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Abstract. The paper deals with the issues related to the operation and
capacity fade modelling of lithium-ion cells. It includes the presentation of
the electrochemical model of the cell in which the phenomenon of
diffusion and transfer of charge on electrodes and in electrolyte was
discussed. The circuit model of the cell designed for analysis of its
behaviour in the conditions of the dynamically variable load was
presented. The key aging processes which occur during the operation of the
cells were characterised, and their impact on the wear of the cell was
discussed. The model of the capacity fade of the lithium-nickelmanganese-cobalt cell was developed. The model parameters depends on
the ambient temperature, the value of load current and the value of the
average charge current. The results of the model were verified with the
laboratory measurement.

1 Introduction
The rapid civilisational and technological developments observed nowadays has caused a
greater and greater demand for electricity. According to many forecasts, it is likely that
within the upcoming 20-30 years, the global electricity demand will almost double. This is
one of the main reasons, for which the techniques and methods of analysis regarding
electric energy storage are currently developed.
Analyses related to the behaviour of energy storage in buses and electric cars have been
conducted in many research centres all over the world. Most frequently, they refer to the
operation of electrochemical batteries and supercapacitors – often operating in the hybrid
system [1-2]. The operation of these storages is contingent upon many chemical processes;
therefore, different model types are used for the purpose of mapping of their operation.
Depending on the expected accuracy, mathematical, circuit or non-deterministic models can
be used.
In the case of electrochemical cells, the key issue of the modelling is the mapping of the
wear of their capacity. The most frequently conducted studies refer to the impact of the
respective factors which have a dominant impact on the capacity fade, such as ambient
temperature, depth of discharge (DOD) and values of cyclic operation parameters
(load/charge currents, cut-off charge voltage). Such an approach for the lithium-ionphosphate cell was presented in papers [3-4].
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2 Electrochemical model of the cell
Electrochemical models enable detailed analysis of chemical processes leading to the
cell polarisation. The processes which play a key role in the phenomenon of the cell
polarisation are related to the transfer of charge and diffusion, and are divided into
electrode processes and processes which occur in electrolyte [5-6]. The electrode processes
— taking place on cell electrodes and in the area of double layers — they are related to the
phenomena of transfer of load carriers, solvation, desolvation, adsorption or desorption of
ions. On the other hand, the processes, which occur in the electrolyte solution, are
responsible for the migration of ions from one electrode to the other.
The ion diffusion process on electrodes is determined by the Fick’s law of diffusion
[7-8]:
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where: cs  concentration of the solid phase [mol/cm3], Ds  solid phase diffusion
coefficient [cm2/s], r  radial position of particle [cm], t  time [s], Rs  particle
radius [cm], j  current density [A/cm2], as  interfacial surface area [cm2], F  Faraday’s
constant (96475 C/mol).
Migration of ions in electrolyte is described by equation (4) [7-8]:
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with the assumption of the lack of flow of current on terminals:
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and with the assumption of the flow of ions through porous media:
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where: ce  concentration of the electrolyte phase [mol/cm3], εe  electrolyte phase volume
fraction [-], x  particle position [cm], Deeff  effective diffusion coefficient [cm2/s],
t+0  ion transference number [-], L  distance between electrodes [cm], εep  Bruggeman’s
porosity coefficient [-], De  electrolyte diffusion coefficient [cm2/s].
Behaviour of the charge on electrodes is determined by the Ohm’s law [7-8]:
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with the maintenance of invariability of current density on cathode and anode terminals:

  eff

s
x

  eff
x0

s
x


xL

I
A

(9)

and also with the lack of flow through the separator:
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where: σeff  effective conductivity of the solid phase [S/cm], Φs  potential of the solid
phase [J/mol], σeff-  effective conductivity of the anode [S/cm], σeff+  effective
conductivity of the cathode [S/cm], I  load current [A], A  electrode plate area [cm2],
δ-  anode length [cm], δsep  separator length [cm].
The process of charge transfer in the electrolyte solution is described by the following
relationship (11) [7-8]:
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with the assumption of the boundary conditions (12) and (13):
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where: κeff – effective ionic conductivity [S/cm], Φe – potential of the electrolyte
phase [J/mol], κeffD – effective diffusional conductivity [S/cm], R – universal gas
constant (8,314 J/mol K), T – temperature [K], f± – electrolyte activity coefficient [-].
Values of coefficients in formulas (1), (4), (7-9), (11) and (14) can be determined by means
of advanced electrochemical methods such as, among others potentiometry, coulometry,
voltammetry and impedance spectroscopy [5].
Potential of the electrolyte phase Φe and concentrations of solid phase cs and electrolyte
phase ce which occur in equations (3-4), (8) and (11) depend on current density j, which can
be determined based on the Butler-Volmer equation [5-8]:
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where: j0 – exchange current density [A/cm2], α- – anode transfer coefficient [-],
α+ – cathode transfer coefficient [-], η – overpotential of cell [V], U – equilibrium
potential [V].

