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The degree of disequilibrium © increases with C-rate, leading to
significant relative temperature-prediction error E.
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« Our non-equilibrium model accounts for temperature variability in active material.
« Thermal gradients in solid phase are important at high C-rates for large grains.
» The equilibrium assumption underestimates internal temperature by up to 50%.
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to be in “thermal equilibrium”. We present a “non-equilibrium” thermal model that explicitly accounts for
spatial variability of temperature with the active material (and the carbon-binder domain). We investigate
the conditions, expressed in terms of the heat-generation rate and the thermal properties of a cell’s liquid
(electrolyte) and solid (active material and CBD) phases, under which the thermal equilibrium assumption

breaks down and our model should be used instead. The differences between these two thermal models
are investigated further by coupling them with an industry-standard electrochemical model. The resulting
thermal-electrochemical model demonstrates the importance of thermal gradients within the active material
at high C-rates (discharge current densities) and for large grain sizes. Under these conditions, the equilibrium
assumption underestimates internal temperature by as much as 50%. These two thermal models are then
applied to a commercial NMC battery with multiple units. Our non-equilibrium model predicts the battery
surface temperature that is in good agreement with measurements, while the equilibrium model underestimates

the observed temperature.

1. Introduction

Core temperature of a battery affects its overall performance, op-
erational safety, and ageing. A plethora of physico-chemical processes
affecting this temperature include internal heat generation and heat
exchange with the ambient environment. Adverse consequences of
heat buildup in the battery are electrolyte decomposition and ther-
mal runaway [1]. These processes are heterogeneous, because of the
pronounced spatial variability of internal temperature [2] and corre-
spondingly large thermal gradients [3].

Direct in situ measurements of internal temperature require ther-
mocouple insertion [4], which is impractical at scale and yields a local
measurement rather than a spatial distribution. These considerations
put a premium on indirect measurements, which infer core temperature
from readily observable quantities such as surface temperature [5],
voltage phase shift in response to a sinusoidal current [6], or electro-
chemical impedance of the cell [7]. A mapping of these observables
onto core temperature requires a quantitative descriptor of heat genera-
tion and transfer within the cell [8], i.e., a thermal model. Other uses of
thermal models include battery health monitoring [9] and system-level
thermal management [10].

Practical demands of these and other use cases drive the selec-
tion of an appropriate thermal model. While “lumped-parameter” or
“energy-balance” models, e.g., [11,12], are appropriate for battery
management systems, cell design and battery-health predictions might
require spatially distributed models, e.g., [13]. The latter have the form
of coupled partial-differential equations (PDEs), which encapsulate
relevant electrochemical, thermal, and mechanical conservation laws
and enable one to predict the spatiotemporal evolution of the state
variables (ion concentration, voltage, temperature, etc.).

At the continuum-scale (cell-level), the electrochemical component
is usually provided by the Doyle-Fuller-Newman (DFN) model [14]
or its multiple variants collectively known as pseudo-two-dimensional
(P2D) models [15-17]. These models account for distinct electrochem-
ical properties of the liquid and solid phases of a cell and, to various
degrees of fidelity, for electrochemical exchange at the interfaces be-
tween the two phases [18]. That is in marked contrast with the thermal
component of the overall simulation, which routinely assumes the
temperature of the solid and liquid phases within a representative
elementary to be the same, and relies on a one-dimensional (1D) heat
conduction equation [19-21] to describe the spatiotemporal evolution
of this temperature in the through-cell direction. We refer to such
descriptors as equilibrium thermal models.

We posit that the electrochemical-thermal models [19,20,22-24]
comprising a P2D electrochemical module and a 1D thermal module
contain internal contradictions. Their veracity rests on the validity of
the thermal equilibrium assumption according to which temperature
throughout the solid phase (active material and surrounding carbon-
binder domain or CBD) is uniform. A goal of this study is to develop
a new P2D non-equilibrium thermal model, which obviates the need
for this assumption, and to use this model to identify conditions under
which the equilibrium assumption is valid.

In the spirit of P2D electrochemical models [14-17], our thermal
model explicitly differentiates between the liquid (electrolyte) and solid
(active material and CBD) phases; it relies on a 1D (in the through-cell
direction) representation of the former, while treating the latter as a
collection of non-overlapping spheres with spatially varying tempera-
ture fields. The model accounts for heat generation due to Ohmic heat
in the electrolyte and active particles, heat of chemical reaction, and
heat due to entropy change at the particles’ surface. When combined
with the DFN model, our non-equilibrium thermal model provides
a unified electrochemical-thermal representation of Li-ion batteries
(LIBs).

