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ABSTRACT

A high battery temperature has been shown to be critical for lithium-ion batteries in terms of performance, degradation, and safety. Therefore,
a precise knowledge of heat sources and sinks in the battery is essential. We have developed a thermal model for lithium-ion batteries, a model
that includes terms not included before, namely, Peltier and Dufour heat effects. The model is derived using non-equilibrium thermodynamics
for heterogeneous systems, the only theory which is able to describe in a systematic manner the coupling of heat, mass, and charge transport.
The idea of this theory is to deal with surfaces as two-dimensional layers. All electrochemical processes in these layers are defined using excess
variables, implying, for instance, that the surface has its own temperature. We show how the Peltier and Dufour heats affect a single cell and
may produce an internal temperature rise of 8.5 K in a battery stack with 80 modules. The heat fluxes leaving the cell are also functions of
these reversible heat effects. Most of the energy that is dissipated as heat occurs in the electrode surfaces and the electrolyte-filled separator.
The analysis shows that better knowledge of experimental data on surface resistances, transport coefficients, and Dufour and Peltier heats is
essential for further progress in thermal modeling of this important class of systems.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0038168

I. INTRODUCTION

The transition from fossil fuels to renewable power sources
requires reliable energy storage technologies. Lithium-ion batteries
(LIBs) have become the leading energy storage technology in many
sectors due to superior properties, such as high gravimetric and vol-
umetric energy densities, high efficiency, and compatibility with the
existing electric infrastructure.” New demands from the transport
sector (e.g., electric ferries, planes, and cars) have now an increasing
impact on the LIB market. Those applications require large battery
packs, high energy and power density, and possibilities for large
charging and discharging rates. Issues with safety, aging of cells, and
loss of capacity are then important. These issues, in particular, have
been shown to be temperature dependent.” ” It is well known”” that
good thermal management is essential for safety, performance, and
life-time expectancy in lithium-ion batteries. The demand for faster
charging or discharging and reliability of large battery-pack opera-
tions call for good thermal management and, in turn, a very accurate
thermal model.

Several types of heat effects can be observed when electric cur-
rent is drawn from an electrochemical cell.” There is irreversible
heat generation due to electric resistances (i.e., Joule heating) and
due to electrode overpotentials (resistances to the electrochemical
reactions).'’ Joule heat is associated with the paths of the charge
carrier (the ion transport in the electrolyte and the electron trans-
port in the solid-state materials and metals). In addition, there is
heat released or absorbed reversibly at the electrode interfaces."' In
batteries, the reversible heat effects are entropic, and in LIB, they
are due to intercalation/de-intercalation reactions at the electrode-
electrolyte interface. The overall reversible heat effect is given by the
entropy of the cell reaction.'”'" Locally, at each electrode surface, the
reversible heat effect is the so-called Peltier heat.'"'” In addition, the
Dufour effect adds a reversible term to the expression for the heat
flux or to the Peltier heat, e.g., the heat of transfer times the molar
flux of all moving components'” [see Eqs. (10) and (11)].

The heat released or absorbed in a unit cell will thus not be
uniformly distributed over the cell. The electrodes and electrolyte
have different resistances, leading to a varying Joule heating across
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the cell. The overpotentials differ between the two electrode surfaces.
The reversible Peltier and Dufour effects may even lead to cooling,
depending on the direction of the electric current. If an electrode
Peltier effect leads to heating during the discharging process, it will
lead to cooling while charging.'' All together, this leads to develop-
ment of temperature gradients, and of a thermal driving force, which
again affects transport of mass and creates concentration gradients
within the electrolyte. Neither the Peltier heat nor the Dufour effect
is usually included in battery modeling. They have been discussed by
several authors, however.”'” ¢

It is the purpose of this work to give a full account of Peltier heat
effects in a single battery model and in stacks up to 80 single cells.
Our battery model will be simple in one respect; we consider mostly
a uniform electrolyte. However, we also compute how the battery
approaches a stationary state temperature profile in the presence of
conditions when there is a balance of thermal and chemical forces
in the electrolyte. This means that Dufour effects will be computed,
but only for stationary state battery operation. The impact of time-
dependent diffusion of electrolyte components on the temperature
profile development will be examined later.

A common misunderstanding seen in the literature'” is that
the Peltier heat of an electrode can be determined from the tem-
perature variation of the electromotive force, emf, using lithium as
a counter electrode. This variation leads, however, to the cell reac-
tion entropy times the temperature of the cell and not to the Peltier
heat of the single electrode. This misunderstanding is often made
citing Newman,'® despite Newman’s statement that the entropy
change is related to the sum of reversible heat effects for the whole
cell at isothermal conditions'’ [see Eq. (92) in the supplementary
material]. Rao and Newman mentioned the Peltier heat at the elec-
trode surface in a model for the heat generation rate in insertion
battery systems but did not include this effect in their simulation
due to a lack of data.'” We are in a similar situation with respect
to the Dufour effect. As far as we know, there are no experimen-
tal reports available on the heat of transfer or Soret coefficient of
battery electrolytes. This currently limits our exploration of the
Dufour effect.

The electrode—-electrolyte interface is essential for the battery
function, in particular, away from the open circuit potential, the
emf. Irreversible growth of the solid electrolyte interphase (SEI)*”’
that enhances battery degradation has been observed. The lack of
stability, which occurs at high temperatures, has been associated
with degradation or loss of lithium-ions.”””" The SEI resistivity is
therefore probably larger than that of the near surroundings. At low
temperatures and high charging rates, lithium plating becomes an
issue at the anode surface.’

The transports of heat, mass, and charge in LIB are highly cou-
pled, meaning that one type of transport does not occur without
the others. The theory to describe such coupling is non-equilibrium
thermodynamics. This theory was recently developed to deal with
heterogeneous systems, where bulk phases as well as surfaces are
present and play important roles,'” precisely what is the case in
LIB. The battery consists of a cathode and an anode separated by
an electrolyte-soaked separator (see Fig. 1 for a schematic illustra-
tion of the three bulk phases). The bulk of the cathode and anode
of the LIB are usually made of grains of various intercalating com-
pounds. They are nanoporous (including lithium-ions) and microp-
orous (with electrolyte-filled pores). The electrolyte is usually a mix
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FIG. 1. Schematic illustration of a LIB (during discharge) with a graphite anode Cg
(left) and a lithium iron phosphate cathode LiFePOy (right). The electrolyte con-
tains a lithium salt and conducts by Li*. The region where the reaction takes place
is the electrode surface, sandwiched between electrode—electrolyte boundaries.

of several organic carbonates, such as ethylene carbonate and diethyl
carbonate, and a lithium salt, most often LiPFg.”

The electrode reactions are happening at the interface of active
material grains with the electrolyte. The left-hand side of Fig. 2
provides a schematic illustration of those active electrode material
grains. In the real application, the electrode-electrolyte interfaces are
distributed throughout the whole electrode bulk material, as it con-
sists of single particles and is soaked with electrolyte. In our model,
we simplify this situation and consider three bulk phases, the anode,
the separator, and the cathode, separated by sharp interfaces left and
right: the anode and cathode surface. This simplification is schemat-
ically shown on the right-hand side of Fig. 2. We will discuss the
consequences of this simplification in the later.

