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Thermal Analysis and Battery Modeling of Structural Battery Composites
Mengyu Dong

Department of Industrial and Materials Science

Chalmers University of Technology

Abstract

A thermo-electrochemical finite element analysis (FEA) of a structural battery is
presented. A simplified model was developed based on a one-dimensional coordi-
nate in through-thickness direction of the battery. This model simulates the ther-
mal behavior of a structural cell during the (dis)charge cycle. The mathematical
model solves the conservation of energy considering heat generations due to only
resistive heating. The voltage profile and the heat generation of a structural bat-
tery cell with active materials: Carbon fiber/LiFePO4 were studied at different
discharge rates. The temperature profile from the pseudo two dimensional (P2D)
thermo-electrochemical model had a similar tendency to that from the 3D thermo-
mechanical model. The temperature profile was illustrated at several discharge
rates. It was found that the contribution of heat source due to resistive heating was
extensive at a high discharge rate. Also the thermal impact of convection condition
on the structural battery was analyzed.

Keywords: Structural battery, Thermal behavior, Heat generation, Heat exchange,
Natural convection
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Nomenclature

Aqn Cross-section area of the P2D-model m?
Cs Li concentration in active materials of electrodes mol /m?
CLimaz Maximum Li-concentration mol /m?
CrLini Initial lithium ions concentration mol/ m3
crires Reference lithium ions concentration mol/ m3
C,  Specific heat capacity J/kgK
D;; Diffusion coefficient of Li* m?/s
D.  Diffusion coefficient of the structural battery electrolyte (SBE) m?/s
iy Lithium ions transport number in electrolyte —

Vepss  Solid phase (fibers or particles) volume fraction —
Vepst  Solution phase (electrolyte/SBE) volume fraction -

Jo Exchange current density A/m?
Jiee  Local current density A/m?
h Heat transfer coefficient W/m*K
k Thermal conductivity W/mK
n Overpotential of surface due to charge transfer V
S, Specific surface area m1
F Faraday constant C'/mol
R Gas constant J/Kmol
T Absolute temperature K
b Constant value for the specific surface area of material particles —
v Volume m?
r/ Radius of carbon fiber m
rP Radius of LFP particle m
Q Heat generation J/m?
n Number of transferred electrons per mole reactant —
L Thickness um
1 Cell current density related to Ay A/m?
t Time 5
U Open circuit voltage of electrodes %4
V Cell potential V
AH Enthalpy change J

Greek letters

Qg Anodic transfer coefficient -
o, Cathodic transfer coefficient -
I6; Bruggeman coefficient for tortuosity -
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m, n
amb
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r

sur
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Density

Electrical conductivity of solid phase in electrodes
Ionic conductivity of the electrolyte

Electric potential

ubscripts, superscripts and acronyms

Initial state

Solid phase

Solution phase

Effective value

Battery domains (electrodes and separator)
Transporting constituent (electrolyte and fibers/particles)
Chemical reaction species

Ambient (temperature)

Irreversible (heat)

Reversible (heat)

Surface (temperature)

Constant value for particle radius

CCCV Constant current constant voltage

CF

Carbon fiber

CFRP Carbon fiber reinforced polymer

FE
LIB
NE
ocv
P2D
PE
SBE
SOC

Finite element

Lithium ion battery
Negative electrode

Open circuit voltage

Pseudo two dimensional
Positive electrode

Structural battery electrolyte
State of charge

kg/m?
S/m
S/m
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1

Introduction

1.1 Background

Compared to the conventional LIB (lithium-ion battery), the structural battery can
not only store energy but also perform well in carrying mechanical loads, which
is achieved by combining the properties of LIB technology and laminated carbon
fibers composite materials. The composite laminate is formed by incorporating
carbon fibers into a polymer matrix material so as to enhance its mechanical perfor-
mance. Due to the inherent multi-functional capabilities, it has distinct advantages
in saving weight of devices on a system-level [1, 2], and have a bright prospect in
the development of electric vehicles.

Temperature is one of the most critical factors in operating of battery systems, and
should be controlled within a limited range defined by the chemical properties of the
materials. At high or low temperature, the cell performance can be substantially af-
fected, and cause side reactions that may limit the battery life, or even worse, break
down the battery. Hence, analyzing the thermal behavior to predict its impact on
the multi-physics behavior of this structural battery composite material is crucial
and is therefore the key factor of study in this thesis work.

