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Abstract: Electric vehicles have been issued to achieve sustainable mobility. Main factors to sustainable
electric vehicle (EV) are that lithium-ion battery (LIB) has to maintain lower cost, lighter weight,
SOC (state of charge), thermal stability, and driving ranges. In this study, nickel-cobalt-manganese
(NCM), lithium iron phosphate (LFP), and lithium manganese oxide (LMO), which are used
as representative positive electrode materials, were applied to battery cells. Then, the battery
characteristics at the system level, according to the application of different positive electrode materials,
were compared and analyzed. To this end, each of the 18650 cylindrical battery cells was modeled
by applying different positive electrode active materials. The battery modeling was based on a
database provided by GT(Gamma Technologies)-AutoLion. To analyze the thermal stability and
capacity loss according to the temperature of the battery cell by applying different C-rate discharge
and temperature conditions for each positive electrode active material, an electrochemical-based
zero-dimensional (0D) analysis was performed. A test was also performed to determine the model
feasibility by using a MACCOR 4300 battery charger/discharger. Moreover, a lumped battery pack
modeling was performed to extend the modeled battery cell to an EV battery pack. By combining
the pack and one-dimensional (1D) EV models, various driving cycles were described to investigate
the battery performance at the vehicle level. It was found that the 0D electrochemistry-coupled
1D vehicle model could well predict the feasible tendencies considering various positive electrode
materials of the LIB battery cell.

Keywords: lithium-ion battery; AutoLion; positive electrode material; electric vehicle

1. Introduction

Since the importance of secondary batteries has been highlighted along with the possibility of
applications in electric vehicles (EVs) and energy storage systems (ESSs), various studies have been
conducted to improve the efficiency of lithium-ion batteries (LIBs). In particular, the positive electrode
material, which is the core component of LIBs, has the highest development cost and determines the
charging and discharging performances of batteries. Therefore, extensive research has been conducted
to optimize this material according to EV or power system specifications.

The well-known LIB positive electrode materials are typically nickel cobalt manganese (NCM) with
layered structure, lithium manganese oxide (LMO) with spinel structure, and lithium iron phosphate
(LFP) with olivine structure. Research on battery performances using these positive electrode active
materials has been actively conducted. The layered structure of NCM has been investigated for its
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electrochemical performance and thermal stability according to NCM content by Jiang et al. [1,2].
Electrochemical, calorimeter, nail penetration, and heating tests for NCM 523, NCM 622, and NCM 811
were performed. The results showed that the NCM 622 material has good compatibility with NCM
523 and NCM 811. LFP uses environmentally friendly iron instead of Co, which is mainly used as a
positive electrode active material. LFP has the advantages of low cost, excellent life characteristics,
and safety; however, it has the disadvantage of low electronic conductivity. Research is being conducted
to improve its electrochemical performance through doping and nanoparticle formation, as well as
with the use of a carbon coating on the particle surface [3]. LMO also has advantages, such as low
price, eco-friendliness, structural stability, and high operating voltage, while it has the disadvantage of
capacity reduction due to structural instability and Mn elution at high temperatures [4]. To overcome
the advantages and disadvantages of these positive electrode active materials, an approach using
heterogeneous materials is also being attempted [5,6]. Ku et al. reported that the electrochemical
performance characterization of layered-spinel, hetero-structured, positive electrode materials could
be improved with respect to higher initial Coulombic efficiency, larger specific capacity, and better
cycling and rate properties [6].

However, most of these studies were conducted in limited test environments to obtain the
quantitative results, and most of the characteristics were investigated at the cell level. To overcome the
limitations of these experimental studies, numerical approaches have been developed. In particular,
owing to the complex phenomena of LIBs, including the electro-chemo-mechanics, many studies
have been conducted to investigate the complex behavior considering their material characteristics [7].
Many researchers have attempted to validate the diffusion-induced stress and stress-induced diffusion
phenomena based on particle simulations of the active material itself at the particle level [8–10].
In addition, modeling studies of the lithiation and delithiation phenomena have been conducted,
focusing on the structural aspects of the positive electrode active material considering heat and mass
transfer [11], phase transformation [12], and the degradation mechanism [13]. At the composite electrode
level, research has been conducted in terms of particle–particle, particle–matrix, and particle–electrolyte
interactions [14,15].

Particle and composite models have been used for cell-level model implementation, and research
has been conducted on two-dimensional (2D)/three-dimensional (3D) cell models [16–18]. These studies
imply that cell models are very important because their outcomes can be directly compared with
experimental measures, which offer optimization criteria for the electrodes and electrolyte.

Most of these modeling studies were approached from a material viewpoint. However, to be
integrated into an EV or power system through the battery pack, a macro-scale analysis is required.
From this point of view, building the model while covering all the modeling from the component
level to system level is a factor that maximizes the benefit of the cost of time if system integration is
considered. In particular, for a 3D analysis capable of detailed modeling, most of the research has
been conducted on thermal models excluding electrochemistry [19,20]. In addition, in some studies,
a simplified electrochemical model was implemented; however, these models have limitations in
that they can be applied only to the cell level to which the positive electrode active material of the
study is applied. They are not commonly applied to NCM, LFP, and LMO through normalizing the
dominant parameters.

