
Electrochemical modeling of lithium polymer batteries$

Dennis W. Deesa,*, Vincent S. Battagliaa, André Bélangerb
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Abstract

An electrochemical model for lithium polymer cells was developed and a parameter set for the model was measured using a series of

laboratory experiments. Examples are supplied to demonstrate the capabilities of the electrochemical model to obtain the concentration,

current, and potential distributions in lithium polymer cells under complex cycling protocols. The modeling results are used to identify

processes that limit cell performance and for optimizing cell design. Extension of the electrochemical model to examine two-dimensional

studies is also described.
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1. Introduction

Electrochemical modeling, as described by Newman, has

been applied to a number of battery technologies over the

last several decades [1]. The method can be used to identify

the processes that limit cell performance and offers tremen-

dous predictive capabilities for optimizing cell design. It is a

useful tool to help guide research activities and comple-

ments experimental cell and component characterization

studies. The present effort on the electrochemical modeling

of lithium polymer batteries is an ongoing example of how

this method can be applied to advanced battery technologies.

In general, electrochemical modeling is used to describe

the mass, energy, and momentum transport of each specie

for each phase and component of the cell. For battery

technologies, the volume-averaged forms of the transport

equations are often used because one or both of the electro-

des have a composite (multiphase) structure [2,3]. The

kinetics and thermodynamics of the chemical and electro-

chemical reactions are also included. The electrochemical

model typically ends up as a system of coupled partial

differential equations that must be solved in time for all

the spatial dimensions needed. Electrochemical modeling is

not only able to predict macroscopic quantities such as the

cell voltage and current, but also the local distribution of con-

centration, potential, current, and temperature inside the cell

on a microscopic scale. Considering the thickness of today’s

advanced battery systems, these microscopic distributions

would be extremely difficult to obtain by any other technique.

Because electrochemical models for complete cells tend

to be relatively complex, they typically have many para-

meters that must be determined. While it is possible in many

cases to glean from the literature reasonable estimates of

these parameters, to realize the full potential of the model,

the parameters must be determined independently to the

extent that they can. This is done through a series of experi-

ments that examines the various components of the cell.

The Electrochemical Technology Program at Argonne

National Laboratory has been working with the United

States Advanced Battery Consortium (USABC) and

Hydro-Québec (HQ) since the early 1990s in support of

the development of lithium polymer batteries for electric

vehicle applications [4,5]. This lithium polymer battery

technology is a lightweight high energy and power system

that operates at moderate temperatures (typically 50–

100 8C). With a polymer electrolyte, this all-solid-state

system can be manufactured using high-speed film-laminate

technology. While there are a number of current and thermal

distribution issues that have been examined in integrating
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this thin-film high-surface-area battery technology into full

size modules and packs, this modeling effort concentrates on

the electrochemically active materials between the current

collectors under isothermal conditions.

These active materials, as shown in Fig. 1, consist of a

polymer electrolyte separator sandwiched between a metal-

lic lithium negative electrode and a composite positive

electrode. While numerous candidate polymer electrolytes

have been examined under this program, the present study

was aimed at a binary lithium salt (i.e. LiN(CF3SO2)2)

dissolved in a dry polyether copolymer. The composite

electrode is made of a mixture of polymer electrolyte, a

conductive carbon additive, and vanadium oxide.

2. Model description and development

The electrochemical model for simulating a lithium poly-

mer cell, developed in the present study, builds on the earlier

work of Doyle et al. [6]. While the basic model is funda-

mentally similar, there are differences, described below,

which were included for this specific application. They

not only include a new set of parameters, but also small

variations in the fundamental equations and significant

changes in cell operation and geometry. To the extent

possible, the model parameters were determined by a series

of experiments using specially designed cells and standard

cells. Some of these experiments were straightforward to

carry out. For example, the open circuit voltage (OCV) as a

function of the lithium concentration in the vanadium oxide

was determined by a slow (�C/200) discharge and charge of

a cell. Others, such as the polymer electrolyte characteriza-

tion, required an extensive investigation to establish the

parameters.

