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Abstract: This paper reports a modeling methodology to predict the effect of the loss of cyclable
lithium of a lithium-ion battery (LIB) cell comprised of a LiNi0.6Co0.2Mn0.2O2 cathode, natural
graphite anode, and an organic electrolyte on the discharge behavior. A one-dimensional model
based on a finite element method is presented to calculate the discharge behaviors of an LIB cell
during galvanostatic discharge for various levels of the loss of cyclable lithium. Modeling results for
the variation of the cell voltage of the LIB cell are compared with experimental measurements during
galvanostatic discharge at various discharge rates for three different levels of the loss of cyclable
lithium to validate the model. The calculation results obtained from the model are in good agreement
with the experimental measurements. On the basis of the validated modeling approach, the effects of
the loss of cyclable lithium on the discharge capacity and available discharge power of the LIB cell
are estimated. The modeling results exhibit strong dependencies of the discharge behavior of an LIB
cell on the discharge C-rate and the loss of cyclable lithium.
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1. Introduction

The lithium-ion battery (LIB) is a preferred power source for battery electric vehicles (BEVs),
because LIBs have higher energy density, longer life and higher power density than most other
practical batteries [1]. Although long lifespan (i.e., 10–15 years) is required for LIBs that are targeted
for BEV applications, the service life of LIBs is limited as a consequence of various aging mechanisms
including lithium deposition, electrolyte decomposition, active material dissolution, phase changes in
the insertion electrode materials, and passive film formation over the electrode and current collector
surfaces among others [2]. The aging of LIB for BEV applications generally manifests itself in the
performance degradation such as capacity and power fades [3]. It is, therefore, essential to predict
the performance degradation of LIBs by including the various causes of aging in the modeling and
simulation tools of LIB for the optimal design and management of the vehicle electrical system in
BEV applications [4].

There have been many previous efforts concerning the aging mechanisms and the modeling to
predict the aging for LIBs. The reviews on the aging mechanisms of LIBs are given in references [2–8].
Different models have been developed to account for various degradation mechanisms leading to the
aging of LIBs [9–21]. The aging models for LIBs [9–21] basically adopted a porous electrode model
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based on the concentrated solution theory developed by Doyle et al. [22] and altered the model of
Doyle et al. [22] to deal with the degradation mechanisms. Kwon et al. [23] introduced a modeling
strategy different from the rigorous porous electrode model [22] to predict the effect of electrode
configuration on the discharge performance of an LIB cell. They presented a model to compute the
two-dimensional distributions of the potential and current density on the electrodes of an LIB cell.
By not computing the potential distribution of electrolyte phase and the transport phenomena of lithium
ion, the model of Kwon et al. [23] cuts down considerable computation time in comparison with the
rigorous porous electrode model [22], while preserving the validity of the model. Kim et al. [24–27] and
Yi et al. [28–30] carried out a two-dimensional modeling to compute the thermal behaviors of an LIB
throughout charge and discharge processes based on the distributions of potential and current density
on the electrodes acquired by following a similar procedure of Kwon et al. [23]. They reported that the
thermal modeling results agree well with the experimental IR measurements. Koo et al. [31] enhanced
the previous works [23–30] to unravel the effect of fast charge scenarios composed of different types of
fast charge protocols on the cycle life of LIBs.

According to the aging effects of LIBs summarized by the previous reviews [2–8], the growth of
solid electrolyte interphase (SEI) induces the loss of cyclable lithium and electrolyte decomposition.
Furthermore, the solvent interaction with the graphite in the negative electrode may cause the
graphite exfoliation and create gas which can crack the SEI. In terms of battery performance, both of
the losses of cyclable lithium and active materials lead to the fading of the battery’s capacity and
the battery resistance increase is engendered by the passive film growth at the surface of active
material. These processes influencing LIB aging do not occur separately [7] and it has been a
challenge to isolate the contribution of individual effects on the overall performance degradation
of an LIB [32]. Dubarry et al. [33–35] presented a mechanistic model that can synthesize a variety of
cell aging scenarios based on degradation modes, including loss of active material, loss of lithium
inventory, kinetic degradation or increase of polarization resistance, formation of parasitic phases,
Li plating, and any combination of them. Their approach employed a modified equivalent circuit model
from which the cell performance is emulated from two-separated half-cell modules each constructed
from laboratory experimental data. Although this approach offers the advantages of universal
applicability to various cell chemistries and operating modes, pristine half-cell pseudo open-circuit
voltage measurements, which take a long time, and aging history measurements are required to
discard the estimation of wrong degradation modes [36,37]. In this work, a one-dimensional model
obtained by reducing the spatial dimension of the two-dimensional model of Kim et al. [24–27] and
Yi et al. [28–30], owing to the cylindrical symmetry of a coin cell is presented to investigate the effect of
the loss of cyclable lithium on the performance degradation of LIBs, because the loss of cyclable lithium
is considered as the main reason for the capacity and power fades of LIBs [19–21]. The modeling
approach adopted in this work [24–31] requires only straightforward measurements of the cell voltages
during constant-current discharge at a few different C-rates and the procedures to obtain the key
modeling parameters are simple and obvious as compared to the other modeling approach mentioned
above [9–22,33–35]. Validation of the modeling approach is provided via a comparison of the modeling
results with experimental measurements.

