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A multidimensional multiphysics model is presented to describe the external short circuit behavior of lithium-ion cells of various
formats and sizes at different convective cooling conditions. For this purpose, a previously published homogenized physical-chemical
model of the external short circuit behavior of a small-sized lithium-ion cell was combined with an electrical and a thermal model to
describe in-plane inhomogeneities in current density and heat generation rate throughout the electrodes, together with the resulting
temperature distribution within the cell’s jelly roll or electrode stack. With the investigated cylindrical, prismatic, and pouch-type cell
formats combined with cell capacities ranging from consumer-sized to automotive applications, a comprehensive cell design study is
presented during external short circuits. The investigated surface and tab cooling strategies reveal a limited cooling capability of each
cell format and size, which seems to be defined by the ratio of cooled surface area to electrode area as well as the thermal resistivity
of the respective cell geometry. The simulation results show that only thin cells with a large ratio of cooling surface to electrode area
can be physically maintained within an uncritical operating window of cell temperature and state of charge in case a low-resistance
external short circuit is applied.
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Based on the comparably appealing combination of high energy
and high power, lithium-ion batteries are the energy storage solution of
choice for a manifold of today’s applications, ranging from portable
electronics to electric vehicles (EVs) and stationary energy storage
systems. The increased electrochemical energy content required in
order to achieve, for example, a longer battery run-time of portable
electronics or an extended driving range of EVs, also comes with an
increase in the thermal energy content which poses a significant haz-
ard to customers and personnel involved in accidents. This tradeoff
between energy increase and safety remains one of the main chal-
lenges of Li-ion battery research and development in order to achieve
a high customer acceptance and, hence, market penetration. Besides
the ever increasing demand for higher energy contents, key aspects of
Li-ion battery safety are not fully understood so far, which hinders the
efficient design of batteries that fulfill these two seemingly conflicting
goals. Whilst Li-ion battery safety can be guaranteed on different lev-
els of battery integration, the limited thermal stability of a cell’s active
and passive components can be often identified as the root cause for
hazards that eventually need to be addressed on the cell, module, and
battery pack or system level.

The vertical integration of battery safety, requires consideration of
the topic throughout all relevant levels. This implies that a battery sys-
tem needs to be designed in accordance with requirements defined by
the applied materials and vice versa. The extremely complex interplay
of safety relevant phenomena occurring on different length scales in-
volving multiple mechanisms can often not be adequately described,
which is why an experimental investigation of battery safety lacks true
alternatives so far.

However, in order to efficiently design safe batteries, valid sim-
ulation tools are required to complement or even substitute costly
and time-consuming safety and abuse tests. For commercial and
larger sized Li-ion cells, such effort generally requires multidimen-
sional modeling approaches describing multiphysics effects on vary-
ing length scales. Various approaches have been suggested through-
out the past that can be generally divided into fully coupled contin-
uum models' and models which decouple the prevailing length scale
and geometry associated with a certain mechanism in order to reduce
the computational effort,>? such as the multidimensional modeling
(MuDiMod) approach previously suggested by our group.*® Mul-
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tidimensional multiphysics models accounting for electrochemical,
electrical, and thermal effects and interactions can be found rather fre-
quently for what can be considered as “normal” operation of Li-ion
cells. These models aim to describe local characteristics arising from
in-plane polarization effects along the electrodes and a superimposed
temperature distribution across the jelly roll or electrode stack. Such
considerations then allow for deriving design criteria of cell properties
linked to the electrochemical, electrical, and thermal behavior of the
cell in order to guarantee a most optimized operation for a given appli-
cation. Highly localized effects occurring during abnormal operation
or abuse, such as those resulting from local short circuits triggered by
an external deformation or penetration, can be adequately described
by such an approach provided that no further reactions (e.g. exother-
mic side reactions) or effects (e.g. cell venting) are dominating the
cell’s behavior. 13

Within this work, we extend the previously described MuDiMod
approach*® by accounting not only for a mapping between a spirally
wound jelly roll and the cylindrical geometry it forms,? but by also de-
scribing prismatic and pouch-type cell geometries with either wound
or stacked/folded electrode configurations. Furthermore, we include
a validated physical-chemical short circuit model'*!"> describing the
electrochemical behavior of the unit cell in order to depict the external
short circuit behavior of cylindrical, prismatic, and pouch-type Li-ion
cells of three different sizes, which are supposed to represent both
consumer and automotive applications as can be found in hybrid elec-
tric vehicles (HEVs) and plug-in hybrid electric vehicles (PHEVs).
Finally, a design study is carried out in order to evaluate the cool-
ing capability of Li-ion cells depending on the cell’s format and size
as well as the applied cooling strategy, such as surface cooling and
tab cooling, in terms of preventing a potential cell thermal runaway
triggered by a low-resistance external short circuit.

Modeling and Simulation

Within this section, recent activities in multidimensional multi-
physics modeling and simulation of Li-ion cells of different formats
and sizes are briefly summarized. These works describe the context
of the modeling approach presented here. For the reader’s conve-
nience, all relevant model parameters and equations are described
in the appendix whereas the applied approach of multidimensional
multiphysics coupling on varying length scales can be found in the
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Table I. Overview of multidimensional multiphysics modeling approaches of Li-ion cells.

Electrode size/cm

Electrode Cell Cell
Cell format Reference configuration chemistry capacity Wele hele Model
Cylindrical 30 jelly roll G/LMO < 5Ah ~ 100 n.a. 2D-continuum
31 jelly roll G/NCA 19.9 Ah 323 13 3D-continuum
41 jelly roll G/LFP > 5Ah ~ 111 11 720xp2D-EC/2D-E/3D-T
8 jelly roll SiC/NMC-811 3.35Ah 61.5 5.8 197xp2D-EC/2D-E/3D-T
4 jelly roll G/LFP 2.5Ah 169 5.6 19xp2D-EC/2D-E/2D-T
60 jelly roll G/LMO ~ 2.9 Ah 158.2 6 18xp2D-EC/2D-E/1D-T
~ 24 Ah 620 14
38 jelly roll G/LFP 2.3Ah 169 5.6 1xp2D-EC/3D-T
20 jelly roll G/LMO n.a. 19.1 5 56 xp2D-EC/3D-E/3D-T
27 jelly roll G/LMO 0.5 Ah ~ 100 n.a. SPM-EC/2D-E/3D-T
Prismatic 32 jelly roll G/NMC 40 Ah 512 20.5 3D-continuum (isothermal)
41 jelly roll G/LFP > 5Ah ~ 111 11 672xp2D-EC/2D-E/3D-T
61 jelly roll G/NMC-111 25 Ah n.a. 12.3 p2D-EC/3D-E/3D-T
62 stack G/LFP 16.5 Ah 6.7 10.5 p2D-EC/3D-E/3D-T
63 stack G/NCA 5Ah 8 11 p2D-EC/3D-E/3D-T
28 stack G/NMC 5Ah 12 7.5 42xSPM-EC/2D-E/2D-T
Pouch 1 stack G/NCA 20 Ah 14 20 3D-continuum
33 stack G/LFP 10 Ah 10 11.5 3D-continuum
7 stack G/NMC-111 40 Ah 18 22 25xp2D/2D-E/2D-T
6 stack G/LCO 2.3 Ah 10 30 21xp2D/2D-E/2D-T/2D-M
5 stack G/NMC-111 0.8 Ah 49.8 9.8 11xp2D, 2D-E
20 stack G/LMO n.a. 50 2.4 1 xp2D/3D-T
39 stack G/LFP 10 Ah 10 11.5 1 xp2D-EC/3D-T
40 stack G/NMC-111 18.5Ah 14.2 7.3 1xp2D-EC/3D-T
3 stack G/NCA 20 Ah 14.5 19.2 p2D-EC/2D-E/2D-T
2 stack G/LFP n.a. 20 30 p2D/2D-E
p2D homogenized pseudo two-dimensional Newman-type model
SPM (enhanced) single particle model
EC physical-chemical or empirical model describing the electrochemical unit cell
E electrical model describing the current collectors
T thermal model describing the jelly roll or electrode stack
M mechanical model describing the jelly roll or electrode stack
2D/3D two-/three-dimensional model geometry
G Li,C
SiC 3.5 wt% of Si in Li,C
LCO LiyCoO,
LFP LiyFePOy
LMO Li,Mn;O4
NCA Li,Nig §Cop.15Al0.0502
NMC-111 Lini1/3C01/3Mn1/302
NMC-811  LiyNig.gCop.1Mng 102

supplementary material for all three cell formats studied within this
work.

