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Abstract: Thermal propagation events are characterized by fire and thick black smoke, leading to
propagation methods with a focus on preventing heat transfer and optimizing gas flow. Yet little
attention is being paid to the electric conductivity of the gas, leading to possibly unexpected battery
casing openings due to lightning arcs as well as potentially providing the minimum ignition energy.
This gas composition (omitting particles) was used at different temperatures and pressures in a
lightning arc test bench, leading to the Paschen curve. Using a mini-module cell setup, filtered
venting gas was flowed through another lightning arc test bench, allowing for in situ measurements.

Keywords: thermal runaway; thermal propagation; lightning arcs; Paschen’s law; test bench

1. Introduction

With the rise in electric vehicles comes the need for the public to understand and
predict possible safety issues compared to well-known internal combustion engine cars. A
select number of incidents showing the destructiveness of battery fires have been recorded
by Sun et al. [1].

The perceived threat of battery fires, typically due to thermal propagation, has caused
governments across the globe to implement legislation in order to reduce the potential
overall occurrence of said fires as well as their individual severity, most notably the UN
Global Technical Regulation GTR 20 [2]. The current legislation aims to delay propagation
to ensure sufficient passenger evacuation time windows. For this, the thermal parameters
of the battery such as the cells and parts need to be well tailored.

The venting of the initial cell introduces a new environment into the battery: this
venting gas contains flammable components at high temperatures as well as particles
of various sizes and compositions. The abrasive nature of these particles in the flow as
well as the high temperatures may lead to previously protected components losing their
safeguards. As a result, previous air and creepage distances in normal operation may not
be sufficient or be rendered useless [3].

To better understand the phenomenon, a single NMC 622 lithium ion pouch cell was
placed in an autoclave with atmospheric gas composition; thermal runaway was triggered
and the venting gas composition was evaluated. The breakdown voltage of this gas at
different temperatures was then analyzed and compared to the Paschen curve of air. A
breakdown voltage detector for the use of venting gas from cells undergoing thermal
runaway was introduced, and the gas was filtered to remove particles. Experiments by Li
et al. [4] used a setup with particles in the venting gas.
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2. Materials and Methods

In earlier works, single battery cells were placed in autoclaves, triggered into thermal
runaway and the released venting gas amount and composition was evaluated, namely in
the work of Koch et al. [5]. The most commonly found components are CO2, CO and H2
ranging typically around 10–40 %, followed by C2H4 and CH4 at 5–10% and a multitude of
trace gases, most notably C2H6 and C3H6 at around 1% or below.

For the following experiments, a pouch cell with a LiNi6Mn2Co2O2 (NMC 622)-
cathode was used. The relevant cell is seen in Figure 1 and its characteristics before testing
are as follows:

• ρvol ≈ 500 Whℓ−1

• Ecapacity ≈ 60 Ah

Figure 1. Pouch cell under investigation with cell tabs on the side.

2.1. Venting Gas Mixture from Autoclave Setup

An autoclave has a reinforced container at its center, allowing to observe chemical reac-
tions at different temperatures and pressures with hermetic sealing and pressure resistance
of the reaction chamber. The used autoclave has a volume of 80 ℓ and is initially filled with
air; the cell is placed inside the autoclave and brought into thermal runaway (TR) using a
heater. Once the TR has stopped and the autoclave has cooled to ambient temperatures, a
gas sample is taken. The gas analysis is then performed by a gas chromatograph.
The following results for the venting gas were yielded from averaging multiple experiments
with cells tested with a SoC (State of Charge) of 100%:

cN2 = 35.4 vol%, cCO2 = 24.0 vol%, cCO = 21.0 vol%, cH2 = 13.0 vol%, cC2H4 = 3.6 vol%
and cCH4 = 3 vol%.

The artificial venting gas used in the experiments that follow was manufactured
accordingly, including nitrogen. During thermal propagation, the gas composition within a
battery changes rapidly, as the initial nitrogen gets pushed out due to more cells undergoing
thermal runaway, and the initial oxygen is quickly reacted. Lightning arc events can already
occur during the venting of the initial cell. Thus, the artificial venting gas should contain
nitrogen for a better understanding of the breakdown voltage in venting gas. This paper
focuses on the gas component; particles were omitted from the artificial venting gas as a
first step in analyzing the arcing phenomenon.