2. Mathematical Model

Aging and lifespan depend on the LIB type [38–41]. The most common LIBs are lithium cobalt
oxide (LCO) with a LiCoO2 cathode and a graphite anode, lithium manganese oxide (LMO) with
a LiMn2O4 cathode and a graphite anode, lithium nickel manganese cobalt oxide (NMC) with a
LiNiMnCoO2 cathode and a graphite anode, lithium iron phosphate (LFP) with a LiFePO4 cathode
and a graphite anode, lithium nickel cobalt aluminum oxide (NCA) with a LiNiCoAlO2 cathode and
a graphite anode, and lithium titanate (LTO) with a LMO or NMC cathode and a Li2TiO3 anode.
A coin-type LIB cell comprised of LiNi0.6Co0.2Mn0.2O2 (NCM622) cathode, natural graphite anode,
and an organic electrolyte, which can be classified as one of NMCs, is modeled in this work. Figure 1
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shows a schematic diagram of the two-dimensional currents in the two parallel circular electrodes
during discharge. The distance between the electrodes is assumed to be so small that the current
between the electrodes would be perpendicular to them. The two-dimensional currents on the positive
and negative electrodes in Figure 1 are assumed to have circular symmetry with respect to the axis
passing through the centers of the circular electrodes. Then, the two-dimensional currents on the
electrodes are reduced to one-dimensional currents in terms of the radial coordinate, r, in Figure 1.
The modeling procedure used to calculate the potential and current density distribution on the
electrodes is similar to that of the two-dimensional model of Kim et al. [24–27] and Yi et al. [28–30].
Ohm’s law is expressed as follows:

ip,r = −
1
rp

dVp

dr
for Rc < r < R (1)

in,r = −
1
rn

dVn

dr
for Rc < r < R (2)

where ip,r and in,r are the r components of the linear current density vectors [current per unit length
(A·m−1)] in the positive and negative electrodes, respectively; rp and rn are the resistances (Ω) of the
positive and negative electrodes, respectively; and Vp and Vn are the potentials (V) of the positive
and negative electrodes, respectively. Rc and R denote the radii of the electrical contact and the coin
cell, respectively. From the continuity of the current on the positive and negative electrodes during
discharge, the Poisson equations to compute the potential distributions on the positive and negative
electrodes are derived as follows:

1
r

d
dr

(
r

dVp

dr

)
= +rp J for Rc < r < R (3)

1
r

d
dr

(
r

dVn

dr

)
= −rn J for Rc < r < R (4)

where J is the current density [current per unit area (A·m−2)] transferred through the separator from
the negative electrode to the positive electrode.

The relevant boundary conditions for Vp are

−
1
rp

dVp

dr
=

I0

2πRc
on r = Rc (5)

dVp

dr
= 0 on r = R (6)

The first boundary condition (5) means that the linear current density through the electrical
contact of length 2πRc (cm) has a value of I0

2πRc
. I0 is the total current (A) through the electrical contact

in the constant-current discharge mode, which is a function of time. The second boundary condition in
Equation (6) implies that there is no current through the electrode edge. The boundary conditions for
Vn are

Vn = 0 on r = Rc (7)

dVn

dr
= 0 on r = R (8)

The first boundary condition in Equation (7) means that the potential at the electrical contact of the
negative electrode has a fixed value of zero as the reference potential. The second boundary condition
in Equation (8) implies the same as in the case of Vp. The solutions to the governing Equations (3) and
(4) subject to the associated boundary conditions (5)–(8) were obtained by using the finite element
method as explained in Refs. [24–30].
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The current density, J, of Equations (1) and (2) is a function of the potentials of the positive and negative
electrodes. The functional relationship between the current density and the electrode potentials depends on
the polarization characteristics of the electrodes. In this study, the following polarization expression used by
Tiedemann and Newman [42] and Newman and Tiedemann [43] is employed:

J = Y(Vp −Vn −U) (9)

where Y and U are the fitting parameters. The physical meaning of U is similar to the equilibrium
potential of the battery cell and Y may be regarded as a reaction rate constant of an electrochemical
reaction as discussed in Ref. [25]. As discussed by Gu [44], U and Y are the functions of SOC (state of
charge). The details of the procedures to obtain the functional relationships of U and Y with respect to
SOC are given in Section 4.
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Figure 1. Schematic diagram of the currents in the two parallel circular electrodes during discharge.