The above research was been focused on the bottom-up design approach for battery cell.
However, considering that the LIB is usually installed in the EV system in the form of a battery
pack and exposed to the hard-driving environment, it will be helpful to investigate sustainability by
first checking feasibility when applied to the EV performing top-down cell design. In that point of
view, this study focused on proving reverse calibration method and fast design processes of LIB using
LIB design tools, although there was lack of model calibration processes. As the first step, the present
study aimed for identification of feasibility over accurate calibration by comparing the minimum
available experimental data and raw simulation data without parameter tune. Therefore, typical tuning
parameters, such as N/P ratio (areal capacity ratio of negative to positive electrode), OCV (open circuit
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voltage) limit value, capacity loading value, heat transfer coefficient, etc., are used for model calibration
when battery information is unknown. In this study, NCM-based 1D electrochemical model was
expanded and applied to LFP- and LMO-based models to determine the feasibility of predicting
battery cell performance based on various positive electrode active materials. Cell performance from
simulation was basically compared to test data of NCM battery cell with unknown physical properties.
Expanding the model from a cell to an EV system, the prediction feasibility was introduced for the 1D
LIB electrochemical model from a macroscopic point of view.

2. Methodologies

2.1. Battery Cell and Pack Simulation

2.1.1. Governing Equations for Electrochemistry and Thermally Coupled Battery Model

To consider the chemical properties inside a battery, a battery cell was modeled using GT-AutoLion,
a LIB simulation software. The internal electrochemical reaction of the battery cell was calculated
using the governing equation shown as follows referred to as a pseudo-two-dimensional model:
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Equations (1) and (2) represent the charge conservation in the solid phase and electrolyte.
The charge conservation in solid phase, Φs, is dependent upon the conductivity of solid phase, σs,
and reaction current density, jLi

. The electrolyte phase charge conservation, Φe, is affected by ionic
conductivity, keff.

Equation (3) provides Li-ion concentration profile in the liquid phase, depending on the effective
diffusivity in the electrolyte as De

eff
, the porosity as ε, current density as jLi

, and the Li-ion transference
number as t0

+. Equation (4) represents distribution of Li in the spherical particles occupied in each
control volume of the electrodes, where cs is the Li-ion concentration, Ds is the solid phase diffusion
coefficient, and r is the radius.

Throughout the above calculations, according to each positive electrode active material properties,
state of charge can be estimated by the following equations [21]:

SOC(t) =
SOCinit ×Capacity−

∫ t
0 IOC dt

Capacity
(5)

where SOCinint is initial SOC (state of chrge), Capacity is desired capacity with different materials,
and IOC is open circuit current. These setup values are discussed in Section 2.1.2.

The thermal model used in this study can be coupled with P2D (pseudo-two-dimensional) model
referred to as thermal-coupled battery model, TCB. The lumped energy conservation is applied to
correlate cell temperature, T, to the generated heat inside the cell and the convective dissipated heat to
the ambient as follows [22,23]:

d
(
ρcpT

)
dt

= −hAs(T − T∞) + Qgen (6)
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where h is the convection heat transfer coefficient, T∞ is the cooling medium temperature, As is the
cell outer surface area, and Qgen is the total heat generated within the cell having summation forms
of Joule heating, reaction heat, entropic heating, and heating due to contact resistance between the
current collector and electrode materials [23].

Based on the governing equations, battery cell performance was calculated according to cell
setup below.

2.1.2. Battery Cell Setup

The P2D model explained in Section 2.1.1. uses a finite control volume method and models
Equations (1)–(4), which are the dominant equations of the battery cell, by discretizing them.
Equations (1)–(3) are discretized in the thickness direction between the positive electrode and negative
electrodes, and Equation (4) is discretized in a constant volume, as shown in Figure 1, in the radial
direction of the active material particles. Table 1 summarizes the number of elements that were
discretized when constructing the battery cell model.
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Table 1. Battery cell discretization.

Cell Discretization Number of Elements

Positive electrode 6
Separator 4

Negative electrode 6
Positive electrode particle 12

Negative electrode particle 12

Using the electrochemical database provided by GT-AutoLion, a constant current discharge test
of the battery cells for each positive electrode material was conducted, as shown in Figure 2.
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When building the battery model, the input parameters needed for the analysis were set in the
AutoLion template, as shown in Tables 2 and 3. To compare and analyze the effects of temperature and
C-rate during the battery cell discharge, an analysis was performed using a 18650-type cylindrical
battery. The battery performance was analyzed according to the application of the positive electrode
active material through a 1 C-rate discharge at five temperature conditions (−20, −10, 0, 25, and 45 ◦C)
and discharge tests according to different C-rates (0.2–5 C-rates) at 25 ◦C of room temperature by
applying four types of positive electrode active materials (NCM 622, NCM 811, LFP, and LMO) to the
battery cells. The initial SOC (state of charge) of the battery was set at 100%, and it was assumed that
the ambient and initial temperatures were the same to simplify the TCB. Natural convection conditions
(h = 10 W/m2

·K) were applied to the TCB.

Table 2. Battery cell material properties.

