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Article history: This study investigates the impact of a multi-layered porosity profile on the electrical and

Received 12 October 2017 thermal performance of a lithium-ion battery. Consideration is given to key attributes of

l‘:e‘”setddzg X[ar_clhz(z)?és the battery, namely its specific power and energy and the temperature distribution that

ccepte \Prt . may generated throughout the cell under electrical load. The COMSOI Multiphysics soft-
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ware tool has been employed to develop a 3D electrochemical-thermal model of a com-

mercially available 10 Ah lithium iron phosphate cell. Through an extensive simulation

Il\(/ﬁlrtvitjlrg;'ered porosity study, for a fixed value of active material, the impact of varying the porosity profile across
Lithium ion battery both the thickness and height of the electrode has been studied. For each case study, the
3D modelling distribution of reaction current and the corresponding localised state of charge and tem-
Numerical modelling perature profile are quantified for a constant current discharge of 5C. Simulation results

highlight that a multi-layered porosity distribution across the thickness of the electrode
has the potential to yield superior battery performance compared to when the porosity is
varied along the electrode height. Moreover, the total heat generation within the cathode
may be reduced by up to 14% compared to a Reference Case, along with 0.33% and 0.44%
improvement in the specific energy and power, respectively.
© 2018 The Authors. Published by Elsevier Inc.
This is an open access article under the CC BY license.
(http://creativecommons.org/licenses/by/4.0/)

1. Introduction

A number of recent studies have highlighted that lithium ion batteries have become the dominant battery technology for
many automotive and transport applications. One of the primary reasons for their adoption is their relatively high energy
density and high power density (both gravimetric and volumetric) compared to alternative battery technologies. However,
it is well understood that there is an inherent trade-off that must be optimised, when designing a new cell to achieve the
energy and power targets expressed by a number of vehicle manufacturers and national research bodies. Recent studies,
through both numerical simulation and experimental evaluation, have attempted to quantify the trade-off for different cell
chemistries and manufacturing processes. The underpinning trend in the results presented is that increasing the power
density is only possible at the cost of reduced energy density [1]. Power density can be improved either by replacing a
portion of the active material with conductive fillers and through using large pores for ion transport or through the use of
thinner electrodes. Both approaches to cell design and manufacture result in lower values of active material within the cell
that consequently lead to a reduction in energy density [1,2].
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Nomenclature

List of symbols
brugg, Bruggeman constant

C Li* concentration (mol m~3)

Gy heat capacity (J (kg K= 1))

D diffusion coefficient (m2s—1)

Ecell specific energy (Whkg—1)

H cell height (m)

I current load (A)

i current density (A m~2)

ie ionic current density (A m~2)

is electronic current density (A m~2)
K thermal conductivity (W (mK)~1)
k reaction rate (ms—1)

L thickness of the electrode (um)
Meell total weight of the cell (kg)

ms weight of the active material (kg)
np number of particles in the electrode

Peey specific power (W/kg)
heat generation (W)

Qohmice electronic ohmic heat (W)

Qonmic;  ionic ohmic heat (W)

R universal gas constant (J mol~1K-1)
I particle radius (@m)

T temperature (°C)

Lais discharge time (s)

Ve terminal voltage (V)

X local SOC of the anode

y local SOC of the cathode

Greek letters
e volume fraction
kgf f diffusional conductivity

0 density (kg m~—3)

o electronic conductivity (Sm~1)
K ionic conductivity (Sm~—1)
T tortuosity

1) thermal properties

1) potential
Subscripts/superscripts

act activation

ave average

e electrolyte

eff effective

neg negative

pos positive

ref reference

rev reversible

S solid

Terms and abbreviation
sim simulation
exp experimental

A consensus does not yet exist as to the optimal design of battery cell, in terms of both chemistry and form-
factor. There is significant research characterizing the different chemistries, including: lithium cobalt oxide (LiCoO,),
lithium iron phosphate oxide (LiFePO4), lithium nickel cobalt manganese (NCM—LiNixCoyMnx0z) and lithium titanate ox-
ide (LTO—LI4Ti504;). The battery performance that can be achieved is guided by the choice of material, the design of the
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battery, its internal resistance, the electrode properties and the voltage limit for the side reactions [2]. Narrowing the gap
between the theoretical and actual useable capacity is a key requirement for improving battery performance [3]. Several re-
search studies have been published that employ novel optimisation approaches to improve the design of high performance
batteries [4-6]. Miranda et al. [4] performed geometry optimisation of a lithium ion battery using the finite element method
of simulation. Their research took into account different geometries, including conventional and unconventional shapes such
as horseshoe, spiral, ring, antenna and gear batteries. Mitchell and Ortiz [5]| applied computational topology optimisation
methods in an attempt to improve the performance of lithium ion batteries that employ a silicon anode. They addressed
the structural and conduction design criteria to concurrently minimise the volume expansion of the anode and to maximise
its electronic conductivity. A similar study is reported by Ji et al. [6] in which key material properties within the cell are
optimised to improve the low temperature performance of the cell, namely increasing the energy capacity of the cell under
a 1C discharge at a temperature of —20 °C.

Irrespective of the exact choice of battery chemistry, there are important design parameters which can be varied within
the manufacturing process to improve cell performance. These include electrode thickness, particle size, porosity, electrode
surface area, geometry and the dimensions of the current collectors [7]. Newman and co-workers [8-10] applied new math-
ematical approaches to optimise the design variables of a lithium ion battery. They developed a simplified battery model to
facilitate the mathematical formulation of the problem and to allow the optimisation of the porosity and electrode thick-
ness [8]. Discharge time and cell capacity were found to be the most significant factors affecting their final design. Further,
they also investigated the influence of different particle size distributions on the operation of porous electrodes [9]. Their
research continued as they developed a full cell model to evaluate the ohmic related energy loss of the solid electrolyte
interface (SEI) layer. Their model was used to optimise the design of a graphite-iron phosphate cell [10]. In addition, the
authors continued to develop a comparable model to optimise and evaluate the performances of both graphite and titanate
negative electrodes [11].

