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We present a one-dimensional, radial, coupled degradation-electrochemical-thermal (DET) model of a large format cylindrical lithium
ion cell. The model consists of reduced order equations that describe the electrochemical phenomena, including that associated
with degradation, coupled with an approximate model of thermal behavior. The reduced order electrochemical model, which is
approximated from the pseudo-two-dimensional (P2D) electrochemical model using a Padé approximation method, computes the
variation of electrochemical variables and heat generation terms. Simultaneously, a coupled thermal model computes the temperature
distribution in the radial direction of the cell. The results from DET model compare favorably to those obtained from solving the
1D radial coupled degradation-electrochemical-thermal partial differential equations in COMSOL Multiphysics, however the DET
model returns these results in significantly reduced computational times. Importantly, the model capability in providing insightful
information of cell degradation and temperature in a computationally efficient manner paves the way for the health-conscious,
real-time optimal control of large format cylindrical cells.
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Lithium ion batteries are now commonly used for the storage of en-
ergy in large, renewable energy generation systems, such as wind and
photovoltaic systems, to eliminate their inherent intermittency. This is
due to the fact that the battery storage systems are capable of providing
a rapid response to counteract the fluctuations and filter out the vari-
abilities associated with renewable generation and therefore enhance
stabilize grid performance and maximize system security benefits.’
Large format cylindrical lithium ion cells with high energy have been
developed and implemented in those energy storage systems. For ex-
ample, “CH75” cylindrical cells developed by Hitachi have capacity of
75Ah/cell.? These cells can compose a large energy battery pack using
relatively small number of cells, which can reduce the total number of
components and therefore, increase the reliability of the pack.?

In order to operate batteries optimally, with the intention of main-
taining safety and extending battery life, a battery management system
(BMS) is essential.> Two critical functions of a BMS are the thermal
management and degradation monitoring. These functions become
more essential for large format cylindrical batteries in which non-
uniformities in temperature and degradation occur during operation.*
Furthermore, such non-uniformities exacerbate further degradation
and temperature gradients within the battery. Information on heat gen-
eration is fundamentally important for managing thermal issues such
as thermal runaway, electrical cell imbalance within the battery pack
and poor performance at low temperatures.’ However, heat generation
inside a cell is a complex process that requires the knowledge of the
physical characteristics of the cell during its operation. Total heat gen-
eration is due to irreversible and reversible processes, Joule heating in
the solid and electrolyte and heating from the electrode/current col-
lector contact resistance.® It is accompanied by changes in the elec-
trochemical properties of the cell, such as entropy, solid and elec-
trolyte concentrations due to chemical and electrochemical reactions
and changes in the solid and electrolyte potentials. Battery degradation
is mainly caused by the formation and growth of the solid electrolyte
interphase layer (SEI) layer, which scavenges active lithium ions and
electrolyte materials and increases battery resistance, leading to ca-
pacity and power fade, respectively.” SEI growth is also coupled with
the thermal behavior of the cell as higher temperatures increase the SEI
growth rate which in turn causes higher SEI resistance and ohmic heat
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generation, which elevates further the temperature.® Current BMSs
rely significantly on equivalent circuit models due to their simplic-
ity and low computational requirement.” However, equivalent circuit
models have limited insight on the electrochemical characteristics of
a battery and therefore, given the intimate coupling between the two,
they are not able to model battery thermal behavior precisely.®
Alternatively, the pseudo-two-dimensional electrochemical model
(P2D), first developed by Doyle, Fuller, and Newman,'%!! does pro-
vide insight into battery electrochemical behavior coupled with ther-
mal properties.® The P2D model, however, consists of five partial dif-
ferential equations (PDEs) and one algebraic equation, which can-
not be practically implemented in embedded BMS applications, with-
out simplification or order reduction, due to their high computational
requirement.” A simplified electrochemical model that has low com-
putational overheads, whilst maintaining precision in a specific range
of operation would therefore be ideal to facilitate accurate, real-time
resolution and control of battery operation. There are several reduced
electrochemical models in the literature.!>~'® The single particle model
(SPM) embodies one of the approaches that is used to reduce the com-
plexity of P2D model into a single PDE and an algebraic equation.'’"
However, the SPM model assumes that the electrolyte concentration is
constant and that the current in the electrolyte does not vary spatially,
which results in poor voltage prediction capability.'”> Cai and White*
developed a reduced order model using proper orthogonal decomposi-
tion to compute the electrochemical variables at discretized locations
along the model domains. Subramanian et al.'> developed approxi-
mations of the microscale diffusion of lithium ion in the solid phase,
which have been well-adapted in macroscale models in the literature.
In another paper, Subramanian et al.,?! used finite difference approxi-
mations and polynomial representations to reduce a system of 12 cou-
pled PDEs into a system of Differential Algebraic Equations (DAESs),
which are amenable to be used in battery control. Smith et al.?? de-
rived analytic transfer functions, in the Laplace domain, for a number
of electrochemical variables in a linearized P2D model. Lee et al.’ pro-
posed an improvement of this approach by developing a complete set of
transcendental transfer functions for the linearized P2D model. These
authors then used the discrete-time realization algorithm (DRA)* to
convert these transfer functions into an optimal discrete-time state-
space model which can be used in real-time applications. However,
extended computational time is required to rerun the DRA to pro-
duce a new state-space model when the electrochemical parameters of
the P2D change.’ Alternatively, Padé approximations provide a way
of greatly simplifying complicated transcendental transfer functions
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in order to produce simpler rational polynomial transfer functions,
which can be used in embedded applications.>* Padé approximants
were first used by Fathy et al.> to simplify a single transcendental
transfer function of Jacobsen and West’s model,?® namely the lithium
ion concentration in the solid phase. Our previous work extends this
outcome by presenting a reduced order model for a lithium ion battery
in which Padé approximants are used to simplify all of the transcen-
dental transfer functions associated with the variables of the linearized
P2D model developed by Lee et al.” Our results showed that the re-
duced model delivers high accuracy for low computational overhead
when compared to the P2D model. Importantly, the reduced model
requires relatively simple rational functions to be computed, which
can evaluate internal electrochemical variables at any spatial location
within the cross section of the cell. Therefore, this model is ideal for
coupling with thermal and degradation models of the system.