2. Thermal models

Consider a LIB of length L. The outer surface of the negative
electrode with length L., is placed at x = 0, the separator with length
Ly, occupies the interval Lpo, < x < Lpeg + Lgep, and the positive
electrode with length L, resides in Lyeg + Lgep < x < L, such that
Lpeg + Lgep + Lpos = L. In a thermal model, the electrolyte and solid
phase of the LIB are characterized by their respective densities, p, and
ps, thermal conductivities, 4, and A, and heat capacities, ¢, and ¢;. The
quantities pg, 45, and ¢; might be characteristics of either the active
material alone or a mixture of the active material and CBD [25]. The
electrodes and separator of the LIB have different porosity o, i.e., the
latter is a piecewise-constant function, w(x), along the LIB length (0 <
x <L)

The effective thermal conductivities of the electrolyte and solid
phase in the porous electrodes, A5, and 4%, are estimated via the
empirical Bruggeman relation [26]

A% = gbes, and 2% = (1-w)’s i, (€]

where b, and bg are the Bruggeman exponents, which are often set
to 1.5 [17]. These derived quantities are averages over a representa-
tive elementary volume (REV), which is treated as a point, x, in the
continuum-scale models. Among several electrochemical parameters
subjected to the same treatment are the ionic conductivity of the elec-
trolyte, K., and the electronic conductivity of the solid phase, o, whose
effective counterpart in porous media are given by the Bruggeman
relations [27,28]

Kt = bk, and offf = (1 -w)so, (@)
2.1. Local thermal equilibrium models

Current state-of-the-art predictions of the overall thermal behavior
of LIBs rely on either zero- or one-dimensional local equilibrium ther-
mal models. Zero-dimensional (lumped-parameter) models consider an
entire cell to be in thermal equilibrium, treating the cell as a point [11,
12]. One-dimensional models [19,21] differentiate between the LIB
components — negative and positive current collectors, electrodes and
separator — and assume the local thermal equilibrium between the
liquid and solid phases within respective REVs of the porous electrodes
and separator, i.e., assume local temperatures of the electrolyte (7,) and
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solid phase (T}) to be equal, T,(x,1) = Ty(x,1) = T(x,1). The spatiotem-
poral evolution of T(x, ) in the through-cell direction is described by a
1D heat conduction equation [29]

aT [Z} aT

Z -2 (A& ,
o = oy (Ao )+ Qe
This model is parameterized by the lumped density and lumped specific

heat capacity [25],

pc x€e(@,L), t>0. (3a)

wpece + (1 — w)pgcg
= +(1 - d ¢c=———— ==, 3b
p=awpe+(1-w)p; and c ope + (=0, (3b)

respectively; and by the lumped effective thermal conductivity [26],

ﬂeff + ﬂeff I=¥e)
Ax) = e s x elfe (3¢)
Asep otherwise.

Instead of using these formulae, one can determine these parameters
experimentally [30,31].

The source function Q,(x,?) represents the total heat generated at
space-time point (x, 1),
Qror = Qghm +Q;

ohm

+ ArsQent + ArsQrea- (4a)

The irreversible (volumetric) Ohmic heat generation in the electrolyte,

ghm(x, 1), and solid phase, Qf)hm(x, t), is induced by the ionic resistance
under the gradients of electric potentials in the electrolyte (¢.) and
solid material (¢,) and Li* concentration in the electrolyte (C.):

00 (99,  dInC Ip \’
_ peff “¥e e e _ _eff s
onm = Ke E(E”e ax ) ohm = %5 (X + @b

where k., =2RTa(t*—1)/F; R and F are the gas and Faraday constants,
respectively; a is the activity coefficient; and r* is the cation transfer-
ence number (a given function of C,). The specific reactive surface area
A, = 3(1 — w)/R is a function of porosity » and solid particle radius
R. The entropic (Q.,,) and reaction (Q,.,) heat generation is associated
with ion intercalation in porous electrodes. Both vary linearly with the
intercalation current density J(x, 1),

U, T)

or
Here, n(x,1) = ¢ — ¢ — U is the overpotential; and the open circuit
potential U depends on both the temperature T'(x,7) and the Li filling
fraction &(x,1) = Cy(R.t;x)/c™ that is defined as the ratio between
the Li concentration at the solid particle surface, Cy(R,?;x), and the
maximum Li concentration that can be stored in the active particle,
C"@, According to the Butler-Volmer equation,

J =2FkoCM®*4/Co£(1 — £) sinh <ﬂ> , (4d)

Qent =JT Qrea = J1. (40)

2RT

where k is the reaction rate constant. The heat generation terms in
Eq. (4) depend on the electric potential and the Li concentration in
the liquid electrolyte and solid phase, ¢.(x.1), Ce(x,1), ¢(x,1), and
C,(R; x,1). These state variables are obtained by solving an electrochem-
ical P2D model, such as the DFN model [14].

If the battery’s initial temperature is T}, and the ambient tempera-
ture is T,p, Egs. (3) and (4) are solved subject to the initial condition

T(x,0) =T, x€(0,L), (5a)

and the boundary conditions

oT oT
- AE(O’ 1) = hpeg[Tamp — T(0, )], —Aa—x(L, 1) = hpos[T(L, 1) = Tymp 1,

(5b)

where hy., and hp,, are the heat transfer coefficients at the outer
surfaces of the negative and positive electrodes, respectively. These
boundary conditions represent convective heat transfer between the
battery’s outer surfaces (x = 0 and L) and the ambient environment.
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When the two ends of the LIB are exposed to the same environmen-
tal conditions, the situation considered in the numerical experiments
below, hpeg = hpos = h.

