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Sammanfattning 
 
Litiumjonbatteriet är en typ av batteri som idag används i mobiltelefoner och bärbara datorer. 
Eftersom batteriet har visat sig fungera väl i dessa tillämpningar, undersöks idag möjligheten 
att även använda dem i hybridbilar. 
 
Det huvudsakliga målet med arbetet har varit att bestämma vilka egenskaper hos litiumjon-
batteriet som är begränsande i hybridbilstillämpningen. De metoder som har använts är 
experiment och matematisk modellering. I båda fallen har en strömpuls med hög ström använts 
för att simulera användningen i en hybridbil.  
 
Arbetet har resulterat i två manuskript. Det första beskriver hur batteriet beter sig vid olika 
temperaturer hos omgivningen. Experimentella resultat jämfördes med en matematisk modell. 
Det som kunde observeras vid jämförelsen var att vid de höga strömmar som är aktuella i 
hybridbilsbatteriet är det masstransporten i elektrolyten som begränsar batteriets prestanda. Vi 
kunde också identifiera förenklingar som skulle kunna genomföras i modellen. Förenklingarna 
skulle spara datortid.  
 
Elektrolytens masstransport undersöktes närmare i det andra manuskriptet. Här uppmättes 
koncentrationen av litiumjoner indirekt med in-situ-Raman-spektroskopi. Studien visade att 
den gängse matematiska beskrivningen av masstransporten i elektrolyten inte är heltäckande. 
Förmodligen är en av huvudorsakerna att elektrolytens fysikaliska parametrar inte är 
fullständigt bestämda. En viktig framtida studie borde därför vara att hitta metoder för att 
bestämma dessa egenskaper. Då borde överensstämmelsen mellan modell och verklighet kunna 
förbättras. 
 
 
 
Abstract 
 
The lithium ion battery is today mainly used in cell phones and laptops. In the future, this kind 
of battery might be useful in hybrid electric vehicles as well.  
 
In this work, the main focus has been to gain more knowledge about the lithium ion battery in 
the hybrid electric vehicle (HEV) and more precisely to examine what processes of the battery 
that are limiting at HEV currents. Both experiments and mathematical modelling have been 
used. In both cases, high rate, pulsed currents typical for the HEV, have been used.  
 
Two manuscripts have been written. Both of them concern the behaviour of the battery at HEV 
load, but from different points of view. The first one concerns the electrochemical behaviour of 
the battery at different ambient temperatures. The experimental results of this paper were used 
to validate a mathematical model of a Li-ion battery. Possible simplifications of the model 
were identified. In this work it was also concluded that the mass transfer of the electrolyte is 
the main limiting process within the battery. The mass transfer of the electrolyte was further 
studied in the second paper, where the concentration of lithium ions was measured indirectly 
using in situ Raman spectroscopy. This study showed that the mathematical description of the 
mass transfer of the electrolyte is not complete. One main reason of this is suggested to be the 
poor description of the physical parameters of the electrolyte. These ought to be further studied 
in order to get a better fit between concentration gradients predicted by experiments and model 
respectively.  
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1. Introduction 
According to Azar et al1, we travelled on average about 23 000 km per person in 1990. Not 
surprisingly, the populations of Europe and North America were the ones travelling the most 
and the population of Africa the least. In the future, more people will have the opportunity to 
travel and in year 2100, simulations indicate that we will travel about 186 000 km per person 
each year1. There are of course several ways of getting around, but to be able to make the  
186 000 km each year, one has to have access to fast transportation and fast transportation 
today implies burning of fossil fuel...and lots of carbon dioxide to the atmosphere. Since 
carbon dioxide is a green house gas, it has to be reduced in order to minimise the green house 
effect. 
 
Transportation is not the only source of carbon dioxide emissions, but it consumes about 25 % 
of the energy in the world1, so if transportation became less carbon dioxide intensive, this 
would of course be of great importance. One opportunity is stop travelling. Another is to find 
new ways of propagating a vehicle either by not using fossil fuel at all or, at least, by reducing 
the amount of fossil fuel used. Speaking of road transport two kinds of vehicles are often 
proposed. One is the fuel cell car. The other one is the hybrid electric vehicle (HEV). 
 
The fuel cell car has the advantage of using hydrogen and producing water. The well-to-wheel 
efficiency is about 25 %. The hybrid vehicle has about the same well-to-wheel efficiency, but 
contrary to the fuel cell car, it is commercially available. Compared to an ordinary car, the 
hybrid vehicle is a little bit more expensive, but it uses approximately 30 % less fuel in urban 
traffic and thus emits 30 % less carbon dioxide.  
 
1.1 The Hybrid Electric Vehicle  
The idea of the hybrid electric vehicle (HEV) is to use an internal combustion engine (ICE) in 
combination with a battery, a generator and an electric motor. The engine could then be utilised 
so that it always works at optimal efficiency. If more power is required, i.e. at acceleration, the 
battery will supply the extra power needed. The battery will be able to gain energy directly 
from the engine and by regenerative braking.  
 
There are different classes of HEVs, e.g.series HEV, parallel HEV and power split HEV. In the 
series HEV the combustion engine is connected to an electric generator, which supplies energy 
to the battery and the electric traction motor for the vehicle. This implies that all energy has to 
be converted into electric energy and then either be used by the electric machine or stored 
within the battery. The battery works in this case as a buffer for power transients, which gives a 
smoother operation of the combustion engine. This, in turn, leads to lower fuel consumption as 
well as lower emissions. A parallel HEV is constructed so that the traction motor and the 
engine are placed in parallel. The engine is mechanically connected to the gear. In a power split 
HEV, instead, a transducer and (or) a mechanical gear system splits the energy in the most 
efficient way from the ICE to the final gear and the battery. This enables the ICE to work at 
both optimal torque and speed. Today, the power split HEV is the dominating solution. This is 
the solution used in, for example, the Toyota Prius.  
 