Coupled thermal and electrochemical models have been pre-
sented previously in the literature on battery thermal management.?’-?8
Capron et al.?’ investigated the thermal behavior of large lithium
ion phosphate battery using coupled thermal-electrochemical model
and implemented it in COMSOL Multiphysics.*° Pals and Newman?!
presented a one-dimensional, coupled thermal-electrochemical model
that calculates the heat generation rate and temperature of a single
cell and then in a second paper®? they use their model to determine
the temperature distribution within a cell stack. Wang et al.** mod-
elled the thermal performance of a battery pack with various cell con-
figurations in the pack and with different cooling strategies. How-
ever, due to their complexity and computational cost these afore-
mentioned models are implemented using powerful commercial soft-
ware, embodying integrated finite element and computational fluid
dynamical packages**3 such as COMSOL Multiphysics* or AN-
SYS Fluent.” Guo and White'? reported that a 2-dimensional, cou-
pled, electrochemical- thermal model of a cylindrical required ap-
proximately 20 hours to simulate a constant discharge profile. In
the same work, a proposed 1-dimensional, radial model of a spirally
wound cell required 20 minutes to simulate the same discharge profile.
Thus, these methods are not suitable for embedded BMSs, which re-
quire much lower computational workload. An approximate thermal-
electrochemical model is therefore required for real-time applications.

Lower computational burden coupled thermal-electrochemical
models have been reported in literature.?®*® For example, the lumped
thermal model, which is based on the assumption that the whole in-
terior temperature of the cell is uniform,’® has been used in battery
thermal management.® This model is simple and requires low compu-
tational overhead and is useful in the thermal management of battery
packs where individual cells within the pack are considered as simple
heat sources. However, this approach is not able to compute non-
uniform temperature distributions such as those that occur in large
format cylindrical cells, especially in the radial direction.’® Kim et al.
proposed a second order polynomial approximation to the governing
radial temperature of the cell*’ in which the temperature at the center
of the cell is a maximum. However, due to the hollow core in spirally
wound cells the maximum will not occur at the center of the cell and
in large format cylindrical cells this approximation is likely to be un-
reasonable. In addition, previous models*’ use only a single value of
material density, specific heat and thermal conductivity for the whole
cell and incorporate a fitting approach to estimate these parameters
and incorporate a Kalman filter to estimate the cell’s temperature. The
computational requirements of such an approach are likely to be rel-
atively high.

There are a number of SEI layer growth models available in the
literature. Ramadass et al.*! proposed a model of SEI layer growth
representing a continuous film formation over the surface of the solid
particles, which increases the surface resistance of the particles and in-
creases irreversible capacity loss. Safari et al.** developed an isother-
mal, multimodal, aging model for SEI growth at the carbonaceous
anode material considering the solvent decomposition kinetics and
solvent diffusion through SEI layer. Henrik and Goran*? proposed a
degradation model based on linear combination of two phenomena,
namely, continuous SEI layer growth at the microscopic scale and SEI
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layer cracking due to the expansion of solid particles at the macro-
scopic scale.

Up to this time, SEI layer growth is still considered as “the most
important but least understood solid electrolyte in rechargeable Li
batteries” due to the complexity of chemical and electrochemical re-
actions involved and its physical properties.”** For the purpose of
control design, in this work, we adapt the SEI growth model proposed
by Ramadass et al.*! as it is simple whilst still being able to represent
the underlying physics of degradation, and it has been well-accepted
in the literature. We note, however, that other degradation models can
also be used in our proposed model framework.

Coupled thermal, degradation and electrochemical models are un-
common, however, Tanim et al.} do present a SPM coupled with ther-
mal and SEI models. The result is a 1D spatial model that ignores non-
uniform distributions of temperature and degradation along the radius
of the cell, which, given their dimensions, does not seem reasonable for
large-format cylindrical cells. Smith et al.,* present an empirical degra-
dation model coupled with a multi-dimensional, multi-scale (MD-MS)
cell model for large format cylindrical batteries. However, PDE-based
models are computationally expensive and are used in battery design
rather than real-time, optimal control situations. These models are too
complex to be implemented in real time for most control algorithms.*

In this paper, we propose an efficient 1-dimensional, radial, cou-
pled degradation-electrochemical-thermal model of a spirally wound,
cylindrical lithium ion battery, noted hereafter as the DET model.
The DET model couples our previous reduced order, electrochemical
model*® with an approximate thermal profile for the cell, based on the
steady state solution of the one-dimensional, radial, heat equation, and
an SEI growth model.*! The model accounts for the central, electrolyte
filled, hollow core and the spirally wound material. The proposed DET
model is computationally efficient whilst maintaining a high degree of
accuracy (compared with that obtained when using the P2D model) in
simulating the radial temperature and degradation distributions within
the cell over time. It is a predictive modelling tool that can be applied
to a wide variety of battery applications. The model is novel in that it
applies to large-format, spirally wound, cylindrical batteries and ac-
counts for non-uniform degradation and thermal behavior coupled to
electrochemical phenomena. Our proposed model is able to provide
insight into the variation and evolution of the local temperature and
degradation rate of each individual wind along the cell radius. For the
first time, this insight information is computed using the underlying
physics of degradation, rather than the fitting of empirical models.

This paper is organized in the following way. In Model domains
and reduced order electrochemical model in each wind section, we
introduce the model structure and briefly describe the P2D model and
our previous reduced order, electrochemical model. In Degradation
model for each wind section, we develop the approximation for the
radial temperature distribution in the cell. We then, in Thermal approx-
imation model section, show how to couple this approximation to our
reduced order model of each wind in the cell. Results are presented in
Coupled degradation-electrochemical-thermal model section where
we compare the proposed DET model to the full, one-dimensional,
radial implementation of the P2D model implemented in COMSOL
Multiphysics.

