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This article presents the development, parameterization, and experimental validation of a pseudo-three-dimensional (P3D) multi-
physics model of a 350 mAh high-power lithium-ion pouch cell with graphite anode and lithium cobalt oxide/lithium nickel cobalt
aluminum oxide (LCO/NCA) blend cathode. The model describes transport processes on three different scales: Heat transport on the
macroscopic scale (cell), mass and charge transport on the mesoscopic scale (electrode pair), and mass transport on the microscopic
scale (active material particles). A generalized description of electrochemistry in blend electrodes is developed, using the open-source
software Cantera for calculating species source terms. Very good agreement of model predictions with galvanostatic charge/discharge
measurements, electrochemical impedance spectroscopy, and surface temperature measurements is observed over a wide range of
operating conditions (0.05C to 10C charge and discharge, 5°C to 35°C). The behavior of internal states (concentrations, potentials,
temperatures) is discussed. The blend materials show a complex behavior with both intra-particle and inter-particle non-equilibria
during cycling.
© The Author(s) 2019. Published by ECS. This is an open access article distributed under the terms of the Creative Commons
Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse of the work in any
medium, provided the original work is properly cited. [DOI: 10.1149/2.0301913jes]

Manuscript submitted May 14, 2019; revised manuscript received August 2, 2019. Published September 3, 2019.

The macroscopically observable behavior of lithium-ion cells in
terms of current, voltage and temperature dynamics is governed by a
strong coupling of electrochemistry and transport on multiple scales
inside the cell. In order to unravel the impact of the multi-scale and
multi-physical internal processes on macroscopic cell behavior, mod-
eling and simulation techniques have proven highly useful.2 For the
coupling of scales and physics, pseudo-2D (P2D) models are being
used extensively in the lithium-ion cell modeling community, cov-
ering mass transport at the particle scale (referred to as microscale
in the following) and mass and charge transport at the electrode-pair
scale (mesoscale).5,6 These models have been extended by heat trans-
port on the cell scale (macroscale), resulting in P2D+1D,8,9 pseudo-
3D (P3D)1,10,11 or P2D+3D12 models, also referred to as multi-scale
multi-domain (MSMD) models.13

A blend electrode is an electrode with more than one single active
material (AM). Blending of AM is commonly used to tailor the over-
all electrode performance toward specific requirements.14,15 Blends
can be applied both in the positive electrode (e.g., LMO/NMC)16

and the negative electrode (e.g., graphite/silicon).17 The modeling of
lithium-ion batteries with blend electrodes is more complex than those
of single-material electrodes due to both, the requirement of imple-
menting competing charge-transfer reactions, and the increasing ef-
fort for parameter identification. Few models that include blend elec-
trodes were demonstrated before. Albertus18 modified a previously-
developed lithium-ion cell model to treat blend electrodes built with
several compositions of LMO/NCA as AM. In Jung19 a physics-based
dynamic model of lithium-ion cells with LMO/NMC blend cathodes
is presented: the model is able to run simulations under various operat-
ing conditions and is showing a good agreement with the experimental
data. Mao et al.20 developed and adapted a P2D electrochemical model
to describe the performance of an LMO/NMC blend electrode from
a commercial lithium-ion battery: the model is able to simulate non-
uniform size distribution and chemical composition. In a paper from
Rodriguez and Plett,21 a physics-based model inspired by the work
from Albertus18 is developed with the purpose of modeling electrodes
composed of multiple AM. Appiah et al.22 described a multi-scale
mathematical model by employing a P2D approach on coin cells with
LMO/NMC blend cathodes along with capacity-fade simulation and
performance analysis.

The explanatory power of simulations is only significant if the
model is thoroughly validated experimentally. This is true, in partic-
ular, for models that show both, transport complexity (P3D transport)
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and chemical complexity (blend electrode), as studied here. Model-
ing, parameterization and experimental validation are therefore closely
linked, requiring dedicated experiments.23

This article presents the development, parameterization, and exper-
imental validation of a P3D model of a commercial 350 mAh high-
power lithium-ion pouch cell with graphite anode and lithium cobalt
oxide/lithium nickel cobalt aluminum oxide (LCO/NCA) blend cath-
ode. This work introduces the following original features: (i) Com-
bined modeling and experimental study that demonstrate model va-
lidity over a wide range of C-rates and temperatures, both in the time
and frequency domains; (ii) a generalized description of electrochem-
istry in blend electrodes, using the open-source software Cantera24

for calculating species source terms; (iii) systematic parameterization
of electrochemistry and P3D transport using combined literature and
original experimental data. The behavior of internal states during a
discharge/charge cycle is shown and discussed.

Methodology

Investigated cell.—This study is devoted to a commercial 350 mAh
high-power lithium-ion pouch cell by the manufacturer Kokam (type
SLPB283452H). The cell chemistry was identified before as graphite
at the anode and NCA/LCO blend at the cathode.3

P3D model with detailed chemistry.—We use a P3D model that
was developed and parameterized before for representing a lithium
iron phosphate (LFP)/graphite high-power cylindrical cell.1 It was ap-
plied to both aging25 and high-temperature behavior,26 demonstrating
the versatility of P3D models with detailed chemistry. The transport
scales are shown schematically in Figure 1 and combine heat transport
through the cell thickness and holder plates (in this paper referred to
as macroscale or x scale), mass and charge transport inside the liq-
uid electrolyte (mesoscale, y scale), and diffusive mass transport in
the AM particles (microscale, z scale), each solved in 1D and cou-
pled via appropriate boundary conditions and upscaling relationships.
The chemistry is described within a generalized framework allow-
ing an arbitrary number and type of reactions at each of the involved
interfaces. Thermodynamics and kinetics are evaluated with the open-
source software Cantera,24 allowing a consistent definition and simple
exchange of parameters. The model includes a multi-phase descrip-
tion of primary and secondary phases, allowing, for example, to track
gas formation inside the cell. The reader is referred to Refs. 1 for a
detailed model description including all model equations and symbol
definitions.
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Figure 1. Schematic representation of 1D+1D+1D (pseudo-3D, P3D) mod-
eling domain1 with macroscale (x), mesoscale (y) and microscale (z).

In the present work, we extend the model by the capability of
describing blend electrodes, and completely re-parameterize it in order
to represent the target cell.