For the polymer electrolyte and the cell in general the all-

solid-state system and assumption of isothermal operation

allows the momentum and thermal transport effects to be

neglected. The transport equations for the electrolyte then

reduce to mass transfer expressions for each specie (i.e.

cation, anion, and polymer solvent) and electroneutrality. In

the present model, as in the work of Doyle et al., concen-

trated solution theory is used to account for the transport of

the binary salt in the polymer electrolyte. The polymer

electrolyte transport equations used in the present study

varied slightly in that they were developed, based on the

volume-averaged velocity of the electrolyte [7,8]. The trans-

port parameters (i.e. electrolyte conductivity, salt diffusion

coefficient, and cation transference number) and salt activity

coefficient for the polymer electrolyte were measured as a

function of salt concentration and temperature, through

independent studies on symmetric (Li/polymer/Li) cells

and concentration cells (Li/polymer1/polymer2/Li) pre-

viously described in [9].

As part of the polymer electrolyte study, the kinetic

parameters for the lithium polymer interfacial electroche-

mical reaction, assuming Butler–Volmer kinetics as

described in the work of Doyle et al., was also determined

from the AC impedance studies on the symmetric cells. In

contrast to the earlier work of Doyle et al., a diffusion

overpotential term accounting for the transport of lithium

ions through the solid electrolyte interface (SEI) on the

lithium electrode was added to the present model. Although,

this effect was a relatively small, it was included for

completeness based on the AC impedance results. A series

of studies using a micro-reference electrode built into the

polymer electrolyte separator, as described in the lithium-

ion cell study of Amine et al., was used in lithium polymer

cells to determine the Butler–Volmer kinetic parameters for

the positive electrode active material [10]. As one may

expect from the difference in electrochemically active sur-

face area, the contribution to overall cell impedance from the

positive electrode kinetics was small when compared with

the lithium electrode kinetics. The positive electrode kinetic

parameters were, of course, based on an average vanadium

oxide particle size determined from cross-sectional images

of the positive electrode provided by HQ.

Fig. 1. Diagram of lithium polymer cell with polymer electrolyte separator and a composite positive electrode (vanadium oxide, carbon, and polymer

electrolyte).

D.W. Dees et al. / Journal of Power Sources 110 (2002) 310–320 311



Doyle et al. assumed that the diffusion coefficient for

the lithium ions in the positive electrode active material

was constant. This assumption allowed them to use a

superposition integral to solve for the diffusion in the

positive electrode active particles. Numerically, this has

the advantage of effectively reducing the problem to a

single dimension. While being numerically advantageous,

this assumption was physically incorrect for the vanadium

oxide active material used in the lithium polymer cells

studied. Obtaining reasonable agreement between the model

and experiment could only effectively be done with a

diffusion coefficient that was a function of lithium concen-

tration in the oxide. Allowing for the concentration depen-

dence of the diffusion coefficient creates a numerical

pseudo two-dimensional problem. In the model the distance

across the cell was the first dimension and the radial distance

of the assumed spherical vanadium oxide particles was the

second.

There are a number of options for numerically solving a

pseudo two-dimensional problem. For the present study,

going to a two-dimensional numerical partial differential

equation solver was avoided, because we expected to even-

tually examine multidimensional applications with the elec-

trochemical model. Instead, the distance across the cell was

kept as the first dimension and the oxide particles were

radially discretized using a finite difference form of the

differential diffusion equation. The lithium concentration at

the individual nodes of the oxide particles were then carried

as dependent variables in the numerical one-dimensional

solver. In the numerical solution of the model, from 2 to 20

nodes were used for the lithium concentration distribution in

the oxide particles. After examining the differences in the

overall numerical solution, five node points were used to

describe the lithium concentration distribution in the oxide

particles. Two steps were taken to insure an accurate mass

balance of lithium in the oxide particles. First, the actual,

rather than the approximate, volume element was used in the

finite difference form of the differential diffusion equation.