Model Domains and Reduced Order Electrochemical Model in
Each Wind

A schematic of a cylindrical lithium ion cell and its cross-section
is given in Fig. 1a. The cell has an outer radius R, and inner radius R,.
The cell structure includes a centrally located hollow core, which is
filled with electrolyte. The wound (or “jelly roll”) structure of the cell
consists of repeated electrode, separator and current collector layers®
as shown in Fig. 1b. A single “wind” is also defined in Fig. 1b and
consists of a sandwich of 8 layers beginning with the negative current
collector and ending with the negative electrode.

The proposed model framework is multi-scale and includes a
macroscopic domain, characterized by the radial variable, » (0 < r <
R,), in which the temperature distribution is solved and a microscopic
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Figure 1. (a) Illustration of a cylindrical lithium ion battery with spirally
wound design and its cross-sectional view, (b) the component layers in each
wind and (c) the domains that constitute half of each wind and the correspond-
ing Padé model transfer functions.*¢

domain, characterized by z (0 < z < 1), in which the coupled electro-
chemical and degradation models are solved. In the negative electrode
domain, z = 0 at the electrode-current collector boundary and z = 1
at the electrode-separator boundary. In the separator domain, z = 0 at
the negative electrode-separator boundary and z = 1 at the separator-
positive electrode boundary. In the positive electrode domain, z = 1
at the separator-electrode boundary and z = 0 at the electrode-current
collector boundary.

Temperature, 7 (r, t), is assumed to vary along the radial coordi-
nate, r, of the cell in such a way that the temperature within each
wind (at the microscale) is uniform in space, however, the tempera-
ture across winds (at the macroscale) can vary. As the temperature in
a wind is assumed to be uniform in space, and given that the applied
current density is identically symmetric over each half domain of the
wind, the electrochemical process occurring inside the three main do-
mains in the first half of the wind (namely, the negative electrode,
the separator and the positive electrode as shown in Fig. 1c) will be
identical to the corresponding ones in three “mirrored” domains in the
other half of the wind (namely, the positive electrode, the separator
and the negative electrode). Therefore, we only need to solve for the
electrochemical variables in one half of the wind as these values are
then “mirrored” in the remaining half of the wind.

For each wind, we solve an electrochemical model and degrada-
tion model in sub-domain z (the microscopic domain) associated with
the corresponding 7 (r, t). Specifically, the input of each wind is the
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temperature 7 (r, t), which affects the electrochemical processes in-
cluding the transport of ions, reaction kinetics and SEI growth. The
output of the electrochemical model are a series of heat generation
rates, which in turn form the input of the thermal model in the domain
r (macroscopic domain).

The electrochemical characteristics within each wind is solved us-
ing a Padé approximation based, reduced order, P2D model* for five
state variables; including the electric potential ¢4(z, ¢) in the solid elec-
trode, the electric potential ¢.(z, ¢) in the electrolyte, the lithium con-
centration of the active material ¢ (z, 7y, ¢) of the positive and negative
electrodes, the lithium concentration c.(z, ¢) in the electrolyte, and the
molar fluxes j(z, t) of the charge that flows between the active material
in each electrode and electrolyte. In this model Padé approximations
are used to simplify the complicated transcendental transfer functions
that result from the Laplace transform solution of the linearized P2D
model.”?? We note that the Padé approximations are used to simplify
all the equations of the linearized P2D model in Ref. 46 including
@s(z,1), 9e(z,1), ce(z,1), and j(z, t). For the lithium concentration in
the solid phase c,(z, s, t), we only consider the transfer function of the
lithium ion in the surface of the spherical particle ¢(z, Rs, t). These
transfer functions will compute the variation of the electrochemical
variables in the domain z and the time ¢ shown in Fig. 1c. Further de-
tails of the Padé model equations are given in Appendix E and in our
previous work in Ref. 46. Corrections for nonlinear behavior, as given
by Lee, Chemistruck and Plett,” are incorporated in the model. This
approach reduces the complex nature of the above transfer functions
to ones that contain only rational functions of simple polynomials in
the Laplace domain.>* In this way we can develop a system of trans-
fer functions that represent the variables of the P2D model for each
wind. These transfer functions have the advantage in that they can be
easily implemented and are computationally efficient. Here, they are
used to calculate the voltage of each wind and the volume average
heat generation rate in each of the domains shown in Fig. 1c. We dis-
cuss the coupling of these transfer functions with the temperature and
degradation models in Coupled degradation-electrochemical-thermal
model section, but first we introduce these models in the following
sections.

Degradation Model for Each Wind

A SEI layer on the surface of the particles that form the negative
electrode is one of the major causes of capacity loss and impedance rise
for lithium ion battery.” In this work we account for this by including
model equations, based on those developed previously by Ramadass
et al.,*! which describe the growth of the SEI layer during charging.

The irreversible side reaction, which forms a film at the solid-
electrolyte interface of the negative electrode, is given by,

S + 2LiT + 2~ — P, [1]

where, S is the solvent of the electrolyte and P is the “product” that
forms the SEI layer.

The ohmic resistance in the SEI film is related to the thickness of
the film, g1 (2, 7), namely,

daim (2, ¢
Rotm (20 1) = Roy (2,0) 4 20m &) 2]
Kp
where,
0dim (2, ¢ M
Poum (@,1) )=——”Jﬁ1m (z,1), [3]
ot 0p

and M, is the molecular weight of the SEI film, p, is the density of
the film, K, is the conductivity of the film.

Here, Jsim(z, t) denotes the molar flux of the irreversible side Re-
action 1 and is expressed as,

F RT

where i am is the exchange current density for the side Reaction
1, R is the universal gas constant and F is the Faraday’s constant.

10.film OfimF
Jim (2, 1) = — 2 exp (— )i (z,z)>. [4]
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The overpotential, ngm(z,?), of the irreversible side Reaction 1 is
calculated by,

Nfilm (Z’ t) = @ (Zv t) — Qe (Z’ t) + OCPneg (Z, t) - OCPSEI
—FRgim (2,1) (J (2, 1) + Jhim (2, 1)) . [5]

In this work, we solve this degradation model at the microscopic scale
and couple it with the Padé model and the thermal model. Details of this
coupling will be discussed in Coupled degradation-electrochemical-
thermal model section.