Modeling the electrochemical-thermal behavior of the electro-
chemical unit cell together with polarization effects across and along
the electrodes, as well as the thermal behavior of cell’s jelly roll or
electrode stack, the size of the differential algebraic equation (DAE)
system is considerably increased. The associated computational effort
to solve the DAE system, however, needs to be limited in order to
not only guarantee an efficient simulation of the cell’s behavior but to
allow for a successful or converging calculation in the first place.

Based on the extremely large currents occurring during short cir-
cuits involving considerable gradients in potential and concentration
across the electrode thickness,'®!”7 discretizing and, hence, calculat-
ing the electrochemical response of the unit cell requires compara-
bly large computational effort. Neglecting a spatial discretization be-
tween the electrodes by applying, for example, linear polarization
models, such as suggested by Newman and Tiedeman'® as well as
its modifications,'®-*? seems not to be an appropriate choice as previ-
ously described rate limiting mechanisms defining a cell’s short circuit

behavior cannot be considered.'> An adequately limited applicabil-
ity during short circuit scenarios holds for equivalent circuit models
(ECMs)>*% as well as single particle models (SPMs) and associated
extensions.??

Recent works that are relevant for the considerations presented
here are summarized in Table I. As can be seen from the table, there
is a rather even split between works focusing on spirally wound elec-
trode configurations (jelly roll), as found in cylindrical or prismatic
cells, and stacked electrode configurations, as found in prismatic and
pouch-type cells. With a wide variety of cell chemistries, capacities,
and sizes, a manifold of multiphysics coupling schemes have also been
applied, ranging from continuum models to geometrically decoupled
models. Most of the presented models focus on simultaneously depict-
ing the electrochemical processes occurring between anode and cath-
ode based on solid and liquid phase concentrations and potentials, the
electrical characteristics along the planar electrodes, and the thermal
behavior across the cell’s electrode configuration. Multidimensional
continuum models'3- often lack computational efficiency as all con-
sidered variables ideally need to be solved within the same discretiza-
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tion scheme, which is dominated by the smallest geometric entity (i.e.
anode, separator, cathode, and current collector domains). Whilst such
fine discretization is vital for describing the electrochemical response
of the cell especially at higher currents, a coarser discretization would
still allow for sufficient modeling accuracy in terms of the electrical
and thermal cell behavior. This partly explains why this model type is
not applied to the same extent as geometrically decoupled modeling
approaches (see Table I). Such geometrical decoupling often involves
studying electrochemical, electrical, thermal, and even mechanical ef-
fects on the corresponding lengths scales and exchanging only relevant
variables between the individual models such as temperature, poten-
tial, current density distribution, and heat generation rate.

By describing mass and charge transport throughout the thickness
of the electrodes and separator as well as diffusion limited reaction
kinetics and diffusion processes within the active material particles
(1D+1D, i.e. p2D3**%), the electrochemical cell behavior can be reli-
ably described over a wide range of currents and temperatures.'>'¢ By
further accounting for a potential distribution and current flux along the
current collectors (2D*!®), inhomogeneities in current density distri-
bution and, hence, heat generation rate can be described. By finally ac-
counting for sensible heat effects, heat conduction, and heat exchange
of the cell with its surroundings, the resulting cell temperature and tem-
perature distribution along the electrodes can be calculated based on a
2D*7 or 3D® thermal representation of the cell. Such considerations
are essential as even under ‘“normal” operation not only considerable
variations in current density distribution and, consequently, state of
charge (SoC) can be observed along the electrodes,’ but also severe
temperature gradients need to be considered which influence the lo-
cal electrochemical and electrical cell behavior.?!**3” Whilst most of
the presented geometrically decoupled multidimensional multiphysics
models rely on a not further specified 2D electrical model of the cur-
rent collector foils and a 1D to 3D thermal model of the cell’s geometry
or electrode configuration depending on the cooling condition and ap-
plicability of symmetry planes, the geometrical arrangement of the
electrochemical models, such as p2D and SPM, greatly varies from
coupling only one model node**° to several hundred model nodes®*!
to the planar electrical electrode model.

Within this work, very large currents and heat generation rates
as well as cooling rates are applied to cells of various formats and
sizes. This requires not only a high discretization of the used p2D

physical-chemical modeling approach in order to describe the elec-
trochemical unit cell,’® but also demands for a precise, numerically
efficient bi-directional mapping between the thermal and electri-
cal/electrochemical response of the cell. Only few works have pre-
viously reported using a local coordinate mapping between a 2D elec-
trical and 3D thermal model of a cylindrical cell.>*?” Such mapping
has been recently adapted for the MuDiMod approach® which is ex-
tended in this work to also describe the mapping between a spirally
wound electrode configuration for a prismatic cell as well as a z-folded
electrode configuration for a pouch-type cell (see supplementary ma-
terial). Combining this coupling scheme with the previously published
validated p2D short circuit model,'*' the desired cell design study can
be carried out in order to evaluate the cooling capability of cells of
different format and size during low-resistance external short circuits.

The validated physical-chemical model represents a Li-ion cell
formed of graphite as anode and LiNi,;3Co;3Mn;;30, (NCM-111,
in the following written as NMC-111) as cathode active materials
containing 1 M LiPF in ethylene carbonate (EC) : dimethyl carbon-
ate (DMC) 1:1 (by weight) with 2 wt% vinylene carbonate (VC) as
electrolyte. An effective electrode loading of 1.85 mAh cm™ (i.e.
a balanced electrode loading, BA!*) between an upper and lower cell
voltage of 4.2 V and 3.0 V is considered, as represented by the material
and electrode parameters summarized in the appendix. The geomet-
ric characteristics of the studied cylindrical, prismatic, and pouch-type
cells with capacities of 3 Ah (consumer-sized), 9 Ah (HEV-sized), and
27 Ah (PHEV-sized) within this voltage range are shown in Table II.
The aspect ratio of each individual cell format was kept constant for all
considered cell sizes. Whilst a 26650 consumer-sized cell was used as
the targeted geometry for the cylindrical cells, a PHEV2-format was
considered for the prismatic cells, and a combination of a PHEV1-
format and BEV 1-format was applied for the pouch-type cells.*? The
PHEV/BEV cell geometry for the prismatic and pouch-type cells was
taken from DIN 91252.#2 All cell formats are considered to contain
electrodes and a counter-tab configuration with a continuous electrical
interconnection along the electrode width we.. Whilst such electrode
configuration can be more usually found within larger-sized cylindri-
cal and prismatic Li-ion cells, a stacked or z-folded electrode configu-
ration realistically requires individual electrode sheets with similarly
individual or z-folded separator configurations. However, for model
simplicity, a continuous electrode configuration is also considered for

Table II. Geometric characteristics of studied cell formats and sizes.

p2D-discretization

Cell size Cell capacity Wele X Hele Description Unit Cylindrical Prismatic Pouch
Consumer 3 Ah 4x3 Wele mm 1361.9 1170.7 744.8
hele mm 59.5 69.2 108.8
Wielly> Wstack mm 41.3 47.7
hjcllyv hstack mm 59.5 69.2 108.8
dielly» dstack mm 25.4 12.4 5.6
Asurf/Aele % 2.9 4.1 6.4
Atab/Aele % 0.6 0.5 0.3
HEV 9 Ah 9 x4 Wele mm 2834.5 2460.5 1549.2
Nele mm 85.8 98.8 156.9
Wielly» Wstack mm 59.0 68.7
ielty» Pstack mm 85.8 98.8 156.9
dielly» dstack mm 36.7 17.7 8.4
Asurf/Aele % 2.0 2.8 4.4
Alab/Aele % 0.4 0.4 0.2
PHEV 27 Ah 18 x 6 Wele mm 5898.8 5153.9 32224
Nele mm 123.6 141.5 226.3
Wielly > Wstack mm 84.5 99.2
ielty» Pstack mm 123.6 141.5 226.3
djelly» dstack mm 52.9 25.4 12.1
Asurf /Aele % 1.4 1.9 3.1

Atab /Acle % 0.3 0.3 0.2
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Figure 1. Modeled z-folded electrode and separator configuration forming the electrode stack of the pouch-type cell considered in this work (c) in comparison
to common electrode and separator configurations including stacked, double-coated electrode sheets as well as individual separators (a) or a continuous, z-folded

separator (b) in between the positive and negative electrodes.

the pouch-type cell assuming a z-folded electrode and separator con-
figuration, as the polarization along the height of the electrode (i.e.
between the tabs) is assumed to dominate the in-plane electrical behav-
ior of the electrodes which is, hence, considered to be only marginally
affected by the electrical electrode configuration along the width of
the electrode. This essentially implies that the usually double-sided
electrodes are considered to be coated only on one side with half the
current collector thickness. This approach is schematically shown in
Fig. 1c in comparison to a strictly stacked electrode and separator
configuration (see Fig. 1a), as well as an electrode stack including a
z-folded separator (see Fig. 1b).