Other researchers have employed higher fidelity models and carried out parametric studies to quantify the impact of
specific design variables on cell heat generation [12] and the electrical performance of a lithium ion battery [13]. Wu et
al. [12] developed a coupled electrochemical-thermal model to evaluate the impact of particle size and electrode thickness
on battery performance and heat generation rate. Du et al. [13] introduced a new surrogate modelling framework to map
the effect of design parameters, such as cathode particle size, diffusion coefficient and electronic conductivity on battery
performance in terms of specific energy and power. They quantified the relative impact of various parameters through a
global sensitivity analysis using a cell-level model in conjunction with methods such as kriging, polynomial response, and
radial-basis neural network. In addition to these numerical works, Singh et al. [14] investigated experimentally the amount
of energy that may be extracted from a cell manufactured using thick electrodes (320um) compared to cells that employ
a thinner electrode (70um) for a Gr/NMC chemistry. They observed a significant capacity loss when using the thicker cells
at C-rates of C/2 due to poor kinetics. The authors suggest that the proposed thick electrodes could be advantageous for
certain applications where a continuous low C-rate is required.

Transport properties, ionic and electronic conductivity have all been shown to have a significant impact on lithium ion
battery performance. Corroborating the study by Singh et al. [14], results presented by Doyle and Newman [15] highlight
that thicker less porous electrodes are a better choice for applications that require a long discharge time, whereas thinner
electrodes with higher porosity are more suited for high power short discharge applications. The battery power density is
related to both ionic and electronic transport rates. lon transport occurs in both the separator and electrodes and transport
resistance can be reduced by either optimising the separator or by reducing the ionic resistance within the electrode [3,16].
It is noteworthy that there is a trade-off between ionic and electronic conductivity and neither electronic nor ionic conduc-
tivity in isolation can achieve optimal specific energy or power. The design trade-offs that exist between ionic and electronic
conductivity have been quantified in a study by Chen et al. [3].

Increasing the power density of a cell while maintaining the energy density is a common challenge when developing
lithium ion batteries. This is particularly an issue when having high energy cells with thick electrodes, as the power reduces
due to longer transport length of the ions and electrons. Understanding the 3D distribution of potential, current, reaction
rate, temperature, heat generation, state of charge (SOC) and other properties is a pre-requisite in optimising the design and
manufacturability of lithium ion batteries for larger scale applications. Much of the research presented within the literature
is underpinned by the formulation of new electrochemical-thermal models. Examples of such models can be seen in the
literature for high power applications [17], larger cell capacities (e.g. 45 Ah), cell designs with different tab locations [18,19],
the modelling of complete battery packs [20], and to study the heat generation from the cell [21] and its relationship to the
overall pack level thermal performance [22].

Most electrochemical-thermal models within the literature assume a spatially uniform porosity within the electrode or
separator. However, it is known that porosity has an impact on material properties such as, conductivity, heat capacity
and density. It is argued therefore that an optimised spatial variation of porosity within the electrode could enable a more
uniform temperature distribution within the cell [7]. The spatial variations in porosity have not been extensively covered
within the literature for battery applications [23-25]. Relevant studies include Chiang et al. [23], who have developed a
bipolar device with a graded porosity structure. The authors claim that such structures can improve transport properties by
removing tortuosity and reducing diffusion distance. Ramadesigan et al. [24]| employ a 1D analytical model to optimise the
spatial porosity profile across the electrode, for a porous positive electrode made of lithium cobalt oxide. They found that
for a fixed amount of active material, optimal grading of the porosity could decrease the ohmic resistance by circa: 15-33%.
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Golmon et al. [25] optimised the design properties, porosity and radii distributions with respect to the stress level in the
cathode particles. They performed their simulations for a LiMn,04 cathode through the use of half-cell models in addition
to a carbon anode fuel cell model. They found that porosity variability had a higher impact on energy capacity than particle
radii. Moreover, the improvement in capacity that came from a graded porosity design was in the order of 22% higher
than that of a non-graded cell. In addition to the battery domain, the benefits of varying the porosity of the electrode are
being actively studied for fuel cell applications as well. For example, recent results highlight that a non-uniformly dispersed
porosity of gas diffusion layers (GDL) can lead to a better water management within Polymer Exchange Membrane (PEM)
fuel cells [26-28].

This study aims to extend the research, discussed above, by investigating the impact of multi-layered porosity distribution
on the electrical and thermal performance of batteries of different cathode chemistries such as LFP or NMC which has not
been reported before. To facilitate this study, for the first time a coupled 3D full cell model containing both electrodes is
developed. The model enables the authors to investigate the spatial variation along the battery height which is presented
here for the first time. To further increase the accuracy of the model the electrochemical model is coupled with a thermal
model by considering the porosity dependency of the thermal parameters which has not been considered in the previous
works.

The paper is structured as follows: Section 2 discusses in greater depth the formulation of the problem statement and
the different use cases that form the basis of the optimisation study. Section 3 defines the creation of a reference model that
is validated against both electrical and thermal data presented within the literature. Sections 4-6 present simulation results
for the different electrode porosity profiles. Section 7 discusses a new case study containing a high energy cell. Further work
and conclusions are discussed in Sections 8 and 9, respectively.