Heat will unavoidably be generated or absorbed in different parts during the charge
and discharge cycles of battery systems. During cycling, heat is generated by diverse
reactions, such as ohmic losses, kinetic reactions, etc.

1.2 Aim

The aim of this thesis work is to study the thermal behavior of the structural bat-
tery during electrochemical cycling, including setting up a battery model in the
commercial finite element (FE) software COMSOL to predict the thermal impact
on the multi-physics behavior of the structural battery material. The results from
the battery model will be compared with the results from a 3D thermo-mechanical
model developed in another MSc thesis running in parallel [3].



1. Introduction

1.3 Problem statement

This thesis work is conducted around the structural material carbon fiber reinforced
polymer (CFRP), and mainly investigated by numerical modeling.

In the first stage, the study pertains to battery modeling. Starting with the elec-
trochemical analysis, a Pseudo-two-dimensional model (P2D) will be developed
in COMSOL to model the battery cell chemistry. Compared with the thermo-
mechanical model (developed in parallel), the P2D model is used to derive the
generated or absorbed heat due to electrochemical processes during electrochemical
cycling. It adopts porous electrode theory and concentrated solution theory, and
has become a popular method for battery performance investigations.

Secondly, the thermal behavior of the structural battery is investigated, including
calculating the heat generated inside the cell during electrochemical cyclings and
the heat transferred between the battery surface and surroundings, separately.

1.4 Scope

This thesis covers a complete design of the structural battery. With the P2D model
built in COMSOL, it is possible to predict and evaluate the thermal behavior during
electrochemical cycling and the influence on its multi-functional performance.

Not only the actual temperature of each cell but also the temperature differences
among the cells would result in different performance and aging rates [3]. Due to
the limitation of time and cost, battery cooling systems and degradation analysis
will not be studied.
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Theory

The focus of this research is on the thermal behavior of the structural battery during
electrochemical cycling and its impact on the electrical and mechanical performance.
In this chapter, basic theoretical knowledge including battery chemistry, battery
modeling, and thermal analysis are introduced.

2.1 The Electrochemical cell

Normally, multiple cells are connected in series or parallel to operate as a form of
battery module/pack in order to enhance voltage/energy capability and to maintain
the output power requirements in service. Thus, the electrochemical cell can be seen
as the most fundamental unit in a battery.

As shown in Figure 2.1, an electrochemical cell can be called either electrolytic or
galvanic. An electrolytic cell is transferring electrical energy to chemical energy
(charging of the battery); A galvanic cell is converting chemical energy into elec-
trical energy (discharging of the battery). Based on different capabilities, a cell
can be identified as a primary cell (only galvanic) or a secondary cell. The latter is
also known as a rechargeable cell, which has both galvanic and electrolytic reactions.

(a) (b)
—— Load Load
e_ _| ’7 T e_

+ +
o) ._M L] M [0}
o g g —_ o
o B o o
= = = =
5] — | B 8] 13}
o ) Qo —_— i)
(5] ) o o
[} — o o _ [
= > = =
® = © =
2 a z a

Figure 2.1: (a) An electrolytic cell (b) a galvanic cell (both retrieved from [4])

In redox batteries, energy is transferred via redox reactions that occur at the sur-
face of cells. During discharge, the oxidation reaction takes place at the negative
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electrode surface by losing electrons continuously to the positive electrode via an
external circuit. The reduction reaction takes place at the surface of the positive
electrode by accepting the electrons. At the same time, ions flow in the same di-
rection inside the battery to maintain charge balance. Conventionally, the electrode
which offers electrons in discharging can also be named as the anode and the accept-
ing electrons electrode as the cathode. However, the nomenclature of electrodes will
change opposite in charge and discharge. To avoid misunderstandings and simplify
the terms, only the positive and negative electrodes will be used in this study.

Electrode Electrolyte / Casing

Separator Current collector

Figure 2.2: The fundamental design of an electrochemical cell from [4]

A cell is composed of several components as schematically illustrated in Figure 2.2.
Every component must be designed properly. Poor designs can have a huge negative
impact on the cell’s overall performance, durability, safety, etc.

2.1.1 Positive electrode

The positive electrode is made of a highly electronic and ionic conductive material,
which can be either metallic or insertion types. The metallic electrodes are not very
common. Instead, mineral-based electrodes are preferably used for high-capacity Li-
ion batteries. These are referred to as insertion electrodes (e.g. porous electrodes)
which allow lithium atoms to be stored in the active electrode materials within the
porous structure of the electrode. Therefore, the electrochemical reactions can take
place at the surface as well as in the bulk of the electrode.