Thermal Approximation Model

In this section we derive an approximation for the radial tem-
perature distribution within the cell depicted in Fig. 1. We begin in
Governing equation of the thermal model and heat generation terms
sub-section, by recalling the governing equation of heat conduction,
suitable for a 1-dimenasional radial domain, r, and we also briefly
describe the heat generation terms in each microscopic domain, z.
These generation terms are calculated using the electrochemical vari-
ables mentioned in Model domains and reduced order electrochemi-
cal model in each wind section. In Governing equation of the thermal
model and heat generation terms sub-section we introduce an aver-
age thermal conductivity for the wound material within the cell. This
conductivity is used to approximate the governing thermal equation
as shown in Approximation of the thermal model sub-section.

Governing equation of the thermal model and heat generation
terms.—It is known that temperature variations occurring along the
radius of cylindrical cells are caused by heat conduction in the radial
and azimuthal directions.*® Chen et al.*’ reported that the heat flow in
the azimuthal direction of cylindrical lithium ion cells that have a high
number (20 or more) of winds can be negligible.*” They showed that
when the number of winds is high, heat flow is predominantly radial
and therefore a 1-dimensional, radial model can be used in preference
to a 2-dimensional model to accurately represent the temperature dis-
tribution of such cells.*’ In this work, we adopt that finding and use
a 1-dimensional, radial, thermal model to calculate the temperature
distribution within the cell.

The governing equation for the radial temperature distribution
within the cell is given by,*

AT (r, 1) 1a< AT (r, 1)
i A [ W s

Per ot T ror or

) +4(r, 1), (6]
where, p [kg/m®] is the material density, c,[J/kgK] is the specific heat,
A[W /mK] is the thermal conductivity. Boundary conditions for (6) are
shown in Fig. 2 as BC1, BC2 and BC3.

The average heat generation rate per unit volume §(r, t) [W/m?]
in each domain of each wind consists of reversible and irreversible
heating, Joule heating in the solid and solution and resistive heating
at the electrode/current collector interface. These heating terms are
calculated using the electrochemical variables that have been solved
using Padé model at the microscopic scale as described in the Model
domains and reduced order electrochemical model in each wind sec-
tion.

Irreversible heating, ¢; | is due to electrochemical chemical reac-
tions and is given by,®

gi = asF j(z, ) n(z, 1). (7]

where, ay is the specific interfacial area.
Reversible heating, ¢,, results from a change in entropy, namely,

F iy 2P "
r = ds ) I —
q JZ oT

where OCP is the Open Circuit Potential of the of the electrode.
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Figure 2. Illustration of cross section of the cylindrical lithium ion battery
with boundary conditions.

Joule heating in the solid, g7, is a result of ohmic resistances and
is given by,®

AN LN
4= Ly (T) ' Bl

where, 0 = o¢ is the effective solid conductivity, o is the solid
conductivity, & is the volume fraction of the solid phase, L’ is the
thickness of the electrode, and i € {neg, pos}.

Joule heating in the electrolyte, g9, is ohmically related to the vari-
ation of electrolyte concentration and potential, namely,®

ok <a¢e(z,z)>2 b 11 Bz 1) 3e(z, 1)
& L)\ oz Mooz ) (Liy? 0z iz
[10]
where, kT = k&b is the effective electrolyte conductivity, k is
the electrolyte ionic conductivity, ¢, is the electrolyte volume frac-
tion, Brug is the Bruggeman coefficient, k3, is defined as k3 =

(1 -0 + ‘;llrr‘lfi ), t2 is the transference number, f. is the
€

mean molar activity coefficient, and i € {neg, sep, pos}.
The heat generation rate per unit volume, gcojector, from current

collector is,°

. P(1)Rcoiec
qulleclor(ri’ t) = ﬁ' [l 1]

where, R.oector 1S current collector resistance, A is the cell surface
area, and V. is the cell volume.
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Given the above equations the average heat generation term in each
electrode is calculated as,

1

Q1) = / (@ +ay + 4" + ;") dz,  [12]
0
1
(i, 1) = / (@ + 2™ + 4™ + ;™) dz. [13]

0

whilst the average heat generation term in the separator is calculated
only from the Joule heating in the electrolyte, namely,

456p(7i51)=/ 7*Pdz. [14]
0

The average heat generation rate per unit volume of a wind, ¢, in (6)
is calculated by summing the products of the average (volumetric)
heat generation in each domain (Gcopector fOr current collector, gP* for
positive electrode, ¢"** for negative electrode or ¢*P for separator)
with the volume of that particular domain and dividing this sum by
the total volume of each wind.

Average thermal conductivity for the wound material—In or-
der to simplify (6) in the next sub-section, we first introduce an av-
erage thermal conductivity avound W /mK] for the wound material
(Ry < r < R,) as shown in Fig. 2. The average conductivity, A*°"d,
is expressed in (15) and is based on the concept of discrete thermal
resistances (in each domain of Fig. 1¢) in series.*

Given the temperature difference between the points at r; + Arll.ayer
and r; as shown in Fig. 2, the heat transfer rate can be expressed as: ¥

T (ri) — (r, + Arl“‘y”)

2nHeen) )\I ayer

r,+Arl ayer

i

transfer __
i =

; (15]

In

layer

where, H,;; is the cell height, \.° is the thermal conductivity of each

1ayer 15 the thickness

of the domains, 7; is the radius of each wind and Ar;
of each of the domains as shown in Fig. 2.

Expression (15) has a similar form to Ohm’s law in which the
potential difference (T(r;) — T (r; + Arl.a ) across a conductor
l.)yu'

r,+A
) between two points (7; + Ark‘yer and ;) is

Q2 Heen %" /In
directly proportional to the current (¢ through it.

