
Citation: Lee, D.; Kim, B.; Shin, C.B.;

Oh, S.-M.; Song, J.; Jang, I.-C.; Woo,

J.-J. Modeling the Combined Effects

of Cyclable Lithium Loss and

Electrolyte Depletion on the Capacity

and Power Fades of a Lithium-Ion

Battery. Energies 2022, 15, 7056.

https://doi.org/10.3390/en15197056

Academic Editors: Md Sazzad Hosen

and Theodoros Kalogiannis

Received: 29 August 2022

Accepted: 24 September 2022

Published: 26 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Modeling the Combined Effects of Cyclable Lithium Loss and
Electrolyte Depletion on the Capacity and Power Fades of a
Lithium-Ion Battery
Dongcheul Lee 1, Byungmook Kim 1, Chee Burm Shin 1,* , Seung-Mi Oh 2, Jinju Song 2, Il-Chan Jang 2

and Jung-Je Woo 2,*

1 Department of Chemical Engineering and Division of Energy Systems Research, Ajou University,
Suwon 16499, Korea

2 Gwangju Bioenergy R&D Center, Korea Institute of Energy Research, Gwangju 61003, Korea
* Correspondence: cbshin@ajou.ac.kr (C.B.S.); wooj@kier.re.kr (J.-J.W.)

Abstract: In this study, we present a modeling approach to estimate the combined effects of cyclable
lithium loss and electrolyte depletion on the capacity and discharge power fades of lithium-ion
batteries (LIBs). The LIB cell based on LiNi0.6Co0.2Mn0.2O2 (NCM622) was used to model the
discharge behavior in the multiple degradation modes. The discharge voltages for nine different
levels of cyclable lithium loss and electrolyte depletion were measured experimentally. When there
was no cyclable lithium loss, the 50% of electrolyte depletion brought about 5% reduction in discharge
capacity at 0.05 C discharge rate, while it resulted in 46% reduction when it was coupled with 30%
of cyclable lithium loss. The 50% of electrolyte depletion with no cyclable lithium loss caused 1%
reduction in discharge power during 0.5 C discharge at the state of charge (SOC) level of 0.8, while it
resulted in 13% reduction when it was coupled with 30% of cyclable lithium loss. The modeling results
obtained by using the one-dimensional finite element method were compared with the experimental
data. The justification of the modeling methods is demonstrated by the high degree of concordance
between the predicted and experimental values. Using the validated modeling methodology, the
discharge capacity and usable discharge power can be estimated effectively under various combined
degradation modes of cyclable lithium loss and electrolyte depletion in the LIB cell.

Keywords: lithium-ion battery; cyclable lithium loss; electrolyte depletion; capacity fade; power fade

1. Introduction

Lithium-ion batteries (LIBs), which possess higher power density and lifespan than
the majority of rechargeable batteries, are widely used in modern battery–electric vehicles
(BEVs) [1]. The service life of LIBs targeted for BEV applications is limited by performance
degradation, such as fading capacity and power due to various degradation mechanisms,
including solid electrolyte interphase (SEI) growth, electrolyte decomposition, lithium
plating, particle cracking of the electrode active material, electrical contact loss, binder,
and current collector decomposition [2]. The performance degradation of LIB originates
from multiple mechanisms and their interactions as opposed to individual mechanisms [3].
Therefore, the mathematical modeling of LIBs to predict their performance degradation is
challenging and requires the inclusion of multiple simultaneously occurring battery-aging
processes for the effective design of the battery management system (BMS) of BEVs [4].