In battery design, the selection of materials applied in positive electrodes is critical,
and different host structures and materials applied can highly affect the battery
performance, such as the thermal stability and the rate capability, etc. LiFePOy,
(LFP) is the most significant compound in olivine structures, which allows Li-ions
transport only in one-dimensional channels. This structure may lead to an inher-
ently limited performance caused by low ion mobility, Nevertheless, some properties

4



2. Theory

(e.g. price advantage and outstanding stability at high temperatures and C-rates)
make LFP attractive in LIB market. Considering the price and performance benefits
discussed, LFP is selected as the positive electrode in this research.

2.1.2 Negative electrode

Negative electrode materials can mainly be divided into two types, metallic lithium
(Li metal) and insertion or conversion materials. Carbon-based insertion types are
the most desirable materials due to proven high chemical stability, especially during
lithiation and de-lithiation (charge and discharge) cycles and the relatively lower
cost [4].

2.1.2.1 Graphite and carbon fiber

Soft carbons, hard carbons, and graphite are three of the most prevalent choices
for the negative electrode material. Soft carbons and hard carbons are amorphous,
while graphite has a crystalline structure, which is the main difference as well. Their
different carbon structure determines the diverse electrochemical performance of a
battery, both the capacity and rate capability.

Depending on the production process and raw materials used, carbons can be made
of different macroscopic shapes, flakes (graphite), spheres, fibers, etc. Graphite has
a crystalline structure of hexagonal carbons packed in graphene layers. When it is
fully charged, lithium inserted inside is at an equilibrium state, i.e. LiCg, where one
lithium atom is surrounded by six carbon atoms.

Gl el

()

o
)

{ ‘
2} S
\)&lf
Figure 2.3: Carbon fiber internal structure from [5]

Graphite has been dominating the materials market for Li-ion cells as a result of
relatively low cost and simple manufacturing process, but carbon fibers have been
found to work as an excellent negative electrode due to the enhanced mechanical
performance. For this reason, it is selected as negative material in this research
to investigate the impact on the battery’s multi-functional performance. Unlike
graphite, carbon fibers can be combined with a polymer matrix (CFRP) to create
a structural material with superior mechanical integrity. This composite material
enjoys distinct advantages in saving the weight of devices on a system-level to main-
tain the rising need for commercialization. In Figure 2.3, a schematic illustration
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of the internal structure of a carbon fiber is presented [5]. Carbon fibers generally
exhibit superior tensile and compressive strength, and that’s why it can store energy
and carry a mechanical load at the same time [6].

2.1.3 Separator and electrolyte

A separator has two main functions, prevent the direct contact of electrodes to avoid
internal short circuits, while allowing ion transport within the cells [7]. In conven-
tional batteries, the separator is usually made of a porous polymer film that allows
high ion conductivity of the electrolyte to ensure the electrochemical performance
inside the battery, and also behaves as an electronic insulator.

As for the structural battery, a newly developed electrolyte has been applied in
this case, known as the structural battery electrolyte (SBE) [8, 9]. It consists of two
parts, a stiff porous thermoset matrix made of polymer soaked with liquid electrolyte
with Li salt. The liquid in this polymer network enables ion transport between the
electrodes, while the solid matrix material makes it possible to distribute mechanical
loads.

2.1.4 Current collectors

The main function of current collectors is to transfer electrons between electrodes
via an external circuit in the battery [10]. To achieve this, an adhesive binder in-
cluding conductive particles (e.g. carbon black) can be utilized to apply electrode
materials onto them. Therefore, to minimize energy losses caused by cell impedance
and keep inactive in direct contact with the active materials, current collectors are
required to possess high electrical conductivity and electrochemical stability in this
process.

There are three types of current collectors that are commercialized, mesh, foam,
and foil. Metallic foils are relatively popular among these since they are thin and
lightweight, which enables them to provide the increased volumetric capacity of
batteries. For the structural battery, each carbon fibers in the negative electrode
act as current collectors.

2.2 Battery glossary

Some basic definitions related to the Li-ion battery and its management system are
listed in this section.

2.2.1 Voltage hysteresis

It points to the discordance between the charge and discharge behaviors of battery
in operation. For example, compared to the charge reactions supported via an

6
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external source, the chemical and electrochemical reactions inside the cell are much
slower (e.g. mass transport). Therefore, a voltage difference caused by kinetics and
diffusion differences of active species may be observable in charge and discharge
cycles. The high current level of the battery would severe this phenomenon and
cause a loss of energy and capacity of the battery.