3. Experimental Section

The electrochemical properties of samples were measured using CR2032 coin-type cells. CR2032
is normally used for a primary (single use) coin cell with a lithium cathode having the dimension
of 20 mm diameter and 3.2 mm height, but it is occasionally a secondary (rechargeable) battery.
LiNi0.6Co0.2Mn0.2O2 (NCM622) cathode and natural graphite anode were used as standard electrode
materials. Conductive carbon and PVDF binder ratios were two weight percentages each with NCM622
in the cathode. A high loading level over 14 mg·cm−1, which is comparable with that of PHEV cells, was
adopted for the cathode. In the anode, 1% carbon with 2.5% SBR/CMC binder in graphite was loaded.
The full cell capacity balance ratio for the negative and positive electrodes (N/P) was 1.1. Electrode
materials were purchased from Wellcos Corporation (Gunpo-si, Gyeongi-do, Korea) to maintain the
consistency. One M LiPF6 in a 3:4:3 mixture of ethylene carbonate (EC), ethyl methyl carbonate (EMC)
and diethyl carbonate (DEC) with 2% VC (vinyl carbonate) was used as the electrolyte with an SC1622
separator (W-SCOPE, Cheongwon-gun, Chungbuk, Korea). Galvanostatic charge–discharge tests were
conducted with Maccor 4000 battery cycler (Maccor, Tulsa, OK, USA).

In order to embody the loss of cyclable lithium, NCM622 cathode was assembled using lithium
metal as the counter electrode. The NCM622 half-cell performed three cycles of the charge–discharge
process for cell formation at 0.1 C between 2.5–4.2 voltage range, and then the cell discharged up to the
intended values of depth of discharge at 80%, 90% and 100% each. Loss percentage of cyclable lithium
was checked by the discharge capacity value at the third formation cycle of the cells. To extract the
lithium loss electrode, the NCM622/lithium metal cell was disassembled in an argon-filled glovebox to
retrieve the cathode with the intended loss percentage of cyclable lithium. The retrieved cathode with
the loss of cyclable lithium was washed by using dimethyl carbonate (DMC) and dried in a vacuum
chamber to prevent air exposure.
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4. Results and Discussion