For all kinds of HEVs, it is important that the battery can always deliver extra power or accept 
power from regenerative braking. Thus, it has to be partially charged at all times. There are 
different ways of handling this problem, but one common way is to try to keep track of the 
state of charge (SOC) of the battery and try to keep this at a target value. The battery is charged 
if the SOC drops below the target, and is allowed to discharge when the target is met.  
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Since the battery is vital for the HEV, it is important to choose the optimal kind of battery. The 
requirements for a battery of a HEV are: 
 

1. High power density and sufficient energy density 
2. Cheap enough 
3. A temperature range from –30 to +50 °C 
4. Safe 
5. Environmentally friendly 
6. A life-time comparable to that of the car 

 
These requirements are not as far as I know met for any of the existing battery technologies 
and will perhaps never be met. Today, car manufacturers use the nickel metal hydride battery 
(NiMH battery). The working potential of the NiMH battery is 1.2 V. It has a high energy 
density (60-75 Wh/kg)3, is environmentally friendly and is also safe. A drawback is the fast 
self-discharge rate. Another alternative would be the lithium ion battery (Li-ion battery). The 
energy density of this battery is larger (120-150 Wh/kg)2 and it has a higher working potential, 
approximately 3.7 V. Thus, if Li-ion batteries were used, the weight of the battery in a HEV 
could either be reduced to one half or the available energy could be doubled. Also, the Li-ion 
battery technology is still being developed, so even higher energy densities would be possible 
in the future. 
 
1.2 The lithium-ion battery 
The concept of the lithium ion battery was proposed by Lazzari and Scrosati in 19804. Until 
then, much work had been performed on batteries using an intercalating cathode with lithium 
as anode. For example, Exxon had performed studies on lithium batteries using TiS2 as 
cathode5 and intercalating metal oxides as cathode materials had been investigated6. The low 
weight of lithium combined with its low potential versus hydrogen made the concept 
appealing. Unfortunately, the lithium battery had inherent safety problems, since lithium 
formed dendrites at the anode at repeated charge and discharge. Eventually, the dendrites short-
circuited the cell and in the worst case, the cell caught fire. The efforts made on lithium 
batteries, information on a new group of metal oxides suitable as cathode materials and an 
intercalating anode material made the lithium ion battery a fact. It was presented by the Sony 
corporation in 1990. 
 
The lithium ion (Li-ion) battery uses, as mentioned, intercalating materials on both anode and 
cathode. In commercial batteries, carbon is used at the anode and LiMO2 (M=Mn, Co, Ni) at 
the cathode. The electrodes of a lithium ion battery are porous and consist of active material, 
carbon (at the cathode) and binder. The electrolyte of lithium ion batteries is most commonly a 
two-component solution consisting of two organic liquids. The two-component system enables 
the solution to have acceptable conductivity and to be stable in a wide temperature range, 
typically from subzero up to 50°C. In commercial batteries the most common solution is 
EC:DMC, 1:1 by volume and the most common salt is 1 M LiPF6. In Figure 1, the principle of a 
lithium ion battery is sketched.  
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Figure 1. Principle of the lithium ion battery during discharge. 

 
Lithium ion (Li-ion) batteries are today mainly used in laptops and cell phones. In these 
applications, the currents are rather small and predictable and it is possible to maintain room 
temperature at most times. On the contrary, a HEV uses high currents, that will vary in a less 
predictable way. Also, a HEV has to work in a wider temperature range. Depending on choice 
of electrode materials, the Li-ion battery could be both environmentally friendly and cheap. To 
meet the temperature and lifetime requirements as well is a challenge not yet resolved. The 
high power requirements have been a problem, but the Li-ion battery can be costumised to 
different uses. By reducing particle size, preparing thin electrodes, choosing the right electrode 
materials and by choosing a liquid electrolyte, the battery can be tuned to have the high power 
density required in the HEV.  
 
At the high power used in a HEV battery, voltage losses are substantially larger than at low 
current applications. The losses will be due to mass transport limitations, resistances of solid 
and liquid phase as well as overpotentials at the electrodes. Of the total voltage loss, the largest 
share will be due to transport limitations of the electrolyte. These will in turn depend on 
different transport parameters, like diffusion coefficient, transference number and conductivity. 
Also, for the organic electrolyte, the temperature dependence of the transport parameters is 
pronounced. Thus, a low ambient temperature will change the behaviour and cause the battery 
to have a lowered power density compared to the power density at room temperature. Since the 
HEV battery has a wide temperature working range, it is important to examine the 
electrochemical behaviour at different ambient temperatures.  
 
To examine the behaviour of the battery, mathematical modelling is widely used. If the model 
is also validated against experimental data, this approach will provide insights on battery 
characteristics that would not have been possible only using experiments. A model describing 
the HEV battery has to be temperature dependent and accurate at high rate pulsed currents. 
Until recently, modelling of lithium-ion and lithium polymer batteries has concentrated on 
describing the response of a battery at constant discharge rates. The thermal behaviour under 
constant load has been modelled in a number of studies, both for single cells7,8,9 and for 
batteries8,11,12,13,14. Some of these models also describe the electrochemical behaviour of the 
battery8,9,10,11. In these works, the discharge rates were below 3 C. The models have in some 
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cases been validated against experimental data at rates up to 1 C12,13,14. Sato15 is one of few that 
has worked with pulsed currents. In this model, the thermal, but not the electrochemical, 
behaviour of a battery is described.  
 
To improve the existing models for the HEV application, it is important to analyse the 
requirements of this application and use this knowledge in the new model. In the HEV 
application, the changes in state of charge are small. Also, small electrode particles are needed 
to create a battery with a fast response. If the concentration gradient within each particle is 
negligible, a model could omit the radial dimension and still describe the electrochemical 
behaviour. The simplified model might be of use in for example system studies of a HEV 
where the behaviour of the whole vehicle is simulated. 
 
1.3 Aim of this work 
The main focus of this work has been to gain more knowledge about the system and the 
processes that are limiting in a battery subjected to HEV currents. This knowledge is needed in 
order to build a new, simplified model that describes the electrochemical behaviour in the HEV 
application. In the experiments performed, high rate, pulsed currents have been used.  
 
Two manuscripts have been written. Both of them concern the behaviour of the battery at HEV 
load, but from different points of view. The first one concerns the electrochemical behaviour of 
the battery at different ambient temperatures. The experimental results of this paper were used 
to validate a mathematical model of a Li-ion battery. Possible simplifications of the model 
were identified. In this work it was also concluded that the mass transfer of the electrolyte is 
the main limiting process within the battery. The mass transfer of the electrolyte was further 
studied in the second paper, where the concentration of lithium ions was measured indirectly 
using in situ Raman spectroscopy. This study showed that the mathematical description of the 
mass transfer of the electrolyte is not complete. One main reason of this is suggested to be the 
poor description of the physical parameters of the electrolyte. These ought to be further studied 
in order to get a better fit between concentration gradients predicted by experiments and model 
respectively. 
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2. Mathematical models of the lithium ion battery 
I will start by describing the mass balances that are needed, since these are the foundation to 
which the heat balance is added. In this part, a review of relevant isothermal modelling articles 
is given. I have excluded models that are merely fittings to experimental data, since these 
models are not general enough. Thereafter, the heat equation and different ways of describing 
the heat production will be presented together with the most interesting articles of the field. 