2. Problem statement

Electrode porosity is defined as the volume of pores, which are filled with electrolyte, relative to the volume of the bulk
electrode or solid phase:

Es+8e =1 (1)
Ve Ve
TV T Vv @)

where (€e) and (&5) are the porosity (volume fraction of electrolyte) and volume fraction of the solid phase, respectively.
The term (V) defines the total volume of the electrode, (Ve) and (Vs) are the volume of the electrolyte and the volume of
the active material, respectively, and can be further defined as follows:

Ve=86~v (3)

Vi=(1—g)-V=2g5-V (4)

Porosity is affected by microstructural parameters that include particle size, particle packing, particle shape and the
distribution of particle sizes. A common assumption employed is to simplify the solid electrode material to a collection of
spheres with identical particle sizes [22,29,30]. Under this assumption the volume and weight of the active material (solid
phase) is equal to:

Vs =np x (gnr?,) (5)

ms = ps.Vs (6)

where (np) denotes the number of particles and (rp) the radius of particles within the solid phase. The terms (ms) and (ps)
denote the weight and density of the active material, respectively. In this study, two scenarios for the spatial variation of
porosity are investigated with respect to a fixed total weight of active material. From Eqgs. (4) and (6), it can be seen that
the weight of the electrode can be modified by changing either the relative porosity or total volume of the electrode. The
two scenarios that form the basis of this study are defined below:

1. Varying the porosity across the electrode thickness for a fixed average porosity.
2. Varying the porosity in the electrode height for a fixed average porosity.

2.1. Understating the effect of a porous structure on cell thermal properties

To avoid the complication and computational requirements of pore scale modelling of the porous structure, macro ho-
mogeneous models are used to obtain effective transport properties. Similar modelling assumptions have been adopted in
comparable studies [31-34]. Bruggeman'’s relationship has commonly been used to correlate and model effective transport
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Table 1
Thermal properties of the 10 Ah LFP lithium ion battery [38,39].
Heat capacity, Thermal conductivity, Electronic conductivity,  lonic conductivity
Materials Density, p (kg m~3) G (J(kgK)-1) K (W (mK)-1) o(Sm-1) Kk (Sm-1)
Negative electrode 2223 641 1.08 100
Positive electrode 1500 800 1.48 0.5
Electrolyte 1210 1518 0.099 (12)

kinetics as well as effective conductivities within batteries [35]. The Bruggeman relationship relates tortuosity with porosity
as [36]:

= gel—brugg,, (7)

where brugg, is the Bruggeman coefficient. For a system composed of continuous conductive phase such as liquid elec-
trolyte, mixed with spherical particles of uniform size, the parameter has been shown empirically to have the value of 1.5
and represents a common assumption employed in studies that undertake battery simulation, for example [37]. However,
for non-spherical particles, the exponent has been found by experiments to have a higher value than 1.5 [35]. Therefore
brugg, = 1.5 was deemed to be a reasonable assumption within this study.

The terms (k) and («7) are the intrinsic and the effective ionic conductivity of the electrolyte, respectively, and can be
defined as:

weff = KB _ o brugen (8)
T

Similarly, the relationship between the intrinsic diffusivity (De) and the effective diffusivity (D.?) of the electrolyte

within a porous structure is expressed as:

Deeff _ De - & _ 8ebruggn -De 9)
T
From Eqgs. (8) and (9) it can be seen that an increase in electrode porosity will improve the conductivity and the diffusion
of lithium ions within the electrolyte. The relationship between the intrinsic electronic conductivity (o) and the effective
electronic conductivity (o¢f) of the solid phase is given by [35]
o.€
O.eff — - S €Sbrugg,,.o. (10)
As the level of porosity increases the electronic conductivity of the solid phase decreases as less active material is avail-
able for charge transport within the solid phase. To calculate the thermal properties of the electrode, the porous structure
can be simplified to a structure with a mixture containing two phases. The thermal properties of the porous structure (elec-
trode or separator) is therefore defined as:

@ =@s(1 — €e) + Pebe = Ps&s + Pete (11)

where (¢) is the thermal conductivity (K), heat capacity (C,) and density (p). The subscripts ‘s’ denote the solid phase
(electrodes and the separator), and ‘e’ represents the electrolyte. The thermal properties of the lithium ion battery with
LiFePO,4 cathode chemistry that has been used within this study are summarised in Table 1.

Ionic conductivity of the electrolyte («x) is defined as:

Kk =1.12 x 1074(—8.2488 + 0.053248T — 2.9871 x 107°T? + 0.26235C. — 9.3063 x 1073C.T
+8.069 x 1075C.T? + 0.22002C2 — 1.765 x 10~4C2T (12)

where (Ce) is the lithium concentration in the electrolyte and (T) identifies the operating temperature of the battery.

2.2. Use cases for electrode optimisation

The following use cases are presented to study the impact of varying the porosity of the cathode on cell performance. The
scenarios are: (1) a multi-layered structure of the porosity across the electrode thickness and (2) a multi-layered structure of
the porosity across the electrode height, as presented in Fig. 1(a) and (b). As discussed above, variations of (&5) will impact
a number of material properties, such as the ionic conductivity («), electronic conductivity (o), lithium diffusion coefficient
in the electrolyte (De), thermal conductivity (K), heat capacity (C,) and finally the density (o). For each use case, the specific
energy (W h/kg), the specific power (W/kg) and temperature profile along the surface of the cell are quantified.

2.2.1. Use case 1: a layered structure of porosity across the electrode thickness

Within this case study, the thickness of the electrode was divided into discrete layers with N zones, each with a constant
value of ¢ (see Fig. 1a). The average porosity of the electrode can be defined as follows:

12
Esave = I Z (&s,i x L) (13)
pos {3
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Fig. 1. (a) Multi-layered structure of porosity across the electrode thickness, (b) multi-layered structure of active volume fraction across the cathode height.

where (Lpos) defines the thickness of the positive electrode and ¢; is the thickness of each of the N layers. According to
Chiang et al. [23], the volume fraction of the active material can typically average between 30 and 90%, while the pre-
ferred value is between 50 and 80%. Given this parameter range, within the current study, &spos was varied between 0.3
and 0.73. Ramadesigan et al. [24] have optimised the performance of the battery by applying a spatially varying porosity.
They proposed that the choice of N=5 layers across the electrode thickness provides a good trade-off between the perfor-
mance improvement within the cell and manufacturing complexity of realising the final design. They reported the optimised
porosity values for lithium cobalt oxide comprising of 6 discrete layers. In this study, 6 discrete zones with similar thick-
ness, different porosities have been applied for all test cases. The optimised porosity profile suggested by Ramadesigan et
al. [24] was a non-linear multi-layered profile. However, there is insufficient information within the literature to properly
understand if this form of distribution is optimum and transferable to other cell chemistries with different capacity ratings.
In this case study, porosity variation across the electrode thickness from one layer to another was varied both linearly and
non-linearly.