2.2. Paschen’s Law

Paschen’s law describes an equation of the necessary voltage between two electrodes
in a gas for a discharge or electric arc to occur ([6–9]). The influencing parameters include
the specific type of gas, pressure, temperature, and distance/gap between electrodes, as
well as the shape of the electrodes. Graphs typically show the breakdown voltage as a
function f (d · p) of distance d and pressure p with the abscissa typically in a log scale. The
curves for various gases as well as air are shown in Figure 2, given by Celani et al. [10]. The
parameter of Paschen’s law for mixtures of gases cannot be calculated from its individual
gas components, so testing is unavoidable. The used gas composition was gathered by the
autoclave testing described in Section 2.1.
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Figure 2. Overview of different Paschen curves, most notably of air; see Lehr and Ron [11]. 1 mm
Hg · cm ≈ 13.3 mbar · mm.

According to Lehr and Ron [11], the Paschen curve can be described using the equation

Vb =
B · (pd)

ln(pd · A)− ln(ln(1 + γ−1))
(1)

with Vb being the breakdown voltage, p the pressure, d the distance between the electrodes,
A and B the gas-specific constants, and γ the third Townsend coefficient. For large values
of (pd), coefficient γ is negligible, and Equation (2) simplifies to

lim
(pd)→∞

Vb ≈ B · (pd)
ln(pd · A)

(2)

Two points (pd)1 and (pd)2 can be selected with their respective arcing voltages
Vb((pd)1) and Vb((pd)2), leading to value B being expressed as

B ≈ Vb((pd)1) · ln((pd)1 · A)

(pd)1
; B ≈ Vb((pd)2) · ln((pd)2 · A)

(pd)2
(3)

These two Equations (3) can now be equated to

Vb((pd)1)

(pd)1
· ln((pd)1 · A) ≈ Vb((pd)2)

(pd)2
· ln((pd)2 · A) (4)

Rearranging and solving for A allows for the approximate calculations of A and B as

A ≈ e

 Vb((pd)1)
(pd)1

·ln((pd)1)−
Vb((pd)2)
(pd)2

·ln((pd)2)

(
Vb((pd)2)
(pd)2

− Vb((pd)1)
(pd)1

)


; for large (pd) (5)

B ≈ Vb(pd) · ln((pd) · A)

(pd)
; for large (pd) (6)
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2.3. Breakdown Voltage Detector

The breakdown voltage detector is designed for pressures of p = 10 mbar–1500 mbar
and temperatures up to Tmax ≈ 1000 ◦C. The separation between the electrodes is adjusted
by a stepper motor to allow distance increments of dstep = 3.125 · 10−3 mm.

A schematic cross section of the used breakdown voltage detector is shown in Figure 3:
A pair of electrodes (1) is placed in a glass cylinder containing a gas specimen. Inner
isolators (2) and outer isolators (3) keep the gas within while also allowing the manipulator
(4) to change the position of the left electrode; the volume between the left and right
electrode is called the test gap. The manipulator is connected to a stepper motor to allow
direct discrete distances in multiples of 3.125 · 10−3 mm. Pressure levels are measured using
a Pirani gauge (5); gas inlets (6) allow to attach gas cylinders, and a valve connector (7)
connects to a vacuum pump.

Figure 3. Schematic overview of the breakdown voltage detector. (1) Pair of electrodes, (2) inner
isolaters, (3) outer isolators, (4) manipulator, (5) Pirani gauge, (6) gas inlet, and (7) valve connector.

In previous work (see Mulder et al. [12]), it was shown that a module of 12 pouch
cells with a SoC of 100% can deliver peak temperatures of around 900 ◦C. To recreate these
temperatures, a small brick box with heating elements acting as a brick oven is used. The
test gap of the breakdown voltage detector can be placed within the heated volume, which
can deliver temperatures up to the required 900 ◦C as seen in Figure 4.

Figure 4. For tests at higher temperatures, the test gap of the breakdown voltage detector can be
placed inside a brick oven. (Left) Test bench at room temperatures, (Right) test bench with activated
heating elements.