We shall apply non-equilibrium thermodynamics theory to LIB
using the special way to deal with heterogeneous layers introduced
by Bedeaux et al.”” The method was recently used successfully by
Sauermoser et al. to describe polymer electrolyte fuel cells.”” The sur-
faces are then defined using Gibbs excess variables (cf. Refs. 12, 23,
and 24). The surfaces are therefore 2D-systems and are represented
by thin vertical lines in Fig. 1. We chose the fluxes of the neutral
components as independent fluxes. The entropy production is inde-
pendent of the choice. The electric current density, as defined in the
external circuit, is used to measure net charge transport.'” In such
a formulation of the surface, it will, e.g., have its own temperature.
Local variables are given per unit of surface area.

2 D System 1 D Simplification

FIG. 2. Schematic illustration of the system. On the left is shown the porous struc-
ture of the electrodes, consisting of grains surrounded by the electrolyte. To the
right is shown the simplified system that is modeled.
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We shall present and solve numerically a 1D model of the LIB
using the principles of non-equilibrium thermodynamics. The full
derivation, including all intermediate steps, is available in supple-
mentary material. The essential equations are extracted below. By
this division of the theoretical part of the work, we hope to bring
forward the physics of the battery model in a clearer way.

We first present the equations needed to solve the electric
potential profile and the accompanying temperature profile through
the battery for cases when lithium-ion transports all charge and no
diffusion takes place. We next solve the set of equations and deter-
mine the time-evolution of a single battery potential profile and
temperature profile to the stationary state. We report results also for
a battery stack of 4, 20, and 80 single cells. The heat fluxes out of
the battery will be determined, and the local dissipation of energy
will be found. A sensitivity analysis will be done to study the impor-
tance of the interface properties, in particular, the interface resis-
tances. Under isothermal conditions and uniform composition of
the electrolyte, the equations reduce to those usually found in the
literature.

We aim to make clear that the coupling terms and the surface
properties of the model are essential for the understanding of the
battery thermal signature. They all make significant contributions to
a time-dependent battery and stack temperature profile.

Il. THE THERMODYNAMIC SYSTEM

For modeling purposes, we simplify the part of the battery
that contains the electrode reactions. This part is made from grains
that were wetted with electrolyte components. Every particle has
an interface with the electrolyte phase. It is also in contact with
the current collector. We shall use the words interface and surface

N

Aa¢ Aa,e¢ Ae¢ Ae,cﬁzs Ac¢

ra Tae| Tsa |Tae

dél de dC

FIG. 3. The notation used to describe the five layers of a LIB. Lithium-ion is the sole
charge carrier in the electrolyte, the central layer. The anode bulk is pictured on
the left-hand side, while the cathode bulk is pictured on the right-hand side, both
with electrons as conductors. The thin interface layers contain the region where
the electrode reactions take place, the anode reaction in the second layer and the
cathode reaction in the fourth layer. The first superscript refers to the phase we
are in: a for the anode, e for the electrolyte, and c for the cathode. The second
superscript refers to the adjacent phase. The subscript(s) on the symbol A refer
to the anode or cathode thickness, a or c, or to the jump across an interface, say,
fromatoe.
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interchangeably to mean the layer between the electrolyte and the
active solid electrode, where the electrode reaction takes place. In
reality, this layer is not infinitely thin; its finite thickness is d.
Figure 2 illustrates schematically the 2 D system on the left and the
1 D simplified model on the right. The interface region between the
electrode grains and the electrolyte is simplified as a sharp surface in
the model.

We consider three homogeneous (bulk) phases separated by
two interfaces or surfaces. The thermodynamic system is further
illustrated in Fig. 3. The cell has five layers, and an outer circuit.
There is a potential and temperature drop across each layer that we
shall compute. Figure 3 explains the notation used: a for the bulk
anode, c for the bulk cathode, and e for the electrolyte. The subscript
of the difference symbol A indicates the layer it applies to (a, e, or ¢).
The interface regions are a, e (or e, ¢) meaning from a to e (or e to c).
The first superscript indicates the phase or surface, while the second
superscript is the adjacent phase. For more details on terminology
and a symbol list, see the supplementary material and a textbook
on the theory.

Ill. MODEL

In this work, we consider transport normal to the interfaces
only, averaging thus over a cross-sectional area of 1 m*. We do not
know the real contact area between the electrode and the electrolyte
(see Fig. 2), so we refer all fluxes and surface coefficients to the cross-
sectional area of the cell. The surface of the model is infinitely thin.
The systematic approach is as follows: We give the entropy produc-
tion for each bulk layer and the constitutive equations that follow
from this. In the next round, we give the corresponding equations
for the interfaces. For each layer, we present equations for the elec-
tric potential drop and the equations that give the corresponding
variation in the temperature.

A. Entropy production and flux equations
for the bulk layers

The entropy production, o, of a control volume in one of the
bulk phases can be generally written as

iglr)-Brr(5e) w3 o

where J; is the measurable heat flux with the subscript g referring to
heat, 0/0x is the partial derivative in the x-direction, T is the tem-
perature, J; and y;,r is the flux and chemical potential at constant
temperature of component i, respectively, j is the current density,
and ¢ is the electric potential. The supplementary material pro-
vides a complete derivation of the equations that follow. We extract
the particular set of equations that are needed for the numerical
solution.

The entropy production defines the force-flux or the constitu-
tive relations of the three bulk phases,

or ol L\ 7w,

] _—/154'2% (]’_ﬁ])+ﬁj’ (2)
B Bck ti .

Ji = Z Dy + 3)
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where A is the stationary state, through-plane thermal conductivity,
q; and t; are the heat of transfer and the transference coefficient of
component i, respectively, F is Faraday’s constant,  is the Peltier
coefficient, ¢; and D;, 1 are the concentration and thermal diffusion
coefficient of component i, Dy is the interdiffusion coefficient of i
and k, ay is a coefficient relating the chemical potential gradient to
the logarithm of the concentration gradient, and r is the ohmic resis-
tivity. The heat of transfer, which is a measure of the Dufour effect,
is defined as q; = ( ],;/ Ji)j=0.d1=0,j,.,=0> the transference coefficient is
defined as t; = (JiF/j) ar=o,dc,=0> While the Peltier coefficient is defined
as ' = (JyF/f)ar-o.de—0- We refer to the supplementary material for
a complete derivation and more details. A flux is positive, when the
direction of transport is from the left to the right.

1. Electrode bulk phase

In the electrode, all of the electric current is carried by electrons,
with lithium chosen as the frame of reference. The flux of electrons
is then equal to the current density, J.- = —j/F. The velocity of elec-
trons within the electrode will be much higher than any velocity of
the host structure, ©, so the flux of electrons will be much larger
than any velocity of the host structure, i.e., Jo = cove < j/F, where
ve is the velocity of the host structure. We can therefore assume
that tg ~ 0. The concentration of Li in graphite is denoted cg. When
this is the only variable concentration, all terms containing summa-
tion signs disappear from Egs. (2)-(4). This simplifies the flux-force
Egs. (2)-(4) for the electrode to

/ aT * T,
Iy = f)ta +gelo + L (5)
aT d
Jo = ~ceDair 5 ~ Do a‘f ©6)
op 7w 0T .
ox  FTox 7 @

From the definition of the Peltier coefficient (see the supplementary
mulerial),': we have for the anode and the cathode phases

' (x) = -TS}?,
n(x) = -TS) .

