent disadvantage. The coefficient for the majority of PCM materials is around
0.2 W-m~1.K~1, which leads to some problems when using PCM to absorb the battery heat
generation. On the other hand, after the PCM has completely melted, the lower thermal
conductivity of PCM makes it an insulator, inhibiting heat transmission and leading to a
fast rise in temperature [16]. High thermal conductors and high melting point polymers are
often added to improve the performance of PCMs. High levels of expanded graphite (EG)
increase the thermal conductivity but also reduce the density of thermal energy storage.
The addition of EG also affects the leakage of the composite PCM/EG during the melt
solidification process [17]. Therefore, the shape stability of the PCM is improved by adding
materials such as high-density polyethylene (HDPE) to reduce the amount of leakage
during the cycle. Li et al. [18] prepared a thermally conductive insulating composite phase
change material (CPCM), and when DM and PCM were combined in a 1:1 ratio, the CPCM
thermal conductivity increased significantly. The results of the experiments show that the
PCM battery module based on h-BN has a well-controlled maximum temperature and
temperature difference. Wu et al. [19] prepared a PCM plate reinforced by a copper mesh
sandwiched between two PCM plates, keeping a portion exposed outside the PCM plate.
The copper mesh imparted good thermal conductivity and cooling efficiency to the PCM.
Zou et al. [20] prepared CPCM with different ratios of graphene and multi-walled carbon
nanotubes. The combination of three-dimensional nanostructured multi-walled carbon
nanotubes (MWCNT) and two-dimensional nanostructured graphene was able to reduce
the thermal boundary resistance. The thermal conductivity increased to 0.87 W-m~!. K~
with an almost constant temperature, which facilitated the battery heat dissipation. Atinafu
et al. [21] used paraffin (PA) as the PCM and metal-organic gel (c(MOG) as the support
material and then used the excellent thermal conductivity of BN to make a PA/BN/cMOG
CPCM by impregnation. At a correspondingly high PCM load and with a negligible effect
on latent heat loss after 200 thermal cycles, the CPCM had an appreciable thermal con-
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ductivity and latent heat storage capacity, with good thermal durability. Xiao et al. [22]
combined the thermosetting hydrophobic polymer (THP) backbone with PA/EG via in
situ radical polymerization. This new CPCM module had excellent reliability and tempera-
ture control. The maximum temperature and temperature difference could be kept below
50.9 °C and 5.0 °C, respectively. Zhang et al. [23] prepared a new flexible PCM by adding
BN and silicone rubber (SR) to PA/EG. The thermal conductivity of the sample was as high
as 0.95 W-m~1.K~1. The thermal management system using CPCM showed that at high
discharge, the maximum cell temperature has dropped considerably, lower than under
natural cooling conditions and that the temperature difference could be kept below 5 °C.
Hu et al. [24] prepared a CPCM based on lauric acid, EG, and graphene and examined the
cooling effectiveness at various discharge rates and ambient temperatures, and the battery
module using this material was able to reduce the battery temperature under extreme
conditions. However, the phase change components and polymer framework in CPCMs
are generally combustible organic compounds, and when the battery thermal runaway
develops, the CPCM can intensify the combustion and severely damage the battery module.
In general, adding flame retardant powders to CPCMs may effectively improve flame
retardancy [25].

Halogen-free flame retardants are commonly used because they do not produce corro-
sive gases and do not pose a secondary threat to human life or pollute the environment.
Flame retardants can hasten the dehydration and carbonization of materials under extreme
temperatures, and create a liquid and char layer to separate volatiles and heat, ultimately
terminating the combustion process [26]. Zhang et al. [27] proposed a flame retardant-
shaped PCM consisting of PA, EG, HDPE, and intumescent flame retardant (IFR). The
interaction between EG and the complex structure formed by the PA/HDPE/IFR system
at high temperatures was a phenomenon that increased the strength and stability of the
char layer and formed a denser char layer. Sittisart et al. [28] studied flame retardants for
PCMs and tested materials based on aluminum hydroxide, magnesium hydroxide, EG,
ammonium polyphosphate (APP), pentaerythritol (PER), montmorillonite clay (MMT), and
IFR, and found that PA, HDPE, APP, and EG were the most effective. Zhang et al. [29] cre-
ated a flame retardant CPCM consisting of PA, ethoxyline resin (ER), APP/red phosphorus
(RP), and EG and investigated the effects of different APP/RP flame retardant ratios on
the thermophysical properties, thermal stability, and flame retardant properties of PCM
and analyzed the morphology and structure of the carbon residue after combustion. They
found that APP and RP exhibited an obvious synergistic impact. Li et al. [30] created a
flame retardant flexible PCM in which melamine (MA) and triphenyl phosphate (TPP)
had a strong synergistic impact and demonstrated an excellent flame retardant effect. The
flame retardant effect was also good at high discharge rates, providing an effective way to
suppress the thermal runaway of the battery. Xu et al. [31] microencapsulated APP to im-
prove compatibility with PCM. The PCM with 19% microencapsulated APP content could
achieve a V-0 rating. They then applied the flame retardant material to battery thermal
management, the maximum module temperature dropped by 18.83 °C under 2C cycles,
and the maximum temperature difference dropped by 7.5 °C. Based on the above research,
it is possible to conclude that adding flame retardants to PCM can effectively delay and
inhibit thermal runaway. The flame retardant CPCM has strong thermal stability, which
may ensure the security of the utilization process of LIBs, and has a broad application
prospect in the domains of energy storage and material thermal management.

The main objective of this research is to synthesize PCMs with an appropriate melting
point range, high latent heat, and with fire retardant effects to efficiently absorb the heat
generation from the battery. Although there are many types of compounds that can be
selected as PCMs, PA-based PCMs were chosen for this study due to their high latent
heat storage capacity across a small melting temperature range. However, PA, although
having sufficient thermal storage density, has a low thermal conductivity and is highly
flammable. Therefore, HDPE was used as a support material, EG was added to enhance
thermal conductivity, and flame retardant powder was mixed in to enhance heat transfer
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and flame retardancy. Furthermore, the potential of flame retardant CPCMs for BTMS
applications was investigated by comparing the thermal management effects of batteries at
different discharge rates.

2. Materials Preparation and Experiment
2.1. Materials

From Haoyu New Energy Technology Co., Ltd. (Cangzhou, China), PA was acquired.
From Macklin Biochemical Co., Ltd. (Shanghai, China), HDPE was acquired. EG with 99%
purity was purchased from TengShengDa Carbon Graphite Co., Ltd. (Qingdao, China).
The composite flame retardant powder was composed of APP, RP, and ZnO with a mass
fraction of 60 wt%, 30 wt%, and 10 wt%, respectively. APP was obtained from Yien Chemical
Technology Co., Ltd. (Shanghai, China). RP and ZnO were both acquired from Macklin
Biochemical Co., Ltd. (Shanghai, China).

2.2. Preparation of the Hybrids Containing PA, HDPE, EG, and FR

As shown in Figure 1, flame retardant CPCMs were synthesized by the melt-blending
method. The specific steps for implementation are as follows: (1) A certain amount
of PA pellets were put into a beaker and placed in an oven at 100 °C for 30 min until
melted. (2) The beaker was put into a heat-collecting thermostatic magnetic stirrer with
a temperature set to 90 °C to melt, HDPE was added, and after continuously stirring
for 30 min, the HDPE totally melted and uniformly blended with PA. (3) The EG was
progressively added to the beaker and stirred for 30 min. (4) Then, the flame retardant
powder was added to the beaker and stirred continuously until it was evenly mixed.
(5) PA/HDPE/EG/FR was obtained by cooling at room temperature. Table 1 shows the
composition of each component of the flame retardant CPCMs.

Paraffin HDPE

Completely
melting

Stirring for
30mins

Stirring for ﬂ
30mins

Completely
mixed

— Cooling to room P -
temperature ﬁ

Figure 1. The preparation process of CPCMs and the produced samples.

Table 1. Proportion of the flame retardant composite PCMs.

Sample Mass Content (wt%)
PA HDPE EG FR
PA 100 0 0 0
CPCM15 60 20 5 15
CPCM20 55 20 5 20
CPCM25 50 20 5 25
CPCM30 45 20 5 30
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2.3. Characterization of the Flame Retardant CPCMs
2.3.1. Chemical Characterization and Thermophysical Properties

The CPCM was heated in a thermostat at 70 °C for eight hours and analyzed for
macroscopic thermal stability, and the mass of CPCM was recorded at two hourly intervals
to give a mass loss rate.

The crystalloid phase of CPCMs was tested using the Bruker D8 ADVANCE X-ray
diffractometer with Cu K« radiation. The step size was 0.02°, the scanning angle range was
10-80°, and the scanning speed was 8° /min. The diffraction pattern was compared to observe
whether the CPCM was physically mixed and whether a new substance was generated.

Hitachi Regulus-8100 field emission scanning electron microscopy was used to observe
the microstructure and composition distribution of CPCMs. The sample was glued to the
conductive adhesive and gold-coated for better observation.

The Xiangtan Dra-III multi-functional thermal conductivity tester was chosen to test
the thermal conductivity of CPCMs. Two identical samples were obtained after the material
was crushed into a cylindrical sample with a 40 mm diameter and 8 mm thickness. The
final data was the average of multiple tests.

The phase change temperature and latent heat were tested using a simultaneous
thermal analyzer (TA, NETZSCH) in a nitrogen (N3) atmosphere. The sample weights
were 3-5 mg. The experimental temperature range was 10-100 °C, with a heating rate
of 10 °C-min~!, an accuracy of +0.1 °C, and an enthalpy of +1%. The materials were
thermogravimetrically tested using a simultaneous thermal analyzer (TA, NETZSCH) in
a nitrogen (Nj) atmosphere. The sample weights were 3-10 mg, the ramp rates were
10 °C-min~!, the temperature ranges were 30-800 °C, the temperature accuracy was
+0.1 °C, and the equilibrium accuracy was £1%.

2.3.2. Flame Retardant Properties

The UL-94 vertical combustion test was carried out on the CZF-1 vertical combustion
tester under the normal air atmosphere. The PCMs were pressed into a mold with dimen-
sions of 130 mm X 11 mm x 3.2 mm. V-0 is the best rank for the UL-94 vertical combustion,
while the rank was divided into four levels.

The limiting oxygen index (LOI) was determined by the JF-3 oxygen index instru-
ment in an oxygen/nitrogen atmosphere. In the case of ignition, the oxygen concentra-
tion decreased, while with no ignition, the oxygen concentration increased until the LOI
was found.

2.4. Experimental Setup

The flame retardant CPCM battery thermal management system was prepared by
using the CPCMs. The flame retardant CPCMs’ properties to control the temperature were
studied by the temperature change of the battery module. Figure 2 depicts the specific
settings of the battery module charging and discharging experiment. An Agilent data
acquisition module, a computer terminal, and a thermostat made up the whole system.
The cell used in this work was Sanyo NCR18650GA. It has a rated voltage of 3.7 V and a
typical capacity of 3.2 Ah. The battery module was made up of four 18,650 cells soldered
together in a 2 (series) x 2 (parallel) configuration. Before using the new cells, the cells
were charged and discharged in cycles and left for 24 h to guarantee stability. In this
experiment, the charging process is constant current and constant voltage 1C rate charging.
The thermal management system was tested in a thermostat set to 25 °C (0.5 °C). The
NO-PCM battery module was naturally air-cooled only. Flame retardant CPCM served as
the cooling medium for the battery module’s heat dissipation system. Thermocouples were
used to measure the surface temperatures of these cells, and a temperature data collection
unit from National Instruments and a 7018 temperature acquisition module were used
to collect the data. The thermocouples were distributed as shown in Figure 2, with the
thermocouples fixed symmetrically to the cell surfaces. At 1C, 2C, and 3C discharge rates,
the temperature changes of the individual cells and the battery pack were monitored, and
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the average temperature (Tpattery) and the maximum temperature difference (AT) of each
battery module were calculated separately from the data.

Data acquisitionE
system i

Computer

A

Battery testing system

Battery thermal management system test platform

Figure 2. Diagram of the battery experimental test system.

3. Results and Discussions
3.1. The Morphology, Chemical Characterization, and Thermal Properties

As displayed in Figure 3a, at a constant temperature of 70 °C after 2 h, the PA has
totally melted, thus, it has a leakage rate of 100% and does not possess any structural
stability. CPCM, on the other hand, possesses excellent structural stability and retains its
original shape after eight hours, exhibiting only slight leakage at the surface. Figure 3b
shows that the leakage rate for all materials except CPCM15 remained within 1% due to the
ability of the added EG and HDPE to encapsulate and absorb the PA, while the high level of
PA in CPCM15 caused precipitation. From this, it can be deduced that good compatibility
of the added materials with the appropriate proportion of PA can, to some extent, reduce
the fluidity of the composite.
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Figure 3. (a) Images of different samples before and after continuous heating at 70 °C; (b) Leakage
rate curve diagram of different samples.

Figure 4 depicts the chemical compatibility of the components as determined by XRD
analysis. For pure PA, the diffraction peaks appearing at 21.48° and 23.85° represent the
crystalline PA, and the diffraction peaks at the corresponding positions of the CPCMs are
attributed to the diffraction of crystalline planes such as (110), (200) [32]. HDPE has a
similar diffraction peak to PA, appearing at 21.24° and 23.77°, respectively. The diffraction
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peaks of EG at 26.38° and FR at 14.86°, 15.70°, 29.32°, 31.93°, and 36.42° are in general
agreement with those of CPCMs. No other significant diffraction peaks appear in the
CPCMs, indicating that the introduction of EG, HDPE, and flame retardants does not
affect the original atomic structure of the PA. This shows that the interaction between
the PA and the additives is mainly physical, and no chemical reactions that produce new
substances occur.

" o —— CPCM30
Y —— CPCM25

CPCM20

M — CPCM15

A , — IR
A — G

A A —— HDPE
) u B ——PA

T T T T T T T T T T T T T
10 20 30 40 50 60 70 80

2 Theta (°)
Figure 4. XRD patterns of different samples.

The microscopic morphology of the flame retardant CPCMs can be observed by SEM
microscopy. The worm-like microstructure and loose surface structure of EG can be seen
in Figure 5a,b, and is able to adsorb PA, HDPE, and flame retardant powder to form
an effective thermally conductive network. As shown in Figure 5c—f, PA successfully
adsorbs into the microporous structure of EG, HDPE effectively fills the cracks of EG as
a supporting material, and the flame retardant powder is dispersed on the voids on the
surface of EG, constituting a good thermal conductivity channel. It is therefore concluded
that the individual components in these CPCMs are effectively combined.

Figure 5. SEM morphology of (a,b) the worm-like structure of EG; (c) CPCM15; (d) CPCM20;
(e) CPCM25; (f) CPCM30.
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Figure 6 displays the flame retardant CPCMs’ thermal conductivity test results. Pure
PA has a thermal conductivity of 0.27 W-m~1-K~1. Tt has been discovered that the EG
content is mostly responsible for the increase in thermal conductivity. EG may significantly
increase the thermal conductivity of CPCMs, mainly because EG has a stable worm-like
structure. This allows CPCMs to establish an efficient heat conduction network and achieve
fast heat transfer. The thermal conductivity rose to a maximum of 0.77 W-m~1.K~1 with
the addition of EG, which is 2.85 times that of pure PA. Flame retardant powders fill the
gaps between composite PCMs, forming a continuous heat conduction network. However,
the improvement of thermal conductivity mainly depends on the EG content, and the
influence of flame retardant powder is minimal, so the difference in thermal conductivity
of composite PCMs is very small.

0.8
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Figure 6. Thermal conductivity of different CPCM samples.

As depicted in Figure 7, there are two phase change peaks on the DSC curve. The
chain is often rotated along the long axis to produce the solid-solid phase change peak,
which is the initial weak phase change peak. The solid-liquid phase change, which is the
cause of the second strong phase change peak, is characterized by a significant latent heat
of PA. Since the phase change latent heat is mainly determined by PA, the latent heat value
reduced to 132.3]/g,119.7]/g, 87.63 ] /g, and 85.78 ] /g in the CPCM samples, respectively,
presumably because the addition of HDPE and flame retardant particles reduces the PA
molecules’ ability to migrate thermally during the phase change process, resulting in a
decrease in the latent heat of CPCM [33]. The pure PA’s melting point is 42.42 °C, and after
adding flame retardant powder, the CPCMs’ melting point decreases slightly, remaining
between 39.79-40.68 °C. This is probably due to the increased thermal conductivity and the
fact that the flame retardant powder is filled with PA, resulting in continuous melting and
release of latent heat at relatively low temperatures.
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Figure 7. DSC curves of different CPCM samples.

The high thermal stability of PCMs is a requirement for their application in battery
thermal management systems [34]. The TG curve in Figure 8 shows a typical two-step
degradation. The first step occurs at 200-300 °C and is probably the evaporation of
the PA and the thermo-oxidative degradation of the flame retardant system [35]. The
decomposition of HDPE is responsible for the second step of degradation occurring at
300-500 °C. CPCMs have greater initial and complete decomposition temperatures than
pure PA. Additionally, the thermal stability of CPCMs rises significantly as the flame
retardant proportion rises during thermal decomposition. It can be seen that the residue of
pure PA is only 1.86%. As a result of the flame retardant content increasing, the residue of
CPCMs increased significantly to 14.16%, 18.16%, and 19.09% for CPCM15, CPCM20, and
CPCM30, respectively, with the residue of CPCM25 reaching 25.22%. APP, RP, and ZnO as
synergistic flame retardant components with EG promoted the formation of a stable char
layer as a useful thermal insulation layer, building a stable three-dimensional thermally
conductive skeleton and improving the flame retardant properties.
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Figure 8. TG curve of different samples.

240



Batteries 2023, 9, 378

3.2. The Flammability Test of CPCMs

UL-94 vertical combustion test requires two 10 s combustion tests on the sample and
the counting of the flame of the first test flame-out time (T;) and the second test flame-
out time (T).When the sum of T1 and T, two periods of time is within 10 s, the sample
achieves V-0 rating [36]. In Figure 9, the labeled periods of Ty and T are indicated with
“0 s” markers. The recorded time of sample extinguishment in the two combustion tests
reveals that when the flame retardant content reaches 25%, the total combustion time of
Ty and T, remains below 7 s. This indicates that the CPCM25 achieves the V-0 grade,
demonstrating its excellent flame retardant properties. However, in the second burning
test, the remaining samples were unable to be extinguished within a specific time period,
leading to a judgment of “no results” (NR) for their grade assessment. Table 2 shows that
UL-94 vertical combustion tests displays that CPCMs other than CPCM25 are not rated
because PA itself is extremely flammable and cannot effectively suppress flame when the
flame retardant content is insufficient. The APP/RP in the flame retardant has an effective
synergistic effect [29] and ZnO may help phosphate compounds create the bridging bonds,
which would then make it possible to construct a char layer that would separate heat and
oxygen [37,38]. However, when the flame retardant content reaches 30%, the first ignition
is quickly extinguished, and the second ignition continues to burn. The reason may be that
too much flame retardant causes a large amount of gas to be produced, destroys the char
layer, and reduces the ability to separate oxygen and dissipate heat, so the flame retardant
performance is also correspondingly deteriorated. The LOI value for PA, 17.7%, would
indicate that PA is flammable as a core component of CPCM. If there is not enough flame
retardant present, it will not form a char layer with complete density and morphology,
and therefore CPCM15 and CPCM20 have limited flame retardant effects. As the flame
retardant content increased from CPCM15 to CPCM25, the LOI value of CPCM gradually
increased. However, for CPCM30, the LOI value decreased to 26.1%. This decrease can be
attributed to the excessive flame retardant content in CPCM30, which resulted in increased
gas output and the destruction of the char layer. Consequently, the heat-oxygen blocking
ability was compromised, leading to a reduction in LOI value.