Blend electrode model.—We generalize the base model1,25 in order
to allow to include an arbitrary number of different AM with individual
geometric, transport and chemical properties in each electrode. We
assume:

• Each electrode (anode, cathode) can have an arbitrary number
of different AM NAM that we describe by a continuous index i. In
the most simple model, NAM = 2 (one at the anode and one at the
cathode). More AM can be used for representing blend electrodes
or for representing particle size distributions (same material, differ-
ent radius). In the present work, i = {NCA, LCO, graphite} and
NAM = 3.

• Each AM consists of two species, lithium Li[AM,i] and vacancies
V[AM,i].

• Each AM consists of spherical particles.

Each AM is characterized by the density ρAM,i, the particle ra-
dius rAM,i, the initial volume fraction εAM,i (note the volume frac-
tion changes during cycling due to expansion upon intercalation),
its location (anode or cathode), a solid-state diffusion coefficient of
lithium DLi[AM,i](XLi[AM,i] ) which depends on the lithium mole fraction
XLi[AM,i], as well as the stoichiometry range the material is balanced
to inside the cell, represented by the parameters X SOC=0

Li[AM,i] and X SOC=1
Li[AM,i].

Furthermore, for the simulation, the number and size of finite-volume
discretization compartments is specified.

Mass conservation within the spherical particle of each AM is de-
scribed by Fick’s law in spherical coordinates using the intercalated
lithium density ρLi[AM,i] as field variable,
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∂t
= 1

r2

∂
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(
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The boundary flux at the particle/electrolyte interface is given as25
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ṡV

Li[AM,i] · MLi[AM,i]

− ρLi[AM,i]

ρAM,i
ṡV
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where, the AM specific surface area AV
AM,i is given as

AV
AM,i = 3

rAM,i
, [3]

and ṡV
Li[AM,i] and ṡV

V[AM,i] are the volumetric source terms for lithium
and vacancies, respectively. The generalized flux expression 2 allows

to distinguish between intercalation reactions and AM loss reactions
in case of more complex kinetic models.25 At the particle center,

jLi[AM,i]

∣∣
r=0

= 0. [4]

Note we define the z scale inverse to the radial scale (cf. Figure 1).
The degree of lithiation can be either described by the lithium density
ρLi[AM,i] or the lithium mole fraction XLi[AM,i], which can be intercon-
verted according to

XLi[AM,i] = ρLi[AM,i]

ρLi[AM,i] + MLi[AM,i]
MV[AM,i]

(
ρAM,i − ρLi[AM,i]

) . [5]

We obtain the species source terms ṡV
Li[AM,i] and ṡV

V[AM,i] from Cantera,24

which is our dedicated tool for electrochemical thermodynamics
and kinetics. Specifically, the local thermodynamic state in terms of
temperature, pressure, electrode potential, electrolyte potential, and
lithium mole fraction at the particle surface is passed to Cantera, which
returns species net production rates. Cantera’s internal calculation is
based on a library of thermodynamic and kinetic parameters of all
involved phases, species, interfaces, and reactions, the parameteriza-
tion of which will be described below. A more detailed insight into
the models implemented in Cantera is given by Mayur et al.27 and
therefore not repeated here. For the blend electrode, we assume that
the local temperature, pressure, electrode potential, electrolyte poten-
tial, as well as electrolyte composition are identical for all AM in the
blend. Therefore, the blend components are thermodynamically and
kinetically coupled.

Macroscopically we are often interested in the state of charge
(SOC). For each individual AM, the SOC is given by

SOCi = X̄Li[AM,i] − X SOC=0
Li[AM,i]

X SOC=1
Li[AM,i] − X SOC=0

Li[AM,i]

, [6]

where, the average lithium mole fraction follows from integration of
the density over the particle volume,

ρ̄Li[AM,i] = 3

r3
AM,i

∫ rAM,i

0
ρLi[AM,i] (r) r2dr, [7]

and using Eq. 5. The overall SOC of an electrode results from a
weighted average of the SOCs of the individual AM,

SOCelde =
∑NAM,elde

i=1

(
SOCi · CV
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)
∑NAM,elde

i=1

(
CV
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) . [8]

The individual overall capacity CV
AM,i of the AM i in the electrode (in

C/m3) is given as

CV
AM,i = ziFεAM,i

ρAM,i

MLi[AM,i]

∣∣X SOC=1
Li[AM,i] − X SOC=0

Li[AM,i]

∣∣ . [9]

Simulation methodology.—The P3D model with blend electrode
functionality presented above is implemented in the in-house mul-
tiphysics software package DENIS (Detailed Electrochemistry and
Numerical Impedance Simulation)1 and numerically solved using the
implicit time-adaptive solver LIMEX.28,29 The spatial derivatives were
discretized in a finite-volume scheme, using 20, 19 and 11 non-
equidistant control volumes on the x, y and z scales, respectively. The
cell is represented by one single electrode pair.

The chemistry is based on the use of the open-source chemical
kinetics code Cantera,24 enabling the thermodynamically consistent
description of the blend electrode. Cantera is coupled to the DE-
NIS transport model via the chemistry source terms.27 For the three
AM (NCA, LCO, graphite) we use Cantera’s BinarySolutionTabulat-
edThermo class. The electrolyte phase is described through the Ide-
alSolidSolution class, with the standard concentration set to a unity
value.

MATLAB (version 2019a) is the chosen interface for controlling
all DENIS simulations, as well as for data evaluation and visual-
ization. Electrochemical impedance simulations were performed us-
ing a current step/voltage relaxation protocol and subsequent Fourier
transform.30
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Table I. Thermodynamic properties of all species included in the model.

Species Molar enthalpy hi/kJ�mol−1 Molar entropy si/J�mol−1�K−1 Reference

Li[LCO] See Figure 2a See Figure 2a 3,27,31,32
V[LCO] 0 0 Reference value
Li[NCA] See Figure 2b See Figure 2b 3,27,33,34
V[NCA] 0 0 Reference value
Li[C6] See Figure 2c See Figure 2c 3,27,35,36
V[C6] 0 0 Reference value
C3H4O3[elyt] −578∗ 175∗ 66
C4H8O3[elyt] 0 0 Dummy value (not chemically active)
Li+[elyt] 0 0 Assumed
PF−

6 [elyt] 0 0 Dummy value (not chemically active)

∗Values are assumed T-dependent,66 here given at 298 K.