The Peltier coefficients of the electrodes consist of the heat trans-
ported with the charge carrier, here the product TS.*. The entropy
transported, Sy, through the electrode to the interface is that of the
electrons. By integrating across the thickness of the electrode, the
contributions to the electric potential become

®)

*,a

A = - id’,

e 9)
Ao = A T —r'jd",
where d* and d° are the thicknesses of the anode and cathode bulk
phase, respectively (see Fig. 3).

ARTICLE scitation.org/journalljcp

2. Electrolyte bulk phase

The salt and the solvent molecules of the electrolyte are con-
tained in a separator material. We assume that due to large pore-
sizes, the separator is inert. It will then not appear in the entropy
production. The flux-force equations will be those presented above
[cf. Egs. (2)-(4)]. We choose the anions of the lithium salt (here
LiPFs) as a frame of reference. The current is then only carried by
lithium-ions in the electrolyte and not by anions. In the electrolyte,
the entropy transported with Li* is Sf;.. From the definition of the
Peltier coefficient of the electrolyte, we have”

n° =TS + Z:’: tiq; . (10)

The Peltier coefficient contains the transported entropy of lithium-
ion and, in addition, the heat g;" that is carried electro-osmotically
with neutral components i. This is expressed by the product of the
transference coefficient with g; (see the supplementary material for
more details). We expect this effect to be significant only for the elec-
trolyte. Neither the heats of transfer, g;°, nor the transported entropy
is a small quantity.”*

By integrating across the thickness of the electrolyte, d°, with
constant transport properties, we find the contribution from the
electrolyte to the electric potential,

Sx—e tz
Bep =~ AT - Z q’ AdnT
_ Z IkAelnckfrejde. (11)

zkl

We see here how the transported entropy and the heat of transfer
contribute to the electric potential difference across the phase.

B. The electrode surfaces

The electrochemical reaction at the anode surface (during dis-
charge) is

Li-0-Li'+e +0.
The following identity holds:
Jui = j/F. (12)

That is, the flux of neutral lithium into the surface from the left-hand
side must always be equal to the flux of charged species out of the
surface into the electrolyte. We start in the host structure frame of
reference, so Jg = 0 (see the supplementary material). With depen-
dency (12), the entropy production for the anode surface during
discharge is given by

1 1
a>? :]éa’e(Aa,s?) +];e a(As,e?)

eaAs el"kT(Ts a) (Aa,e(,b)
Z]k Ts.a -J Ts 2

j ALGH?
F Ts@

(13)

(see Fig. 3 and the supplementary material for notation). The electric
potential difference, Aio¢p = ¢ — ¢, is due to the reaction Gibbs
energy by conversion of neutral components,'” A, G*. The flux-force
equations for the anode surface become
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JEE = A A T+ %j, (14)
re,a s,a ! *el e a t}i . 2 .
]q =-Ae As,eT+qu ]k _F] +F]: (15)
k=1
n— 1L9 te
,_Z s AS ek — P DA, T+ = ] (16)

AGS a e
( wet 0 ): T AT+ 2 AT

FT? FTe
n— 1
+Z As e‘u,T+r ] 17)

We see for emf conditions (j = 0) and constant temperature
that the Nernst equation is recovered from the last parentheses in
Eq. (17) (see Ref. 12, Chap. 10 for more details on the relation to the
Maxwell potential). For the anode,

AG>* 1
F [’lilj 0> (18)
and for the cathode,
AGYE 1
nF = EI‘SL’;—@’ (19)

where y1; e is the chemical potential of Li — @ at the electrode sur-
face for the lithiated state expressed by x. This will for simplicity be
written as pi(x)-

The full contribution to the cell potential from the anode is now
given by

1., p °
Aa, e¢ = ?”Li(x) FTe Aa T — e As, eT
n—1 e

- Z As eli,T —

™%, (20)

where Eq. (10) was introduced in the last equality. An equivalent
derivation for the cathode surface gives

1 a I
Ae,c¢ = - [‘vilfx) e As,eT - ﬁAs,cT
n—1 (e
_ ; EIAe’ stir =1 21

We are now in position to find the total cell potential.

C. The cell potential profile

We can now compute at any time the electric potential profile
through the cell in terms of differences across the bulk phases and
jumps at each interface using Egs. (9), (11), (20), and (21) (see the
supplementary material). The sum of all contrlbutlons is

Adrot = Aap + Ag e + A + Ae, c§ + Ac. (22)

ARTICLE scitation.org/journalljcp

The time-variation in the electric potential can come from heat accu-
mulation and concentration gradients created in the electrolyte [see
Eq. (11)], plus from changes in the reaction Gibbs energy”*’ in the
electrodes with the changing state of charge (SOC) [see Egs. (20)
and (21)]. We consider the first as superimposed on the second
stationary state in this work.

At isothermal conditions and uniform electrolyte, this
reduces to

Aot = —%Aym(x) —rjd = > = rid" - > - 15jdC (23)

The main contribution to the battery potential loss comes
from the surface potential drops. The open circuit voltage of a
LFP/graphite battery is about 3.4 V at 100% SOC.”*” This is the
maximum voltage during discharge when there are no resistance
losses. The losses shown here are ohmic losses in the bulk phases
and in the electrode surfaces. The overpotential at each electrode,
qs‘i, with i = a or ¢, will be interpreted as the resistance to the
electrochemical reaction in the surface. This gives

s si. 2RT j
= —1n 24
TN TF (]ol) 29

The last equality is the Tafel equation, where the exchange current
density of the intercalation reaction is jo,i."”"l

D. The time-variation of the temperature profile

The expression for the time-variation in the temperature is
given from the energy balance. For a local volume element in a bulk
phase, this is

Bx]q ;L( 1)

T _ 1
ot pC,

- Z Ts,(—f,) % ] (25)

where p is the density, C, is the heat capacity, and H; and S; the
are partial molar enthalpy and partial molar entropy of component
i, respectively. The partial molar properties refer to the compo-
nents in the electrolyte. They add to the measurable heat flux to
give the energy flux. The expression was derived in detail in the
supplementary material.

For an interface element, we similarly obtain

dTS 1 /i,07 Io,ii. O’i, i,o
o [Jq I3t =il - ¢"]
: ZI?”H?’"—ZL-“’Vﬁ”} @
i j

Typical for the interface is the discrete form of the energy balance.

1. Anode and cathode bulk phases

The change in local temperature with time for the anode bulk
material is thus [see Egs. (25) and (5)-(9)]

or* 1 [0 (,.f0T o1
or - aca[ax(l(ax )) JoMaCpo 5 +”] @7)
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where M; is the molar mass of component i. A similar equation is
obtained for the cathode bulk material. When we neglect Dufour
effects in these bulk phases, we are left with only the first and
last terms. These terms represent thermal conductance and ohmic
heating of the electrode, respectively.

2. Electrolyte bulk phase

In the same way, we find from Eqs. (25) and (2)-(4) an expres-
sion for the temperature change with time in the electrolyte,

ore 1 Qf oT®
ot peCe| Ox Ox
j Mcp,8

e

"
n—1 tie n=1  9ln Ie e

+ L Dt )i | (28)

i=1 I=1
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By introducing the stationary state condition, the molar fluxes van-
ish, and the two terms related to the Dufour effect cancel.” We
obtain the following expression for the time-variation in the tem-
perature in a control volume of the electrolyte:

ore 1 O (..f OT¢ e2

ot ece[ax(l(ax ))+”]' (29)
The first term is the thermal conductance, and the last term repre-
sents ohmic heating.