2.2.2 Open circuit voltage (OCV)

It refers to the voltage between positive and negative electrodes when disconnecting
these two terminals with any charging device (i.e. no current flow in or out of the
battery).

2.2.3 Bruggeman coefficient ()

Since the Li™ diffusion and charge conduction within the solution phase is impeded
by the electrode particles, the material properties (i.e. diffusion coefficient, elec-
trical conductivity, ionic conductivity) should be sensitive to the electrode micro-
structures. The Bruggeman coefficient (linked to the degree of porosity and tortu-
osity) is applied to do the correction of transport parameters in calibrating the 1D
model, which can e.g. be seen in [11, 12].

2.2.4 Current rate (C-rate)

It corresponds to the constant current needed to charge/discharge the cell for a
given time. 1C represents that the battery can be fully charged in 1 hour with this
current, while 2C corresponds to the doubled charge rate, and the battery can be
fully charged in 0.5 hours.

2.3 Battery Thermal Modeling

2.3.1 Governing equations

Based on the study by Doyle et al. [13], the governing equations of the one dimen-
sional (also called as pseudo-two-dimensional, P2D) electrochemical model is listed
in the following, including equations for the electrochemical kinetics and main pro-
cesses (e.g. mass and charge transport) occurring during battery electrochemical
cycling. Figure 2.4 is obtained from [11] to illustrate the internal structure of a
laminated structural battery; The schematic of the P2D model is depicted in Figure
2.5: 1D (z-direction) Lithium-ion cell model coupled with microscopic (r-direction)
solid diffusion particles, the detailed explanation seen in Chapter 3.
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Current collectors
(above and below) Negative electrode
¥ lamina; CF-SBE

‘/
e®o o000 Separator layer:

| [@000@p®| L tnrime i

Positive electrode lamina: lithimm-metal-
oxide doped coating on CF in SBE matrix

Figure 2.4: Schematic illustration of the laminated structural battery composite
architecture, retrieved from [11]

Negative electrode

1 2

Separator Positive electrode 4

3

Current collector Lnf.'g Lsezr L'pas Current collector
(Carbon fiber/ (Aluminum foil)
Copper foil)

X

L= Lneg + Lsep + Lpos

Figure 2.5: Schematic of P2D model: 1D (x-direction) structural cell coupled
with microscopic (r-direction) particles

It should be noticed that the dimension (x) defined in Eqgs. (2.1),(2.3) and (2.5) is a
one-dimensional coordinate system in the through-thickness direction of the battery
in Figure 2.5, while the mass transport in the solid phase is defined in the radial
dimensional coordinate system (r). This also the reason why this type of model is
named as the pseudo-two-dimensional model.

2.3.1.1 Charge balance

Solid phase (in electrodes)

The charge balance in battery electrochemical cycling is defined by Ohm’s law, it
can be expressed as follows [11, 14]:

o .0 |
%(Usffaﬂﬁs) = ]locSa (21)
Sa — b‘/epss (22)

where 0¢/7 is the effective electrical conductivity of the solid phase in the elec-
trodes, ¢ is the electric potential in the solid phase (fibers of negative electrode,

8
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LFP particles in positive electrode), j,. is the local current density at the electrode
surface derived by the Butler-Volmer equation [13]. The specific surface area of
material particles is denoted S, (m™'), where b = 3 for herein spherical LFP par-
ticles in positive electrode, b = 2 for cylindrical CF particles in negative electrode.
Vepss 1s the solid phase volume fraction in electrodes, and r is the radius of particles.

Solution phase (electrolyte/SBE in electrodes and separator)

The charge balance governing equation is defined as [11, 14]

0, opp00e,  2RT 0, 0lnc,

- %(lie O ) + I (1 - t+)a:p (I{e o

) = jlocSa (23)

where x¢/7 is the effective ionic conductivity of the electrolyte, ¢, is the potential
of electrolyte, c. is the lithium salt concentration in the electrolyte, and ¢, is the
transport number of lithium ions in the electrolyte.

2.3.1.2 Mass balance

Solid phase
The mass balance of the lithium ions in the particles or fibers is defined by the
second Fick’s law as [11]

e, 10 o 0Cs
= e (D)
ot re or or
where ¢, and D, is the lithium concentration and diffusion coefficient in the solid
phase, respectively. r is the particle radius, a = 2 for spherical LFP particles, a =

1 in cylindrical fibers.

