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Abstract: Li-ion batteries play a key role in energy storage and conversion in engineering systems
such as electric vehicles and grid energy storage, with critical impact on electrification and storage of
renewable energy. A key unresolved technological challenge in Li-ion batteries pertains to thermal
runaway initiation and propagation in a battery pack, which can lead to subsequent fire and explosion.
Despite significant past work, there remains a critical need to understand how thermal runaway
propagates in a pack. This work presents a comprehensive investigation of the effect of radiative heat
transfer on thermal runaway propagation. Radiation can be important when a battery is exposed to
adjacent heat and fire sources, as well as in thermal runaway propagation from one hot cell to another.
A theoretical radiative heat transfer model based on view factor theory is developed. Calculations
based on this model for a simple 2D cylinder-to-cylinder geometry are found to be in very good
agreement with analytical expressions. Radiation-induced thermal runaway propagation between
two cylindrical 18650 batteries is evaluated. It is shown that radiation may play a key role in thermal
runaway propagation, depending strongly on the triggering temperature. It is found that radiative
effects in thermal runaway propagation exhibit both nonlinear and non-monotonic characteristics. At
high temperatures, thermal runaway is triggered rapidly in the region close to the battery surface,
where the chemical reactions are strongly coupled, and radiation plays a dominant role. In contrast,
at lower temperatures, thermal runaway is triggered much more slowly and towards the core of the
cell, where some chemical reactions may be decoupled, and pre-runaway chemical heat release plays
an increasingly important role. The results presented here suggest that radiation can either facilitate
or mitigate thermal runaway. The net radiation heat flux has a cross-over instant, beyond which
radiation starts to retard thermal runaway. Additionally, the blocking effect in radiative heat transfer
between cells arranged in equal-spacing homogenous or orthogonal arrangements in a battery pack
is investigated, along with the effect of the hot spot size. Results from this work help understand
the role of radiation in thermal runaway propagation and provide useful insights into the thermal
runaway control and design of safe Li-ion battery packs.

Keywords: radiation; thermal runaway; Li-ion battery; energy storage; thermal runaway propagation;
view factor

1. Introduction

Li-ion battery (LIB) technology has attracted extensive research interest, as it offers an
efficient mechanism for energy conversion and storage, thus contributing towards decar-
bonization and energy electrification [1]. LIBs offer very high conversion efficiency between
chemical and electrical energy. If the electricity comes from clean and renewable energy re-
sources, LIB technology with sufficiently long cycle life will not further increase the carbon
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footprint from electricity generation and utilization. Moreover, LIBs can be seamlessly inte-
grated with existing infrastructure and ongoing efforts in the energy sector—for example,
the electricity grid, centralized carbon capture and sequestration, etc. Li-ion battery-based
energy storage systems include large-scale Li-ion battery packs with additional control and
thermal management modules, which enable load-shifting, frequency regulation, long-term
storage, and decentralized deployment. In addition, LIB-based energy storage systems
facilitate synergistic integration of other technologies toward decarbonization, such as
battery regeneration and material recycling. Through the combination of existing grid
infrastructure, diversified power generation, centralized carbon capture and sequestration,
increased renewable energy, and efficient battery regeneration, a clean and sustainable
energy sector can be expected in the future with LIB-based energy storage systems.

However, the operation of LIBs is extremely sensitive to temperature. Thermal run-
away and subsequent fires can be triggered when LIBs are exposed to abuse conditions
such as overheating [2,3], internal short circuit [4,5], collision, and nail penetration [6,7].
Thermal runaway of LIBs has attracted extensive research interest in the recent past. These
research efforts include characterization of the thermal stability of battery materials [8,9],
battery and pack-level thermal runaway testing [10,11], development of kinetic models of
thermal runaway [12,13], optimized cooling system design to mitigate thermal runaway
and its propagation [14–18], modelling and simulation of thermal runaway using detailed
and reduced-order models [19,20], and venting gas generation and subsequent fires [21–23].