 
2.1 Mass balances and charge neutrality 
In Figure 2 the most common way of regarding a lithium ion battery cell in mathematical 
models is shown. The electrodes are assumed to consist of small spherical particles of the same 
size and an average composition. A problem is to define what the spaces between the particles 
look like. This information is needed for calculating different parameters, e.g. the effective 
conductivity of the electrolyte. To overcome this difficulty, the electrodes are most commonly 
regarded as a matrix with a specified porosity – the porous electrode theory.  
 

Figure 2. The geometry of the mathematical model 

The use of the porous electrode theory will disregard the exact shape of the pores within the 
electrodes. Instead, different quantities, like diffusivity in the electrolyte, conductivity of the 
electrolyte and mass transfer in electrolyte, will receive an averaged value over a volume 
element of electrode consisting of both solid and liquid phase. Newman and Tiedemann16 
describe the porous electrode theory in detail.  
 
Using the porous electrode theory enables a reduction of the number of dimensions to two – the 
cross section of the battery and the radius of the particles. This dimensionality is called pseudo-
two dimensionality.  
 

2.1.1 The basic equations describing the lithium ion battery 
The behaviour of a lithium ion battery is described by describing the mass balance for lithium 
within the battery. Also, a charge balance is needed. To describe the mass balance, models of 
lithium and lithium ion batteries17-24 use four coupled partial differential equations given 

x0 x1 x2 x3 
x 
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below. The dependent parameters of these equations are potentials and concentrations of solid 
and liquid phase respectively.  
 
To describe the solid phase mass transport of the electrode particles, most models17-24 use 
Fick’s second law with a constant diffusion coefficient:  
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where the subscript 1 denotes the solid phase. By assuming a constant diffusion coefficient in 
the solid phase, it is possible to use a superposition integral, thus simplifying the model to a 
one-dimensional model20. The only exception to usage of constant diffusion coefficient is the 
work by Dees et al25, in whose model it is possible to use a variable diffusion coefficient 
instead. The solid phase transport is an issue of debate among scientists. I will revisit this area 
later on. 
 
The conductivity of the solid phase is high compared to the conductivity of the electrolyte. All 
of the models17-25 describe the potential of the solid phase using Ohms law: 
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In the solid phase of the electrodes the derivative of the current will follow: 
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where a is the specific area of the active material of the electrode. The charge transfer is 
described using a Butler-Volmer equation: 
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where Ui is the open circuit potential of the electrode, i0i is the exchange current density, E is 
the electrode potential and αa and αc are the transfer coefficients. For the lithium ion battery, 
they are assumed to equal one half. The open circuit potential is expressed as a mathematical 
function, as described earlier. The exchange current density is given by 
 

( ) caa
11i12i0i0 cccckFi ααα −⋅⋅= max    [Eq. 5] 

 
where c1maxi is the maximum concentration of the solid phase, αa and αc are the charge transfer 
coefficients and k0i is a rate constant. The subscript 2 denotes the liquid phase. Both c1 and c2 
are evaluated at the particle surface. The charge transfer coefficients are the charge transfer 
coefficients for the intercalation reaction of lithium: 
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ss LieLi θθ −→++ −+     [Eq. 6] 

 
The electrode potential is defined by: 
 

21E Φ−Φ=     [Eq. 7] 

 
where 1Φ  and 2Φ  are the potentials of solid and liquid phase respectively. The subscript i is 
either c (cathode) or a (anode).  
 
To describe the mass transfer within the electrolyte, the concentrated electrolyte theory34 has to 
be used. This is required, since there will be interaction between different kinds of ions in the 
solution as well as interactions between ions and solvent. The electrolyte cannot be regarded as 
an ideal solution. Using the concentrated electrolyte theory results in concentration dependent 
transport parameters of the electrolyte (conductivity, diffusion coefficient, activity coefficient 
and transport number). If constant pair wise diffusion coefficients are used, only the 
conductivity and the activity coefficient will be concentration dependent. 
 
The electrolyte mass balance is given by: 
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where i2 is the current of the electrolyte. It is described by: 
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Since experimental values of concentration dependent transport parameters are not abundant, 
most of the models only use concentration dependent conductivity18-24. In the work by Doyle et 
al17, the transference number, 0t+ , is concentration dependent. Recently, Dees et al25 presented a 
model with all transport parameters being concentration dependent.  
 
Differences in the models concern cell set-up and what side effects that are taken into account. 
Double layer capacitance21, side reactions22 as well as deposition reactions23 have been 
modelled. Also, different assumptions are used to make up for the differences between 
experimental and modelled discharge curves.  
 

2.1.2 Open circuit potential and lithium content 
The active materials of lithium ion batteries are intercalating materials where the maximum 
amount of the intercalated species, in this case Li+, is determined by the amount of available 
sites within the active material. The reaction at an electrode is given by: 
 

LiHosteLiHost ↔++ −+   [Eq. 10] 
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Different active materials have different crystal structure, which affects the amount of sites 
within the material. The crystal structure may change depending on the amount of lithium 
intercalated. The concentration of lithium ions of the solid phase determines the open circuit 
potential. As more lithium ions intercalate, the open circuit potential vs. lithium will decrease.  
Figure 3 shows the open circuit potential versus the amount of lithium for the cathode material 
used in this work, Li Ni0.8Co0.15Al0.05O2 (data from Paper I). 
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Figure 3 Open circuit potential v s intercalation state for Li Ni0.8Co0.15Al0.05O2. 
 
In order to be used within a model, the open circuit potential has to be expressed as a 
mathematical function of the lithium content. To get mathematical expressions of the open 
circuit potential and its dependence on the intercalation degree, there are several solutions. The 
two most common ones are to fit an arbitrary function to experimental data18-20,22,23,25or to fit a 
physically motivated function or model (e.g. an isotherm or the lattice gas model) to 
experimental data27-31. Also, attempts have been made using first-principle calculations26.  
 
2.1.3 Results and experimental validation 
To validate the models, most authors use experiments or literature data. In these experiments 
the currents are usually rather low, but there are exceptions. 
 