Many studies concerning capacity and power fades of LIB owing to aging and their
aging mechanisms have been undertaken [5–7]. Peled et al. [5] reviewed the electrochem-
ical phenomena for the formation and growth of an SEI and the chemical composition
and characteristics of the SEI according to the physical properties of the electrodes and
electrolytes of LIBs. Their study demonstrated that electrolyte decomposition according
to the harsh charging current, operating temperature, and many cycles in the battery
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causes electrochemically incomplete SEI growth and adversely affects cell performance,
efficiency, and safety. Waldmann et al. [6] summarized the mechanisms of lithium plating
and lithium deposition in graphite anodes when charging at high currents or low tem-
peratures. Schipper et al. [7] argued that the risk of low thermal stability at high state of
charge (SOC) of nickel-rich LiNi1-x-yCoxMnyO2 and electrolyte depletion owing to the
growth of the cathode solid electrolyte interphase are due to the reduced capacity of the
lithium-ion battery. In some studies, the aging mechanism of LIB was quantitatively in-
vestigated through electrochemical analysis [8–10]. Günter et al. [8] examined the effect
of the electrolyte quantity on the resistance and C-rate of an LIB and demonstrated how
the charge-discharge capacity and potential change with the cycle and electrolyte quantity.
Wetjen et al. [9] performed a cycling test according to the Si ratio of the Si/graphite anode
and explained the electrode degradation mechanism through electrochemical analysis.
Yang et al. [10] classified the aging mechanism of LIBs by incremental capacity analysis
and investigated the relationship between the coulombic efficiency and capacity fade in
long-term cycles. Various researchers have studied the aging phenomenon of LIB by com-
bining mechanistic, chemical kinetics, and mathematical analysis with an electrochemical
model [11–17]. Ouyang et al. [11] explained that LIB capacity fades through a mechanistic
degradation model that considers the effects of an increase in ohmic resistance, lithium
inventory loss, and active material loss. Gao et al. [12] developed a simple capacity fade
model that can predict the capacity fade of an LIB in various charging modes according
to the charging current and charging termination voltage. Dong et al. [13] developed an
electrochemical aging model for LIBs that simulated SEI growth according to operating
conditions, such as environmental temperature, SOC range, and current rate. Ali et al. [14]
evaluated the mechanical fracture properties of the SEI layer by combining an electrochem-
ical model considering the reduction of cyclable lithium and electrolyte volume with a
two-dimensional mechanical model for the core-shell structure. Ali et al. [15] evaluated the
discharge performance according to the SEI formation and Cu dissolution/deposition of
CuCo2O4-based LIB cells based on electrochemical models and experiments. Yi et al. [16]
predicted the capacity fade and temperature distribution of aged LIB through a cycling test
by using a two-dimensional model based on the distributions of the potential and current
density on the electrodes. In addition to previous studies [16], Koo et al. [17] developed a
model to predict the electrical and thermal behaviors of LIBs under various fast-charging
scenarios. While maintaining its validity, their model did not calculate the phase and
transport phenomena of lithium ions in the electrolyte, hence decreasing computational
burden and time [16,17].

According to previous reviews on the aging of LIBs [1–7], many processes contribute
to the capacity and power fades of LIBs. These processes influencing LIB aging do not
occur separately, but they interact to generate capacity loss and resistance augmentation
and reduce the available peak power [18,19]. It has been very challenging to isolate the
contribution of individual aging mechanism on the aging of an LIB, and Lee et al. [20]
successfully isolated the effect of cyclable lithium loss on the performance degradation
of an LIB. It would be even more challenging to include multiple aging mechanisms for
the estimation of the combined effect of multiple aging processes on the performance
degradation of LIBs. In this study, two aging mechanisms of cyclable lithium loss and
electrolyte depletion induced by various unwanted “side reactions” occurring during the
operation and storage of LIBs are chosen to demonstrate the feasibility of the modeling to
estimate the combined effects of multiple aging mechanisms on the capacity and discharge
power fade of LIB. The modeling strategy presented in this study is an extension of the
previous study by Lee et al. [20], in which the change of the discharge behavior of the LIB
cell according to loss of cyclable lithium was modeled. In this study, a direct and intuitive
modeling methodology was adopted. Modeling parameters that can simulate cyclable
lithium loss and electrolyte depletion were derived from the voltage of the cell measured
under constant-current discharge at various current levels. The validity of the modeling
results was verified by comparing them with experimental measurements.
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2. Mathematical Model