3. The heating or cooling of the electrode surfaces

From Egs. (26) and (15)-(17), we obtain for the anode surface
temperature

dr>? 1 a,e.
+rs,a.2+ 2 A T+ Tl'e AT
] ]FTa a, s ]FTe s, e

nl .t]i nl *,e k. = e,a_ s, e
- Y iEA e+ Y a E - ), (30)
k=1 F k=1 F k=1

where we have defined the Peltier heat (not to be confused with the
Peltier coefficient of a bulk phase) of the surface as

(1) = 7' =" = T *Sy- (31)
The Peltier heat of an interface arises from an entropy balance at
the interface in question. It is the heat that need be delivered to the
interface when 1 mol of positive charge is passing in the circuit from
left to right."' This net heat effect is the sensitive heat that we can
measure at the junction during charge transfer. The Peltier heat can
be determined from experiments by decomposing phenomena that
contribute to Eq. (30). This cumbersome procedure makes the deter-
mination inaccurate. Instead, we may measure the reciprocal effect
the Seebeck coefficient, and calculate the Peltier heat. We will not
go into detail here on this experiment and refer instead to previous
work and references therein.”’
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The Peltier heat in Eq. (31) has a contribution from the Dufour
effect when the electrolyte is homogeneous [cf. Eq. (10)]. We refer to
this expression as the initial Peltier heat, 7}’

n—1
o (T5) = TS + TS = T Spiy + . tig; - (32)
i=1
At the stationary state, when diffusion has stopped (J; = 0), the
expression simplifies to

Mo (T) = T¥*S + T *Sf3 — TSPty (33)
These equations can be used in the model to find the surface temper-
ature. The impact of the Dufour effect is be seen through the Peltier
heat. This effect on the Peltier heat has heretofore been unaccounted
for in battery modeling. Gunnarshaug et al. reported both the initial
and stationary state Peltier heat of LiFePO4 and graphite electrodes
at 0% state of charge.lI The difference between the two, equal to the
last term in Eq. (10), was significant, motivating us to include the
effect here.

We next make the assumption that A, sT/T* and similar terms
are small, and that there is equilibrium for adsorption of electrolyte
components at the electrode (Asepk,7 = 0). At stationary state, all
molar fluxes of neutral components are zero, ]Z’a = 0. We are then

left with
T? 1 ) s, a
d = — Ay AL T + 287 A, T - ﬂt =i+ ). (34)
dt PGy

The first and second terms describe heat conductance to and from
the surface, respectively, the third term is the Peltier heat, and the last
term stems from the irreversible heat production of the overpoten-
tial (the resistance of the electrode to charge transfer). By omitting
Dufour effects, we are left with the heat leaking from or into the
surfaces from the current collectors, the heat absorbed or produced
reversibly, and the heat production due to the overpotential.

The heat effects at the interfaces are in agreement with the local-
heat-generation described by Rao and Newman.'’ However, while
they gave equations for interface heat sources, they did not describe
the temperature variation of the interface. When the left-hand side
of the equation above is put equal to zero, the expression is identical
to that given by Gu and Wang'” for the interface energy balance.

We finally give the equivalent equations to Egs. (32) and (33)
for the cathode surface,

15 (T7€) = =T S5 = T Sfe + TSyt (35)

dr*c 1 715 ¢
TR (—AZ’CAHT+ XA, T - =

<+ r® ]). (36)

IV. METHODS
A. Case studies

The transport properties used in the calculations are presented
in Table I (bulk properties) and Table II (surface properties). Prop-
erties are estimated for a graphite anode, a lithium iron phosphate
(LFP) cathode, and an electrolyte of 1M LiPFs in EC:DEC (weight
ratio 1:1). Here, EC is ethylene carbonate, and DEC is diethyl
carbonate.
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TABLE I. Transport properties of anode, cathode, and electrolyte materials taken from
the literature and used in the base case.

Parameter Unit Value

L3, L8 LC m 74x107°,12%107°,6.7 x 10™°
2 QOm 14x107°°6.96 x 1072, 2.8x 107"
A% 08¢ WK !'m! 1.11,° 0.31,° 0.32°
C,CpCy  Jkg 'K 700, 2066, 741"

P4 p", p° kgm ° 2260,” 1000, 20607

S S, S JK 'm? 5.74," 460, 14.5"
*Estimated.

YEstimated.

The solid electrolyte interface, commonly referred to as the
SEI layer within a LIB, was used to estimate the anode surface
thickness and properties. For the cathode surface, we assumed
the presence of a carbon coating, which is often applied on the
LFP particle to increase the performance.”” For the surface, the
thermal conductivity and the excess densities refer to the whole
surface area.

The SEI layer on a graphite anode has been shown to par-
tially consist of Li;COj3 and LiF.”’ The transport properties for the
anode surface were therefore estimated for an equiweight mixture of
Li,CO; and LiF, while the transport properties for the cathode sur-
face were taken from literature values for carbon. The resulting input
parameter for the surface is presented in Table II.

In all studies, we considered a current density of 30 A m~2.
This is a current density that is expected when a fully charged cell
is discharged within an hour.

It is not straight forward to find transport coefficients from the
literature, which are appropriate for the equations provided by non-
equilibrium thermodynamics. Consider Eq. (2) for illustration. The
thermal conductivity we are seeking is from this equation, the prop-
erty measured in the absence of concentration gradients and electric
currents (fields). The value we find in the literature must therefore
refer to a homogeneous state. Care has been taken to accommodate
such conditions, but the set of coefficients in Tables I and II must
still be regarded as estimates. The data we need are often lacking,
and most seriously so for the surface.

TABLE 1. Transport properties for the anode and cathode interfaces taken from the
literature and used for the investigation.

Parameter Unit Value
Ac, -0, ALrpdi-o \Y 0.1, 3.45"
Jo.s o Am? 0.8, 1.7"!
8a,s> Sc,s nm 50,Il 10
/\Nazco3)d AL Wm 'K ! 0.65,’13 4.01%
LiZCOg) LiF kg m3 2110’17 2639
G2, ¢ Jkg 'K 1350," 1562
ﬂ?':%s, ﬂ?’:LOF P kJmol ! 19,7 38*
NI g kJ mol ™! 104, 122

*We assume a similar thermal conductivity of Na,CO3 and Li,CO3.
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The aim of the present work is, however, not so much to pro-
vide precise numbers on the profiles but rather to demonstrate
the principles of a physical-chemical model, which can be further
developed to answer to design issues and reveal a need for more
experiments.

1. Base case

A base case was defined to establish a basis for comparison. We
used the properties defined in Tables I and II, typical for the battery,
and computed the approach of the cell to stationary state in T(x).
All coupling effects were included. For the stationary state, we com-
puted local heat fluxes and the entropy production in the system. We
also studied the impact of the current density on the temperature
profile.

2. Study 1: Surface property variation

The sensitivity of the base case results to variations in the sur-
face properties was examined. Scaling factors k, and k. were used to
vary conductivities and excess densities [see Eq. (39)].

3. Study 2: Effect of Peltier coefficients

The coupling between heat and charge transfer, the Peltier coef-
ficient, was varied in study 2. We studied the effect on the tem-
perature profile when replaced the local Peltier coefficients by an
average value in the whole cell. This mimics the current way that
the reversible heat effect is addressed. We computed the results for
the cell at the initial state and when all diffusion was stopped (Soret
equilibrium).