The local thermal equilibrium assumption, which undergirds this
thermal model, postulates the absence of interfacial heat transfer be-
tween the electrolyte and the solid phase. This assumption is not
universally valid. First, the rates of Ohmic heat generation in the two
phases might differ due to differences in the ionic conductivities and
electric fields. For instance, the volumetric Ohmic heat generation in
the liquid electrolyte can be an order of magnitude higher than that
within the cathode particles [32]. Second, there can be significant
interfacial entropic and reactive heat generation, particularly under
high C-rates. Third, through-cell conductive heat enters the two phases
differently due to variations in their thermal properties [30]. These con-
ditions, coupled with poor effective thermal diffusivity of electrodes,
are likely to induce substantial imbalance between the temperatures of
the electrolyte and the solid. In the following, we formulate a thermal
model that is free of the local equilibrium assumption and incorporates
interfacial heat generation.

2.2. Local thermal non-equilibrium model

We formulate a new thermal model of LIBs in a manner consistent
with the standard DFN model [14], treating the porous electrodes and
separator as 1D continuum media and representing the solid phase as
a collection of non-overlapping spheres [17]. Our model neglects heat
conduction in current collectors due to their small thermal resistances;
this phenomenon can be readily incorporated in our framework, as
needed. The continuum-scale spatiotemporal evolution of the elec-
trolyte temperature, T,(x,?), in the electrodes, 2. = (0, Lpeg) U (L —

Lpos, L), is described by a 1D heat conduction equation

T, o oT,
o = 8 (1975 s+ an

int’

Ix Tx ohm X € Qqe, t>0. (6)

S

The Ohmic heat generation in the electrolyte, Q¢ ,

is defined by

Eq. (4b); the interfacial heat flux entering the electrolyte, Q7 , satisfies
a balance relation [25],
ant - Qisnt = Qent + Qrea’ (7a)

in which the entropic, Q.,, and reaction, Q,,, heat production rates
are given by Eq. (4¢); and the normal component of the interfacial heat
flux leaving the spherical particles, Q7 , obtained from the Fourier law

written in the spherical coordinates,
oT,
s S —
Q=-A—" at r=R (7b)
Assuming the radial symmetry, we derive in the Appendix an equation
for temperature in the solid particles, T(r, 7; x):

aT, aT, o8 T,
5—1‘)</1er S>+ ohm , 1 i(zeff—e>, 0<r<R,

pscsﬁ_ﬁg or l-w l-wox 'S ox
(€)]

where the Ohmic heat generation in the solid phase, Q%) ., is given by
Eq. (4b).

Like Eq. (6), the equation above is defined for the porous electrodes,
X € £¢e- The separator, x € Qe = (Lyeg, L — Lpos), is treated as a 1D
continuum medium. Its temperature, Tgep(x, 1), satisfies Eq. (3a) on the
interval x € Q. At the electrode/separator interfaces x = L., and
x = L — Ly, the solutions of these three heat-conduction equations

satisfy continuity conditions

oT

oT,
T,=T, -f+ Agff)a—xe = —Asep - (9a)

Similar to Eq. (5), the boundary conditions at the LIB’s bounding
surfaces, x =0 and x = L, are

oT, oT,
—A—(0,1) = h[Tymp—T.(0,1)], —A—(L,t) = h[To(L,t)=Tymp]. (9b)
ox ox
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At any point x € £, the surface temperature of solid particles,
T,(R,t; x), aligns with the surrounding electrolyte temperature, T,(x, ),
when the thermal contact resistance is neglected [33]. Combined with
the condition that T,(0,¢; x) must remain finite at all times, this gives
rise to boundary conditions for Eq. (8),

oT,
;(0, 1,x) =0, TR, t;x)=Te(x,1). (9¢)
The LIB’s initial temperature is consistent with Eq. (5a),

To(x,0) = Ty(r, 0;x) = Ty,
Tyep(x.0) = Tip,

X e 'Qele (9d)
X € gep.

To gain a physical insight into the effective representation of heat
transfer in the porous electrodes provided by Egs. (6) and (8) we com-
pute the heat balance for the spherical particle during the time interval
(0,1). Integrating Eq. (8) over time and particle volume, integrating
Eq. (6) over time, and combining the two yields an expression for the
difference between the electrolyte temperature T,(x, ) and the average
solid-phase temperature Ty(x, 1):

T, - 7_ﬂs = Eohm + €int + Econ- (10a)

This difference stems from the discrepancy between the Ohmic heat
generation in the liquid electrolyte and solid particle,

t
Eohm = / (eQepm — ¥s Qo 47 (10b)
0

between the interfacial heat fluxes due to the entropic and reaction heat
generation,
t
8int = Ars / (}’eQiem - }/SQism)dT, (10c)
0
and between the heat conduction caused by the variation of the phys-
ical and thermal properties of the two phases,

t
a (e 9Te 0 ( et97e
Eoon = O (pere ), 2 (GefZe ) g
con /0 [ye ox < € ox Tsox \*s “ox !