Nickel-rich NCM are used in many lithium-ion battery applications owing to their
high energy density [21,22]. Understanding the mechanism of NCM cathode degradation is
still a critical research topic [23], and numerous studies are being conducted on NCM-based
LIB [24–26]. In this study, modeling was conducted using the LIB cells composed of a
cathode of LiNi0.6Co0.2Mn0.2O2 (NCM622) and an anode made of natural graphite. Figure 1
shows the current flows of two parallel circular electrodes in a cylindrical coordinate
system. The distance between the cathode and anode is so close that the current density
flows perpendicular to the electrodes. During discharge, current flows from the anode to
the cathode, and the radius of the electrode is R, and the radius of the electrical contact is Re.
The modeling procedure performed in this study is similar to that of Lee et al. [20], in which
a two-dimensional model calculating the potential and current density distribution of an
electrode is reduced to one-dimensional based on the circular symmetry around the center
of a circular electrode in terms of the radial coordinate, r, in Figure 1. As a result of the
circular symmetry, the Poisson equation for calculating the voltage distribution between
the cathode and anode can be written as follows [16,17,20,27]:

1
r

d
dr

(
r

dVc

dr

)
= +rc J for Re < r < R (1)

1
r

d
dr

(
r

dVa

dr

)
= −ra J for Re < r < R, (2)

where r is the radial coordinate; Vc and Va are the cathode and anode voltages (V), re-
spectively; rc and ra are the cathode and anode resistances (Ω), respectively; J represents
the current density (current per unit area (A·m−2)) flowing from the anode to the cathode
through the separator; Re and R stand for the radii of the electrical contact and the LIB coin
cell, respectively.
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Figure 1. Schematic diagram of current flows in two parallel electrodes.

To solve these equations, appropriate boundary conditions must be assigned for Vc
and Va during discharge. First, the boundary condition for Vc during discharge can be
expressed by Equations (3) and (4).

− 1
rc

dVc

dr
=

I0

2πRe
on r = Re (3)
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dVc

dr
= 0 on r = R (4)

The first boundary condition during discharge, given in Equation (3), is that the value
of the linear current density passing through the electrical contact with a perimeter of
2πRe (cm) is I0

2πRe
. The total current passing through the electrical contact at a discharge is

constant and has a value of I0 (A). The second boundary condition given in Equation (4)
indicates that no current flows at the edge of the cathode. The boundary condition for Va
during discharge can be expressed by Equations (5) and (6).

Va = 0 on r = Re (5)

dVa

dr
= 0 on r = R (6)

The first boundary condition given in Equation (5) indicates that the voltage of the
electrical contact at the anode during discharge is fixed at zero as the reference voltage.
The second boundary condition given in Equation (6) indicates that no current flows at
the edge of the anode, which is analogous to the boundary condition of Vc. Following a
similar methodology described in [16,17], the governing Equations (1) and (2) subject to
the boundary conditions (3)–(6) for obtaining the voltage distributions at the electrodes
were solved by using the finite element method.

In Equations (1) and (2), the current density, J, is a function of the cathode and anode
voltages. Current density and voltage depend on the polarization characteristics of the
electrode. In this study, the relationship between the current density and electrode voltages
used by Tiedemann and Newman [28] and Newman and Tiedemann [29] was employed as

J = Y(Vc − Va − U) (7)

where Y is a fitting parameter, and its physical meaning is analogous to the rate constant
of an electrochemical reaction; U is a fitting parameter, and its physical meaning is the
equilibrium voltage of the battery cell [27]. We represent Y and U as a function of SOC
following the approach of Gu [30]. The details of the process of deriving Y and U as a
function of SOC is described in the Section 4.