The experimental validation in the work by Fuller et al19 was carried out by constant 
charge/discharge cycles as well as potentiostatic charging. The experiments were performed on 
a Sony cell using liquid electrolyte. The fit between modelled and experimental data is good 
for the charge/discharge cycles. The cycles were made for currents up to 1.9 C. In their earlier 
work18, only qualitative validation to literature data was made.  
 
Doyle et al20 have achieved good fits to experimental data up to 1 C current for a system using 
liquid electrolyte. However, they added a potential drop to the expression for the overpotential 
in the Butler-Volmer equation described in Eq.10. The potential drop is dependent on the local 
current density, and is calculated as the product of local current density and a film resistance. 
The resistance is a fitting parameter and the authors write that they do not have a definite 
answer to the physical origin of the resistance, even though they argue that it might at least 
partly stem from a film on the carbon electrode.  
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Arora et al24 discharged cells using liquid electrolyte at currents up to 2 C. The fits were good 
for 1 C, but only reasonable for other currents. As mentioned, they tried to get a concentration 
dependence of the diffusion coefficient of the electrolyte, but failed, and used the diffusion 
coefficient and the transference number of the electrolyte as adjustable, constant parameters 
instead. 
 
The model by Dees et al25 is not experimentally validated. 
 
2.2 Energy balance and heat generation 
In temperature dependent models the basic equations are the same with the addition of the heat 
equation: 
 

qTk
t
TC 2

p +∇=
∂
∂ρ    [Eq. 11] 

 
Here ρ is the density, Cp the heat capacitance, k the heat conductivity and q the heat production 
of the system. Also, the physical parameters, such as diffusion coefficients, exchange current 
densities, conductivites and open circuit potentials, are all temperature dependent and should 
be expressed as such.  
 
I have decided to divide the thermal models into two groups: Detailed models and full cell 
models. The detailed models describe a single cell and determine both the electrochemical and 
thermal behaviour. The full cell models describe a whole battery or a stack of single cells. The 
heat production of the full cell models is assumed to be constant throughout the battery.  
 
I will start by reviewing the two ways of determining the heat production. Then I will discuss 
the entropy and how it is determined. 
 
2.2.1 Heat generation 
The temperature distribution of a battery cell is determined using the heat equation (Eq. 11). 
There are two ways of calculating the heat generation term. The first solution is to regard the 
battery as a black box and add heat generation from different processes to each other35, the 
lumped heat production method. The heat production term will be integral. A necessary 
assumption is that the battery is of uniform temperature. The other solution is to calculate local 
heat generation sources7 (such as e.g. overpotentials, resistances of the electrolyte or change in 
entropy). In this way it is possible to study the heat generation and the temperature of a specific 
spot within the battery. The heat production is thus differential. If temperature gradients are 
sufficiently small, the battery could be assumed to be isothermal. In this case, it does not matter 
in what way the problem is solved. 
 
A simple way of estimating the size of temperature gradients is to use the Biot number: 
 

cellk
hLBi =    [Eq. 12] 

 
where h is the convective heat transfer coefficient, L is the thickness and kcell is the thermal 
conductivity of the cell. If the value is below 0.1, the temperature of the battery can be assumed 
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to be uniform with an error less than 5% 8. For a lithium ion battery cell, the Biot number is 
well below the limit and both the local heat production method and the lumped heat production 
method could be used.  
 
2.2.1.1 Lumped heat production method 

To calculate the heat generation, Bernardi et al35 studied the enthalpy changes of the battery. 
They assumed the temperature of the battery to be uniform throughout and changing with time 
due to reactions, phase changes, mixing, electrical work and heat transfer with the 
surroundings. Heat generation due to entropy changes was included in the model. Each 
contribution was calculated on battery basis by using averaged values of e.g. heat capacity and 
enthalpy. Depending on the system, different contributions could be excluded. The heat 
balance for a lithium ion battery cell8 can then be written as: 
 

( )
dt
dTCMTTh

dT
dUTVUIQ paa +−=⎟

⎠
⎞

⎜
⎝
⎛ −−=   [Eq. 13] 

 
where ( )VUI − is the contribution due to overpotentials and resistances, ( )dTdUIT−  is due to 
the entropy change, h(T - Ta) is the heat transfer to the surroundings and dtdTCM pa  the heat 
change of the battery. In the expressions, h is the per area heat transfer coefficient, Ta the 
ambient temperature, Ma the mass of cell per unit area and pC the weight-averaged value of the 
heat capacity. 
 
2.2.1.2 Local heat production method 

The way of presenting the heat production as a sum of local heat sources was first presented by 
Rao and Newman7. According to this method, the heat for a lithium ion cell where anode and 
cathode have the same temperature could be calculated as: 
 

( )∫ ++=
L

0
IRS dxqqqQ η     [Eq. 14] 

 
where L is the thickness of the battery cell, 
 

ilokaiq ηη =      [Eq. 15] 

 
TdSaiq lokS =      [Eq. 16] 

 

dx
di

dx
diq 2

2
1

1IR
Φ

+
Φ

=     [Eq. 17] 

 
In the equations 15-17, the subscript i is either c (cathode) or a (anode), the subscript 1 is solid 
phase and the subscript 2 is liquid phase. In the equations, qη is the heat production due to 
overpotentials, qIR is the heat production due to resistances and qS is the heat production due to 
entropy changes. In this way it is possible to calculate the temperature of a specific spot within 
the battery cell, which is not possible with the method developed by Bernardi et al. In the 
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model by Rao and Newman, the entropy is included in the model but any heat generation due 
to concentration changes is ignored.  
 
2.2.2 Entropy 
One of the heat sources in a lithium ion battery is the reversible heat that is released because of 
changes in entropy when lithium ions are intercalated in or released from the solid materials in 
anode and cathode. Due to lack of data, it has been assumed to be negligible in many lithium 
ion battery models7,8,9. Since entropy is related to the open circuit potential of the experimental 
cell that is studied, the entropy changes of the counter electrode will always be included in 
experimental results. Thus, if the entropy is to be calculated for a half-cell, the entropy change 
of lithium metal will be included in addition to the entropy change of the studied material. In 
models using the local heat production approach, this is a problem.  
 
The change in entropy is proportional to the temperature derivative of the open circuit 
potential: 
 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=∆

dT
dU

nFS eq   [Eq. 18] 

 
To get the entropy change for a half-cell reaction, Lampinen and Fomino36 calculated the en-
tropy change for different half-cell reactions by defining the chemical potential of hydrogen to 
zero. They found for the reaction 
 

( ) LieLi ⎯→⎯+ ←
−+    [Eq. 19] 

 
the entropy change is -50.42 (50.42) J/mol, K.  
 