Before experiment data can be collected, the vacuum pump attached to the outlet
valve (7) evacuates the main glass cylinder. Then, the cylinder can be filled using the gas
inlets (6) from attached gas bottles; for higher gas purity, the process of gas evacuation
and refilling can be repeated. The inner (2) and outer (3) isolators prevent undesired gas
from bleeding into the test gap. Initially, a set of glass cylinder and electrodes (set A) was
used, which was later replaced with a new glass cylinder, and the electrodes were equipped
with additional alignment (set B); both sets can be seen in Figure 5. An overview of the
experiments carried out using venting gas with different temperature/pressure points can
be found in Table 1.



Batteries 2024, 10, 397 5 of 14

Figure 5. (Left) Cylinder and electrode set A, (Right) cylinder and electrode set B, with additional
supporting alignment. The electrodes are manufactured from copper.

Table 1. Overview of experiments with venting gas: temperature T, pressure p and glass cylin-
der/electrode set (A or B) combinations.

Gas p = 1250 mbar p = 1500 mbar

Cylinder A
200 ◦C X X
500 ◦C X X
900 ◦C X X

Cylinder B
200 ◦C X X
500 ◦C X X
900 ◦C X X

2.4. Venting Gas Breakdown Voltage Detector

The test facility, seen in Figure 6, can be split into three functional groups: the mini-
module test bench (red box), the exhaust system with measurement equipment (blue box),
and the surrounding environment. All components were selected and designed with
robustness in mind to ensure a high level of safety during testing as well as its reusability.
A more detailed description of the capabilities and experiment setup can be found in the
previous publication by Mulder et al. [12]. A schematic overview of the entire test setup
can be seen in Figure 7.

Figure 6. Overview of the test facility: the mini-module test bench (in red box) is connected via flanges
to the exhaust system (blue box), which allows the generated venting gas to vent into the surrounding
environment—a metal box is placed at the end to allow the capture of particles. Within the exhaust
system, the lightning arc box (orange box) is placed, as well as a mass flow meter (green box).

The opened mini-module test bench can be seen in Figure 8, where a custom cell
stack of mid-of-life 6 2p3s-connected pouch cells are placed. An edge cell of the pack
is triggered, ensuring that cells propagate one after another instead of up to two cells
simultaneously. The used trigger method is nail penetration with a wedge-shaped nail
parallel to the electrode layers. Other trigger methods can be implemented yet were not
chosen for the lightning arc study.
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Figure 7. Schematic overview of the test facility: cells can be triggered in the mini-module test bench,
and exhaust travels through the particle filter and the arc test bench out of the exhaust pipe into
the surrounding environment. Temperature sensors placed outside of the mini-module test bench
are shown.

Figure 8. View into the opened test bench: A mini-module of 2p3s-connected pouch cells is placed
inside the test mount. The nail gun will trigger the topmost cell marked with a black stripe.

In the exhaust line (see Figure 6), the lightning arc box can be installed using the flange
system. The opened box can be seen in Figure 9: two electrodes with a diameter of 25 mm
are connected to the power supply and voltage measurement equipment. Using feeler
gauges, the appropriate distance can be set, as well as ensuring that the flat surfaces are
parallel to each other. The studied gas can flow in a pipe made of two PEEK pieces. Before
testing, the other half of the pipe piece is placed and sealed. Loctite SI 5300 is used as a
sealant around the electrode rod as well as in between the pipe pieces and the lid of the
lightning arc box.