3. Experimental Section

To measure the electrochemical characteristics, a CR2032 coin-type cell composed
of a NCM622 cathode and graphite anode was used. The cathode consisted of 94 wt%
active material, 0.75 wt% carbon nanotube, 3 wt% superP, and 2.25 wt% polyvinylidene
fluoride(PVDF) coated on Al foil. The anode was composed of 91 wt% graphite, 1 wt%
superP, and 8 wt% PVDF coated on Cu foil. Both electrodes were purchased from LIBEST
(Daejeon, Republic of Korea). The 1M LiPF6 in ethylene carbonate: diethyl carbonate:
ethyl methyl carbonate with a 3:3:4 volume ratio and 2% vinylene carbonate were used as
the electrolyte with the SC1622 separator. The capacity balance ratio between the anode
and cathode was 1.1:1. Galvanostatic charge-discharge tests were performed by using a
Wonatech WBCS3000L32 battery cycler (Wonatech, Seoul, Korea).

To represent the loss of cyclable lithium, a process similar to Lee et al. [20] was used
to assemble the LIB coin cells. In the design of the half-cell, the cathode is NCM622, and
the counter electrode is lithium metal. The NCM622 half-cell performed three formation
cycles at 0.1 C in the voltage range of approximately 2.5–4.2 V. The cells were subsequently
discharged to the appropriate state of charge at 30, 10, and 0%. The percentage cyclable
lithium loss was determined using the capacity of the last formation cycle to discharge
the cells. To obtain the cathode with the specified cyclable lithium loss percentage, the
NCM622/lithium metal cell was dismantled in an argon-filled glovebox in order to recover
the lithium loss electrode. To prevent exposure to air, the cathode was cleaned with
dimethyl carbonate and processed in a vacuum chamber. To control the degree of electrolyte
depletion, the volume of electrolyte used to assemble the coin cells was 20, 15, and 10 µL.
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The use of an electrolyte volume higher than 20 µL did not produce any noticeable change
in the electrical performance of the LIB coin cell. Therefore, a coin cell with an electrolyte
volume greater than or equal to 20 µL is considered immune to electrolyte depletion. The
coin cells assembled with an electrolyte volume below 20 µL started to show a decay in the
electrical performance of the LIB coin cell, which was expected to be affected by electrolyte
depletion. A list of coin cells used in this study to test the combined effects of cyclable
lithium loss and electrolyte depletion of LIB cells is given in Table 1.

Table 1. Cells used to test the cyclable lithium loss and electrolyte depletion of LIB cells.

Cell Number Loss of Cyclable Lithium (%) Electrolyte Volume (µL)

1 0 20
2 0 15
3 0 10
4 10 20
5 10 15
6 10 10
7 30 20
8 30 15
9 30 10

4. Results and Discussion

In the discharge experiments to test the combined effects of cyclable lithium loss and
electrolyte depletion, currents corresponding to 0.05 C, 0.25 C, and 0.5 C were discharged at
25 ◦C, and the discharge was terminated when the cell voltage reached 3 V. In Figure 2a–i,
the experimental results of the galvanostatic discharge of the LIB cell for nine different
degradation levels are presented and show the effect of cyclable lithium loss and electrolyte
depletion on the discharge voltage at various current levels.

From the test data of cells 1, 2, and 3, the relationship between the discharge-current
density and the voltage are shown in Figure 3a–c, respectively. Graphs corresponding to
cells 4–9 were excluded to avoid redundancy. During discharge, the current density and cell
voltage can be well-expressed as linear functions in most SOC regions, and the discharge
voltage can be effectively expressed at various degradation levels using Equation (7). A
linear dependence of the cell voltage on the applied-current density was confirmed for
cells 4–9 (not shown here).

To calculate the voltage of the LIB cell based on the cyclable lithium loss and electrolyte
depletion, Y and U in Equation (7) are obtained as the inverse of the slope and intercept
of the vertical axis of linear functional relationships in Figure 3a–c at the various SOC
levels, respectively. Instead of polynomial fitting, a direct value of 0.01 units in the range of
SOC from 0 to 1 was used in order to detect accurately subtle changes in U and Y due to
degradation. Figure 4a,b depicts the correlation of U and Y on SOC for LIB cells with no
cyclable lithium loss and three levels of electrolyte depletion. U represents the equilibrium
voltage of the LIB cell, and Y is similar to the reaction constant of an electrochemical
reaction [27]. U and Y are critical modeling parameters for calculating the discharge
behavior of the degraded LIB in this study. The correlation of U and Y on SOC of cells 4–9
were also obtained although they were excluded to avoid redundancy.

