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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.
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The irreversible heat increases as the current I does and depends on the cell’s internal
resistance, r;. 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
(SOCQ), 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. BIMS-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
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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



Batteries 2024, 10, 1

4 0f 33

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/ A
Year Examination Configuration Type of BTMS Findings
Direct cooling by immersion, ABS micro-channel Micro-channel plate improves cooling
[2%072]2/ Ie Tﬁl;n //ce;((ﬁl,n Pour;}(l),dluol?h/ plates as flow separator/ performance in narrow space by reducing
yeing & turbulator between cells the temperature gradient in the system
. . Indirect bottom cooling by aluminum Singular liquid cooling or insulation fails to mitigate
[;082]1/ TRl\izZIn.// exfﬁ;l Pr1sn;§t1§, ?7 Ab/ mini-channel cold plate and insulation by aerogel TRP; coupling of cooling and
-/ cooling oduie layers between cells insulating with 1 mm layers avoids TRP
Cycling: coupled cooling results in more uniform
. . . " . temperatures than singular techniques;
[391/ C Num./exp,, Prismatic, 25 Ah/ Indirect cooling aluminum plate-fin and fluid TRP: induction by overheating only prevented by
ycling and TR cooling channels, embedded in PCM layer : : - R
2021 ind. / coolin array of two cells between cell coupled cooling, not by singular techniques; PCM of
-/cooting ctween cetls high thermal conductivity lowers system temperature
but increases TRP probability
18650 Cylindrical, Heat dissipation requirements met at low
[40]/ Num./exp., Unknown cell Indirect cooling by polymer macro-channel tubes, discharge rates: <5 °C temperature eradient in the
2021 Cycling/cooling capacity/ 50 Ah connected at one side with the cells 8 ’ P 2u 8
pack system up to 2 C
[41]/ Num., 186501C5y:}r11 ;lrlcal, Indlf:;:;zzg;gd?é;lif?;g&ﬁ;:ﬁfgﬁ?‘ﬁigﬂd TRP induced by nail penetration is prevented by
2019 TR ind. /cooling ﬁo dule P battery rows coupled cooling, not by singular techniques
[42]/ Num Prismatic, unknown  Indirect cooling by aluminum mini-channel tubes Coupled cooling lowers maximum
2016 Cvdlin /cgolin capacity / coupled into PCM layer temperatures; decreasing temperatures with rising
yeng & 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 Is there 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 : LisNiyMn,Co,Op — Li,_NixMnyCo,O, + kLit +ke” withk <1 (2

Anode : nC +kLi™ + ke~ — Li;C, 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 II, 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,
AT~ Ty) @

O=—
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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

.o

s -

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 (m(}) 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
Gel = /0 I(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 I; =02C.
-7
'bC = T, (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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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 m(}, 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.

42 ; 12 ‘ .
——1CRun1 Run 1
A\ --=-1CRun2 || 10 Run 2
——0.5C Run 1 _ Run 3
----0.5C Run 2 3
1 ——0.1C Run 1 % gl
E --=--01CRun2 g
E z
gaer 2 g
5 e
> T
340 £ 4r
@
kS
3.2 2
3 ‘ ‘ 0 ‘ ‘ .
100 80 80 40 20 0 100 80 60 40 20 0
SOC [%] SOC (%]
(a) (b)

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 k.¢f,; = 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 1, 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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Figure 4. (a) CAD sketch of the mini-channel cold plate (b) experimental demonstrator.

Q = mC(TFluid,out - TFluid,in) (7)
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].

‘Side view‘ ‘Frontal view‘ Side view‘ ’Frontal view‘
Overcharged Cell 2 + Overcharged Cell 2 +
Cell 100% SOC A A Cell = 100% SOC
Legend TCs Height/4‘ L Width/2 Legend TCs
% Cell OCSide =| % | x; Height/2 % Cell OCSide = %
% Cell OC Face # Cell OC Face
= Cell 2 Face ¥ = Cell 2 Face
% Between ® * % Cell 2 Side el G |
= Direction of
«l & % ~ fluid flow
e
(a) (b)

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

Legend

Fluid piping
= Electric cable

High-speed-
camera

Clamping device
with battery and |
MCHS

Sensor connection

-------- Data line

8 T1Cs

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, 0-200 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



Batteries 2024, 10, 1

13 of 33

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]. At 5 °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*C 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
II 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 A1l 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 Al.