Figure 9. (Left) Schematic view of the lightning arc box. (Right) View of the lightning arc box before
closing. Circular electrodes (red box) are attached via electrode rods (blue box) to the power supply.
The bottom half of the PEEK pipe (green box) is already installed.
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2.4.1. Testing Procedure Setup

The cell block is charged to 100% SoC and placed in the test bench. The cell mount
is adjusted to ensure that the nail gun (later attached to the lid) will only trigger one cell.
Before the lid is placed on the test bench, Loctite SI 5300 is applied to create a gastight
seal. Screws and a clamping system secures the lid in place. The test bench has two
flanges placed diagonally from each other: to one flange of the test bench, an end flange is
connected, and to the other flange, the exhaust system is connected. It consists of a pipe
system of the lightning arc box and the mass flow meter; a particle filter can be implemented
in the exhaust pipe, placed before the arc box. To the lightning arc box, a power supply is
wired. Once the mechanical setup is complete, the voltage to the electrodes is initially set at
50 V; after every vented cell, it is to be increased by 50 V. The cell pack is triggered by a nail
gun, which is attached to the top side of the lid. Two cameras are set up. The first focuses
on the test bench with the attached nail gun; the second camera records the venting gas
leaving the end of the exhaust system.

2.4.2. Sensors and Placement

The following measurement data are collected: (1) initial time of nail penetration,
(2) temperature within the cell block, test bench, exhaust system and environment, (3) volt-
age of the cell block and lightning arc box, and (4) massflow in exhaust system.

1. Initial time of nail penetration
It is recorded when and for how long the nail gun motor is activated—once the nail is
fully inserted into the cell, the motor stops.

2. Temperature sensors
Type K sensors are used; a schematic overview can be seen in Figure 10. Four sensors
are placed within the cell mount/cell stack and are numbered, using aluminum plates
with sensor cutout to avoid indentation into the cells. Two sensors are placed on the
connection between cell mount and test bench, two in the test bench (top and bottom),
four along the exhaust system, and one recording the surrounding environment.

3. Voltage metering
Voltage is measured in the cell pack—every logical cell (2p) as well as the overall
stack are measured. The electrodes within the lightning arc box are supplied with the
appropriate voltage, yet to record the lightning arc, a sufficiently fast voltmeter needs
to be used. To detect the presence of lightning arcs, 100 Hz is found to be sufficient.

4. Massflow
A SITRANS P320 digital pressure transmitter allows for gas flow (and thus gas
creation) measurement of venting gas during the TP process.

1 4 6

Temperature sensors in between middle of cells

Trigger cell

Exhaust pipe

Steel case

Cell mount

Bracket

Cells

1234

Figure 10. Schematic overview of temperature sensor placement in the test bench: 4 centrally located
between cells, respectively between the cells and cell mount, and numbered starting with 1 from the
trigger cell towards the exhaust pipe.
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3. Results
3.1. Breakdown Voltage Detector Experiments

During one experiment run using the breakdown voltage detector, one combination of
gas composition, pressure, and temperature is used (see Table 1). The distance between
the electrodes is variable and set by a stepper motor. The procedure of the breakdown
curve measurement starts from moving the electrodes together until the short circuit
is detected. After that, one electrode is driven away by the stepper motor by one step
in 500 ms. The position at which the short circuit disappears is taken as the smallest
distance of 3.125 · 10−3 mm. This procedure makes the accuracy of the electrode separation
measurement equal to that of the stepper motor resolution, eliminating the dependence on
thermal expansion at different temperatures. For each distance, the voltage is increased
until an abrupt drop occurs: a lightning arc with the breakdown voltage is detected and
recorded. Then, the stepper motor moves one step further, and the process repeats.

3.1.1. Air

The breakdown voltage detector is filled with air at T = 100 ◦C. In Figure 11, the
breakdown voltage for pressures p = 2.2 mbar and p = 5.6 mbar is recorded. For each
pressure, two curves are recorded. It can be seen that the minimum voltage recorded is
around 400 V. Lehr and Ron [11] place the lowest breakdown voltage at around 350 V.
The range of the breakdown voltage detector presented here therefore has a margin of
error of around 10–15 % and is sufficient for the measurement of the breakdown voltage of
other gases.

Figure 11. Breakdown voltage detected for Air at T = 100 ◦C for pressures p = 2.2 mbar and
p = 5.6 mbar.

3.1.2. Venting Gas

In Figure 12, the breakdown voltage for the experiments with venting gas (see Table 1)
is displayed. It can be seen that higher temperatures result in lower breakdown voltages for
higher distances. It needs to be noted that the abscissa is dependent on the pressure and dis-
tance (p · d) and in log scale. The distances in the experiment are from d = 3.125 · 10−3 mm
to d = 1.625 · 10−1 mm small. The lowest recorded voltage is 330 V, which is lower than
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the voltage of 400 V recorded for air at 100 ◦C at p = 1 bar. This would suggest that the
venting gas mixture could be more susceptible to lightning arcs than air.