3 Equivalent circuit model of the cell
In circuit models (equivalent circuits), electrochemical processes which take place
during the charge and discharge of the cell are modelled by means of standard RLC
elements or CPE elements (constant phase elements) [9-14]. The selection of a specific
structure of the equivalent circuit depends on the application of the model and, in certain
cases, may significantly affect the accuracy of mapping of the cell operation. The model
which enables the mapping of the phenomenon of polarisation and voltage drop on the
internal resistance of the cell is presented in figure 1.

Fig. 1. Equivalent circuit of the electrochemical cell (first order model) [11]
In this model, all chemical processes which lead to the polarisation of the cell are modelled
by means of a single mesh, which consists of ideal non-linear elements R1C1. Non-linear
resistor R0 maps the internal resistance of the cell, in which the electrolyte resistance has
the largest share, while the non-linear source of direct current Em models the voltage on the
unloaded cell terminals.
4
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In cases, where there is a necessity to take into account the chemical reactions which
take place with different speeds – the equivalent circuit which contains several (at least
two) meshes with different values of time constants must be applied. An example of such a
model is shown in fig. 2.

Fig. 2. Equivalent circuit of the electrochemical cell (complex model) [5]
The aforementioned model enables the mapping of the reactions of charge transfer and
diffusion on electrodes, in the area of double layers and in electrolyte. The applied constant
phase impedances ZCPE,ct and ZCPE,dl take into account the non-homogeneity of the structure
of electrodes in the charge transfer processes, and the Warburg impedances ZW,ct and ZW,el
map the diffusion processes which occur in electrodes and in electrolyte solution
respectively. The processes which take place in the double layer are most frequently
modelled using non-linear capacitors or constant phase impedances.
The values of elements of equivalent circuits are identified most frequently by means of
two methods – based on the cell voltage response to the rush of current [11], or by means of
the electrochemical impedance spectroscopy (EIS) [5]. The first method may be applied
successfully for equivalent circuits such as e.g. the circuit shown in figure 2. In the case of
the second order models and higher – as e.g. in fig. 3 – the EIS method must be used. For
both estimation methods, it is necessary to take into account the fact that the determined
values refer to the current cell state of charge (SOC), the current cell temperature and the
current cell state of health (SOH).

4 Aging processes occurring in the lithium-ion cell
Each process of the lithium-ion cell charge or discharge contributes to the permanent
capacity fade of the cell. The capacity fade is a consequence of aging processes, which
occur, in particular, on electrodes, in the area of their contact with electrolyte or in the
electrolyte per se. According to many studies, the major aging process which affects the
capacity fade is the phenomenon of formation of the passivation layer called solid
electrolyte interface (SEI) on both electrodes of the cell [15-18]. The evolution of the aging
processes which take place in double layers is presented in fig. 3. The SEI layer is a byproduct of many chemical reactions occurring between lithium ions, electrode material and
electrolyte solution. (fig. 3-1).
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,
Fig. 3. Evolution of aging processes in double layer of lithium-ion cell [16]
Other equally important aging processes include the electrode galvanisation (fig. 3-4)
and the phenomenon of formation of dendrites on the surface of the electrodes [17-18].
They are caused, above all by the charging of the cells at low temperatures, during
discharge with high currents, and also during storage in the state of high or low charge. In
extreme cases, the growth of dendrites may lead to the puncture of the separator and the
electrodes short-circuit. The capacity fade of the cell is also a consequence of the
mechanical degradation of the cell. In the case of electrodes, this is manifested by the
reduction in their porosity, which results in the reduction in their areas capable of lithium
ion intercalation. In view of the oxidisation phenomenon occurring on electrodes, the
processes of their corrosion and dissolution in electrolyte must also be taken into account.
A significant process is also the phenomenon of gassing and swelling of the cells, which
takes place, among others, as a result of overcharge or operation at high ambient
temperatures.
The aspect of the modelling of the capacity fade of lithium-ion cells is particularly
difficult, because of the necessity to take into account the aging processes described above,
which take place at the same time and are caused by several factors related to the
exploitation of the cell. The process of modelling of the capacity fade may be divided
depending on whether the cell is in the state of self-discharge or subjected to a load. In the
first case, the state of charge and the cell storage temperature must be taken into account. In
the second case, such factors as: ambient temperature, cell load parameters (depth of
discharge and value of current) as well as the current state of health of the cell must be
taken into account.

