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Abstract: In this paper, capacity fade of LiFeYPO, /graphite commercial cells during 116 cycles under
different temperatures is studied. The cells were discharged in two modes, during Drive Cycle (DrC)
discharge cycles the cell was discharged with current waveform calculated for example battery electric
vehicle (BEV) under WLTC 3b drive cycle conditions, whereas during Constant Current (CC) discharge
cycles the cell was discharged with a constant current of the same root mean square of the current, as
the WLTC 3b current waveform and with the same depth of discharge. All the cells were charged in
constant current/constant voltage mode. Two fresh cells were used for each discharge mode at 25 °C
and as the results were similar, only one cell per discharge mode was used at the other temperatures
5°C and 45 °C. Furthermore, simulation P2D model of calendar and cycle life was calibrated based on
experimental data. SoC floating was observed during cycling for both discharge modes, accompanied
with slight increase in end discharge voltage and growth of energy efficiency. Concluding the results
for 25 °C, not waveform character, but the amount of electric charge in combination with calendar
aging has the most effect on the cycle life, which is also proved by the simulation. For 5 °C, the
capacity fade is milder for DrC discharge cycles, but simulation results do not prove that, which
would demand further investigation. The results for 45 °C are apparently dependent on a higher
amount of discharged and charged electric charge and influenced by calendar life, simulated capacity
fade corresponds quite well to the experiment. The best State of Health (SoH) simulation results are
for temperature 45 °C, RMSE is 0.10% SoH, for the other temperatures RMSE is 0.20 and 0.93% SoH
for 25 and 5 °C, respectively.

Keywords: lithium-ion battery; LiFeYPOy,; WLTP; electric vehicle; capacity fade; P2D model

1. Introduction
1.1. xEV

Battery electric vehicles (BEV), plug-in hybrid electric vehicles (PHEV), hybrid electric
vehicles (HEV) and fuel cell electric vehicles (FCEV), together referred to as xEV, are of
growing importance in road transportation recently.

Critical part of XEV in terms of performance and usability is a traction battery, which
not only limits reachable range of the vehicle, but also influences vehicle life cycle economics
due to calendar and cycle aging of electrochemical cells. Both calendar and cycle aging
are complex processes depending on many circumstances, such as chemistry of anode
and cathode or storage and operational conditions of the battery [1]. Calendar and cycle
aging are often considered as additive, but interactions may occur. Both mechanisms lead
to capacity fade, which can be measured as the gradual decrease in state of health (SoH),
which is the ratio between actual and fresh cell capacity under the same conditions, such as
fully charged cell, discharging current, temperature, or cut-off voltage.
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1.2. LiFeYPO,

LiFePO, and LiFeYPO, cathodes are widely used in the automotive and bus indus-
tries. When LiFePOy, cathode is doped by yttrium, it has a remarkable effect on battery
performance, such as charge/discharge and capacity-voltage curves [2]. Furthermore, there
is a difference is in the behavior of chemical elements yttrium and iron. While iron is very
susceptible to oxidation and reactions with other chemical compounds, the element yttrium
is more chemically stable. The result is much stronger chemical stability and durability,
especially in terms of calendar life [3].

1.3. Testing of Cycle Aging

LiFe(Y)POy4/graphite commercial batteries are tested by manufacturers. The man-
ufacturers or suppliers are providing data about cycle aging under specific operational
conditions, which may be sufficiently specified [4] or at least partly specified [5]. Re-
searchers have performed many experimental tests focused on cycle aging, including the
influence of varying current rates and DoDs (Depth of Discharges) [6]; operating conditions
typical to high-power automotive applications, such as high charge and discharge rate;
elevated temperatures and wide state-of-charge windows [7]; or influence of different test
temperatures from —10 up to 45 °C [8]. All the above mentioned and other published
experiments were performed with Constant Current (CC) discharging and Constant Cur-
rent/Constant Voltage (CC/CV) charging. The character of charging is the same for testing
batteries in laboratory conditions and in real operation of traction battery, whereas the
character of discharging is of a significant difference. When tested under typical laboratory
conditions, batteries are discharged in CC mode, while when used in xEV, there is a strong
time dependency of instantaneous values of traction current. The traction current profile
is rather similar to the character of drive cycles, such as Worldwide harmonized Light
vehicles Test Cycle (WLTC), New European Driving Cycle (NEDC), etc. There are experi-
mental results on testing traction batteries during real driving [9], as well as comparison of
battery degradation for synthetic vs. real driving cycles [10], but to the best of the authors’
knowledge, no comparison of cycle aging under CC/CV vs. drive cycle conditions have
been published yet.