Figure 1 shows the thermal runaway mechanism in a typical LIB with a LiCoO2
cathode, an electrolyte of ethylene carbonate (C3H4O3) and lithium hexafluorophosphate
(LiPF6), and a graphite anode. The solid electrolyte interphase (SEI) layer is thermally
unstable and can decompose when subjected to high temperature or other abuse. The
lithium in the anode will then directly contact the electrolyte and form lithium carbonate
and ethylene. In addition, the cathode and electrolyte can directly react through the oxygen
generated from cathode decomposition. Finally, the electrolyte material carbonate and salt
can decompose under elevated temperatures. These reactions are largely exothermic and
accompanied by the formation of gases such as ethylene and oxygen, thereby creating a
self-sustained, destructive chain of highly exothermic reactions.
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Understanding the factors that impact the propagation of thermal runaway in a
large battery pack remains an important research challenge. Past work has shown that
multiple factors including cell-to-cell gap, thermal properties of the interstitial material, and
kinetics of the decomposition reactions all play a key role in determining whether thermal
runaway propagation occurs or not [24]. However, the role of radiative heat transfer in
thermal runaway propagation has remained poorly understood, primarily due to the strong
nonlinearity of radiation and its coupling with thermal runaway chemistry. Radiative heat
transfer is usually dominant in high-temperature processes, such as combustion, which
are, in principle, similar to thermal runaway. In the context of Li-ion cells, radiation is
known to play a critical role in increasing the battery temperature and activating thermal
runaway reactions [25–30]. The role of radiation in thermal runaway propagation in a
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pack of cylindrical cells has been investigated computationally [31]. These results have
shown that neglecting radiation leads to a prediction of onset in the trigger battery but an
erroneous prediction of no thermal runaway propagation. In addition, thermal radiation
has often been combined with the effects of conduction and convection in studying the
triggering of thermal runaway [30,32], leading to ambiguity on the specific role of radiative
heat transfer. A radiative shielding method to minimize thermal runaway propagation has
been presented, where the fraction of heat flux due to radiation in a battery pack during
thermal runaway is also evaluated [33]. More recently, our experiments have demonstrated
battery-to-battery variability in thermal runaway [34], even among batteries with the same
chemistry and near-identical initial conditions. It is hence expected that variation from
radiation in the triggering cell can lead to different modes and paths for thermal runaway
propagation in a pack, which necessitates study on the specific role of radiative heat transfer.

The literature cited above clearly highlights the importance of radiative heat transfer
and the need for a comprehensive investigation of how radiative heat transfer impacts
thermal runaway propagation. This work presents an investigation of the role of radiative
heat transfer in thermal runaway propagation when an LIB is exposed to fire and other heat
sources. A limiting condition for triggering thermal runaway by radiative heat transfer
between two closely packed cylindrical cells is computationally investigated. Results
indicate the existence of complex nonlinear coupling between chemical reactions and
thermal radiation. A key novelty of the work is that we have identified the non-monotonic
impact of radiation on thermal runaway triggering and have mapped out the regime
diagram under both low- and high-temperature limits. We have shown that, depending
on conditions, radiation can either facilitate or mitigate thermal runaway. When the
triggering cell is at a relatively low temperature, we have further shown that pre-runaway
chemistry plays an increasingly significant role. We extend our investigation to battery
packs and practical conditions where radiative blocking effects and localized hot spots may
be important. Results presented here highlight the importance of radiative heat transfer
in thermal runaway propagation and can help guide future efforts towards mitigation of
thermal runaway in safe electrochemical energy storage systems.

2. Materials and Methods

In this study, a 2D model is developed in COMSOL Multiphysics 5.5, where the heat
transfer module is used to implement surface-to-surface radiation. Figure 2a shows a
schematic of a typical pack of multiple, orthogonally arranged Li-ion cells with equal
spacing. In general, the interest here is to understand how radiative heat transfer may
facilitate the propagation of thermal runaway from one cell to the other. While the general
problem comprising a number of cells is considerably complicated, for simplicity, the
radiative exchange between a cell and one of its neighbors is considered first. The problem
of radiation-induced thermal runaway between two neighboring cells may be treated as a
2D radiation heat transfer problem between two equal cylinders, as shown in Figure 2b.
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In order to understand how these two cells exchange heat radiatively, the general
energy conservation equation is first written. Thermal conduction in the axial direction is
ignored, since a typical cylindrical cell has a high aspect ratio. The transient differential
equation that balances heat conduction in the axial and azimuthal directions as well as
thermal runaway chemical heat release is given by:

ρcp
∂T
∂t

=
1
r

∂

∂r

(
krr

∂T
∂r

)
+

1
r2

∂

∂θ

(
kθ

∂T
∂θ

)
+ Q (1)

where t, r, θ, ρ, cp, T, kr, kθ , and Q are time, radial coordinate, angular coordinate, battery
density, heat capacity, radial thermal conductivity, azimuthal thermal conductivity, and
heat generation within the battery, respectively. Based on previous work [34], the values of
thermophysical properties of a typical Li-ion cell are provided in Table 1. Considering the
jellyroll-layered structure of a cylindrical cell, the azimuthal in-plane thermal conductivity
is much higher compared to the out-of-plane radial thermal conductivity. As such, the
limiting heat conduction that is essential for thermal runaway initiation is in the radial
direction. For these considerations, the problem is simplified as a 2D limiting condition
with both kr and kθ having equal out-of-plane thermal conductivity.