Therefore, the heat transfer problem in a composite cylinder,
which consists of multiple domains, each with a different thermal
conducthlty)\layer can be represented as a system of thermal resis-
tances connected in series as shown in Fig. 2. The thermal resistance
of a single domain in the composite cylinder is given as:*’

l r’+Arlaver
n
RWOund _ i [ 1 6]
i - layer *
2mH, cell S j

The total resistance of the wound material, R%"”“d, can then be ex-
pressed as:*

r,-%—Arl'yLr

" In
Rwound — i . [] 7]
z ; ZRHMH)‘-?WY

Treating the whole wound material region as a single layer as shown
in Fig. 2 allows us to define the average thermal conductivity A"
as:

Ra
)\wound In go [] 8]
ancelleund

A3063

We can therefore obtain:

In &
)\wound . [ 1 9]

r,-%—ArhyLr

Z lgver ri

Approximation of the thermal model.—In order to solve the gov-
erning PDE in (6), some methods such as finite Fourier transforms*
and spatial discretization methods*®3? can be used; however, they re-
quire high computational workloads.'? For the feasibility of using DET
model in control design, we seek for an approximation profile for (6),
which is based on its steady state solution.

At steady state (07 (r, ¢) /0t ~ 0) and assuming a uniform constant
source term ¢, (6) becomes,

1 a or(r)\ .
ror <}\r ar ) - (201

which has the general solution,*’

T(r,t)——4—r +Ci(t)Inr+GCy(t), Roy <r <R,. [21]

Noting (21) we propose that an approximation of the temperature
within the cell is given by,

]E)(V,l) = T;lmb +D(l)a 0 <r= RO
T (r, 1) = Ty + A1) + B(1) (* = R,’)
+C()(nr —InR,), Ry <r <R,.

T(r,t)=

(22]
where the initial temperature along the cell radius is equal to the am-
bient temperature, T, namely,

T (r O) \mb [23]

We note that the approximation given in (23) satisfies a symmetry
boundary condition at » = 0 (BC1), namely,

dTo(r, t
P o(r, 1)
or

=0. [24]

r=0

The boundary condition at r = R, (BC2) describes the convective
transfer of heat at the outer surface of the cylindrical battery, namely,

3Twound (n [)
ar

_ xwound

—h (Twound(Ra’ [) _ Tamb) N [25]

r=Ry

where i [W /(m?K)] is the convection coefficient.
Thermal continuity is assumed at the boundary r = Ry (BC3 in
Fig. 2), thus,

0Ty(Ry, t ATV (Ry, ¢
o RO (Ro,1) 61
ar ar
and
To(Ro, 1) = T " (Ry, 1). [27]

Substitution of the approximate form of 7 (r, t) given in (22) into the
boundary conditions (25) to (27) gives,

0 = B(t)2R, + C(r)Ri0

D(1) = A(t) + B(t) (Ry* — R,

) +C(t) (InR,
N (B(r)zRa + C(t)R—la)

= hA(t)

—InRy) 28]

Solving for B(t), C(t) and D(¢) in terms of A(z), yields,

B(1) = %, LAW) = uA(t)
D(t) = (1 +a (RO —R,%) + B (nRy — InR,)) A(t) = yA(r)
c@) = 7A(t) = BA®@)
)\wound( Ry Ra)
0

[29]
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Now, integrating both sides of (6) we have,

Ry

Ry R,

aTy(r, t) AT (r, 1) 19 aTy(r, t)
/pc,, o rdr—i—/pcpTrdr:/;g Nor ar rdr
0 0

Ro

R - 'wound Ry
+ [ li ()\woundraT . (r’ Z)> rdr + /qdumainrdr. [30]
ror ar
Ro Ro
Substituting (22) and (29) into (30) and integrating we obtain,
dA(t
z% = WAG) +5, [31]

Equation 31 is the first order ordinary differential equation (ODE) for
A(t). A more detailed derivation of (31) and the form of the nota-
tions £, W, and § are given in Appendix A. Solving (31) for A(z)
then allows for B(t), C(t) and D(t) to be determined from (29), which
in turn determines the radial temperature distribution within the bat-
tery according to (22). Our approach considers the thermal properties
such as material density, the specific heat and the thermal conductivity
of different layer in the wounded material; however, it requires low
computational workload since there is only one ODE function of A(z)
needed to be solved.

The parameters within the Padé model are temperature dependent.
These parameters include the solid phase diffusion coefficient Ds, the
reaction rate k, the electrolyte diffusion coefficient D, and the con-
ductivity o. These temperature dependencies can be calculated using
an Arrhenius law,® namely,

EV /1 1
1‘} = lIfn.vf exp |:7 (T'ef - ?)] s [32]

where, {r represents one of the parameters Ds, k, D., and o, at tem-
perature, 7, and s is the reference value of that parameter at the
reference temperature 7737

The temperature dependence in the open circuit potential OCP of
the electrode is approximated by a first-order Taylor series expansion,
namely,*®

d0CP
oT '

where, OCP™is the OCP of the electrode at the reference temperature
Tref .

OCP = OCP™ (T — T™") (33]

Coupled Degradation-Electrochemical-Thermal Model

In this section, we will show how to couple the thermal approxi-
mation to our Padé model and degradation model of each wind in the
cell. To illustrate how the DET model is developed, we use the cell di-
mension of the large-format cell reported by Lee et al. in Ref. 39. The
cylindrical cell has the inner radius Ry = 4mm and the outer radius
R, = 22.5mm. The parameters are obtained from Ref. 9 and are given
in Appendix C. The radial geometry of the cylindrical battery con-
sisting of 20 winds with 8 layers in each wind as illustrated in Fig. 1.
As mentioned in Model domains and reduced order electrochemical
model in each wind section, due to the assumption that temperature
within one wind is uniform in space, electrochemical process in each

]zrpp,all
13}713,1 * [app,Z + ]app,N +
% Padé model Padé model v Padé model
°e"’\lk for wind 1 for wind 2 ‘/Ce“'z for wind n”

>ce]l,N (::>

Figure 3. Parallel connection of Padé models.
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wind is represented by one Padé model. Since the negative electrodes
and positive electrodes of the 20 winds connect to the same negative
current collector and positive current collector, respectively, we model
this by connecting 20 Padé models in parallel as shown in Fig. 3. The
output voltage and the input current of each Padé model must satisfy
(34) according to Kirchhoff” circuit laws, namely,

N
,; Iapp,n(t) = Iapp, an(?) . [34]
Ve, 1(t) = Ve, 2(t) = ... = Veen n()

The coupling of the degradation, Padé and thermal models is shown
schematically in Fig. 4. We see that the degradation model at each point
z of each wind is coupled with the Padé model. The heat generation
rates Geollectors ¢*°°> ¢"° and ¢*P calculated from the electrochemical
variables of the Padé model are used to simulate the temperature varia-
tion 7 (r, t) at the macroscopic scale r. In turn the temperature 7 (r, ¢ ) in
each wind coupled with the Padé model and the degradation model. In
our large format cell, consisting of 20 winds, there will be 41 coupled
“sub-systems” of equations, 20 of which are Padé sub-systems, 20 are
degradation sub-systems and one of which is a thermal sub-system as
shown in Fig. 4.