To evaluate the feasibility of the modeling approach, the cell voltage of the LIB cell
calculated from the method described above were compared with the experimental mea-
surements acquired with various discharge rates for different levels of LIB cell degradation.
Using U and Y of nine different degradation levels due to the combined effects of cyclable
lithium loss and electrolyte depletion as model parameters, the calculated discharge curves
when discharging from 0.05 C to 0.5 C of LIB were compared with the experimental results.
In Figure 5a–c, the discharge experimental results of the LIB cell with no cyclable lithium
loss and three different electrolyte depletions show good agreement with the modeling
results. The slight deviation between the modeling results and experimental data near the
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end of discharge may come from the fact that the current density and voltage did not follow
a linear relationship owing to a sudden voltage drop in the range of an SOC less than 10%.
The validity of the modeling approach for predicting the effect of cyclable lithium loss and
electrolyte depletion on the discharge behavior of cells 4–9 was also confirmed although
they were excluded to avoid redundancy.

Based on the verified models for nine different levels of cyclable lithium loss and
electrolyte depletion, the degradation behavior of the LIB cells was predicted over a broader
range. Correlation of U and Y on SOC and cyclable lithium loss were calculated to predict
the voltage change as the LIB cell deteriorated over a broader range that extends beyond
the nine degradation levels presented in Table 1. For this study, we used the publicly
available kriging software, which is widely used in geostatistics [31]. Based on regression,
the kriging method generates the unknown values of the functions, which have multiple
parameters through an appropriate interpolation and extrapolation from the measured
data. The U and Y values with respect to SOC for nine different levels of cyclable lithium
loss and electrolyte depletion in Table 1 were entered into kriging software as input data
to obtain U and Y values in a broader range of cyclable lithium loss. Figure 6a–f presents
these outcomes as 3D graphs of U and Y with respect to the SOC and cyclable lithium loss.

Figure 2. Experimental discharge curves of the 9 LIB test cells: (a) cell 1; (b) cell 2; (c) cell 3; (d) cell 4;
(e) cell 5; (f) cell 6; (g) cell 7; (h) cell 8; and (i) cell 9. The degrees of the cyclable lithium loss and
electrolyte depletion of cells 1–9 are given in Table 1.
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Figure 3. Cell voltage based on discharge-current density without cyclable lithium loss and with
three levels of electrolyte depletion: (a) cell 1; (b) cell 2; and (c) cell 3.

The discharge capacity of the LIB cell was estimated by using U and Y calculated
for cyclable lithium losses ranging from 0 to 30% and an electrolyte volume ranging
from 5 to 20 µL. The capacity at the discharge rate of 0.05 C was calculated by using the
above-mentioned model and the parameters of U and Y, and it was compared with the
experimental results in Figure 7. The 0.05 C discharge capacity is 166 mAh/g with no
cyclable lithium loss and no electrolyte depletion. When there is no cyclable lithium loss,
the 50% of electrolyte depletion brings about 5% reduction. On the other hand, the cyclable
lithium loss of 30% coupled with 50% of electrolyte depletion results in 46% reduction.
As the amount of cyclable lithium loss and electrolyte depletion increases, the decrease in
capacity becomes more pronounced.
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Figure 4. (a) U with respect to SOC and (b) Y with respect to SOC for cells 1, 2, and 3, having cyclable
lithium loss with three levels of electrolyte depletion.