Table 1. Model parameters in the thermal radiation model [34].

Parameter (Unit) Value

Battery radius, R (mm) 9
Battery density, ρ

(
kg/m3) 2060

Heat capacity, cp (J/kg·K) 1000
Radial thermal conductivity, k (W/m·K) 0.8

The heat generation term Q originates from four well-known semi-global thermal
runaway chemical reactions [12]. These exothermic reactions include the solid–electrolyte–
interface decomposition reaction, the anode–electrolyte reaction, the cathode–electrolyte
reaction, and the electrolyte decomposition. The rates of these reactions depend on the
battery material properties, thermal chemical parameters, and the battery temperature.
The reaction model, frequency factor, and activation energy that describe the kinetics
between the electrolyte and electrode materials have been previously obtained by fitting
the experimental measurements from accelerating rate calorimetry (ARC) and differential
scanning calorimetry (DSC) tests. Expressions for the chemical reaction rates and heat
generation rates for these reactions are shown in Tables 2 and 3, with symbols and parameter
values used here as in our previous work [35,36]. The present model for LCO thermal
runaway chemistry is capable of accounting for more complicated reaction models and
other cathode chemistry.

Table 2. Heat generation from side chemical reactions equations of thermal abuse model [35,36].

Reaction term Equations

SEI decomposition dcsei
dt = −Aseiexp

[
− Ea,sei

−
RT

]
cmsei

sei
Qsei = −HseiWc

dcsei
dt

Anode–electrolyte reaction

dcne
dt =

−Aneexp
[
− tsei

tsei0

]
cmne

ne exp
[
− Ea,ne
−
RT

]
dtsei

dt =

Aneexp
[
− tsei

tsei0

]
cmne

ne exp
[
− Ea,ne
−
RT

] Qne = −HneWc
dcne
dt

Cathode–electrolyte reaction dα
dt = Apeαmpe1 (1− α)mpe2 exp

[
− Ea,pe
−
RT

]
Qpe = −HpeWp

dα
dt

Electrolyte decomposition dce
dt = −Aeexp

[
− Ea,e
−
RT

]
cme

e Qe = −HeWe
dce
dt

Overall heat generation Q = Qsei + Qne + Qpe + Qe
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Table 3. Thermochemical parameters adopted in the thermal runaway model of LiCoO2/graphite
battery [35,36].

Symbol Equations Physical Description

Asei 1.667 × 1015 (1/s) SEI–decomposition frequency factor
Ane 2.5 × 1013 (1/s) Anode–electrolyte frequency factor
Ape 6.667 × 1013 (1/s) Cathode–electrolyte frequency factor
Ae 5.14 × 1025 (1/s) Electrolyte decomposition frequency factor

Ea,sei 1.3508 × 105 (J/mol) SEI–decomposition activation energy
Ea,ne 1.3508 × 105 (J/mol) Anode–electrolyte activation energy
Ea,pe 1.396 × 105 (J/mol) Cathode–electrolyte activation energy
Ea,e 2.74 × 105 (J/mol) Electrolyte decomposition activation energy
csei0 0.15 Initial value of csei
cne0 0.75 Initial value of cne
α0 0.04 Initial value of α
ce0 1 Initial value of ce
tsei0 0.033 Initial value of tsei
msei 1 Reaction order for csei
mne 1 Reaction order for cne
mpe1 1 Reaction order for α

mpe2 1 Reaction order for 1− α
me 1 Reaction order for ce
Hsei 2.57 × 105 (J/kg) Reaction heat of SEI–decomposition
Hne 1.714 × 106 (J/kg) Reaction heat of anode–electrolyte
Hpe 3.14 × 105 (J/kg) Reaction heat of cathode–electrolyte
He 1.55 × 105 (J/kg) Reaction heat of electrolyte decomposition
Wc 6.104 × 102 (kg/m3) Specific carbon content in jellyroll
Wp 1.221 × 103 (kg/m3) Specific positive active content in jellyroll
We 4.069 × 102 (kg/m3) Specific electrolyte content in jellyroll
−
R 8.314 (J/mol/K) Universal gas constant