Positive Electrode Negative Electrode

Foil Foil

Material Aluminum Material Copper
Thickness 15 µm Thickness 8 µm

Active Material Active Material

Material NCM/LFPO/LMO Material Graphite
Density 4.8/3.6/4.28 g/cm3 Density 2.24 g/cm3

Weight Percentage 94% Weight Percentage 94%

Conductive Agent Conductive Agent

Material Carbon Material Carbon
Weight Percentage 3% Weight Percentage 3%

Binder Binder

Material PVdF Material PVdF
Weight Percentage 3% Weight Percentage 3%

Table 3. Battery cell specifications and operating conditions.

Type Cylindrical

Diameter 18 mm
Height 65 mm

Positive electrode active material NCM622/NCM811/LFP/LMO
Negative electrode active material Graphite

Capacity 2.2/2.1/1.4/1.5 Ah
Discharge cutoff voltage 2.5 V

Charge cutoff voltage 4.2/4.2/3.65/4.2 V

2.1.3. Battery Pack Determination

The battery cell model analyzed above was expanded to a battery pack model mounted on the EV.
The analysis was conducted at 25 ◦C, the environmental temperature at which the battery could perform
optimally. When modeling the battery pack, the analysis was performed using the lumped battery
pack model option provided by GT-AutoLion. Therefore, this study assumed that all battery cells had
the same current, voltage, and temperature because the battery system was uniform. The number of
serial cells required for the construction of the battery pack was calculated using Equation (7), and the
total energy of the battery pack was calculated using Equation (8).

Number of series cells = Vp/Vc (7)

Ep = Vp × Ip (8)
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For the information on the voltage (Vc) of the battery cell and the voltage (Vp) and pack capacity
(Ip) of the battery cell in Ah according to each positive electrode active material, the values from an
analysis of the battery cell were used. The initial SOC condition of the battery pack was set to 80%.
In accordance with the total battery energy (55 kWh) of the target EV specification, battery cells with
different positive electrode materials were expanded to the battery pack model. Table 4 summarizes
the number of series and parallel cells of the battery pack for the EV according to the application of
each positive electrode material.

Table 4. Number of cells in a 55-kWh battery pack for the EV.

Positive Electrode Active Material Number of Cells in Series Number of Cells in Parallel

NCM622 100 70
NCM811 99 73

LFP 108 110
LMO 91 103

The manufactured battery model can be mounted on a system-level vehicle model to improve the
reliability of the cell-level analysis through driving tests that reflect various environmental conditions.
Many researchers have conducted research at the system level to obtain a higher reliability [23–25].
In this study, a 0-dimensional electrochemical model of the battery and a 1-dimensional vehicle model
were coupled to perform an analysis at the system level. Figure 3 shows the EV model created by
combining a battery pack made in GT-AutoLion with a 1D-based GT-Suite. The EV model consisted of
a DC–DC converter, battery pack, motor, and vehicle, as shown in Figure 3.
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Figure 3. EV model with electrochemical battery pack from GT-AutoLion.

The model was constructed by physically connecting the templates of the elements constituting the
above EV. The electrochemical battery model of the GT-AutoLion built for the target EV was constructed.
Recently, to improve driving distances, the capacities of batteries mounted in EVs have been increased.
In line with this trend, this study selected and analyzed the Tesla Model 3 (when equipped with a
standard pack) and a high-capacity, 55-kWh battery model equivalent to Renault’s ZOE third generation,
which is expected to be released in 2020. For this analysis, it was assumed that the environmental
temperature was constant at 25 ◦C. Data for the components of the EV model were obtained from the
database provided by GT and are summarized in Table 5. The constructed EV model applied four
measurement methods: city driving mode (FTP-75, federal test procedure 75), highway driving mode
(HWFET, highway fuel economy test), worldwide harmonized light-duty vehicle-test cycle (WLTC),
and maximum and rapid deceleration driving mode (US06, United States 06), which measures fuel
efficiency by assuming an environment similar to actual driving conditions. A battery pack, to which
different positive electrode active materials were applied, was mounted on an EV model to compare
battery performances and verify the reliability.
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Table 5. EV model specifications [24].

Vehicle Mass 1600 kg

Vehicle Drag Coefficient 0.21
Vehicle Frontal Area 1.95 m2

Tire Specification 215/50R17
Battery Pack Energy 55 kWh

Final Drive Ratio 7.05
Traction Motor Maximum Brake Torque 360 Nm

Traction Motor Maximum Efficiency 97%
Traction Motor Maximum Torque (Continuous) 300 Nm

Traction Motor Maximum Power 150 kW @ 4000 RPM

2.2. Battery Cell Experiment

2.2.1. Experimental Setup

In this study, a battery cell charging/discharging experiment was conducted using the equipment
shown in Figure 4 to consider the temperature change and capacity loss of battery cells according to
different C-rates.

Sustainability 2020, 12, x FOR PEER REVIEW 7 of 29 

Traction Motor Maximum Power 150 kW @ 4000 RPM 

2.2. Battery Cell Experiment 

2.2.1. Experimental Setup 

In this study, a battery cell charging/discharging experiment was conducted using the 
equipment shown in Figure 4 to consider the temperature change and capacity loss of battery cells 
according to different C-rates.  

 
Figure 4. Experimental setup. 