1.4. Simulation of Cycle Aging

Battery degradation models fall into model-based estimation methods, that can be
used for estimation of battery internal states, such as SoH [11]. Model-based aging studies
mainly include empirical model [12], semi-empirical and electrochemical models [13,14].
Owing to the fact that the aforementioned SoH cannot be measured directly, more accurate
degradation models for reliable SoH estimations are of critical importance. It is obvious
that a substantial part of a performance of the BMSs relies on that models.

1.5. Objectives of This Paper

This paper aims to answer two basic questions that have not yet been answered anywhere:

(a) What is the difference of capacity fade for the CC and DrC discharge mode?

(b)  How can be commonly available CC discharging results of capacity fade under-
stood in terms of supposed dynamic WLTC discharging profile representing real
performance of the XEV battery?

This paper aims to present a comparison between cycle aging performed under two

different characters of discharging and charging:

1. CCdischarge cycles: this is the usual test mode, when the battery is discharged in CC
mode and charged in CC/CV mode.

2. Drive cycle discharge cycles: battery is discharged with a current waveform based on
drive cycle and it is charged in CC/CV mode.
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Furthermore, it aims to find relation between parameters of cyclic testing of CC
discharge cycles and drive cycle discharge cycles with the same effect on capacity fade. All the
work is focused on automotive applications.

2. Methods of Comparison

The method used for studying the difference of Capacity fade for the two discharge
modes is summarized in Figure 1. Each box in the figure is referenced to appropriate
section of this paper.

A) Problem B) Approach C) Discharge modes

1) Drive cycle profile (DrC) - dynamic
——>»| discharge current calculated from
WTLC speed profile on the cell level

1) Experiment comparing the two
What is the difference of Capacity fade discharge modes.

for the constant current (CC) and drive
cycle (DrC) discharge mode?

2) Simulation model validating the 2) Constant current (CC) - calculated
experimental data based on DrC ensuring equal
conditions in terms of capacity fade

D) Experiment

E) P2D model validation

F) Result

Experiment for both CC and DrC
discharge mode considering:

- number of cycles and capacity tests
- number of cells used in experiment

P2D model fitted using the same
optimization factors for both CC and
DrC discharge modes for each
temperature separately.

Validated difference of capacity fade.
Possible corrections of balancing
parameters in box no. 3.

- temperatures +5, +25 and +45 °C.

Figure 1. Diagram of comparison method in 6 main steps with the following reference to appropriate
section of this paper in parenthesis: (A) problem (Section 1.5), (B) approach (Section 2), (C) discharge
modes: drive cycle profile (Section 2.4), balancing parameters of the discharge modes (Section 2.5),
(D) experiment: cells choice (Section 3.3), conditions (Section 2.1), setup (Section 3) and results
(Section 4), (E) P2D model validation (Section 5), (F) results (Section 6).

2.1. General Considerations

As this work is focused on automotive applications, three different temperatures,
namely, 5, 25 and 45 °C are studied. The scope of temperatures does not include tempera-
tures below 0 °C, as 1. negative temperatures significantly worsen capacity fade for the
selected battery chemistry, 2. traction battery of xEV is anticipated to operate mostly within
temperatures above 0 °C. Due to limited time available, 100 cycles are carried out under
different cycle conditions for each commercial cell tested, whereas capacity tests occur
every 25 cycles. Altogether with formatting and capacity tests, 116 cycles were measured
for each cell. Readers are referred to [15] for cycle life behavior of LFP cells in the range of
thousands of cycles.

Experimental results serve as data for calibrating the capacity fade of an electrochemi-
cal pseudo 2-D (P2D) model.

The approach described in this Section 2 can be understood as a proposal of conversion
between cycle life with discharging in CC and DrC discharge modes.