The open circuit derivative has also been measured37 - 39 with different methods. In the work by 
Takano et al38, it was found that the entropy heating for LiCoO2 depends on SOC and is about 
–0.4 mV/K. For the other materials in this study it was concluded that the average derivative is 
approximately zero. Thomas et al39 found the derivative to be approximately zero for 
LixNi0.8Co0.2O2 and –0.1 mV/K for LixC6.  

 
2.2.3 Detailed thermal models 
As mentioned, the detailed models36,9,40-41 describe both the electrochemical and the thermal 
behaviour of the battery. The differences mainly concern what input data that are needed and 
how the heat production is treated. 
 
Pals and Newman8 modelled a single cell and used this model to model the heat production of 
a stack of cells9. The single cell model is based on the model by Doyle et al17 with the addition 
of the heat balance as it was formulated by Bernardi et al35. The cell is isothermal and the total 
current is used as input data. In the model, electric conductivity and diffusion coefficient of the 
electrolyte are temperature dependent. The entropy is included, but set to zero. The single cell 
model is then used to get heat production at different temperatures. These values are then used 
to interpolate heat generation for cells in the stack model. 
 
Rao and Newman7 modelled a lithium battery with polymer electrolyte. As mentioned, the 
model is able to predict the temperature of a specific spot within the battery. Their model needs 
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the current and potential profiles to be supported as input data. The heat generation is then 
calculated as described above. Since the electrochemical behaviour is given as input, the model 
cannot be used to study how temperature affects battery performance or physical parameters 
such as i0 and OCP. The entropy is included, but set to zero because of lack of data and the 
physical parameters are temperature independent. Also, the heat generation because of 
concentration changes is ignored. 
 
Baker and Verbrugge40 made a model valid for start of charge/discharge from a quiscent state. 
The model has an analytical solution and is temperature dependent. Since the model is valid for 
short times, all physical parameters are evaluated at ambient temperature. Thus, they are not 
expressed as temperature dependent. Entropy is taken into account in the heat generation. 
 
In the model by Botte et al9 a decomposition reaction was added as a heat source. The heat ge-
neration was calculated using lumped heat production. Thus the temperature of the cell was 
uniform. Conductivities, diffusivities and exchange current densities were all temperature de-
pendent. The entropy was included in the model, but was assumed to be negligible. The 
electrochemical model was the model developed by Doyle et al17.  
 
Song and Evans11 developed a two-dimensional model for a lithium polymer battery. The 
electrochemical part of the model is based on the model by Doyle et al, although they use 
Ohms law to describe the potential of the liquid phase. The electrochemical model is one-
dimensional. In contrast, the heat equation is solved for two dimensions. In this equation, the 
heat generation is determined using the lumped heat production method. It includes heating 
through entropy change and heating because of resistances and overpotentials. The entropy 
change is assumed to be constant and is determined through experiments. Within each cell in 
the battery, the temperature is uniform. In the model, some physical parameters do vary with 
temperature: i0, D, 0t+  and κ. 
 
Recently, Wang and Srinivasan41 presented a model based on first-principle calculations. The 
model calculates the temperature of a Li-ion cell situated in the middle of a battery stack. In 
this model, modifications have been performed so that it becomes possible to calculate the 
concentration within the solid phase without using pseudo-two-dimensionality. In the model 
the physical parameters such as diffusion coefficients and conductivities are temperature 
dependent according to literature data. The local heat generation method is used to calculate 
the temperature of the cell. The entropy is included in the model with values collected from 
literature. 
 
2.2.4 Full battery models 
There are a number of full battery models modelling the heat production for whole batteries. 
Two of them have already been mentioned as detailed models9,11. The other ones will be 
reviewed here. 
 
Chen and Evans42 studied the temperature of a battery consisting of a stack of lithium polymer 
single cells. Their aim was to decide in what way cooling channels should be placed in the 
battery. They assume that the heat production of every cell is equal and calculate the heat 
production by simplifying the expression by Bernardi. The temperature does not affect battery 
performance. 
 
Verbrugge43 improved the model by using temperature dependent physical parameters. His 
model is three-dimensional and describes a battery of the form lithium metal/polymer 
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electrolyte/vanadium oxide. The assumptions are: no concentration gradients, linear 
relationship between current and potential and one electrochemical reaction at each electrode. 
 
In the model by Al Hallaj et al12 the heat generation is assumed to be uniform throughout the 
cell. It includes the entropy.  
 
2.3 The model used in this work 
The mathematical model was divided in two parts, which together described the potentials of 
solid and liquid phases, the concentrations of lithium ions in solid and liquid phase and the 
temperature profile of a cylindrical battery. The first part was a single cell model describing the 
electrochemical behaviour as well as the heat production of the single cell. The average heat 
production was then used in the second part of the model, the cylinder model. This part was a 
model describing only the heat production and temperature of a cylindrical battery. Further 
information on the models are found in Paper I. 
 
The single cell model used Eq.1-8, Eq.11 and Eq. 14-17 to describe the behaviour of the Li-ion 
battery. A constant temperature was assumed as the boundary condition for the heat equation. 
The geometry of the modelled battery is the same as shown in Figure 2. The temperature 
dependent coefficients were the electrolyte conductivity and the solid-state diffusion 
coefficients. The electrolyte conductivity also depended on the concentration of lithium ions. 
The effective diffusivity and conductivity were calculated using the Bruggeman equation: 
 

freeeff Γ⋅=Γ αε                  [Eq. 20] 

 
In the model, α and the initial SOC of the cathode were used as fitting parameters. Values for 
different input parameters were taken from literature or determined experimentally. In cases 
where it was not possible to find the parameters for the materials of the battery in literature, 
values for similar materials were used. The mathematical model was solved using the 
commercial software FEMLAB©.
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3. Experimental 
The aim of the experiments were: 
 

• To get input parameters to the model (half-cell experiments) 
• To validate the model by comparing to experimental data (US 18650 and Raman 

experiments) 
• To investigate concentration distribution in a working battery. 

 
The model system in this work was a battery, US 18650 size, received from Quallion LLC. 
This battery was designed for hybrid vehicle use. The active materials were artificial graphite 
at the anode and LiNi0.8Co0.15Al0.05O2 at the cathode. As electrolyte, 1.2 M LiPF6 in EC:EMC 
(3:7 by wt) was used with a Celgard three layer separator. Compared to a battery designed for 
use within a cell phone, it had thinner electrodes45. Quallion also provided the same active 
materials as sheets of electrodes to be used in half-cell and Raman experiments. All of the 
materials used in this study are very hygroscopic and were stored in argon atmosphere in a 
glovebox.  
 