At the surface, thermal radiation is considered exclusively, and convective effects
are ignored. This corresponds to the practical condition in a pack where there is no
forced convective flow and the radiation heat transfer dominants. A schematic diagram of
radiative heat exchange between the two cells is shown in Figure 3. The radiation heat flux
emitted from Cell 1 is the irradiation G:

G = εσT1
4 (2)
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For Cell 2, we can define the radiosity J, the radiation heat flux leaving its surface:

J = εσT2
4 + (1− ε)F12G (3)
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where the radiosity has been expressed as the sum of diffusively reflected and emitted
radiation from Cell 2. Consequently, the net radiation heat flux on Cell 2 can be written as:

q = F12G− J (4)

In these equations, ε is the emissivity, σ is the Stefan–Boltzmann constant, T1 is the
temperature of Cell 1, T2 is the temperature of Cell 2, Tamb is ambient temperature, and F12
is the view factor from Cell 1 to Cell 2.

In order to validate the thermal radiation modelling, a quasi-steady state radiative
heat transfer problem between two equal cylinders of radius R = 9 mm is considered. With
the given separation distance and cylinder temperatures, we can numerically simulate the
radiation heat flux received by Cell 2 among the total radiation emitted from Cell 1, that
is, GF12. Meanwhile, in classical heat transfer theory, the radiation heat flux between two
cylinders is analytically available with a known view factor, which can be used to validate
the simulation results. The view factor between two equal cylinders has been derived from
the view factor for general parallel cylinders as follows [37]:

F12 =

√(
2R+d

R

)2
− 4− 2R+d

R + 2arcsin
(

2R
2R+d

)
2π

(5)

As shown in Figure 4a,b, the numerical radiation heat flux is compared with the
analytical theory between two equal blackbody cylinders (i) with fixed temperature but
varying distance and (ii) with fixed distance but varying temperature of the Cell 1. The
results suggest that as the distance of two cells increases, the radiation heat flux decreases.
Also, as the temperature of Cell 1 increases, the radiation heat flux received by Cell 2
increases. The numerical calculation of the radiation heat flux is in excellent agreement
with analytical results, further substantiating the simulation tool.
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Cell 2.

In the thermal runaway simulation, we fix the temperature T1 of Cell 1 and the ambi-
ent temperature (293 K) in each case. The initial temperature of Cell 2 is also taken to be
293 K. The evolution of T2 is numerically solved by accounting for radiation, conduction,
and thermal runaway chemical heat release based on Equation (1). The surface-to-surface
radiation is simulated using the hemicube method. A time-dependent Multifrontal Mas-
sively Parallel Sparse (MUMPS) solver is used to solve for the thermal energy conservation
equation. The backward differentiation formula (BDF) method is used for time stepping.
The relative tolerance for the solution is 10−3. Based on this general methodology, a number
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of investigations are carried out to understand the nature of radiation-induced thermal
runaway, as well as the coupling between radiation and chemical heat generation. These
results are discussed in the next section.

In the following (Sections 3.1–3.3), we have adopted a cell spacing d of 1 mm to
investigate the feature of radiation-induced thermal runaway. There are two primary
considerations behind the choice of cell separation d: energy density and safety. For energy
considerations, the larger the cell spacing, the fewer number of cells can be accommodated
in a given space, hence reducing the energy density of the pack. For safety, however,
larger spacing is preferred, as thermal runaway propagation is less likely. As such, there is
eventually a trade-off effect between these two considerations. Cell spacing of 1 mm in a
battery pack has been adopted previously in [38–40]. Note that concepts and techniques
developed in this work can also easily be applied to investigate radiative heat transfer for
other cell spacing configurations.