In Figure 4, computer 1 is connected to data logger 2, which it can control, and is used to record 
and collect temperature data in real time. Computer 3 is connected to charging/discharging tester 4 
and is used for setting and controlling the charging/discharging conditions, real-time monitoring, 
and collecting test result data. To perform the experiment at a constant temperature, a battery test jig 
was installed in chamber 5. All experiments were performed at room temperature, and the 
temperature was kept constant during the experiments.  

Figure 5a shows a commercial 18650 cylindrical battery cell with a capacity of 2.5 Ah 
manufactured by LG-Chem. To measure the external surface temperature of the battery, a T-type 
thermocouple mounted on the data logger was attached to the surface of the battery using Kapton 
tape, as shown in Figure 5b. The temperature was measured at a total of nine points by attaching the 
thermocouple to three points at the top, middle, and bottom [26] of the battery cell. 

Figure 4. Experimental setup.

In Figure 4, computer 1 is connected to data logger 2, which it can control, and is used to record
and collect temperature data in real time. Computer 3 is connected to charging/discharging tester
4 and is used for setting and controlling the charging/discharging conditions, real-time monitoring,
and collecting test result data. To perform the experiment at a constant temperature, a battery test jig
was installed in chamber 5. All experiments were performed at room temperature, and the temperature
was kept constant during the experiments.

Figure 5a shows a commercial 18650 cylindrical battery cell with a capacity of 2.5 Ah manufactured
by LG-Chem. To measure the external surface temperature of the battery, a T-type thermocouple
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mounted on the data logger was attached to the surface of the battery using Kapton tape, as shown in
Figure 5b. The temperature was measured at a total of nine points by attaching the thermocouple to
three points at the top, middle, and bottom [26] of the battery cell.
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2.2.2. Experimental Method

Figure 6 shows a schematic diagram of the experimental process. First, to conduct a
charge/discharge experiment on the battery cell, the battery was left in a chamber set to 25 ◦C,
and the experiment was conducted when the set temperature was reached. Then, the rest time was set
to 1 h to stabilize the battery cells. The constant current-constant voltage (CC-CV) method was used as
the charging method. The initial stage of charging proceeded with a constant current (CC) charging
method at a 0.5 C-rate until the upper cutoff voltage of 4.2 V was reached. Thereafter, the process
proceeded with the constant voltage (CV) charging method, and when the current decreased to 0.05 A,
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charging was terminated. At the end of the charging process, after 2 h of rest time, the discharge
was terminated when the CC discharge proceeded at a 0.2 C-rate and reached the discharge cutoff

voltage of 2.5 V, after which there were 2 h of rest time, similar to the charging process. In this way,
experiments were performed in the order of 0.5, 1, and 2 C-rates. During the experiment, the rest time
was set to 2 h after the charge/discharge process to sufficiently stabilize the temperature inside and
outside of the battery, which increased due to the heat generated during the charge/discharge process.
This experiment was repeated three times per battery cell, and the average value of the results obtained
by performing a total of nine experiments was used.
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3. Results and Discussion

3.1. Analysis of Battery Cell Characteristics According to the Type of Positive Electrode Active Material

3.1.1. Battery Discharge Performance According to C-Rate Conditions

Capacity Loss

Figure 7a–d shows the capacity loss when discharging battery cells with different positive
electrode materials at different discharge rates at 25 ◦C. At slow discharge rates of 0.2 and 0.5 C-rate,
capacity reductions of 2.1% to 3.0% and 0.8% to 1.4% were observed in LFP and LMO compared to the
existing capacity, and NCM 622 and NCM 811 were found to decrease by 4.1% to 5.4% and 2.7% to 4.5%,
respectively. At the 1 C-rate, capacity decreases of 4.7% and 2.5% were observed in LFP and LMO and
decreases of 7.6% and 7.1% in NCM 622 and NCM 811, respectively. It can be confirmed that the change
in battery capacity was larger than the slow discharge rate. In the case of the 2–5 C-rates, which are
fast discharge rates, capacity reductions of 7.7% to 15.8% and 5.1% to 9.8% were observed in LFP and
LMO and 11.6% to 22.4% and 11.4% to 21.6% in NCM 622 and NCM 811, respectively, showing a larger
range of capacity reduction.
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Figure 7. (a) Battery capacity loss for each positive electrode material when discharged at different
C-rates under NCM 622. (b) Battery capacity loss for each positive electrode material when discharged
at different C-rates under NCM 811. (c) Battery capacity loss for each positive electrode material when
discharged at different C-rates under LFP. (d) Battery capacity loss for each positive electrode material
when discharged at different C-rates under LMO.
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As the discharge rate increased, the capacity loss of the battery also increased rapidly.
The simulation showed that the change in the capacity of the battery according to the increase
in discharge rate was larger in the NCM system than it was in the LFP and LMO systems. It is because
NCM’s layered structure characteristics had more intercalation space of Li-ion.