Power fade is one of the most important factors that contribute to the degradation of
LIB cell performance as a result of various degradation mechanisms. In particular, when a
LIB cell with a high degree of degradation is discharged with a high current, the available
discharge power is significantly lowered. Figure 8a–c shows the results of calculating the
discharge power with respect to SOC and cyclable lithium loss for electrolyte volumes of
20, 15, and 10 µL at a discharge rate of 0.5 C. Because the voltage drops as the SOC reduces
during discharge, the discharge power drops as the SOC reduces for a given electrolyte
volume. Figure 8a illustrate the influence of the cyclable lithium loss on the discharge power
because the use of an electrolyte volume higher than 20 µL did not produce any noticeable
change in the electrical performance of the LIB coin cell as mentioned in Section 3. The
0.5 C discharge power at the SOC level of 0.8 is 541 mW/g, with no cyclable lithium loss
and no electrolyte depletion. When there is no cyclable lithium loss, the 50% of electrolyte
depletion brings about 1% reduction in discharge power during 0.5 C discharge at the SOC
level of 0.8. Figure 8b,c shows that the impact of the cyclable lithium loss on the discharge
power becomes much stronger than that at 20 µL, as the electrolyte volume drops up to
10 µL. When the cyclable lithium loss is 30%, the 50% of electrolyte depletion results in 13%
reduction in discharge power during 0.5 C discharge at the SOC level of 0.8.
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Figure 5. Comparison between the discharge behaviors calculated from the modeling and those
measured by experiments with current rates ranging from 0.05 C to 0.5 C for the LIB cells having no
loss of cyclable lithium with three levels of electrolyte depletion: (a) cell 1; (b) cell 2; and (c) cell 3.
The solid lines denote modeling results and symbols are the experimental data.
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Figure 6. Three-dimensional graphs of U and Y with respect to SOC and cyclable lithium loss:
(a,b) for cells 1, 4, and 7; (c,d) for cells 2, 5, and 8; and (e,f) for cells 3, 6, and 9.

Figure 7. Three-dimensional graphs of the discharge capacities based on the cyclable lithium loss
and electrolyte depletion at a discharge rate of 0.5 C; 3D surface plots are modeling results, and the
spheres represent experimental results.
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Figure 8. Three-dimensional graphs of the discharge power with respect to SOC and cyclable lithium
loss at a discharge-current rate of 0.5 C for electrolyte volumes of (a) 20, (b) 15, and (c) 10 µL; 3D
surface plots represent the modeling results, and the spheres represent the experimental results.

Aging mechanisms, including cyclable lithium loss, electrolyte depletion, dissolution
of active materials, disordering of the electrode structure, and loss of electrical contact,
occur in a complex way as a result of many causes. These factors affecting the aging
of LIBs are concurrently responsible for the capacity and power fades. Analyzing the
cause and effect of LIB aging requires isolating the contribution of separate processes
and integrating the different processes in a controlled manner to determine the overall
performance degradation of the LIB cells. No other processes besides cyclable lithium loss
and electrolyte depletion were included in this study; however, the modeling approach
developed here can be an important steppingstone in constructing a powerful modeling
tool that incorporates the combined impact of many individual processes that contributes
to LIB aging.

5. Conclusions

A mathematical method was developed to assess the capacity and power fades of
an NCM622-based LIB cell owing to the combined effects of cyclable lithium loss and
electrolyte depletion. Using a one-dimensional model based on the finite-element method,
the change in the discharge curves of the NCM622 LIB cell due to cyclable lithium and
electrolyte losses was estimated. To validate the model, voltage curves of LIB cells with nine
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different levels of cyclable lithium loss and electrolyte depletion at discharge current rates
of 0.05 C, 0.25 C, and 0.5 C were compared with experimental data. The experimental data
and modeling results were in good agreement. The kriging method was used to estimate
the combined effects of cyclable lithium loss and electrolyte depletion over a wider range.
The performance degradation of the NCM622 LIB cell during discharge was evaluated by
computing the key modeling parameters with respect to SOC and cyclable lithium loss
for different electrolyte contents. The capacity and discharge power of the NCM622 LIB
cell were simulated in accordance with the cyclable lithium loss for varying electrolyte
volumes, and the accuracy was validated by comparing the results with experimental data.
This study can aid in the creation of an effective modeling framework that incorporates the
effects of various aging mechanisms on the capacity and discharge power fades of NCM622
LIBs using the suggested modeling methodology.
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