3.3. Thermal Management Characteristics
3.3.1. Cell

To evaluate the impact of CPCM with different flame retardant contents on the thermal
management performance of individual cells, in this experiment, the cooling effectiveness
of four flame retardant CPCMs and natural convection (NO-PCM) were investigated
separately. Figure 10a—c shows the charging and discharging temperature curves of a
single cell under different operating conditions (1C, 2C, 3C), respectively. As shown, the
battery temperature dramatically rises during the constant current discharge phase, which
is due to the exponential growth of ohmic heat inside the battery and poor heat dissipation
on the external surface. The heat production is larger than the heat dissipation, and the
temperature reaches the peak at the end of discharge [39]. As observed in Figure 10a—c, the
maximum temperature (Tmax) of NO-PCM cell reaches 34.19 °C, 46.43 °C, and 63.71 °C at
1C, 2C, 3C, respectively. It can be inferred that the NO-PCM cell is unable to quickly transmit
the heat produced by the battery, which causes heat to build up inside the battery. The
CPCM acts as a buffer against temperature changes during the charging and discharging
process, absorbing heat as the Tpattery rises and releasing heat as the Tpagiery falls. However,
the thermal management of the CPCM system at 1C and 2C rates is only slightly better
than natural convection. This is because, at low currents, the Thax does not exceed the
phase change temperature, the latent heat is not utilized, and only the thermal conductivity
affects the battery’s thermal management. Compared to natural convection, the cells with
CPCM did not experience significant heat accumulation during 2C discharge, with the
CPCM25-Cell and CPCM30-Cell keeping the Tiax at 43.12 °C and 40.5 °C, respectively,
a reduction of 3.31 °C and 5.93 °C. A comparison of the temperature data during 3C
discharge showed that the maximum temperature of the cells using CPCM decreased
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by 9.1 °C (CPCM15), 11.27 °C (CPCM20), 13.45 °C (CPCM25), and 13.15 °C (CPCM30),
respectively. This is because, at high current rates, the latent heat is completely used, as the
Trmax is higher than the phase change temperature. The results show that this CPCM not
only has excellent flame retardant properties but also good temperature control.

STINDID 0ZINDdD STINDdD

0ENDdD

0s 1s 0s 5s 15s 30s

Figure 9. Vertical combustion photos of different CPCMs.

Table 2. Flammability of different samples.

PA CPCM15 CPCM20 CPCM25 CPCM30
UL-94 NR NR NR V-0 NR
LOI 17.7% 22.4% 23.8% 28.5% 26.1%
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Figure 10. Cell temperature curve (a) 1C; (b) 2C; (c) 3C.

3.3.2. Module

To further investigate the effectiveness of flame retardant CPCMs in battery thermal
management, CPCMs with flame retardant properties were applied to LIB modules to
study the cooling effect. Figure 11a—c depicts the temperature fluctuation of battery packs at
different discharge rates at 25 °C (£0.5 °C), respectively. Irregular temperatures in one cell
of the cell module may adversely affect the entire cycling process of the cell [40]. To examine
the temperature uniformity, the temperature difference curves are provided in Figure 11d-f.
The battery module discharges at 1C, 2C, and 3C, and the Tpax of the NO-PCM module
reaches 41.31 °C, 61.93 °C, and 76.11 °C, respectively. Worse still, the battery module
shows severe temperature inhomogeneity, with AT,y reaching 3 °C, 6.87 °C, and 8.23 °C,
respectively, which leads to severe degradation of the battery module’s electrochemical
performance and tends to trigger thermal runaway. It is clear that by employing the CPCM,
the module’s Trnax were all effectively reduced. Particularly, the Trax of the battery module,
which uses the flame retardant CPCM25 decreased to 37.71 °C, 47.66 °C, and 53.04 °C at
different discharge rates, respectively, showing a significant downward trend compared to
the natural convection cooling method. The decrease was 3.6 °C and 14.27 °C at 1C and 2C
discharge rates, respectively. In particular, the Tmax dropped significantly by 23.07 °C at
the high 3C discharge rate. In addition, CPCM significantly reduces the AT between cells at
various discharge rates, which helps the battery modules maintain a uniform temperature.
The small rate caused little temperature inhomogeneity at a 1C discharge rate. The AT max
reaches 6.87 °C for NO-PCM as a 2C discharge rate, while CPCM25 reduces the ATmax
to 4.56 °C. In particular, for the 3C discharge rate, the ATnax increases to 8.23 °C, while
the ATmax for the modules using the CPCM is effectively reduced for both, in particular,
the ATmax for the modules using the CPCM25 is reduced by 29.53%, remaining within
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5.8 °C. As can be observed, the AT of the CPCM modules steadily slows down at 2C and 3C
discharge rates. This is mainly due to the fact that the battery module temperature exceeds
the phase change range of the CPCM, and the heat generation is absorbed by CPCM, thus
achieving the purpose of controlling the Tpagtery- It is important to note that although the
flame retardant CPCM has a good cooling effect, its heat dissipation performance decreases
when the battery heat generation is much greater than the heat dissipation efficiency of the
CPCM due to its limited heat transmit efficiency.

—— NO-PCM —m— NO-PCM

— CPCM15 —®— CPCM15

|—— CPCM20, —A— CPCM20

10 —— CPCM25 E —¥— CPCM25|
—— CPCM30 —¢— CPCM30,

Temperature (°C)

discharging  charging

Temperature difference (°C)

T T T T T T
0 3, 000 6, 000 9, 000 12, 000 0 3, 000 6, 000 9, 000 12, 000
Time (s) Time (s)
(@ (d)
8
—— NO-PCM —=— NO-PCM
604 —— CPCM15 —e— CPCM15
—— CPCM20 —&— CPCM20
—— CPCM25 o 61 —v— CPCM25
—— CPCM30 < —&— CPCM30
~ Py
SR g
<1 £ 44
2 e
g 2
o 4 =
£ 40 discharging  charging s
= 3 24
E) discharging ~ charging
30
0
0 1,000 2,000 3,000 4, 000 5,000 0 1,000 2,000 3,000 4,000 5,000
Time (s) Time (s)
(b) (e)
80 10
—— NO-PCM —m— NO-PCM
— CPQMLS —e— CPOM15
70 —— CPCM20 54 —a— CPOM20
—— CPCM25
—¥— CPCM25
_ —— CPQ30 _ —— CPQu30
o o0 e
2 2
E E
£ 504 g 4
j=% i=%
£ £
5 5
= =
10 5
discharging ~ charging
discharging = charging
30
04
0 1, 000 2,000 3, 000 0 1,000 2,000 3,000
Time (s) Time (s)
() ®)

Figure 11. Temperature curve of the battery module (a) 1C; (b) 2C; (c) 3C. Temperature difference
curve of the battery module (d) 1C; (e) 2C; (f) 3C.

244



Batteries 2023, 9, 378

4. Conclusions

To increase the thermal safety of LIBs, a novel flame retardant CPCM consisting of
PA/HDPE/EG/APP/RP/ZnO was developed by the melt blending method, and how
varying flame retardant ratios affected the thermophysical and thermal management
characteristics of the CPCM were investigated. Specific conclusions are as follows:

(1) XRD results show that the mixture between the PCM and the additives in the flame
retardant CPCM made in this experiment is a physical mixture, and no chemical
reaction occurs. The flame retardant CPCM has excellent structural stability, and after
eight hours of continuous heat, the leakage rate is kept within 1%.

(2) CPCM25 with 25 wt% flame retardant achieved a V-0 rating in the UL-94 test, a
thermal conductivity of 0.77 W-m~1.K~!, and a latent heat value of 87.63J/g. In the
thermogravimetric test, the residue at 800 °C reached 25.22%.

(3) Battery modules with flame retardant CPCMs offer excellent thermal management.
Under a 2C discharge rate, the Trayx of the battery pack remains below 50 °C, and the
ATmax can be controlled within 5 °C. Even under a 3C discharge rate, the Timax and
ATmax are reduced by 30.31% and 29.53%, respectively.

This work has the significance of enhancing safety performance and extending bat-
tery life.
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Abstract: Li-ion batteries are crucial for sustainable energy, powering electric vehicles, and supporting
renewable energy storage systems for solar and wind power integration. Keeping these batteries at
temperatures between 285 K and 310 K is crucial for optimal performance. This requires efficient
battery thermal management systems (BTMS). Many studies, both numerical and experimental, have
focused on improving BTMS efficiency. This paper presents a comprehensive review of the latest
BTMS designs developed in 2023 and 2024, with a focus on recent advancements and innovations.
The primary objective is to evaluate these new designs to identify key improvements and trends. This
review categorizes BTMS designs into four cooling methods: air-cooling, liquid-cooling, phase change
material (PCM)-cooling, and thermoelectric cooling. It provides a detailed analysis of each method.
It also offers a unique examination of hybrid cooling BTMSs, classifying them based on their impact
on the cooling process. A hybrid-cooling BTMS refers to a method that combines at least two of the
four types of BTMS (air-cooling, liquid-cooling, PCM-cooling, and thermoelectric-cooling) to enhance
thermal management efficiency. Unlike previous reviews, this study emphasizes the novelty of recent
designs and the substantial results they achieve, offering significant insights and recommendations
for future research and development in BTMS. By highlighting the latest innovations and providing
an in-depth analysis, this paper serves as a valuable resource for researchers and engineers aiming to
enhance battery performance and sustainability through advanced thermal management solutions.

Keywords: battery thermal management systems; Lithium-ion batteries; air cooling; liquid cooling;
PCM-cooling; thermoelectric-cooling

1. Introduction

Due to the global energy crisis and environmental pollution, there is an urgent need
to shift to safer, cleaner, and more efficient renewable energy sources, which necessitates
effective energy storage solutions. Transportation is a major contributor to the global
energy problem since it mainly depends on fossil fuels, resulting in excessive energy
consumption and the emission of greenhouse gases [1]. This highlights the importance
of moving towards cleaner and more sustainable transportation options. Electric vehicles
(EVs) powered by Lithium-ion (Li-ion) batteries present a promising solution to the energy
crisis by reducing dependence on fossil fuels and lowering greenhouse gas emissions in
the transportation sector. The operating temperature and internal heat generation of Li-ion
batteries have a significant impact on their performance, lifespan, and safety [2]. Hence, a
battery thermal management system (BTMS) is crucial to protect batteries from the negative
impacts of increased temperatures and internal heat generation.

The present review provides the basic concept of experimental and numerical works
conducted in 2023 and 2024, including air-cooling, liquid-cooling, PCM-cooling, and
thermoelectric-cooling base hybrid BTMSs.
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1.1. Importance of BTMS

A battery thermal management system (BTMS) is vital for maintaining the optimal
performance and longevity of lithium-ion battery packs, which consist of multiple cells
arranged in various configurations. The efficiency of these batteries is highly temperature-
dependent, as internal heat generated during charge and discharge cycles can cause uneven
temperature distribution, reducing the battery’s lifespan and effectiveness [3]. Studies
have shown that hotspots often form near the electrodes, leading to temperature non-
uniformity [4]. To address these challenges and enhance battery performance in electric
and hybrid vehicles, effective BTMS is essential, as highlighted by numerous researchers in
the field.

1.2. Recent Advances and Critical Analysis of BTMS

In recent years, significant advancements have been made in the field of battery ther-
mal management systems (BTMS), driven by the need to enhance the performance, safety,
and longevity of lithium-ion batteries, particularly in electric vehicles and renewable energy
storage systems. This section provides a comprehensive analysis of these advancements,
critically evaluating the latest research and technological innovations.

Air-Cooling: Air-cooling methods have evolved with various modifications to enhance
performance. Recent designs, such as honeycomb structures and multiple inlet/outlet air
cooling systems, have shown substantial improvements in cooling efficiency and tempera-
ture uniformity.

Liquid-Cooling: Liquid-cooling systems, particularly those with advanced cold plate
and cooling channel designs, offer superior thermal management capabilities. Studies on
bionic spiral fins and liquid cooling plates have demonstrated significant enhancements in
heat dissipation and temperature control.

PCM-Cooling: The use of PCM in BTMS provides passive thermal management, effec-
tively absorbing heat during phase transitions. Hybrid PCM systems that combine PCM
with air or liquid cooling have shown improved thermal performance and energy efficiency.

Thermoelectric Cooling: Recent advancements in thermoelectric cooling (TEC) have
focused on integrating TEC with other cooling methods for precise temperature control
and enhanced efficiency. Studies have highlighted the potential of TEC to maintain battery
temperatures within optimal ranges, even under high thermal loads.

1.3. The Motivation for This Work

The current study presents new, innovative BTMS ideas in various categories. Figure 1
shows the battery pack cooling classification used in this study. The reason for this review
is that, during 2023 and 2024, more innovative ideas have been presented by researchers as
simulation software and methods have been developed at a rapid pace.

This study provides a pioneering and comprehensive analysis of the most recent
advancements in battery thermal management systems (BTMS) for lithium-ion batteries, fo-
cusing on the innovations developed in 2023 and 2024. Unlike previous reviews, this study
not only categorizes BTMS into traditional methods such as air-cooling, liquid-cooling,
PCM-cooling, and thermoelectric cooling, but also emphasizes the groundbreaking hybrid
systems that integrate multiple cooling technologies for superior thermal management.
This work stands out by critically analyzing the performance improvements achieved
through novel design modifications, such as the implementation of biomimetic structures,
advanced materials like graphene-enhanced PCM, and optimized geometric configurations.
By presenting a detailed comparison of the techno-economic aspects of these innovative
cooling methods, this study offers significant insights that can drive future research and
development, ultimately enhancing the efficiency, safety, and longevity of lithium-ion
batteries in electric vehicles and renewable energy storage systems. The thorough eval-
uation and unique categorization of the latest BTMS designs underscore the importance
of this study as a valuable resource for researchers and engineers dedicated to advancing
battery technology.
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Figure 1. The battery pack cooling classification used in this study is based on the reviewed papers in

this study.

2. Recent Progress in BTMS Studies

There have been many documented studies that have extensively explored various
forms of battery thermal management systems (BTMS) through experimentation and
numerical analysis. Scientists have carried out experiments at many levels, including cell,
module, and pack to examine how batteries operate in terms of temperature under various
conditions. Additionally, many researchers have utilized Computational Fluid Dynamics
(CFD) for the purpose of mathematical modelling. Experimental research is essential for
determining the relationships between dependent and independent variables, and for
comprehending the effects of parameters. This section emphasizes the efforts of researchers
in advancing computational and experimental methods to effectively control the thermal

performance of lithium-ion batteries in different categories.

2.1. Air-Cooled BTMS

The air-cooling method, which is the natural method of BTMS cooling, can be cate-
gorized by free and forced convection. Many advantages are reported for this method,
including: its simplicity, low cost, no leakage concern, and easier maintenance. The air-
cooling method cannot respond to the demand of battery-pack cooling in high ambient
temperatures, especially in natural air cooling. Thus, many modifications have been
suggested by researchers, such as modifying air-flow channels, using fin structures, and
modifying cell arrangements. Electric vehicles such as the Nissan Leaf, Volkswagen e-Golf,
Chevrolet Spark EV, and early models of the BMW i3 utilize air cooling in their battery
thermal management systems. Table 1 shows the recent, documented studies on air-cooling
BTMS in 2023 and 2024. As detailed in Table 1, experimental and numerical studies have
been conducted on air-cooled BTMS with different modifications. A summary of each
modification type is presented in this section. The presented data in Table 1 show that,
among different methods used to modify the air-cooling method, modifying the air channel

can have more impact on the performance of BTMS.
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Air-channel modifications: This method of air cooling, which involves altering the pat-
terns of airflow to cool batteries, has been extensively researched and examined by several
scientists in the last few years [4]. Continuing their idea, Luo et al. [5] developed an inno-
vative X-type double inlet and outlet, symmetrical, air-cooled battery thermal management
system (BTMS) designed to address issues of high temperature, temperature differences,
and power dissipation in battery packs. The study showed that the proposed X-type BTMS
significantly improves performance by reducing the maximum temperature, temperature
difference, and power dissipation by 4.33 K, 74%, and 62.9%, respectively, compared to sym-
metrical air-cooling BTMS. The optimization and heat transfer correlations provide valuable
insights for future BTMS design and improvement. Based on the optimization process, a
modified X-type channel was designed, which decreased the maximum temperature by 2 K
in comparison with the basic design. Furthermore, Yang et al. [6] investigated the thermal
performance of a honeycomb-type, cylindrical lithium-ion battery pack incorporating an
air-distribution plate (ADP) and bionic heat sinks. Their study demonstrated that the ADP
significantly reduces maximum temperature and temperature differences within the battery
pack by 1.7 K and 7.0 K, respectively. The addition of bionic heat sinks further enhances
thermal performance and maintains temperature differences within 2 K, thus providing
valuable insights for the design of efficient battery thermal management systems (BTMS).
Duan et al. [7] developed a novel design method for a multiple inlet/outlet air-cooling
frame for pouch lithium-ion batteries using thermal-fluid coupling topology optimization.
Their research demonstrated that the optimized cooling frame significantly enhances cool-
ing efficiency and temperature uniformity, reducing the maximum temperature by 4.79%
and the temperature difference by 36.40%, compared to traditional frames, making it highly
applicable to electric vehicles and hybrid electric vehicles.

Cell-arrangement modification: Cell arrangement is another field of interest among
scientists for improving the efficiency of air-cooling BTMS [8]. As an innovative idea,
Shen et al. [9] designed a modified Z-shaped, air-cooled battery thermal management
system (BTMS) with a non-vertical structure to enhance the thermal behavior of lithium-ion
power batteries in electric vehicles. Their study showed that this new system reduced the
maximum temperature from 38.15 °C to 34.14 °C, and the temperature difference from
2.59 °C to 1.97 °C. This modified design improves cooling performance and temperature
uniformity, offering significant engineering value for the advancement of BTMS in electric
vehicles. Furthermore, Kashyap et al. [10] presented an optimized design for a staggered-
arranged battery thermal management system (BTMS) using physics-based simulations
and evolutionary algorithms. Their research showed that this integrated approach reduced
maximum temperature by 0.627%, maximum temperature difference by 49.18%, increased
pressure drop by 102.379%, and volume by 6.804%, compared to traditional configurations.
This work provides significant improvements in thermal management for lithium-ion
battery packs, offering valuable insights for future BTMS designs.