4. Study 3: Stack profiles

A realistic battery system consists of several unit cells being
stacked together, and we studied the behavior of 4-80 such cells. The
current collectors were of copper (the anode) and aluminum (the
cathode). The current collectors were covered with the active mate-
rial from both sides and stacked in a repetitive, mirrored manner.
Figure 4 presents a sketch of a module of four cells.

Anode current
collector

I

&

Anode active
material

V

Cathode active
material

Individual cell

FIG. 4. A LIB stack consisting of four cells. The current collector is coated from
both sides with the active material. The anode and cathode are stacked alternating,
separated by a separator.
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B. Computational procedures

All computations were performed in MATLAB R2019a. All
equations are discretized with the finite difference method using
an implicit scheme [the Backward Time, Centered Space (BTCS)
method]. The equations were implemented as presented in the
theory with the following assumptions and simplifications:

e When we considered the electrolyte to be in stationary state,
we removed the sum over the mass fluxes in the energy bal-
ances (34) and (36) and neglected the second to last terms in
Egs. (34) and (36).

o The thermal conductivities of the surface sides were set equal
in lack of better information: A>' = 1*(= A3).

o All transport properties were assumed to be constant. This
assumption is fair for shorter times and the temperature
range in question.

o The initial temperature of the complete cell was set to the
ambient temperature,

T(i’ =0, x) = Tomb- 37)

The boundary temperatures were initially fixed to the ambi-
ent temperature in order to allow for a thorough examina-
tion of internal processes,

T(t,x=0) =Ty T(t,x=L) = Typp> (38)

where L is the left side boundary and therefore dependent on
the case study, the thickness of the unit cell or the cell stack.
e The surface properties were estimated from bulk proper-
ties using the method of Kjelstrup and Bedeaux.'” The bulk
main thermal conductivity was divided by the thickness of
the surface § times a dimensionless scaling coefficient k;.
Excess densities, needed in the energy balances, were like-
wise obtained by multiplying the bulk density with the sur-
face thickness and dimensionless scaling coefficient. A scal-
ing factor equal to one means that surface and bulk proper-
ties are equal. A scaling factor larger than one represents an
excess surface resistance,
Asfi ; = kidpi (39)
i~ kiapi = KiOpi.
By comparing the resistance of the SEI layer”' to the anode
resistance, we obtained a scaling factor for the anode sur-
face of 14. A scaling factor of the cathode surface was esti-
mated so that results on the stack level aligned with both
experimental and modeling results.”**

V. RESULTS AND DISCUSSION
A. Base case

The results of the base case are plotted in Figs. 5-8. The results
present several aspects of the simultaneous solution of the five sets
of equations, one for each cell layer. In Figs. 5-7, we present (1) tem-
perature profiles, with (2) corresponding heat fluxes and (3) entropy
production variation through the cell. The current density of the
base case was standardly 30 A m™2 but was varied in Fig. 8. At the
current density 30 A m™2, we calculated a working potential of the
cell of 3.3 V.
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FIG. 5. Temperature profile of the base case after 0.0001 s (blue), 0.001 s (orange),
0.01 s (yellow), and 0.1 s (purple). All results are for 30 Am~2. The profile at 0.1's
corresponds to the stationary state profile. The blue curve at the start documents
the Peltier effects: cooling at the anode and heating at the cathode. Multimedia
view: https://doi.org/10.1063/5.0038168.1

1. The temperature- and heat flux profile

The time-evolution of the temperature profile to stationary
state in about 0.1 s is shown in Fig. 5. Lines of different colors
represent different times. Figure 5 is a static representation of the
multimedia file, which is linked to the figure. The video shows the
continuous transformation of the temperature profile. The cooling
at the anode surface and heating at the cathode surface can be well
observed during the first fractions of a second (blue curve). We see a
heat wave propagating toward the boundaries in the times to follow.
Examples are shown for 0.001-0.01 s (red and yellow curves) in the
static figure. At the stationary state (0.1 s, purple curve in Fig. 5), we

50
—0.0001 s
40 —0.001s
/\ 0.01s
— —0.1s
» —
~ 30
g
3
< 20
=)
3 10
i J N——
0
Anode Cathode
-10
0 0.5 1 15
x (m) x107

FIG. 6. The heat flux of the base case (corresponds to the temperature profile in
Fig. 5) across the cell after 0.0001 s (blue), 0.001 s (orange), 0.01 s (yellow), and
0.1s (purple) for 30 A m~2.
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FIG. 7. Profile of the entropy production for the base case (corresponds to the
temperature profile in Fig. 5) after 0.0001 s (blue), 0.001 s (orange), 0.01 s (yellow),
and 0.1 s (purple) for 30 A m=2. The excess values of the surfaces appear as
singularities.

observed characteristic linear profiles within the bulk phases. This
behavior follows from fixing the temperature at the boundary to
290 K. The straight lines are also due to constant transport prop-
erties. The stationary state temperature profile is maintained after
this time.

The temperature is largest at the cathode surface at all times. In
the stationary state profile (purple curve), we observed a temperature
rise of 0.0006 K. The small values may not appear significant, but we
will show for a stack that the temperature can significantly increase if
we increase the thickness of the cell and the current density. More-
over, the chosen boundary condition for temperature represents a

2900005 ——120A/m?,0.1s
290.003 ——0.0001 s
290 60 A/m?,0.1s
290.0025 i
2 289.9995 5 5 —SOO%T ,0.1s
= i prm— (). s
0] s ° ——15A/m?,0.1s
3 ——0.0001s
© 290.0015
o)
Q.
€ 290.001
o)
[t
290.0005
290 1
Anod thod
2899995 node Cathode
0 5 10 15
location [m] %1075

FIG. 8. The temperature profile of the base case as a function of current density.
The values are 15 A m=2 (blue), 30 A m=2 (orange), 60 A m=2 (yellow), and
120 A m=2 (purple) after 0.0001 s and 0.1 s. Stationary state profiles are given.
0.1 s corresponds to the stationary state profile. The inset enlarges the curves for
the shortest times.
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perfect cooling of the cell, preventing internal heating. Perfect cool-
ing is, of course, not realistic. The purpose of Figs. 5-8 is therefore
not to find the exact values for a single cell, but to better under-
stand the interplay of the various effects, so one can deal with them
properly on a later stage.

By inspecting the local effects in the stationary state profile, we
further observe temperature jumps across the interfaces. They are
~3 x 1077 K at the both electrode surfaces. The temperature differ-
ence across the electrolyte-filled separator in the stationary state is
0.000 35 K, which corresponds to a temperature gradient of 29 K/m.
With S =460 J K™ mol™ from Table Il and dT/dx = 29 K/m, the
contribution to d¢/dx over the electrolyte is —0.139 V/m. This tem-
perature gradient presents a local thermal driving force, coupling
of heat and mass transfer, as well as heat and charge transfer. The
gradients increase with the current density (see below).

The computed temperature profiles have some support from
two experimental studies of Heubner et al.”””’ The temperature at a
cross section of a single LIB cell was measured using microscopic in-
operando thermography’’ and thermocouples.”’ A very small tem-
perature difference of the cathode and anode was reported. The
experiments were done with different boundary conditions from
ours, with an LCO cathode and with larger layer thicknesses. How-
ever, they also observed what we see, a temperature decrease in the
anode and a temperature increase in the cathode during discharge.
Using thermocouples, they measured the temperature difference
between the anode and the respective current collector, as well as a
temperature difference between the cathode and the respective cur-
rent collector. A temperature difference between the anode and the
cathode of 0.004 K was found during discharge with a current den-
sity of 15 A m™~2. For comparison, when we applied the same current
density and layer thicknesses to our model, as well as the stationary
state Peltier heat, we obtained a temperature difference between the
anode and the cathode surface of 0.0016 K, in qualitative agreement
with Heubner et al.