Second, three of the node points were placed close to the

surface to accurately account for the surface concentration

and flux of lithium ions into and out of the oxide particles.

The diffusion coefficient for the lithium ions in the

vanadium oxide particles was determined by fitting the

modeling results to constant current charge and discharge

experimental studies with lithium polymer cells. This tech-

nique is a relatively efficient method to determine the

diffusion coefficient, but it is dependent on the model to

account for all the other impedance effects in the cell. As

mentioned above, a more direct measure of the diffusion

coefficient would be preferable, although in this case much

more difficult to attain. It is important to realize here that

because of the volume averaging in the electrochemical

model, the diffusion coefficient for the lithium ions in the

vanadium oxide particles is not a fundamental transport

parameter of the oxide. It is also dependent on the micro-

structure of the composite electrode.

For the present application of the model it is important to

be able to run the simulation under the same conditions as

can be done with experimental lithium polymer cells using

today’s cyclers. While the model development of Doyle et al.

was written for constant current studies, changing the model

to also allow for controlled voltage and power applications

was relatively straight forward. The total current to the cell

was taken as a dependent variable, because it can change

with time under controlled voltage and power applications.

The boundary conditions were then varied according to what

variable was being controlled. For current or voltage control,

the respective variable on the boundary can be set directly. If

the power is being controlled, then the power would be set

equal to the product of the cell current and the cell voltage on

the boundary. Setting the external load on the cell can be

done in a manner similar to the power, but this option was

not implemented in the model.

Besides being able to accept changes in the controlled

variable (i.e. current, voltage, or power), the model is also

designed to accommodate step changes in the value of the

controlled variable. For the model to remain stable through

these step changes, the simulation time step has to be

reduced and then gradually increased. Thus, many step

changes of the controlled variable significantly slows down

the calculation. All the changes considered in this study (e.g.

cycling, peak power, and dynamic stress test (DST) as

defined by the USABC test protocol) range from seconds

to hours apart, and the exact voltage profile at times shorter

than a second after a change is not critical. Therefore,

double-layer charging effects were not included in the

electrochemical model.

Mathematically speaking, the electrochemical model is a

system of coupled partial differential equations that must be

solved in time and space. Two different partial differential

equation solvers were used for this purpose. A majority of

the work for this study was solved with a program developed

by Verbruggee and Gu [11]. The version used was a finite

difference based one-dimensional solver that is capable of

time stepping. FlexPDE, a finite element three-dimensional

partial differential equation solver marketed by PDE Solu-

tions Inc. was used to solve the multidimensional time-

dependent current distribution problems.

3. Results and discussion

A wide range of simulations was conducted with the

electrochemical model of a lithium polymer cell. These

investigations generally followed cycling protocols as

described in the battery test manuals of the USABC and

Partnership for a New Generation of Vehicles (PNGV)

[12,13]. Most of the studies conducted and, in fact, all

the work presented here are directed towards electric vehicle

applications. They include controlled current and power

applications using both constant and variable step techni-

ques. While the calculations generally follow actual cell
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results, all the work presented here is limited to theoretical

studies with the electrochemical model.

The discharge curve obtained from the simulation of a

lithium polymer cell during a 3 h constant current discharge

is given in Fig. 2. At the 3 h rate, the shape of the discharge

curve follows that of the cell OCV curve for the first 50%

depth-of-discharge (DoD), as indicated in Fig. 2. In the latter

stages of discharge, the diffusion coefficient for the lithium

ions in the vanadium oxide drops off and eventually becomes

the limiting factor at the end of discharge. The vanadium

oxide positive electrode active material determines the slope

of the OCV curve. As with many intercalation materials, the

slope of the OCV curve varies with depth of discharge.

These changes in slope affect the current distribution in the

positive electrode, as indicated in Fig. 3.