Adding fin structure: Adding metal fins to an air-cooled battery thermal management
system (BTMS) significantly enhances cooling efficiency by increasing the surface area for
heat dissipation, which improves heat-transfer rates and reduces the maximum temperature
and temperature gradients within the battery pack [11]. Chaudhari et al. [12] conducted an
experimental and computational analysis of a lithium-ion battery thermal management
system (BTMS) using radial fins for air cooling. Their study revealed that forced convection
with radial fins significantly enhanced cooling efficiency, reducing the maximum battery
temperature by up to 39.23%, compared to natural convection. This research highlights the
effectiveness of radial fins in improving the thermal performance and safety of lithium-ion
battery packs in electric vehicles. Luo et al. [13] proposed a direct flow cooling battery
thermal management system (DFC-BTMS) with bod baffles and a lipid organic liquid
coolant to enhance thermal performance in electric vehicles. Their experimental and
simulation study showed that the optimized DFC-BTMS achieved a maximum average
surface temperature of 24.789 °C and a maximum temperature difference of 2.734 °C,
providing an innovative solution for efficient battery thermal management.
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Table 1. An outline of the work that has been done on air-cooled BTMS.
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2.2. Liquid-Cooled BTMS

Liquid cooling battery thermal management systems (LC-BTMS) are a very efficient
approach for cooling batteries, especially in demanding applications like electric vehicles.
LC-BTMS may be classified into two types: liquid indirect cooling battery thermal manage-
ment systems (LIDC-BTMS) and liquid direct cooling battery thermal management systems
(LDC-BTMS), which are also referred to as immersion cooling systems. LIDC-BTMS em-
ploy a liquid-cooling plate that meets the battery module, facilitating the absorption and
dissipation of heat produced during charging and discharging cycles. This approach capi-
talizes on a well-established manufacturing process and has a high capacity for transferring
heat efficiently. However, its effectiveness may be limited by the thermal resistance that
occurs when the cooling plate meets the battery. On the other hand, LDC-BTMS facilitate
direct interaction between the coolant and the battery, resulting in a significant decrease
in thermal resistance and an improvement in cooling effectiveness. This technology is
very efficient at maintaining ideal battery temperatures, hence extending battery lifespan
and reducing thermal runaway. However, the design of LDC-BTMS must be precise to
successfully tackle the concerns of coolant containment and system sealing. LC-BTMS have
exceptional thermal management capabilities, making them ideal for applications that need
reliable and effective cooling solutions.

Electric vehicles such as Tesla’s Model S, Model X, Model 3, General Motors” Chevrolet
Bolt, and Jaguar’s I-PACE use liquid cooling in their battery thermal management systems
(BTMS) to effectively regulate heat and improve battery performance and safety. Many
innovative designs were reported by researchers in 2023 and 2024, and some of the designs
are presented in Table 2. The provided designs in Table 2 can be categorized into modifying
cold plate and modifying cooling channels.

Cold plate modification: Optimizing the cold plate in a liquid-cooling system is
essential for improving thermal efficiency. To enhance heat transfer, one should choose
materials with high thermal conductivity, optimizing surface finishing and increasing the
surface area in contact with the heat source. In addition, the heat dissipation can be further
improved by designing the internal channels to optimize fluid flow and utilizing high-
quality thermal interface materials. Yao et al. [27] introduced an innovative hybrid Battery
Thermal Management System (BTMS) that integrates phase change materials (PCM) and a
liquid cooling channel inspired by a spider web. This system effectively dissipates heat
and keeps the battery module temperature below 40 °C even during high discharge rates.
As a result, it greatly improves the efficiency of thermal management. The spider web
pattern in the BTMS is employed to maximize heat distribution, enhance surface area for

255



Batteries 2024, 10, 265

improved heat transfer, and ensure the efficient flow of cooling fluid, thereby enhancing the
overall efficiency of thermal management. Li et al. [28] used the same idea and designed a
diamond-type cold plate to increase the efficiency of liquid-cooled BTMS.

Cooling channel modification: Modifying cooling channels in battery thermal manage-
ment systems enhances heat dissipation, ensures uniform temperature distribution, reduces
energy consumption, and optimizes overall system performance, thereby improving battery
efficiency and longevity. Improving battery thermal management requires implementing
changes to the shape of the cooling channels, increasing the amount of exposed surface
area, optimizing the paths through which the coolant flows, choosing materials with high
conductivity, adjusting the rate at which the coolant flows, and designing effective locations
for the coolant to enter and exit. These modifications aim to enhance heat dissipation,
ensure consistent temperatures, and improve the system’s efficiency. Yates et al. [29]
analyzed the performance of liquid cooling designs in cylindrical lithium-ion batteries,
focusing on two specific designs: a mini channel cylinder (MCC) and a channel-cooled heat
sink (CCHS). Their study investigated the effects of channel number, hole diameter, mass
flow rate, and inlet locations on the thermal management performance of these designs.
They found that, while the MCC provided superior cooling performance, it also resulted
in greater temperature variation and higher manufacturing complexity compared to the
CCHS, which offered a more uniform temperature distribution across the battery pack. A
novel BTMS that integrates bionic spiral fins inspired by natural vines and spirulina, with
an embedded, integrated cold plate, was proposed by Chen et al. [30]. They used a set of
numerical experiments to find the optimum structure design and showed that the optimum
design can improve cooling and preheating proficiency. They also compared different cold
plate designs. These findings provide valuable insights into the design and optimization
of BTMS, offering potential improvements in battery performance and lifespan, particu-
larly under high-temperature operating conditions. Furthermore, an innovative parallel
sandwich cooling structure improving thermal uniformity and reducing pressure loss in
lithium-ion battery packs was designed by Zhao et al. [31]. The study investigated three dif-
ferent cooling water cavities: the series one-way flow corrugated flat tube-cooling structure
(Model 1), the series two-way flow corrugated flat tube cooling structure (Model 2), and
the parallel sandwich cooling structure (Model 3). Compared to the series cooling systems,
Model 3 decreased the average temperature by 26.2% and the maximum temperature by
26.9%. Furthermore, it reduced the temperature difference within the battery pack by 62%.

Table 2. An outline of the work that has been done on liquid-cooled BTMS.
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Table 2. Cont.

No.

Type of

Modification/Novelty Study

Remarks

Geometry

Modification

Ref. Method

18

Optimized Bionic
Limulus-Like Fins for
Liquid-Cooled Plates:
Enhanced Heat
Dissipation and Reduced
Pressure Loss Compared
to Conventional Designs.

CFD

The key finding of this work
is that the optimized bionic
limulus-like fin design
significantly reduced the
average temperature by

1.69 °C (4.61%).

It also decreased the pressure
drop by 6.81 Pa (54.26%).
These improvements
enhanced overall cooling
performance compared to the
initial model.

W:Fluid
Direction: ™

Type

Rectangle

[46] Cold plate

19

Innovative Battery Pack
Cold Plates: Radial
Inlet/Outlet Flow
Channels and Axial
Microchannel Shell with
S-Shaped Metal Tubes for
Enhanced Cooling and
Heat Dissipation.

Exp.
Multi
objective
optimiza-
tion

The study optimized a hybrid
cooling plate with axial
S-shaped microchannels,
which enhanced thermal
management and energy
efficiency in EV batteries.
Key findings include
improved temperature
uniformity, reduced energy
consumption, and effective
performance in both
high-temperature and cold
environments.

A delayed cooling strategy
was also used to save energy.
Increasing the delay time
before activating liquid
cooling significantly
decreased energy
consumption.

A delay of 300 s reduced
energy consumption by 46.3%
while maintaining a
maximum temperature below
40 °C and a temperature
difference within 5 °C.

W'”
= B

it il
)

Midaleshel
o

Oute shel
)

Cooling

1471 channel

20

Novel Parallel Sandwich
Cooling Structure:
Enhancing Thermal
Uniformity and
Reducing Pressure Loss
in Lithium-Ion

Battery Packs

CFD

The parallel sandwich cooling
structure significantly
enhanced thermal uniformity
in battery packs.

It reduced the average
temperature by 26.2% and the
maximum temperature by
26.9%, compared to series
cooling systems.

The new model also achieved
a 62% decrease in temperature
difference within the battery
pack, demonstrating
improved thermal uniformity
over series cooling structures.

Cooling
channel

2.3. PCM-Cooled BTMS

The concerns related to liquid cooling systems, such as the potential for coolant leakage
and the proper disposal of coolant, have been effectively addressed during the commer-
cialization step. Passive thermal management utilizing Phase Change Materials (PCMs)
has emerged as an alternative to active cooling systems [48]. Phase Change Materials
(PCMs) provide a promising solution as they can absorb and store significant quantities of
thermal energy during phase transitions. This allows them to effectively regulate battery
temperatures without requiring the use of active cooling components. This approach not
only reduces the risks related to coolant management but also simplifies the thermal man-
agement system, potentially decreasing maintenance needs and improving overall system
reliability. PCMs enhance battery performance, increase battery life, and enhance safety
by maintaining consistent and optimal battery temperatures. This makes PCMs a feasible
option for contemporary battery thermal management. PCM simulation is considered a
complex flow simulation. Mesoscopic methods are used by researchers to model PCM
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in battery thermal management systems. Rahmani et al. [49] conducted a computational
investigation of magnetohydrodynamic flow and the melting process of phase change
material in a battery pack.

PCMs provide passive thermal management. They can absorb heat as they change
from solid to liquid, but once fully melted they no longer absorb heat effectively. This can
result in temperature spikes during long, high-power operation or in high-temperature
environments. PCM-based systems often need to be supplemented with active cooling
systems, such as liquid or air cooling, to effectively manage the heat generated by the
batteries, especially during high discharge rates or rapid charging scenarios. Active cooling
systems can ensure continuous thermal regulation, even after the PCM has fully melted.
Table 3 shows some innovative PCM-based BTMS which were presented in 2023 and 2024.

Hybrid PCM-air cooling systems: The battery pack can minimize temperature gradi-
ents and hot spots by integrating phase change material (PCM) with air-cooling. The PCM
serves as a thermal buffer, absorbing and retaining excessive heat during phase change
to achieve this. The continuous air supply from the air-cooling system distributes the
absorbed heat, which stops any specific areas from becoming overheated. The combined
effect guarantees a more uniform distribution of temperature through all cells, which
increases battery performance and safety. In addition, air-cooling systems offer advantages
in terms of cost, weight, simplicity, and maintenance, compared to liquid cooling systems.
When combined with PCM, they effectively handle high thermal loads, enhancing the effi-
ciency and reliability of the hybrid system. Chen et al. [50] presented a new hybrid Battery
Thermal Management System (BTMS) that combines phase change material (PCM) with air
cooling. It incorporates biomimetic variable-section fins to enhance thermal performance.
It is shown that by implementing a delayed air-cooling strategy, power consumption can be
reduced by 59% while still maintaining maximum temperature and temperature difference
within 40 °C and 3 °C, respectively. A similar study is conducted by Rahmani et al. [51].
They investigated the enhancement of heat storage cooling systems via the implementation
of a honeycomb-inspired design, focusing on efficiency and performance. Suo et al. [52]
proposed an innovative design in which PCM covers prismatic battery tabs, and air passes
batteries through Z-type air channels. Four cases were compared, and it was found that
when PCM directly contacts the battery box, the volume of the battery box reduces by
3.48% and thermal performance is enhanced.

Hybrid PCM-liquid cooling systems: Phase change materials (PCM) and liquid cooling
together provide substantial benefits for battery thermal management systems (BTMS)
in terms of thermal regulation and heat transfer efficiency. Without requiring constant
energy input, PCM can efficiently regulate battery temperature during phase transitions by
absorbing and storing thermal energy. Nevertheless, the PCM’s capacity to absorb heat
decreases as it completes its transition. Therefore, by offering both passive and active
cooling techniques, integrating PCM with liquid cooling improves the overall thermal man-
agement [53]. Hybrid PCM-liquid cooling systems leverage the high thermal conductivity
and specific heat capacity of liquid coolants to rapidly remove heat from battery cells. Liq-
uid cooling systems provide superior heat transfer compared to air cooling, making them
highly effective for high-power density applications such as electric vehicles (EVs). The
integration of PCM into these systems ensures that temperature spikes are mitigated during
periods of high thermal load, such as rapid charging or discharging cycles. Wang et al. [54]
developed a novel hybrid system combining wavy microchannel cold plates with PCM,
which significantly improved both active and passive cooling of cylindrical lithium-ion
battery packs. This design not only enhanced the heat-dissipation capabilities but also
maintained uniform temperatures across the battery pack, minimizing thermal gradients
and hotspots. Li et al. [55] developed a novel passive thermal regulator for lithium-ion
batteries, utilizing the volume change during phase transitions of composite phase-change
materials (cPCM) to control cooling water flow. This regulator significantly reduced the
maximum battery temperature by up to 7.94% at high ambient temperatures, maintain-
ing it below 39 °C, and improved temperature uniformity and fluctuation control during

261



Batteries 2024, 10, 265

dynamic cycling. This design highlights the potential of passive thermal management sys-
tems in enhancing battery performance and longevity under various operating conditions.
Hybrid PCM-liquid cooling systems offer significant advantages, including enhanced heat
transfer efficiency due to the high thermal conductivity of liquid coolants, leading to faster
and more efficient cooling. They improve temperature uniformity across the battery pack,
reducing temperature differences and preventing localized overheating. These systems also
increase reliability by handling peak thermal loads passively, reducing the strain on the
liquid cooling system. Moreover, they are energy efficient, as PCM can absorb peak thermal
loads, minimizing the need for continuous liquid cooling. Additionally, these systems
are scalable and customizable for various battery sizes and configurations, making them
versatile for applications ranging from small electronics to large electric vehicle battery
packs [56].

Table 3. An outline of the work that has been done on PCM-cooled BTMS.

Modification/ Type of Modification
No. Novelty Sytl\’l dy Remarks Geometry Ref. Method
PCM-RT35 is ideal for
temperatures of 20-30 °C.
PCM-RT50 is optimal for 40 °C.
Lithium-ion Copper shells provide superior
(LIB)-PCM temperature control.
1 Configurations: CFD Aluminium shells are [57] PCM-air
Square, Circular, more practical.
Rectangular. Higher heat transfer coefficients
improve temperature stabilization.
Rectangular battery packs offer the
best thermal management.
Maximum temperature reduced by
3.4 °C using fins.
Biomimetic Fin with g;yiiﬁﬁf;f%ﬁzn reduced by
2 PCM and Delayed Exp. O :'mal fin para ét . 75° anele [50] PCM-air
Air Cooling 40p ! in parameters: g
mm length.
Delayed air-cooling reduces power
consumption by 59%.
With a discharge rate of 7C, the
paraffin with copper foam showed
a phase-change percentage of
Hybrid PCM with only 6.87%. PCM-
3 Secondary Air and Exp. This suggests effective thermal [58] liquid
Liquid Coolants management without excessive !
phase change, resulting in reduced
pumping power requirements and
improved energy efficiency.
outet
el
PCM significantly enhances e
- hermal performance.
Optlmlzed'PCM tCaese 4as£veesoPCI?/[ :vehile (@ Case 1 (b) Case2
4 Configurations for

Prismatic Batteries

CFD , s [52] PCM-air

maintaining thermal efficiency.
e )

Optimized PCM proportion
() Case3 (d) Case 4

is 64%.
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Table 3. Cont.

Modification/
Novelty

Type of
Study

Remarks

Geometry

Ref.

Modification
Method

Hybrid
PCM-Air/Fluid

5 Coolants for
Enhanced Thermal
Performance

CFD

Hybrid strategy with paraffin, air,
and fluid coolants significantly
improves thermal performance.
Eliminates need for pumps.
Achieves high temperature
uniformity.

Air Duct

Duct Fans

Cold Plate

Airflow

[59]

PCM-air

Graphene-
6 Enhanced Paraffin
PCM

Exp.

In higher temperature scenarios,
researchers have found that a
hybrid cooling system that
combines phase-change material
(PCM) with other cooling methods
like forced-air or thermoelectric
module cooling may be

more effective.

The inclusion of
graphene-enhanced paraffin as a
phase-change material (PCM) has
a substantial impact on lowering
the temperature of the lithium-ion
battery pack.

It was shown in the study that as
the thickness of the PCM layer
increases, the maximum
temperature decreases.

[60]

PCM-air

Dual PCM System
7 with Petal Design
and Optimized Fins

CFD

The optimized solution with an
asymmetric fin arrangement
significantly decreases the
maximum temperature difference
(AT_max) by 5.53% at 30 °C.

The optimized solution decreases
the maximum temperature
difference (AT_max) by 29.19% at
40°C.

It reduces the maximum
temperature rise (AT_(m-rise)) by
36.15% at 30 °C.

It reduces the maximum
temperature rise (AT_(m-rise)) by
42.76% at 40 °C.

separator

[61]

PCM-air

PCM-Based BTMS
8 with Air-Cooling
and Cold Plate

CFD

Throughout January, the battery
temperature was carefully
regulated with the help of a BTMS,
staying consistently between
20-28 °C.

The maximum temperature
difference (AT) was only 2.6 °C.
This demonstrates the successful
implementation of efficient
thermal management.

air inlet

Coaling plate_ i

[62]

PCM-air

263



Batteries 2024, 10, 265

Table 3. Cont.

Modification/ Type of
Novelty Study

Remarks

Ref.

Modification
Method

Hybrid PCM with
Wavy Microchannel
Cold Plate
(HWMCP)

CFD

In cold weather, HWMCP helps
prevent battery temperature loss,
allowing for longer battery
temperature maintenance during
short-term parking, compared to
WMCP.

By reducing the weight of
HWMCP by 45%, the system’s
energy efficiency is significantly
improved.

[54]

PCM-
liquid

10

Nine Innovative

Branch-Fin Designs

for Enhanced PCM CFD
Thermal

Management

The study presents nine new
branch-fin designs for battery
thermal management, showing
superior thermal performance.
These designs increase heat
transfer efficiency by 14.98%.
They extend operating time by
131.5%.

The new designs reduce system
weight by 10.28%, compared to
conventional designs.

[63]

PCM-air

11

Hybrid PCM with

Multi-Stage Tesla Exp.
Liquid CFD
Valve-Cooling

The hybrid battery thermal
management system with PCM
and multistage Tesla valve-cooling
significantly decreases energy
consumption by 79.9%, compared
to traditional systems.

It also proves to be more efficient
at maintaining battery
temperature, especially during
cold stops.

This results in a doubling of
warmth-retention time.

[64]

PCM-
liquid

12

Novel BTMS with
PCM, Air Cooling,
and Fin Structures

Optimal BTMS parameters are

d =8.125 mm and | = 65 mm, with
Tmax =318.01 K, AT =0.0135 K,
and W =5.13 kg.

Increasing fin height from 5 mm to
65 mm enhances PCM utilization
by 20.4% and reduces Tmax by
93K

As d increases from 5 mm to

20 mm, PCM utilization decreases
by 90.9% and BTMS weight
increases by 146.7%.

Fin addition improves thermal
efficiency and compactness,
significantly lowering battery
temperature.

fins

(&) Air cooling chamnels

[65]

PCM-air

13

BTMS with PCM
and Optimized CFD
Aluminium Fins

The identified optimal parameters
ared =8.125 mm and 1 = 65 mm,
resulting in Tmax = 318.01 K,

AT =0.0135K, and W =5.13 kg.
By increasing the fin height, the
utilization of PCM is improved by
20.4% and the maximum
temperature (Tmax) is reduced by
9.3 K.

On the other hand, increasing the
PCM thickness results in a
significant decrease in utilization
by 90.9% and a substantial
increase in weight by 146.7%.

[66]

PCM-air
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Table 3. Cont.

Modification/
Novelty

Type of
Study

Remarks

Geometry

Ref.

Modification
Method

Innovative BTMS
with PCM, Metal
Foam, and Fin
Shapes

14

CFD

The fourth case of the BTMS,
which combines PCM, metal foam,
and fins, exhibited the best
thermal performance, keeping the
battery surface temperature at the
lowest level. This design achieved
a maximum reduction of 3 K in
battery surface temperature
compared to pure PCM systems.
Different fin shapes (rectangular,
triangular, trapezoidal, I-shape,
and wavy) were analyzed. The
results showed that, while the
triangular fins were most effective
before the PCM melting began, the
I-shape fins provided the lowest
battery surface temperature after
the PCM started melting.

Fintease Second case
e PN (PO & fns)

Thinsase F
(PCM & et foum) POV, et foam & i)

[67]

PCM-air

Hybrid BTMS with
U-Shaped Micro
Heat Pipe Array and
Composite PCM

15

Exp.