It has to be kept in mind that we consider a simplified sys-
tem where the properties of two interfacial regions have been con-
tracted. They have been integrated out as Gibbs excess variables.
The real system is a porous electrode, with a given porosity, con-
tact areas, and contact lines. It has been common to construct a
continuous path through this region.”'® In the real system, there
are no sharp interfaces but rather many interfaces throughout the
electrode bulk materials. When we transfer the results from our
coarse-grained system to a more detailed scale, we would expect
many small local temperature drops or rises. Our model is less
specific when it comes to the electrode interfaces but might well
underestimate excess surface resistances. The strength of the model
is its direct use of the second law of thermodynamics and there-
fore the possibility it gives to introduce assumptions in a systematic
manner.”’

The heat flux (Fig. 6) is negative in the anode and positive in
the electrolyte and the bulk of the cathode at stationary state. The
signs mean that heat is leaving the cell on both sides. We recall that
the positive direction of transport is from left to right. The pos-
itive heat flux in the electrolyte arises from heat transported with
charge, i.e., the Peltier coefficient, since the maximum temperature
is located at the cathode. Deviations from constant values are due
to varying contributions from Fourier type terms. The large value
of the transported entropy of lithium, calculated from Eq. (31) using
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values given in Refs. 24, 39, 40, and 51, can be supported by a general
observation that large Seebeck coefficients are common with organic
electrolytes.”

We observed that the absolute value of the heat flux leaving the
battery on the anode side was larger than the one on the cathode
side. This is again explained by the net heat transported with charge
or the large value of the transported entropy of lithium-ions. The dif-
ference in the heat flux of the electrolyte and the electrode is mainly
due to the Peltier heat for these conditions, which are close to being
reversible. The jump in the heat flux is larger in the anode than in
the cathode at the stationary state [cf. Eqs. (31) and (32)].

2. The local entropy production

The entropy production will immediately locate the main irre-
versibilities of the cell.

The local entropy production in the base case is presented in
Fig. 7. The surface values are singularities, illustrated by dots. Such
singular values are typical for a model that is treating the electrode
surfaces as 2D autonomous systems. We observed that the largest
entropy production takes place in the electrolyte-filled separator
and the two electrode surfaces. This is expected because the resis-
tance is large in the electrolyte-filled membrane. Thermal gradients
will, however, also contribute. The entropy production in the sur-
faces is large due to the overpotentials and the temperature jumps.
The entropy production is negligible in the bulk electrodes. This is
explained by the significantly larger resistance in the electrolyte com-
pared to the electrodes. It is increasing slightly with time for the bulk
phases, and this increase can be ascribed to increasing temperature
gradients.

The last figure from the base case, Fig. 8, shows the station-
ary state temperature profiles as a function of current density. All
features shown before are enlarged for larger current densities, as
expected. The maximum temperature difference was 0.003 K for a
current density of 120 A m™2. The temperature jumps in the anode
and cathode surface increased to around 1.2 x 107* K, and the tem-
perature gradient in the electrolyte-filled separator for a current
density of 120 A m~? was 100 K/m. This results in a contribu-
tion to the gradient in electric potential, d¢/dx, over the electrolyte
of —0.5 V/m.

B. Study 1: Sensitivity to surface properties

The sensitivity of the temperature profiles to surface properties
is reported in Figs. 9 and 10. In these figures, we have presented the
initial behavior at 0.0001 s as well as the stationary state profile for
various values of the scaling factors. The scaling factors were intro-
duced to measure the deviation of surface properties from bulk ones
[cf. Eq. (39)].

It is immediately noticeable that the value of the scaling factor
has a large impact not only on the profile shapes but also on the abso-
lute temperatures. The scaling factors, along with the surface heat
effects, will define the surface temperature and the heat exchange
with the bulk phases.

In Fig. 9, we present the resulting temperature profiles when we
increase either k, or k., keeping the other at unity. The inset in Fig. 9
enlarges the initial profiles after 0.0001 s. When k, increases, while
ke =1 (purple and yellow curve), we observed already at small times
that the cooling of the anode surface was more pronounced than
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FIG. 9. Temperature profiles for varying scaling factors after 0.0001 and 0.1 s and
a current density of 30 A m=2. The profile at 0.1 s corresponds to the stationary
state profile. One scaling factor is set to one, while the other is varied. Only the
scaling factor that deviates from unity is reported in the legend. The inset enlarges
the profiles of the smallest times.

the heating of the cathode surface. The result was an overall cool-
ing of the cell at the stationary state. The effect became more
extreme, the larger the difference between the scaling factors for the
anode and cathode surfaces were. The situation was reversed when
ke > ke (orange and blue curve). Again, the heating effect became
more pronounced, the larger the difference between the scaling
factors were.

With a larger scaling factor, the impact of the interface
increased. Recall that the surface thermal conductivity was obtained
by dividing the bulk property by the product of the surface thickness
and the scaling factor [cf. Eq. (39)]. In Fig. 10, the scaling factors both
electrode surfaces varied in parallel, from unity to 10*. Stationary
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289.99
— 289.98
X,
e
5 289.97
©
(0]
S 289.96 ——k;=1000
(] k. =100
[t i
289.95 k=10
289.94 S
Anode Cathode
289.93
0 0.5 1 1.5
location [m] %107

FIG. 10. Stationary state temperature profiles for varying scaling factors. The cur-
rent density was 30 A m=2. The scaling factor of the anode and the cathode
surface is varied in the same manner.
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state profiles are presented. The cell temperature was lowered, the
lowest temperature being at the anode surface. The effect increased
with the scaling factor.

In Eq. (38), we chose a larger surface thickness for the anode
surface than for the cathode surface, leaning on SEI measurements.
When we estimated surface properties from bulk properties using
a surface thickness (d. > dc), while the scaling factor remained the
same (k, = kc), we obtained a larger surface resistivity for the anode
than for the cathode. Therefore, the behavior of the anode surface
dominated the picture when the scaling factors vary in parallel.

An increase in cell temperature has been reported numerous
times,””* so k. has to be larger than k,, as used in Fig. 9. As we
used a larger surface thickness for the anode than for the cathode, a
larger k. than k, will to some extent compensate for the difference in
surface thicknesses.

We have chosen to model the SEI layer on the anode as an
anode surface and used an anode thickness of 50 nm. This is large for
a molecular surface but small for the SEI layer. For the SEI layer on
carbon coated graphite, a thickness up to 150 nm has been reported.
For uncoated graphite spheres, a SEI layer thickness was reported
to be from 450 to 980 nm.” The surface is defined as the location
where the reaction happens and therefore considered to be thin.
These results suggest treating also the SEI layer as a bulk phase in
future work and relocating the surface.