The experimental discharge curves of the LIB full cells comprised of the NCM622 cathode
and natural graphite anode with no loss, 10% loss, and 20% loss of cyclable lithium are shown in
Figure 2a–c, respectively.
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The experimental data of Figure 2a–c can be converted to the cell voltage as a function of applied
current density during discharge as shown in Figure 3a–c, respectively. The cell voltage data are fitted
fairly well with a linear function of applied current density, which justifies the use of the functional
relationship of Equation (9) between the cell voltage and applied current density.
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From the slopes and intercepts with vertical axis of the linear fittings at different SOC values,
the functional relationships of Y and U with SOC are obtained. The values of U and Y are obtained
by the method demonstrated in Figure 3a–c for a specific value of the 101 end points of 100 equally
spaced intervals of SOC ranging from 0 to 1. The functional relationships of U and Y with SOC are
obtained by using a piecewise linear interpolation on those 100 intervals of SOC between 0 and 1,
instead of expressing U and Y as polynomial functions of SOC, as shown in previous works [24–30].
The relationships of U and Y with SOC of the LIB cells with no loss, 10% loss, and 20% loss of cyclable
lithium are shown in Figure 4a,b, respectively. As mentioned in the last paragraph of Section 2,
the physical meaning of U is similar to the equilibrium potential of the battery cell and Y may be
regarded as a reaction rate constant of an electrochemical reaction. U and Y are the two key modeling
parameters of this work.
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With the object of the model validation, the calculated discharge curves from the model using
U and Y presented in Figure 4a,b are compared with the experimental data with discharge rates
ranging from 0.05 C to 1.0 C for the LIB cells with no loss, 10% loss, and 20% loss of cyclable lithium in
Figure 5a–c, respectively. The experimental discharge curves are generally in good agreement with
the modeling results based on the finite element method, although there is some deviation between
the experimental and modeling discharge curves for a high discharge rate of 1.0 C near the end of
discharge. The model captures all of the salient features of the discharge characteristics of the cell
voltage from the initial stage of discharge to the cutoff voltage of 3.0 V at various discharge rates
from 0.05 C to 1.0 C for the three different levels of the loss of cyclable lithium. This demonstrates
the validity of the modeling approach for predicting the effect of the loss of cyclable lithium on the
discharge behaviors of an LIB cell, comprised of an NCM622 cathode, natural graphite anode, and an
organic electrolyte.
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In order to estimate the discharge behaviors of an LIB cell for a broader range of the loss of
cyclable lithium other than those in Figure 5a–c for which the experiments are performed, U and
Y are calculated as functions of SOC and the loss of cyclable lithium by using the kriging method.
The kriging method is widely used in geostatistical science and the software library is open to the
public [45]. The kriging method provides an optimal interpolation or extrapolation for the unknown
values of the function with multiple parameters from the observed data at known locations based
on regression. In this work, the functional relationships between U, Y and the SOC values for the
three different levels of the loss of cyclable lithium in Figure 4a,b are provided as input to the kriging
software and the kriging software generates the U and Y as a function of SOC for the loss of cyclable
lithium, other than the three levels of the loss of cyclable lithium in Figure 4a,b. These results are given
as the three-dimensional surface plots of U and Y as functions of SOC and the loss of cyclable lithium
in Figure 6a,b.
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By using the values of U and Y in Figure 6a,b, the discharge capacities at the discharge rates
ranging from 0.05 C to 1.5 C are estimated for the loss of cyclable lithium ranging from 0% to 25%,
and the results are plotted in Figure 7. The discharge capacity decreases monotonically at a given
discharge rate as the degree of the loss of cyclable lithium increases for the range of the loss of cyclable
lithium investigated in this work. As the discharge rate increases from 0.05 C to 1.5 C, the capacity
decrease is more pronounced.
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The available discharge power of an LIB cell depends on many factors including the discharge
rate, SOC, and aging of the battery cell as well as cell chemistry. Because the loss of cyclable lithium
is one of the main causes for the aging of LIB [19–21], the available discharge powers are calculated
as a function of SOC and the loss of cyclable lithium for the discharge rates of 0.05 C and 0.5 C and
the results are shown in Figure 8a,b, respectively. The available discharge power decreases as SOC
decreases at a given discharge rate, because the LIB cell voltage declines as SOC decreases during
discharge. At a low discharge rate of 0.05 C, the effect of the loss of cyclable lithium on the discharge
power is not significant as shown in Figure 8a. As the discharge rate increases up to 0.5 C, the effect of
the loss of cyclable lithium on the discharge power is more pronounced than that of the discharge rate
of 0.05 C as demonstrated in Figure 8b.
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The performance degradation of LIBs including capacity and power fade depends on many
physicochemical processes such as loss of cyclable lithium, dissolution of active materials, structural
degradation of electrode materials, loss of electrical contact within the porous electrode to name a few.
These processes influencing LIB aging do not occur separately, but they cause together the performance
degradation. Isolation of the contribution of the individual processes on the overall performance
degradation of an LIB is necessary to analyze the cause and effect on the aging of LIBs. Although only
the effect of the loss of cyclable lithium is modeled in this work, the modeling methodology developed
in this work can be a meaningful first step to provoke further studies to develop an efficient modeling
tool combining the effects of other individual processes on the aging of LIBs.
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5. Conclusions

A mathematical procedure was developed to study the effect of the loss of cyclable lithium on the
performance degradation of an LIB cell, comprised of an NCM622 cathode, natural graphite anode,
and an organic electrolyte. A one-dimensional model based on a finite element method was presented
to calculate the discharge behaviors of an LIB cell during galvanostatic discharge for various levels of
the loss of cyclable lithium. Modeling results for the variation of the cell voltage of the LFP battery were
compared with experimental measurements during galvanostatic discharge at discharge rates of 0.05 C,
0.125 C, 0.25 C, 0.5 C, and 1.0 C for three different levels of the loss of cyclable lithium to validate the
model. The calculation results obtained from the model are in good agreement with the experimental
measurements. The key modeling parameters were calculated as functions of SOC and the loss of
cyclable lithium by using the kriging method to estimate the discharge behavior of an LIB cell for
a broader range of the loss of cyclable lithium. The discharge capacities and the available powers
were estimated for the loss of cyclable lithium ranging from 0% to 25%. The modeling methodology
presented in this study may contribute to the development of an efficient modeling tool combining all
the effects of individual aging processes on the performance degradation of LIBs.
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