The hybrid Battery Thermal
Management System (BTMS),
which combines a U-shaped micro
heat pipe array (U-MHPA),
composite phase change material
(cPCM), and liquid cooling,
significantly improves cooling
performance.

It effectively controls the
maximum temperature and
temperature difference within the
battery module, even under
extreme conditions.

The system maintains the
maximum temperature below

50 °C and the temperature
difference below 5 °C.

MHPA  Fan

Nozzle

D
Fr P
Water reservoir

[68]

PCM-
liquid

Comparison of
16 Hydrogel and
PCM-Based BTMS

CFD

Hydrogel-based BTMS
demonstrated superior cooling
performance compared to
PCM-based systems.

It showed a significant decrease of
5.27 °C in maximum temperature
under specific conditions.

[69]

PCM-air

Electrochemical—
Thermal Modeling

17 of Li-ion Batteries
with Fin-Intensified
PCM BTMS

CFD

Without any thermal management
system (TMS), the peak
temperature during a 4C discharge
reached 336 K.

The use of base PCM alone
reduced the peak temperature
increase by almost 71%.

The finned designs further
improved this, with Design D1
reducing the temperature increase
by 72% and Design D2 by 75.58%.

[70]1

PCM-air

High-Performance
Anisotropic CPCM
18 Composite for
Thermal
Management

Exp.

The CPCM showed excellent

thermal management performance.

Under a 2C high discharge rate,
the maximum temperature of the
battery module with CPCM
decreased by 21.9 °C (29.9%).
The temperature difference
decreased by 7.8 °C (55.3%),
compared to modules

without CPCM.

Outer gukderatl

Battery Pack

Battery Module

&

Lmdy>d

@l

[71]

PCM-
liquid
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Table 3. Cont.

Modification/
Novelty

Type of

Modification

Remarks Method

Study Geometry Ref.

Aluminium Nitride
Enhanced PCM for
Superior Passive
Cooling

19

Managing battery temperatures

within the range of 25 °C to 45 °C

is crucial for optimizing the

performance of the thermal

regulator.

When the temperature is below

30 °C, the batteries can function

without the need for active cooling

methods, thanks to the use of PCM Swis ol S St Srich

or cPCM. e s
Exp. When the ambient temperature

reaches 35 °C, it is important to

use a thermal regulator with

cooling water to ensure that the

battery temperature remains

below 38.13 °C.

When the ambient temperature

exceeds 40 °C, the thermal

regulator equipped with cPCM

can lower the battery temperature

t035.02 °C.

3
Called Oulst PCM-
(551 liquid

Current Collector

Snowflake Fin
Design for
Enhanced PCM
Heat Transfer

20

With the addition of snowflake
fins, the heat-transfer efficiency of
PCM is greatly improved,
resulting in a noticeable reduction
in battery temperatures.

With a 3C discharge rate, the
Batteries-PCM-Fins design
effectively keeps the battery
module temperature below 45 °C,
regardless of whether the ambient
temperatures are 25 °C or 40 °C.
The temperature difference
remains less than 3 °C, ensuring
optimal performance.

These snowflake fins are designed
to enhance thermal management
efficiency, particularly during the
initial cycles. They achieve this by
minimizing the maximum
temperature and temperature
difference within the

battery module.

PCM-

CFD [72] liquid

2.4. Thermoelectric Cooler BTMS

Traditional cooling technologies such as air cooling and liquid cooling have reached
their maximum cooling potential. TECs remain a favoured cooling technology for various
applications due to their affordability and environmentally friendly features [73]. There
are two main categories of thermoelectric devices: thermoelectric generators (TEGs) and
thermoelectric coolers (TECs) [74]. Thermoelectric generators (TEGs) use the Seebeck effect
to convert heat energy into electrical energy. The Seebeck effect is a fascinating phenomenon
that occurs when there is a temperature difference between two electrical conductors or
semiconductors, resulting in the generation of a voltage differential. It is truly remarkable
how temperature can have such a profound impact on electrical properties. TECs utilize
electricity to disperse heat from a medium through the Peltier effect. This effect occurs
when an electric current passes across the interface of two materials, causing the absorption
or dissipation of heat [75]. TECs offer several advantages, such as a lightweight design,
compact size, minimal noise, straightforward operation, and a long lifespan. TECs are
utilized in a wide range of industries, such as microelectronics, communications, laser
diodes, superconductor systems, the aerospace industry, healthcare, and the food sector,
among numerous others [76].
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TEC-based BTMS was first proposed by Li et al. [77] for controlling a battery pack
temperature. In this study, an innovative battery pack design was presented, incorporating
an acrylic container and copper holders, combined with a thermoelectric cooling system

integrated with liquid and air circulations, which demonstrated a significant thermal man-
agement improvement, achieving a reduction of approximately 20 °C under a 40 V input,

compared to conventional liquid cooling, and maintaining battery temperatures below
critical thresholds during extreme discharge conditions. Hameed et al. [78] introduced a
novel TEC-TEG BTMS. In this study, a new hybrid battery thermal management system
(BTMS) was developed, which combined thermoelectric cooling (TEC) and thermoelectric
generation (TEG) with forced air. The system effectively decreased the maximum surface
temperature of a single LiFePOy, battery cell by around 7 °C. Table 4 shows the newest
findings in thermoelectric cooling-based BTMSs.

Table 4. An outline of the work that has been done on TEC-cooled BTMS.

No. M(;\cll;f::;:;on/ Type of Study Remarks Geometry Ref.
Qs
To increase the heat dissipation of TEC-TEG, =
Enhanced BTMS high-quality heat sinks are used to make the
Cooling: Using TEG to temperature of BTMS as close to ambient Qhor = Phx
1 Power TEC for CFD temperature as possible. [78]
Improved Heat The findings revealed that the maximum battery
Management surface temperature decreased from 38 °C to
33.1584 °C with the introduced BTMS.
Optimal fin length and thickness are 7 mm and 3
| mm, respectively.
E\?:eia]?;l;\M%ECs and Ata 3 A TEC input current, the maximum
PCI\%S witﬁ Coolin temperature, temperature difference, and PCM
2 Plate for Efficient g CFD liquid fraction were 315.10 K, 2.39 K, and 0.002 [79]
Lithium-Ion Battery m Casg 1. £ .
Temperature Control At a discharge rate of 5C, the maximum
temperature, temperature difference, and PCM
liquid fraction were 318.24 K, 3.60 K, and 0.181.
%xi’l};l\ést: f]rig_l;lg;:tg;at Forced air, and thermoelectric cooling (TEC) and
) -generation (TEG), are used to reduce the
3 :rizlthsl;raEsS VCigld Side Exp. maximum surface temperature of a LiFePOy . . [80]
Heatsink battery cell by approximately 7 °C. ; E, \ :
 §= § N , Hll L \
: - ® m,_ L [0 . =
. . . The findings reveal that, even under a high
@;K/}]Se ggfigigyl,}%‘é discharge rate of 3C, the system can maintain
4 nd P'CM with CFgD CFD the maximum temperature of batteries below S rane TS BATEETRO 81]
gimulation for Optimal 45 °C, while ensuring that the maximum
Thermal PerfomI;nce temperature difference during the discharge = /
process remains within 3 °C. @ e —
The use of aluminium circular fins, PCM, and a i s .
thermoelectric cooling system significantly | -
Hybrid TEC-PCM reduced battery temperature to 65 °C.
BTMS with Circular and Changing the fin configuration from circular to
5 Axial Fin Arrangements: Exp axial led to an average temperature of 48 °C. 182]

Evaluating Temperature
in Middle and Top
Sections of Battery

This study found that axial fins regulate LIB
temperature better than ring fins.

The battery body’s top temperature is always
higher than the middle, regardless of mode or
time interval.
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Table 4. Cont.

Modification/
No. Novelty Type of Study Remarks Geometry Ref.
The total power consumption of the system is
81.2 W, with the bottom TEC consuming 31.21 W,
the top TEC using 47 W, and the electronic fan
BTMS for Battery requiring 2.994 W. This demonstrates the overall
Module Heating: Dual effectiveness and energy efficiency of the system.
6 TECs (6 V Bottom, 9 V Exp. The battery capacity increases by 9.1% as the [83]
Top) and 10 V Fan with ambient temperature rises from —5°C to 5 °C.
Cold Plate Integration At a bottom TEC voltage of 6 V, it takes 1631 s to
heat the battery from —5 °C to 5 °C without top
TEC voltage, with a temperature difference
normally below 5.5 °C.
Increasing TEC current lowers battery
temperature and decreases uniformity and
cooling efficiency; a 2A current keeps the battery
. below 40 °C.
BTMS with PC-Wrapp ed_ Delaying TEC current at 80% PCM melting rate
Cells in Aluminum Case: . . -
X improves temperature homogeneity, while a 2A
TEC and Fins for S .
7 CFD current maintains a temperature gradient under [84]
Enhanced Heat Transfer, o 5
. 5 °C and extends effective
Tested at High 1 ti
Discharge Rates temperature-cqntro time. o
While the transient PCM + TEC model maintains
temperature control and uniformity during 4C
discharge, pulsed TEC current improves cooling
power and thermal performance.
Thermoelectric coolers (TECs) improve the
thermal management of batteries by providing
the best cooling performance when a current of
5A is applied. However, the efficiency of TECs
Proposed Battery Pack: decreases when the current exceeds this value.
Four Heat Sinks, 12 Air and water cooling enhance the efficiency of
8 TECs, Honeycomb CFD TEC, with recommended values for optimal [85]
Framework, and Water performance being 50 W/m?K for air convection
Channel-Integration and 0.11 m/s for water flow.
Optimizing thermal performance and energy
efficiency requires precise control strategies to
balance TEC input, air cooling, and water
cooling-parameters.
TEC helps batteries maintain a reasonable
Dual Active BTMS: temperature range in harsh environments and at
. a 3C discharge rate.
Incorporating Thermal N . .
. CFD Dual active cooling reduces energy consumption
9 Insulation Plate, TECs, E . . [86]
- Xp. more efficiently than pure TEC cooling.
and Liquid Cold Plates P .
. Pure liquid cooling uses less energy, but TEC
for Enhanced Cooling
ensures acceptable battery performance under
challenging conditions.
Increasing fin thickness from 2 mm to 8 mm
extends temperature control by 12%, enhancing
Hybrid Active-Passive thermoelectric cooler (TEC) cooling power
BTMS: PCM, TEC, and COP.
10 Liquid Cooling, and
Fins for Enhanced

Heat Transfer

CFD Fins improve cooling capacity and temperature ‘ R [87]
uniformity, with 4 mm fins being o
particularly effective. N
TEC input currents from 1A to 6A boost
temperature control by 87.42%. TEC .

TEC

3. Discussion and Conclusions

The importance of effective battery thermal management systems (BTMS) for Li-
ion batteries cannot be overstated, especially given their critical role in electric vehicles
(EVs) and renewable energy-storage systems. In this section, after presenting the main
findings for each method, a techno-economic comparative analysis of the four primary
cooling methods—air-cooling, liquid-cooling, phase-change material (PCM)-cooling, and
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thermoelectric cooling—is presented. Furthermore, the main advantages and disadvantages
of each method are stated.

3.1. Summary of Key Findings

Air cooling: Air-cooling methods, categorized into free and forced convection, offer
simplicity, low cost, and ease of maintenance. However, their efficiency decreases signifi-
cantly at high ambient temperatures. Researchers have proposed various modifications,
such as air-channel modification, adding fin structures, and changing cell arrangements to
enhance the performance of air-cooled BTMS.

e Air channel modifications are the most impactful, with designs like the X-type, honey-
comb structures, and multiple inlet/outlet air cooling significantly improving temper-
ature management.

e  Cell arrangement modifications also contribute to better thermal performance, with inno-
vative designs such as the modified Z-shaped system and the staggered-arranged system.

e Adding fin structures greatly enhances cooling efficiency by increasing the heat-
dissipation surface area using radial fins for air-cooling and direct cooling with baffles.

These findings emphasize that modifying air channels, cell arrangements, and adding
fin structures can significantly improve the performance of air-cooled BTMS. These im-
provements help maintain battery temperatures within optimal ranges, thereby enhancing
the overall performance and safety of Li-ion batteries in electric vehicles.

Liquid-cooling: Liquid-cooling methods, including liquid indirect cooling (LIDC-
BTMS) and liquid direct cooling (LDC-BTMS), are highly effective for demanding appli-
cations like EVs. Liquid cooling offers superior heat-transfer capabilities compared to
air-cooling, making it suitable for high-power density scenarios.

e  Cold plate modifications show significant improvements in cooling efficiency, with
designs like the spider web liquid channel, mini channel plates with circular and zigzag
channels, and the diamond flow type channel maintaining optimal temperatures under
high-load conditions.

e  Cooling channel modifications enhance thermal management by optimizing fluid flow,
wavy microchannels, increasing surface area for heat dissipation, and using advanced
materials such as nanofluids and dielectric fluids.

e  Hybrid systems combining PCM and liquid-cooling methods provide superior temper-
ature control, ensuring consistent battery performance, even under extreme conditions.

These findings highlight that liquid-cooling methods, particularly with advanced cold
plate designs and optimized cooling channels, offer superior thermal management for
Li-ion batteries. Hybrid systems that integrate PCM with liquid cooling further enhance
cooling performance, making them highly suitable for demanding applications such as
electric vehicles.

PCM Cooling: PCM-based cooling provides passive thermal management by absorb-
ing heat during phase transitions. This method is effective for maintaining consistent
battery temperatures but requires supplementary active cooling systems for prolonged
high-power operations.

e PCM configurations such as square, circular, and rectangular designs optimize ther-
mal management for specific temperature ranges, with materials like copper shells
providing enhanced temperature control.

e  Hybrid PCM systems that integrate PCM with air- or liquid-cooling methods offer
improved temperature regulation and energy efficiency. These systems are particularly
effective at managing thermal loads during high discharge rates.

e Innovative PCM designs featuring advanced fin structures and optimized configura-
tions significantly enhance heat-transfer efficiency, reduce temperature differences,
and extend battery operating time.
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These findings highlight the effectiveness of PCM-based cooling methods in providing
passive thermal management for Li-ion batteries. By incorporating advanced designs
and hybrid systems, PCM cooling can maintain optimal battery temperatures, improving
performance and safety in various applications, including electric vehicles.

TEC cooling: Thermoelectric coolers (TECs) utilize the Peltier effect for efficient
temperature control. TECs offer advantages such as compact size, low noise, and long
lifespan, making them suitable for various applications, including BTMS.

e Hybrid TEC-TEG systems demonstrate substantial improvements in cooling effi-
ciency by leveraging the benefits of both TEC and TEG. These systems are effective at
significantly reducing battery temperatures.

e Active and passive hybrid systems that integrate TEC with PCM or fins show enhanced
temperature regulation and energy efficiency. These systems are particularly effective
at managing thermal loads during high discharge rates.

e Innovative TEC designs offer advanced solutions for thermal management, such
as dual active cooling systems and TEC with cold plates. These designs provide
efficient cooling, and maintain battery temperatures within optimal ranges, even
under extreme conditions.

These findings highlight the potential of thermoelectric cooling methods for provid-
ing efficient and reliable thermal management for Li-ion batteries. By integrating TEC
with other cooling technologies and optimizing system designs, thermoelectric cooling
can significantly enhance battery performance and safety, making it a viable option for
applications in electric vehicles and other high-demand scenarios.

3.2. Techno-Economic Comparative Analysis of Cooling Methods

To compare the four cooling methods (air-cooling, liquid-cooling, PCM-cooling, and
thermoelectric cooling), several key terms are defined that will help to evaluate their
performance, efficiency, and suitability for different applications:

o  Cooling Efficiency (CE): measures how effectively a cooling method maintains the
battery temperature within the optimal range.

o  Temperature Uniformity (TU): assesses the ability of the cooling method to maintain a
uniform temperature distribution across the battery pack.

e  Maximum Temperature Reduction (MTR): the extent to which the cooling method can
lower the maximum temperature of the battery.

e  Energy Consumption (EC): the amount of energy required by the cooling method to
maintain optimal battery temperatures.

e  System Complexity (SC): the level of complexity involved in implementing and main-
taining the cooling method.

e Response Time (RT): the speed at which the cooling method can adapt to changes in
thermal load.

o  Cost-Effectiveness (C-E): the overall cost of implementing and operating the cooling
method, relative to its performance benefits.

e  Scalability (S): the ease with which the cooling method can be scaled up or down to
accommodate different battery sizes and configurations.

e  Safety and Reliability (SR): the degree to which the cooling method enhances battery
safety and operational reliability.
Table 5 summarises the comparison of these methods from various aspects.
Using the data presented in Table 5, the technical performance and economic fea-

sibility of air-cooling, liquid-cooling, PCM-cooling, and thermoelectric cooling methods

is evaluated.
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Table 5. Summary table of comparative study.

Air Cooling Liquid Cooling ~ PCM Cooling TEC Cooling

CE Moderate High Moderate/High  High

TU Good Excellent Good Excellent
MTR High High Moderate High

EC Low Moderate Low High

SC Low High Moderate High

RT Moderate Fast Slow Fast

CE High Moderate High Moderate

S High Moderate High Moderate

SR Moderate High High High

Air-cooling systems are highly cost-effective due to their low initial and maintenance
costs. They are suitable for applications where moderate cooling performance is acceptable,
and system simplicity is desired. While liquid-cooling systems have higher costs associated
with their complexity and energy consumption, their high cooling efficiency and reliability
make them suitable for high-demand applications like electric vehicles. PCM-based cooling
methods are cost-effective, with low operational costs and moderate system complexity.
They are ideal for applications requiring consistent thermal management with minimal
energy consumption. Thermoelectric cooling methods, while offering high performance
and precise control, come with higher costs and energy consumption. They are suitable for
high-end applications where precise temperature management is critical.

Using this techno-economic analysis, a summary is presented in Table 6 showing the
advantages and disadvantages of each method as well.

Table 6. Techno-Economic Comparison of Cooling Methods.

Cooling Method Advantages Disadvantages

. . Cost-effective, uncomplicated ~ Less efficient at high thermal

Air-cooling desi .
esign and maintenance loads
Liquid-cooling Excellent 'perfor.m'ance, high Higher cost, c.omplex design
cooling efficiency and maintenance
PCM-cooling Satisfactory perfo.rmance, low Suitable for passive c'oohng,
energy consumption and cost slower response time
TEC-cooling Precise temperature control, ~ More expensive, h}gh—energy
quick response consumption

From a techno-economic perspective, each cooling method has distinct advantages
and disadvantages. Air-cooling is cost-effective and simple but less efficient at high thermal
loads. Liquid-cooling provides excellent performance but at higher costs and complexity.
PCM-cooling offers a balance of good performance with low energy consumption and cost,
suitable for passive cooling needs. Thermoelectric cooling provides precise control but is
more expensive and energy-intensive.

Selecting the appropriate cooling method depends on specific application require-
ments, including performance, cost constraints, system complexity, and operational condi-
tions. Hybrid systems that combine multiple cooling methods can leverage the strengths of
each approach to achieve optimal performance and cost-effectiveness.