Here, TS = (4z/V,) /OR T,r?dr, V, = 4zR?/3 is the particle volume,
Ye = 1/(wpece), and y; = 1/[(1 — w)psc]. Local thermal equilibrium
requires T.(x,7) = T,(x,), which implies the absence of temperature
gradients inside the solid particles, i.e., Ty(r,t;x) = Ty(x,1.! Eq. (10)
identifies three sources of local thermal disequilibrium, which stem
from the contrast in the electrochemical and thermal properties of the
electrolyte and solid phase.

These considerations suggest that our non-equilibrium thermal
model is a generalization of the currently used equilibrium ones.
Physicochemical conditions under which our model reduces to the
latter are investigated below via a series of numerical experiments.

(10d)

3. Electrochemical-thermal models

Both equilibrium and non-equilibrium thermal models described
above are strongly coupled with the electrochemical model [17] through
the interdependence of the battery temperature and the other state
variables, C.(x,1), Cs(R;x,1), ¢e(x,1), and ¢g(x,1). To compute these,
we couple our alternative thermal models with the DFN model imple-
mented in PyBaMM. (The latter is a Python-based battery simulator
widely used in the field, https://pybamm.org.) Every temperature-
dependent parameter in the DFN model, P, (i.e., electrode diffusiv-
ity, exchange current density, electrolyte diffusivity and conductivity)
follows the Arrhenius equation,

1 1

P(T) = Pyeexp [% (F‘?)]’ an

ref

1 This result stems from the maximum principle according to which the
function T,(r,-)-a solution of the heat conduction equation with the spatially
homogeneous heat sources, Eq. (8)-is monotonic [25].
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where P, is the value of the corresponding parameter P at reference
temperature T, and E is the activation energy.

The local equilibrium model is part of PyBaMM. Its non-equilibrium
counterpart is solved via the finite-volume method with a fully coupled
and fully implicit scheme for time integration. The research code
is written in Python. The porous electrodes, the separator, and the
solid particles are each discretized with uniform grids consisting of 40
elements.

4. Numerical experiments

Although our local thermal non-equilibrium model is applicable to
both Li-metal and Li-ion batteries, we demonstrate it on a specific LIB
structure with porous electrodes [34], which comprises graphite on the
anode, Li(NiMnCo)O2 on the cathode, and an EC/EMC mixture with
LiPF, for electrolyte. Its material properties and operation conditions
are summarized in Table 1. In the first numerical experiment, to verify
the effectiveness of the non-equilibrium thermal model, we enforce
a local thermal equilibrium condition by selecting a heat generation
distribution and electrode properties. In the second set of experiments,
we couple the thermal model with the DFN model and demonstrate our
model’s performance on the four LIBs in Table 1.

4.1. Verification of non-equilibrium model

To verify the self-consistency of the local thermal non-equilibrium
model, we compare its predictions with those of the local thermal
equilibrium model under conditions of thermal equilibrium. According
to Eq. (10), the attainment of local thermal equilibrium depends on
heat generation and heat conduction within a cell. We consider a local
equilibrium condition governed by uniform heat generation distribu-
tion for a battery with the same structure as LIB 1 in Table 1. To
eliminate the contribution of spatially varying through-cell conduction,
i.e., to enforce &.,, = 0, the physical and thermal properties (density,
specific heat capacity, thermal conductivity) of the solid phase and the
electrolyte are assumed to be the same and porosity is set to w = 0.5.
Under these conditions, Eq. (10) reduces to T, — T, = Epm + Eine-
The local thermal equilibrium, T, = T,, signifies the absence of the
interfacial heat flux between the electrolyte and the solid phase; the
energy balance equation (7a) translates this condition into Qisn =0

t
and Q° = Qg + Qrea- Combining these relations with Egs. (10b) and

int —
(10c), we obtain an energy balance for the local thermal equilibrium:

ohm T Ars(Qent + Qrea) = (75/75)QS 12)

ohm ohm*

This relation states that porous electrodes are in local thermal equilib-
rium when the increase of electrolyte temperature due to Ohmic and
interfacial heat generation in the electrolyte matches the increase of
solid-phase temperature caused by Ohmic heat generation in the solid
phase.

To satisfy Eq. (12), we set 0%, = 05 = = 10° J/m3 in the
negative electrode, and the remaining heat sources to zero. In accor-
dance with the theoretical considerations above, the temperature of the
solid particles, T, predicted by our non-equilibrium model is indeed
uniform (Fig. A.1 in the Appendix); the lack of temperature gradient
translates into zero interfacial heat flux between the electrolyte and
the solid phase. The temperature increases with time, reflecting the
heat accumulation within the cell. In this regime, predictions of the
equilibrium and non-equilibrium models coincide (Fig. 1), as they
should.