Figure 12. Recorded breakdown voltage for experiments with temperatures T = 200 ◦C (Red), 500 ◦C
(Green) and 900 ◦C (Blue).

In Figure 13, the averaged Paschen curve for venting gas at 200 ◦C is visualized. The
measurement data are plotted in red, while the blue curve is added using the simplified
Paschen’s law for large p · d according to Equation (2). The lowest recorded breakdown
voltage is 350 V at 4.6875 mm ·mbar. Compared to 100 ◦C air at around 400 V, this is a 12.5%
decrease. Lehr et al. have analyzed the dependence of the cathode materials in hydrogen
while recording the breakdown voltage. It can be clearly seen that the copper electrodes
show a minimum breakdown voltage of 295 V, while commercial aluminum shows a
minimum voltage of 255 V—copper has a 15.6% higher breakdown voltage compared to
commercial aluminum. As the used electrodes for the breakdown voltage detector are
made from copper, the noted breakdown voltage for this experiment at 200 ◦C should be
reduced by that percentage, as the materials within a battery are a mixture of multiple
metals with casings mainly made from aluminum [13]. This leaves an adjusted voltage of
295.4 V.

In Figure 14, the same curve for 900 ◦C is shown. The measurement data are again plot-
ted in red, while the blue curve is added using the simplified Paschen’s law for large
p · d according to Equation (2). The lowest recorded breakdown voltage is 330 V at
9.375 mm · mbar. To adjust the breakdown voltage according to Figure 15 by 15.6%, an
adjusted breakdown voltage of 278.52 V can be noted.

According to DIN EN 60664-1 [14], a suitable distance to prevent breakdown voltages
in 400 V environments is 0.8 mm. Assuming no excess pressure during venting gas creation,
thus setting the pressure to p = 1000 mbar, a 0.8 mm distance would require a voltage of
≈1850 V for a lightning arc to occur. The artificial gas is at pressure levels and near thermal
propagation temperatures, yet the necessary voltages for a lightning arc in said artificial
gas cannot be achieved by a typical traction battery, even if considering 800 V vehicles.
Figure 14 shows low voltages in the 300 V–800 V range, yet these are only recorded at low
p · d ≤ 300 mm · mbar. As the real venting gas also has a variety of particles, and lightning
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arcs have been observed during TP (Sun et al. [1]), the Paschen’s curve analysis indicates
that particles need to be part of the observation.

Figure 13. Paschen curve of venting gas at T = 200 ◦C. The experimental data are shown in red,
while the blue curve is generated using the simplified Paschen’s law for large p · d (see Equation (2)).

Figure 14. Paschen curve of venting gas at T = 900 ◦C. The experimental data are shown in red, while
the blue curve is generated using the simplified Paschen’s law for large p · d (see Equation (2)). For a
typical breakdown voltage of 800 V, a distance of 0.8 mm is required for air and creepage distances
from the regulatory body [14]—yet the graph shows a required voltage of 1850 V for an arc.
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Figure 15. Influence of the cathode materials using Hydrogen when recording the breakdown voltage.
Taken from Lehr et al. [11].

3.2. Thermal Propagation Testing

The results of the breakdown voltage detector in Section 3.1 lead to the conclusion
that the gaseous part of the venting gas might not be responsible for the lightning arc
phenomenon. To verify this, a cell module is triggered to undergo thermal propagation in
order to generate real venting gas. In the exhaust pipe, a particle filter is installed, allowing
for the study of the venting gas without particles.