2.2. Battery Chemistry Selection

For the experiment, the LiFeYPO, Winston 40 Ah battery was selected for several
reasons. Lithium iron phosphate (LFP) and lithium iron yttrium phosphate (LYP) battery is
a proven and widely used technology in applications where a lower energy density was
accepted. However, in the last year, we see more often its utilization in personal cars for its
lower price, safety, lifetime, and improved energy density [16-18].

Further, the LYP battery was selected due to its availability on the market and the
need to purchase a certain quantity for the experiment. LiFeYPO, Winston 40 Ah battery
model was used based on previous experience of the research team and already existing
mathematical model validated during previous research [19].
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2.3. Electric Current Waveform for the Experiment
2.3.1. Vehicle Test Cycle

The Worldwide harmonized Light vehicles Test Cycles (WLTC) are chassis dynamome-
ter tests for the determination of emissions and fuel consumption from light-duty vehicles.
These cycles are part of the Worldwide harmonized Light vehicles Test Procedures (WLTP),
which completely replaced the former European NEDC procedure in 2019. The WLTC is a
cycle consisting of four dynamic phases (52% urban and 48% non-urban) representing real
driving [20].

To reproduce real-world vehicle behavior and to generate authentic drive cycle dis-
charge cycles current waveform, the WLTC Class 3b depicted in Figure 2 was used as a
reference for the purpose of this paper, as it corresponds to cars driven in Europe.

0 0 800 1000 1200 1400 1600 1800

Speed [km/h]

Time [s]

Figure 2. WLTC—Class 3b, Worldwide harmonized Light vehicles Test Cycle consisting of Low,
Medium, High and Extra High phases.

2.3.2. Battery Electric Vehicle Model

A vehicle dynamic model of a personal battery electric vehicle (BEV) was needed
to extract the electric current waveform, consequently used for the experiment as a cell
current. A GT-SUITE example model of the BEV by Gamma Technologies was used as a
basis [21].

The mathematical model of the longitudinal vehicle dynamic model was used to
translate the vehicle speed curve into the electric current. This simplified model assumes
that the vehicle performs only forward movement and considers all energy-requiring
aspects, mainly aerodynamic drag, rolling resistance, gradient force, inertial force, and then
powertrain losses in the gearbox, electric motor, and battery itself. Auxiliary consumption
for on-board systems was set as a constant value. The vehicle model from GT-Suite
performed forward dynamic analysis thanks to the driver model that follows the required
speed curve and controls the throttle. The final electric current was acquired by translating
the power requirement from the driver according to the battery conditions (temperature,
SOC, voltage) using the GT-AutoLion battery model.

This model was then adjusted for the purpose of the experiment. The original sub-
model of the battery was replaced with the LiFeYPO, Winston model using the pre-
calibrated GT-AutoLion block. Several vehicle parameters were changed to the char-
acteristics of an urban middle-sized BEV, where LFP and LYP battery technologies are
utilized and have further potential.

The final designed traction battery consists of 164 cells, where 82 cells are connected in
series with two parallel branches. The battery weighs 270 kg and has a nominal voltage of
277 V and the total energy of 22.18 kWh. The curb weight of the vehicle was set to 1300 kg.

Aerodynamic coefficient and front area were increased compared to the original
GT-SUITE example model since urban vehicles are more angulated.

Table 1 shows modified vehicle parameters and parameters that influence the per-
formance simulation the most. If the parameter is not mentioned in the table, it was not
changed compared to the original GT-SUITE example model.
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Table 1. Modified vehicle parameters and parameters that influence the performance simulation

the most.
Component Variable Value Unit
Vehicle Mass 1300 kg
Vehicle Front area 2.1 m?
Vehicle Drag coefficient 0.31 -
Tire Rolhpg resistance 0.015 )
coefficient
Differential Final Drive Ratio 7.05 -
Differential Efficiency 0.95 -
Electric motor Efficiency original map fen (rpm. _
Nm)
Battery cell Capacity 40 Ah
Battery cell Nominal voltage 3.3 A%
Battery cell Weight 1600 g
Battery system Connection 82 ser x 2 par -
Battery system Nominal voltage 277.2 \%
Battery system Total energy 22.18 kWh
Boundary condition Auxiliary power 300 W
Boundary condition Passenger and Cargo 80 kg
Mass
Boundary condition The initial State of 100 %

Charge

2.4. Drive Cycle Mode

The WLTC 3b drive cycle was performed four times consecutively with the above-
described battery-electric vehicle model to create a representative electric current waveform
of a traction battery in real conditions. The vehicle model fulfills the required velocity
profile and no battery derating occurs.