For the applied cooling strategies, either the surface area of the cell
or the tab area was used applying a convective boundary condition with
convection coefficients /. (W m~2 K~!) ranging from natural convec-
tion (1 W m~2 K~!) to an immediate phase change (10° Wm™2 K~!) at
a constant coolant temperature of 25°C. This range is chosen in order
to evaluate the cell’s cooling behavior under physical extremes and
does not necessarily reflect a realistic scenario (e.g. water would need
to be held far below ambient pressure to realize such high heat trans-
fer coefficients including boiling at 25°C). Furthermore, the applied
convective cooling is considered to directly affect the surface of the
cell’s jelly roll or electrode stack which is not the case in real life as an
additional cell housing would need to be considered. This assumption
forms a best case which neglects the comparably low thermal resistiv-
ity of the cell’s housing as well as geometrical imperfections of both
cell and cooling system (e.g. unevenness resulting in a reduced ther-
mal contact area). Radiation effects are further neglected as the cell is
expected to be directly in contact with a cooler or the coolant. For the
pouch-type cell, only the large surface area planar to the electrodes
is considered for surface cooling whilst the entire lateral surface area
of the jelly roll is considered for the prismatic and cylindrical cell
under this cooling condition. Moreover, exothermic side reactions oc-
curring at elevated temperatures as previously described* are not
considered in this work in order to reduce computational time.

With the PHEV-sized cells requiring the largest discretization ef-
fort, the chosen 108 p2D models per electrode pair (or 8 p2D models

per Ah) mark the upper limit of degrees of freedom that the solver and
workstation are able to handle efficiently for the required discretization
of the p2D model during high rate operation (COMSOL Multiphysics
5.3a, Intel Xeon E5-2687W 0 3.1 GHz with 64 GB RAM). A higher
in-plane discretization was not feasible due to the large through-plane
discretization effort required by the p2D models at very high currents.
In our previous work, 158 p2D nodes per electrode pair were consid-
ered as the maximum for a lower discretization of the p2D models
using the same computational resources.® In order to allow for max-
imum comparability, the same discretization of 8 p2D nodes per Ah
was chosen for all cell models. Depending on numerical convergence,
solving the PHEV-models required approximately two to three days
per cell and cooling condition, whereas the consumer-sized models
were generally solved within less than six hours.

Results and Discussion

Within this section, first of all the electrochemical-thermal short
circuit behavior of a graphite/ NMC-111 electrochemical unit cell is
studied. This is achieved by neglecting any electrical and thermal ef-
fects associated with geometric constraints of planar electrodes, which
are usually spirally wound or stacked to form larger-sized Li-ion cells,
as found in commercial applications. Assuming an ideal thermal con-
tact of the electrodes to the cell’s surroundings, the impact of various
cooling conditions is studied by means of the p2D modeling approach
described in the previous section and the appendix. By further ac-
counting for geometrical characteristics of cylindrical, prismatic, and
pouch-type Li-ion cells (see Table II), the external short circuit behav-
ior of larger-sized Li-ion cells is studied by the MuDiMod approach
described in the previous section, the appendix, and the supplemen-
tary material. The impact of a cell’s size and format or configuration
of the stacked or wound electrode is studied under various cooling
conditions which are related to the simulation studies carried out with
the p2D model of the electrochemical unit cell. These two approaches
allow an examination of the impact of a cell’s geometry on its cooling
capabilities. The presented simulation results are further used as an
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Figure 2. Predicted electrochemical (left: a, ¢, and e) and thermal response (right: b, d, and f) of the studied electrochemical unit cell under various cooling
conditions with convection coefficients /. ranging from 1073 W m~2 K~! to 10> W m~2 K~ and a constant coolant temperature of 25°C as a function of short
circuit duration 7 (a to d) and as a function of SoC (e and f) for the C-rate (a and e), cooling rate ¢ (b and f), ASoC (c), and temperature 7 (d). The coloring

represents the chosen range of convection coefficients as defined in a.

indication of the feasibility of cooling cells of various sizes and for-
mats during short circuit conditions, which may allow a reduction in
the likelihood of cell thermal runaway.

Electrochemical-thermal short circuit behavior of the electro-
chemical unit cell.—By applying a “hard” external short circuit con-
dition with a low resistance to the studied electrochemical unit cell
within the p2D model as previously reported (i.e. applying a bound-
ary condition approaching a cell voltage of 0 V), the transient short
circuit behavior of the cell can be studied in great detail. With elec-
trode area specific convection coefficients /. ranging from almost adia-
batic conditions (107> W m~2 K~!) to cooling conditions approaching
isothermal operation involving immediate phase change, such as boil-
ing or evaporation of the coolant (10° W m~2 K~!), the dependency
of the cell’s short circuit behavior on the prevailing thermal bound-
ary conditions can be evaluated, as shown in Fig. 2. As can be seen
from the figure, a considerably strong convective cooling results in a
short circuit behavior of the studied cells as recently reported under
quasi-isothermal test conditions.'*'> With lower heat transfer coeffi-
cients and, hence, lower cooling, the reported step-like characteristics

in C-rate as a function of short circuit duration 7. (s) and SoC changes
toward higher C-rates, forming a peak-like shape around 30 s which
correlates to approximately 50% SoC (see Figs. 2a and 2e). This in-
crease in C-rate, which can be generally explained by enhanced trans-
port properties of the liquid electrolyte*’ and increased solid phase dif-
fusion coefficients of the active materials at elevated temperatures,'”
generally results in an accelerated short circuit behavior with a faster
discharge as previously discussed (see Figs. 2a and 2c¢).'*!> Based on
this fast discharge converting the electrochemically stored energy into
thermal energy, the temperature of the studied unit cell also quickly
rises beyond the starting temperatures of exothermic side reactions
involving the cell’s components. The exothermic decomposition re-
action of the graphite anode’s solid electrolyte interphase (SEI) starts
around 80°C with comparably low heat generation,**34° whereas, in
the presence of non-aqueous electrolytes, cathode materials such as
NMC start to exothermically decompose from as high as 180°C for
NMC-111 to as low as 120°C for LiNiygCog1Mngy;0, (NMC-811)
depending on the composition of NMC.*® This decomposition reac-
tion involving oxygen release is accompanied by comparably large
heat rates that may result in electrolyte oxidation and, eventually, cell
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Figure 3. Predicted phases of a short circuit during a hard short circuit event for a cooling condition of 107> W m~2 K~! with respect to electrode area and a
coolant temperature of 25°C observed in C-rate (top: a and b), the corresponding polarization throughout the electrodes and separator (middle: ¢ and d) resulting
from the normalized solid (surface) and liquid phase concentration (average) at distinct locations of the cell (bottom: e and f) as a function of short circuit duration
(left: a, c, and e) and as a function of normalized discharged capacity (right: b, d, and f). The overall polarization (middle: ¢ and d) is primarily based on the
contribution of diffusion related losses (D) and ohmic losses (£2) within the solid (s) and liquid (1) components of the negative (neg) and positive electrode (pos)
as well as throughout the separator (sep) including overpotentials associated with Butler-Volmer reaction kinetics (BV). Ohmic losses within the solid phase are

negligible in comparison.

thermal runaway. Within this work, a starting temperature of approx-
imately 165°C of the exothermic side reactions involving NMC is
considered as previously reported for LiNij4Cop,Mny 40, (NMC-
442) at 100% SoC.*® This exemplary temperature threshold is chosen
in order to not represent an overly optimistic scenario with rather
high starting temperatures but to approach a more realistic appli-
cation with moderate nickel contents within the NMC composition
such as NMC-442, NMC-532, and NMC-622 or, in other words,
to evaluate an NMC composition which is not limited to NMC-
111 alone. The chosen starting temperature of 165°C was derived
by Hildebrand et al. by means of a model-based data analysis from
two-component calorimetric measurements formed of NMC-442 and
electrolyte.*

With increasing convection coefficient and cell temperature, the
electrode area specific cooling rate §. (W m~2) increases according
to Newton’s law of cooling (see Figs. 2b and 2f). Interestingly, there
seems to be a threshold convection coefficient at which the cooling
rate dominates the cell’s short circuit behavior, resulting in a sig-
nificantly decelerated discharge with lower C-rates and heat gener-
ation rates accompanied by a reduced cooling demand with ongoing
short circuit duration. This correlates to a fading of the observed peak
in C-rate resulting in the previously reported step-like behavior un-
der quasi-isothermal conditions accompanied by a varying inclina-
tion in C-rate throughout the second plateau at approximately 80 s
or 55% SoC (see blue line in Figs. 2a and 2e).!*!5 The discussed
change in inclination of the C-rate, both as a function of short circuit
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duration 7, and SoC, can be correlated to a transient change in rate
limiting mechanisms within the NMC cathode. In the beginning of
the second plateau, rate limitation is based on a depletion of Li-ions
within the liquid electrolyte near the current collector and a simul-
taneous saturation of the surface concentration of the active material
particles near the separator. With ongoing short circuit duration, the
short circuit behavior is exclusively dominated by solid phase dif-
fusion limitations within the NMC cathode, resulting in a varying
slope of the C-rate curve (see blue line Figs. 2a and 2e).!*> By vary-
ing the electrode area specific heat transfer coefficient A, a different
behavior can be observed for non-isothermal conditions as shown in
Fig. 2 and Fig. 2. Compared to the previously reported breakdown
in cell polarization for isothermal conditions at high cooling rates
(see Fig. Al in the appendix),'> an increase in temperature through-
out the short circuit duration results in a minor contribution of solid
phase diffusion polarization after the first plateau (I) and the transition
toward the second plateau (I-II), especially within the cathode (see
Fig. 3).