C. Study 2: Peltier effects

This case was designed to investigate contributions from the
Peltier effect on the temperature profile in the homogeneous phases
and on the temperature jumps at the electrodes. In the following, we
use the acronym RHE for reversible heat effects. We compare tem-
perature profiles for average and local RHE [cf. Eq. (33)] in Fig. 11
both after 0.0001 and 0.1 s. The initial Peltier heat estimated from
the Seebeck coefficient in a homogeneous solution was denoted 7;_,
while the stationary-state Peltier heat estimated from the Seebeck

290.0007 local RHE (7 ),0.1s
290.0006 BN o )
——local RHE (7%,),0.1s
———0.0001s
— 290.0005 ——— average RHE, 0.1 s f
X ———0.0001 s
o 290.0004
=
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(0]
Q.
& 290.0002
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290 AN
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289.9999 :
0 5 10 15
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FIG. 11. Temperature profile for average reversible heat effects (RHE) (blue) and
in the presence of local initial RHE 7;_ (orange) and local stationary-state RHE
75_.. (yellow) at a current density of 30 A m=2.

ARTICLE scitation.org/journalljcp

coefficient at Soret equilibrium is denoted 7;_.,. We are reaching the
stationary state temperature profile after 0.1 s. The results for 7;_ .
are the same as the base case (Fig. 5).

For the average RHE scenario (blue curve), we observed heat-
ing at both electrode surfaces. The heating was now solely due to
reaction overpotentials and due to the overall entropy change of the
battery, which was ascribed equally to both surfaces. This particu-
lar model mimics the thermal modeling, which is common in the
literature.””*>*

For the local RHE, we observed always a cooling effect at the
anode surface during discharge. The cooling was stronger at 7j_,
(yellow curve) compared to 7;_, (orange curve). For the averaged
RHE, we observed a more evenly distributed temperature profile
after 0.1 s and an simultaneous underestimation of the cathode sur-
face temperature and overestimation of the anode surface tempera-
ture. The Peltier heat at infinite time measurement, 77;_ ., takes also
into account the Dufour heat.

We observed a large variation in the temperature gradient in
the electrolyte-filled separator after 0.1 s. It was only around 1 K/m
for the average RHE, 7 K/m for the local RHE with 7;_, and was as
large as 29 K/m for the local RHE with mj_.

Local cooling or heating by a few degrees has been observed
in an aluminum electrolysis cell.” A temperature reduction was
observed at the anode at an average electrolyte temperature of
960 °C. The effect was explained by a large Seebeck coefficient,
3.6 mV/K. A LFP-electrode has for comparison a Seebeck coefficient
of 4.3 mV/K, so we may speculate that a similar cooling can occur
here. With the fixed temperature boundary conditions used in the
present model, we do not expect large cooling effects, however. The
boundary conditions, simulation time, and the other transport prop-
erties will not favor this. The purpose of this work is to document a
new physical-chemical model, compare it to presently used models,
and demonstrate their difference.

D. Study 3: Stacking

A commercial LIB is a stack containing several single cells. We
present the initial and stationary state temperature profile of a dou-
ble cell (Fig. 12), two double cells (Fig. 13), and ten double cells
(Fig. 14). In all simulations, we used the parameters of the base case.
In addition, we compared the stationary state temperature profile of
ten double cells for local and average RHE (Fig. 15).

Figure 12 shows the temperature profile of a double cell con-
sisting of two single cells stacked in a repetitive, mirrored manner.
Figure 13 presents the temperature profile for two double cells—
four cells in total. The sets of vertical straight lines mark the anode
and cathode surfaces. The horizontal lines in the center, most pro-
nounced in the temperature profile after 100 s (purple curve) (first
at 0.15 mm), indicate positions of current collectors. Because the
thermal conductivity of the current collector material is significantly
larger than that of the electrodes and the electrolyte, there is nearly
no temperature gradient in the current collectors. Figure 14 presents
the temperature profile for a stack of ten double cells, 20 cells in total.
The inset in Fig. 14 enlarges parts of the initial temperature profiles
after 0.0001 s (blue curve) and 0.01 s (orange curve). It illustrates the
Peltier effect in the single cells of a stack: we observe the cooling at
the anode surface and the heating at the cathode surface.
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FIG. 12. Temperature profile for a double cell consisting of the anode—separator—
cathode—cathode current collector-cathode—separator-anode. Profiles presented
after 0.0001 s (blue), 0.001 s (orange), 0.01 s (yellow), 0.1 s (purple), and 1 s
(green) and a current density of 30 A m~2. A stationary state is reached after 1 s.

We see that the temperature increase with time is amplified in
a cell stack compared to a single cell (Fig. 5), the largest tempera-
ture being observed in a cathode in the middle of the cell. In all stack
simulations, we observed an oscillating temperature profile at ini-
tial times (0.0001 s), the lowest temperatures being in the anodes, as
pictured in Fig. 13.

With a small cell stack of only 2—4 cells, we reached the station-
ary state temperature profile after 1 s, while a cell stack of 20 cells
needed 20 s to reach the stationary state. Therefore, the temperature
profile after 100 s (purple curve) overlaps with the profile after 1 s
(yellow curve) in Figs. 12 and 13. The reason for a rapid approach to
stationary state is the chosen fixed thermal boundary conditions and
the chosen physical parameters. As we only simulate for very short
time periods, it is fair to neglect a change in the state of charge.

290.004
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Temperature [K]

290.001 |

290

location [m]

FIG. 13. Temperature profile for a stack of four cells after 0.0001 s (blue), 0.01 s

(orange), 1's (yellow), and 100 s (purple) and a current density of 30 A m=2. The
dashed lines mark the surfaces.
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FIG. 14. Temperature profile of a stack of 20 cells after 0.0001 s (blue), 0.01 s
(orange), 1s (yellow), and 100 s (purple) and a current density of 30 A m=2.

As expected, the temperature profile across a cell is a clear func-
tion of battery thickness. While it is only around 0.0007 K for a single
cell, it reaches around 0.1 K for a stack of 20 cells. This might appear
to be small, but will increase significantly, when the current density
(cf. also Fig. 8) and the thickness of the stack are increased. As an
example, by increasing the current density from 30 to 120 A m™%, we
increased the maximum temperature from 0.0007 to 0.003 K (Fig. 8).
For a stack of 20 cells, we computed a maximum temperature rise
of 0.1 K with a current density of 30 A m™2. In a stack of 40 cells
(battery thickness ~7 mm) and a current density of 60 A m~2, the
temperature rise was 0.9 K. This is well within the range of what has
been reported in the literature, measured” and modeled.” Figure 16
shows how large the temperature rise within one battery can become
when we consider the case of a thick battery stack of 80 cells and a
high current density of 120 A m™~*. The maximum battery tempera-
ture rise is 8.5 K higher than the surface temperature in the presence

290.14 1
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location [m] %1073
FIG. 15. Temperature profile of a stack of 20 cells including average RHE (blue),
initial local RHE 7;_, (orange), and stationary-state local RHE 7;_, (yellow) ata
current density of 30 Am~2,
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FIG. 16. Temperature profile of a stack of 80 cells after 1, 10, 50, 100, 200, 300,
and 400 s and a current density of 120 A m=2.

of external cooling. The initial temperature profiles after only a short
discharge [1 s (blue curve) and 10 s (orange curve)] are still quite flat.
Large variations can only be found between the cells adjacent to the
battery surface. After around a minute of discharge (orange curve),
the difference between the cells starts to vary, the hottest cell in the
stack being in the center. A large difference between cell temper-
atures within one battery has been shown to have a severe impact
on the internal resistances, current distribution, and degradation of
LIB.”