Figure 3 below shows the resulting electric current of the BEV model. The initial state
of charge (SoC) is 100% and at the end of the simulation, the value of SoC is 33.33%, which
corresponds to 66.67% DoD.
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Figure 3. Battery current waveform calculated for single cell used in the model of BEV.

The final drive cycle discharge cycle for the experiment consists of the presented electric
current followed by CC/CV charging.
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2.5. Continuous Current Mode

One of the research goals of this paper is to create a CC profile that would represent
the dynamic load of the electric current and have the same effect on the capacity fade as
the drive cycle dynamic profile.

According to various sources [1,22,23], capacity fade is mostly enhanced by high
temperatures, high cycling rate, and high DoD of the battery cell. Therefore, the RMS
of the electric current from the drive cycle modes is used as a reference and the main
impact variable which causes the capacity fade taking into account the heating effect of the
electric current.

The RMS of the electric current under the drive cycle mode of the vehicle model
described in Section 2.4 above equals 26 Amperes per cell or a C-rate of 0.65 C. This
constant current value therefore corresponds to the current of the drive cycle mode vehicle
model and is then used as the set CC discharge current for the experiment.

2.6. Simulation

In this paper, the pseudo-two dimensional model (the P2D) within the cell simulation
tool GT-AutoLion (version 2022) was used for capacity fade model calibration through
the selected aging mechanisms. The GT-AutoLion calendar aging model was calibrated
based on experimental results for a 25 °C calendar aging sample cell (referred to as CalAge).
Parameters of the cycle aging model were then calibrated separately for each temperature
based on experimental results of all the remaining cells.

3. Experiment Set-Up

The experimental set-up is apparent in Figure 4. Both the supply and load are pro-
grammable devices connected in parallel to the battery. The diode is used for protection of
the power supply. Significant quantities are measured using a DAQ card installed in the
Control PC and using embedded means of individual devices.

Veri

Control PC Control circuit  |—

Control

Data acquisition

?[Bal

Supply J—WQ;— ] Load
at | | _— |

Switch-off

Incubator|

Figure 4. Experimental set-up.

3.1. Equipment

An A6kW was used as a power supply. A protective diode in an external circuit
caused a reverse current of 16 pA in the case of switched off output of the power supply.
As the current sensor was connected at the common branch of the circuit, this current was
considered properly.

An E19080-400 was used as a programmable power load. An analog interface was
used to build the drive-cycle waveform in combination with the maximum charging current
offset compensation using power supply A6kW.

A NI PClIe-6341 DAQ card as a part of the control PC was used for data acquisition
through the terminal block SCB-68A. The battery voltage was measured directly by the DAQ
card, the battery current was measured by the sensor Telcon HT300M and the temperatures
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were measured by LM19 sensors. The signals of current and temperatures were applied to
the analog inputs of the DAQ card.

The software for experiment process control was developed in LabVIEW environment
by the authors.

3.2. Cycling Specification
3.2.1. State Machine

The state machine depicted in Figure 5 represents the cycle aging experimental con-
trol process.

< Start > Pause Ch-D Charging
< Delay < Normal P
Charging - .
- Normal Chargmg
discharging
N Initialization OK and Discharging Pause D-Ch
Initialization not yet reached no of cycles Normal
Testing » Norma Delay |——
initializatio discharging Discharging -
-Normal charging

Initialization error or
reached no of cycles

Figure 5. The basic state machine diagram used for measurement of one metacycle.

One normal cycle is composed of one consecutive discharging and charging. Discharg-
ing can be carried out either in CC or DrC mode, charging always occurs in CC/CV mode.

Initial 0.5 C charging followed by five cycles of 50% DoD and 0.5 C discharging and
charging currents are always used for initiation, as it is recommended by the supplier [24],
because the capacity may increase in early stages of life [6].