As a consequence, the overall cell polarization throughout the sec-
ond plateau (II) is primarily dominated by reaction kinetics within the
positive electrode based on a depletion in salt concentration within
the liquid electrolyte near the current collector and a simultaneous
approach of a fully saturated surface concentration within the active
material particles near the separator (Ila). As the simulated tempera-
tures exceed the starting temperature of exothermic side reactions,
a limitation of charge transfer kinetics originating in a fully satu-
rated positive electrode at the surface of the active material particles
cannot be observed (previously reported as stage IIb,' see Fig. Al
in the appendix). Despite the compromised validity of the model
at elevated temperatures neglecting exothermic side reactions, the
predicted increased current levels also come with a stronger contri-
bution from charge transfer overpotentials within the negative elec-
trode throughout the short circuit duration which can be correlated
to losses associated with the resistivity of the SEI. Furthermore, the
observed peak in C-rate around 30 s or 50% SoC forms as soon as a
fully saturated surface concentration is reached at the separator inter-
face of the positive electrode even though ion transport within both
solid and liquid components is enhanced with increasing tempera-
ture. A similar peak-like behavior during external short circuits has
been previously reported via modeling and simulation'®175! as well as
experiments.>?

With the observation of a strongly decelerated short circuit behav-
ior by increasing the electrode area specific convection coefficient i, a
threshold convection coefficient can be identified at which exothermic
side reactions can be avoided completely or at least delayed toward
uncritical SoCs (see Fig. 2). With this in mind, either the maximum
temperature occurring throughout the short circuit or the temperature
at a defined SoC can be evaluated as shown in Fig. 4.

Within this work, exothermic side reactions triggered within the
NMC cathode at an SoC of 50% or less are considered as uncriti-
cal resulting in no cell thermal runaway, as previously observed via
accelerating rate calorimetry measurements of pouch-type Li-ion cells
formed of mesocarbon microbeads (MCMB) and NMC-442.46 This
can be explained with a reduced overall reactivity of both anode and
cathode with lower heat generation rates at lower SoCs.*® At this SoC,
the starting temperature of the decomposition reaction of NMC-442
has been reported to slightly increase toward 170°C. However, for
simplicity reasons, a constant starting temperature of 165°C is con-
sidered in this work for the NMC cathode. Even though exothermic
side reactions involving SEI decomposition are triggered at lower
temperatures,*®*° such reactions are not considered to be sufficient
enough to result in cell thermal runaway in this work, due to the com-
parably low heat released throughout this process.’* Both the maxi-
mum temperature 7p,,x occurring throughout the short circuit duration
and the temperature at 50% SoC T |so%soc are studied in Fig. 4. As
can be seen from the figure, with an electrode area specific convection
coefficient ranging from approximately 20 W m~2 K~! to 55 W m~2
K~!, not only exothermic side reactions within the positive electrode
can be delayed toward uncritical SoCs (i.e. T |s0% soc < Tstart, Nmc) but
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Figure 4. Predicted temperature of the electrochemical unit cell at a coolant
temperature of 25°C as a function of short circuit duration # (a), as a function
of SoC (b), and as a function applied electrode area specific heat transfer
coefficients A indicating the maximum occurring cell temperature T,ax (dash-
dotted line) and the cell temperature at 50% SoC T |so¢ soc (dashed line) for
varying h. (colors as defined in a) allowing for deriving cooling requirements
to keep the unit cell within an uncritical temperature (c) and SoC window (d).
Colored markers in ¢ indicate the intersection of the dash-dotted (7Tjhax: X ) and
dashed lines (T |50% soc: +) with the cell temperature curves shown in a and b
as a function of &.. The cell SoC corresponding to this intersection is shown
in d. Gray markers in ¢ and d indicate the minimum value of /. and associated
SoC to fall below a certain temperature threshold (i.e. Tseart, sE1 OF Tstart, NMC)
outlined as gray shaded areas in a, b, and c.
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also exothermic side reactions within the anode can be ruled out com-
pletely (i.e. Thax < Tian, ser» see Fig. 4c). Whilst electrode area specific
convection coefficients i, below 1 W m~2 K~! merely reduce the re-
sulting temperature of the unit cell due to the negligible cooling effect
despite the large temperature difference between cell and coolant (see
see Figs. 4a, 4b, and 4c), values above 100 W m~2 K~! result in an
asymptotic approach of the coolant temperature for both temperature
criteria (see Fig. 4c). Between these two values, a strong variation in
resulting cell temperature (see Ty, and T |54 soc in Fig. 4¢) and asso-
ciated SoC (see Ty, in Fig. 4d) can be observed, marking the range of
interest for deriving appropriate cooling strategies. In order to allow
for a complete avoidance of exothermic side reactions, the maximum
temperature Ty, needs to stay below the starting temperature of the
SEI decomposition reaction Ty, sg1 of approximately 80°C. In order
to achieve this, the short circuited cell needs to be cooled down below
this temperature threshold within the first 15% ASoC or approximately
10 s of the short circuit. This leaves only little time between detecting a
short circuit to applying an emergency cooling (see Figs. 2c and 2d and
dash-dotted line as well as dark gray markers in Figs. 4c and 4d), start-
ing from approximately 96% SoC in accordance with previous work.'?
In order to completely avoid exothermic side reactions involving the
NMC cathode Ty, nmc at approximately 165°C, the maximum tem-
perature occurring throughout the short circuit must be maintained
below this temperature within a ASoC of approximately 60%, which
also implies a higher tolerance to a delay between short circuit de-
tection and cell cooling (see dash-dotted line as well as light gray
area and markers in Figs. 4c and 4d). The aforementioned criterion of
approaching Ty nmc at 50% SoC can be therefore understood as a
minimum cooling requirement to avoid cell thermal runaway whilst
allowing for exothermic side reactions to occur within both anode and
cathode. The range of the different cooling requirements are compared
in Fig. 5a as a function of coolant temperature. As can be seen from
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Figure 6. Predicted electrochemical (left: a, ¢, and e) and thermal response (right: b, d, and f) of the studied HEV-sized prismatic cell under various cooling
conditions applying a surface cooling with convection coefficients /. ranging from 1 W m~2 K~! to 10° W m~2 K~ and a constant coolant temperature of 25°C
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average temperature Ty (d).
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the figure, A, is considerably dependent on the coolant temperature for
Tnax approaching Ty sgr. In order for both 7« and T |54 soc to fall
below Tiar, nmc, @ reduced impact of the coolant temperature can be
observed. This implies that for lower coolant temperatures, the like-
lihood of completely avoiding exothermic decomposition reactions
can be considerably increased, approaching the minimum cooling re-
quirements set by the 7T '|so% soc = Tnmc criterion. However, this has
almost no effect on the tolerable ASoC range, implying the necessity
of a comparably immediate cooling of the cell in order to achieve this
goal (see Fig. 5b). For both Tp,,x and T |59 soc to approach Ty nmcs
similar values for /. can be observed with a larger tolerable ASoC for
Tax compared to T |soq soc at slightly higher values of A..

In this work, T |so% soc = T, nmc 18 considered as the minimum
cooling requirement in order to be able to avoid cell thermal runaway
which will be studied in further detail for varying cell formats and
sizes whilst applying a coolant temperature of 25°C.