Fig. 3 gives the dimensionless electrochemical reaction

rate as a function of a dimensionless cell coordinate in the

positive electrode. The average reaction rate for the positive

electrode as plotted is one. For the cell coordinate, the

electrolyte separator/positive electrode interface is at 0.3

and the positive electrode/current collector interface is at

1.0. For any cell with a composite electrode, the reaction rate

distribution in the electrode will be such that it minimizes

the overall potential drop through the cell. For the lithium

polymer cells in this study, the chief factors that come into

play are the electrolyte and the local open circuit potential on

the surface of the oxide. The rate of lithium ion diffusion into

the oxide and the slope of the OCV curve determine the

change in the local open circuit potential at the surface of the

oxide with current. In Fig. 3, the slope of the OCV curve at

10% DoD is steep enough to cause the reaction rate dis-

tribution to be relatively uniform. At 50% DoD, the OCV

curve changes very little versus DoD. In this region, a wave

in the reaction rate distribution travels from the separator

side of the positive electrode back to the current collector. At

80% DoD, lithium ion diffusion in the positive electrode

material becomes limiting and the reaction rate distribution

again becomes uniform.

The discharge curve obtained from the simulation of a

lithium polymer cell during a peak power discharge test is

given in Fig. 4. As defined by the USABC, a peak power

discharge test consists 10 evenly spaced (i.e. 0, 10, 20, . . .%
DoD) 30 s current pulses applied to the cell during a 3 h

controlled current discharge. The drop in cell voltage during

each of the current pulses is quite evident. Corresponding to

the increased current during the current pulse, there is an

increase in the salt concentration gradient in the polymer

electrolyte. The salt concentration gradient at the end of the

Fig. 2. Simulation of lithium polymer cell during constant current discharge (C/3 rate).

Fig. 3. Current distribution in the positive electrode at 10, 50, and 80% DoD.
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current pulse increases with the size of the current pulse, as

shown in Fig. 5. In Fig. 5, the lithium/polymer interface is at

a cell coordinate of zero. As current is passed during

discharge, there is a shift in the electrolyte salt from the

positive electrode to the separator. Eventually, at high

enough current, the salt concentration in the positive elec-

trode can approach zero.

Fig. 6 shows the profile of a controlled power discharge

referred to as the DST, as defined by the USABC. The profile

not only contains discharge steps, but it also has charging

steps representing regenerative braking in an electric vehi-

cle. During the discharge of a cell, the pattern is repeated

until the end of discharge has been attained. The simulation

of a lithium polymer cell during a DST discharge is shown in

Fig. 7. This is a time intensive calculation due to the

hundreds of steps involved. An expanded view of the cell

voltage and current during a single DST sub-cycle at about

2.6 h into the discharge is given in Fig. 8. Because this is a

controlled power discharge, both the current and potential

are continuously changing during the discharge. The great-

est swing in cell voltage and current occurs between the high

discharge steps (i.e. steps 15 and 16) and the high regen step

(i.e. step 19).

The local distributions inside the cell can be examined to

better understand the effect of these changes in the cell

current and voltage during the DST discharge. While the

local distribution of each dependent variable at each point in

space and time was obtained during the calculation, the

focus here is on the end of the highest discharge and regen

power steps (i.e. steps 15 and 19) shown in Fig. 8. For the

positive electrode, the change in the reaction rate distribu-

tion is given in Fig. 9. While it is difficult to extrapolate too

much from this comparison, clearly the reaction distribution

shifts significantly. Although not as dramatic, the salt con-

centration distribution in the polymer electrolyte also

changes, as shown in Fig. 10. In contrast, the surface lithium

concentration on the oxide changes little (see Fig. 11). The

relatively long time constant for lithium ion diffusion in the

oxide tends to average out the steps applied to the cell.

The observation that the oxide acts as a ballast to help

stabilize the fluctuations in the cell can be extended across

the complete DST discharge. This behavior is illustrated in

Fig. 12, where the average lithium content in the oxide is

shown for DST and constant power discharge simulations.

The constant power discharge simulation was carried out at

the average discharge power for the DST. From a numerical

Fig. 4. Simulation of lithium polymer cell during a peak power discharge test.