A certain number of normal cycles followed by two capacity tests is hereinafter referred
to as a metacycle. The reason for two capacity tests is an increased repeatability due to the
sensitivity of measured capacity on the conditions of the cycle preceding the capacity test
cycle. Several consecutive metacycles are used for the cycle aging experiment.

3.2.2. Parameters

Common static parameters throughout all the cycles based on the supplier specification
of the commercial cell [25] and LFP/LYP cells testing experience are listed below:

* CCmode Charging current 0.5 C;

e charging voltage 3.7 V;

*  CV mode Charging cut-off current 0.025 C;

*  delay between discharging and charging 1800 s;
* delay between charging and discharging 1800 s.

Table 2 shows the cycle configuration for one particular test cell in terms of parameters
that differ between cycles. Discharging currents are set to nominal 0.5 C for formatting
and capacity tests and to 0.65 C for normal cycles in CC mode, as it is explained above in
Section 2.5. A DoD value of 66.67% corresponds to the final depth of discharge of drive
cycle mode discharging explained above in Section 2.4. As for drive cycle discharging mode,
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all the variable parameters listed in Table 2 are valid except for discharging current Ip;;,
which is given by WLTC Class 3b profile and DoD, unambiguously defined by the discharge
current profile apparent for the selected vehicle and cell type in Figure 3. Regarding Tp;q
and T, temperatures during normal cycles, one value from the set in brackets applies for
one single cell. The set of temperatures is given Tp;s = Ty, = {5,25,45}°C.

Table 2. Variable parameters of cyclic tests performed in CC discharging mode. Charging is always
in CC/CV mode.

Indication NumcCycles EndCycleNum Ip;s Vbis Tpis Tcy, DoD
— (1) (1) (xC) V) (°C) (°©) (%)
0.5 C charge 1 1 0 2.8 25 25 0
formatting 5 6 0.5 2.8 25 25 50
capacity test 2 8 0.5 2.8 25 25 max
25 normal

cycles 25 33 0.65 2.4 {Tpis} {Tcn} 66.67
capacity test 2 35 0.5 2.8 25 25 max
25 normal

cycles 25 60 0.65 2.4 {Tpis} {Tcy} 66.67
capacity test 2 62 0.5 2.8 25 25 max
25 normal

eycles 25 87 0.65 2.4 {Tpis} {Tcn} 66.67
capacity test 2 89 0.5 2.8 25 25 max
25 normal

cycles 25 114 0.65 2.4 {Tpis} {Tcn} 66.67
capacity test 2 116 0.5 2.8 25 25 max

3.3. Cells Samples Used
3.3.1. Cell Types

Samples used for experiment within this paper have chemical composition as fol-
lows: 40.5% yttrium, 16% LipCO3, 4.4% manganese, 5% graphite, 3.4% iron, 10% copper,
6% aluminum and others. Details can be found in [26].

3.3.2. Sampling

The use of samples for the experiment is specified in Table 3. Internal resistances
and serial numbers are provided by the manufacturer of the cells [27]. The assignment
of individual cells to be used for the experiment was performed so that the deviation
of the R;, OCV and C parameters for one selected temperature was minimized. As the
capacity fade is not linear within the cell life [28], all the 116 cycles were performed
with fresh cell for each test combination (ambient temperature, discharge mode). Two
samples were used for each combination at 25 °C, while then as the result seemed
similar enough for the sample couples, one sample was used for each combination at the
other temperatures.
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Table 3. Use of samples for the experiment.

Manufacturer Use for
SN R; ocv ¢ Denom. Experiment
- (mQ) V) (Ah) - -
200803-Y18612 0.52 3.302 465 C25s1 ((i(; disch 25°C
200803-Y18621 0.55 3.302 465 2552 (CZC) disch 25 °C
DrCy disch
200803-Y18613 0.53 3.302 465 D25s1 2550 (1)
DrCy disch
200803-Y18620 0.54 3.302 465 D25s2 25°C 2,
210412-Y05461 0.54 3.297 46 C05s1 CC disch 5 °C
210412-Y05453 0.53 3.298 46 DO05s1 SDZEY disch
210412-Y05469 0.55 3.297 46 C45s1 CC disch 45 °C
210412-Y05468 0.54 3.297 46 D45s1 4D;Sg disch
200803-Y18605 0.58 3.303 46 CalAge Calendar aging

4. Experiment Results
4.1. Experiment Validity Verification

Figure 6 shows measured values throughout all the measured samples for electric
charge and energy. Three anomalies are apparent in the figure of electrical charge for D25s2
at cycles 24 and 98 and for D25s1 at cycle 80. They are all caused by interruption of the
measurement after completed cycle due to technical circumstances.
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Figure 6. Measured values of electric charge during discharging (a) and charging (c), electric energy
during discharging (b) and charging (d) for all the measured cycles and samples.