Electrochemical-electrical-thermal short circuit behavior of dif-
ferent cell formats and sizes.—By applying the MuDiMod approach
in order to describe the cell formats and sizes shown in Table II, the
external short circuit behavior of larger sized cells used for commer-
cial applications can be evaluated in comparison to the discussed short
circuit characteristics of the unit cell. For this purpose, two cooling
conditions are studied which have been recently discussed in literature,
namely surface cooling®*> and tab cooling.’>-® By accounting for the
same short circuit condition for all cells representing a low external
short circuit resistance (i.e. applying the same boundary condition ap-
proaching a cell voltage of 0 V), a most comparable evaluation of the
interaction of cell format, size, and cooling condition can be achieved.
Another approach would be to apply the same short circuit resistance
to all cells implying lower overall current densities with increasing
cell size. This would require an adaption of area specific short circuit
resistances applied to the unit cell for each cell format and size in order
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Figure 8. Predicted minimum, average, and maximum temperature of the studied cell formats and sizes in accordance with Table II for consumer-sized (top: a,
b, and c¢), HEV-sized (middle horizontal: d, e, and f), and PHEV-sized (bottom: g, h, and i) cylindrical (left: a, d, and g), prismatic (middle vertical: b, e, and h),
and pouch-type cells (right: c, f, and i) at an average cell SoC of 50% applying a tab cooling with convection coefficients /. ranging from 1 W m=2 K~! to 10° W
m~2 K~! and a constant coolant temperature of 25°C as a function of /.. The vertical dotted lines and markers indicate a cooling below the threshold temperature
Titart, Nmc for each individual temperatures. Colors are chosen in accordance with Figs. 2, 4, and 6.

to allow for a straightforward comparison to the electrochemical unit
cell.

The short circuit behavior of an HEV-sized prismatic cell is ex-
emplarily shown in Fig. 6 applying a surface cooling with various
convection coefficients at a coolant temperature of 25°C. When com-
paring Fig. 6 to Fig. 2, a strong difference between the thermally
well-connected unit cell and the geometrically restricted prismatic
cell becomes apparent. Whilst the unit cell’s temperature cannot only
be maintained below the temperature threshold of exothermic side
reactions but can even be operated under isothermal conditions if
the chosen cooling condition is sufficiently strong, the HEV-sized
prismatic cell cannot be cooled to the same extent. This implies that
even under conditions representing a direct phase change at the sur-
face of the wound electrode configuration, keeping the cell’s average
temperature below Ty, nmc throughout the entire short circuit dura-
tion is not possible, let alone the cell’s maximum temperature. Hence,
exothermic side reactions involving the positive electrode which may
result in cell thermal runaway must be expected to occur. The rea-

son for this temperature increase can be found in a reduced effective
cooling rate ¢, . (W m~2 K~!) with respect to the coated electrode
area (see Figs. 6b and 6f):

Asurf /tab

Asurf Jtab
2- Wele - hele

Aele

qc, eff = q'c : c [1]
whereas Agy Or Ay, represent the cooled area of the jelly roll or elec-
trode stack, depending on the applied cooling strategy, and A¢ de-
scribes the double-sided electrode area of the investigated cell. This
effective cooling rate is partly reduced by over a magnitude compared
to the electrochemical unit cell (see Figs. 2b and 2f) which is based
on the limited surface area available for cooling in the first place, and
areduced surface temperature resulting from an increased thermal re-
sistivity in the second place. These two effects, which are related to
geometric and thermophysical properties of the cell and its jelly roll or
electrode stack, both directly affect the overall cooling performance:

Qc = he- Asurf/lab . (Tsurf/lab - Tc) [2]
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whereas Ty,,s or Ty, represent the local temperature of the cooled area
depending on the applied cooling strategy and 7. describes the coolant
temperature. The limited effect of the applied cooling conditions re-
sults in an almost unaffected short circuit behavior with similar C-
rates and little variation in short circuit duration (see Figs. 6a, 6c,
and 6e).

When studying the cell temperature at an average SoC of 50% in
accordance with Fig. 4, the effect of cell format and size becomes
obvious for both surface cooling (see Fig. 7) and tab cooling (see
Fig. 8).

With the geometrical restrictions of the studied cells, consider-
able inhomogeneities are provoked which generally become more
pronounced with growing cell size and increased cooling performance
represented by larger convection coefficients /.. However, even at low
cooling rates approaching natural convection (ca. 1 W m=2 K™'), a
considerable difference between the minimum, average, and maxi-
mum cell temperature can be observed at 50% SoC, which can also
not be ruled out completely even under adiabatic conditions (i.e. 0 W
m~2 K~!, not shown here). This can be explained with the polarization
along the electrodes during operation involving an inhomogeneous

current density distribution and, consequently, spatially varying heat
generation rates, temperatures, cell polarization, and so forth building
up throughout discharge. The impact of the chosen cell format and size
as well as the applied cooling strategy becomes obvious when com-
paring the characteristics shown in Fig. 7 and Fig. 8 to the behavior
of the unit cell shown in Fig. 4 as a function of convection coefficient.
Whilst the minimum temperature can be maintained below T, nmc
for all cells with the chosen range of convection coefficients, the av-
erage and especially the maximum cell temperature 7, and T;,,x can
only be controlled for smaller and thinner cells.

This can be explained with a relatively large surface area and a lim-
ited resistance for heat conduction. With the chosen model assump-
tions, only surface cooled pouch-type cells of consumer and HEV
size can be maintained below Ty, nmc at 50% SoC. Whilst the av-
erage temperature of consumer-sized prismatic cells and PHEV-sized
pouch-type cells can be physically reduced below this threshold, by
applying a surface cooling, all other cell sizes and formats cannot be
maintained below Ty, nmc for both Ty and Tp,,. Due to the larger
electrode length and reduced electrode height of cylindrical cells in
comparison to prismatic and pouch-type cells, a slightly reversed pic-
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ture can be observed between these three cell formats when applying
a tab cooling, which allows the average cell temperature to be kept
below Ty, nmc for consumer-sized cylindrical and prismatic cells at
convection coefficients exceeding 10000 W m~2 K~!. All other stud-
ied combinations of format and size cannot be maintained below this
threshold on average.

It becomes furthermore apparent that besides limitations of the
applied convective cooling with 100000 W m~2 K~! marking the
somewhat upper range of physically possible heat transfer coefficients,
both cell format and size also geometrically limit the heat that can be
extracted from the cell. Whilst the temperature of the unit cell can
be maintained isothermal if the cooling is chosen sufficiently strong,
this seemingly cannot be achieved for larger sized cells showing an
asymptotic approach of higher temperature levels for both average and
maximum cell temperature. Furthermore, even though the average
temperature is generally reduced with increasing convection coeffi-
cients, the maximum cell temperature at 50% SoC seems to partly
increase depending on the cell’s format and size combined with the
chosen cooling strategy. This appears to be the case for all conditions
in which a cooling of the cell’s average temperature below T, Nmc 1S
not possible. This effect can be only explained by vastinhomogeneities
within the cell triggered by the temperature distribution fostering large
local current densities and heat generation rates at higher temperature
regions (e.g. center of the jelly roll or electrode stack), paired with a
limited cooling capability which predominantly affects regions where
comparably low currents and heat generation rates can be observed
(e.g. surface near regions of the jelly roll or electrode stack). The
temperature at maximum convective cooling (i.e. i approaching o)
can be estimated by fitting the data shown in Fig. 7 and Fig. 8 via
a hyperbolic tangent function (solid and dashed lines in Figs. 7 and
Fig. 8), which is shown in Fig. 9 for the minimum, average, and maxi-
mum cell temperature. Following this approach, a critical cell size for
each format and cooling condition can be derived which still allows
for a complete cooling of the cell below a critical threshold temper-
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ature. Only surface cooled pouch-type cells can still be maintained
below Ty nmc in terms of average and maximum temperatures for
cell sizes beyond the considered HEV size. For all other combinations
of cell format and cooling condition, only a cell size below the studied
3 Ah consumer size could possibly be kept below this temperature
threshold at the applied short circuit condition.

Furthermore, the graphic representation showing the cooling per-
formance in Fig. 9 allows a direct comparison of the effective-
ness of surface cooling and tab cooling. Whilst the cylindrical cell
can be physically maintained at lower temperatures via tab cool-
ing, both prismatic and especially pouch-type cells can be cooled
more efficiently via surface cooling. The general cooling capability
of the three studied cell formats increases from cylindrical, to pris-
matic, and pouch-type cell with a stronger dependency on the ap-
plied cooling strategy (see spread between solid and dashed lines in
Figs. 9a to 9f).