Temperature Change

Figure 8a–d shows the results of a temperature change when discharging battery cells with
different positive electrode materials at different discharge rates at 25 ◦C. At slow discharge rates of
0.2 and 0.5 C-rates, compared to the initial temperature, the temperature increased by 0.8 ◦C and
1.5 ◦C and 1.0 ◦C and 1.9 ◦C in LFP and LMO and by 2.6 ◦C and 5.7 ◦C and 1.8 ◦C and 4.1 ◦C in
NCM 622 and NCM 811, respectively, and the temperature change did not appear to be significant.
At 1 C-rate, the LFP and LMO increased by 2.5 ◦C and 3.6 ◦C, and in the case of NCM 622 and NCM
811, the temperature increased by 10.3 ◦C and 8.0 ◦C, and it can be confirmed that the temperature
increased more significantly than with the slow discharge rate. In the case of the 2–5 C-rates, which are
fast discharge rates, temperature changes of 5.0 ◦C and 12.6 ◦C and 7.5 and 19.4 ◦C were observed
in LFP and LMO, respectively. In NCM 622 and NCM8 11, the temperature increases were 18.5 ◦C
and 36.8 ◦C and 15.6 ◦C and 33.3 ◦C, and the temperature change also increased as the discharge rate
increased. The temperature change in the battery according to the discharge rate was probably due to
the internal heat generation of the battery. [27] It was found that the Ni contents in NCM caused worse
thermal stability due to their higher reactivity during discharging process while LMO and LFP with
spinel and olivine structure can avoid excessive temperature rise.

Sustainability 2020, 12, x FOR PEER REVIEW 12 of 29 

and NCM 811, respectively, and the temperature change did not appear to be significant. At 1 C-rate, 
the LFP and LMO increased by 2.5 °C and 3.6 °C, and in the case of NCM 622 and NCM 811, the 
temperature increased by 10.3 °C and 8.0 °C, and it can be confirmed that the temperature increased 
more significantly than with the slow discharge rate. In the case of the 2–5 C-rates, which are fast 
discharge rates, temperature changes of 5.0 °C and 12.6 °C and 7.5 and 19.4 °C were observed in LFP 
and LMO, respectively. In NCM 622 and NCM8 11, the temperature increases were 18.5 °C and 36.8 
°C and 15.6 °C and 33.3 °C, and the temperature change also increased as the discharge rate increased. 
The temperature change in the battery according to the discharge rate was probably due to the 
internal heat generation of the battery. [27] It was found that the Ni contents in NCM caused worse 
thermal stability due to their higher reactivity during discharging process while LMO and LFP with 
spinel and olivine structure can avoid excessive temperature rise. 

 
(a) 

Figure 8. Cont.



Sustainability 2020, 12, 9764 13 of 29Sustainability 2020, 12, x FOR PEER REVIEW 13 of 29 

 
(b) 

 
(c) 

Figure 8. Cont.



Sustainability 2020, 12, 9764 14 of 29Sustainability 2020, 12, x FOR PEER REVIEW 14 of 29 

 
(d) 

Figure 8. (a) Battery temperature change according to application of each positive electrode material 
when discharging at different C-rates without a thermal model under NCM 622. (b) Battery 
temperature change according to application of each positive electrode material when discharging at 
different C-rates without a thermal model under NCM 811. (c) Battery temperature change according 
to application of each positive electrode material when discharging at different C-rates without a 
thermal model under LFP. (d) Battery temperature change according to application of each positive 
electrode material when discharging at different C-rates without a thermal model under LMO. 

Figure 9a–d shows the temperature change in the battery when the thermal model was applied. 
As shown in Figures 8 and 9, it was confirmed that the temperature of the battery differed by a 
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LFP than for the NCM system and LMO materials and, thus, LFP was an excellent material in terms 
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lithiation. When selecting materials in terms of safety, which is one of the characteristics required for 
EV batteries, it is considered that the safety of the battery can be secured by selecting an LFP material 
with excellent thermal properties. 

Figure 8. (a) Battery temperature change according to application of each positive electrode material
when discharging at different C-rates without a thermal model under NCM 622. (b) Battery temperature
change according to application of each positive electrode material when discharging at different C-rates
without a thermal model under NCM 811. (c) Battery temperature change according to application of
each positive electrode material when discharging at different C-rates without a thermal model under
LFP. (d) Battery temperature change according to application of each positive electrode material when
discharging at different C-rates without a thermal model under LMO.

Figure 9a–d shows the temperature change in the battery when the thermal model was applied.
As shown in Figures 8 and 9, it was confirmed that the temperature of the battery differed by a maximum
of 8.3 ◦C, depending on whether a thermal model was applied at all discharge rates. The simulation
showed that the increase in temperature with increasing discharge rate was less for the LFP than for
the NCM system and LMO materials and, thus, LFP was an excellent material in terms of thermal
properties with less intercalation of Li-ion on olivine structure and less reactivity during lithiation.
When selecting materials in terms of safety, which is one of the characteristics required for EV batteries,
it is considered that the safety of the battery can be secured by selecting an LFP material with excellent
thermal properties.
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Figure 9. (a) Battery temperature change according to the application of each positive electrode material
when discharging at different C-rates with a thermal model under NCM 622. (b) Battery temperature
change according to the application of each positive electrode material when discharging at different
C-rates with a thermal model under NCM 811. (c) Battery temperature change according to the
application of each positive electrode material when discharging at different C-rates with a thermal
model under LFP. (d) Battery temperature change according to the application of each positive electrode
material when discharging at different C-rates with thermal model under LMO.