Having verified that predictions of the non-equilibrium model coin-
cide with those of the equilibrium model under the artificially imposed
thermal equilibrium condition, we proceed to investigate the impact
of material properties and operation conditions on internal temper-
ature and on the validity of the equilibrium approximation. Since
in-cell temperature variability is the focus of battery thermal mod-
eling, we define the degree of disequilibrium as a measure of the
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Table 1

Material properties and operation conditions of four generic LIBs. The parameter values indicated by
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are for a standard electrolyte (BASF,

LP50) [35], by # are from the Ecker2015 parameter set in PyBaMV, and by b are calculated via Egs. (1) or (3b) using the lumped electrode

parameter values in the Ecker2015 parameter set.

Negative electrode’s thickness, L., [1073m] 74 %
Positive electrode’s thickness, Ly, [10~°m] 54 %
Separator thickness, L, [10~°m] 20 %
Positive particle radius, Ry, [107°m] 6.5 *
Electrolyte density, p, [kg/m’] 1249 *
Negative electrode solid density, p e, [kg/m?] 1705 °
Positive electrode solid density, p; o, [kg/m’] 3587 "
Separator density, pg, [kg/m’] 1017 #
Electrolyte specific heat capacity, ¢, [J/(kgK)] 1642
Negative electrode solid specific heat capacity, ¢, [J/(kgK)] 1363 °
Positive electrode solid specific heat capacity, ¢;pos [J/(kgK)] 1216 *
Separator specific heat capacity, ¢, [J/(kgK)] 1978 *
Electrolyte thermal conductivity, 4, [W/(mK)] 0.18 ¥
Positive electrode solid thermal conductivity, Ao [W/(mK)] 1.71°
Separator thermal conductivity, Ay, [W/(mK)] 0.34 *
Negative electrode porosity, @pe, [~] 0.329 *
Positive electrode porosity, Wpos [=] 0.296 *
Ambient temperature, T, [°C] 25
Initial temperature, Tj, [°C] 25
Discharge current density, ig, [mA/cm?] [1,12]
LIB1 LIB2 LIB3 LIB4
Negative electrode solid thermal conductivity, Agye, [W/(mK)] 2.81° 0.0281 2.81 2.81
Negative particle radius, Rjeq [107°m] 1.37 % 1.37 0.25, 1.37 1.37
Heat transfer coefficient, A [W/(m?K)] 0 0 0 100

(a)
¥ 300
=
g
s 29.9
L
=%
g
2
2 29.8
o Equilibrium model
Non-equilibrium model
29.7

0.0 0.2 0.4 0.6 0.8 1.0
Normalized through-cell distance, Z [-]

43 e Equilibrium model
9 " Non-equilibrium model
=
o
40
:
.36
g
2
5 32
(=}
“ 28
(b)
0 1 2 3 4 5

Time, ¢ [s]

Fig. 1. Core temperature of a LIB in local thermal equilibrium, alternatively predicted with the equilibrium and non-equilibrium models. (a) Through-cell temperature profile
T(x,t) at time 7 = | s, plotted against the normalized coordinate ¥ = x/L. (b) Temporal evolution of T(x,) at the center of the negative electrode, % = 0.25.

relative magnitude of the local thermal disequilibrium relative to the
cell temperature increase under different operations (e.g., discharge
current density, operation temperature, etc.). We quantify the degree
of thermal disequilibrium in terms of a relative average temperature
difference between the two phases,

1 To(x,1) — T(l X)
o) = ——— ——  drd 13
TN T: /gl/ ToCon - T 0] 13

The value © = 0 represents local thermal equilibrium, while a positive
(negative) value of @ corresponds to the influx (outflow) of heat into
(from) the solid phase from (into) the electrolyte. The equilibrium and
non-equilibrium thermal models are coupled with the electrochemical
DFN model to predict internal temperature of a LIB during discharge.
The predictions of the resulting two models are denoted by Tjp(x,1)
and Tpop(x,t) = T.(x,t), respectively. Since the equilibrium model is
derived from the non-equilibrium one, Ty (x, ) is an approximation of
Tpap(x, 7). The error of this approximation is reported in terms of the
relative average temperature discrepancy, E(7),

Tip(x,1)

1 Tpop(x,1) —
E(t) = —— — .~ dzd 14
© ||9ele||r/gele/ (e n — Tip(e 0 T

4.2. Influence of thermal conductivity of solid phase

Thermal conductivity of the solid phase, 4, impacts the rate with
which the temperature equilibrates and, hence, is expected to affect
the validity of the equilibrium assumption. The dependence of © on
thermal conductivity of the negative electrode in LIB 2 under discharge
confirms this assessment (Fig. 2a). The system shows larger local
thermal disequilibrium under faster discharge (ig;; = 12 mA/cm?),
which induces more pronounced spatial variability of heat generation
in porous electrodes. The magnitude of local thermal non-equilibrium
decreases as A e, increases, enhancing heat transfer at the electrolyte—
solid interface and, hence, smoothing out the heat-generation differ-
ences between the two phases. While the degree of disequilibrium 6 is
very small (on the order of 1073%), it has a large impact on the error
introduced by the equilibrium assumption, E ~ 44% (Fig. 2b). That is
because of the highly nonlinear dependence between the state variables
of the electrochemical-thermal models.