Figure 7 shows measured values throughout all the measured samples for Coulombic
and energy efficiency. Again, there is an apparent drop for D25s2 at cycle 24, otherwise it
can be observed, that for normal cycles (excluding the initial and the formatting cycles) the
Coulombic efficiency is between 98 and 99% and varies around the tests of capacity, where
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cycling operation conditions are changing. Coulombic efficiency does not much depend on
discharge mode and although its values are slightly lower for drive cycle discharge mode,
the differences from CC discharge mode are negligible. There is no apparent dependency of
Coulombic efficiency on temperature. Energy efficiency depends strongly on temperature:
the lower the temperature is, the stronger it also depends on the discharge mode. The
similarity of the results of C25s1/C25s2 and D25s1/D25s2 is sufficient, which enables only
one sample per temperature and discharge mode for the remaining studied temperatures.
The sudden drop in energy efficiency for C45s1 at cycle 45 is caused by interruption of
the measurement due to technical circumstances within charging cycle 45. All the other
interruptions mentioned above occurred always after finishing cycle charging. The gradual
increase in energy efficiency is apparent especially for both samples at temperature 5 °C.
Figure 8 supports that phenomenon, as for the higher cycle number, the shape of charge and
discharge voltages becomes narrower and the amount of electric charge transported within
CV mode lessens compared to the low cycle number. Point (b) of Figure 7 shows a gradual
increase in the end discharging voltages of all individual 116 cycles, which corresponds to
the narrower shape of the discharge/charge characteristic in sub-figure (a) of Figure 8. The
phenomenons noticeable in Figures 7 and 8 correspond to capacity recuperation described
in [29], which explains the step growth of energy efficiency and end discharge voltage
occurring immediately after the two consecutive capacity tests.
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Figure 7. Measured values of Coulombic (a) and energy (b) efficiency for all the measured cycles

and samples.
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Figure 8. (a) Discharge and charge characteristics for sample C05s1 for cycles 11 (couple of cycles
after the first capacity test) and 93 (couple of cycles after the last capacity before the last metacycle).
(b) Gradual increase in end discharge voltage at the constant DoD over the cycles.

Figure 9 illustrates dV/dQ curves for all the samples used for cycle aging discharged
in CC mode. Again, there is negligible difference between C25s1 and C25s2. As for
temperature 5 °C, peaks shift before the end of discharging can be observed. As there
is a dependency between dV/dQ shape and SoC [30], it seems for the temperature 5 °C,
that during each normal cycles of the first metacycle, that SoC operation interval floated



Batteries 2022, 8, 282

11 of 29

upwards, while for the other metacycles it stays steady during the whole metacycle. This
corresponds to the growth of energy efficiency apparent in Figure 7, which is increasing
during the whole first metacycle, while for the following metacycles it always grows, but
stays steady during the metacycle itself.
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Figure 9. dV/dQ plots for C discharge mode samples for selected cycle numbers—the first and the
last cycle of each metacycle. Denomination of the sub-figures corresponds to the Table 3.

Figure 10 shows measured values throughout all of the samples for the average values
of ambient and cell case temperatures. As for ambient temperature, positive offsets of
temperature 0.75, 0.60 and 0.4 °C can be observed for set temperatures 5, 25 and 45 °C,
respectively. These offsets are slightly higher for drive cycle discharge mode, but the
difference between the two modes is not higher than 0.05 °C. Concerning case tempera-
tures, positive offsets of temperature around 3.2, 2.0 and 1.5 °C can be observed for set
temperatures 5, 25 and 45 °C, respectively. One can see for temperature 25 °C, that pairs
(C2551&D25s1 and C25s2&D25s2 are similar to each other, which is caused by similar values
of internal resistances apparent in Table 3. For the other temperatures, internal resistances
of samples for both discharge modes are almost identical, thus the temperatures of both
samples are almost the same, the differences are not higher than 0.05 °C.