2.2.2. Use case 2: layered structure of porosity along the electrode height
For this design case the height of the electrode is divided to N layers with different porosities, as shown in Fig. 1b.
The average volume fraction of active material in the electrode can be expressed as:

-l n
Es.ave = ﬁ ; (85,1‘ X t,) (14)

where (n) is the number of layers and (t;) indicates the thickness of each layer. The number of layers employed within the
simulation, was set to 4. Similarly, the porosity variation across the electrode thickness from one layer to another was varied
both linearly and non-linearly.

3. Validation of the coupled thermal-electrochemical model

A full 3D electrochemical-thermal model is developed for a single electrode-pair of a lithium ion battery with LFP cath-
ode. Each pair is assumed to be a sandwiched model of different layers: a negative current collector, a negative electrode, a
separator, a positive electrode and a positive current collector. The current model is extension of the previously developed
and validated 1D model discussed in [40], which is based on a similar, experimentally validated model presented within Li
et al. [38]. The input to the model is load current, geometrical design parameters, material properties and ambient operat-
ing temperature. Through the proposed case studies, discussed in Section 2, only one of the design variables was modified:
the volume fraction of the active material, denoted as (&spos). As explored in the previous section, changing (&s) will in
turn change other properties such as ionic conductivity (k), electronic conductivity (o), lithium diffusion coefficient in the
electrolyte (De), thermal conductivity (K), heat capacity (Cy) and finally the density (o). The outputs from the model are
the responses of the cell to the load, i.e. terminal voltage (V), generated heat (Q), temperature profile (°C) and SOC. Addi-
tional internal variables include: lithium concentration in the electrodes and the separator, potential distribution of different
phases, reaction current, electronic and ionic current. The primary motivation for using Li et al.’s model [38] for verification
is because the authors have presented a complete set of electrochemical parameters for the cell along with a definition
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Fig. 2. Discharge curve of the 10 Ah pouch cell at different C-rates, at room temperature, T, =25 oC with natural cooling condition.

of parameter variations with temperature. Since the electrochemical model contains temperature dependent variables, cou-
pling it with a thermal model yields more accurate results. Furthermore, the model presented in [38] has been validated
using experimental data. The parameterisation data and experimental results presented within [38] allow for the creation
of a Reference Model to ensure the accuracy and robustness of the model, before proceeding with the two use case studies
defined within Section 2.2. The developed model is based on P2D electrochemical-thermal equations which are solved in
COMSOL Multiphysics for a 3D cell geometry. A segregated time dependent solver has been used for all the simulations.
A cut off voltage of 2.5V has been used to terminate the cell discharge. The output from the model shows a high degree
correlation with the results published within [38] in terms of the terminal voltage response when the cell is discharged,
the surface temperature gradient and other internal parameters (e.g. local SOC, lithium concentration, potential and internal
current). Further validation details are discussed below.

3.1. Discharge curve
The terminal voltage discharge curve for the 10 Ah LFP pouch cell under 1C to 5C discharge current rate at ambient tem-
perature (T=25°C) is presented in Fig. 2 and shows a good agreement between the simulation results and the experimental

data. The simulation results are generated by the 3D COMSOL model used in this study and the experimental data are those
reported by Li et al. [38].

3.2. Reference Case—model design parameters

The initial design parameters of the Reference Case are those reported by Li et al. [38], presented in Table 2. The following
parameters have been employed to fully define the reference model.

4. Extending the validated model—the Reference Case study
The validated model is used as a Reference Case to evaluate the specific energy, specific power, total heat generation and
the resulting temperature profile. The model is further applied for use cases with multi-layered porosity profile, to account

for any changes in the energy or power that may arise from such a porosity distribution.
Specific energy (E..;) and specific power (P.y) are defined as [41]:

Lais
Ect = 1/mcell/0 Ve(t)-1-dt (24)

tdx‘s
Peeit = 1/ (tyis - mceu)/o Ve(t)-1-dt (25)

where m,, is the total weight of the cell and t,; is the final time when the cell reaches the cut off voltage of 2.5.
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Table 2
Parameter values for the 10 Ah LFP pouch cell [38].

Parameter Negative electrode Separator Positive electrode

Thickness, L (um) 34 25 70

Particle size, r, (um) 35 0.0365

Volume fraction of the active material, & 0.55 043

Volume fraction of the electrolyte, & 0.33 0.54 0.332

Maximum lithium concentration in the solid phase, 31,370 22,806
CS. max (m(’l mia)

Electrolyte lithium concentration, Ce, max (mol m=3) 1200

Bruggeman porosity exponent, brugg, 15 15 1.5

Dynamic parameters

Lithium diffusion coefficient in the negative electrode, Ds, neg = 3.9 x 1071 exp( =322 (} — 3l )) (15)
Ds, neg (m? s71)

Lithium diffusion coefficient in the positive electrode, Ds pos = % exp(=220 (1 - m213)) (16)
Ds, neg (m?s71) "

54.0 —4Ce

Lithium diffusion coefficient in the electrolyte, Ds neg De = le — 4 x 10443 (=25t bsc; )22%10 (17)
(m?s71)

Reaction rate in the negative electrode, kneg (Ms™1)  kneg =3 x 101 exp( =220 (1 — 1= (18)

Reaction rate in the positive electrode, kpos (ms~1)  kpos = 1.4 x 1012 exp(-y) exp( =32 ( - 55375)) (19)