In all of the below mentioned experiments, potentiostats of different kinds have been used 
together with commercial software. 
 
3.1 Experiments performed on US 18650 batteries 
These experiments were performed directly on the model system, the US 18650 battery from 
Quallion LLC (Paper I). The purpose of these experiments was to examine the electrochemical 
behaviour of the battery at different ambient temperatures (-5, 5, 15, 25, 35 °C) during a pulse 
typical for HEV use. The potential profile was then used to validate the mathematical model. 
The pulse is provided in Figure 4. It was repeated 10-15 times directly after each other in each 
experiment. 
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Figure 4. The pulse used in the US 18650 experiments. 
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To ensure careful temperature control and good heat dissipation, the battery was kept in an oil 
bath with a thermostat. The battery was put into the oil bath for at least two hours before the 
experiment started, to ensure a uniform starting temperature in the battery. The bulk of the 
experiments were performed at SOC 0.6, but to investigate if the behaviour was independent of 
SOC, the experiments were also performed at 3.60 and 3.83 V (corresponding to SOC 0.4 and 
0.8 respectively) at two different temperatures, 5 and 25 °C. 
 
3.2 Raman experiments  
The in situ Raman experiments (Paper II) were performed in order to get information on the 
concentration profile of the electrolyte during a rapid charge and discharge pulse. The pulse 
was charge neutral and is indicated in Figure 5. Before the pulse was applied, the battery was 
charged to state-of-charge (SOC) 0.6, which is a typical SOC for a HEV battery. 
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Figure 5. The pulse used in the in situ Raman experiments.  

The laboratory battery cell used in the experiments was a two-electrode cell made of teflon and 
aluminium with a current collector at the anode made of stainless steel ( 
Figure 6a, b). The electrodes had the dimensions 1.3x1.8 cm. Since the Raman experiments 
were performed outside the glovebox, it was very important that the experimental cell was 
absolutely sealed towards air. 
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Figure 6. Schematic representation of spectroelectrochemical cell. a - Side view of the cross 
section of the battery compartment: A - Raman microscope; B – measurement points; C - glass 
lid. b - Top view of the cell: D - battery compartment; E - empty compartment; F - mounting 
screw; G – sealing O-ring. 
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4. Results 
 
4.1 US 18650 battery 
In Figure 7 the cell voltage for the six first pulses at five different temperatures is shown. The 
results indicate that after the third pulse, the battery has reached a steady-state behaviour with 
no further change in the current/voltage response. Also seen in the figure is that losses increase 
as temperature decreases. Since the pulses are high rate pulses and the potential drop is 
temperature dependent, lower conductivity of the electrolyte at lower temperatures probably is 
one of the main causes.  
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Figure 7. Cell voltage at five different temperatures: -5° C (dashed), 5° C (dotted), 15° C 
(dash-dotted), 25° C (solid) and 35° C (dashed). 

 
In Figure 8, the temperature at the surface of the battery is shown for an external temperature 
of 5 °C. In the picture, the thin lines are the temperatures at the battery wall for pulse number 
three to fifteen placed on top of each other. The solid line is the floating average of these 
cycles.  
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Figure 8. Experimental values at 5° C. The thin lines represent the temperature measured at the 
battery surface for pulses #3-#15 of the experiment. The recorded temperature of the different 
pulses are plotted on top of each other. Solid line is the floating average of the thin lines. 

 
In Figure 9, the averaged profiles for five different temperatures are shown. As seen in the 
figure, the deviation from the external temperature is larger the colder the oil bath temperature 
is. This is not surprising, since the conductivity of the electrolyte will decrease with a lower 
temperature and because of resistances the heat production will grow for a given 
charge/discharge rate. The measurements show that for the pulse used in the study, and at 
optimised heat conduction at the battery wall, the surface temperature can be assumed constant. 
Thus, the average temperature can be used as boundary condition for the modelling. This is 
true also for SOC 0.4 and 0.8. 
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Figure 9. The temperature difference between the surface of the battery and the oil bath. The 
approximate temperature of the oil bath is indicated for each line. 
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4.2 Model results 
Figure 9 indicates that the temperature at the battery wall can be assumed to attain a constant, 
averaged value. This average temperature will be higher than the temperature of the oil bath 
and was chosen as the boundary temperature for the single cell model as well as for the 
cylinder model.  
 
To find which parameters were important for model behaviour, the influences of diffusion 
coefficients of solid and liquid phase, particle radii and conductivities of solid and liquid phase 
were examined. Of these parameters, the effective conductivity and diffusivity of the 
electrolyte appeared to have the strongest influence on model behaviour at fast charge and 
discharge rates. These characteristics have been fitted using the Bruggeman coefficient, α in 
Eq.1. In Figure 10, the modelled cell voltage for three different values of the Bruggeman 
coefficient is indicated. As shown, the electrolyte characteristics do to a large extent determine 
the battery performance at high rate charge and discharge.  
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Figure 10. Modelled cell voltage for three different Bruggeman coefficients. α=1.5 (dotted 
line), α=3 (dashed line) and α=4.3 (thin solid line). The thick solid line is the cell voltage from 
the experiments.  

To obtain a good fit to cell voltage, the SOC of the cathode was also fitted. The best fit for base 
case parameters (battery SOC=0.6) to experimental data (4th pulse) was obtained for α = 4.3 
and SOCcathode = 0.560. These values were chosen as the base case values of the Bruggeman 
coefficient and the initial cathodic SOC. The other parameters used in the model are listed in 
Table 1 a-c, Paper I. The base case temperature was 25°C. The result for base case parameters 
is shown as the thin solid line in Figure 10. The modelled potential curve shows the same 
general features as the experimental data (thick solid line).  
 
In Figure 11, the electrolyte concentration during the pulse is shown for the base case. The 
figure illustrates that the concentration within the separator will not reach steady state neither 
during charge nor discharge.  
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Figure 11. Electrolyte concentration for base case parameters during the pulse. Solid lines 
indicate charge and subsequent OCP (0-37 s). Dashed lines are the discharge part of the pulse 
(38-120 s). 