Experimental methodology.—Cell-level experiments were carried
out in order to obtain model parameters and validation data. Electrical
cycling tests (BaSyTec GSM) were carried out with two individual
cells at different ambient temperatures (5°C, 20°C, 35°C, CTS T-
40/200 Li climate chamber) and at different C-rates between C/20 and
10 C with CCCV protocol (3.0 V and 4.2 V cutoff voltages, C/20 CV
cutoff current, 30 min rest). Electrochemical impedance spectra were
recorded (Gamry Reference 3000) at different SOC (20%, 50%, 80%
only at 20°C) and the same ambient temperatures. For well-defined
mechanical boundary conditions, the investigated cell was placed be-
tween two aluminum plates under mechanical load (50 000 N/m2).
Temperature was measured on the surface of the aluminum plate. One
individual cell was opened in order to investigate internal geometry
and morphology; the methodology and resulting data are given in de-
tail by Mayur et al.3

Model Parameterization

We introduce and present a systematic approach toward model
parameterization.

Cell at thermodynamic equilibrium.—The base parameters
needed for the lithium-ion battery model are those that are associ-
ated with the thermodynamic equilibrium, that is, that describe the
open-circuit voltage V 0 as function of charge throughput Q. Param-
eters related to nonequilibrium effects such as transport on multiple
scales and finite reaction kinetics can only be identified reliably if the
equilibrium behavior is modeled correctly.

We start by collecting molar thermodynamic properties (molar en-
thalpies h0

Li[AM,i] and molar entropies s0
Li[AM,i]) of intercalated lithium in

the AM NCA, LCO and graphite. They are calculated from literature
experiments of half-cell potential vs. lithium metal E eq

AM,i and their tem-
perature dependence E eq

AM,i/dT , including a correction for the entropy
of the lithium metal counter electrode.27 Data were selected and pro-
cessed for LCO,31,32 NCA33,34 and graphite.35,36 The resulting molar
thermodynamic data are shown in Figure 2. We furthermore collected
molar thermodynamic data for all other species present in the model.
They are summarized in Table I. They form the thermochemical basis
of the model.

Apart from the chemical thermodynamics, the V 0(Q) behavior de-
pends on the available electrode capacity and electrode balancing,
which are governed by electrode volume, volume fraction of AM, den-
sity of AM, and the stoichiometry range the AM are cycled in. Here we
apply the methodology developed by Mayur et al.3 for self-consistent
parameter identification as follows. An experimental charge/discharge
cycle at low C-rate (here: C/20) is recorded. The cell is opened and
the thicknesses of the electrodes and total electrode area are mea-
sured. Modeled V 0(Q) curves are compared to the experimental cycle
data, and volume fractions and stoichiometry ranges of all AM are
identified through mathematical optimization. The resulting parame-

Figure 2. Molar enthalpies and entropies of intercalated lithium within the
three AM (a) LCO, (b) NCA and (c) graphite. The vertical dashed lines indicate
the stoichiometry ranges for every AM, as obtained through optimization. See
text and Ref. 3 for details.
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Table II. Properties of all bulk phases included in the model.

Layer Phase Initial volume fraction ε Density ρ/kg·m–3
Species
(initial mole fraction X) Reference

Cathode LCO 0.2856 4790 Li[LCO], V[LCO] (depends
on SOC)

3

NCA 0.2368 3900 Li[NCA], V[NCA] (depends
on SOC)

3

Electrolyte 0.2976 1270 C3H4O3[elyt] (0.52),
C4H8O3[elyt] (0.34),
Li+[elyt] (0.07), PF−

6 [elyt]
(0.07)

Assumed 1.0 M LiPF6 in
EC/EMC = 50/50 v/v

Gas phase 0.030 From ideal gas law N2 (1) Assumed
Electron conductor 0.150 2000 Carbon, electron Assumed graphite

Separator Separator 0.567 777 Assumed
Electrolyte 0.470 1270 same as at cathode
Gas phase 0.030 From ideal gas law N2 (1) Assumed

Anode C6 0.5073 2270 Li[C6],V[C6] (depends on
SOC)

3

Electrolyte 0.4526 1270 same as at cathode
SEI 0.0008 130068 (CH2OCO2Li)2 Assumed∗

0.0092 2100 (Li2CO3) Assumed∗
Gas phase 0.030 1.1469 N2 (1) Assumed

∗SEI species included as placeholder for future investigations.

ters are included in Table II and in the following Tables. Furthermore,
Table II defines all phases and species assumed in both electrodes and
separator.

This concludes the identification of parameters required for de-
scribing the equilibrium case. We next determine transport parame-
ters on macro-, meso- and microscale and finally the reaction kinetic
parameters.

Macroscale: thermal parameters.—All geometrical and transport
parameters of the macroscale (cell scale) are summarized in Table III.
For the heat transport the main parameters are thermal conductivity
and heat capacity of the used materials. The heat capacity for a sim-
ilar battery with LCO/NCA blend cathode and graphite anode was
determined by Loges et al.37 Values between 0.9 J/(g·K) at 0°C up
to 1.05 J/(g·K) at 50°C have been measured, therefore we decided
to use 0.95 J/(g·K) as temperature-independent value. To our knowl-
edge no values for the heat conductivity of cells with blend cathode
(LCO/NCA) and graphite anode have been published, therefore we
assumed 0.9 W/(m·K) as through-plane heat conductivity as typical
value for a lithium-cell.38

In order to allow for a direct comparison to experiments, it is also
required to simulate the aluminum holder plates as thermal surround-

ings of the cell. The thermal parameters for aluminum were taken from
literature. The heat transfer coefficient between aluminum plates and
surrounding was obtained by fitting simulated temperature decay to
experimental data. It should be noted that the aluminum plates had
larger lateral dimensions (5.8 × 5.0 cm) than the cell (5.2 × 3.35 cm).
This 3D effect cannot be described by the present 1D model. In or-
der to compensate for 3D effects, the plate thicknesses and the heat
transfer coefficient were adjusted, leading to larger values for these
parameters used in the 1D model.

Mesoscale: electrolyte transport model and parameters.—All ge-
ometrical and transport parameters of the mesoscale (electrode pair)
are summarized in Table IV. According to the cell data sheet, the elec-
trolyte is composed of EC, EMC, and LiPF6; the exact composition is
unknown. Table V gives an overview of available literature data of con-
ductivity as function of lithium ion concentration and/or temperature
for this electrolyte system. We use an electrolyte transport model based
on dilute solution theory,1 but use concentration-dependent diffusivi-
ties (accounting for the interaction between the ions in the concentrated
solution). The main reason not to apply the commonly-used concen-
trated solution theory6,8 is the higher complexity of parameterization,
which is not feasible as the exact nature of the present electrolyte is
unknown.