4.3. Influence of particle size
Both the standard P2D model and its non-equilibrium counterpart

presented here deal with uniform particles. Generalization to particle-
size distributions is relatively straightforward, but lies outside the scope
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1072

& igis = 12 mA/cm
- i4is = 4 mA/cm

Degree of disequilibrium, © [%
(@] o
i [N]

o
o

1071 10° 101! 102
Thermal conductivity, As neg [W/(mK)]

Fig. 2. Dependence of (a) degree of disequilibrium © and (b) relative temperature-prediction error E on thermal conductivity of the solid phase of the negative electrode, 4
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of our study and is left for a follow-up study. The size of particles, used
in the P2D models to represent the solid phase of porous electrodes, is
expected to impact the veracity of the equilibrium assumption since,
all other parameters being equal, the temperature in smaller particles
would equilibrate faster. Fig. 3 demonstrates this phenomenon for LIB
3 discharging at current density igi; = 12 mA/cm? and 4 mA/cm?.
We focus on negative-electrode particles to investigate the effect of
particle size; the size of positive-electrode particles is expected to have
similar influence on thermal behaviors. The degree of disequilibrium &
and the equilibrium-assumption error E both increase with the particle
size. It takes the thermal conduction longer to uniformly heat larger
particles, erasing the difference between the electrolyte temperature
and the average temperature of the solid phase. The characteristic time
for this process to occur, 7 = R?/x where k = A/(pscs) is the thermal
diffusivity, increases as the square of the particle radius R. As before,
the minuscule degree of disequilibrium, ® ~ 107*%, give rise to the
considerable equilibrium-assumption error, E ~ 40%.

The error E is global, i.e., averaged over the LIB length and time of
operation z. A point-wise discrepancy between the temperature predic-
tions of the equilibrium and non-equilibrium models of LIB 3, T;p(x, 1)
and Tpyp(x,1), is shown in Fig. 4a for x = 0.25L (the middle of the
negative electrode) and discharge current density ig;; = 12 mA/cm?; the
discharge capacity Cq = ig;s¢/3600 is used in lieu of time. Both models
capture an experimentally observed increase in discharge time as the
particle size decreases, resulting in a larger specific area for the inter-
calation/deintercalation reactions [36] and faster ion diffusion through
smaller particles [37]. Yet, the equilibrium model underestimates both
the core temperature at point x = 0.25L by as much as 20% and
the discharge time by about 10%. This discrepancy increases with the
particle size R, because of the enhanced local thermal disequilibrium.

4.4. Influence of heat transfer coefficient

The three LIBs studied above have no external cooling, since their
heat transfer coefficient at the outer surfaces of the two electrodes
is h = 0 (Table 1). In LIB 4, this parameter varies from 2~ = 0 to
100 W/(m?K). The local thermal disequilibrium, O, increases almost
linearly with & (Fig. 5a), which stems from the increased spatial vari-
ability of thermal conduction in the solid and the electrolyte due to
different material properties. The impact of the external cooling on
the equilibrium-assumption error, E is nearly exponential (Fig. 5b);
E increases from just below 45% for h = 0 to over 65% for h =
100 W/(m?K). As to be expected, the impact of increased cooling, i.e., of
larger values of h, is to reduce the internal LIB temperature and its
discharge time (Fig. 4b). The equilibrium model systematically under-
predicts the discharge capacity, with the error being more pronounced
under poor cooling (h = 0).

4.5. Influence of C-rate (discharge current density)

Our previous results demonstrated that local thermal disequilibrium
became more pronounced and, hence, the 1D thermal model imple-
mented in PyBAMM became less accurate, as discharge current density
igis increased from 4 mA/cm? to 12 mA/cm?, with the corresponding
three-fold increase in C-rate, i.e., the ratio of discharge current iy;.A
(where A is the cross-sectional area of the cell) to nominal cell capacity.
We elaborate on this point by exhibiting the degree of thermal disequi-
librium in LIB 1, and the concomitant error of the thermal-equilibrium
assumption, for a range of C-rates (Fig. 6).
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Experimental evidence [38] reveals that heat generation in a LIB
increases with i4; and, hence, with C-rate. This phenomenon is ac-
companied by a more pronounced variation in the amounts of heat
generated in the electrolyte and the solid phase, especially at high
C-rates for which Ohmic heat generation dominates the other modes
of heat production [39]. Resistance to ion transport in the electrolyte
and to electron transport in the solid phase determines Ohmic heat in
the respective phases, with the ion-transport resistance being larger
than the electron-transport resistance. The latter difference ensures