3.1.2. Battery Discharge Performance According to Temperature Conditions

Capacity Loss

Figure 10a–d shows the capacity loss when discharging battery cells of different positive electrode
materials at a 1 C-rate under five different temperature conditions (−20,−10, 0, 25, and 45 ◦C). In the case
of low temperatures, −20, −10, and 0 ◦C, in LFP and LMO, the capacity decreased by 29.1%, 18.8%, and
11.8% and 21.2%, 13.8%, and 8.5% compared to the existing capacity. For the room temperature, 25 ◦C,
and high temperature, 45 ◦C, capacity reductions of 4.7% and 2.9% and 2.5% and 1.2% were observed
in LFP and LMO compared to the existing capacity, and capacity reductions of 7.6% and 6.7% and 7.1%
and 6.2% were found in NCM 622 and NCM 811. Thus, it can be confirmed that the capacity reductions
at these temperatures were less than those at low temperatures. In a low-temperature environment,
the internal chemical reaction rate of the battery slows down, resulting in a decrease in operating
voltage and capacity, which leads to a decrease in the battery performance. [28] On the other hand,
as the temperature increases, the chemical reaction becomes more active and the capacity decrease
is smaller. The simulation results indicated that the LFP and LMO materials showed less capacity
reduction than did the NCM-based materials at room and high temperatures. However, the capacity
decreased rapidly in low temperatures. It was confirmed that the NCM material was relatively more
stable in all temperature regions.
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Figure 10. (a) Battery capacity loss when discharged at 1 C-rate at −20, −10, 0, 25, and 45 ◦C under
NCM 622. (b) Battery capacity loss when discharged at 1 C-rate at −20, −10, 0, 25, and 45 ◦C under
NCM 811. (c) Battery capacity loss when discharged at 1 C-rate at −20, −10, 0, 25, and 45 ◦C under LFP.
(d) Battery capacity loss when discharged at 1C-rate at −20, −10, 0, 25, and 45 ◦C under LMO.

Temperature Change

Figure 11a–d shows the temperature changes when discharging battery cells of different positive
electrode materials at 1 C-rate under five different temperature conditions. In the case of low
temperatures, −20, −10, and 0 ◦C, in LFP and LMO, the temperatures increased by 8.1 ◦C, 6.0 ◦C,
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and 4.4 ◦C and 11.9 ◦C, 8.9 ◦C, and 6.6 ◦C, and the temperatures increased by 22.4 ◦C, 18.7 ◦C,
and 15.7 ◦C and 20.7 ◦C, 16.6 ◦C, and 13.4 ◦C in NCM 622 and NCM 811. At room temperature (25 ◦C)
and high temperature (45 ◦C), the temperatures increased by 2.5 ◦C and 2.2 ◦C and 3.6 ◦C and 2.9 ◦C in
LFP and LMO, and the temperatures increased by 10.3 ◦C and 7.6 ◦C and 8.0 ◦C and 5.3 ◦C in NCM
622 and NCM 811, and it can be confirmed that the temperature changed less at low temperatures.
In the case of the NCM material, a small decrease in capacity occurred because the temperature rise
during the discharge in the low-temperature region was larger than that in the LFP and LMO materials.
However, in the LFP and LMO materials, the capacity decrease was large because the temperature rise
was small during the discharge in the low-temperature region. Thus, it seems that the more active the
chemical reaction was at low temperatures, the more the temperatures rose and the less the voltage
dropped; therefore, the battery capacity did not decrease as much.
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Figure 11. (a) Battery temperature change when discharged at 1 C-rate at −20, −10, 0, 25, and 45 ◦C
under NCM 622. (b) Battery temperature change when discharged at 1 C-rate at −20, −10, 0, 25,
and 45 ◦C under NCM 811. (c) Battery temperature change when discharged at 1 C-rate at −20, −10, 0,
25, and 45 ◦C under LFP. (d) Battery temperature change when discharged at 1 C-rate at −20, −10, 0, 25,
and 45 ◦C under LMO.

3.2. Analysis of EV Characteristics According to Battery Pack by Type of Positive Electrode Active Material

3.2.1. Comparison Analysis of Characteristics of the Battery Model According to the Application of the
Driving Cycle

SOC

Figure 12a–d shows the changes in battery SOC according to four different driving cycles for
batteries with different positive electrode materials. Four types of positive electrode materials were
applied in each driving cycle. In the city center driving cycle FTP-75 compared to the initial SOC (80%),
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for NCM622 and NCM811, SOC reductions of 4.0% and 2.5% were observed, and the SOC in LFP and
LMO decreased by 4.2% and 4.5%, respectively. In the HWFET, which is a high-speed driving cycle,
and US06 driving cycles, SOC reductions of 4.1% and 3.9% were observed in NCM 622 and NCM 811,
and in LFP and LMO, the reductions were 4.3% and 4.6%, respectively. The reduction range was similar
to that in the FTP-75 driving cycle. In the WLTC cycle, which is divided into four speeds, from low to
ultra-high, SOC reductions of 6.1% and 5.9% were observed in NCM6 22 and NCM 811. In LFP and
LMO, the reductions were 6.4% and 6.8%, respectively, showing a larger SOC reduction compared to
the other three driving cycles. This cycle had a larger speed change than the other cycles due to cycle
characteristics, and, in addition, the rapid speed change, high maximum speed, and mileage had an
effect on the SOC reduction.
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of changes in battery SOC under US06.