Open circuit potential of the negative electrode Uneg, ret = 0.6379 + 0.5416 exp(—305.5309x) + 0.044 tanh (— Xaﬂ’gé’gs) (20)

—0.1978 tanh (%5%9117) — 0.0175 tanh (%;%3522
Open circuit potential of the positive electrode Upos, ref = 3.4323 — 0.4828 exp ( — 80.2493(1 — y)!3198) (21)

— 3.2474 x 1076 exp (20.2645(1 — y)>8003) 4 32482 x 10-©
exp(20.2646(1 — y)379%

: Uneg _ exp(~32.9633287x+8.316711484)
Entropy change of the negative electrode e = 3441347148 X 5557556003 exp(-34.79099646x1 8 88T — (22)

0.8520278805x + 0.362299229x2 + 0.2698001697
Entropy change of the positive electrode % = —0.35376y8 + 1.3902y7 — 2.2585y% + 1.9635y° — 0.98716y* (23)
+0.28857y3 — 0.046272y2 + 0.0032158y — 1.9186 x 10>

Q

b

)
X
[
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o
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Fig. 3. The evolution of: (a) the reaction current, (b) the local SOC at the positive electrode during 5C discharge, Reference Case. x=0 is the separa-
tor/electrode interface, while x/L =1 represents the electrode/current collector interface.

4.1. Reaction current and SOC

The reaction current and the local SOC of the 10 Ah LFP lithium ion battery are shown in Fig. 3(a) and (b), respectively.

The current distribution is through the positive electrode thickness during a complete 5C discharge. L is electrode thick-
ness, where x =0 represents the separator/electrode interface while x/L=1 is the electrode/current collector interface. At the
early stages of the discharge process, the peak value of the reaction current occurs at the separator/positive electrode inter-
face and moves towards the electrode/current collector interface as the discharge proceeds. This happens when the effective
conductivity of the solid phase (o%) is higher than that of the liquid phase («¢), i.e. (6 > «9). In general, the peak
location depends upon the magnitude of o® compared to ¢ [39,42]. In addition, the ionic current density is always maxi-
mum at the separator/electrode interface whereas the maximum value for electronic current is seen at the electrode/current
collector interface.

The local SOC is defined as the ratio of lithium ion concentration at the surface of the active material to the maximum
lithium concentration of the bulk electrode. Hence, by definition the SOC profile follows the same trend as the lithium
concentration presented in Fig. 3b. Within the positive electrode, the particles near to the separator firstly approach the
fully charged state. This can be attributed to the reaction current which itself is a function of conductivity of the different
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Fig. 4. Heat evolution at the positive electrode during 5C discharge at t=10s, t=100s, t=300s, t=500s and t=670s, Reference Case. x=0 is the sepa-
rator/electrode interface, while x/L=1 represents the electrode/current collector interface.

phases. This is shown in Fig. 3(a) and (b) and is consistent with theoretical predictions [39]. The observed dip in the SOC
profile versus x/L is due to the non-homogenous distribution of the reaction current.

4.2. Heat generation

The amount of activation heat is proportional to the reaction current density and the surface over-potential. Generally,
the average value for activation heat is known not to change much within the positive electrode during the electrochemical
reaction. In this example, it ranges from 0.239 W/m3 at t=10s to 0.253 W/m? at the end of discharge event (t=670s) when
the cut-off voltage of 2.5V is reached. The peak for the reaction heat appears at the electrode/separator interface during the
early period of the discharge, until t=300s, and then moves towards the electrode/current collector interface as it proceeds
to the end of the discharge, see Fig. 4. As shown in Fig. 3a, a change in the location of the maximum reaction heat is due to
a shift in the location of the reaction current as well as a change in the location of the electrochemical over-potential [43].
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The ohmic heat (Qypy,), which is a combination of ionic (Qup, ;) and electronic heat (Qyym,), is caused by the resistance
against the flow of electrons in the solid phase as well as lithium ions in the electrolyte phase. The ionic heat is calculated
using the formula:

Qotmi = 0V Ve oric® jo¢f! (26)

where «¢ is the effective ionic conductivity, e is the electrolyte potential and i, represents the ionic current.

The average value for the ionic heat is around 0.284 x10°> W/m3 at the beginning of the discharge, and reduces slightly
to 0.225 x10°> W/m3 at t=90s and increases again monotonically until the end of the discharge event to 0.509 x 10> W/m3
at t=670s. The spatial profile of the ionic heat is related to the potential gradient of the electrolyte and as a consequence,
to the local current density within the electrolyte. It can be seen from Fig. 4 that the location for the maximum ionic heat is
at the separator/positive electrode interface during the entire discharge process. That is in agreement with the ionic current
profile through the electrode thickness.

The electronic ohmic heat is calculated as:

Qohm,e = Geffv¢sv¢s or isz/aeff (27)

where i; is the electronic current density. Unlike the ionic heat, the electronic heat increases slightly during the early period
of the discharge, until t=110s, then decreases monotonically until the end of discharge, with the minimum value of 0.080
x10° W/m3 at t=675s. Generally, as reported within [43], the electronic heat is much less than the ionic heat due to
the much larger ionic charge resistance in caomparison to the electronic resistance. However, because of the low electronic
conductivity of the LFP material, in this example, the electronic heat is relatively high for this specific cell. Hence around
13-35% of the total ohmic heat generation within the cathode is attributed to electronic heat with the remainder coming
from ionic heat. The peak for the electronic heat appears at the positive electrode/current collector interface where the
electronic current is at a maximum.
The reversible heat of the electrodes is due to entropy change and is equal to:

du
oT
where Z—[TJ is potential deviation of electrodes as a result of entropy changes, as displayed in Table 2. The contribution of the
irreversible electrochemical reaction heat, ohmic heat (electronic and ionic) and reversible heat to the total heat generation
of the positive electrode is about 23-55%, 50-78% and 19-29%, respectively. As shown in Fig. 4, initially the location of
the maximum heat is at the separator/cathode interface from the beginning of the discharge process until t=300s. As the
discharge event progresses, the peak shifts towards the positive current collector interface, as previously described. For this
particular cell, operating at a 5C discharge, the area near to the separator generates most of the heat while the part of the
electrode closer to the current collector does not.