that, as C-rate increases, Ohmic heat production in the electrolyte
becomes progressively larger than its counterpart in the solid phase,
accentuating the heat variability between the two phases. Since heat
transfer between the two phases is limited by their thermal properties,
the heat non-uniformity cannot be quickly eliminated and local thermal
disequilibrium O is enhanced (Fig. 6a). At any C-rate, the relative
average error E of over 46% cannot be ignored, even if © is small.
Fig. 6b shows the temporal evolution of internal temperature 7'(x, 1)
in the middle of the negative electrode of LIB 1, x = 0.25L, for a
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wide range of C-rates. As C-rate increases, the prediction error of the
equilibrium model becomes more pronounced due to the enhanced
local thermal disequilibrium. The equilibrium model systematically un-
derestimates the core temperature, potentially undermining the online
thermal management due to, e.g., the battery capacity’s decline when
the battery temperature increases approximately 25 °C from the room
temperature regardless of cell chemistry [40]. The non-equilibrium
model predicts a longer discharge time than the equilibrium model
under the same discharge current density.

5. Application to a commercial NMC battery

Commercial batteries consist of multiple cathode-separator-anode
units. We extend our model to such a setting and apply it to a 5
Ah M50 21700 cylindrical cell manufactured by LG Chem (LG M50).
The active materials in positive and negative electrodes are nickel-
rich NMC811 and graphite-SiO,, respectively. The cylindrical battery
contains a hollow core, a spiral, a contact layer, and a casing from its
center to its outer surface. The hollow core is filled with liquid elec-
trolytes, the spiral is fabricated by rolling the double-sided electrodes
and the separators, and the casing is made up of either metals, alloys,
or plastics [41]. Each 360° spiral ring in the spiral can be considered as
a single unit. If the revolution number is N, then the battery consists of
2N —1 units, connected in parallel to each other [42]. A representative
NMC battery has the total of 45 units (Fig. 7). Our thermal model of this
cylindrical battery assumes heat flow in the axial and angular directions
to be negligible [43], i.e., describes heat transfer in the radial direction,
from the hollow core to the casing. Temperature within each unit
is described by our electrochemical-thermal models from Section 3;
these models are coupled by enforcing the temperature and heat flux
continuity conditions at the interfaces between two adjacent units. An
overall heat transfer coefficient [41] is set at the outer radius of the
battery, and zero heat flux is set at the battery center. Our goal is
to predict the temperature distribution inside the battery during its
discharge, and to compare the model’s prediction of the battery surface
temperature to the experimental data reported in [44].

Most of the electrochemical and thermal parameters are taken
directly from [45,46], respectively. The remaining seven parameters
are reported in Table 2. They are computed by minimizing the root
mean squared error (RSME) between the model-predicted and the
measured evolution of surface temperature during 1C discharge and
under 25 °C operation temperature. This task is accomplished via the
particle swarm optimization algorithm in Pymoo [47], separately for
the non-equilibrium and equilibrium P2D models.

Fig. 8 exhibits the predicted and measured battery surface tempera-
ture during 1C discharge under 25 °C and 35 °C operation temperature.
Since the parameters are calibrated for 25 °C, the two models have
a similarly small RMSE, indicating the two models ability to match
the observations (Fig. 8, left). When the models are used in a purely
predictive mode, i.e., for 35 °C to which the models are not calibrated,

the non-equilibrium model is significantly more accurate than the equi-
librium one (Fig. 8, right). The RMSE of the former is half that of the
latter. The equilibrium model significantly underestimates the battery
temperature, potentially undermining its use for thermal management.

6. Conclusions

Thermal models are routinely coupled with electrochemical mod-
els to predict the thermal-electrochemical behavior of energy stor-
age devices, e.g., lithium batteries. The accuracy and robustness of
such physicochemical models is strongly affected by their temperature-
dependent electrochemical parameters, whose estimation depends in
large part on the performance of the thermal component of an over-
all model. The industry standard in thermal modeling relies on the
local thermal equilibrium assumption, which breaks down for porous
electrodes with significant heat generation and contrast in the thermal
diffusion between the electrolyte and the solid phase. By ignoring heat
transfer between the two phases, the local thermal equilibrium model
systematically underestimates a LIB’s core temperature, undermining
its utility for local hotspot prediction and thermal runaway prevention.

We proposed a local thermal non-equilibrium model, which falls
within the realm of the pseudo-two-dimensional (P2D) modeling frame-
work that routinely used to forecast electrochemical processes in LIBs.
The solid phase in porous electrodes is described via a collection of
non-overlapping spheres of identical radius, whose outer surface is
in thermal equilibrium with the surrounding electrolyte. Our thermal
non-equilibrium model can be seamlessly combined with any P2D
electrochemical model, such as the DFN model used in this study. We
conducted a series of numerical experiments with four representative
LIBs to quantify the effects of cell properties (e.g., thermal conductivity
of the electrode’s solid phase, size of active-material particles in the
electrode), cell design (heat transfer coefficient at the electrodes),
and cell operation (discharge current density or C-rate) on both local
thermal disequilibrium and the prediction accuracy of the thermal
equilibrium approximation. We also applied our thermal model to a
whole NMC battery with multiple units and evaluate its effectiveness
by comparing the predicted and measured battery surface temperature.
Our analysis leads to the following major conclusions.