Battery Weight

To improve the fuel efficiency of EVs, it is essential to increase the capacity and weight of the
battery pack, which is a key component of EVs. Increasing both the capacity and energy density of the
battery can effectively improve the efficiency of the EV; therefore, we compared the weights of the
battery pack. Figure 13 shows the comparison of the battery pack weights for the EVs according to
the application of the positive electrode material. For the same construction with a 55-kWh battery
for the target EV and with NCM 622 and NCM 811, the weights were found to be 293.4 and 299.2 kg,
and the weights were 450.9 and 381.1 kg for LFP and LMO. As a result of comparing the battery packs,
to which each of the four positive electrode materials were applied, those using NCM 622 and NCM
811 were found to be 157.5 and 87.8 kg and 151.7 and 82.0 kg lighter than those using LFP and LMO
materials, respectively. Because of the advantage that NCM-based positive electrode materials have
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with a relatively higher energy density than LFP and LMO, they can build the same capacity with a
lighter weight; therefore, when selecting materials from the viewpoint of high-capacity and lightweight
characteristics, the NCM system is more suitable for EV applications.
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Figure 13. Comparison of weight according to the application of different positive electrode materials
for the battery pack mounted in the EV.

Capacity Loss

Figure 14a–d shows the changes in the EV battery capacities of different positive electrode materials
according to the application of four driving cycles. As a result of applying each of the four positive
electrode materials in each driving cycle, in the FTP-75 cycle, capacity reductions of 10.2 Ah and 10.1 Ah
were observed for NCM 622 and NCM 811 compared to the existing capacity, and the capacities for
LFP and LMO decreased by 11.0 Ah and 10.9 Ah. In the HWFET and US06 cycles, capacity reductions
of 7.0 Ah and 6.9 Ah and 9.5 Ah and 9.4 Ah were observed for NCM 622 and NCM 811, and for LFP
and LMO, the capacities decreased by 7.6 Ah and 10.3 Ah and 7.5 Ah and 10.2 Ah. Of the four cycles,
the HWFET with the smallest rate change showed a small capacity reduction range. In the WLTC
cycle, capacity changes of 13.3 Ah and 13.2 Ah were observed for NCM 622 and NCM 811, and the
capacity changes for LFP and LMO were 14.4 Ah and 14.2 Ah, respectively, which significantly reduced
the capacity compared to the other three driving cycles. Compared to other materials, the capacity
reduction of the NCM 811 material was the lowest. On the other hand, LFP showed the greatest
reduction in capacity. These results suggest that the characteristics of each material are well reflected
according to the metal composition ratio of the Li [Ni, Co, Mn] O2 ternary system.
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3.3. Battery Cell Model: Comparative Analysis of Trends through Experimental and Simulation Results

3.3.1. Capacity Loss

Figure 15 shows the comparison of the battery capacity losses in the simulation and experiment
when discharging battery cells of NCM positive electrode material at different discharge rates at
25 ◦C. To verify the validity of the simulation results, using 18650 cylindrical batteries with NCM
material, charge and discharge tests were performed at speeds of 0.2, 0.5, 1, and 2 C-rate, and a
comparative analysis of the changes in battery capacity according to the discharge speed was conducted.
When comparing the simulation and experimental results, the results of the simulation of the battery
cell, to which NCM 622 was applied, were used. A comparison of the battery capacity loss according
to different discharge rates indicated that at 0.2 and 0.5 C-rate, 4.0% and 4.7% capacity reductions
were observed, and at 1 and 2 C-rate, the reductions were 6.3% and 9.6%, respectively, which was a
larger capacity reduction range. Through the experiment and simulation results, it was confirmed
that the tendencies for the battery capacity loss to increase as the discharge rate increased were the
same. In addition, the values of the capacity reduction obtained through GT-AutoLion appeared
larger than those in the experiment, and the error between the experimental and simulation values
increased as the discharge rate increased; however, the error rate was within 10%. It seems that the
main cause of error between experiment and simulation results was unknown material properties.
It was already mentioned that the present study aimed for identification of feasibility over accurate
calibration by comparing the minimum available experimental data and raw simulation data without
parameter tune. If calibration processes were performed in terms of general electrochemical parameter
for LIB calibration such as N/P ratio, capacity loading and error bound could be significantly reduced.
Even though there was no calibration, an error within 10% is judged as good model accuracy.
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3.3.2. Temperature Change

Figure 16 shows a comparison of the battery temperature changes in the simulations and
experiments when discharging battery cells of NCM positive electrode material at different discharge
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rates under a 25 ◦C temperature. A total of three results was compared: simulations with and
without a thermal model and the experiment. First, comparing the simulation and experimental
results with an applied thermal model, at 0.2 and 0.5 C-rates, differences of 1.7 ◦C and 3.9 ◦C were
observed compared to the initial temperature, and at 1 and 2 C-rates, differences of 6.3 ◦C and 8.2 ◦C
appeared. Comparing the simulation and experimental results with no applied thermal model, at 0.2
and 0.5 C-rates, differences of 1.8 ◦C and 4.3 ◦C were observed compared to the initial temperature,
and at 1 and 2 C-rates, the temperature changes were 7.4 ◦C and 11.6 ◦C and appeared larger than
those at the slow discharge rate (0.2, 0.5 C-rates). This comparison indicated that as the discharge
rate increased, the tendency for the temperature of the battery to increase was the same for both
the experiment and the simulation, and it can be seen that the result of the simulation was more
excessive than that of the experiment. In general, the LIB had a temperature gradient due to internal
heat generation during charging and discharging. According to the research results of Zhang et al.,
the internal temperature of the battery during charging and discharging appears higher than the surface
temperature, and as the discharge rate increases, the temperature gradient also increases, owing to
more heat generation. [29]. It seems that the main cause of error between experiment and simulation
results was fixed heat transfer coefficient approach. As C-rate increases with relatively rapid discharge,
Qgen from Equation (6) was changed, resulting in more temperature difference between inside and
outer space of battery. Therefore, convection heat transfer coefficient, h, has to be validated under each
C-rate condition. It was judged as an error that occurred because variable tuning was not performed in
this study. If heat transfer coefficient is handled for calibration as further study, prediction accuracy
will be remarkably enhanced.