Table III. Macroscale: Geometric and thermal parameters.

Parameter Domain Value Reference

Thickness Left aluminum plate 0.0083 mm Measured∗
Thickness Cell 3 mm Measured
Thickness Right aluminum plate 0.019 mm Measured∗
Active electrode area Ae Cell 0.02883 m2 Measured3

Thermal conductivity λ Left/right aluminum plate 237 W·m–1
·K–1 70

Thermal conductivity λ Cell 0.9 W·m–1
·K–1 38

Heat capacity ρcP Left/right aluminum plate 0.897 J·g–1
·K–1 70

Heat capacity ρcP Cell 0.95 J·g–1
·K–1 37

Heat transfer coefficient α Aluminum plate surface 157 W·m–2
·K–1 Measured∗

Emissivity ε Aluminum plate surface 0.15 71

∗Values include correction for 1D computational domain.
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Table IV. Mesoscale: Geometry and transport parameters of the electrode-pair scale.

Parameter Value Reference

Thickness of cathode 32.9 μm Measured3

Thickness of separator 15.7 μm Measured3

Thickness of anode 49.1 μm Measured3

Tortuosity of cathode τ 1.35 Calculated from Bruggeman relationship
Tortuosity of separator τ 1.21 Calculated from Bruggeman relationship
Tortuosity of anode τ 1.22 Calculated from Bruggeman relationship
Diffusion coefficients DLi+ , DPF−

6
See Eqs. 13 and 14 See Section Mesoscale: Electrolyte transport model and parameters

Specific surface area LCO/electrolyte AV 6.67 � 105 m2/m3 3εAM/rAM , rAM from Table VI1

Specific surface area NCA/electrolyte AV 4.28 �106 m2/m3 3εAM/rAM , rAM from Table VI1

Specific surface area graphite/electrolyte AV 2.79 � 105 m2/m3 3εAM/rAM , rAM from Table VI1

Anode double layer capacitance CV
DL 1.5·104 F·m–3 Fitted to EIS data

Cathode double layer capacitance CV
DL 2.8·105 F·m–3 Fitted to EIS data

Ohmic resistance of current collection system R0
cc 3.648·10−1 mΩ·m2 Fitted to EIS data

Slope αcc (ref. T = 293 K) −0.009 Fitted to EIS data
Electrical conductivity of the SEI layer σSEI 1.0·10−5 S/m Assumed52

Graphite stoichiometry range XLi[C6] (0…100% SOC) 0.0180…0.6186 Optimization3

LCO stoichiometry range XLi[LCO] (0…100% SOC) 0.9922…0.4487 Optimization3

NCA stoichiometry range XLi[NCA] (0…100% SOC) 0.8033…0.1876 Optimization3

The input parameters to the model are the diffusion coefficients
of Li+ and PF−

6 including their concentration and temperature depen-
dencies. We determine these from literature measurements of the ionic
conductivity σ as function of concentration and temperature, and the
transference number t+. The definition of the transference number,39,40

t+ = DLi+(
DLi+ + DPF−

6

) , [10]

and the Nernst-Einstein equation41 in the limit of infinite dilution (non-
interacting ions),

σ = z2F 2

RT
· cLiPF6 ·

(
DLi+ + DPF−

6

)
, [11]

provide the necessary relationships. We assume a simple exponential
dependence of the diffusion coefficients on ion concentration,

DLi+ = a1exp (−a2cLi+ ) and DPF−
6

= a3exp
(
−a2cPF−

6

)
. [12]

We further assume an Arrhenius-type dependence on temperature
and take an activation energy of Eact = 17.20 kJ/mol from Zhang
et al.7 in the range of –20/+62°C (cf. Table V), which is similar to
the value found by Ecker et al.35 of about 17.12 kJ/mol. Further as-
suming a (concentration-independent) value for t+ = 0.30,4 Eqs. 10
and 11 were used to fit the parameters a1, a2 and a3 in Eq. 12 to the
concentration dependence of conductivity measured by Nyman et al.4

at 298 K. The resulting expressions are,

DLi+ = 2.06 · 10−10 m2s−1 · exp
(
− cLi+

1000 mol m−3

)

· exp

(
− 17.20 kJ mol−1

R

(
1

T
− 1

298 K

))
, [13]

DPF−
6

= 4.81 · 10−10 m2s−1 · exp

(
−

cPF−
6

1000 mol m−3

)

· exp

(
− 17.20 kJ mol−1

R

(
1

T
− 1

298 K

))
. [14]

The results of this model are shown in Figure 3. Figure 3a shows mod-
eled and experimental electrolyte conductivity as function of concen-
tration at 298 K. The model is correct for concentrations < 1.5 mol/l
and deviates increasingly from experiments for higher concentrations.
This is due to the fact that the underlying Equation 11 assumes dilute
solution. Figure 3b shows the temperature dependence of conductiv-
ity at 1 mol/l. The model is able to correctly describe the temperature
dependence over a wide range between 253 and 335 K. Note that
the diffusion coefficients derived such represent bulk electrolyte prop-
erties. In the porous electrodes and separator, they are corrected for
porosity εelyt and geometric tortuosity τelyt according to

Deff = εelyt

τ2
elyt

D. [15]

Connected to a proper parametrization of the electrolyte is the
choice of a correct parameterization for the ohmic resistance of the
current collection system, which in the present model is represented
by a global resistance Rcc. We assume an empirical temperature de-
pendence according to

Rcc (T ) = R0
cc · [1.0 + αcc · (T − 293)] , [16]

where the temperature dependence is described by using a slope αcc

with a reference temperature of 293 K. The parameters R0
cc and αcc

were obtained by comparing simulated and experimental ohmic part
of the impedance ROhm (i.e., Z ′ at a high frequency for which Z ′′ = 0).
This value is related to both electrolyte resistance in the separator,

Table V. Literature conductivity data for EC/EMC/LiPF6 electrolytes at 1 mol/l. For Zhang et al., activation energies are given for different
temperature ranges, as indicated in the table.