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

Exp.
#1-9

Non-Linear

Increase of Voltage/

Begin Stage II

Duration from Voltage Duration from
Increase to Drop/ Voltage Drop to TR/
Stages II + I1I Stage IV

Voltage Drop/ TR/
Begin Stage IV Begin Stage V

V)

Time
(min)

socC
(%)

Upper  Lower Diff. Time SOC Time SOC

V) V) ™) @min) ) (min) (%) Time (min) Time (min)

Mean

4.87

27.0

145

6.94 5.87 1.07 432 172 47.7 179 16.2 4.5

Std. Dev.

0.06

2.0

3

0.89 0.50 0.55 22 4 44 7 2.3 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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(a) (t=05s)

(d) (t=24.1s) (e) (t=24.55) (f)

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.

3

\ 77

’ . »
Multiple
gas releases

(b) (t=233s)

Explosive
particle
ejection

PR W
=315s)
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.
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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

Non-Linear Increase Voltage Drop/ Duration from Voltage Max.
of Voltage/ Be ingSta e IPV Increase to Drop/ Temp.
Begin Stage II 8 8 Stage II + III OC Cell

(Y©)

({®)

W) Time sOC Upper Lower Diff. Time SOC Time €0)
(min) (%) (\%) (\%) (\%) (min) (%) (min)

#1*

9

491

23.7

139

5.83

5.30

0.53

429

172

19.2

59

#2*

6

4.75

22.7

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

282

148

5.67

4.82

0.85

42.8

171

14.7

48
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At alow 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 IIl 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 II 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.

Fluid Starting Non-Linear Increase Voltage Drop/ Duration from Voltage Max.
Inlet Temp. of Voltage/ Be ingSta e IPV Increase to Drop/ Temp.
Exp. Temp. of Cell Begin Stage II 8 8 Stage II + III OC Cell
. ° Time SOC Upper Lower Diff. Time SOC Time .
o 9 W min ) %) ) ™ 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.

Adjacent cell

Signs of
ntense melting

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 & 4.16 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*C 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 (), 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/kgK
I Current A

k Thermal conductivity W/m K
I 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 O
Uocy Open circuit voltage \Y

v Electric voltage \%
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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, layer number j
ocCv Open Circuit Voltage
rev reversible
I parallel
L perpendicular
Abbreviation
Exp. Experimental
Ind. Induction
Max. Maximum
Num. Numerical
OocC Overcharged
Std. dev.  Standard deviation
Temp. Temperature
Acronyms
ABS Acrylonitrile butadiene styrene
CcC 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
Zr'lzl lla er 'kla er,j
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Appendix A.2. Figures and Tables
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Figure A1l. 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 ° ea Voltage Drop/ TR/ Voltage Increase Voltage Drop
Increase of Voltage/ . .
Temp. Begin Stage I Begin Stage IV Begin Stage V to Drop/ to TR/
Exp. 8 8 Stages II + III Stage IV
o Time SOC Upper Lower Diff. Time sOC Time SOC . . . .
O D i W) v W @ (% min (%) Time (min) Time (min)
#1 8 4.89 30.1 150 7.22 6.05 1.17 46.7 178 497 183 16.6 3.0
#2 10 4.89 27.8 146 6.25 5.25 1.00 43.7 173 50.0 183 159 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 15
#5 12 491 26.4 144 5.77 5.28 0.49 25 171 50.0 183 16.1 75
#6 11 4.80 29.1 149 6.83 6.23 0.60 40.6 168 417 170 115 1.1
#7 14 4.86 29.2 149 8.52 6.08 2.44 45.2 175 46.5 178 16.0 13
#8 10 4.88 25.3 142 6.51 5.69 0.82 44.0 173 50.3 184 18.7 6.3
#9 7 4.76 24.3 140 6.17 5.43 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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