Fig. 5. Increasing salt gradient in polymer electrolyte with peak power pulse current.
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prospective, this suggests a method of easing the number of

calculations for simulating a cell under a DST discharge. For

example, it is possible to examine a cell under DST dis-

charge at 80% DoD by running a constant power discharge

simulation to within 5 or 10% of the 80% point and then

switching over to a DST simulation without sacrificing

accuracy.

So far, examples have been given of how electrochemical

modeling of lithium polymer cells can be used to examine

current, potential, and concentration distributions inside a

cell during operation. This information can be used to

explain the behavior of macroscopically observed quantities

like cell voltage and current. Of possibly even greater

significance is that this method can be used to conduct cell

Fig. 6. Cell discharge power control steps for DST driving profile.

Fig. 7. Simulation of lithium polymer cell during DST discharge.

Fig. 8. Simulation of lithium polymer cell during DST discharge sub-cycle (steps 15, 16, and 19 are indicated on graph in parentheses).
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optimization studies. One example of the many parametric

studies that have been conducted is the effect of positive

electrode thickness on the cell energy and power. In this

work, the specific energy was determined from the simula-

tion of a 3 h discharge and the power was obtained from the

simulation of a peak power discharge at 80% DoD. The mass

of the electrochemical cell materials (i.e. materials between

the current collectors) was used to calculate the specific

energy and power. The electrochemical cell materials

include oxide, carbon, polymer electrolyte, and lithium with

no excess. Of course, a real cell must have current collectors

and other associated hardware, and inclusion of these into

the calculations will have a significant impact on the overall

result. Using the weight of electrochemical cell materials

Fig. 9. Current distribution in the positive electrode during DST discharge at the end of the indicated step.

Fig. 10. Salt concentration distribution in the polymer electrolyte during DST discharge at the end of the indicated step.

Fig. 11. Lithium concentration distribution on the surface of the vanadium oxide during DST discharge at the end of the indicated step.
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avoids any discussion of the specifics of the overall cell

design and is more than adequate for illustrative purposes.

The calculated specific power of the lithium polymer cell

as a function of positive electrode thickness is given in

Fig. 13. The positive electrode thickness is reported as an

area specific rated capacity (determined from the amount of

oxide in the electrode), which is more relevant to battery

engineers. When the positive electrode thickness and capa-

city approach zero, the specific power of the cell also

approaches zero for two reasons. First, the mass of the cell

remains finite because of the separator. Second, the cell ASI

goes to infinity, as shown in Fig. 13. The cell ASI goes to

infinity, because the electrochemically active area in the

positive electrode is approaching zero with its thickness. As

the positive electrode thickness increases from zero, the ASI

drops precipitously and the cell specific power increases

because of the increase in the electrochemically active area.

Eventually, the ASI levels off and even starts to increase

slightly. Here another phenomenon becomes significant,

namely, the length of the current path in the cell’s polymer

electrolyte. As the slope of the ASI curve levels out the

specific power drops almost linearly, because mass is being

added to the cell with no increase in power.

The calculated specific energy of the lithium polymer cell

as a function of positive electrode thickness is given in

Fig. 14. As described above, the positive electrode thickness

is plotted as area specific rated capacity. When the positive

electrode is very thin, the specific energy of the cell

approaches zero because the cell energy is approaching zero

and the ASI is going to infinity. There is a leveling off of the

slope of the specific energy curve because the oxide being

added to the cell is getting farther from the lithium electrode

and thus, the current path is increasing. This detrimental

effect is amplified because a 3 h discharge is being used to

calculate the energy; as the positive electrode becomes

thicker, the current must correspondingly increase. Compar-

ing the rated capacity and the capacity obtained from the

simulation (see Fig. 14) indicates that for the positive

electrode thicknesses studied, all of the oxide active material

can still be accessed in the 3 h discharge.

While many factors affect the design and performance of

a cell, this parametric study does suggest that the lithium

Fig. 12. Simulation of the change in the average lithium concentration in the vanadium oxide for a DST discharge and a constant power discharge at the

average power level of the DST.