By further comparing the convection coefficients at which the min-
imum cell temperature falls below T, nmc to the convection coeffi-
cient that needs to be applied to the unit cell for a cooling below this
threshold, the loss in cooling efficiency due to geometrical restrictions
becomes apparent (see Fig. 10). Whilst a convection coefficient of just
under 20 W m~2 K~ is sufficient for cooling the whole unit cell below
Tare, N at 50% SoC, a range between 150 W m2 K" and 180 W
m~2 K~! must be applied for the surface cooling (see Fig. 10a) which
increases toward 800 W m~2 K~! and beyond 1000 W m~2 K~! (see
Fig. 10b) for the tab cooling, in order to reduce at least the cell’s min-
imum temperature below this value depending the format and size of
the cells. This increase by a factor of approximately 10 to 50 for the
surface and tab cooling compared to the unit cell underlines not only
the geometric restrictions of cooling larger sized cells but also reveals
a superior cooling capability of surface cooling compared to tab cool-
ing for the studied cells. However, this representation does not allow
an easy distinction between the cooling capabilities of different cell
formats and sizes.

b Tab cooling
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Figure 10. Approximated convection coefficients /. (top: a and b) and approximated effective convection coefficients /i ot (bottom: ¢ and d) beyond which the
temperature of the electrochemical unit cell and the minimum temperature of the studied cell formats and sizes (see Table II) fall below T, NMc at an average cell
SoC of 50% applying both a surface (left: a and ¢) and tab cooling (right: b and d) as a function of cell capacity. Green markers and area indicate a sufficient cooling
to reduce both Tyye |509% soc and Tmax |50% soc below Ty, Nmc, yellow markers and area indicate a cooling of Tiye |50% soc below this threshold, and red markers and
area indicate an insufficient cooling with both Tyyel50% soc a0d Timax|50% Soc €xceeding Tyiar, NMC-
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Figure 11. Predicted cell temperature for the 3D geometry of the jelly roll or electrode stack (a, b, and c¢) and for the mapped 2D representation along the electrodes
with x” = 0 marking the beginning of the jelly roll or electrode stack (d, e, and f) based on the accumulated area specific heat g (g, h, and i) and the superimposed
heat dissipation at an average SoC of 50% together with the area specific heat generation rate g (j, k, and 1) for the cylindrical (left: a, d, g, and j), prismatic (middle:
b, e, h, and k), and pouch-type consumer sized cells (right: c, f, i, and 1) at a surface cooling of 1000 W m~2 K~! and 25°C. The dashed and dotted lines indicate
the threshold temperature T, nMc and 50% SoC, respectively. The color range shown in f applies to all temperature data (a to f).

By further relating the cooled area Ag,s or Agp to the overall Whilst A .y = h. for the unit cell, the effective cooling coefficient

(double-sided) electrode area A (see Table II), an effective cooling strongly decreases for the surface and tab cooling of larger sized cells
coefficient A o can be derived in analogy to Eq. 1:

h —h Asurf/lab _ Asurf/tab
c,eff — . .

— Ik
Aele 2- Wele * hele

(compare Figs. 10a and 10b to 10c and 10d). When further rating a
cell and cooling condition that allows for a cooling of both a cell’s
average and maximum temperature below Ty, nmc at 50% SoC as
uncritical (see green markers and area in Fig. 10) and an exceeding of
[3] both average and maximum temperatures as critical (see red markers
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and area in Fig. 10), the combination of cell format, size, and applied
cooling strategy can be assessed (see Figs. 10c and 10d). Hence, a cell
and cooling condition resulting in an effective convection coefficient
below 5.5 W m~2 K~! at which the minimum cell temperature falls
below Ty, nmc can be regarded as critical (see red markers and area
in Figs. 10c and 10d). An effective cooling coefficient beyond 7.5 W
m~2 K~! results in an uncritical behavior (see green markers and area
in Figs. 10c and 10d). The range in between these two values, which

is characterized by an average temperature below and a maximum
temperature beyond Ty, nmc at 50% SoC, marks a transition which
needs to be considered more closely in terms of local temperatures
and SoCs in order to be able to evaluate the likelihood of exothermic
side reactions that may result in a cell thermal runaway (see yellow
markers and area in Figs. 10c and 10d).

Such evaluation is exemplarily shown in Fig. 11 and Fig. 12 for
consumer-sized cells with an applied surface cooling of 4. = 1000 W
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Figure 12. Predicted cell temperature for the 3D geometry of the jelly roll or electrode stack (a, b, and c) in accordance with Fig. 11 together with the corresponding
local cell potential £ (d, €, and f), cell SoC (g, h, and i), and the through-plane current density iyp (j, k, and 1) at an average SoC of 50% for the cylindrical (left:
a, d, g, and j), prismatic (middle: b, e, h, and k), and pouch-type consumer sized cells (right: c, f, i, and 1) at a surface cooling of 1000 W m~2 K~ ! and 25°C. The
dashed and dotted lines indicate the threshold temperature Ty, NnMc and 50% SoC, respectively.
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Figure 13. Predicted cell temperature for the 3D geometry of the jelly roll or electrode stack (a, b, and c) and for the mapped 2D representation (d, e, and f) based
on the accumulated area specific heat ¢ (g, h, and i) and the superimposed heat dissipation at an average SoC of 50% together with the area specific heat generation
rate ¢ (j, k, and 1) for the cylindrical (left: a, d, g, and j), prismatic (middle: b, e, h, and k), and pouch-type consumer sized cells (right: c, f, i, and 1) at a tab cooling
of 1000 W m~2 K~! and 25°C. The dashed and dotted lines indicate the threshold temperature Ty, NMc and 50% SoC, respectively. The color range shown in

applies to all temperature data (a to f).

m~2 K~! at 50% SoC. The derived distribution in temperature T (see
Figs. 11a to 11f) is based on the accumulated area specific heat g (J
m~2) shown in Figs. 11g, 11h, and 11i and the underlying area spe-
cific heat generation rate ¢ (W m~2) shown in Figs. 11j, 11k, and 111.
As can be seen from Fig. 11, large temperature gradients form espe-
cially for the cylindrical and prismatic cell compared to the pouch-

type cell which is also shown in Fig. 7. With the chosen model dis-
cretization of the coupled p2D physical-chemical/2D electrical elec-
trode model (i.e. eight p2D models per Ah for all presented models),
a coarser distribution in accumulated heat (see Figs. 11g, 11h, and
11i) and underlying heat generation rate (see Figs. 11j, 11k, and 111)
can be observed compared to the calculated 3D (see Fig. 11a, 11b,
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Figure 14. Predicted cell temperature for the 3D geometry of the jelly roll or electrode stack (a, b, and c¢) and for the mapped 2D representation along the electrodes
(d, e, and f) based on the accumulated area specific heat ¢ (g, h, and i) and the superimposed heat dissipation at an average SoC of 50% together with the area
specific heat generation rate g (j, k, and 1) for the consumer-sized (left: a, d, g, and j), HEV-sized (middle: b, e, h, and k), and PHEV-sized prismatic cells (right: c, f,

i, and 1) at a surface cooling of 1000 W m2K!
The color range shown in f applies to all temperature data (a to f).

and 11c) and mapped 2D temperature distribution (see Figs. 11d, 11e,
and 11f).

With the limited penetration depth of the applied cooling strategy,
about two-thirds of the electrode width ranges above Ty nmc for the
consumer-sized cylindrical cell, whereas this ratio is reduced to half of
the electrode width for the prismatic cell. The pouch-type cell ranges

and 25°C. The dashed and dotted lines indicate the threshold temperature Ty, nmc and 50% SoC, respectively.

completely below this threshold due to a comparably effective pen-
etration of the cooling strategy (see dashed line in Fig. 11). When
looking into the spatial distribution of electrochemical and electrical
variables, such as local cell potential E (V, see Figs. 12d, 12e, and 12f),
SoC (see Figs. 12g, 12h, and 121i), and through-plane current density
ipop (A m~2, see Figs. 12j, 12k, and 121), it becomes obvious that the



Journal of The Electrochemical Society, 2020 167 013511

current follows the temperature, resulting in the lowest SoCs at regions
with the highest cell and electrode temperatures. With the presented
cell formats and sizes, the 50% SoC boundary does not completely
fill the area marked by the Ty nmc threshold for both cylindrical and
prismatic cell types (compare dotted line to dashed line in Fig. 11 and
Fig. 12). This would most likely result in considerable exothermic
side reactions involving the positive electrode especially at tab-near
regions within the cell’s center at this very moment of the short cir-
cuit. With the average temperature of the prismatic cell ranging below
the temperature of the cylindrical cell, the area which is affected by
a potentially critical combination of temperature and SoC is smaller
for the prismatic cell compared to the cylindrical cell. The consumer-
sized pouch-type cell shows overall lower temperatures than T, nmc
at 50% SoC with a slightly unsymmetrical SoC distribution along
the electrode width, which can be explained with the applied fold-
ing pattern and scaling of the chosen representative cell format from
PHEV to HEV and consumer size. This involves an odd number of
electrode layers which are z-folded to form the HEV and cylindrical
cells based on the scaling from the PHEV1/BEV1 pouch-type cell
whilst keeping the aspect ratio constant. As a result, the thermal rep-
resentation of the cylindrical and HEV-sized electrode stack includes
regions at the very end of the electrodes which are not heated. This
provokes a slightly unsymmetrical temperature distribution, which af-
fects the current density distribution and, hence, heat generation rate
as shown in Fig. 11 and Fig. 12. By applying a tab cooling of 1000 W
m~2 K~! to the considered consumer-sized cells, all three cell for-
mats surpass Ty nmc throughout almost the entire electrode area
(see Fig. 13) at 50% SoC with the largest temperature gradients form-
ing for the pouch-type cell, showing the highest maximum tempera-
ture among the three formats and also the lowest minimum tempera-
ture bordering Ty nmc directly at the tab region (see dashed line in
Fig. 13f).