Reference Electrolyte Conductivity Activation energy (Eact)

Nyman et al. (2008)4 EC:EMC 3:7 wt 0.95 S/m (25°C)
Zhang et al. (2002)7 EC:EMC 3:7 wt 0.80 S/m (21°C) 17.20 kJ/mol (−20°C/62°C)

0.95 S/m (30°C) 15.30 kJ/mol (0°C/62°C)
26.70 kJ/mol (−50°C/-10°C)

Ecker et al. (2015)35 EC:EMC 1:1 wt 0.96 S/m (25°C) 17.12 kJ/mol
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Figure 3. Electrolyte conductivity (a) as function of concentration for T =
298 K (experiments from Nyman et al.4) and (b) as function of temperature
at c = 1 mol/l (experiments from Zhang et al.).7 The lines show the model
prediction according to Eqs. 13, 14 and 11. (c) o resistance ROhm as sum of
Rsep and Rcc for different temperatures at 50% SOC.

Rsep, and the current collection system Rcc according to

ROhm = Rsep + Rcc. [17]

Figure 3c shows the simulated and experimental ROhm as well as its
contributions according to Eq. 17 at different temperatures (5°C, 20°C
and 35°C). In our model the separator is thin and has a low tortuosity
value, consequently we see Rsep being lower than Rcc. The fitted value
of αcc = −0.009 is slightly negative.

Figure 4. Solid-state diffusion coefficients of lithium within the three AM (a)
LCO, (b) NCA, (c) graphite at 20°C.

Microscale: solid-state transport parameters.—All geometrical
and transport parameters of the microscale (AM particle) are summa-
rized in Table VI. Lithium diffusion inside the AM strongly influences
cell behavior. We applied a literature research for concentration- and
temperature-dependent diffusion coefficients and measured the aver-
age particle size via scanning electron microscopy (SEM).3 Figure 4
shows diffusion coefficients of intercalated lithium as function of in-
tercalation stoichiometry for the three AM. Values in literature vary
strongly, and our present choice has been carefully taken after review-
ing several sources and considering data completeness.

For LCO, average diffusion coefficients vary from experimen-
tally measured 10−16 m2/s in Xia et al.42 to 10−11 m2/s in Doyle and
Fuentes.43 Sato et al.44 report values varying from 10−13 to 10−16 m2/s
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Table VI. Microscale: Transport parameters of lithium within the AM particles.

Parameter Value Reference

Radius of cathode particles rLCO 4.5 · 10−6 m Measured3

Diffusion coefficient of Li in LCO DLi, LCO See Figure 4a Calculated50 + activation energy51

Radius of cathode particles rNCA 0.7 · 10−6 m Measured3

Diffusion coefficient of Li in NCA DLi, NCA See Figure 4b Measured55 + activation energy53

Radius of anode particles rC6 1.075 · 10−5 m Measured3

Diffusion coefficient of Li and graphite DLi,C6 See Figure 4c Measured62 + activation energy35

by changing the transient method used for the measurement. Most
commonly reported is a diffusion coefficient around 10−13 m2/s.45–49

We decided then to use as reference the work from Van der Ven,50 in
which the LCO diffusion coefficients have been calculated over the
complete intercalation stoichiometry range by using first-principles
electronic structure methods in combination with Monte Carlo simu-
lations. This data is shown in Figure 4a. Being obtained at T = 300 K,
we included an Arrhenius-type temperature dependence with an acti-
vation energy of 28.95 kJ/mol as average of the various results obtained
from Okubo et al.51

For NCA, reported diffusion coefficients values are more
consistent,52–54 with experimentally measured values in the
10−14−10−15 m2/s range. Here we chose the work from Dees et al.,55

shown in Figure 4b, where GITT and EIS experiments have been con-
ducted over a nearly complete intercalation stoichiometry range. As
for LCO, we included an Arrhenius temperature dependence with an
activation energy of 115.78 kJ/mol as found by Amin.53

For graphite, diffusion coefficients vary greatly according to the
characteristics of the material. Similar values around 10−15 m2/s
were observed with different techniques by different authors.56–59

Other authors60,61 find slightly lower values in the so-called “natu-
ral graphite”. Finally, we took as reference the work from Levi,62

where the diffusion was investigated using both PITT and EIS tech-
niques. The values are shown in Figure 4c. They were also used in the
models by Kupper.1 An activation energy of 44.0 kJ/mol was used,
as average between the two values experimentally measured (respec-
tively with GITT - 48.9 kJ/mol - and EIS - 40.8 kJ/mol - methods)
in Ecker et al.35

Electrochemical parameters.—The electrochemical parameters
include the rate coefficients of the three charge-transfer reactions
(LCO, NCA and graphite), their activation energies, as well as double-
layer capacitances of both electrodes. These parameters were obtained
by fitting simulated EIS data to experimental values at two different
SOC (20%, 50%) and three different temperatures (5°C, 20°C, 35°C).
The two SOC values were chosen for maximizing sensitivity toward
the two blend cathode components (LCO, NCA). The activation ener-
gies were obtained from Arrhenius plots. The resulting values of the
double layer capacitances are included in Table IV. The electrochemi-
cal rate coefficients for all AM are reported in Table VII. The resulting
EIS fits will be discussed below.

Within the blend cathode, the two electrochemical reactions of
LCO and NCA are assumed to take place in parallel. This allows the
independent intercalation or deintercalation of the individual AM, the
relative rates of which are governed by the differences in the respective
rate constants. When the cell is at rest, the two reactions still can take
place in parallel; as the overall cell current is zero at rest, electrons
produced by one reaction must be consumed by the other reaction
either at the same or at different local positions (on the y scale), giving
rise to inter-particle equilibration processes.

Results and Discussion

Thermo-electrochemical behavior over wide operation range.—
In Figure 5 to Figure 7 we show the macroscopically observable
thermo-electrochemical behavior of the cell both in the frequency and
time domains, which we use to compare to experimental data.

Figure 5. Experimental and simulated electrochemical impedance spectra for varying SOC at different temperatures (a,b) 5°C, (c,d) 20°C, (e,f) 35°C in both
Nyquist (a,c,e) and Bode (b,d,f) representations.
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Table VII. Interfacial chemical reactions and rate coefficients, as obtained from fitting to EIS experiments. The symmetry factors are assumed.