3. Results and Discussions
3.1. General Features of Radiation-Induced Thermal Runaway

Figure 5a shows the evolution of maximum temperature of Cell 2 with different
temperature of Cell 1, T1. The results show that for T1 > 602 K, thermal runaway occurs
in Cell 2, as indicated by the sharp increase in T2. For all these cases, the higher the T1,
the earlier the thermal runaway is triggered in Cell 2, as expected. When T1 is increased
to 900 K, the thermal runaway delay time is reduced to around 1 min. There is a sharp
change in the nature of curves in Figure 5a when T1 is below a threshold value of 602 K,
wherein it is found that thermal runaway is not triggered in Cell 2, even at much longer
times. The maximum temperature of Cell 2 in such cases is found to eventually reduce to
around 450 K, where a quasi-thermal equilibrium is reached due to the balance between
the net radiation heat flux and chemical heat generation.
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Figure 5. (a) Maximum temperature of Cell 2 as a function of time for different T1. (b) Comparison of
evolution of average dimensionless concentration and temperature for two cases close to the thermal
runaway threshold T1 = 601 K (solid lines) and T1 = 602 K (dashed lines).

Figure 5b presents plots of T2 as well as various dimensionless concentrations for
two cases very close to the threshold found in Figure 5a: T1 = 601 K and T1 = 602 K. As
shown in Figure 5b, the dimensionless SEI concentration is completely consumed around
2000 s for both T1 = 602 K and 601 K cases, much earlier than the complete consumptions of
other species, which occur at the instant of thermal runaway. Results suggest that the four
chemical reactions may occur at different stages of thermal runaway, and their occurrence
can be decoupled depending on the thermal runaway time scale. Evolution of the other
dimensionless concentrations shows distinct behaviors, with much stronger consumption
under thermal runaway conditions, as expected.
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By defining the onset of thermal runaway as the instant with the maximum rate
of temperature rise, Figure 6a,b plot spatial distributions of temperature and net heat
generation rate, respectively, within Cell 2 at the onset of thermal runaway. It can be
seen that the maximum temperature and peak heat release occurs in the vicinity of the
surface of Cell 2 for high triggering temperature T1 due to the large radiation heat flux from
Cell 1. For extremely high T1, the surface temperature of Cell 2 will rise so rapidly that
thermal runaway will occur at or very close to the surface. Given that thermal runaway
for high T1 occurs so rapidly, as shown in Figure 5a, it is expected that radiation plays
the sole dominant role for temperature rise during thermal runaway. At lower values
of T1, the location corresponding to the maximum temperature and peak heat release
gradually moves to the internal region of the battery, indicating increased influence of
heat conduction and heat generation from the chemical reactions during the much longer
thermal runaway. For the threshold case with T1 = 602 K, the peak heat release occurs
very close to the center of Cell 2. The distinction between high T1 and low T1 behavior
shown in Figure 6 can be explained by the increase of radiation time scales at reduced
temperatures, where thermal conduction—a much slower, diffusive process—tends to play
an increasingly significant role.
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To further characterize the different thermal chemical processes for thermal runaway
triggered by high and low temperature radiation, Figure 7 shows the evolution of dimen-
sionless concentration and temperature in Cell 2 for a relatively high triggering temperature
of T1 = 900 K. Compared to the low triggering temperature case with T1 = 602 K shown in
Figure 5b, the thermal runaway is triggered much quicker. More interestingly, the mean
dimensionless concentrations in the high temperature 900 K scenario do not exhibit obvi-
ous change before thermal runaway is triggered. The reactions are not separated in either
spatial or time domain, and they tend to be activated simultaneously in the vicinity of the
battery surface due to rapid radiative heating.

In summary, results so far demonstrate that radiation-induced onset of thermal run-
away exhibits intrinsic differences depending on the triggering temperature: when T1 is
high, the thermal runaway is triggered very fast in the vicinity of the battery surface, and
the thermal runaway reactions occur simultaneously in spatial and time. In such a case,
radiation plays a solely dominant and direct role. In contrast, for low T1, thermal runaway
is triggered much slowly in the internal region of the battery, and the thermal runaway
reactions can separate in spatial and time domains due to the depletion of certain species.
In this case, radiation plays a less significant role.
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3.2. Non-Monotonicity in Radiation-Induced Thermal Runaway