With the SoC inversely following the temperature distribution,
showing the lowest SoCs at approximately half the electrode height
(see dotted line in Fig. 13), an initiation of exothermic side reactions
within the cell’s center with a reaction front moving toward the tabs
is likely, as the SoC reduction is seemingly not as fast as the tem-
perature increase leading to potentially critical temperature and SoC
combinations throughout the short circuit. With increasing cell size,
the outpacing of a temperature increase beyond Ty nvc compared
to an SoC decrease toward 50% or less becomes more pronounced
which is exemplarily shown for the prismatic cell at a surface cool-
ing of 1000 W m~2 K~! (see Fig. 14). Despite the larger amount of
area specific heat g accumulated throughout the short circuit within
the cell’s center of the consumer-sized prismatic cell compared to
its HEV-sized and PHE V-sized representatives (see Figs. 14g to 141),
lower maximum temperatures can be observed which supports a supe-
rior cooling performance of smaller-sized cells due to a lower thermal
resistivity.

Conclusions

The presented model helps to shed light on the short circuit perfor-
mance of Li-ion cells of various formats and sizes under varying cool-
ing conditions. With the suggested mapping procedure, exchanging
temperature and heat generation rate between the 3D thermal model of
the cell’s jelly roll or electrode stack and the 2D electrical model of the
planar electrodes, not only consumer-sized Li-ion cells but also larger,
automotive cells can be described under extreme conditions such as
short circuits, which demand a considerably detailed discretization es-
pecially for the p2D physical-chemical models between the two cur-
rent collector foils. Whilst a thermally well-connected electrochemical
unit cell can be rather easily maintained below a temperature threshold
triggering exothermic side reactions and can be further shorted under
quasi-isothermal operation as previously demonstrated,'* larger sized
cells pose a significant challenge to be maintained within a safe op-
erating window, defined by the cell’s local temperature and SoC. The
limited heat dissipation throughout the cell’s jelly roll or electrode
stack make a sufficient cooling almost impossible for the chosen cell

formats and sizes as well as the applied cooling conditions in case a
short circuit is maintained. Even though the minimum cell temperature
can be physically reduced to uncritical temperature levels, the average
and maximum cell temperature within the cell’s center can partly not
be controlled, even though a physically maximized convective cool-
ing is applied at moderate coolant temperatures. On the one hand, a
reduced coolant temperature can enhance the cooling capability of the
cooling system which might be able to push the cell’s average and max-
imum temperature to lower values. On the other hand, a limited cell
size combined with a maximized cooled surface area and minimized
thermal resistivity improves the cooling capability of the cell itself.
When applied and combined effectively, both of these measures can
increase the likelihood of preventing cell thermal runaway as a result
of external short circuits. Furthermore, alternative approaches focus-
ing on altering the electrode design such as increasing the electrode
loading by reducing the porosity, might intrinsically limit the short
circuit current due to increased liquid phase limitations.'>"*% Such
an approach, will be more closely investigated by our group in future.
The question of an ideal cell design allowing for a maximum level of
safety whilst guaranteeing the required energy and power characteris-
tics, however, cannot be answered with such a cell model on its own.
This requires further considerations of safety mechanisms included in
the various cell designs and restrictions arising from module and pack
integration.

The suggested criteria, outlining a critical temperature increase
beyond the thermal stability window of the cell’s active and passive
components combined with a critical SoC threshold, need to be more
thoroughly studied in future in order to be able to derive a safe operat-
ing window for various material combinations. This however, requires
experimental data and models which are capable of reliably describing
thermal decomposition reactions as a function of cell SoC or degree
of lithiation within the active material particles, which can only be
scarcely found in literature so far.*® Such considerations need to be
further evaluated in the context of aging which not only affects the
reactivity of the individual exothermic side reactions,**>° but also in-
creases the cell’s electrical and electrochemical resistivity affecting
short circuit currents and heat generation rates. Based on the pre-
sented difficulties of maintaining a cell within a safe temperature and
SoC window during short circuit events, especially with increasing
cell size, cell thermal runaway must be more thoroughly described
including the cell’s interactions with its surroundings (e.g. venting)
in order to evaluate possibilities to design batteries which can toler-
ate cell thermal runaway without propagation to neighboring cells or
modules.

With the aid of the presented model, also local or internal short
circuits can be described which will be the focus of upcoming work of
the group. Besides these activities, validating electro-thermal models
under both normal operation and abusive conditions is also part of
future activities which will allow for further improvement in the quality
of the discussed modeling approaches.

Acknowledgment

The work presented here was financially supported by the Ger-
man Federal Ministry of Education and Research (BMBF) under grant
number 03XP0027G (MiBZ) as well as by the European Union’s Hori-
zon 2020 research and innovation program under grant number 713771
(EVERLASTING).

Appendix

dEeqnes _
ar

—3.8149 x 10~*x" 4 1.058 x 1073x* — 1.1235 x 10~*x? 4+5.5727 x 10~4x? — 1.242 x 10~*x 4 9.0095 x 10~°
x5 —2.9967x* +3.2192x* — 1.4066x + 1.8475 x 10~ x + 1.3198 x 102

[A1]



Journal of The Electrochemical Society, 2020 167 013511

Table A1. Model parameters for the physical-chemical model of the electrochemical unit cell (p2D-EC), the electrical model of the electrode layers
(2D-E), and the thermal model of the jelly roll or electrode stack (3D-T). Model parameters of the p2D-EC model were chosen in acoordance with

Ref. 15.
Negative electrode Separator Positive electrode
Description Symbol Unit Cu (cc) & LiC (neg) polyolefin (sep) NMC-111 (pos) & Al (cc)
p2D-EC model parameters
Equilibrium potential™ '3 Eeq, i \% see Ref. 15 n/a see Ref. 15
Entropic coefficient6+6 di"}*’i VvV K~! fitted,* see Eq. Al n/a fitted,® see Eq. A2
Anodic and cathodic reaction rate constant’’ kase, i ms! 2x 1071 n/a 2x 1071
Anodic and cathodic charge transfer coefficient® Qafc, i - 0.5 n/a 0.5
Film resistance1© Réim Qm2 0.0035 n/a 0
Maximum solid phase concentration® Cs, max, i mol m™3 29862 n/a 49242
Solid phase electronic conductivity® O, i Sm™! 100 n/a 10
Solid phase diffusion coefficient® ! D m?s~! fitted,'> see Eq. A3 n/a fitted,'> see Eq. A4
Liquid phase ionic conductivity"*7 K1 Sm™! modified from Ref. 47, see Eq. AS
Liquid phase diffusion coefficient4’ Dy m?s~! modified from Ref. 47, see Eq. A6
Liquid phase transference number-*’ It - 0.38
Liquid phase thermodynamic factor4’ TDF - modified from Ref. 47, see Eq. A7
Particle size (D50)™ Ry i wm 11 n/a 7
Coating and separator thickness™ I pm 67 25 79
Porosity© €l % 51.3 50 48.7
Active material volume fraction® €, i % 46.4 n/a 36.4
Tortuosity® ;,- - € l]lg; € :e'g e[}'}(‘i
Stoichiometry® at Eeq, cett = 4.20 V/SoC = 100% 675 % 76.6 n/a 42.5
s, max, i

=4.15V/SoC = 96% 73.5 44.6
2D-E model parameters
Current collector electronic conductivity" 0667 Occ, i Sm™! see Eq. A8%® n/a see Eq. A9%7
Current collector thickness® lec,i wm 12 n/a 18
Electrode width® Wele, i mm see Table II n/a see Table II
Electrode height® Nele, i mm see Table I1 n/a see Table I1
3D-T model parameters Cu LiC NMC-111 Al
Density"08:69 oi kgm™3 89509 1347.33% 1008.98%° 2328.59 271098
Specific heat capacity®” Cpi Tkg7'K~! 385 1437.4 1978.16 1269.21 903
Thermal conductivity° N wWm~' K- 398 1.04 0.3344 1.58 238
Jelly roll/electrode stack width® Wielly/stack mm see Table IT
Jelly roll/electrode stack height® Rjelly/stack mm see Table II
Jelly roll/electrode stack thickness® dielly /stack mm see Table IT
Electrode layer thickness® hayer pwm lec, neg +2 - (lneg + lsep + lpos) + lee, pos = 372
Electrode layer density® Player kg m™3 % = 2029.77
Electrode layer specific heat capacity® Cplayer  J kg~ K™! % = 1207.37
Electrode layer thermal conductivity L Wm! K! ( I L. > )[T‘) 1 = 0.9829

(through-plane)® o ‘

Electrode layer thermal conductivity (in-plane)® N Wm~! K~! Lilihi 95 445

Ccalculated.
Cestimated.
literature.