Since cathodic solid phase diffusion is slow, the behaviour of the battery using different 
cathodic solid phase diffusion coefficients was examined. In Figure 12 the solid phase 
diffusion coefficient of the cathode is varied as well as cathodic particle size. The results for 
the different cases are similar, which strengthens the assumption that the solid phase behaviour 
is not as important as electrolyte behaviour for the kind of pulse used in the experiments.  
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Figure 12. Influence of cathodic particle size and solid state diffusion coefficient. Plotted is 
results from experiments (thick solid line), base case parameters (thin solid line), cathodic 
particle size equal to 0.15 µm (dashed line) and cathodic diffusion coefficient Ds equal to   
2⋅10-13 m2/s (dash-dotted line).  
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Since solid phase behaviour of the cathode did not seem to have large impact on model results, 
the gradient of the solid phase in the radial dimension of a particle closest to the separator 
boundary (x2 in Figure 2) was examined for different particle sizes and different diffusion 
coefficients. If the gradients were small, it would be possible to omit the radial dimension of 
the particle, thus creating a 1 D model. The particular particle was chosen since its location 
would be the one where gradients would be the largest in the cathode. The cathodic diffusion 
coefficient chosen for comparison was 100 times higher than the base case coefficient. The 
reason for choosing a higher coefficient was that the solid phase diffusion coefficient for a 
similar material, LiNiO2, was determined to 10-12 m2/s in a study by Barker et al44. This value 
is three decades higher than the base case diffusion coefficient at the cathode used in this study. 
Thus, a lower value of the diffusion coefficient seemed unlikely. For another cathode material, 
LiMn2O4, literature values of the solid phase diffusion coefficient vary with some decades 
depending on experimental method and evaluation method 30,46-49. There is reason to believe 
that the situation is similar for the cathode material of this study, LixNi0.8Co0.15Al0.05O2.  
 
The solid phase concentration of lithium in a cathodic particle for the two different diffusion 
coefficients and particle radii is demonstrated in Figure 13a-c. Figure 13a shows that for the 
average particle size there is a concentration difference of approximately 10 % at 10 C 
discharge. For a particle radius of 0.15 µm the solid-state diffusion limitation is negligible 
(Figure 13b). For the larger diffusion coefficient it is also negligible for the average particle 
size (Figure 13c). Thus, if the true value of the cathodic diffusion coefficient is in the range 
modelled, the radial dimension in the model could be omitted without losing important 
information. The result of a purely 1 D model with base case parameters would correspond to 
the result for the smaller particle radius in Figure 13b. 
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Figure 13. Dimensionless concentration of Li in cathode particles positioned at the electrolyte 
boundary. Concentrations at the surface (’+’) and in the middle (’o’) of the particle at 298 K 
are shown for three cases: a. Base case, b. Rp equal to 0.15 µm and c. Ds equal to 2⋅10-13 m2/s . 

 
The correlation of the model to experimental data at different ambient temperatures was not 
satisfactory. Especially at low temperatures, the voltage losses predicted by the model were 
much smaller than those of the experiments. Also, the size of the losses was temperature 
dependent, which suggested that it was the characteristics of the electrolyte that were not fully 
described by the model. In order to get better fit with experimental data, the conductivity 
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expression (Eq. In Paper I) and the constant electrolyte diffusion coefficient were replaced by 
Arrhenius expressions: 
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With the activation energy 27 kJ/mol for the diffusivity and 50 kJ/mol for the electrolyte 
conductivity, the fits were improved (Figure 14). 
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Figure 14. Model results using Arrhenius expressions for electrolyte conductivity and 
diffusivity at different ambient temperatures (dashed lines) with corresponding experimental 
data. The activation energy of the conductivity and diffusivity of the electrolyte were assumed 
to be 50 kJ/mol and 27 kJ/mol respectively. 

The maximum heat production of the single cell during the pulse occurred at the very begin-
ning of the pulse. At 25° C it was calculated to equal 184 W/dm3 for base case parameters. 
During the pulse, heat production from resistances was found to be by far the largest individual 
heat source. Using the heat production from the single cell, it was possible to determine the 
temperature profile of the 18650 battery. In the battery model, the maximum temperature 
difference from wall to centre was found to be less than 1 °C at the boundary temperature -5° 
C. With these small temperature differences, it is reasonable to assume that the electrochemical 
behaviour will depend neither on radius nor height of the battery.  
 
4.3 Results from Raman experiments 
In the lithium ion battery, lithium ions do interact with the solvent, in this work EC and DMC. 
In the Raman experiments, this interaction between lithium ions and solvent could be measured 
as the intensity of a peak at a certain wavelength, while free solvent molecules are measured as 
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the intensity of another peak at another wavelength. The ratio between the two intensities 
varies with the concentration of lithium ions. More information on the evaluation of the 
intensities is given in Paper II.  
 
To compare results from the Raman measurements with those of the model, the intensity ratios 
had to be transformed into concentration. By measuring the intensity ratio of the two EC peaks 
for different concentrations of lithium ions a calibration curve was established. To examine the 
dependence of EC:DMC ratio, the calibration was performed for two different ratios of 
EC:DMC. It was found that the dependence on EC:DMC content was not pronounced and 
could be neglected.  
 
The modelled concentration gradients are shown for different times of the pulse in Figure 15. 
Base case parameters, provided in Paper II, were used. According to the figure, the concen-
tration gradients of the electrolyte are symmetrical. Also, the concentration at the electrodes 
varies with approximately 50 % from the bulk concentration. 
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Figure 15a. Simulated concentration of Li+ across the battery from 5 to 105 s of the pulse with 
20 s increments. b. Simulated concentration of Li+ across the battery from 125 to 345 s.  

 
The resulting concentration profile determined by experiments is shown in Figure 16. 
According to this figure, the concentration does change with charge and discharge and the 
change is possible to detect by using in situ Raman technique. The concentration changes are 
fairly large, as predicted by the model. At the anode, the concentration change qualitatively 
agrees with model results. However, at the cathode, the concentration change is barely 
detected. The behaviour was not expected before the experiments were started.  
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Figure 16. a. Measured concentration of Li+ in the cross-section of the battery during 
discharge part of the pulse. 5 s (‘*’), 45 s (‘o’), 85 s (‘◊’), 125 s (‘□’) b. Measured 
concentration of Li+ in the cross-section of the battery during charge. 165 s (‘∇’), 205 s (‘∆’), 
245 s (‘Ι’), 305 s (‘+’). 