Exchange current Activation energy Symmetry
Interface Reaction density factor i00/A · m−2 Eact,f /kJ�mol−1 factor αf

LCO/electrolyte Li+[elyt] + e– + V[LCO] � Li[LCO] 8.20 � 1012 72.32 0.5
NCA/electrolyte Li+[elyt] + e– + V[NCA] � Li[NCA] 2.63 � 1010 61.01 0.5
Graphite/electrolyte Li+[elyt] + e– + V[C6] � Li[C6] 8.84 � 1014 77.05 0.5

A comparison of EIS simulations and measurements is shown in
Figure 5. Simulations were carried out for frequencies from 10−3 Hz
up to 105 Hz, SOCs of 10%, 20%, 50%, 80% and 90%, and tem-
peratures of 5°C, 20°C and 35°C. Experiments were taken only at
20% and 50% SOC and, at 20°C, also at 80% SOC. Before discussing
the similarities and differences between experimental and simulated
impedance spectra, it should be repeated (cf. above) that the only
free fit parameters were the exchange current density factors i00 and
activation energies Eact,f of the three charge-transfer reactions (cf.
Table VII) as well as double-layer capacitances for both electrodes
(cf. Table IV). All other model parameters were kept constant, in-
cluding the diffusion coefficients. Furthermore, the EIS behavior is
constrained by the physicochemical model. For example, despite its
complexity and spatial resolution, the model generates perfect semi-
circles (as opposed to depressed semi-circles) for the electrodes. This is
a typical illustration of the general difference between physicochem-
ical models (many parameters but constrained by physical meaning
and therefore often lesser agreement with experiment) and equivalent
circuit models (fewer parameters, but more empirical and therefore
often better agreement with experiments).

In Figure 5, both experiment and simulation show three features:
(i) a small semi-circle at high frequency (approx. 100 Hz) which can
be assigned to the anode charge-transfer reaction and double layer,
(ii) a larger, overlapping semi-circle at medium frequency (approx.
10 Hz) which can be assigned to the cathode charge-transfer reaction
and double-layer, and (iii) a Warburg-type feature at low frequency
(<0.1 Hz) which can be assigned to lithium diffusion in the AM. There
is qualitative agreement between model and experiment concerning
the magnitude, frequency, temperature- and SOC-dependence of these
features.

The simulations distinctly disagree with the experiments at low
frequencies. They underpredict the Warburg branch and show a strong
additional increase of the negative imaginary part toward very low
frequencies (<1 mHz) which is not present in the experiments. These
results indicate that the solid-state diffusion coefficients used in the
model are too high and have an incorrect stoichiometry and temper-
ature dependence in comparison to the present experiments. Still, the
diffusions coefficients used in the model were carefully selected based
on an extensive literature review (cf. microscale parameterization
Section). Most likely, the materials used in literature are different
from those used in the present cell; the large scatter of diffusion
coefficients observed in literature indicate that differences in the
production process may indeed have a strong impact on particle-scale
diffusion. Also morphology has a strong impact on diffusion behavior,
where the present assumption of ideal spherical particles is clearly
different compared to the true morphology observed by SEM.3

The improvement of the diffusion model is out of scope of the
present study. Simple fitting of the diffusion coefficients is not pos-
sible, because the observed Warburg branch is a superposition of the
diffusion of all three active materials and their different contributions
could not be separated. The measurement of diffusion coefficients in
the materials of the target cell is complex and requires dedicated exper-
iments (disassembly of the cells, separation of the electrodes, assembly
of half cells and measurement of diffusion via GITT, PITT or EIS)63

and still probably would not be able to differentiate the blend materi-
als. The integration of a more realistic morphology in the present P3D
model (e.g., by using particle size distributions) represents a major
model extension,64 coming along with the need of additional parame-
ters. Having thus recognized the challenge of diffusion modeling, an

improved parameterization and/or model extension will be subject of
our future studies.

We will next discuss the time-domain behavior. In Figure 6 simu-
lated CCCV discharge-charge cycles are compared with experimen-
tal data at different temperatures and C-rates. The results of our

Figure 6. Experimental and simulated CCCV discharge/charge cycles at (a)
5°C, (b) 20°C, (c) 35°C.
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Figure 7. Experimental and simulated cell surface temperature. (a,b,c) different C-rates at (a) 5°C, (b) 20°C, (c) 35°C ambient temperature. (d-e) different ambient
temperatures at (d) 2C, (e) 5C, (f) 10C.

simulations show a very good agreement with experiments at all C-
rates (here from 0.05C to 10C) and shows a high reproducibility even
at different temperatures. Therefore, using a suitable set of thermody-
namic data and parameterizing the kinetics with EIS for all the three
AM, our model is able to simulate the behavior of the experimental
cell over the complete investigated range of C-rates and temperatures.

Figure 7 shows the temperature of the aluminum plate surface dur-
ing the CCCV cycles for all investigated C-rates and temperatures.
Again, simulations are compared to experimental data, and both show
a very good agreement over the complete investigated range of con-
ditions. Simulations quantitatively reproduce the height and shape of
temperature peaks during both charge and discharge, including the
cooling during rest. The temperature increase is rather small (<1.5°C
even at 10C), which is owed to the high heat capacity of the large
aluminum end plates in comparison to the relatively small cell heat
capacity. It is interesting to note that the temperature shows a signifi-

cant difference between charge and discharge. This is caused by both
the reversible heat production (resulting in heat consumption during
charge) and the more extended CV phase during charge.

Overall, the macroscopic thermo-electrochemical behavior of the
virtual cell is good agreement with experimental data over the com-
plete investigated range of SOCs, C-rates and temperatures both in
the time-domain and frequency-domain. It is worth noting that this is
achieved with one single set of model parameters. The main discrep-
ancy overserved is the low-frequency EIS behavior associated with
solid-state diffusion. A more detailed investigation has to be subject
of future studies. Nevertheless, we believe that the model can be con-
sidered as validated. It will be used in the following to analyze internal
states not observable by macroscopic measurements.

P3D distribution of internal states.—The model allows insight
into internal states of the cell on all pseudo-three-dimensional scales,
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Figure 8. Macroscale: Simulated temperature distribution for a 5C CC discharge, 1 h rest, CCCV charge at 20°C ambient temperature.

which will be discussed in this Section. All data show a 5C CC
discharge, 1 h rest, and 5C CCCV (C/20 cutoff) charge at 20°C ambient
temperature, starting from a fully-charged cell.