Within the next section, the different use cases, defined in Section 2.1, are further studied to understand the causality
between variations in &5 within the electrode and how this affects the charge resistance and spatial profile of the heat
generation as well as the internal electrochemical parameters for the cell.

QrevZ_I'T' (28)

5. Simulation results—layered structure of porosity across the electrode thickness

As discussed within [39], Ohmic resistance is a major source of voltage drop, especially within thicker electrodes. Im-
proved ion transport kinetics within a composite structure such as an electrode can be achieved by adjusting the ionic
conductivity relative to the current distribution. As the ionic current, can be higher near the electrode and separator inter-
face, a higher ionic conductivity in this region can improve the transport rate. This means that having a higher porosity near
to the separator can help improve power density, while a higher fraction of active material in the depth of the electrode
(towards the current collector) helps to retain a higher energy capability [23].

The following case study indicates the variation of the electrode volume fraction versus the dimensionless distance across
the electrode (Table 3). A distance of x=0 indicates the separator/positive electrode interface, while x/L=1 represents the
positive electrode/current collector interface.

The simulation results of the different cases are presented in Table 4.

In case studies 1-5, the minimum &; is at the electrode/separator interface, while the maximum &; is close to the current
collector. In case studies 6-10, the distribution of &5 is in the reverse direction, as shown in Table 3. The results of the
first group (cases 1-5) do not highlight significant improvement in battery performance, in terms of either specific energy
or power density. For the best case scenario (case 3), the energy and power increased by 0.33% and 0.44%, respectively.
Moreover, the maximum variation of the peak temperature compared to the Reference Case is approximately 0.9 °C.

Even though no significant improvement has been observed by linear and non-linear distribution of the porosity, porosity
distribution in the reverse direction (cases 6-10), can deteriorate cell performance significantly. Hence by having a high
active volume fraction near the separator and low volume fraction near the current collector, it is impossible to improve
performance of a battery, regardless of its chemistry or size. The results of case studies 6-10 confirm the significant loss
in both energy and power along with a higher peak temperature and temperature gradient. For the worst-case scenario,
e.g. case 8, the specific energy and the specific power of the battery have decreased by circa: 36% and 4.1%, respectively.
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Table 3

Active volume fraction distribution of different case studies across
the thickness of the positive electrode. L is the thickness of the pos-
itive electrode and x =0 is the separator/electrode interface, while
x/L=1 represents the electrode/current collector interface.

Case study &1 £s2 &3 Esa &5 £s6
x[L=0 x[L=1
Case 1 0.3 0.38 0.46 0.54 0.62 0.7
Case 2 0.4 0.44 0.48 0.52 0.56 0.6
Case 3 0.35 0.37 0.43 0.5 0.6 0.7
Case 4 0.40 0.42 0.45 0.50 0.57 0.66
Case 5 0.40 0.41 043 048 056 0.72
Case 6 0.70 0.62 0.54 0.46 0.38 0.3
Case 7 0.60 0.56 0.52 0.48 0.44 0.40
Case 8 0.73 0.61 0.50 0.43 0.37 0.35
Case 9 0.66 0.57 0.50 045 0.42 0.4
Case 10 0.72 0.56 0.48 0.43 0.41 0.4
Table 4
The simulation results of scenario 1b, positive electrode.
Case study Ecen (W h/kg) Peen (W/kg) Tmax (oC) AT (o)
Reference Case 130.25 694.25 46.30 2.77
1 130.76 696.39 4718 2.92
2 130.52 696.82 47.06 2.92
3 130.69 697.34 47.09 291
4 130.69 696.93 46.93 2.93
5 130.83 696.68 46.90 2.93
6 121.42 658.71 60.02 2.88
7 129.17 689.63 50.35 2.91
8 83.17 665.38 53.33 2.83
9 127.14 681.83 52.98 2.85
10 108.74 632.80 55.42 2.92
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Fig. 5. Spatial distribution of: (a) the reaction current, (b) the local SOC at the positive electrode during the 5C discharge process at t=10s, t=100s,
t=300s, t=500s and t=670s, case 3. x=0 is the separator/electrode interface, while x/L =1 represents the electrode/current collector interface.

In terms of the peak temperature, case 6 is the worst condition, with a 13.72 °C increase in peak temperature. Case 3 has
the highest power density among the test cases. Even though the power variation of the different test cases in group 1 is
almost negligible. The following sub-sections compare in greater depth the reaction current, SOC and heat generation of

case 3 from group 1 with those of the Reference Case during the discharge event.

5.1. Reaction current and SOC

The spatial variation of the reaction current and SOC within the cathode for case 3 is shown in Fig. 5(a) and (b), respec-
tively. At the beginning of the reaction, the reaction current is comparable with that of the Reference Case (see Fig. 3a).
However, as it proceeds to the end of discharge the local variation within the current density increases and generates a
larger charge gradient across the positive electrode.
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Fig. 6. (a) Comparison between heat generation (activation, electronic, ohmic, reversible and total) of case 2 (scenario 1a) and Reference Case, at the
positive electrode; (b) total heat generation of the cells during 5C discharge process.

The same phenomenon is true when reviewing the SOC results. As shown in Fig. 5b, the local variation of SOC for case
3 is much higher compared to the Reference Case (Fig. 3b). This is particularly true at the end of the discharge event and
causes a non-uniform utilisation of the active material which is not desirable. The reason for this is due to the increased local
ionic resistance to the charge transfer within the electrode regions closer to the current collector that exhibit a relatively
high volume fraction of active material.