A pouch cell mini-module is triggered and undergoes thermal runaway as seen in
Figure 16. The electrodes are set to a distance of 2.5 mm ± 0.5 mm. A distance of 4 mm
previously saw arcing, yet experiments using 2 mm are discussed in detail by Li et al. [4].
Before triggering the first cell, the voltage of the lightning arc box was raised to 400 V—
during the entire experiment, the voltage did not drop—showing that no lightning arc
occurred. Experiments short-circuiting the electrodes showed rapid voltage drops and
returns to the preset voltage once the short was removed. The temperature sensor 1 next
to the triggered cell showed an immediate rise in the temperature. Sensors 2 and 3 later
showed the propagation through the module with temperature peaking between 800 ◦C
and 850 ◦C, which are near the tested temperatures for the Paschen curves Section 3.1. The
numbering of these temperature sensors can be seen in Figure 10.

The experiment showed an absence of drops in the applied voltage to the electrode
set in the lightning arc box. The distance of the electrodes used is more than sufficient
according to DIN EN 60664-1 [14] for clear clean air. Combining the results from Section 3.1
regarding the Paschen curve, where arcing with 400 V requires distances well below 0.8mm,
and the results from the lightning arc box testing, it hints at the conclusion that the gaseous
part of the venting gas does not contribute to the lightning arcs observed in traction battery
testing. Testing regarding venting gas including particles therefore needs to be carried out
and is planned for future publication ([15–21]).

Experiments by Li et al. [4] clearly showed significant arcing at a distance of 2 mm
using 316 V of DC power. To a lesser degree, it was also shown that a 4 mm distance
experienced arcing. The difference between the experiments by Li et al. and the experiment
presented here is the absence of particles in the experiment presented here—which aims to
show the influence of particle-free venting gas.
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Figure 16. Cell module is triggered and undergoes thermal propagation. The temperature sensors
TB02 and TB03 indicate a reaction, yet the recorded voltage once set to 400 V does not drop. The
correlating sensor with its position can be seen in Figure 10.

4. Conclusions

Research regarding thermal propagation is mainly focused on the spread of the event
by looking at heat transfer and gas flow. However, researching the electric conductivity
of the venting gas can lead to the explanation of battery casing openings due to lightning
arcs. Using an autoclave, cells underwent thermal runaway, and the resulting venting
gas used was analyzed to contain a mixture of mainly N2, CO2, CO and H2 with a low
single-digit percentage of hydrocarbons; artificial venting gas was manufactured accord-
ingly. A breakdown voltage detector was designed with two electrodes in a glass cylinder,
allowing for the testing of different gases at pressure levels ranging p = 10–1500 mbar up
to gas temperatures of T ≈ 1000 ◦C. Paschen curves for T = 200 ◦C and T = 200 ◦C
have been determined. For T = 200 ◦C, the lowest recorded breakdown voltage is
350 V at p · d = 4.6875 mm · mbar—for T = 900 ◦C, the respective voltage is 330 V at
p · d = 9.375 mm · mbar.

In order to use real venting gas from a cell pack, a test bench for a pouch cell mini-
module with an attached lightning arc box was developed. A particle filter was installed
between the test bench and the lightning arc box. The applied voltage to the electrodes
of the lightning arc box was set to 400 V, and the distance between the electrodes was
set to d = 2.5 mm ± 0.5 mm. Using nail penetration, the cell pack was triggered into
thermal propagation, and no lightning arcs were detected. This is consistent with the
results of the breakdown voltage detector. The literature has shown that a distance of 4 mm
with a voltage of 316 V DC in venting gas including particles shows sign of arcing. Both
experimental setups confirmed that the required breakdown voltage of venting gas without
particles is higher than the typical battery voltage of 400 V. Future experiments should be
carried out without the particle filter. The modular setup of the venting gas breakdown
voltage detector allows for the easy removal of the particle filter for full venting gas analysis.
Additionally, particles will be analyzed for their composition and typical sizes.
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Abbreviations
The following abbreviations are used in this manuscript:

UN-ECE United Nations Economic Commission for Europe
GTR Global Technical Regulations
NMC Nickel Manganese Cobalt battery chemistry
CO2 Carbon Dioxide
CO Carbon Monoxide
H2 Hydrogen
C2H6 Ethane
CH4 Methane
TR Thermal Runaway
TP Thermal Propagation
SoC State of Charge
D2 Deuterium
2p3s Battery cells connected: 2 parallel in a series of 3
PEEK Polyetheretherketone
DIN EN # German edition of European standards
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