Simulation and Results

In this section, demonstrate the performance of the DET model
by comparing its outcomes to those of a full P2D model that has
been modified to include degradation and thermal behavior. In the full
P2D model, instead of approximating the PDE governing equations
as presented in the Model domains and reduced order electrochemical
model in each wind, and Thermal approximation model sections, we
directly solve the coupled governing PDE equations using COMSOL
Multiphysics.’® Specifically, we solve the P2D model coupled with
the degradation model mentioned in Degradation model for each wind
section to simulate the electrochemical variables on the microscopic
scale. Simultaneously, we solve (6) which governs the temperature on
the macroscopic scale. We use the same parameters that are used for the
DET model simulation implemented in MATLAB/Simulink.® These
parameters are adapted from Ref. 9 and are listed in Appendix C.

Figures 5 and 6 show simulation results from the DET model,
for the temperature distribution along the cell radius (here expressed
in terms of the wind number) for different values of the convection
coefficient A, plotted over time. Fig. 5 is for an input current of 1C
for a single charge-rest-discharge-rest cycle and Figure 6 is for an
input current associated with a UDDS (Urbane Dynamometer Driving
Schedule) profile.’! Both of these current profiles are given explicitly
in Refs. 14,46. From each figure we observe that larger convection
coefficient values A, result in more non-uniform temperature profiles,
spatially. In Fig. 5 we can see that the temperature difference between
the outer wind and the inner wind can be as high as 4°C. Alternatively,
low values of h, result in higher cell temperatures over time, however,
the temperature distribution along the cell radius is nearly uniform in
these cases.

Figures 7 and 8 show the temperatures at » = Ry and » = R, and
the cell voltage over time resulting from the charge-rest-discharge-rest
cycle and the UDDS cycle, respectively, for the DET and P2D models.
Curves for different convection coefficient values are shown. We see

]app,all
Wind 1 Wind 2 Wind »"

[app,l l [app,Zl IﬂPP,N
Veen, 1 '|' VCC“;|' T VeelN
T, T

T,
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Degradation model wind nth
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Figure 4. A schematic representation of the DET model.

that in all of these cases the DET model results compares favorably to
the full P2D model results.

The computation times for each of these applied current profiles is
shown in Table I. All simulations were carried out on the same desk-
top computer with an Intel Core i7-6700 CPU running at 3.4GHz and
16GB RAM. We observe that the DET model requires approximately
three minutes to simulate the 1C charge-rest-discharge-rest cycle pro-
file in comparison to the reference model, which takes approximately
eight minutes. The time savings of the DET model are more evident in
the case of the UDDS profiles, with the DET model solving in approxi-

Table I. Comparison of simulation time.

Convection DET Full P2D
coefficients model model
1C discharge-rest- h=5 W/m?/K 179 s 526's
charge-rest
h=10 W/m?/K 179 s 526's
h=50 W/m2/K 187 s 527 s
h=100 W/m?%/K 187 s 534
UDDS h=5 W/m%/K 91.6s 2h 12m 8s
h=10 W/m?/K 90.31 s 2h 11m 42s
h=50 W/m2/K 88.6s 2h15m 6s
h=100 W/m?*/K 90.6 s 2h 10m 18s

mately 90 seconds, and the reference model taking approximately two
hours.

Fig. 9 shows the evolution of the degradation at the inner and outer
winds for a periodic 1C charge-rest-discharge-rest current profile and
h = 100W /m? /K. Figure 9c shows the SEI resistance at r = Ry and
r = R,, which we can see increase over time. We also note that the
SEI resistance of the inner wind is higher than that at the outer wind.
This is due to the non-uniform temperature distribution across the
cell. The higher temperatures at the inner radii facilitate the degrada-
tion reaction leading to thicker SEI layers and thus, higher resistances.
Figure 9d shows the maximum lithium ion concentrations at r = Ry
and r = R,, which we can see decrease over time as lithium ions are
removed by the degradation reaction. Furthermore, consistent with
our observations for Fig. 9c, the maximum concentration in the in-
ner wind decreases faster than that for the outer wind. Over extended
charge cycles we observe that both the SEI film resistance and the max-
imum lithium concentration of the inner wind and outer wind diverge
significantly.

Our DET model has the capability of predicting spatial and tempo-
ral temperature and degradation distributions for a spiral wound cell.
Based on this information we can design optimal control algorithms
that minimize, over time, distributions that degrade the cell’s state-of-
health. Examples of such algorithms have been given in the literature
for situations where cell temperature is spatially uniform. Offline tra-
jectory optimization is reported in Ref. 52 and online Nonlinear Model
Predictive Control reported in Refs. 53, 54 for these simpler cases. The
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Figure 5. Simulation result of temperature distribution at different convection coefficients from DET model during a 1C charge-rest-discharge-rest cycle.
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Figure 6. Simulation result of temperature distribution at different convection coefficients from the DET model during UDDS cycles.
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Figure 7. Comparison of temperature variation between DET model and the full P2D model in COMSOL at r = R, (outer wind) and r = Rp(inner wind) at
different convection coefficients during a 1C charge-rest-discharge-rest cycle.

development of such algorithms for large format cells is beyond the model of a large format, spirally wound cylindrical cell. We employ a
scope of this paper but will be addressed in our future works. Padé approximant model to compute the variation of electrochemical
variables and heat generation terms in each wind and couple it with
a degradation model. We derive an approximate model for the radial
temperature distribution of the cell that is, in turn, coupled with the