(2.4)

Solution phase
The mass balance for the solution phase is expressed as

OVepsce _ D pesBeey (1= t1)

o~ oa g T e (29

where V,,q the volume fraction of solution phase (i.e. electrolyte/SBE) in the elec-
trode and separator, c. is the lithium salt concentration, D/ and ¢, is the effective
diffusion coefficient and transport number of lithium ions in the electrolyte.

2.3.2 Boundary conditions

2.3.2.1 Charge balance

Equation (2.1) shows the governing equation of charge balance in solid phase, while
Egs. (2.6 - 2.8) define the charge conditions at each boundary in Figure 2.5.

¢8|I:0 =0 (26)

9
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e a‘bs
O—p({éf O |la=1, = Topp (2.7)
e a(bs e a¢s
0-71]6:]; ax |x:Ln59 = Sef]‘?f aw |$:Lneg+L56p = 0 (28)

where ¢, is set to zero as the electric ground at boundary 1; the charge flux at
boundary 4 is assumed to be equal to the average applied current density; Electron
flux at boundary 2 and 3 are both zero due to the electronic insulation of separator.

The charge balance in the electrolyte can be expressed as Eq. (2.3), boundary 1 and
4 are external boundaries which are considered to be the insulation point (no flux),
while ¢, is expected to be continuous at inner boundaries

0pe, 0. _
%‘xzo = %‘x:[/ =0 (29)

2.3.2.2 Mass balance

The mass transport for the lithium ions in the solid particle or fiber phase in the
electrodes are governed by Eq. (2.4). Different to other equations defined in a one
dimensional coordinate system (x), herein, the lithium ions diffuse in the r-direction.
The lithium concentration flux at the center of particles set to zero

dc,
a%'rzo =0 (2.10)

while, ¢, at the particle surface is related to the concentration and flux in the pro-
cesses occurring in the P2D model (charge and mass transport) in the electrolyte.

Equation (2.5) is the governing equation and defines the material balance in the elec-
trolyte. The external boundaries (1 and 4) are set to have no flux of solution species,
and the flux and concentration of solution species are assumed to be continuous at
inner boundaries (2 and 3).

2.3.3 Electrochemical kinetics

The charge-transfer process is only occurring at the particle surface, where the local
current density of the electrode 7. is one of the critical parameters to characterize,
i.e. the charge-transfer reaction between the electrolyte and the active electrode
materials. Based on the Butler-Volmer equation, it can be expressed as [11, 13]

. . agnk a.nkF
N=¢s — e — Leq (2.12)

where jj is the exchange current density, o, and . represent the anodic and cathodic
charge transfer coefficients, respectively. n is the number of transferred electrons per

10
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mole reactant, herein, n = 1. In Eq. (2.12), the overpotential of surface due to charge
transfer is denoted 7 , which is expressed as the difference between the solid and
solution phase potentials minus the equilibrium potential of the electrode E,.

2.3.4 Effective properties

Based on the work by Bruggeman [11, 12|, the transport parameters need to be
corrected using the Bruggeman exponent related to the degree of porosity and tor-
tuosity of the system, expressed by

DT = DvP (2.13)
ol = o Vf (2.14)
kI = VP (2.15)

2.4 Thermal analysis

The thermal analysis is performed to investigate the generated heat from electro-
chemical cycling (which is calculated from the electrochemical analysis) and the heat
exchange with the surroundings (which is given by the thermo-mechanical model).
According to this, the internal heat increased inside a cell can be obtained from the
energy balance equation (2.16).

dT’
Qgen - Qdiss = pC (216>

P Pt
where p is the density, C), is the specific heat capacity, 1" is the temperature, ¢ is the
time.

2.4.1 Heat source

The heat source inside a cell as derived by Thomas and Newman [15] can be written
as

Qgen =1(U —-V) — ]Tacll[t] — Zm AHM™IR,, — /Zn(H" — H™9)

den

oy dv  (2.17)

where [ is the current flow in the battery (which is positive on discharging, negative
on charging), V is cell voltage, U is the open circuit voltage, AH,, and R,, point
to the enthalpy change and the rate of chemical reaction m, H,, is the enthalpy of
species n, ¢, is the concentration of specie n, and v is the volume. The first term
refers to the irreversible heat accumulated due to the resistance of all components
in the cell when current flows inside the battery, therefore, it can be written as
I’R [16, 17, 18]. The second term is the reversible heat generated by the entropy
change of chemical reactions, it could be either positive or negative depending on
the direction of current flow and entropy change. Herein, it is more likely observable