5 Modelling of the capacity fade of the lithium-ion cell
In order to develop the model of the capacity fade of the cell, the cylindrical lithiumion cell used to supply drivetrains of electric vehicles, with parameters listed in table 1, was
selected.
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Table 1. Lithium-ion cell parameters used for the testing.
Parameter

Value

Type

LiNi0.33Mn0.33Co0.33O2

Nominal voltage

3.63 V

Rated capacity

2600 mAh

Discharge cut-off voltage

2.75 V
Charge: 0 to 45°C
Discharge: -20 to 60°C

Operating temperature

In order to develop the capacity fade model, 9 aging tests were performed, where the
selected cell was subjected to cyclical operation. In order to maintain the constant ambient
temperature during each test, the cells were placed inside the temperature chamber. The
cyclic operation parameters were controlled by the equipment dedicated to electrochemical
cells. In each conducted variant, the constant depth of discharge equal to 95% was
maintained, and the values of final voltages for the charge and discharge amounted to 4.2 V
and 2.75 V respectively. After each discharge, the cells were charged using the constant
current-constant voltage (CC-CV) method. The pause between the charge and discharge
procedures after each operating cycle was 15 seconds. Each of the performed tests ended
when the cell lost 20% of its rated capacity – determined on the basis of the European
standard - IEC 62660-1 – for cells used in electric vehicles. The parameters of the
performed aging tests and the number of cycles performed are listed in table 2.
Table 2. Performed aging tests matrix.
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1
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2
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For the purpose of modelling of the capacity fade of the cell, the model of the twolayer feedforward artificial neural network, with the structure presented in fig. 4 was used.

Fig. 4. Structure of the artificial neural network used to the test.
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The first layer of the network contained 20 neurons, and the second one contained 1
neuron. As the function of activation in the first layer, the normalized radial base function
was assumed, while in the second layer – the linear function. The input network parameters
were as follows: number of cycles, ambient temperature, value of average charge current
and value of discharge current. The output parameter of the network was the useful capacity
of the cell. The network teaching method involved the supervised teaching based on
teaching data, which were the results of measurements of the useful capacity performed at
the temperature of 15°C and 40°C (variants 1-6 from table 2). The teaching algorithm in the
implemented network was the Levenberg-Marquardt algorithm with Bayesian
regularisation. Before the teaching process, all the data were normalised and mixed. The
verification of operation of the model was performed in two stages. During the first stage,
the response of the model based on teaching data at the temperature of 15°C and 40°C was
checked – the results and the mean relative error of the model were presented in fig. 5.

Fig. 5. Results of the artificial neural network training – capacity fade at 15°C (a) and
40°C (b), and model errors 15°C (c) and 40°C (d).
The second stage of verification of the functioning of the model was implemented at the
rated ambient temperature – variants 7-9 from table 2, and then the results of the model
were compared with experimental measurements. The results of the verification of the
model at the rated temperature were presented in fig. 6.
In the case of verification of the functioning of the model based on the teaching data (at
the temperatures of 15°C and 40°C) – for each variant, the mean relative error did not
exceed 1%. On the other hand, in the case of the verification at the rated temperature, the
mean relative error for the discharge currents equal to 3C, 2C and 1C was 3.1%, 0.5% and
7.1% respectively.
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Fig. 6. Verification of capacity fade model in the rated temperature –capacity (a) and model
error (b).

6 Summary
The paper deals with the subject of modelling of the operation and capacity fade of
lithium-ion cells designed for electric vehicles. Because of a significant cost of the battery
pack in electric vehicles, the knowledge regarding the expected cell capacity is currently of
key significance. The electrochemical models enable detailed analysis of chemical
processes which take place in the cell by means of the set of partial differential equations.
These equations require the determination of many coefficients, which often require
methods implemented only under laboratory conditions. The circuit models are
characterised by lower accuracy in comparison to the electrochemical models, however, in
many applications, the use of a single equivalent circuit (averaged for both electrodes) is
sufficient and creates no difficulties in the implementation. The development of the
capacity fade model for the lithium-ion cell requires the consideration of many factors
which affect their degradation. The dominant factors include the ambient temperature, the
depth of discharge, the final value of charge voltage and the values of charge and load
currents of the cell, as well as the temperature and state of charge during the cell storage.
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