It should be noted that although Cell 2 receives radiation heat flux from Cell 1, it also
emits radiation to the ambient. Therefore, at a certain state, the net radiation heat flux may
become zero, even before thermal runaway occurs. In this scenario, the net radiation heat
flux on Cell 2 can actually be negative, which may counteract the occurrence of thermal
runaway. Figure 8 shows the evolution of net radiation heat flux q over the surface of Cell 2.
It can be seen that for cases with T1 = 602 K, q transitions to a negative value much earlier
than the onset of thermal runaway, defined as the instant with maximum temperature rise
rate. Therefore, in this case, radiation facilitates thermal runaway in the early stage before
net radiation flux vanishes, and it actually mitigates thermal runaway in the later stage
when net radiation flux becomes negative. With elevated temperature—when T1 reaches
close to 650 K—the cross-over state of q occurs very close to the onset of thermal runaway,
indicating the constant promotion effects of radiation during thermal runaway at higher
triggering temperatures.
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To further characterize the role of radiative heat transfer at different triggering tempera-
tures, a time-integrated radiative heat flux is calculated by integrating the net radiation flux
q over the surface of Cell 2 from the initial condition to the instant of when the net radiation
heat flux in Cell 2 vanishes. This provides a basis to evaluate the maximum facilitation effect
of radiation on the triggering of thermal runaway. Interestingly, as shown in Figure 9, the
time-integrated radiative heat flux as so defined exhibits a counter-intuitive non-monotonic
dependence on temperature. On the high temperature branch, the integrated radiative
heat flux decreases with increase in the triggering temperature, as expected. However, the
peak-integrated radiative heat flux does not occur at the lowest temperature, as one might
expect. Instead, it occurs at an intermediate temperature, around 700 K in this case. One
possible explanation of such a non-monotonic trend may be offered by considering the time
duration for the integral: higher triggering temperature T1 leads to higher radiative heat
flux, which nevertheless leads to a much shorter time scale to cancel out net radiation flux
q. On the other hand, lower triggering temperature T1 leads to lower radiative heat flux
which, however, elongates the time scale to cancel out net radiation. This nevertheless only
partially explains the role of radiation with varying triggering temperature, in that heat
release from the exothermic thermal runaway reactions will also facilitate the temperature
increment. With longer thermal runaway delay time at low temperatures, it allows longer
residence time for the chemical reaction progress and heat release to accumulate internally
within the cell.
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3.3. Role of Pre-Runaway Chemical Heat Release in Radiation-Induced Thermal Runaway

To isolate the effect of chemical heat release before thermal runaway, Figure 10 com-
pares the maximum temperature evolution of Cell 2 with and without the chemical heat
source term included in the calculations. Results without chemical heat release represent
contributions solely from radiation, while the difference between the cases with and without
chemistry effectively represents the contribution from chemical heat release. We can select a
temperature as the onset temperature of thermal runaway during the temperature rise—for
example, 450 K or 500 K—and evaluate the temperature differences at these selected refer-
ence points. Figure 10a plots the temperature evolution with and without chemistry in high
triggering temperature case T1 = 900 K. At the reference onset temperature Tref = 450 K, the
temperature difference ∆T between the cases with and without chemistry is around 2.2 K,
indicating the role of pre-runaway chemistry. Considering the total temperature rise at the
reference Tref − Tini = 450 − 293 = 157 K includes the combined effects of radiation and
pre-runaway chemistry, the contribution of chemistry can therefore be reasonably isolated.
Similarly, in the lower triggering temperature case shown in Figure 10b, the contribution of
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pre-runaway chemistry increases the battery temperature by 13.6 K, which is much higher
compared to the higher triggering temperature case in Figure 10a.
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Figure 10. Temperature evolution with and without chemistry (a) in high triggering temperature
T1 = 900 K and (b) in low triggering temperature T1 = 602 K, showing the role of heat release from
pre-runaway chemistry.

The ratio of temperature rise from pre-runaway chemistry to the total temperature
rise is evaluated at different triggering temperatures. It is shown in Figure 11 that at high
triggering temperatures, the contribution of pre-runaway chemistry is very small: below
1% for Tref = 450 K and below 5% for Tref = 500 K. This indicates the sole dominant role
of radiation for high temperature radiation-induced thermal runaway, while for the low
triggering temperature conditions, the contribution of pre-runaway chemistry increases to
around 10% for reference temperature 450 K and nearly 30% for onset reference temperature
500 K. The impact of pre-runaway chemistry becomes comparable to radiation and, hence,
cannot be neglected.
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3.4. Effects from Blockage on Radiation Heat Flux in Practical Battery Packs

In practical battery packs, depending on the separation distance d, thermal radiation
from a trigger cell to another cell in the pack may be blocked by adjacent cells. For example,
as shown by the schematic plot in Figure 12, radiation flux from O1 to O2 is blocked by
the presence of O3, in that any photon emitted beyond point A on the surface of O1 is
unable to directly reach the surface of O2. In general, the interest is in determining the
extent of radiative exchange that will occur between any pair of cells in a battery pack,
how this is influenced by the presence of other cells, and how the cells are arranged in the
pack. Here, we considered two specific packing arrangements: equal-spacing homogenous
or orthogonal.
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Following Hotel’s classical cross string theory [37], the view factor for arbitrary 2D
geometry can be evaluated as:

F12 =
∑ crossed strings−∑ uncrossed strings

2× source string
(6)

For the case of homogeneous arrangement of cells, we can express the view factor
between Cells 1 and 2, F12 as:

F12 =
2×(ÂB+BC+ ˆCD)−2×(AE+ÊF+FG)

2×2πR

=
( 2πR

3 +2Rtanθ)−(4Rtanθ+R( π
3 −2θ))

2πR
= 1

6 −
tanθ

π + θ
π = 1

6 −
√

h2−4
2π + 1

π arccos 2
h

(7)

Equations (5) and (7) can then be compared to understand the effect of blockage on
radiation effect in a homogenously arranged battery pack, as demonstrated in Figure 13.
As h = H/R approaches 2, the gap between each pair of cells approaches 0. This is the limit
where the effect of blocking is most substantial, and it is shown that the difference of view
factor and, hence, the radiation heat flux is as large as 8.2% with and without blockage. In
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the other limit with gradually increased cell separations, the effect from blockage gradually
vanishes as expected, and hence Equations (5) and (7) reduce to the same results.
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equally spaced homogenous array.

Instead of being homogenously arranged, a more widely adopted practical real ge-
ometry of battery pack is the orthogonal configuration, as shown in Figure 14. Compared
to the homogeneous arrangement, this configuration has reduced energy density for a
given packing volume but provides more convenience for sequential and parallel electrical
interconnection, as well as the provisioning of cooling. In this configuration, assuming the
hot radiation source is the center Cell 5, the radiation heat flux from Cell 5 to any one of its
immediate neighbors 2, 4, 6, and 8 is free of blockage, and, using Equation (5), the view
factor may be written as

F52 = F54 = F56 = F58 =

√
h2 − 4− h + 2arcsin

( 2
h
)

2π
(8)
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Radiative heat flux from the center Cell 5 to any one of the other Cells 1, 3, 7, and 9
can potentially be blocked, depending on the average separation among the cells. Due to
symmetry, one can easily recognize that these view factors are equal:

F51 = F53 = F57 = F59 (9)

Given the definition of view factor, the sum of view factor from Cell 5 to all reachable
surfaces must be unity with sufficient small cell gaps. In other words, no radiation emission
from Cell 5 is able to escape from all the cells around it. We hence can obtain:

F51 = F53 = F57 = F59 =
1
4
−
√

h2 − 4− h + 2arcsin
( 2

h
)

2π
(10)

With these view factors analytically obtained, the radiation heat flux from the center
Cell 5 to all its adjacent cells with and without blockage can be easily evaluated. A
comparison of the view factor in Equations (8) and (10) is presented in Figure 15, with
Cells 2, 4, 6, and 8 as the closest cells relative to the trigger Cell 5, and 1, 3, 7, and 9 being
next-closest cells. It is very interesting to see that there is a threshold cell separation distance
h~2.7, within which the closest cells receive higher radiation while beyond which the corner
cells receive higher radiation. For 18650 cell arrays, this limiting aspect ratio of h = 2.7
corresponds to a cell gap of 6.3 mm. In the other limit of h = 2, where cells directly touch
with their closest neighbors, the radiation heat flux on the closest neighboring cell is more
than two times higher than that received by the corner ones. With gradually increased
spacing, the radiation heat flux drops on the closest cells and increases on the corner
cells. This provides direct guidance on battery arrangement in arrays in order to suppress
thermal runaway.
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3.5. Effects of Radiation from Localized Hot Spots

It should be noted that the view factor for radiation heat flux calculation is based on
the assumption that Cell 5 has a uniform surface temperature. Under certain conditions,
the presence of localized hot spots may result in a non-uniform battery surface temperature,
which may complicate the nature of radiative heat transfer. In such a case, the problem is
no longer symmetric, similar to the one discussed in the previous sub-section. Therefore,
radiative heat flux to each cell must be calculated separately. In order to investigate such
effects, localized hot spots are introduced as shown in Figure 14, represented by the blue
arc segment on the surface of Cell 5. The size of the hot spot is characterized by the angle ϕ
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shown in Figure 14, while the center of the hot spot is located along the center line of Cells
5 and 2. This hot spot is assigned a representative temperature of 750 K, while the rest part
of Cell 5 is assumed to be at 300 K. A cell-to-cell gap of 1 mm is assumed. As we change
the hot spot size, it is expected that both the radiative surface area and the view factor will
vary accordingly.