Mmeasured.

layer
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Table A2. Main variables, governing partial differential equations, and additional analytic expressions solved within each domain of the p2D
physical-chemical model of the electrochemical unit cell as well as prevailing boundary conditions and derived quantities.

Description

Negative electrode (neg)

Separator (sep)

Positive electrode (pos)

Variables and mathematical operators
a (x, 1), cs (x,
X

rt), ®p(x, 1), Pg(x,1)
€ [0 ee]

c(x, 1), 1 (x, 1)
X € [lneg§ Ineg + lsep]

re [0; Tp. neg]

Governing partial differential equations

P i 1—
el,neg% =V (Dl eitVer) — V (%)

Jc|
€l sep 5t =V (Dyer Var)

c(x,1), s (x, 1 1), @1 (x, 1), D (x,1)
X € [lneg + Lsep; Ineg + lsep + lpos]
re [0; 7p, pos

9 _ v (DyenVer) = V (”(IF;’”)

Mass balance (liquid) €1, pos 3,
Mass balance (solid) dos — Dy near? 2 n/a dos — L0 (p o 2O
a ,z s,neg’ 5 ot — Zar \Usposh G
.o 2, et RT 1
Ohm’s law (liquid) it =~V + 25 (1= ) (14 52 ) Vina
Ohm’s law (solid) n/a Iy = —0g, et Vs
. 3
Charge balance Vij=0 Vi = —Vig = :s Pos i
P, pos
Additional analytic expressions
. . o . € €] €]
Tonic diffusivity Dy off = —he2 Dy off = 22 Dy off = 2P
e‘f“eg ’ e‘lfseP ’ e‘lfpos
Tonic conductivity Kl eff = b Kl off = ——2 Kl eff = T22K|
neg v Tsep Tpos
Electronic conductivity O, eff = €s, neg0s, neg n/a O, eff = eg posOs, pos
. ofew () oo 51)] ofeso () o55)]
Reaction kinetics in = i o n/a in = @ nm % "
1+ e (S “) 1+ i Sl )e"l’(ﬁ“)
Oy’ a
Exchange current density i0 = Fhkneg (q rcl'2 . n/a ic=F kpos (m) .
. (Cs. max, neg — Cs, sur[) (Cs, surf) ¢ . (Cs, max, pos — Cs, surf) (Cs, surf) ¢
Reaction overpotential N =& — & — ADg fiim — Eeq, neg n/a N = &5 — & — Eeq, pos
Boundary conditions*
iaq N (i = =
Species 2" (liquid) Vel =0 n/a Vil x=lnegHseptpos =
Species 2" (solid) des ) = 9o i n/a des| g de i
P ) I |pmo LI P FDs, neg | =0 I | rrp pos FDy, pos
ond 1 _
Potential 2"¢ (liquid) VOil,—g=0 n/a Vo, |x:lneg+lsep+lpos = 0
Tal¥* 1St o — — —
Potential™ 1*" (solid) Dyl =0 n/a ¢5|X=1ncg+lscp+1pos =107V
. D=0 = Pec, neg q)s|)c:lneg+ls€p+lp05 = P, pos
. . _ —
Potential 2"¢ (solid) V| tmlneg = 0 n/a V| t=lnegHiep = 0

Derived quantities

Heat source

b,

qp2D = [1p2D Ep2D - (flo (aneg In Eeq neg, dVe) dx + j}
11, neg dEsq neg, ave 11, pos

( o lneg in T —gpte dx—',—fl Apos

*indicated as first (Dirichlet) and second order (Neumann) boundary conditions.

ppm (apos in Eeq, pos, ave) dx)]
ln T dEeq,dp;S, ave ) dx)

**alternatively used for p2D model and coupled model.

Table A3. Main variables and governing partial differential equations solved within each domain of the 2D electrical model as well as prevailing
boundary conditions including derived quantities.

Description

Negative current collector (cc, neg)

Positive current collector (cc, pos)

Variables and mathematical operators

Governing partial differential equations
Charge balance

Boundary conditions
Potential 1%

Potential 2"
Derived quantities

Heat source

q’cc, neg (x,’ y/’ [)

q’cc, pos (}C/, y,v [)

pe ._ | Occ,neg 0
cc.nee - 0 Occ, neg
)C/ € [0; wele]
y e [O hele]
2 2-ipop
Occ, nch D, neg = — Icc_pneg

Pec, pos lee, pos
oy by =hge - Wele - =5

f (Ucc,pos' 2

q’cc, negly/:O =0
9®Pcc, neg

x’ =0

I"’/=0/\X/=Wele

. 2
qcc, neg = lec, neg * Occ, neg * (V¢cc, neg)

e .__ | 9cc, pos 0
€6, Pos 0 Occ, pos
2 2-ipoDp
Occ, posV <I’cc,pos = [CLPPOS

dx' =i, i - Apop,i

—6
D, pos‘y’:hclc =107V

cc, pos _
Ax’ =0

‘x’:OAx’:wele

. 2
qcc, pos = lcc, pos * Occ, pos * (V¢cc, pos)
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2
Dy =3.729 x 10~ - exp (—540646 X107 0 I 4)
dEeq, pos _ —2.445x10~3y243.4961x10~3y—1.4125x103 [A2] : o 1
ar T 2 —2.7564y+3.9766 [A6]
— —14 2987 K-(T—298.15K) .
Dq neg =8 x 10 -exp(w) [A3] (1—r+)-TDF=(1—t+)~(1+”‘;{i)z
— —14 2987 K-(T—298.15K)
Dapon = 0.25 x 107 - exp ( 2RGS0 ) [A4] 24174 x 107 exp (F222HO ) (5 —7.5895 x 107 - )5 +6.01 x 107!
\ 0.73 [A7]
K1 = 4.7557 x 102 - ex; (-‘-557“0 ) 9
! P T 11735104 exp( =31231x102 5.96 x 107
o =27 Geenes = [A8]
M T ] 413,383 x 1073 (T — 293.15K)
1.73
. e e pos = ———2I8107 [A9]
P 1.173X]04~exp(%1><102) [AS] €6 POS T 114200103 (T -293.15K)
a b
0 I I-11 ITa+b II-IIT III Lo I IIa IIb II-III III
: . 10° ;Wvgm_z K-1 Lo :
102 o . 10?
N ] < 10!
[ (5]
= =
$|-< 10(] L i 5|-< 100
@) @)
107! . 107!
1072 . 1072
10*  10°
c d
111
I ID, s, pos
1 |_'____|BV7 pos
z B D. 1 pos |
& JEEEEE O L pos |y
< <
= MWD, 1 sep | o
2 {1 sep |2
< <
N N
£ s D, s nes |
3 IS BY, neg |3
~ MR D, 1, neg | ™
_ e : I €. |, neg
1072 1072 107! 10 10" 102 10® 10t 10°
Time ty / s
e f
I I-11 Ia+b II-IIT III
) . . ; . : ey L
. .
~ 1 ~
- ~ -
ER] oS E[
4 & g ql B
e SRS
0.5
Time ts / s ASoC / %
— = Cs|r=( Cs|a=lpeq Cslz:lncngl,-Cp —— Cslz:lmgﬂscpHWS

Cllolgtly = = = Cllo=legHup i

.......... €1, min

Figure Al. Predicted phases of a short circuit during a hard short circuit event for a cooling condition of 10> W m~2 K~! with respect to electrode area and a
coolant temperature of 25°C observed in C-rate (top: a and b), the corresponding polarization throughout the electrodes and separator (middle: ¢ and d) resulting
from the normalized solid (surface) and liquid phase concentration (average) at distinct locations of the cell (bottom: e and f) as a function of short circuit duration
(left: a, ¢, and e) and as a function of normalized discharged capacity (right: b, d, and f).
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Table A4. Main variables and governing partial differential equations solved within the 3D thermal model as well as prevailing boundary conditions

and derived quantities.

Description

Jelly roll (spiral part)

Jelly roll (linear part)
Electrode stack

Variables and mathematical operators

T (r//, llj”, Z”, t)

00
A=] 0% 0
0 0

] a\T
Vi= (= =5 =
ar// 31!1” 32//

Governing partial differential equations
Heat balance

Boundary conditions
Temperature 2"
Derived quantities

Heat source

Treferring to the boundaries of the jelly roll or electrode stack.
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