11



2. Theory

at the electrodes where the chemical reactions proceed. The latter two represent
the heat generated due to side reactions occurring due to aging, and the heat of
mixing due to the concentration gradient within electrodes. Equation (2.17) can be
simplified into Eq. (2.18) by making assumptions that the side reactions generating
the aging process are very slow and the concentration gradient within the electrodes
is negligible [19].

dUu

Qgen = Qirr + Qr - [2R - [TE (218)

2.4.2 Heat dissipation

The heat generated inside a cell mainly dissipates in two ways, via conduction and
convection. Thermal conduction refers to a direct transfer of heat energy between
two objects that are in contact, while heat convection is to dissipate heat by the
movement of fluid [20]. Herein, heat conduction is considered to take place inside
the battery, and convection is to transfer heat between the battery surface and the
surroundings, respectively.

The heat conducting equation is defined by Fourier’s law as

Qcond = —k— (219)

where k is the thermal conductivity of active material, ‘C% is the temperature gradient
in x-direction. The negative sign indicates that the heat flow is in the direction of
negative temperature gradient.

Equation (2.20) reveals the heat transfer between the surface of the battery and the

ambient temperature

Qconv = h(Tsur - Tamb) (220)

where h is the convective heat transfer coefficient.

12
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Case Set Up

3.1 Model development

3.1.1 Model assumptions

For simplicity, the activity dependence and temperature/concentration-dependent
terms in material properties are neglected in all battery components. Moreover, the
reversible heat is assumed to be zero (canceled term % in Eq.(2.18)). Besides, the
effects of current collectors on electron transport and heat transfer are ignored in
this study.

3.1.2 P2D electrochemical model

The P2D electrochemical model in this study is developed based on the model built
by Newman, Doyle et al. [13, 21] . According to the porous electrode theory and
concentrated solution theory [22], the composite electrodes consist of active mate-
rials (solid phase) and electrolyte (solution phase), where the solid phase are the
cylindrical (carbon) fibers or spherical particles (LFP), respectively.

The structural battery cell consists of three domains, i.e., a negative electrode (car-
bon fibers), a polymer electrolyte separator, and a positive electrode (LFP parti-
cles and conductive additives), where the electrolyte/SBE is considered extending
over the three domains. Figure 2.5 shows the schematic of the P2D model: 1D
(z-direction) Lithium-ion cell model coupled with microscopic (r-direction) solid
diffusion particles.

3.1.3 Model calibration

3.1.3.1 Model parameters

Table 3.1 lists the model parameters used in the P2D model, including the design
specifications, initial and maximum lithium ions concentrations stored in the elec-
trodes, etc.

The diffusion coefficient of lithium ions in the polymer electrolyte, D,, is calculated
from [23],

2Dpi+Dppe- 2 X 2.5 X 10718 x 3 x 10713

D, = =
DLiJr + Dppg— 25 x 10713 +3 x 1013

=273 x 107 (m?/s) (3.1)

13



3. Case Set Up

Table 3.1: Model parameters for the structural battery

NE Separator PE
Design specifications
Acell(m2) 1
Vepss 0.4 - 0.48
Vepsi 0.6 0.37 0.35
L(pum) 50 25 55
r(pum) 2.5 - 1.7
Lithium ion concentrations
CLiini(mol /m?) 10002
CLismaz(mol /m?) 25678¢ 21190
CLirer(mol/m?) 1
SOC;n; 0.9 0.001°
Kinetic and transport properties
« 0.5 0.5
16 1.5 2.98
D.(m?/s) (2.73 x 10713)4
Dri(m?/s) (6.8 x 10713)¢ 3.2 x 10713
os(S/m) (6.9 x 10%)° 91
k(S/m) (2 x 1072)2
(A 0.293
F(C/mol) 96485
Thermal properties
k(W /mK)® 50 1 50
p(kg/m?) 1850 1100 3600
Cp(J/kgK) 750 2300 1500
Tref(K) 293.15
“ Ref. [8, 9]
¢ Ref. [24]

4 Calculated from Eq. (3.1)
b Calculated from Eq. (3.2)
¢ Lack of source

3.1.4 Voltage range modification

3.1.4.1 Initial conditions for the electrochemical reactions

Figures below show the equilibrium potential profiles for the negative and positive
electrodes as functions of the measured SOC. They are used to define the desired
voltage range of the cell by selecting proper initial values for electrodes. The poten-
tial curve for the negative electrode (carbon fibers) is retrieved from the study by
Kjell et al. [24], the positive electrode (LFP particles) profile applies directly from
the COMSOL library.
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Figure 3.2: Equilibrium potential for LFP as function of SOC