Further modelling was performed in order to explain the behaviour and find modifications of 
the model that might describe the observed behaviour. The current exchange density at the 
cathode was altered, as well as the cathodic and anodic porosity and the diffusion coefficient of 
lithium in the electrolyte. Only if the difference between anodic and cathodic porosity was 
large, the resulting concentration gradient was somewhat asymmetrical. The result during 
discharge is shown in Figure 17. 
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Figure 17. Concentration gradients predicted by the model with anodic and cathodic porosity 
equal to 0.34 (solid lines) and 0.9 (dashed lines) respectively. 

The fact that the behaviour could not be described using the model, implies that there are 
processes not covered by the model. A possibility is that the electrolyte has crystallised within 
the anode because of low DMC content. This would explain why the anode behaves like a flat 
surface.
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5. Discussion 
To use mathematical modelling certainly is a valuable tool to predict battery behaviour. 
However, as has been shown in this study, good experimental data for exactly the battery set-
up used is needed. To get a good prediction of the lithium ion battery behaviour within the 
HEV, the most important experimental data will be data describing electrolyte conductivity, 
since it is responsible for the largest energy losses at HEV loads.  
 
If good experimental data are provided and the model is reduced, it will be useful in simu-
lations of the HEV. Today, the battery in these models is often a pure resistance. By using a 
battery model, thermal behaviour and electrochemical performance could be predicted. Also, 
comparisons of different battery sizes and configurations could easily performed, thus enabling 
optimisation of the battery as well as the cooling system. 
 
Is it then reasonable to use the lithium ion battery within the HEV? The most important issue, 
according to this study, is to increase the conductivity of the electrolyte, since resistance of the 
electrolyte causes the largest share of the total voltage loss within the battery. At low 
temperatures the conductivity is even poorer, suggesting that the primary target would be to 
improve electrolyte conductivity at low temperatures. If the electrolyte conductivity cannot be 
improved, at least the separator porosity might be increased. This would increase the effective 
conductivity of the electrolyte and thus the performance of the battery.  
 
There is constantly a discussion of using polymer electrolytes in the lithium ion battery. Since 
the conductivity of a polymer is decades lower than the conductivity of the liquid electrolyte 
used in this study, this would be disastrous in this particular application. I agree that the 
polymer has certain advantages during production of the battery, but as long as the 
conductivity is poor, I do not consider the polymer electrolyte a viable alternative to the liquid 
electrolyte in high rate applications.  
 
Safety is another question often raised. Here, the most important issue would be to ensure that 
the temperature of a battery is never allowed to increase above a certain limit. I believe that this 
question is not actually a problem. It is rather a question of a good thermal management system 
and built-in safety, as for example the polymeric separator. 
 
In conclusion I believe that in the future, we will be able to drive HEV:s using the lithium ion 
battery. If the weight of the lithium ion battery is allowed to be the same as for the NiMH 
battery, this would result in HEV:s with a larger energy buffer and thus the possibility to use 
electricity a larger share of the driving. For the environment in especially cities, this would be 
beneficial.  
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6. Conclusions 
In this work both mathematical modelling and experiments were used to examine the 
behaviour of a lithium ion battery in a hybrid electric vehicle. A battery used in a HEV is 
charged and discharged with high rate currents at an almost constant state-of-charge. Thus, 
high rate charge and discharge pulses were designed in order to simulate the use within the 
HEV. The purpose was to provide knowledge about which processes limit the performance of 
the battery. The experimental data were used to validate the mathematical model. 
 
In the first paper, it was shown that the main losses might be due to poor conductivity of the 
electrolyte. Experiments on the battery were performed in various constant temperature 
environments during a repeated pulse using high rate charge and discharge. The results show 
that the voltage losses increase as the temperature is lowered.  
 
The temperature dependence of the battery is larger than predicted by the base case model. 
This may be caused by lack of experimental data describing temperature dependence of the 
various parameters of the model. Of the parameters examined, the characteristics of the 
electrolyte had the largest impact on model behavior. Experimental data on the electrolyte are 
not abundant, and more work is needed to determine temperature dependencies of the different 
electrolyte transport parameters to obtain better model predictions. 
 
Also, it has been shown that with the small particle size of HEV battery electrodes, the 
concentration gradient within the particles is small, implying that the radial dimension of the 
Li-ion battery models could be omitted without losing much information. If this dimension is 
omitted, the model will be a one-dimensional model requiring less computer time. 
 
The second paper used in situ Raman spectroscopy to qualitatively measure the lithium ion 
concentration in the electrolyte during withdrawal of current. It was shown that the concen-
tration differences between anode and cathode are large at rapid charge as well as discharge.  
 
The resulting concentration profiles across the laboratory cell were highly asymmetrical. 
During the pulse, concentration changes were pronounced at the anode while they were almost 
negligible at the cathode. Comparing with a mathematical model, the lithium ion concentration 
at the anode was similar to the one predicted by the model, while the model could not describe 
the same concentration at the cathode.  
 
In conclusion, the electrolyte of the lithium ion battery is a complex system that determines the 
battery behaviour at HEV use. To get good predictions from a mathematical model, 
experimental data on the electrolyte are crucial.  
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8. List of symbols 
a Specific area, m2/m3 

c Concentration, mol/dm3 
Cp Heat capacitance, J/g,K 
D Diffusion coefficient of electrolyte, m2/s 
Ds Diffusion coefficient of solid phase, m2/s 
E electrode potential, V 
Ea Activation energy, kJ/mol, K 
H Height of battery cell, mm 
i0 Exchange current density, A/m2 

ilok Local current density, A/m2 
i Current density, A/m2 
k Heat conductivity coefficient, W/m,K 
qIR Heat production from resistances, W/m3 
qη Heat production from overpotentials, W/m3 
qS Heat production from entropy, W/m3 
R Radius of battery cell, mm 
Rp Particle radius, µm 
∆S Entropy change, half-cell, J/mol 
T Temperature, K. 
t0

+ Transference number. 
X Solid phase concentration, dimension less 
Y Electrolyte concentration, dim. less 
Ueq, cathode Open circuit potential, cathode, V. 
Ueq, anode Open circuit potential, anode, V. 
 
 
Greek 
 
α Bruggeman coefficient 
β transfer coefficient 
ε porosity 
κ Electrolyte conductivity, S/m 
ρ density, g/cm3 
σ Solid phase conductivity, S/m 
η overpotential, V 

ref∆Φ  Reference electrode potential difference 
 
 
Subscripts 
0 Initial value 
1 Solid phase 
2 Liquid phase 
s separator 
e electrolyte 
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