5.2. Heat generation

Fig. 6a compares the heat generation of the different sources for case 3 with the heat generation modes of the Reference
Case over the same time interval. The values represent the average heat evolution of the positive electrode during the
discharge. The results show that for case 3, the activation heat, the ohmic heat (both ionic and electronic) decreases with
the multi-layered porosity structure that in turn leads to a significant reduction of total heat generation. The ionic heat
which is the major contributor to heat generation decreases by 11-24% compared to the Reference Case during the 5C
discharge process. The reduction in electronic heat is approximately 28-38% over the discharge. From Fig. 6, the activation
heat appears to be unchanged during the electrochemical reaction until t=345s. Immediately after this time, it begins to
increase while in the Reference Case it remains almost constant. The underlying reason for this is because within case 3 the
activation over-potential increases after this point, even though the reaction rate is lower. Combining all the heat generation
modes together, the total heat generation of the positive electrode for case 3 reduces by 4.2-14%, with a time averaged value
of 10.4% compared to the Reference Case presented in Fig. 6a. The heat evolution of the positive electrode is almost 45% of
the total heat generation of the battery as shown in Fig. 6b. considering this, a total heat reduction of 4.2% is obtained for
the whole cell.

6. Simulation results—layered structure of porosity along the electrode height

This scenario elaborates a multi-layered porosity distribution along the z axis of the electrode. Six case studies were
investigated. These can be divided into two groups; group 1 with low & at the top and high &5 at the bottom of the cell
(test cases 1-3) and the second group with a reverse distribution, i.e. with high & at the top and low ¢ at the bottom.
The profile of the porosity from minimum to a maximum value is either linear or non-linear as shown within Table 5. The
average volume fraction of the layers is 0.5, equal to the overall volume fraction of the Reference Case model defined in
Section 3.2.

In general, the test cases from group 1 show an improved battery performance from those represented within group 2,
see Table 6. However, the authors acknowledge that the differences are not significant. The only exception to this is test
case 6 for which the discharge process terminated after a very short time (t=40s) because the terminal voltage of the cell
dropped below the threshold value of 2.5V. It is for this reason that value of E is very low. From the results obtained from
group 1, it seems that the ionic current at the top of the cell where the active volume fraction is maximum is very close to
zero, meaning that the low porosity region is a barrier for ion transport and the electrochemical reaction cannot proceed in
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Table 5

Multi-layered distribution of the active material
volume fraction at the positive electrode across
the height of the cell, case study 2, scenario 2b.

Case study &1 €52 £s3 Esa
y=0 y=H
Case 1 0.7 0.56 0.44 0.3
Case 2 0.6 053 047 04
Case 3 071 049 042 038
Case 4 0.3 044 056 0.7
Case 5 0.4 047 053 06
Case 6 038 042 049 071
Table 6
Simulation results of different test cases, scenario 2b.
Case study Ecen Peey Tinax AT
Reference Case 130.25 694.25 46.30 2.78
1 100.27 694.15 47.40 2.73
12863  689.08  51.89 3.26
2 104.21 694.72 49.42 2.9
3 100.24 693.98 49.54 343
4 128.11 689.04 50.74 6.28
7.90 710.86 29.64 3.07
5 100.27 694.15 47.40 2.73
6 128.63 689.08 51.89 3.26

that region. Among the test cases of group 1, cases 1 and 3 show a significant reduction in energy capability (e.g. 23% and
20%, respectively), while maintaining the same power capability as the reference model case. However, case 2 shows a 0.8%
power reduction compared to the Reference Case while maintaining the same energy. Moreover, case 2 exhibits the highest
temperature within all of the designs options within group 1; equal to 51.9°C—a 12% increase compare to the Reference
Case. The high temperature can partly be attributed to its lower power, as a result of its reduced cell voltage.

Case 2 from group 1 was chosen for further analysis, due to it having the highest specific energy and temperature, and
is explored further in the following sub-sections.

6.1. Reaction current and SOC

Fig. 7(a) and (b) presents the spatial distribution of the internal parameters for case 2, similarly Fig. 7(c) and (d) shows
the spatial variation of the electrochemical parameters for the Reference Case during the 5C discharge process at a time
t=500s. For case 2, the reaction current is minimum at the bottom of the cell where the active volume fraction is highest.
This result is consistent with theoretical predictions; as at higher &5 there is an increased ionic resistance that limits the
rate of the electrochemical reaction. From the results obtained, the current seems almost uniform along the rest of the cell
where the active volume fraction is lower than 0.6. The cathode SOC, Fig. 7(b), shows a large gradient for case 2, in the
order of 53.8% within the electrode that in turn yields a very inconsistent reaction rate as shown in Fig. 7(a). In contrast to
case 2, the local variation of SOC is only 1.3% for the Reference Case, accompanied by a much lower gradient for the reaction
rate across the electrode surface.

6.2. Temperature

The non-homogeneous distribution of the electrochemical parameters within the positive electrode explains the increased
temperature gradient (by approximately 17%) that can be seen in case 2 when compared to the Reference Case. The temper-
ature profile of both cases is shown in Fig. 8. It is noteworthy that with a porosity profile of this shape, not only does the
peak temperature and temperature gradient vary, but also the location of the hot spot moves from the positive tab towards
to the bottom of the cell. This highlights the correlation of the temperature gradient with electrode design.