The potential of an electrochemical cell is denoted as the potential difference occur-
ring between the positive and negative electrodes of a cell at the given time. Batteries
need to operate in a limited voltage range to protect from overcharging/discharging,
it can be normally achieved by setting higher (i.e. 100% SOC) and lower cut-off
potentials (i.e. 0% SOC) of the cell separately. Herein, the structural battery cell
is initially at a fully charged state, the following equation is applied to define the
initial conditions:

SOC = Lbini (3.2)

CLimaz
where the maximum values of lithium concentrations in carbon fibers is based on
the study of Kjell, et. al. [24] The initial SOC values for the negative and positive
electrodes in the table 3.1 are set as 0.9 and 0.001, respectively, this corresponds to
an initial open-circuit voltage of 3.65V (100%SOC of the cell)

Under the initial conditions, a constant current pulse /,,, is applied at the boundary
4 to discharge the cell, seen in Figure 2.5. The current density of the pulse is set to
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3. Case Set Up

12.488 A/m?, corresponding to 1 C-rate (i.e. the battery can be fully charged in 1
hour with this current) and reads

]10 = Lneg X ‘/epss.neg X Pfiber X 0375[A/g] X 90% (33)

where 0.375 A/g is derived based on the capacity of carbon fiber for 1C current,
90% is the initial coulomb efficiency. It defines as the ratio of the charge extracted
from the battery during discharging to the charge transferred during the charging
process [25].

3.2 Heat transfer in solids

Assume the structural battery cell is composed of three layers of materials, and the
material properties (e.g. the thermal conductivity, heat transfer coefficient, etc.) of
each layer are anisotropic. Therefore, the heat dissipation inside the cell should be
investigated in different directions. The heat transfer in solids in three-dimensional
simulations can be seen in another MSc thesis, conducted by Natasha, who is fo-
cusing on the thermo-mechanical modeling of the structural cell [3]. Considering
the complexity to do the coupled analysis by combining the 3D thermo-mechanical
model (built by Natasha Svensson [3]) and the 1D electrochemical model, herein,
the heat generated in the 1D electrochemical model is only considered to be trans-
ferred in solids in one dimension (in the through-thickness direction (x) in Figure
2.5), while assuming isotropic material properties for each layer.

3.2.1 Boundary conditions

It is assumed that the structural battery cell is surrounded by air and the convective
heat flux is through the external boundaries (boundaries 1 and 4), the initial heat
transfer coefficient h is set as 0 W/m?K (i.e. no heat exchange with the surround-

ings).

3.2.2 Initial conditions

The initial temperature of the structural cell is the same as the room temperature,
293 K.
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4

Result and Discussion

4.1 Model validation

Considering the spread of COVID-19, it became difficult to do the experimental
validation of the thermal behaviors of the structural cell. In this study, two methods
are instead used to validate the battery performance in the discharge process, i.e.,
test the thermal model under different current rates and convection conditions to
obtain the temperature results. The results are discussed in the sections below.

4.2 Voltage behavior of the structural battery cell

Figure 4.1 illustrates the potential curve of the structural cell at a discharge rate of
1C. Since the initial state of the cell is assumed to be fully charged, the start time

point (0 s) and the ending time (3600 s) corresponds to the higher SOC limit (i.e.
SOC = 1) and the lower limit (SOC = 0) separately.

36— T T T T T T

3.5} | —— C_rate=1, Boundary 4
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Figure 4.1: Potential curve of the structural battery cell at 1C
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To investigate the impact of current magnitude on battery discharge behavior, dif-
ferent current rates are applied to discharge the cell, shown in Figure 4.2.

—— C_rate=1, Boundary 4
—— C_rate=3, Boundary 4

—— C_rate=5, Boundary 4

Electric potential (V)

1 1 1 1 1 11
1000 1500 2000 2500 3000
Time (s)

Figure 4.2: Potential curve of the structural cell under different current rates

As the discharge rate increases, the cell potential drops rapidly. Specifically, for low
rates, the cell voltage slowly declines and takes 3600 s to drop to the lower limit;
For high rates, the potential decreases dramatically, the contours depict the cliff-like

drop. This is attributed to the different voltage hysteresis phenomenon, which will
be explained below.