Figure 16 shows the radiative heat flux per unit receiving surface area for hot spot sizes
of 20◦, 45◦, 90◦ and 360◦. In the 360◦ case, we observe that each radiative heat flux on Cells
2, 4, 6, and 8 accounts for 17% of the total radiation and that each radiative heat flux on
Cells 1, 3, 7, and 9 accounts for 8%, consistent with their corresponding view factors shown
in Figure 15. With a reduced hot spot size to 90◦, more than 60% of the total radiation is
received by Cell 2, the closest one to the hot spot, with a similar radiation heat flux on Cell
2 to the 360◦case. With further reduced hot spot sizes to 45◦ and 20◦, the radiation flux is
reduced as expected: 80% and more radiation from the hot spot is directly emitted to the
closest Cell 2. This shows that the nature of radiative heat transfer between cells, and, thus,
the nature of thermal runaway propagation depends on the size of the hot spot. Mitigation
strategies, therefore, must account for the nature of the hot spots expected.
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In the limiting case of an infinitely small hot spot, it can be shown that the view factor
from the hot spot to an adjacent circle degenerates to R/H. This theoretical result can be
applicable to highly localized hot spots, such as small, hot particles from venting events.

4. Conclusions

Based on carefully designed and validated calculations and numerical simulation, the
interplay between radiation and pre-runaway chemistry in battery thermal runaway prop-
agation is identified in the current study. Results evaluate the role of radiative heat transfer
from a hot trigger cell to colder neighboring cells in the propagation of thermal runaway.

Results indicate that radiation-induced thermal runaway exhibits intrinsic differences
between low and high trigger temperature regimes; at high triggering temperatures, ther-
mal runaway is triggered very rapidly and close to the battery surface, and the thermal
runaway reactions occur simultaneously in space and time. In this case, radiation plays a
solely dominant and direct role. In contrast, at a low trigger temperature, thermal runaway
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is triggered much more slowly and deeper in the cell, and the thermal runaway reactions
can separate in spatial and temporal domains due to the depletion of certain species.

By investigating the evolution of the net radiation flux during thermal runaway, we
have found that the net radiation heat flux has a cross-over instant, beyond which the net
radiation heat flux becomes negative. Therefore, radiation can either facilitate or mitigate
thermal runaway. For high temperature conditions, the cross-over state is very close to
the onset of thermal runaway—as such, radiation constantly facilities thermal runaway. In
contrast, under low temperature conditions, the cross-over state can be far ahead of the
onset of thermal runaway; therefore, radiation facilitates thermal runaway in the earlier
stage and mitigates thermal runaway in the later stage.

Results from this work identify the non-monotonic role of radiation in thermal run-
away triggering and provide direct insights into the complex interaction of two highly
nonlinear phenomena: radiation heat transfer and chemical reactions during thermal run-
away. The time-integrated radiation heat flux exhibits a non-monotonic dependence on the
triggering temperature. The underlying reasons can be twofold: for one thing, the delay
time of thermal runaway is substantially longer for low temperature conditions, albeit with
a lower radiation heat flux; for another, the pre-runaway chemistry plays an increasingly
significant role in increasing the battery temperature under lower triggering temperature
conditions, which must be considered for radiation-induced thermal runaway propagation.

We analytically evaluated the view factor, accounting for the equal-spaced homoge-
nous arrangement and the orthogonal arrangement of cells in practical battery packs. It
was shown that the blocking effect in the equally spaced homogenous arrangement can
decrease the radiation heat flux by as much as 8.2%. While in the orthogonal arrangement,
a threshold cell separation distance exists, within which the closest cells receive higher radi-
ation while beyond which the corner batteries receive higher radiation. The results indicate
that radiation-induced thermal runaway propagation in a pack is not necessarily along the
trajectory among closest cells. Radiation effects from a localized hot spot with varying sizes
were also investigated, showing the increased focusing effects and necessitating specific
thermal runaway prevention methods.

In the context of relatively little past work on radiative heat transfer during thermal
runaway propagation, this work makes fundamental contributions in understanding the
role of radiation and its interplay with chemical reactions that cause thermal runaway. The
insights gained from this work may help develop strategies for reduced thermal runaway
propagation and, hence, safer battery packs.
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