6.3. Sensitivity analysis

To investigate the sensitivity of the model to the thermal parameters (o, Cp,K), a sensitivity analysis was undertaken.
Model outputs such as the temperature of the cell as well as the location of the hot spot were investigated over a wide
range of thermal parameters (summarised in Table 7). The results show a small variation of temperature versus the thermal
parameters. Moreover, the location of the hot spot was similar to those presented within Section 6.2.
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Fig. 7. The spatial variation of the internal parameters during the 5C discharge, at t=500s for case 2 (a, b), (a) the reaction current, (b) the local SOC, and
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Fig. 8. The temperature profile of the cathode during the 5C discharge, case 2 (a, b), (a) at t=500s, (b) t=670s, Reference Case (c, d), (c) at t=500s, (d)
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Table 7
The results of the sensitivity study of the thermal model versus thermal properties of the positive
electrode, Reference Case.

o Tmax AT G Tmax AT K Tmax AT

(kgm~?) (U (kgk=1)) (W (mK)~")

1000 4695 27 600 466 272 1 4627 272
1500 4628 273 800 4627 272 148 4628 272
2000 4561 274 100 4599 273 10 4620  2.60

7. High energy cell

Nano-sized LFP electrodes are well known for their high power capabilities and the results defined within
Sections 5 and 6 highlight limited improvement for such cells through multi-layered porosity structure. To extend this re-
search a different cell with 53 Ah capacity was investigated for comparison. The detailed study and optimisation of the cell
is defined as a future work, see Section 8. The NMC/graphite cell is made of 111 um positive electrode along with 202 pym
negative electrode. The pertinent design parameters are summarised in Table 8.
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Table 8
Key design parameters of the 53 Ah cell with NMC/graphite chemistry.
Parameter Negative electrode  Separator  Positive electrode
Thickness, L (m) 202 17 11
Particle size, r, (um) 26.2 10.7
Volume fraction of the active material, & 0.58 043
Volume fraction of the electrolyte, €. 0.32 0.32
Table 9

Simulation results of a multi-layered porosity structure across the thickness of the
NMC/graphite cell.

Case StUdy Esnegy €s,pos Ecent Peelt
(Whikg)  (W/kg)
Reference Case Esneg = 0.58, &5pos =043 254.49 1214.9
&1 =0.71
&2 =0.66
_ ) &s3=0.60 _
Case 1 Esneg = feq =055 Es,pos =0.43 275.8 1246.3
&5 =0.50
&s6 =0.45
&1 =0.30
&2 =035
&3 = 0.40
Case 2 sneg =0.58, &5 pos 823 045 242.88 1215.4
&5 =0.51
&6 =0.56
&1 =0.71 &s1 =0.30
&2 =0.66 &2 =035
_ ) &s3=0.60 &3 =0.40
Case 3 Esneg = fog =055 &s.pos foq = 045 271.72 1246.1
&5 =0.50 &5 = 0.51
&s6 =0.45 &6 =0.56

Similar to LFP cells, a multi-layered porosity structure across the electrode thickness is applied for the NMC cell and
three case studies are presented considering a multi-layered anode, a multi-layered cathode and a combination of both. The
case studies and achieved energy and power are presented in Table 9.

The results show that for this specific cell a significant improvement is obtained by a varied porosity structure across the
anode. The improvement can be seen within both the energy and the power characteristics of the cell. The gained energy
and power compared to the Reference Case is around 8.37% and 2.6%, respectively. The cathode varied porosity does not
make an improvement for this cell. One conclusion may be that the porosity structure of the cell is not yet optimised and
therefore there is the potential for a performance improvement.

8. Further work

Further analysis is required to fully understand the causality between the porosity distribution within the electrode and
whether the power capabilities of the cell can be improved without compromising energy density. This study highlights the
effect that a multi-layered porosity structure within the positive electrode may have for different internal parameters as well
quantifying the general performance implications for the battery. While the numerical results presented are only applicable
to the specific battery type employed, the authors assert the modelling approach and rationale are transferable to other cell
types and chemistries. Further research is required to better understand the transferability of these results to larger cells
that have higher energy capacity and increased physical dimensions, potentially operating at higher C-rates. In addition,
extending the parameterisation of the model to take account of different electrode chemistries will further highlight if
the results presented here are representative of a wider cross-section of cell types. As seen from the results, variations
in electrode porosity can impact the value and location of the peak temperature during the discharge event. A further
refinement would be to extend the model to include degradation mechanisms within the cell. Example improvements to
the model would include representing the solid-electrolyte interface (SEI) growth and its effect on the capacity fade within
the battery. Finally, it is suggested that the optimal design should be manufactured, potentially using the new techniques
being developed by Grant et al. [44], accompanied by an experimental evaluation of the optimised cell versus an equivalent
commercially available cell that has been manufactured using traditional electrode formulation methods.
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9. Conclusion

In this study, a 3D electrochemical-thermal model has been developed using COMSOL Multiphysics, in order to investi-
gate the impact of non-homogeneous porosity distribution on cell performance. In order to facilitate a comparison a refer-
ence model has been formulated and validated using published data and experimental results presented by Li et al. [38], for
a 10 Ah LFP pouch cell.

Two different scenarios have been defined to vary the porosity across the thickness or height of the positive electrode.
The scenarios are: (1) a multi-layered structure of the porosity across the electrode thickness and (2) a multi-layered struc-
ture of the porosity across the electrode height. The spatial distribution of the internal parameters such as current density,
SOC, as well as overall cell performance has been investigated for each case study for different discharge currents.

From the results obtained, varying the porosity distribution increases the inhomogeneity of the electrochemical parame-
ters. Even though no significant improvement has been observed for this specific cell type, the simulation results highlight
that a multi-layered porosity distribution along the electrode thickness, with high porosity at the separator/electrode inter-
face, seems to yield the most promising results. For example, case study 2 from scenario 1 showed a reduction in the total
heat generation within cathode by approximately 4.2-14% over the discharge event.

Extending this research further, additional studies are currently ongoing in which more significant results may be ob-
tained, for example, by re-parameterising the model to emulate a cell with a thicker electrode, where the impact of ohmic
resistance is expected to be higher. In addition, it would be more promising to simulate the performance of a larger cell
(both in terms of energy capacity and physical dimensions) operating under a higher C-rate conditions, where the inho-
mogeneity of the cell is known to be more pronounced. While the numerical results presented are only applicable to the
specific battery type employed, the authors assert the modelling approach and rationale are transferable to other cell types
and chemistries. An example of a high energy cell with different chemistry types has been presented in Section 7, showing
a significant potential for improvement.
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