4. Future Directions and Recommendations

The future of Battery Thermal Management Systems (BTMS) looks promising, thanks
to new trends and technological developments. The focus of research could be on in-
novative materials such as nanomaterials and Phase Change Materials (PCMs), hybrid
cooling systems that combine several approaches, and intelligent-adaptive BTMS with
real-time control. Innovations in microchannel designs, nanofluids, and thermoelectric
and magnetocaloric cooling technologies aim to improve efficiency and reduce size. High-
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fidelity computational models and artificial intelligence integration are planned to improve
BTMS operation. Sustainability and cost-effectiveness remain important factors, as do
technical obstacles and regulatory demands. Multidisciplinary co-operation and long-term
testing will be critical for the successful implementation of next-generation BTMS, which
will provide dependable, efficient, and environmentally friendly thermal management for
lithium-ion batteries.
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Abstract: The performance of lithium-ion batteries is closely related to temperature, and much
attention has been paid to their thermal safety. With the increasing application of the lithium-ion
battery, higher requirements are put forward for battery thermal management systems. Compared
with other cooling methods, liquid cooling is an efficient cooling method, which can control the
maximum temperature and maximum temperature difference of the battery within an acceptable
range. This article reviews the latest research in liquid cooling battery thermal management systems
from the perspective of indirect and direct liquid cooling. Firstly, different coolants are compared.
The indirect liquid cooling part analyzes the advantages and disadvantages of different liquid
channels and system structures. Direct cooling summarizes the different systems’ differences in
cooling effectiveness and energy consumption. Then, the combination of liquid cooling, air cooling,
phase change materials, and heat pipes is examined. Later, the connection between the cooling and
heating functions in the liquid thermal management system is considered. In addition, from a safety
perspective, it is found that liquid cooling can effectively manage thermal runaway. Finally, some
problems are put forward, and a summary and outlook are given.

Keywords: battery thermal management system; liquid cooling; indirect liquid cooling; direct liquid
cooling; composite cooling

1. Introduction

With the energy crisis and environmental pollution becoming increasingly promi-
nent, vigorously developing clean energy, promoting environmental improvement, and
advancing green and low-carbon construction has become an important task. Traditional
fuel vehicles mainly use non-renewable fossil energy as a power source, which not only
consumes more fossil energy, but also produces exhaust gas, which contributes to the
greenhouse effect. In this context, electric vehicles have received a lot of attention because
of their advantages, such as low pollution and high efficiency [1]. The key task in the
development of electric vehicles is to find a suitable energy storage system that allows
battery vehicles to have a long driving range and fast acceleration [2]. Lithium-ion batteries
(LIBs) have been widely used in energy storage systems of electric vehicles due to their high
energy density, high power density, low pollution, no memory effect, low self-discharge
rate, and long cycle life [3-6]. Studies have shown that the performance of LIBs is closely
related to the operating temperature [7,8]. Generally, the optimum operating temperature
range for Li-ion batteries is 15-35 °C [9], and the maximum temperature difference between
batteries should be controlled within 5 °C [5,10]. Therefore, a reasonable and effective
battery thermal management system (BTMS) is necessary to enable the battery module to
work safely and exhibit good charge and discharge performance [11].

The currently popular BTMSs can be divided into air cooling, liquid cooling, phase
change material (PCM), heat pipe, and composite cooling. With its simple structure and
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low cost, air cooling has been widely used in early BTMSs. However, it is challenging to
meet the demand for battery heat dissipation under the circumstance of rapid charging
due to the low specific heat capacity and heat transfer coefficient of air, and limited cooling
capacity [12,13]. PCM has become a research hotspot in battery thermal management due
to its large latent heat of phase change and no need to consume additional energy, but
its low thermal conductivity and easy leakage problems hinder its application in electric
vehicle BTMSs [14]. Studies have shown that the thermal conductivity of PCM can be
improved by adding foam metal, expanded graphite, carbon fiber, and other materials to
PCM [8]. The heat pipe has the advantages of high thermal conductivity, excellent stability,
and low maintenance cost, and has broad application prospects, but it is not currently
widely used in battery thermal management due to its small contact area and large system
volume [12]. Composite cooling is a combination of two or more cooling methods based on
a single cooling method, used to meet higher heat dissipation requirements, as well as to
improve the temperature distribution of the battery module, showing outstanding cooling
effects and attracting the attention of researchers.

Compared with other cooling methods, liquid cooling has been used commercially
in BTMSs for electric vehicles for its high thermal conductivity, excellent cooling effect,
ability to meet high heat dissipation requirements, and more uniform battery temperature
distribution. For example, the Tesla Model S electric vehicle uses indirect liquid cooling,
and the coolant is a mixture of water and ethylene glycol [15]. The Chevrolet Volt and
BMW i3 and i8 also use liquid cooling systems for battery thermal management to avoid
excessive battery temperature [16]. In addition, 3M has developed a battery direct liquid
cooling system for electric vehicles, which immerses the battery module directly into the
coolant, showing an excellent cooling effect [5].

In recent years, many scholars have studied and reviewed the BTMS, which mainly
focuses on summarizing the progress and achievements of the whole BTMS, but rarely
makes a separate analysis and integration of liquid cooling. The liquid cooling system has
unique advantages, and commercial applications of liquid cooling are increasing. Therefore,
it is necessary to review and summarize the research on the liquid cooling of LIBs, and
put forward reasonable suggestions for liquid cooling problems, to provide a reference
for the development of the BTMS. In this paper, the heat generation mechanism of LIBs
is analyzed, and the influence of temperature on battery performance is summarized.
Secondly, the research results on liquid cooling by scholars in recent years are reviewed,
starting with both indirect liquid cooling and direct liquid cooling. Subsequently, the
battery preheating technology in BTMS is studied. Then, the effect of liquid cooling on
the thermal runaway of the battery is discussed. Finally, some problems in the liquid
cooling system are summarized, and the future research direction of LIB liquid cooling is
prospected.

2. Heat Generation Mechanism and Temperature Effects
2.1. Heat Generation Mechanism

The LIB consists of four parts: the anode (negative electrode), the cathode (positive
electrode), the electrolyte, and the separator [12,17]. During the charging and discharging
process of the battery, as shown in Figure 1, LIBs are de-embedded back and forth between
the positive and negative electrodes through the electrolyte and the separator, hence the
name “rocking-chair battery” [18]. During charging, lithium ions receive energy from
the outside, move to the anode, and embed into the anode, forming a Li-rich ion state
at the anode; during discharge, lithium ions carry energy from the negative electrode to
the positive electrode, while electrons move back and forth through the external circuit to
generate current during charge and discharge [19].
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Figure 1. Diagram of the working principle of a lithium-ion battery (LIB) [20].

The following reactions occur during the charging and discharging process [21]:

Positive electrode : LiMO, = Lij_ MO, + xLi* + xe™ (1)
Negative electrode : C + xLi" + xe™ + LiMO, = Li,C )

Overall:
LiMO, + C 2 LiyC + Li;_ MO, 3)

LiMO, is the metal oxide used for the positive electrode, such as LiCoO,, LiNiO,, LiMn;0y,
LiFePOy, etc. C is the carbon material used for the negative electrode.

During the normal charging and discharging process of the battery, a large number
of chemical reactions take place inside, and these complex chemical reactions are usually
accompanied by the generation of heat. With the continuous generation and accumulation
of heat, if the heat cannot be dissipated in time, the temperature of the battery will rise
rapidly, which will cause a series of abnormal side reactions, leading to a deterioration of
the battery’s performance and even triggering thermal runaway. Therefore, it is necessary
to study the mechanism of LIB heat generation. Generally, the heat generation of LIB in
work can be divided into two parts: reversible heat and irreversible heat. Reversible heat is
the heat released when lithium ions are deintercalated between the positive and negative
electrodes. It comes from the reversible entropy change caused by the electrochemical
reaction inside the battery, also known as reaction heat or entropy heat [22]. Irreversible
heat includes polarization heat and ohmic heat [22,23]. Polarization heat is caused by
lithium ions overcoming impedance during internal movement, while ohmic heat or joule
heat is related to the resistance inside the battery.

In order to better analyze the thermal behavior of LIBs and predict the performance of
batteries, many scholars have studied the thermal model of LIBs [24-26]. One of the most
commonly used battery heat production equations, proposed by Bernardi [27], is used to
predict the heat production rate of a single battery. The expression is:

dE

Q—I(Efu)fITd—T 4)
where Q, I, E, U, and T are expressed as heat producing power, operating current, open-
circuit voltage, operating voltage, and operating temperature, respectively. The first term
I (E—U) on the right represents irreversible heat. The second term —I Tg—‘% represents
reversible heat, which is negative when charging and positive when discharging, while
the entropy heat coefficient (Z—?) is related to density, state of charge (SOC), and battery
temperature [8]. The heat generation model has been widely used because of its convenient
use and reasonable accuracy, but it does not take into account the existence of phase change
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heat and mixing heat. For irreversible heat, (E — U) can be replaced by IR; R denotes the
internal resistance of the battery, and the formula can be simplified as:

dE

=I’R—IT—
Q o )
Compared with irreversible heat, reversible heat can be negligible in practical hybrid
electric vehicle and pure electric vehicle applications [28]. Therefore, the formula can also

be expressed as [29]:
AS

2
Q=IR-1 TT (6)
where AS represents the entropy change, which is negative when charging and positive
when discharging. F is the Faraday constant.

The heat generation model of LIB can be divided into electro-thermal models and
electrochemical thermal models [30]. Ping et al. [31] established an electro-thermal coupling
model to study the phenomenon from the normal cycle to thermal runaway. It was found
that as the battery discharge rate increased, the thermal runaway time of the battery
was advanced. Zhang et al. [23] established a one-dimensional electrochemical thermal
model to analyze the heat generation of the battery during charging and discharging,
and found that ohmic heat, electrochemical reaction heat, and joule heat are the main
heat sources. Liebig et al. [32] proposed a model that can simulate the electrochemical
and thermal behavior of the battery with high precision. It is found that the thermal
behavior of the battery is mainly reversible heat at low current rates, while at high current
rates, irreversible heat becomes the main. They then coupled an electrochemical model
with a three-dimensional thermal model to simulate the thermal behavior of LIBs in a
real environment [33]. Panchal et al. [34] proposed an electrochemical thermal model
to study the transient temperature distribution of 18650 LIBs. It is discovered that the
model accurately forecasts the data when compared with the outcomes of the experiments.
Accordingly, it is possible to understand the thermal and electrochemical behavior of LIBs
using a thermal model, which is useful for understanding the internal structure of the
battery and can accurately predict the working temperature of the battery.

2.2. Temperature Effects

The optimal operating temperature range of LIBs is relatively narrow, and too low or
too high temperature will affect the performance of the battery. As shown in Figure 2, the
LIB shows the best performance only when it works within 15-35 °C. Atlower temperatures,
the ability of lithium ions to diffuse is limited, and it increases the internal impedance,
and the discharge capacity of the battery decreases [7]. In contrast, the active chemistry in
the battery can be damaged at high temperatures, which can result in irreparable damage
to the capacity and life of the battery and possibly cause thermal runaway [35]. Thermal
runaway is one of the main safety issues facing LIBs. It refers to the uncontrollable rise in
battery temperature caused by a chain reaction of heat release from a single battery cell.
When the battery temperature continues to rise and the heat cannot be dissipated in time,
if no measures are taken to control it, thermal runaway will occur when the temperature
threshold is exceeded [36]. In the process of thermal runaway, a large amount of heat and
harmful gases are often generated, and even lead to battery fire and explosion [2].
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Figure 2. Operating range of LIBs [37].

According to a study by Jaguemont et al. [35] on the impact of low temperatures on
LIB performance, battery capacity will drop off rapidly as the operating temperature drops.
This is because LIBs will lose capacity as they mature at low temperatures. Zhang et al. [38]
also investigated the aging mechanism of batteries at low temperatures and came to similar
conclusions. According to the experimental results, the battery impedance increases at low
temperatures, and its capacity is significantly reduced. Another point worth noting is that
LIBs operating at low temperatures may undergo lithium-ion plating and dendrites, which
can lead to severe degradation of the battery’s performance [39,40]. At high temperatures,
with the temperature continuing to rise, LIBs undergo a number of reactions that affect
their performance. As shown in Figure 3, the solid electrolyte interface film (SEI) will
first decompose at 90 °C or even lower temperatures. During the first charge—discharge
cycle of the LIB, a passivation layer called SEI is created on the surface of the negative
electrode. It can successfully stop the organic solvent in the electrolyte from damaging
the electrode material, which improves the performance of the battery. Secondly, Li reacts
with the electrolyte. Then, after 135 °C, the separator melts, which leads to a short circuit
between the two electrodes [2]. When the temperature rises to 200 °C, it will trigger a series
of complex reactions. As lithium ions and electrolytes are consumed in large quantities, the
capacity and performance of the battery decline dramatically. Zhao et al. [41] emphasized
that for every 1 °C increase in temperature between 30 °C and 40 °C, the battery life will
be reduced by two months. Ramadass et al. [42] compared the charge—discharge cycles at
room temperature, 45 °C, 50 °C, and 55 °C. The results showed that the battery capacity
loss was 30% after 800 cycles at room temperature, and the capacity loss was as high as 70%
after 490 cycles at 55 °C. As the temperature and number of cycles increased, this reduced

capacity and a higher impedance resulted in a drop in battery power.
Infact, LIBs are frequently employed as battery packs to reach the necessary voltage

and capacity. The battery pack might accumulate heat more easily, which can lead to
localized overheating. As a result, another important aspect impacting battery performance
is the temperature consistency between cells. For battery packs, the temperature difference
between cells should be controlled to within 5 °C to prevent rapid deterioration occurring
in a single cell and reducing the life of the battery pack [43]. Yang et al. [44] quantified the
relationship between the temperature difference and the capacity loss rate of the parallel
battery pack and studied the temperature difference in the battery capacity. They also
discovered that when the temperature difference between the batteries grew, the rate of
capacity loss grew. Yan et al. [10] pointed out that the small temperature difference between
the batteries is conducive to promoting the balance of the battery during the cycle and
maintaining the charging and discharging behavior of the entire battery pack. However, as
the temperature difference increases, it can accelerate battery degradation, leading to safety
issues, such as overheating and thermal runaway. Moreover, the performance of a battery
pack made up of batteries with different capacities connected in series is constrained by the
capacity of the smallest battery [45]. The consistency across batteries must be regarded to
prevent overcharging individual batteries inside the battery pack [46].
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In summary, it is essential to keep the temperature of the battery and the temperature
difference between batteries within the ideal range for better performance and longer
service life. The BTMS can not only dissipate the heat generated by the battery in time to
avoid the high temperature of the battery, but also reduce the temperature gradient inside
the battery and maintain a good temperature uniformity.
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Figure 3. The reaction of LIBs at different temperatures [47].

3. Liquid-Cooled BTMS

Liquid cooling can be divided into indirect cooling and direct cooling (also known
as immersion cooling), depending on whether the coolant is in contact with the battery,
as shown in Figure 4. Indirect liquid cooling usually involves placing cooling plates [48],
discrete tubes [8], or jackets [49] on the surface of the cell. This cooling technique moves
the heat produced by the battery to the outside with the flowing coolant, avoiding direct
contact between the coolant and the battery [50]. In direct liquid cooling, the coolant is in
direct contact with the battery, which requires the use of non-conductive medium fluid as
coolant [7]. Direct liquid cooling greatly improves the contact area between the battery and
the coolant, thereby obtaining an extremely high heat transfer rate. Direct liquid cooling
can be divided into single phase and two phase, according to whether the coolant has
phase change. Compared with indirect liquid cooling, direct liquid cooling shows a better
cooling effect and can improve the uniformity of temperature distribution. As the battery
and coolant are in direct contact, this reduces the need for complex flow path designs
and reduces the risk of accidental leakage of coolant, which could cause short circuits
in the battery [51]. Although direct liquid cooling is considered to be a better choice for
the BTMS in the future, it has not been commonly used in electric vehicle [52]. In this
section, the main research progress of indirect liquid cooling and direct liquid cooling is
introduced. Secondly, the research of different coolants in each part is summarized and
analyzed. Finally, attention is paid to the composite cooling system based on liquid cooling.

281



Batteries 2023, 9, 400

— Cooling plates

—| Indirect liquid

Discrete tubes

cooling
‘- -’.' ; ccl
— JTackets b
core
Liquid cooling |— /If_, G:m
¥
Vs N
- Single
Single phase phase =
cooling .
Direct liquid
cooling ) =
Two phase w [ Y &
cooling phase | G948 % d
=

Figure 4. Classification of liquid cooling and corresponding examples [8,48,49,53].

3.1. Indirect Liquid Cooling

In indirect liquid cooling, different shapes of batteries are suitable for different cooling
devices. Cylindrical batteries usually use discrete tubes or jackets in order to have a larger
contact area between the surface and the coolant. For prismatic batteries or pouch batteries,
flat cold plates are usually the best choice. The air gap between the cooling plate or tube
and the battery will contribute to heat insulation and lower heat transfer efficiency as a
result of the coolant and battery not making direct contact with each other. A high-precision
cold metal plate, as well as a high-thermal-conductivity grease or epoxy bonding agent,
are required to eliminate air gaps, thereby reducing thermal contact resistance [5,9,53-55].
In order to improve the heat dissipation of the battery, researchers have conducted many
studies on indirect liquid cooling. The selection of coolants, the design of flow channels,
and the optimization of system structures have received a lot of attention, and these studies
are covered in this section.

3.1.1. Coolant

The viscosity, density, thermal conductivity, specific heat capacity, and flow rate of
the coolant are significant variables determining the cooling capacity and heat transfer
efficiency in liquid cooling. In order not to increase the pumping power and improve the
cooling effect, a coolant with high thermal conductivity and low viscosity is needed. As the
most accessible liquid in life, water has been widely used in indirect liquid cooling systems.
It has been discovered that using water as a coolant may assure battery temperature
consistency and enhance BTMS cooling performance [56,57]. Karimi and Dehghan [58]
used air, water, and silicone oil as coolants to study the performance of the BTMS. According
to the simulation results, using water as a coolant instead of air or silicone oil can not only
use less power, but also keep the temperature within reasonable bounds. In addition, water
has higher thermal conductivity and specific heat capacity than air, and lower viscosity
than oil, which ensures the heat transfer capacity and helps reduce additional energy
consumption. In order to reduce the freezing point of water, so that the BTMS can be
used at a lower temperature (below zero), the water/glycol mixture is usually used as
the coolant. Adding glycol to water can substantially extend the breadth of application of
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BTMSs and lower the danger of battery damage caused by increased volume following
water condensation. To eliminate short circuit issues brought on by contact with the battery
following liquid leakage, the BTMS based on water or water/glycol liquid should strictly
avoid direct contact between the coolant and the battery [59].

Recently, nanofluids have attracted the attention and research of scholars due to their
excellent thermal conductivity in BTMSs [60-62]. The thermal conductivity of the liquid is
improved by adding metal particles to the water to make it a nanofluid. The concentration
and size of nanoparticles are two important factors affecting the thermal conductivity of
nanofluids. Zakaria et al. [63] investigated the effect of AlO3 nanoparticles with different
volume concentrations (0.1, 0.3, and 0.5%) on thermal conductivity in a water/glycol mix-
ture. The results showed that the thermal conductivity increased with the concentration
of nanoparticles in the water/glycol mixture. In the water/glycol mixture with a volume
ratio of 1:1, the volume concentrations of nanoparticles were 0.1%, 0.3%, and 0.5%, re-
spectively, and the thermal conductivity increased by 2%, 4.2%, and 7.5%, respectively.
Maheshwary et al. [64] investigated the effects of TiO, nanoparticle concentration, size,
and shape on the thermal conductivity of nanofluids. Thermal conductivity rises with
concentration, according to experimental data. Thermal conductivity can also be improved
by altering the shape and particle size, although the concentration influences this property
the most. In addition, Teng et al. [65] studied the effect of Al,O5 particle size on nanofluids
and found that the enhancement effect of nanofluids on thermal conductivity became larger
at higher temperatures, and for small-sized nanoparticles, the effect of temperature rise on
the thermal conductivity of nanofluids was more obvious. In other studies [66,67], it was
also found that smaller nanoparticles are beneficial to enhance the thermal conductivity of
nanofluids.