On the macroscopic scale (cell and aluminum plates), the tempera-
ture profiles are shown in Figure 8. Here and throughout the remainder
of this Section, the left panels show the 5C CC discharge, the mid-
dle panels the rest phase, and the right panels the 5C CCCV charge.
During the discharge a temperature increase up to 1.5 K is present
within the cell. Caused by the different thickness of the aluminum
plates, also a temperature difference of 0.48 K between the left (x =
5 mm) and right (x = 8 mm) interface between aluminum plate and
cell is observed. A nearly isothermal behavior is visible within the
aluminum plates due to their comparatively high thermal conductiv-
ity. The temperature difference within the cell itself reaches 0.52 K at
the end of the discharge. The temperature difference inside the cell is

quite low in comparison to Erhard et al.65 who measured up to 5 K
difference between center and surface of a LFP/graphite cylindrical
cell. This is mainly caused by the different dimension of the used cells
and the presence of the aluminum plates which result in a very high
heat capacity of the system and therefore the introduced heat in com-
parison to the heat capacity of the system is much lower. During the
1 h rest (Figure 8, middle panel), the temperature completely relaxes
to ambient temperature. During charge (right panel), the temperature
increase is lower than during discharge, as already discussed above
(Figure 7).

On the mesoscopic scale (electrode pair), the spatiotemporal be-
havior of the internal states is shown in Figure 9. The concentration
of Li+ and PF−

6 ions (both with identical value, in respect of charge
neutrality) in the electrolyte during discharge is shown in Figure 9a. A
gradient is visible between negative electrode (high concentration) and

Figure 9. Mesoscale: Simulated distribution of (a) lithium ion concentration in the electrolyte, (b) ionic potential of the electrolyte (normalized to the center of
the separator), and (c) average lithium bulk stoichiometry in the AM for a 5C CC discharge, 1 h rest, CCCV charge at 20°C.
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positive electrode (low concentration), consistent with the formation
and consumption of Li+ at the anode and at the cathode, respectively.
After a fast-initial variation, concentrations keep quite stable during all
the CC discharge. Figure 9b shows the electric-potential distribution in
the electrolyte. The potential was normalized to the value at the center
of the separator to make the small gradient (ca. 10–20 mV) visible.
The potential is increasing from the positive to the negative electrode,
as expected, with a spatial gradient visible inside both electrodes and
a small temporal gradient toward more negative values in the most
outside layers of the cathode. Added to the diffusive flux originating
from the concentration gradient (Figure 9a), Li+ is here driven by a
migration flux in the same direction from the negative to the positive
electrode. For PF−

6 , the migration flux due to the potential gradient is
in the opposite direction and cancelled by the diffusive flux, resulting
in a net zero flux for the PF−

6 ion. The combined fluxes thus satisfy the
conditions for both charge neutrality and net Li+ transport. Figure 9c
shows the lithium stoichiometry in the AM (LCO and NCA on the left
and graphite on the right). At the positive electrode, the stoichiom-
etry increases (lithium intercalation), while at the negative electrode
it decreases (lithium de-intercalation) during the complete discharge
period. The data show a spatial gradient of the stoichiometry – that is,
a spatial distribution of the local SOC – which is more pronounced at
the positive electrode for LCO than for NCA, with the highest values
close to the separator interface. At the end of the CC discharge, the
stoichiometry limits have not yet been reached for all the AM, as we
can see by comparison with the stoichiometry range in Table IV.

A rest phase follows the CC discharge and is illustrated in
Figures 9d, 9e, 9f. The ion concentration and the electric-potential
distribution quickly relax to a spatiotemporally constant value, while

slow changes are observed in the lithium stoichiometries in the cath-
ode. These are related to the equilibration of the two blend components
(NCA and LCO), which will be further discussed below. At the same
time, a small internal spatial rearrangement is visible at the graphite
anode from the layers close to the current collector to the ones at
the electrode/separator interface. Figures 9g, 9h, 9i show the behav-
ior during CCCV charge. For the Li+ concentration (Figure 9g), the
situation is reversed to what seen in Figure 9a, with the high values
from Li+ formed at the cathode and low values from Li+ consumed
at the anode, progressively decreasing to the equilibrium value dur-
ing the CV phase. The electric potential (Figure 9h) shows a similar
behavior. Figure 9i shows the complete de-intercalation of LCO and
NCA to the lower stoichiometry limits, while the graphite gets well
intercalated at the anode. A spatial gradient is here clearly visible in
both electrodes, being present in the graphite anode even at the end of
charge, indicating that the cell is not completely equilibrated at end of
the CV phase.

Finally, on the microscopic (particle) scale, Figure 10 shows the
distribution of lithium stoichiometries inside the AM particles. These
data were taken for particles close to the electrodes/separator interface
(y = 32.9 μm for the cathode and y = 48.6 μm for the anode). During
the CC discharge, the distribution of lithium stoichiometry inside LCO
(Figure 10a) is spatially quite uniform for most of the discharge and
shows only slight gradient with higher values at the particle surface
(z = 0 μm) toward the end of discharge. NCA (Figure 10b) also shows
a spatially uniform distribution but is only partially intercalated and
reaches a maximum stoichiometry of 0.675 at the particle surface,
rather inferior to the stoichiometry limits. The stoichiometry of lithium
in graphite (Figure 10c) continuously decreases during CC discharge,

Figure 10. Microscale: Simulated distribution of intercalated lithium stoichiometry inside AM particles of (a) LCO, (b) NCA, (c) graphite for a 5C CC discharge,
1 h rest, CCCV charge at 20°C. The data were taken for particles close to the electrode/separator interfaces.
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starting at the particle surface and showing a strong spatial gradient
of the stoichiometry with no de-intercalation happening at the center
of the particle (∼10 μm).

The rest phase (Figures 10d, 10e, 10f) is showing stoichiometry
rearrangements both within the particles as well as between the parti-
cles in the blend cathode, as similarly seen in Figure 9f at the electrode
pair scale. In Figure 10d we see LCO spatial gradient slowly disap-
pearing to reach finally a uniform higher stoichiometry value of 0.98.
An equilibrium is reached internally to the positive electrode, with
NCA particles (Figure 10e) getting de-intercalated to a spatially uni-
form lower stoichiometry on behalf of LCO, which will be further
discussed below. In graphite (Figure 10f), the lithium stoichiometry
rearranges to reach a spatially uniform value, with a strong decrease
in the particle center on behalf an increase in in the outer regions.

During CCCV charge (Figures 10g, 10h, 10i), the behavior for
all the particles is similar than during discharge, however with oppo-
site gradients. However, intra- and inter-particle equilibration already
starts during the decreasing current of the CV phase. At the end of the
CV phase, NCA and LCO are almost under equilibrium, while strong
gradients remain within the graphite particles.