Figure 15 shows how the stack temperature profile is affected
when reversible heat effects are modeled as local (orange and yel-
low curve) or averaged out (blue curve). The results from a unit
cell (Fig. 11) are now amplified. The temperature in the stack cen-
ter is highest when average RHE is used in the model, closely fol-
lowed by results with the initial Peltier heats, while the tempera-
ture increase at the cathode surface is reduced by 20% when the
stationary state Peltier heats are implemented. We recall that the
difference between the two last values is given by the Dufour effect
[see Egs. (32) and (33)]. We see that the Dufour effect can have an
important contribution to the surface temperature.

Many authors claim that reversible heat effects are only signif-
icant at the low discharge rate. Theory predicts that reversible heat
effects are proportional to the electric current, while the irreversible
effects are non-linear in the current density. In this sense, the irre-
versible terms will always dominate at a certain high current density.
This is not to say that the reversible terms are not significant; they
may, for instance, help cool an otherwise too hot electrode surface.

E. Comments on the theoretical description

We have seen above and in the supplementary material that the
full description in terms of non-equilibrium thermodynamics soon
becomes rather complex. It is, however, comforting to see how sim-
pler expressions, now common in the literature, are contained in
the complex formulation, as they must be. We have given the full
expressions with the hope that we, with access to more experimen-
tal results, will be able to solve the equation set also for conditions
that now have been neglected because of lack of data and find more
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precise values for cell properties. Clearly, there is a need to measure
more properties, especially interface properties.

One purpose of the theoretical elaboration has been to elucidate
theoretical expressions now used in battery research. This relates, in
particular, to the common expression for heat generation,”'”*"*

d(Awrdj=o)

Q= I(At0t¢ = Atot¢j:0 +T aT

+MCP%), (40)

where A is the cross-sectional area, I = Aj the electric current,
Q = gA is the total heat produced, M is the mass, and Cp is the mean
specific heat capacity of the cell. The emf, Astj=o, usually refers to
the average state of charge of the electrodes.”” The two first terms
on the right-hand side contain the Joule heat and heat effects due
to the overpotential. The second term is the reversible heat effect of
the whole battery, and the last term is due to heat exchange with the
surroundings.

The supplementary material gives a similar expression for the
total cell with the same irreversible and reversible heat effects, but
only under the condition of constant temperature and uniform elec-
trolyte. In the expression above, the local heating and cooling effects
have been combined. In other words, local effects have been aver-
aged out, and the thermal model has become less precise. In partic-
ular, the expression does not include Dufour and Peltier effects in
the heat fluxes. Therefore, it is bound to give incorrect predictions
of the heat fluxes at the boundaries [see Egs. (77) and (92) of the
supplementary material].

When it comes to interfaces, also the expression for the time
rate of change of the interface temperature differs from expressions
given in the literature.'”"’ We allow a separate temperature of the
surface, meaning that the surface temperature can vary according to
surface properties, in particular, according to surface excess proper-
ties. Guand Wang'” instead provided equations for the interface that
do not allow for storage of heat and/or components at the surface.
In short, they do not include the term dT°/dt (see also Ref. 18). The
results in Figs. 9 and 10 show that the surface temperature, together
with the scaling factor, defines the temperature profile of the cell.
Latz and Zausch®’ presented a continuous rather than discrete sur-
face treatment. They considered the surface volume to be equal to
that of the double layer and always in a stationary state mode of
operation.

In contrast, the results presented above introduce the sur-
face as a separate thermodynamic system with its own temperature
and other properties and present computed results for the surface
properties as singularities in the profile (see, e.g., Fig. 7).

In this analysis of the LIB using non-equilibrium thermody-
namics, our aim has been to bring forward a better understanding
of the interplay of various transport processes or how they are cou-
pled. The observed temperature variations in a single cell may seem
negligibly small. However, these are not difficult to enlarge using
larger current densities, larger scaling factors, different boundary
conditions, or more complex electrolytes. To do so will, however,
not make the theoretical model more convincing. Once we under-
stand the interactions in question, more realistic models may be
used, however. It is then very interesting to see that a model pro-
viding so small effects for one cell can, when combined to larger
modules, provide realistic thermal signatures.
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F. Implications for further experiments

The aim of the present work is to present a physical-chemical
model that can be further developed to answer questions related
to design issues and reveal needs for more experiments. The tem-
perature profiles presented here should be regarded in this context.
Several of them are not meant to provide insight into real battery
operation since we do not use simulation times beyond some sec-
onds. The results make, however, clear that the Peltier effect over-
rules the picture created by a single Joule effect in the start of the
simulation and when the electric current density is small. The total
picture is a synthesis of all effects, and the total picture will change
significantly if some parts are missing.

It is not simple to distinguish experimentally between single
contributions to an overall heat effect. However, attempts have been
made to decompose data from electrochemical cells using a second
degree polynomial in j (see Refs. 59 and 64). Such a function for
the temperature can be understood from the equations used. The
possibility to measure Seebeck coefficients is very important, as we
can deduce its reciprocal effect, the Peltier heat, which is difficult to
measure. Seebeck coefficients will also provide insight into another
potentially large effect, the Dufour effect, which can be inferred from
the data on Soret equilibrium. Measurements on these properties
using battery electrolytes are presently lacking.

We have only been able to include the Dufour effect in a spe-
cial case: at the stationary state (Soret equilibrium). In this situation,
the organic carbonate mixture can be treated as one component.”’
The time-variation of the Peltier heat measured by Gunnarshaug”’
indicates, however, that the organic carbonates may separate in a
thermal field and may therefore contribute to the time-evolution. In
order to obtain reliable data for the Peltier and Dufour coefficients,
we conclude that it is central to measure Seebeck coefficients not
only for homogeneous electrolytes but also at the stationary state.
To reach this state by diffusion may take more than one day.”"”
This long time may explain why the change has been overlooked by
several investigators.””

Among other lines of research to be further investigated is the
impact of the state of charge on the model.”® Here, we considered
a completely charged cell and a simulation time so small that it
does not change the state of charge noticeably. This must be relaxed
in the future. Most important is to also change the boundary con-
dition of perfect cooling. To include, a rate-limiting step for heat
transfer to the ambient will drastically change the profiles inside
the battery.”

VI. CONCLUSION

We have documented for the first time a physical-chemical
model for LIBs that enables us to describe the full interplay of
reversible and irreversible heat effects including the particular role
of the surface. We have seen that

o Peltier and Dufour effects need to be included to understand
and be able to deal precisely with thermal effects in LIBs.

e The surface excess resistances (the scaling factors), along
with the surface heat effects, define the surface temperature
and the heat exchange with the bulk phases.

e The interface resistances can lead to local temperature
gradients. Values around 29 K/m in the electrolyte-filled
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separator are typical for moderate current densities
(30 A m™?) and a basis set of transport properties.

o The same set of equations that give apparently small or neg-
ligible effects in a single cell can under special circumstances
combine to a situation that is detrimental, in particular, for
a cell stack. In a module of 80 cells, we obtained an inter-
nal stationary state temperature rise above 8.5 K after 400 s
under the assumption of perfect cooling.

These results are pointing to the need for more accurate knowl-
edge on all transport properties, in particular, of the surfaces, but
also of the bulk electrolyte. The method presented was recently
used to describe similar heat effects in the polymer electrolyte fuel
cells.” It is a general method, and we hope to have shown that other
electrochemical systems also may benefit from similar analysis.

SUPPLEMENTARY MATERIAL

The supplementary material provides a full derivation of the
model applied.
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