Tousi et al. [68] studied the thermal management of 18650/21700 LIBs based on AgO
nanofluids. It was revealed that the maximum temperature and temperature difference
of the battery pack were greatly lowered after adding nanoparticles in water, while the
pressure drop in the channel was increased. The findings demonstrate that, even at a high
discharge rate of 7C, the maximum temperature and temperature difference of the battery
can be kept within 33.5 °C and 0.67 °C at an appropriate flow rate and concentration of
the nanofluid. Sarchami et al. [69] designed an indirect liquid cooling system combining
a cooling channel and a copper sleeve, using Al,O3 nanofluids with volume fractions
of 1% and 2% as coolants. Experiments showed that the maximum temperature and
maximum temperature difference of the battery can decrease significantly with the increase
of nanoparticle concentration. At a 5C charge-discharge rate, the maximum temperature
and maximum temperature difference of the battery pack can be reduced below 305.13 K
and 2.01 K, respectively. Guo et al. [70] similarly highlighted that the cooling performance of
the BTMS can be achieved with more pressure loss. Additionally, they investigated the effect
of nanoparticle shape on cell performance and discovered that brick-shaped nanoparticles
could reduce cell capacity loss, while spherical-shaped nanoparticles preferred lower
pressure loss. Therefore, it can be seen that the addition of nanoparticles is beneficial to
improve the thermal conductivity of the coolant and the temperature uniformity in the
battery pack, but nanofluids may have problems with particle deposition and blockage.
Meanwhile, as nanoparticles are added and the fluid flow rate increases, this can lead to
larger pressure drops and energy consumption in the system, which needs to be taken into
account when choosing a nanofluid as a coolant.

Liquid metal is used in BTMSs as another coolant with high thermal conductivity.
Yang et al. [71] proposed using liquid metal instead of water as a coolant for BTMS. It was
found that the liquid metal cooling system has better cooling performance, which can
control the battery pack temperature to a lower and more uniform range, while consuming
less pumping power. In addition, liquid metals can be applied to extreme conditions, such
as rapid charge-discharge processes and high-temperature environments. Liu et al. [72]
also found that liquid metal has better cooling capacity and energy consumption than
water. A variable flow velocity strategy (VFVS) BTIMS was used in Liu’s study in order to
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modify the liquid flow rate in response to various circumstances. The results demonstrated
that under the three conditions of constant ambient temperature with variable C-rate
(CTVCQ), constant C-rate with variable ambient temperature (CCVT), and variable ambient
temperature with variable C-rate (VCVT), the pump power is reduced by 47%, 25.6%, and
47%, respectively, in comparison to the conventional constant flow velocity strategy (CFVS).
This shows that the liquid metal used in indirect liquid cooling can display good cooling
performance and effectively reduce energy consumption. Therefore, liquid metal can be
considered to replace water as a coolant in a high-temperature environment and a high
discharge rate, but experiments are lacking to verify the effectiveness of liquid metal for
use in BTMSs.

In addition to studying coolants with different thermal conductivities to improve
the cooling performance of the BTMS, some scholars have also studied the temperature
of the coolant inlet. Panchal et al. [21] designed a microchannel cold plate to cool the
prismatic battery and studied the water cooling effect at the three operating temperatures
of 5 °C, 15 °C, and 25 °C. It was found that the coolant temperature would affect the
cooling performance of the cold plate. Malik et al. [73] studied the performance of the
battery pack at different coolant temperatures (10 °C, 20 °C, 30 °C, and 40 °C) based on
the cold plate. Experimental results showed that the performance of the battery pack was
improved with the increase of the coolant temperature. They found that when the coolant
temperature is 30 °C, the maximum and average temperature of the battery pack can be
controlled within 25 °C to 40 °C, whether at a low discharge rate or a high discharge rate.
In Shang’s study [74], it was discovered that the maximum temperature of the battery
module decreased with the decrease of the coolant inlet temperature, but the change of
temperature uniformity was not noticeable. Therefore, the temperature of the coolant is
also an important factor affecting the performance of the BTMS. Appropriately reducing
the inlet temperature of the coolant is beneficial to improve the temperature of the battery.

3.1.2. Flow Channel Optimization Design

In indirect liquid cooling, the coolant needs to pass through specific channels. How-
ever, different channel designs can have different effects on the thermal performance
and energy consumption of the BTMS, so researchers have carried out many studies
on channels. For the geometry of the cold plate channels, typical designs are shown in
Figure 5. Huo et al. [75] designed a multichannel parallel cold plate (Figure 5a). The effects
of channel number, flow direction, mass flow rate, and ambient temperature on battery
temperature were studied by numerical simulation. Jarrett et al. [59] used the CFD method
to numerically simulate the serpentine channel cold plate (Figure 5b); determined the
optimal design of the objective function of cooling hydraulic drop, temperature uniformity,
and average temperature; and studied the influence of boundary condition changes on the
performance of the cold plate. For the cold plate channel, its shape is mostly linear along
the flow direction, and the resistance will increase when the coolant flows in the pipeline.
In this case, Huang et al. [76] used streamlined channels for indirect liquid cooling, as
shown in Figure 5c. They found that this channel can effectively reduce the flow resistance
of the liquid and improve the temperature distribution of the battery. On the other hand,
Deng et al. [77] used a U-shaped serpentine channel cold plate (Figure 5d) to reduce the
resistance of liquid flow in the channel.
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Figure 5. Typical design of the channel: (a) parallel channel [75]; (b) serpentine channel [59];
(c) streamlined channel [76]; (d) U-shaped serpentine channel [77].

Based on the typical channel structure, parallel channels and serpentine channels are
gradually replaced by channels with a better cooling effect. Monika et al. [78] compared
six cold plate designs with the same channel volume, as shown in Figure 6a, which are
straight channel, serpentine channel, U-shaped channel, pumpkin-shaped channel, spiral
channel, and hexagonal structure channel. Through numerical analysis, it was discovered
that, despite having a high pressure drop, the snake channel and hexagonal channel have
good cooling properties and can significantly improve the temperature distribution of
the battery pack. In contrast, the pumpkin-shaped channel is useful for lowering the
pressure drop and pumping power. In another study, comparing the performance of the
cold plate of the snake channel with that of the parallel channel, it was also found that
the pressure drop of the snake channel was greater than that of the parallel channel [79].
Moreover, Chen et al. [80] studied the cooling performance of the BTMS based on a parallel
mini-channel cold plate (PMCP), and designed three different flow channels of PMCP (type
I, Z, and U). It was discovered that the cooling performance of PMCP was greatly enhanced
by altering the edge width and channel width of the cold plate. Three symmetrical PMCPS
are also built in Chen'’s study, as seen in Figure 6b. The results showed that the symmetrical
cold plate can control the maximum temperature and temperature difference of the battery
module within a low range, and is conducive to reducing the energy consumption of the
system.
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Figure 6. (a) Design of six cold plate channels [78]; (b) Three symmetric PMCPs [80].

With regard to the geometry of the flow channel, topology optimization (TO) can also
be used to effectively improve the heat transfer efficiency of the cold plate and reduce the
flow loss [81]. TO enables greater flexibility in optimization on the basis of pre-designed
channels, thus improving the cooling performance of the system [82]. Chen et al. [83]
designed a cooling plate with a new channel structure by TO, as shown in Figure 7.
Numerical analysis showed that compared with the conventional rectangular channel cold
plate (RCP) and serpentine channel cold plate (SCP), the topology optimization cold plate
(TCP) has a higher heat transfer coefficient. At the same inlet pressure, the maximum
temperature, temperature difference, and temperature standard deviation of TCP-RCP
are 0.27%, 19.5%, and 24.66% lower, respectively, than those of the rectangular channel
cold plate (RCP). Sun et al. [84] and Wang et al. [85] also used the TO method to study
the cold plate, and found that TO can effectively improve the cooling efficiency of the
BTMS. However, the application and research of TO in BTMSs are still relatively few. Most
of the studies still analyze the cooling effect through numerical simulation. To explore
the feasibility of the cooling plate by TO, TO should be experimentally verified in future
research.

(1) TCP-RCP

() RCP - (d)SCP

Figure 7. Cold plate diagram [83].

In the study of channel width, Jarrett and Kim [59] studied the influence of channel
structure on its performance based on the serpentine channel cold plate and proposed
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several channel designs (Figure 8). Through a numerical optimization algorithm, it is
concluded that the minimum average temperature and pressure drop can be optimized by
increasing the channel width to the maximum extent. To optimize the design of uniform
temperature, the flow channel with a narrow inlet and wide outlet should be adopted.
In addition, Qian et al. [86] used numerical analysis to study the performance of parallel
channel cold plates and found that when the channel width increased from 3 mm to 6 mm,
the pressure drop of the system decreased by 55%. On the other hand, the distance between
channels is also important to improve the performance of the cold plate. Choi et al. [87]
used the CFD method to assess the design of the serpentine channel cold plate and found
that narrowing the channel spacing near the outlet of the cold plate is beneficial to improve
the cooling performance. Based on the above research, appropriately increasing the width
of the channel and reducing the spacing between the channels may be an optimal choice to
improve the performance of the cold plate.

Figure 8. Optimization design of flow channel: black area represents the liquid channel [59].

The application of microchannels to indirect liquid cooling can increase the heat
transfer area and thermal conductivity, reducing the average and differential temperatures
of the battery and enhancing the efficiency of the thermal management system [86,88].
Lan et al. [89] designed a novel BTMS. Aluminum microchannel tubes were placed on
the three surfaces of the prismatic battery, and water flowed in the channel as a coolant.
According to the results, the BTMS with microchannels can demonstrate a greater cooling
effect and lower the maximum temperature and maximum temperature difference of the
battery without causing pressure drop or requiring excessive pumping power. For the
study of the internal structure of the microchannel, Lee et al. [90] proposed a heat transfer
enhancement scheme, using inclined fins to adjust the flow in the microchannel. This
design promotes the redevelopment of the boundary layer and the generation of secondary
flow and improves the heat transfer performance. Subsequently, Jin et al. [91] proposed a
microchannel ultra-thin liquid cold plate (LCP) with inclined fins. As shown in Figure 9,
the heat transfer performance of the traditional straight channel will weaken along the
axial direction, and the thickness of the boundary layer will increase, resulting in a higher
maximum temperature and larger temperature difference. The design of these inclined fins
can initialize the flow boundary layer. The research shows that the cold plate with inclined
fins has a better cooling effect than the traditional straight channel cold plate, which can
significantly improve the performance of the BTMS.

Obviously, the cooling performance of indirect liquid cooling can be improved by
adjusting the structure and configuration of the channel, including the channel geometry,
channel width, channel spacing, number of inlets and outlets, microchannels, etc. At
present, most of the research focuses on numerical simulation and theoretical analysis.
In future research, manufacturing technology and cost need to be considered in order to
obtain satisfactory results in practical applications.
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Figure 9. Boundary layer development: (a) traditional straight channel; (b) inclined fin microchan-
nel [91].

3.1.3. Structure Optimization of Liquid Cooling System

The location of the cold plate, the contact area between the cooling structure and
the battery, the number of cooling channels, and the coolant flow rate have an important
influence on the cooling performance of the system. According to the position of the cold
plate, it can be divided into bottom cooling and side cooling. Darcovich et al. [92] examined
the cooling effectiveness of the two cold plate locations by putting the cold plate on the side
and bottom of the prismatic battery. Because side cooling has more contact areas with the
battery than bottom cooling, it has a lower maximal temperature and greater temperature
uniformity. Tang et al. [93] designed a multichannel wavy tube for cylindrical battery
packs. As shown in Figure 10, the two sides of the wave tube have radians that can be
in close contact with the side of the battery. The maximum temperature and maximum
temperature difference of the battery pack were studied by changing the wavy contact angle
(«) and mass flow. The wave tube can reduce the uneven temperature in the battery pack
and has a good heat dissipation capability at low flow rates, according to simulation and
experimental results. Similarly, Zhao et al. [94] also designed a side cooling wave channel
for the battery pack. Through simulation, it was discovered that even at a charge-discharge
rate of 5C, the wave channel was still practical for the thermal control of the battery.

In addition to studying the location of the cooling device, changing the number of cold
plates can also improve the temperature distribution of the battery pack. Qian et al. [86]
designed two cooling systems based on different numbers of cold plates. The simulation
results showed that the three cold plates helped to improve the temperature distribution.
When the coolant flow rate is 1 x 1073 kg/s, the maximum temperature and temperature
difference of the battery pack are reduced by 13.3% and 43.3%, respectively. In another
study [95], the author designed six different arrangement schemes of cold plates to study
the heat dissipation effect of the battery pack. The maximum temperature of the battery
pack decreased with the increase of the number of cold plates. When the number of cold
plates increased to five, the heat dissipation performance of the system was the best. The
author emphasized that when the number of cold plates is the same, placing the cold plates
evenly near the intermediate battery is beneficial to reduce the maximum temperature.
Therefore, within the allowable range of cost and power, side cold plates should be selected
as much as possible, and the number of cold plates should be increased.
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Figure 10. Battery module structure [93].

A key problem in indirect liquid cooling is that there is an air gap between the battery
surface and the cooling structure, resulting in a decrease in cooling efficiency. Therefore,
it is crucial to design a suitable contact area to increase the effectiveness of heat transfer.
Zhou et al. [96] investigated a liquid cooling system based on the half-helical duct, as
shown in Figure 11a. They pointed out that this structure is more efficient due to the small
volume of liquid and no stagnation zone. Rao et al. [97] proposed a variable contact surface
cylindrical BTMS, as shown in Figure 11b. According to the simulation results, the BTMS
with a changeable contact surface helps to increase the battery’s temperature uniformity.
Siruvuri et al. [98] designed an s-shaped cooling channel and analyzed the influence of
the contact area between the channel and the battery on BTMS. They pointed out that
increasing the contact area can improve the cooling effect of the battery. In addition, the
contact area with the battery can be controlled by changing the width of the cold plate [74]
and the angle between the wave tube and the battery [93,94], thereby improving the cooling
performance of the BTMS.

Aluminum block

Half helical duct

(a) (b)

Figure 11. The contact surface design of the liquid cooling system: (a) half-helical duct [96]; (b) vari-

able contact surface [97].

The number of cooling channels and the direction of flow are also two key factors in
improving cooling performance. Zhao et al. [99] designed a new liquid cooling system
for cylindrical LIBs. A liquid-cooled cylinder (LCC) with microchannels was positioned
around the battery, as seen in Figure 12a. Numerical simulations have found that the
maximum cell temperature can be controlled to within 40 °C when there are no less than
4 channels and a mass flow rate of 1 x 1073 kg/s. For the flow direction, the reverse
flow of some channels has little effect on the maximum temperature and temperature
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difference of the battery. Qian et al. [86] established a three-dimensional liquid cooling
model based on the microchannel cold plate. The results showed that the best cooling effect
was obtained when the number of channels was five. They designed four cases for different
flow directions (Figure 12b). It is found that the maximum temperature of cases 1 and 3 is
almost the same, which is 8% lower than that of cases 2 and 4. Deng [77] similarly found
that cooling efficiency continued to improve as the number of channels increased, but
after the number of channels exceeded five, the improvement became insignificant after
increasing the number of channels further. Deng et al. [95] investigated the effect of liquid
flow direction in the cold plate channel on cell temperature and found that changing the
flow direction of the liquid facilitated the uniformity of the cell temperature.

electrodes

== - — Heat
exchanger l 1
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Cold-plate

R, : 2lmm
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() (b)
Figure 12. (a) Battery pack schematic [99]; (b) Different flow directions of liquids [86].

Therefore, the number of cold plate channels is not as high as possible, and an optimal
number of channels exists. As the number of channels increases, it may lead to an uneven
distribution of flow rates within the channels, making the temperature difference between
cells increase. The change of flow direction is beneficial to reduce the maximum temperature
of the battery, but its improvement on the cooling performance is affected by the coolant
flow rate [75].

A ot of research has been conducted on the flow rate of coolant in the channel. By
increasing the flow rate of the liquid, it is beneficial to dissipate the heat generated by
the battery quickly, but it is the same as choosing the number of channels, and we cannot
blindly increase the flow rate to improve the heat distribution of the system. It has been
found that when the flow rate is increased to a certain value, a higher flow rate has no
significant effect on the cooling effect, but instead increases the additional power of the
pump. This phenomenon is called the limited cooling capacity when designing BTMS
related to the liquid cooling structure of a specific cold plate [100]. Therefore, many studies
have considered the balance between cooling effectiveness and energy consumption to find
the optimum flow rate [9,13,75,101]. Pan et al. [102] studied the effects of the number of
channels, thickness of the cold plate panel, coolant mass flow rate, and thickness of the
cooling tube on the cooling performance of the battery system. Based on an orthogonal test
created using these four variables, it was discovered that the thickness of the cooling plate
or cooling tube had a minor impact on the battery’s ability to dissipate heat, whereas the
number of cooling channels and coolant mass flow rate had a significant impact. Increasing
the mass flow rate was an efficient way to improve battery heat dissipation. Jia et al. [103]
similarly found that the number of pipes and coolant flow rate were the main factors
affecting cell temperature uniformity, while pipe width and pipe height were secondary
factors.

Mohammadian et al. [104] proposed an internal cooling system, in which the elec-
trolyte acts as a coolant through the microchannel between the positive and negative

290



Batteries 2023, 9, 400

External Cooling

electrodes of the battery, as shown in Figure 13a. To evaluate the internal and external
cooling techniques used by the BTMS, a two-dimensional and three-dimensional transient
thermal analysis of the prismatic battery pack was carried out. The results show that inter-
nal cooling systems are superior to external cooling systems, with internal cooling reducing
the internal cell temperature more than external cooling for the same pumping power,
and significantly reducing the standard deviation of the internal cell temperature field.
Although internal cooling helps to increase cooling efficiency and decrease the temperature
gradient, it will also add weight to the system and be more expensive to manufacture
due to its high manufacturing difficulty. In order to improve the safety of indirect liquid
cooling, Basu et al. [16] designed an aluminum wave heat conduction element based on the
liquid cooling system to replace the contact between the cooling channel and the battery
(Figure 13b). The aluminum heat dissipation element transfers the heat generated by the
battery to the cooling channels on both sides, and the coolant takes the heat away through
the channels on both sides. In the event of coolant leakage, the heat conduction element
can be used as a baffle between the coolant and the battery, thereby improving the safety of
the BTMS.

Coolant flow
Condution Element

Coolant flow

@) (b)
Figure 13. (a) Internal cooling structure diagram [104]; (b) System architecture diagram [16].

Recently, many innovative structures have been proposed in the design of battery
packs for electric vehicles (Figure 14) to improve the energy density and volume utilization
of the battery system. Conventional battery packs (Figure 14a) are composed of cells,
modules, and battery packs, and this method not only results in a waste of space and
weight, but also leads to the group efficiency being only about 50%, which limits the
driving range [105]. The cell-to-pack (CTP) battery system (Figure 14b,c) skips the module
and goes directly from cell to pack, which improves both energy density and volume
utilization by 15-20% [106]. However, while the battery system is still a separate structure
for CTP, the cell-to-chassis (CTC) battery system (Figure 14d) integrates the battery directly
into the vehicle chassis, which not only improves the energy density, but also enables a
further increase in space utilization [107]. Compared with conventional battery packs, both
CTP and CTC technologies simplify the system structure to increase the energy density
of the battery, but from the safety point of view, the batteries are placed closely together,
which is easy to cause heat accumulation, thus causing thermal safety problems [108].
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Figure 14. Schematic configuration of various battery systems: (a) conventional battery pack;
(b) CATL cell-to-pack; (c) BYD blade battery cell-to-pack; (d) cell-to-chassis [109].