Fig. 13. The calculated specific power and area specific impedance of a lithium polymer cell as a function of positive electrode thickness (plotted as rated

capacity).
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polymer technology would be configured differently

depending on whether power or energy is more important.

For high-power applications, the positive electrode would

need to be thinner, and the opposite would be true if energy

were the prime motivator. While this conclusion may be

intuitive to a battery engineer, these calculations can help

serve to narrow the range of interest for a particular applica-

tion. Alternatively, configurations that may be difficult to

attain in the laboratory can be easily examined with the

electrochemical model to determine if they should be

explored further.

Extending the one-dimensional (not counting lithium ion

diffusion in the oxide) electrochemical modeling studies

described above to two or even three dimensions allows the

current distribution in the cell to be examined further.

Specifically, cell imperfections and edge effects can be

examined. Also overall cell design issues can be determined,

such as the effectiveness of the current collectors to dis-

tribute the cell current. Extending the governing equations to

more than one dimension is relatively straightforward,

because they were originally developed in three dimensions

and then simplified. A current collector for the positive

electrode is added to the cell geometry to allow for the total

cell current to the cell to be set. Without the current collector,

a uniform current distribution at the positive electrode/

current collector interface must be assumed, which could

bias the results of some simulations.

The current distribution, both ionic and electronic, dur-

ing the simulation of a constant current discharge of a

two-dimensional lithium polymer cell is given in Fig. 15.

The size and shade of the arrows are indicative of the

magnitude of the current, with the darker and larger arrows

in each diagram being the greater current. As expected,

the ionic current density is uniform in the separator and

drops to zero in the positive electrode. In this simulation the

ionic current distribution is uniform along all planes par-

allel to the lithium/polymer electrolyte interface. This is a

result of the current collector being conductive enough to

Fig. 14. The calculated specific energy and capacity of a lithium polymer cell as a function of positive electrode thickness (plotted as rated capacity).

Fig. 15. Ionic and electronic current distributions in lithium polymer cell during a constant current discharge (for each diagram, the darker and larger the

arrow, the higher the current density).
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uniformly spread out the current to the positive electrode

and a featureless geometry. As such, these studies can and

have been compared with the one-dimensional work

described above, with both PDE solvers yielding essen-

tially the same result. Because of the aspect ratio of the

current collector, the maximum electronic current density

in the cell is about five times that of the maximum ionic

current density.

The utility of a multidimensional electrochemical cell

model is only now being fully explored, but an example of

how this model can be used is in the study of cell imperfec-

tions. Fig. 16 contains the ionic current and polymer elec-

trolyte salt concentration distributions from the simulation

of a lithium polymer cell during a constant current charge.

The separator/positive electrode interface is non-planar and

the current and salt concentration distributions are distorted

in the area of the imperfection. However, the overall impact

of the imperfection is likely to be small because the distor-

tions do not propagate far from the imperfection. For

example, the current distribution on the lithium is relatively

uniform.

4. Conclusions

An electrochemical model for lithium polymer cells was

developed and a parameter set for the model was measured

using a series of laboratory experiments. The electrochemi-

cal model was used to identify processes that limit cell

performance and for optimizing cell design. Electrochemi-

cal modeling was shown to be an effective method for

examining concentration, current, and potential distributions

in lithium polymer cells. The model was designed to have

the capability of following the same cycling protocols

required of electric and hybrid electric vehicle battery

developers. The information from these studies was used

to understand and explain the behavior of macroscopi-

cally observed quantities like cell voltage and current.

The predictive capability of electrochemical model was

demonstrated by examining the effect of positive electrode

thickness on cell power and energy. The implication of using

the electrochemical model to conduct parametric studies for

the design of a lithium polymer cell in a specific application

was exhibited. The electrochemical model development was

extended to include two-dimensional studies on lithium

polymer cells. All the results presented here were intended

to give a flavor of how electrochemical modeling can be

applied to advanced battery technologies.
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