Blend cathode behavior.—An original feature of the present model
is the ability to describe the behavior of blend electrodes. As already
noted above, LCO and NCA show a complex inter-particle equilibra-
tion behavior, which is further analyzed in the present Section.

Figure 11 shows the relative lithium stoichiometries of the three
AM (i.e., XLi scaled to their respective ranges as given in Table IV) as
function of charge throughput during a 5C CC charge, 1 h rest, CCCV
charge cycle for three different temperatures. For a fully-charged cell
(0 Ah charge throughput), the graphite anode is fully lithiated and the
NCA/LCO cathode fully delithiated. Graphite shows a linear delithia-
tion/lithiation behavior upon cycling, i.e., the stoichiometry is directly
proportional to the charge throughput. The blend cathode shows a non-
linear and dynamic behavior, which becomes more pronounced as the
temperature increases. At 20°C (Figure 11b), for the first half of the
discharge, NCA is lithiated slightly faster than LCO; in the second half
of the discharge, LCO is lithiated significantly faster. This is due to
the difference of half-cell potential curves of the two materials, where
LCO shows a pronounced plateau at high degrees of lithiation (cf.
Figure 2 and Ref. 3). At end of 5C discharge, the remaining SOC is
19%, and the relative lithiation of LCO is significantly higher than that
of NCA. During the 1 h rest time, the results show significant inter-
particle transfer of lithium from NCA to LCO, further increasing LCO
stoichiometry. During subsequent charge, the difference in the degree
of lithiation between LCO and NCA is even more pronounced than
during discharge. At lower temperature (5°C, Figure 11a), only a mi-
nor part of the capacity is accessible during the 5C CC discharge. At
higher temperature (35°C, Figure 11c), almost the complete capacity
is discharged; the nonlinearity of the blend materials is pronounced.

The results presented here and in the previous Section show that
LCO and NCA are not under equilibrium during cycling, demonstrat-
ing the complex behavior of blend electrodes.

Conclusions

We have presented the development, parameterization and appli-
cation of a pseudo-three-dimensional (P3D) lithium-ion cell model
with blend cathode. A systematic approach toward parameterization
was used, starting from equilibrium and then adding transport pro-
cesses on all three scales as well as electrochemistry. The model was
validated in frequency domain (using EIS) and time domain (using
discharge/charge cycling) over a wide range of SOC, C-rates and tem-
peratures. Simulations show a good agreement with experimental data
with the exception of the low-frequency impedance feature related to
intra-particle diffusion. Simulations were used to visualize the internal
states on the P3D scales. States on all scales show significant gradients
due to finite transport rates. The LCO/NCA blend cathode shows a par-
ticularly complex behavior with both intra-particle and inter-particle
nonequilibria during cycling. The model thus provides a detailed in-

Figure 11. Simulated relative lithium stoichiometry in the three AM (LCO
and NCA at the positive electrode, graphite at the negative electrode) for a 5C
CC discharge, 1 h rest, CCCV charge at (a) 5°C, (b) 20°C and (c) 35°C.

sight into electrochemical and transport behavior of the lithium-ion
cell.
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Appendix

Symbol Unit Meaning

Ae m2 Active electrode area
AV m2

·m–3 Volume-specific surface area
AV

AM,i m2 AM specific surface area
an 1 Equation parameters
αcc 1 Slope in Eq. 16
CV

AM,i F Individual overall capacity of the active material
ci mol·m–3 Concentration of species i in a bulk phase
CV

DL F·m–3 Volume-specific double-layer capacitance
cP J·g–1

·K–1 Specific heat capacity
Di m2

·s–1 Diffusion coefficient of species i
Deff

i m2
·s–1 Effective diffusion coefficient of species i

DLi[AM,i] m2
·s–1 Diffusion coefficient of lithium in active material

E eq
AM,i V Half-cell potential vs. lithium metal

Eact,f J·mol–1 Activation energy of forward reaction
F C·mol–1 Faraday’s constant
h0

Li[AM,i] kJ�mol–1 Molar enthalpy of intercalated lithium in active material
hi kJ�mol–1 Molar enthalpy of species i
i 1 Index of species
i00 A·m–2 Exchange current density factor
jLi[AM,i] mol·m–2

·s–1 Boundary flux at the particle/electrolyte interface
MLi[AM,i] kg·mol–1 Molar mass of lithiated active material
MV[AM,i] kg·mol–1 Molar mass of delithiated active material
NAM 1 Number of active materials
r m Radial position in activate material particle
rAM,i m Radius of active material particle
R J·K–1

·mol–1 Ideal gas constant
Rcc �·m2 Area-specific global resistance of current collection system
ROhm �·m2 Area-specific ohmic part of the impedance
Rsep �·m2 Area-specific electrolyte resistance in the separator
ṡV

Li[AM,i] mol�m–3�s–1 Volumetric source term of lithium in active material
ṡV

V[AM,i] mol�m–3�s–1 Volumetric source term of vacancies in active material
si J�mol–1�K–1 Molar entropy of species i
s0

Li[AM,i] J�mol–1�K–1 Molar entropy of intercalated lithium in active material
SOCelde 1 Overall State-Of-Charge of an electrode
t s Time
t+ 1 Transference number of cation
T K Temperature
V 0 V Open-circuit voltage
x m Spatial position in dimension of battery thickness
XLi[AM,i] 1 Lithium mole fraction
X SOC=0

Li[AM,i] · · · X SOC=1
Li[AM,i] 1 Stoichiometry range of lithium in the active material

y m Spatial position in dimension of electrode-pair thickness
z m Spatial position in dimension of particle thickness
z 1 Number of electron transferred in charge-transfer reaction
α W·m–2

·K–1 Heat transfer coefficient
αf 1 Symmetry factor of forward reaction
ε 1 Emissivity of the cell surface
ε 1 Volume fraction
εAM,i 1 Volume fraction of the active material
εelyt 1 Volume fraction of the electrolyte (porosity)
λ W·m–1

·K–1 Thermal conductivity
ρ kg·m–3 Density
ρLi[AM,i] kg·m–3 Density of the lithiated active material
ρAM,i kg·m–3 Density of the delithiated active material
σ S�m–1 Electrolyte conductivity
σSEI S�m–1 Electrical conductivity of SEI
τ 1 Geometric tortuosity
τelyt 1 Geometric tortuosity of the electrolyte

∗Units of mol, m and s depending on reaction stoichiometry.
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