The heat dissipation of batteries in CTP and CTC systems mainly relies on cold plates,
which brings new challenges to the BTMS. For example, Shen et al. [105] developed a
3D model of the CTP battery system and investigated the heat dissipation performance
of the cold plate at the bottom of the battery pack. The simulation results showed that
under extreme conditions (4C charging), the maximum temperature of the battery reached
79 °C, implying that the cold plate was not able to meet the heat dissipation needs of the
system, and the battery might experience thermal runaway. In order to solve the heat
dissipation problem in the CTP battery system, Sun et al. [110] optimized the structure of
indirect liquid cooling under fast charging to study the effects of channel height, channel
width, coolant flow, and coolant temperature on the battery temperature. The simulation
results found that the coolant flow rate and temperature are the main factors affecting
the battery temperature, while the channel height and width have little influence, and
the temperature of the battery pack can be controlled at 30-35 °C under an effective
configuration. In addition, the authors proposed a coolant inlet direction exchange method
to reduce the temperature difference of the battery system, and achieved good results.
From the perspective of crashworthiness and heat dissipation, Wang et al. [111] added
negative Poisson’s ratio (NPR) tubular structures (including an anti-collision layer and heat
dissipation layer) on both sides of the CTP battery pack. The numerical simulation results
indicated that the CTP-NPR system has superior structural safety and heat dissipation
compared with the CTP system. Besides studying the cooling system structure, the safety of
BTMS can be improved by optimizing the arrangement structure of batteries. In this regard,
Jin et al. [109] investigated the influence of the battery arrangement structure on thermal
runaway propagation in CTC systems. The results indicated that the safety of the battery
system can be improved by adjusting the battery structure. After changing the battery
arrangement from the conventional in-line configuration into the brick configuration, the
thermal runaway propagation can be effectively prevented due to the lower peak heat flow
in the brick configuration and the fact that the heat can be transferred to more adjacent
batteries.

In summary, the performance of battery thermal management can be improved by
adjusting the structure of indirect liquid cooling, but as the energy density of the battery
continues to increase, this will create higher heat dissipation requirements for BTMS.

3.2. Direct Liquid Cooling

In the direct liquid cooling system, the coolant and the battery are in direct contact,
which makes the heat transfer process more effective and simplifies the structure of the
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system and reduces the contact thermal resistance. The coolant in direct liquid cooling sys-
tems should be well-insulated, non-flammable, and environmentally friendly. Commonly
used fluids include silicone oil, transformer oil, hydrofluoroether ether, etc. Compared
with indirect liquid cooling, it can save space and costs and reduce overall weight, but from
the perspective of energy consumption, direct liquid cooling systems require more energy
since the coolant has a high viscosity [2]. Several investigators [91,112] have noted that
direct liquid cooling systems for BTMSs may not be appropriate for application because
of their greater viscosity, which uses more energy than indirect liquid cooling. However,
oil-immersed direct contact is a mature transformer cooling technology, which can provide
some references for the design of the BTMS [15]. Karimi et al. [58] pointed out that although
silicone oil needs high pumping power, it can provide effective cooling performance with
an appropriate flow configuration. In addition, Patil et al. [5] showed that dielectric fluid
immersion cooling technology is safe, because the voltage and current of LIBs are not
affected by immersion cooling and can provide similar electrical properties. Liu et al. [52]
suggest that immersion cooling may be a better option for future battery thermal manage-
ment. In summary, the battery thermal management based on direct liquid cooling has
great research significance. The research on direct cooling is introduced below.

3.2.1. Coolant

A typical coolant used for direct cooling is oil. Oil has higher thermal conductivity and
electrical insulation than air and water. The temperature of the battery can be reasonably
controlled by completely submerging it in oil. Single-phase oils that are frequently used
in direct liquid cooling are silicone oil and mineral oil. They have some benefits over
conventional coolants, including high dielectric strength, great thermal conductivity, good
fire resistance, low corrosion resistance, and difficulty in burning [113]. Chen et al. [9]
compared air cooling, direct liquid cooling, and indirect liquid cooling using mineral oil
as the coolant in direct contact with the cell and found mineral oil cooling to be more
effective than air cooling. However, under the same temperature rise conditions, mineral
oil requires a greater flow rate and consumes more energy than indirect cooling with water
due to its high viscosity. Similar conclusions were reached by Karimi et al. [58] for a silicone
oil study. In order to balance the cooling effect and energy consumption, Liu et al. [101]
designed a BTMS based on mineral oil immersion to investigate the improvement of heat
dissipation performance with different flow rates. At a 2C discharge rate, it was found
that the battery immersed in mineral oil exhibited a better temperature distribution, even
when the cooling medium was not flowing, with maximum and maximum temperature
differences of 37.35 °C and 2.64 °C for the battery, respectively. As seen in Figure 15,
increasing the flow rate of mineral oil reduced the cell temperature and kept the maximum
temperature within 35 °C, but the improvement in cooling performance diminished at flow
rates above 15 mL/min. Therefore, when using insulating oil as a coolant, as with indirect
liquid cooling, there may be a cooling limit. Once the flow rate has increased to a certain
value, any further increase in the flow rate will have a more limited improvement in the
cooling effect, which requires a balance of energy consumption and cooling effect to be
considered in order to select the optimum coolant flow rate.

The BTMS based on boiling heat transfer has attracted attention because of its ability
to effectively control the temperature of the battery pack and maintain a uniform battery
temperature. Commonly used in the boiling cooling of batteries is the Novec 7000 from
3M in St. Paul, MN, USA, which is non-flammable and has a boiling point of 34 °C, just
within the optimum operating temperature range for LIBs [51]. When the temperature
is below the boiling point, boiling liquid cooling is a single-phase cooling method that
has a much greater cooling capacity than air and can improve the heat distribution of the
cell even if boiling does not occur. Once the temperature exceeds the boiling point, the
liquid will absorb a large amount of latent heat during evaporation into the gaseous state,
keeping the temperature around the boiling point (Figure 16). However, once the liquid has
evaporated into a gaseous state, an additional condensation system is required to collect
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the boiling liquid for recycling, which adds to the complexity of the BTMS. Wu et al. [114]
proposed a boiling cooling BTMS, in which Novec 7000 is used as a coolant in direct contact
with a 20 Ah LiFePOy LIB. The surface temperature of the battery can still be kept within
36 °C when the coolant is not flowing, and the temperature uniformity of the battery is
also significantly enhanced. The authors proposed an intermittent flow mode, in which the
maximum temperature and maximum temperature difference of the cell are controlled to
below 36 °C and 2 °C, respectively. Wang et al. [115] and Gils et al. [116] studied Novec

7000 as a coolant in direct contact with the battery, and also obtained a satisfactory cooling
effect.
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Figure 15. The maxima of the battery surface temperature (Tj.x) and the average battery surface
temperature (Type-max ) at different TO volumetric flow rates [101].
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Figure 16. Temperature characteristics based on boiling liquids.

Esters, as another coolant that can be used in direct liquid cooling systems, can be
divided into natural esters and synthetic esters. Natural esters are produced by vegetable
oils containing a glycerol backbone, while synthetic esters are produced by the reaction
between polyol and carboxylic acids [53]. Compared with synthetic esters, natural esters
have the disadvantage of being prone to oxidation and requiring the addition of antiox-
idants. Esters are less harmful to the environment than mineral oils and silicone fluids,
lower the risk of pollution even in the case of a leak, have high thermal conductivity,
and are non-corrosive. Esters have a greater flash point and ignition point than mineral
oils and a higher safety profile than oils, but they also have a higher viscosity, and more
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studies and evaluations are currently looking into using esters as transformer oils [117,118].
Madavan et al. [119] studied the performance of mixed esters, mixing several natural esters
with mineral oils in proportion, and found that the breakdown voltage of the natural ester
oils was superior to that of the mineral oils, but the viscosity and acidity of both the natural
esters and the mixed oils were higher than that of the mineral oils. The authors noted that
the higher-molecular acids are not harmful to the insulation system, but the high viscosity
increases energy consumption. Another advantage of esters compared with mineral oil is
their renewability. Due to the limited reserves of mineral oil, the feasibility of esters for
thermal management systems has received a lot of attention and research. Moreover, the
researchers also conducted a study to verify the feasibility of reusing the treated waste
vegetable oil. In this regard, Chairul et al. [120] combined several treatments and were able
to reduce the acidity of used edible vegetable oils to less than 0.06 mg KOH/g, and the
density, viscosity, and electrical properties of the treated oils met the requirements of BS
EN 62770.

In the area of BTMSs, M&I has introduced an ester-based immersion cooling medium
fluid called MIVOLT with a high ignition point and easy biodegradability, including
two products (DF7 for low viscosity and DFK for high viscosity) specifically for use in
cooling electric vehicle batteries [53]. Qubeissi et al. [121] proposed a biodiesel-based
immersion cooling system using four biodiesels (palm, karanja, jatropha, and mahua oils)
in comparison to two conventional coolants (air and 3M Novec). The simulation results
showed that using biodiesel for the BTMS was feasible because it could keep the battery
pack temperature within a reasonable range. As seen in Figure 17, the cooling effect of palm
oil and Novec is essentially the same. Moreover, because palm oil has a lower density than
Noveg, it facilitates a reduction in total weight. In conclusion, esters have been employed
in transformers, but research on BTMSs is still lacking. Esters would be a good candidate
coolant for BTMS if a low-viscosity and less oxidizable ester could be discovered as a
cooling medium for immersion cooling.
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Figure 17. The cooling effect of different cooling methods at a 3C discharge rate [121].

3.2.2. Research on Cooling Performance

In recent years, research on immersion cooling has focused on the cooling effect of
single batteries and battery packs. Pulugundla et al. [122] used experimental and numerical
analysis to compare the cooling effects of immersion cooling and indirect liquid cooling
on single cylindrical cells. They discovered that the cell temperature and temperature
gradient of the immersion cooling system was much lower than those of the indirect
cooling system at a 3C discharge rate. The authors also pointed out that immersion
cooling can offer superior cooling performance for applications involving cylindrical LIBs.
According to Bhattacharjee et al. [123], liquid cooling outperformed air cooling. The
maximum temperature of the battery pack was decreased by 30.62% by air cooling and
by 38.40% by indirect liquid cooling. The immersion cooling system exhibited remarkable
cooling capacity, as it can reduce the battery pack’s maximum temperature of 49.76 °C by
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44.87% at a 2C discharge rate. Cold plate cooling and immersion cooling were compared
by Dubey et al. [54], who came to the conclusion that the high thermal conductivity of
immersion cooling at high discharge rates was the reason why the battery pack’s maximum
temperature and average temperature were significantly lower than those of the cold plate
cooling system. Wang et al. [124] proposed immersion cooling with a compact structure
and superior cooling performance (Figure 18). Experimental research was conducted on the
effects of the immersion amount and flow rate on battery temperature using transformer
oil as a coolant. It was found that the best cooling performance was achieved when the
battery was fully submerged. Complete immersion displayed good cooling, even when
the liquid was not flowing, with maximum temperatures falling from 58.3 °C to 44.9 °C
and maximum temperature differences decreasing from 4.97 °C to 1.43 °C when compared
with natural convection cooling. In addition, Sundin et al. [125] and Jithin et al. [126] both
conducted studies based on single-phase immersion cooling fluids and similarly concluded
that immersion cooling was effective in improving the temperature distribution of the
batteries.
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Figure 18. Schematic structure of liquid-immersed cooling [124].

Based on immersion cooling, Trimbake et al. [127] proposed a jet impingement im-
mersion cooling of a 4-cell battery pack, using mineral oil as the coolant and designing
both submerged jet and direct-jet impingement. Experimental results showed that the
proposed jet impingement cooling was able to control the temperature difference between
cells, as well as within a single cell, to within 1 °C under 2C charging and 3C discharging,
respectively, showing excellent temperature uniformity. Liu et al. [128] examined the heat
dissipation capabilities of mineral oil with silicone oil. Figure 19 shows that both insulating
oils are able to control the maximum temperature and maximum temperature difference of
the cell to within 35 °C and 5 °C, respectively, with the mineral oil providing better cooling
than the silicone oil. Moreover, the coolant flow path in immersion cooling has garnered
interest. Patil et al. [5] pointed out that the placement of a baffle in direct liquid cooling
can alter the flow path of coolant. Compared with no baffle, the maximum temperature
and maximum temperature difference of a single battery are decreased by 2.2% and 1.0%,
respectively. Han et al. [129] stated that designing an optimal coolant flow path is necessary
to improve the cooling effect on the battery thermal management performance and apply it
to higher heat dissipation requirements.
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Figure 19. Maximum cell surface temperature and temperature difference curves at different dis-
charge multipliers: (a) the battery immersed in the mineral oil; (b) the battery immersed in the silicone
oil [128].

In the study of a two-phase immersion cooling system, Al Zareer et al. [130] used the
phase change fluid R134a to partially immerse the battery pack in the liquid. The phase
change fluid absorbed the heat generated by the battery and evaporated, and the vapor was
returned to the cooling system through the condensation channel. Although this cooling
method is quite simple, the BTMS based on phase change fluid shows superior cooling
performance. It was found that at a 5C charge—discharge rate and a battery coverage of
only 40%, the maximum temperature of the battery pack could be kept within 30 °C. To use
liquid evaporation to cool the battery pack, the authors also suggested partially immersing
the battery in pressurized, saturated liquid ammonia and propane. They discovered that
the proposed two-phase immersion cooling system was capable of controlling the battery’s
temperature within the ideal temperature range [131,132]. To analyze the cooling effects
of indirect cooling, single-phase immersion cooling, and two-phase immersion cooling
on the battery pack, Li et al. [133] simulated a system consisting of 18 LiFePO,4 pouch
cells. The results showed that neither indirect cooling nor single-phase immersion cooling
could control the temperature of the battery pack to an acceptable range at a discharge
rate of 10C, while in the two-phase immersion cooling system, not only did the maximum
temperature go below 35 °C, but it also ensured better temperature uniformity. Recently,
Li et al. [134] compared the cooling performance of hydrofluoroolefin (SF33) immersion
cooling and forced air cooling, and studied four different depths of discharge (DOD) at
different discharge rates. The experimental results showed that the maximum temperature
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rise of a single cell under forced air cooling was 14.06 °C at a 4C discharge rate, while
the maximum temperature rise in immersion cooling was only 4.97 °C. At the same time,
they found that even at a 7C discharge rate (Figure 20), the two-phase immersion cooling
system was able to control the cell temperature to within 34.5 °C. This is due to the higher
discharge rate, which facilitates stronger boiling heat transfer and obtains a stronger heat
dissipation capability.
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Figure 20. At a 7C discharge rate: (a) temperature of a single cell; (b) boiling of coolant [134].

Compared with air cooling, immersion cooling will increase the overall weight, and
there is a risk of leaking coolant. Compared with indirect liquid cooling, the viscosity of
the coolant is generally higher than that of water, and the optimal flow rate needs to be
considered to reduce the additional power of the pump. Therefore, when evaluating the
cooling performance of a cooling system, the overall energy consumption should be taken
into account, in addition to the cooling effect. Karimi and Li [135] pointed out that the heat
transfer rate of silicone oil is much higher than that of air at the same flow rate. At low flow
rates, due to the higher viscosity of silicone oil, a higher pumping power is required, which
is only 1.5 to 3 times higher than the thermal conductivity of air. Deng et al. [51] discussed
the heat transfer efficiency of a high-viscosity submerged cooling oil compared with air
at the same pressure drop and found that improvements could only be made to a limited
extent. In another study [9] comparing flow rates, pressure drops, and energy consumption
for different cooling methods at the same temperature rise, it was found that mineral
oil-based immersion cooling was far more efficient than air-cooled systems in balancing
pressure drop and heat transfer efficiency, even though a lower flow rate was chosen.
Matsuoka et al. [136] studied five immersion cooling media: fluoride FC3283, fluoride
FC43, 50cSt silicone oil, 20cSt silicone oil, and soybean oil. They found that the cooling
performance in natural convection was influenced by the viscosity of the coolant, with
lower-viscosity coolants being able to reduce temperatures significantly. Therefore, 20cSt
silicone oil showed superior cooling performance in natural convection than 50cSt silicone
oil. Dubey et al. [54] used hydrofluoroether for immersion cooling, which resulted in
better pressure drop variation for immersion cooling than indirect cooling due to the lower
viscosity and density of hydrofluoroether compared with cold plates using water/glycol.
As aresult, it is essential to try to choose a coolant with low viscosity in submerged cooling,
not only to reduce pressure drop and energy consumption, but also to obtain better cooling
performance. In addition to pressure drop and viscosity, Wu et al. [137] used silicone oil
as a coolant in direct contact with the cell and found that a silicone oil-based submerged
cooling system was able to ensure thermal safety issues for the cell and could reduce the
volume occupied by the cell system and also improve the cooling efficiency. Chen et al. [9]
and Patil et al. [5] also found that the use of direct liquid cooling could make the cooling
system lighter and more compact.
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According to the aforementioned research, both single-phase and two-phase im-
mersion cooling systems have demonstrated satisfactory results. Immersion cooling has
excellent cooling performance in BTMSs. In immersion cooling systems, more contact area
is gained due to the direct contact between the cell and the cooling liquid, which facilitates
the compactness of the cell thermal management and the design requirements for high heat
transfer efficiency. The flow path of the coolant is worthy of investigation, which is mainly
focused on simulations and lacks relevant experimental studies. At the same time, systems
based on two-phase immersion cooling fluids have shown superior cooling performance
and can be used for cooling under some extreme conditions.

3.3. Composite Cooling

With the rapid advancement of electric cars comes an increase in the demand for
battery thermal management. Table 1 lists the benefits and drawbacks of each cooling
technique. With high charge-discharge rates and high range requirements, it is difficult
to achieve satisfactory results with a single cooling method, and combining two or more
types of combined cooling has attracted the attention of researchers. In order to meet the
need for high heat dissipation in battery systems under extreme conditions, a composite
cooling system based on liquid cooling is discussed in this section.

Table 1. Comparison of different single cooling methods [8,12,138].

Cooling Type Dominance Problems
Air coolin Simple structure, low cost, proven Limited heat dissipation, low thermal conductivity, unable
& commercial application to meet high heat dissipation requirements

Liquid cooling

PCM

Heat pipe

Good temperature uniformity, wide range of use,
high thermal conductivity, high cooling Complex structure, leakage problems, high cost
efficiency, good compactness
High latent heat of phase change, no energy
consumption, low cost, non-corrosive
Compact, low weight, long life, high thermal

Large volume changes, leakage problems after melting

conductivity, good stability Small capacity, low cooling efficiency, small contact surface

Air cooling is simple in structure and can be achieved through the cell slits without the
need for additional air ducts. The combination with liquid cooling increases the efficiency of
thermal management and does not add additional complexity to the cell module structure.
To investigate the impact of various assembly structures, air circulation, and liquid cooling
conditions on the cell temperature, Wang et al. [139] suggested a composite cooling with a
combination of forced air cooling and liquid cooling plates in an enclosed space (Figure 21).
According to the research, a structure with a fan mounted beneath the cooling plate was
the best option in terms of cooling effectiveness and cost. At a total heat generation of
576 W, the maximum temperature and temperature difference were decreased by 3.45 K
and 3.88 K, respectively, and the temperature uniformity and temperature control efficiency
were increased by 2.42 and 2.61 times, respectively, compared with the vacuum package’s
single cold plate cooling method. They also stated that this composite cooling system has a
simple structure with good thermal performance, which can improve the performance and
reliability of the battery module in the enclosed space. Yang et al. [140] combined air cooling
and microchannel liquid cooling to investigate the thermal performance of a composite
cooling system and found that the system facilitated improved battery performance and
temperature uniformity. Li et al. [141] similarly found that a combination of air cooling and
indirect liquid cooling could improve the performance of the BTMS. Simulations found that
under extreme conditions (high temperature and high discharge rate), the maximum cell
temperature could be controlled to within 45 °C, but the maximum temperature difference
exceeded 5 °C. Traditional active air and liquid cooling works by using additional energy
to circulate the cooling medium in order to produce a greater cooling effect, but this cooling
effect may not always be as effective as desired.
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Figure 21. Air cooling structure based on liquid cooling [139].