Sustainability 2020, 12, x FOR PEER REVIEW 27 of 29 

tendency for the temperature of the battery to increase was the same for both the experiment and the 
simulation, and it can be seen that the result of the simulation was more excessive than that of the 
experiment. In general, the LIB had a temperature gradient due to internal heat generation during 
charging and discharging. According to the research results of Zhang et al., the internal temperature of 
the battery during charging and discharging appears higher than the surface temperature, and as the 
discharge rate increases, the temperature gradient also increases, owing to more heat generation. [29]. 
It seems that the main cause of error between experiment and simulation results was fixed heat transfer 
coefficient approach. As C-rate increases with relatively rapid discharge, Qgen from Equation (6) was 
changed, resulting in more temperature difference between inside and outer space of battery. Therefore, 
convection heat transfer coefficient, h, has to be validated under each C-rate condition. It was judged as 
an error that occurred because variable tuning was not performed in this study. If heat transfer 
coefficient is handled for calibration as further study, prediction accuracy will be remarkably enhanced. 

 
Figure 16. Comparison of the temperature change for the 18650 cylindrical battery with NCM material 
according to different C-rates. 

4. Conclusions and Future Work 

In this study, LIB was modeled from a cylindrical battery cell to an EV system using GT-AutoLion 
based on a thermally coupled electrochemical model. The main objective of our overall study was to 
provide a reverse calibration method and fast design processes of LIB, although there was a lack of 
model calibration processes. As the first step, the present study aimed for identification of feasibility 
over accurate calibration by comparing the minimum available experimental data and raw simulation 
data without parameter tune. Based on the results, the following conclusions can be drawn.  

• As the C-rate increased, the battery capacity loss and temperature increased, and it was 
confirmed that the NCM system was more affected by the C-rate than were LFP and LMO. If the 
safety of an EV is considered first, a higher safety can be secured when LFP, a positive electrode 
material with excellent thermal characteristics, is applied to a battery, rather than NCM. At room 
temperature and higher temperatures, LFP and LMO materials showed less capacity loss than 
did NCM. On the other hand, LFP and LMO materials at low temperatures showed a sharp loss 
in capacity. This is because NCM is relatively more active in chemical reactions than are LFP 
and LMO, even at low temperatures. Therefore, it was confirmed that NCM is relatively more 

Figure 16. Comparison of the temperature change for the 18650 cylindrical battery with NCM material
according to different C-rates.

4. Conclusions and Future Work

In this study, LIB was modeled from a cylindrical battery cell to an EV system using GT-AutoLion
based on a thermally coupled electrochemical model. The main objective of our overall study was to
provide a reverse calibration method and fast design processes of LIB, although there was a lack of
model calibration processes. As the first step, the present study aimed for identification of feasibility
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over accurate calibration by comparing the minimum available experimental data and raw simulation
data without parameter tune. Based on the results, the following conclusions can be drawn.

• As the C-rate increased, the battery capacity loss and temperature increased, and it was confirmed
that the NCM system was more affected by the C-rate than were LFP and LMO. If the safety of an
EV is considered first, a higher safety can be secured when LFP, a positive electrode material with
excellent thermal characteristics, is applied to a battery, rather than NCM. At room temperature
and higher temperatures, LFP and LMO materials showed less capacity loss than did NCM.
On the other hand, LFP and LMO materials at low temperatures showed a sharp loss in capacity.
This is because NCM is relatively more active in chemical reactions than are LFP and LMO, even at
low temperatures. Therefore, it was confirmed that NCM is relatively more stable than LFP and
LMO in all temperature regions. Through the cell simulation, as for the state of charge, NCM was
excellent, while LFP and LMO were excellent for thermal stability.

• Thesetrendsweresimilar inbatterypackanddrivingcycle transientanalysis. However,whenconsidering
the weight of the battery in the EV level, NCM is competitive, which is also the reason why NCM is
widely used nowadays. Nevertheless, since thermal stability is becoming increasingly important to
battery sustainability, hybrid cathode material technology that combines the advantages of each material
is needed.

• It can be seen that the battery and EV characteristics with each positive electrode active material
can follow the trend without variable tuning. Based on this, complementary studies will be
conducted in the future. A cell-by-cell calibration will be performed to access the top-down design.
At this time, optimization will be performed by deriving tuning variables that affect thermal
stability, SOC maintenance, and vehicle weight.
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