Conclusions . .
Padé and degradation models. The model is able to return accurate
This paper presents a new and computationally efficient one- predictions when compared to those of a full P2D model, but in a
dimensional, radial, coupled degradation-electrochemical-thermal fraction of the computation time.
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Figure 8. Comparison of temperature variation between DET model and the full P2D model in COMSOL at r = R,(outer wind) and r = Ry (inner wind) at
different convection coefficients during UDDS cycles.
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R

Derivation of (31) is achieved by substituting (22) and (29) into (30) and integrating,
namely,

0 Ra
AT (r,t AT (r,t
LHS of (30) = / oc, ;; ) var + f oc, ;: ) vdr
0 Ro
dA(t) N aam
¢ At
= Tpocpvo/.yrdr + - / Picp; (1+a(r? =R +B(nr—InRy) rdr
0 Ry
N M ritLjy
dA(D) R dAG 2 2 B
= g PocroY +TZZ Picr; > 1+a5—aRaz—§+ﬁlnr—ﬁlnRa
=1 j=1 ritL
(L)’ (i+Li1) »
JAG) N M | Pt I+a— —aR> = 5 +PBIn(r+Ljs1) —BInR,
== Ro+ :
ar | Poror ;Z% (1)) (i)’ 2B
e T 1+o"— —aR? — b 4+ BIn(ri+Ljy1) —pInR,
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ENARL Fia( ar b
OT(rt .t domai
RHS of (30) :f,i PEALY rdr+ff— i) rdr+/qd"m“’"rdr
ror ar ror ar
0 Ro Ry

= AD) MR, (az&. +B Ri)

+

M=
M=

2 2
. L L
qtjmuaul(ri,l)<(r’+2/+]) _ ""2 J) >

J

Now defining &, W, and 8 as:

N M

&= pocpovRo+ Yy

i=1 j=1

(’f*L/H)Z ("i*L/H)Z 2B
Picp.; 5 1+a 5 —aR? =5 +BIn(ri+Ljs1) —BInR,

2 2
—PjCp.; (ri+:j) <1 +a(r[+L§+l) —aR,? — g +f1n (r, +Lj+1) —pInR,

1
o = g (ama +p F) ’

M 2 2
5= Zquvmain o) <(r, +;‘/+1) -~ (ri +2L1) >’

i=1 j=1

we can obtain (31).
Here %™ is the heat generation rate of each layer in each wind and is calcu-
lated in (11)-(14), domain € {collector, neg, sep, pos}, N is the number of winds,

M is the number of layers in a wind, L; = 0, L, = L)% Ly = L' 4+

‘collector* ‘collector

neg _ gneg neg sep pos pos pos sep neg
Lneg, ooy Lo = Ligieeior + L =pJOrSL + LP% + Linecior T LP° + L¥P + L™, and

neg sep pos 1 1 -
Legtiectors L™8, L*P, LP*, and L., are the thickness of the negative current collec

tor, negative electrode, separator, positive electrode and positive current collector, respec-
tively.

Appendix B: List of symbols

L Thickness of the layer (m)

Ry Particle radius (m)

as Specific interfacial area (m™ B

Cs,max Maximum concentration of lithium in the solid phase (mol m™3)

Cs0 Initial concentration of lithium in the solid phase (mol m~3)

Ce,0 Steady-state concentration of lithium in the electrolyte phase (mol m™3)

Cse Surface concentration of lithium in a spherical electrode particle
(molm™3)

D Effective electrolyte diffusivity (m?s~!)

Dy Solid diffusivity (m?s~")

fe Mean molar activity coefficient

Rim Solid electrolyte interphase layer film resistance (Qm~1)

R Universal gas constant (8.314Jmol ")

0 Transference number for the anion

Dy Solid phase lithium diffusion coefficient (m?s~")

D, Electrolyte phase lithum ion diffusion coefficient (m?s~')

Qe Total amount of lithium ion in each domain (mol )

p Radial coordinate across the solid particle radius (m)

Teff Reaction rate constant (molm~2s~! (molm~'s)~!)

A Electrode plate area (m?)

T Temperature (K)

F Faraday’s constant (96,478 Cmol 1)

€5, Active material, electrolyte phase volume fraction

o Solid phase conductivity (Sm~!)

K Electrolyte phase ionic conductivity (Sm~")

Keff Effective electrolyte conductivity (Sm™)

Oy ,0lc Charge transfer coefficients

0 = ¢ /c5,max

0, min

Stoichiometry of electrode

A3069

Stoichiometry of electrode at 0% state of charge

0i max Stoichiometry of electrode at 100% state of charge
pos/neg/sep Pertaining to the positive/negative electrode/separator
N Number of winds
M Number of layers in a wind
Appendix C: Cell parameters used in the simulation
Negative Positive
Symbol Units electrode Separator electrode
L pm 128 76 190
R, pm 12.5 _ 8.5
A m? 1 1 1
o Sm~! 100 _ 3.8
&5 _ 0.471 _ 0.297
€e _ 0.357 0.724 0.444
brug _ 1.5 1.5 1.5
cmax mol m~3 26,390 _ 22,860
Ce,0 mol m~3 2000 2000 2000
0i.min _ 0.05 _ 0.78
0i max _ 0.53 _ 0.17
Dy m?s~! 3.9E-14 _ 1.0E-13
D, m2s~! 7.5E-11 7.5E-11 7.5E-11
19 _ 0.363 0.363 0.363
k mol~!/2 m3/25~! 1.94E-11 _ 2.16E-11
o _ 0.5 0.5 0.5
R film sz 0 — 0
ool = ge, , keff = Kggrug , D:ff — Deggrug

K(ce) = 4.1253 x 1072 4+5.007 x 10™*cc —4.7212 x 10772 +1.5094 x
10710¢3 — 1.6018 x 107142
Upep(®) = —0.16 + 1.32 exp(—36) + 10.0 exp(—2000 6)
UBGp(8) = 4.19829 + 0.0565661 tanh(—14.55460 + 8.60942)
1
—0.0275479 [W - 1.90111]