The thermal management system coupled with liquid cooling and PCM can combine
the advantages of the large convective heat transfer coefficient of liquid, large latent heat of
PCM, and no energy consumption. It can not only reduce the energy consumption of the
system, but also achieve a better cooling effect, and has a good development prospect. The
PCM'’s moldable shape makes it ideal for embedding cooling channels or cooling plates for
quick heat dissipation. Zheng et al. [142] developed a composite cooling system with PCM
filling the cooling pipes and battery gaps, and, through simulation, found that it is difficult
for PCM to utilize latent heat if the system is primarily liquid-cooled. They mentioned
that PCM can be substituted with some high-thermal-conductivity materials because the
system can still perform well at cooling, even in the absence of phase shift. In order to
take advantage of the latent heat of PCM, Kong et al. [143] proposed a composite cooling
system, in which PCM cooling is the mainstay, and liquid cooling is used to recover the
latent heat of PCM. The efficacy and practicality of the composite system were confirmed
through experiments. Zadeh et al. [144] investigated the BTMS of a 12-cell 18650 LIB
pack and designed natural convection cooling, forced convection cooling, finned-natural
convection cooling, PCM cooling, and combined cooling with PCM and liquid cooling.
According to simulation findings, PCM in conjunction with liquid cooling is the only way
to achieve the battery life requirements (<45 °C). For a battery pack with 40 cylindrical
cells, Cao et al. [145] suggested a delayed cooling device using PCM and a cooling plate
combination. According to the simulation results, the delayed cooling system can improve
the temperature difference between cells, while also reducing the power consumption of
the system. The combined cooling can keep the temperature within 55 °C at a 4C discharge
rate.

Heat pipes are a highly efficient heat transfer element based on gas-liquid phase
change, with a high thermal conductivity that is tens or even hundreds of times higher than
that of metals of the same size [146]. The heat pipe uses no extra power, similar to PCM.
The evaporation end and the condensation end are the two extremities of the heat pipe,
respectively. The evaporation end is in contact with the external heat source. As heat is
absorbed by the coolant in the tube core, it will vaporize and travel to the condensation end,
and then undergo exothermic liquefaction. Finally, through the capillary force, the cooled
liquid travels to the evaporation end. In the BTMS, the condensing end of the heat pipe,
which relies only on natural convection to cool it, is unable to meet the heat dissipation
requirements of the battery [147]. The combination of heat pipes and liquid cooling to create
a BTMS has garnered interest in order to achieve superior cooling. Mei et al. [148] studied
the BTMS with heat pipe coupling liquid cooling. The simulation results showed that the
liquid cooling thermal management based on the flat heat pipe can effectively improve the
temperature uniformity of the battery. Yuan et al. [146] proposed a BTMS coupled with a
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heat pipe and a cold plate. The condensation end of the heat pipe is in contact with the
cooling plate (Figure 22). The coolant flow rate, ambient and inlet coolant temperature, and
discharge rate were studied. The experimental results showed that the structure can meet
the heat dissipation requirements at a 2C discharge rate in the environment of 30 °C. The
maximum temperature and temperature difference of the battery are maintained at 34.1 °C
and 1 °C, respectively. Compared with single cooling, composite cooling can meet the
heat dissipation requirements of batteries in continuous cycle operation. Liang et al. [149]
designed a composite cooling system with the condensing end of the heat pipe embedded
in a liquid cooling channel to study the thermal performance of intermittent and continuous
cooling, and the results showed that the use of intermittent cooling not only met the thermal
requirements of the battery, but also reduced the energy consumption of the system by
reducing the operating time. In order to improve the temperature uniformity of the battery
module, Wei et al. [150] proposed a reciprocating cooling strategy based on heat pipe-
coupled liquid cooling. The simulation found that reciprocating cooling can significantly
improve the temperature gradient in the battery module. In summary, the condensing
end of the heat pipe can not only be coupled to the cold plate, but can also be submerged
directly in the coolant. Although the combination of liquid cooling and heat pipes results
in superior cooling, the coolant requires a special container, which increases the complexity
of the construction and the weight of the system.

Battery Cell

Thermocouples
—

=~

Copper Plate
- Water Outlet

o

Evaporation part

-

‘Water Inlet Cold Plate Condensation part
Figure 22. Structure of heat pipe and cold plate combination [146].

4. Battery Preheating Technology

The BTMS has three functions: preheating the battery at low temperatures, cooling the
battery at high temperatures, and controlling the temperature difference between batteries,
so that the battery system can maintain stable performance under different conditions.
The current research on BTMS mainly focuses on cooling the battery and reducing the
temperature difference between batteries, because the high temperature effect of the battery
is not limited by the ambient temperature. The high temperature effect is mainly caused
by the internal heat generation of LIBs, which usually occurs under fast charging and
discharging, while the low temperature effect occurs at lower ambient temperatures [151].
It is worth noting that preheating the battery in cold environments is also an important
function of the BTMS, and the heating and cooling will affect each other, so the design of
the preheating function in the BTMS should not be neglected.

Battery preheating methods can be divided into internal heating and external heat-
ing. Internal heating includes self-heating and current excitation heating, while external
heating includes techniques combined with cooling methods and thermoelectric element
heating [152]. Although internal heating has higher heating efficiency and better tempera-
ture uniformity, the control mechanism of this method is more complicated and may lead
to safety problems [153]. External heating is the more common heating method at low
temperatures due to its simple construction. Combined with the above research on indirect
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liquid cooling and direct liquid cooling, this section focuses on the relevant literature based
on liquid preheating.

The preheating system can be divided into non-contact heating and immersion heating,
according to whether the battery is in contact with liquid or not [154]. Non-contact heating
technology can be used to improve preheating performance by adjusting the structure
of the system. For example, Tang et al. [155] designed a novel indirect liquid cooling
thermal management system, which consists of a straight microchannel flat tube and
heat-conducting blocks, and a three-dimensional transient heat transfer model was used
to study the thermal performance of the battery system. It was found that the cooling
performance of the system increased with the increase of contact surface angle and inlet
liquid flow rate. For the preheating study of the battery system at subzero temperature,
they found that a larger gradient angle increment was beneficial to improve the temperature
uniformity. Chen et al. [156] proposed a double-direction liquid heating system for the
CTC battery system to maintain the normal start-up and energy output of the battery at
very low temperature (—40 °C). Numerical results showed that the system was able to heat
the battery above 0 °C in a short time without consuming much energy. Wu et al. [157]
designed a novel BTMS consisting of a vapor chamber (VC) and a microchannel cold plate
(Figure 23a) to realize the cooling and heating of the battery system. Numerical simulations
and experimental results showed that the proposed hybrid cooling system was able to
control the temperature of the battery system within the optimal operating range. They
also heated the battery system at subzero temperature and found that the hybrid system
can heat the battery faster and maintain good temperature uniformity compared to the
system with a microchannel cold plate.

Battery  Water channel

Liquid cold
plate

Outlet

(b)

Figure 23. The BTMS with heating and cooling functions: (a) hybrid microchannel system [157];
(b) honeycomb system [158].

In addition to using the fluid medium as a heat source to heat the battery at low
temperatures, it can also be heated by the external thermoelectric element to investigate
the effect of the BTMS on the temperature during the heating process. An et al. [158]
designed a honeycomb BTMS (Figure 23b) with a combination of liquid cooling and PCM,
which has the double function of heating and cooling, where the heating was achieved
by the rubber heating belt. The results showed that this composite cooling system can
control the maximum temperature and temperature difference of the battery module
within 46.21 °C and 3.5 °C, respectively. And the temperature of the battery module
can be increased from —15 °C to 10 °C in 6 min under the effect of heating belts with
different power, and the maximum temperature difference can be controlled within 5 °C. In
order to improve the temperature uniformity of the battery during the preheating process,
Wang et al. [159] proposed an immersion preheating system, in which the battery pack was
directly immersed in the coolant. The simulation results showed that the temperature rise
rate of the system can be as high as 4.18 °C/min, and the temperature difference between
batteries can be controlled within 4 °C, showing excellent preheating performance.
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Compared with non-contact heating, the immersion preheating method can obtain
higher heat transfer coefficient, so as to obtain better temperature rise rate and temperature
uniformity [160]. However, considering the space constraints in vehicles, most liquid
preheating methods are non-contact. For the liquid preheating system, there are not
only the problems of high system tightness requirement and complex structure, but also
the balance between energy consumption and heating performance of the BTMS. In the
future research, we should further study various preheating systems, so as to realize the
application of the battery system in the whole climate and improve the efficiency of BTMS.

5. Liquid Cooling Safety

The goal of BTMSs is to transfer the heat produced by the battery as quickly and
efficiently as possible to prevent heat accumulation that could lead to thermal runaway.
Nevertheless, some abuse of the battery (mechanical, electrical, and thermal abuse) can lead
to thermal runaway, during which the battery may expand, eject, catch fire, or explode [53].
In recent years, there have been many studies on thermal runaway, including the effect
of BTMSs on thermal runaway [161,162]. Compared with other cooling methods, liquid
cooling has attracted wide attention because of its high thermal conductivity, which can
effectively reduce the temperature and temperature difference of the battery and avoid the
occurrence of thermal runaway.

To verify that liquid cooling can improve the safety of the system, Mohammed et al. [163]
designed a dual-purpose cold plate for prismatic LIBs. They added pins inside the cold plate
to increase the contact area and reduce the pressure drop. Through simulation, it is found that
whether it is normal operation or thermal runaway, the cold plate can effectively control the
temperature of the battery. By increasing the coolant flow rate, the temperature of the battery
with thermal runaway can be reduced to 75 °C. Ke et al. [55] studied the effect of indirect
liquid cooling on the thermal runaway propagation of the battery pack. The battery pack is
composed of 10 batteries in parallel and placed in an indirect liquid cooling system based on
a serpentine channel. A section is heated to cause thermal runaway, and the effect of indirect
liquid cooling on thermal runaway propagation at different flow rates (0 L/h, 32 L/h, 64 L/h,
and 96 L/h) is analyzed. The experimental results showed that the thermal management
system could prevent the spread of thermal runaway, but the influence of a lower flow rate
on thermal runaway was not obvious. Only when the flow rate is 96 L/h can the spread of
thermal runaway be effectively suppressed.

In addition, the combination of PCM and liquid cooling can also be used to suppress
the propagation of thermal runaway. In this aspect, Zhang et al. [164] proposed a BTMS
with a combination of PCM and liquid cooling (Figure 24a). The results show that this
hybrid cooling method can fully meet the heat dissipation requirements under extreme
conditions and effectively prevent the spread of thermal runaway. However, the PCM with
high thermal conductivity may accelerate thermal runaway propagation, which requires
a balance between thermal performance during battery operation and thermal runaway
propagation. Subsequently, the author proposed a BTMS composed of non-uniform thermal
conductivity PCM and auxiliary liquid cooling (Figure 24b). The PCM with different
thermal conductivity was filled around the battery. High-thermal-conductivity PCM
(HPCM) was used for battery cooling, and low thermal conductivity PCM (LPCM) was
used to slow down the propagation of thermal runaway. Finally, indirect liquid cooling
transfers the heat absorbed by PCM to the external environment [165]. They pointed out
that this hybrid cooling can meet the needs of system heat dissipation without reducing
the energy density of the system, and control the thermal runaway in a specific direction
and range to reduce the harm of thermal runaway. Indirect liquid cooling can play a role
in managing the thermal runaway of the battery to a certain extent and can slow down
the rapid spread of thermal runaway in the battery pack. However, conductive fluid is
often used in indirect liquid cooling. Once thermal runaway occurs, it may lead to leakage
caused by the rupture of a liquid pipeline, causing greater safety problems.
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Figure 24. Structure schematic diagram of BTMSs: (a) PCM-Water system [164]; (b) PCM with
non-uniform thermal conductivity combined with liquid cooling system [165].

Many of the cooling media used in immersion cooling can act as flame retardants in
addition to being non-conductive, which can act as a barrier to increase system safety [54].
Patil et al. [5] proposed a BTMS based on dielectric fluid and tab cooling, which immersed
the battery directly in the dielectric fluid to simulate the thermal runaway caused by the
internal short circuit caused by the battery. The results show that this cooling method
can effectively manage the thermal runaway of the battery pack. In addition to single-
phase immersion cooling, immersion cooling based on two-phase liquids also shows
excellent management of thermal runaway. Li et al. [166] designed a direct liquid cooling
system based on fluorocarbons and studied the ability of five coolants to suppress the
thermal runaway of the battery. There was no thermal runaway in the liquid cooling
experiment, indicating that the battery immersed in fluorocarbons can effectively prevent or
suppress thermal runaway. Additionally, they noted that since the battery and coolant are in
constant contact, direct liquid cooling requires good material compatibility in applications.
Studies have shown that immersion cooling has a prominent effect on the control of
thermal runaway of the battery, especially based on two-phase cooling fluids, which can
make full use of the latent heat of evaporation to control the temperature of the battery
within a lower range, thus avoiding thermal runaway caused by excessive temperature.
Although immersion cooling has these advantages, there are few studies on the effect of
immersion cooling on thermal runaway, mainly focusing on some thermal runaway caused
by mechanical abuse and thermal abuse, while electrical abuse has not been studied.

6. Future Developments of Liquid Cooling System

Compared with other cooling, liquid cooling is a promising cooling method. Through
the summary and analysis of the above literature, the future development trends of liquid
cooling are summarized, and the key problems to be solved are put forward.

As the most easily accessible medium, water has a wide range of applications in indi-
rect liquid cooling. Although the addition of glycol can expand the applicable temperature
range of the BTMS, it is difficult to meet the heat dissipation requirements of the battery
under fast charging conditions. Nanoparticles and liquid metals can significantly improve
thermal conductivity and become ideal candidate materials for BTMSs. Compared with
water cooling systems, BTMSs based on nanofluid and liquid metal are able to keep the
battery temperature in a much lower range and show excellent cooling performance under
extreme conditions. However, the density of the coolant will increase with the addition
of nanoparticles, resulting in a larger pressure drop when the liquid flows, which also
puts forward higher requirements for the performance of the pump. A key issue for the
nanofluid is the preparation of a stable fluid that avoids the occurrence of particle settling
and clogging. In order to improve the cooling efficiency by using nanofluids in the future
liquid cooling systems, this problem needs to be solved.

Compared with indirect liquid cooling, the single-phase oil immersion cooling system
is really a more efficient way. Currently, a major problem in the single-phase oil immersion
cooling system is the large energy consumption, which is due to the relatively high viscosity
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of the oil. At the same flow rate, it will consume more pumping power, resulting in
increased energy consumption [43]. There is a limitation of cooling capacity in oil-immersed
cooling systems, and energy consumption can be reduced by selecting the appropriate
flow rate, but it is not easy to choose the best flow rate for different working conditions
and systems. Two-phase immersion cooling is a very effective cooling method. It shows
superior heat absorption capacity in the boiling process. Especially, the battery can reduce
the temperature of the battery to an acceptable range under fast charging. However, it
should be noted that the boiling liquid is expensive and easy to volatilize, which will
increase the structural complexity of the entire system and limit its application in electric
vehicles [126]. As the driving range and output of electric vehicles increase, a more efficient
thermal management system is needed. If these problems can be solved, immersion cooling
based on boiling liquid will be a preferred cooling method for high-energy-density batteries.

Electric vehicles should not only consider the cooling performance of the BTMS, but
also control the overall cost. For the liquid cooling, the number of channels and the coolant
flow rate play a major role in the cooling performance. A higher flow rate is beneficial to
achieve a better temperature distribution of the battery, but this will increase the energy
consumption and operating cost of the system. For the cold plate design, the complexity
of the system will become larger as the number of channels increases, which will not only
make it more difficult to manufacture the system, but also discourage maintenance. In
the future thermal management system, the system coupled with liquid cooling and PCM
seems to be a better way, because PCM does not need additional energy consumption, and
the liquid cooling system can cool the PCM to avoid the PCM completely melting and
failing. With the addition of PCM, the problem of uneven temperature distribution in liquid
cooling systems can be improved, and the energy consumption of the system can also be
reduced [167]. The system combining PCM and liquid cooling also offers the advantages
of compactness, longer service life, and lower maintenance cost [168]. In addition, this
composite thermal management system demonstrates good preheating performance at low
temperatures. However, it is worth noting that the composite cooling system of immersion
cooling and PCM has not been studied at present, which may be due to the high sealing
requirement of the system and the volume change of PCM. In summary, the composite
system of liquid cooling combined with PCM is a BTMS with low energy consumption and
a good cooling effect.

The preheating function of the system should also be considered in the future liquid
cooling research. In the study of battery preheating, although liquid preheating technology
has been applied in electric vehicles, it is still a challenge to preheat batteries efficiently
and safely. For the external heating technology, the heating method and heat transfer
path should be considered, and the parameters can be continuously optimized through
numerical simulation, so as to reduce the heat loss and improve the preheating efficiency
of the system.

7. Summary and Prospects

According to the above research, liquid cooling is a very efficient thermal management
technique that can control the temperature and temperature difference of the battery within
an acceptable range. This paper reviews the literature on direct and indirect liquid cooling
for BTMSs. The coolant commonly used in indirect liquid cooling is water or a water/glycol
mixture, and has been commercialized in the field of electric vehicles. However, the cooling
effect of water is limited, and the cooling performance and efficiency of BTMSs can be
improved by adding nanoparticles. Liquid metal has the advantages of low viscosity
and good thermal conductivity, which can replace water to meet the heat dissipation
requirements under some extreme conditions. In addition, the cooling performance of
BTMSs can be improved by changing the flow channel design and system structure, but
the pressure drop, weight, and cost of the system need to be paid attention to.

The single-phase oil has been used more frequently for direct liquid cooling. However,
when increasing the flow rate, care should be taken to balance the cooling effect and energy
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consumption. The two-phase immersion cooling liquid exhibits an excellent cooling effect,
and the boiling point of the liquid can be reduced by changing the pressure, thereby increas-
ing the cooling efficiency of the system. Based on this review, some research weaknesses in
direct liquid cooling have been identified. Esters have been applied in transformers, but
there is no in-depth study in battery thermal management. Therefore, the feasibility of
esters as coolants for direct liquid cooling can be explored, as well as esters that can replace
transformer oil. On the other hand, the contact time between the battery and the coolant
in direct liquid cooling is long, and material compatibility between the two needs to be
considered. At the same time, few articles have studied the effect of immersion cooling on
battery performance and thermal runaway.

The composite system of liquid cooling combined with other cooling methods can meet
thermal management requirements under different conditions, especially in fast-charging or
high-temperature environments. In the development of electric vehicles, the compactness
and lightweightness of the battery system have always been concerned. However, liquid
cooling brings additional integration challenges that need to be carefully considered when
designing a BTMS. In summary, although liquid cooling still has these research gaps and
challenges, it is still a promising BTMS.
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