The cell voltage in this study can be derived as
Veen =U — IR (4.1)

where U is the open-circuit voltage of the cell, I is the current flows in the cell, R
is the internal resistance of the structural cell. The minus sign points to the voltage
losses caused by the cell resistance during discharging. At high rates, the voltage
losses caused due to the internal resistance will become substantial, which leads to
a shorter time for the cell to drop to the lower limit.
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4. Result and Discussion

4.3 Thermal behavior of the structural battery
cell

4.3.1 Thermal contributions

In order to analyze the thermal behaviors of the structural battery cell at a dis-
charge rate of 1C, the total power dissipated from electrochemical reactions and
contributions of heat source are plotted in Figure 4.3.

16000 FT T T T T T T LE|
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Figure 4.3: Thermal contributions of the structural cell at 1C discharge

It is noted that the heat dissipated from the structural battery cell in the discharge
process is mainly composed of the irreversible heat (which is related to the ohmic
losses), while the reversible heat ( which is related to the entropy change) has been
ignored. The result is used to simplify the heat sources in the thermal analysis.
Moreover, the irreversible heat has a rising trend as the battery discharges, this is
due to the charge transfer resistance increases with the progress of discharging. This
corresponds well the resistance study of Onda and the co-workers [26].

Then, different current rates are selected to test the thermal model and do the
validation, shown in Figure 4.4.
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Figure 4.4: Power dissipation at different current rates

At high rates, the power dissipated from the battery model increases dramatically.
This result can be explained by (4.2), which is derived by neglecting the reversible
term in Eq (2.18).

Qgen = Qirr - IQR (42)

It can be easily found that the irreversible heat increases quadratically with the
current pulse. When the current pulse is changed to 3C and 5C, the corresponding
power dissipation is expected to rise by 9 and 25 times, which can be proved in the
figure as well.

4.3.2 Cell temperature

The temperature of the structural battery cell under different current rates is de-
picted in Figure 4.5, where all temperature figures were captured at boundary 1. As
the discharge rate increases, the cell temperature rises significantly in good agree-
ment with the power dissipation result. It is noted that this result is simulated
based on the initial convection condition (h = 0).
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Figure 4.5:
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4.3.3 The effect of natural convection

Seen from the above, the cell temperature during discharging is highly affected by
the current flowing the system. Besides, the heat transfer between the battery sur-
face and its surroundings are also considered in this text in analyzing the thermal
behavior of the structural cell. Different heat transfer coefficient h are employed to
the 1D model to investigate the thermal impact of natural convection at discharge
rate of 1C, 3C, and 5C, seen in Figures below.
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Figure 4.8: Temperature profile at 5C discharge current under different

convection

After applying heat convection, the increased rate of cell temperature during dis-
charging has been slowed significantly at all current rates.

For verification, the temperature results in this text have been compared with an-
other MSc thesis (Thermo-mechanical model of structural battery composites) [3].
Specifically, the power dissipation of the P2D electrochemical model is taken as the
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input to the 3D thermo-mechanical model, the temperature rise of the battery are
shown in Figures 4.9 to 4.12.
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Figure 4.9: Temperature profile at different C rates without natural convection,
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Figure 4.11: 3C temperature profile under convection conditions, from [3]
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Figure 4.12: 5C temperature profile under convection conditions, from [3]

In addition to the different dimensions of the solid heat transfer simulation, the two
models are established based on the same thermal conditions and electrode materials.
Figure 4.9 is the temperature curve of the 3D mechanical model during discharging;
Figures 4.10 - 4.12 show the heat dissipation impact under different heat transfer
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coefficients (h-values). The results agree well to the conclusions obtained before:
heat is generated predominantly for high rates and can be dissipated efficiently with
natural convection.
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Conclusion

In order to study the thermal performance of the structural battery cell, a P2D
model was established in COMSOL to simulate the thermo-electrical behavior of a
structural battery device during the discharge cycle. The FE model is developed
based on the energy balance equation of the structural battery, where it is assumed
that the heat is generated only by the resistance of the battery components and
dissipated to the surrounding environment by convection.

To verify the simulation results, different current rates and convection conditions
are used to test the model. For high discharge rates, due to the high contribution
of resistance heating, the power generated by the battery increases sharply, and the
battery temperature also increases significantly with the discharge time.

This study describes the thermal behavior of structural batteries and compares them
with the thermo-mechanical model (established by Svensson [3]). The results from
the P2D electrical model have a similar trend to that in the 3D mechanical model,
which also enhances the reliability of the modeling results.
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