—0.157123 exp (—0.047386°) 4- 0.810239 exp (—40(8 — 0.133875))

Appendix D: COMSOL implementation of the full P2D
model

The implementation of the full P2D model in COMSOL in this study is an extension
of the one discussed in Ref. 55. The equations of the full P2D model are summarized
in the Table Al The equations of the thermal model, the electrochemical model (except
Equation (A3)) and degradation model are computed on a 1D transect (in the x-direction)
of a negative electrode, separator and positive electrode domain. The diffusion of lithium
ion in the solid phase (Equation (A3)) is computed on a 2D geometry (x- and y-directions)
in which only the diffusion in the y-direction is considered. This is equivalent to solving
a 1D radial diffusion problem in the P2D model.®>> Readers are referred to> for more
details. The 1D geometry is discretised using a built-in mesh which consists of 162 edge
elements. The 2D geometries of the electrodes are discretised using the built-in, triangular
mesh, which consists of 464 triangular elements and 560 edge elements. The complete
mesh of the COMSOL model has 3214 degrees of freedom.

Appendix E: Implementation of the DET model

The equations of the DET model are discussed in Model domains and reduced order
electrochemical model in each wind, Thermal approximation model, Coupled degradation-
electrochemical-thermal model sections and Appendix A and they are summarized in the
Table AL In this table, we provide a specific example of a first order Padé approximant
of the molar flux in the negative electrode. We note that not all of the Pad€ approximants
are given explicitly here (or in our previous paper) due to their extensive nature. However,
detailed directions on how to derive Padé approximants, like that shown in Table All, are
given in our previous work.*®
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Table AL. Equations of the full P2D model.

Boundary conditions

Microscale (0 <z <1, 0 <ry <Ry)
Electrochemical model

. ) . . eff,neg 3 neg 3 eff, pos g pos 2,
The potential in the solid phase (i € {neg, pos}): _aneg wsa;zr) 0 = GLpos wsaz( 1) . = Lypp.n
i 9ol (2, P z
Gzil ‘05821 1) — a;F]‘ (Z, t). (Al)
The electrolyte potential (i € {neg, se 0s}): dge 2 (z) dee” (@) 0
e yte p ‘ ‘g, P, POs;): 7z z=0 EE I
{%(Kefﬂl r3¢ea(zz.t)) _ ;?(Keff,l dlncaez(z,t)) _ _(Li)Za; Fjl (z.1). (A2)
ancentration of lithium in the solid phase (i € {neg, pos}): Dy 3(5(5’0 4 =0, Dg acs(“arRs D —ji(z, t),lei (z,715,0) = ciS.O
r)cs(;z),trs,[) = 2 L (Ds &2 drs(z s, r)) (A3)
) . .omeg, o pos,_
Concentration of lithium in the electrolyte phase (i € {neg, sep, pos}): c(z,0) =c, dceaf"”) 0= dcﬁaf"') = 0
i i off, neg . neg éffésep sep = . )
w (L’) 2 (Der[ i 3¢e(@ t)) +(1- tg) al ji(z.1). (Ad) DLneg dcy Bz( 1) . _ Disep 8ceaz(@,t) ,c:%(l, 0)= C;eP(O, 0)
cff, sep . sep = eff,neg . pos a
DcLscp 8%33(“) I — DELP“S dce az(@,t) sep(1 0) = POS(O 0)
= }

The transfer of charge at the solid/electrolyte interfaces in each electrode (i € {neg, pos}):
J @) = P 1) (€ — o5 10) G0
x [eXP("‘“Fn‘(Z 1) = exp(En' (2, D).
The overpotentlal of the intercalation reactions(i € {neg, pos}):
'@ ) = 0l 1) = gh(z 1) = Ubep(cl o(z.1)) — F Riyy, /1 (2. 1). (A6)
The potential difference between the positive and the negative current collectors yields the cell voltage:
Veen () = @2 (1, 1) — 93%%(0, 1). (A7)
Degradation model
Equations 2-5
Heat equations
Equations 7-11
Parameters and OCV temperature dependence.
Equations 32 and 33
Macroscale (0 < r <R,)
1D radial thermal model
Equation 6 Equations 24-27
Kirchhoff’ circuit law
Equation 34

Table AIl. Equations of the DET model.

Boundary conditions

Microscale (0 <z <1, ry =Ry)
Transcendental transfer function of the molar flux in the negative electrode:®

e (zs) Ve (5) eff cosh(\)“e‘g(A)Z)JrK"eg cosh(V™2(s) (z—1))
T = AR (Tl SR E() )

The first order rational polynomial, Padé approximants of the molar flux in the negative electrode:*°

ne ne
S _ A stay

- TIC TIC
Lapp(s) b s
‘Where,

d0CP"¢
neg( . (cq, O)Rneg 5DnegFRtm)0:§g «

al™ = —3R}*® .
(¢ 2?5 — ot — bk T+ 3 (et + o) %)
—3R® (a gD"CgFL"Egz(K"°g2(4 +5(=2+22)% + Kot O (—13 + 10z(4 + z(1 + 5(=2 + z)z)))))
a]ﬂeg — 180 dOCP““g(r;n)Dneg neg _neg (2Kneg _ghes 6KnegZ + 3(Kneg neg)z )

0 - dcs, Keff Ocff eff Oeff eff Oeff
neg dOCP" 8 (cy ) neg neg
b{neg _ AagegFLnegRgeg (12Ketf ggT 5D F Ryot
neg __neg neg neg | nefy 2
Oert (Ker — O — Ok 2+ 3(Keff Ocff )Z )

2,2

e e )
C

b = 180Aa™® “’C’B’TWD‘“%F negpnes ;‘?fg(zk‘e‘;g — oM _ 6™ 3(K2§fg o) %)
Degradation model
Equations 2-5
Heat equations
Equations 7-11
Parameters and OCV temperature dependence
Equations 32 and 33
Macroscale (0 < r <R,)
Approximation of the 1D radial thermal model
Equations 22 and 31 Equations 24-27
Kirchhoff’ circuit law
Equation 34
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