» Our local thermal non-equilibrium model is self-consistent, i.e., it
reduces to its equilibrium counterpart and yields commensurate
predictions of internal temperature, when the electrolyte and the
solid phase in porous electrodes are in local thermal equilibrium.
Electrodes, whose solid phase has high thermal conductivity,
operate close to the local thermal equilibrium under high C-rates.
That is because the enhanced solid-electrolyte interfacial heat
transfer ameliorates the heat generation non-uniformity between
the two phases.

Electrodes composed of larger solid particles are predicted to
exhibit more pronounced local thermal disequilibrium. That is
because of the longer characteristic time for thermal diffusion to
eliminate the heat non-uniformity between the electrolyte and the
solid.
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Table 2
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Identified parameters in the non-equilibrium-P2D and equilibrium-P2D models for the NMC battery.

Maximum concentration in negative electrode, cypax neg [mol/m?]
Maximum concentration in positive electrode, cgmax pos [mol/m?]
Negative electrode diffusivity at 25 °C, Dy e, [1079m?/s]
Positive electrode diffusivity at 25 °C, Dj 4, [107'4m?/s]
Negative reaction rate constant, kg e, [107'°m/s]

Positive reaction rate constant, kg o, [1072m>* /s/mol*®]
Thermal conductivity of the casing, A.,, [W/m/K]

Non-equilibrium Equilibrium
32638 32778
56831 51811

1.36 3.16

1.96 2.81

2.50 0.74

0.72 9.51

10.7 8.97
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Fig. 8. Observed and predicted surface temperature of a cylindrical LG M50 cell during a 1C discharge test with (Left) 25 and (Right) 35 °C ambient temperature. The observational
data are reported in [44]. The non-equilibrium and equilibrium models are parameterized for 25 °C, and are used in the purely predictive fashion for 35 °C.

» Enhanced cooling of a cell’s surface decreases the cell’s core tem-
perature and slows down the cell’s discharge, but increases the
local thermal non-equilibrium due to the severe heat conduction
non-uniformity between the two phases. That puts premium on
non-equilibrium P2D models like ours.

Large discharge current density (C-rate) aggravates the local ther-
mal disequilibrium by increasing the discrepancy in heat gen-
eration within the two phases. The thermal-equilibrium approx-
imation severely underestimates a cell’s internal temperature,
potentially undermining the battery’s thermal management.
Applied to a whole lithium battery with multiple units, the non-
equilibrium model shows its effectiveness by the good agreement
between the predicted and measured surface temperature, while
the equilibrium model shows obvious temperature underestima-
tion.
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Appendix. Heat transfer in solid particles

When the solid phase of an electrode is treated as a continuum 1D
medium, its temperature Ty(x,?) is described in a manner similar to
Eq. (6),

xe,L), t>0.

daT, 9 ¢ 0T
a _w)pscsa_ts = a <A§ a_xs +Q2hm +A15ant’

(A1)

The first term on the right-hand-side of this equation represents heat
conduction, the second is the solid Ohmic heat, and the last term de-
notes the interfacial heat entering the solid phase from the electrolyte.
The local thermal equilibrium model (3a) assumes 7, = T, = T, and is
derived by combining Egs. (A.1) and (6).

In the P2D framework, we use Eq. (6) to describe heat transfer in the
electrolyte, but represent the solid phase at any position x via a non-
overlapping spheres. The net through-cell conductive heat entering the
solid and the solid Ohmic heat in these spheres are treated as uniformly
distributed volumetric heat sources, and the radial heat conduction is
also taken into account to describe the solid temperature T(r; x, 1) with
the differential equation

QS
T __1 o </leffa—Te> 4 Zohm | 10 <Asr2%>. (A.2)

“or T T—wox \'S ox -  R2or or

This equation is defined within the electrodes, x € (0, Lyeg) U (L —
Ly, L); with 0 < r < R and t > 0. The temperature of the porous
electrodes in the x direction is the same as the electrolyte temperature
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Fig. A.1. Radial distribution of the temperature of a solid particle, T;(r;x,1), located
in the middle of the negative electrode in the synthetic LIB under local thermal
equilibrium. The temperature is plotted against the dimensional distance from the
particle’s center 7 =r/R and at different time.

T, so the contribution of through-cell heat conduction in the solid
phase is described by T..

The local thermal equilibrium exists when the temperature within
the solid particles is uniform, i.e., the last term in Eq. (A.2) vanishes,

S
ssT° _ 19 <S "Te>+Q°h‘“. (A.3)

P TTwox "effox ) T T—w

In that case, there is no heat entering solid phase from the solid/
electrolyte interface, Qism =0, and Eq. (A.1) also reduces to Egs. (A.3).
Therefore, our local thermal non-equilibrium model and the 1D ther-
mal model are consistent with each other under the local thermal
equilibrium.
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