Four consecutive WLTC Class 3b drive cycle profiles adapted to battery composed of
LiFeYPO, 40Ah cells were used for drive cycle mode discharging, which is described in
detail above in Section 2.4. The required current profile imposed to the measured cell was
compared to the real measured current profile for all the measured drive cycles discharging
and all the appropriate cells and their mean absolute error (MAE) was evaluated for
verification purposes. The mean value of MAE for all the cycles and samples is 0.095 A, the
maximum value is 0.205 A. All the MAE values are apparent in Figure 11.

4.2. Calendar Aging

Figure 12 shows results of the CalAge cell used for calendar aging. This cell was placed
inside the incubator with set temperature of 25 °C for the whole duration of performing
cycle aging tests for the cells C25s1, C25s2, D25s1 and D25s2 in an open circuit state.
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Figure 10. Measured values of average ambient (a) and case temperature zoomed to the three relevant
ranges of set temperature 5 °C (b), 25 °C (c) and 45 °C (d) for all the measured cycles and samples.
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Figure 11. Mean absolute error of required and measured current profile during discharging for all
the drive cycle discharging cycles for individual measured cells.
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and (b) depending on time. Duration between the cycles 8 and 10 was 104.42 days.

4.3. Cycle Aging

Raw data were corrected to eliminate the influence of above mentioned measurement
interruptions. The correction was based on the fact, that the cells were in open circuit state
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during interruption, so Calendar aging capacity fade —0.027453%/day was compensated
for all the capacity tests following the respective interruption. Additionally, the time was
lessened by exact duration of each interruption. Time dependencies in Figures 13-16 show
proportional duration of drive cycle discharging cycles compared to CC discharging cycles.

Results of all the cells used for cycle aging are shown in Figure 13. Capacity increase
in the second of the two consecutive capacity tests is in accordance with [29]. Values
normalized to the second cycle of the first two consecutive capacity tests (cycle no. 8) are
presented in Figure 14. The results of capacity and discharged energy considering only the
second one from the two consecutive capacity tests are shown in Figure 15.
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duration compared to CC samples.
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Figure 15. Capacity fade and energy decrease measured and regressed for all cycle aging cells for
all the second of the two consecutive capacity test cycles depending on cycle no. and time. All the
values are normalized to the second cycle of the first two consecutive capacity tests (cycle no. 8), so
that this value is equal to 100%.

As the results shown in Figure 15 are of significant difference between 5 °C and the
other temperatures, Figure 16 shows results for 25 and 45 °C only.
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Figure 16. Capacity fade and energy decrease measured and regressed for all cycle aging cells at
temperatures 25 and 45 °C for all the second of the two consecutive capacity test cycles depending
on cycle no. and time. All the values are normalized to the second cycle of the first two consecutive
capacity tests (cycle no. 8), so that this value is equal to 100%.

Figure 17 shows ratios of the capacity and energy, respectively, of two consecutive
capacity tests. This ratio depends on temperature of normal cycles. It is clearly seen, that
the first capacity test was influenced by the temperature of previous normal cycle. Initial
value of the ratio is similar for all the samples, as the formatting was performed at 25 °C for
all the samples in the same way. Normal cycles under different temperatures started after
the first two consecutive capacity tests. This justifies performing two consecutive capacity
tests aiming to eliminate dependency of capacity fade on temperature of normal cycles.
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Figure 17. Ratio of Capacity (a) and energy (b) of all the consecutive capacity tests. Solid line is used
for better visibility, but there are no results except for the cycles identified by plot markers.

Tables 4 and 5 show the resulting regression coefficients of measured capacity and
energy, respectively, for capacity test cycles.

Table 4. Linear regression coefficients of capacity depending on cycle no. (denoted as /C) or time
(denoted as /T) in days considering the second capacity test (denoted as S) or all the capacity tests
(denoted as A) for individual samples.

Sample Cap/C S Cap/C A Cap/T S Cap/T A
C25s1 —0.0152 —0.0146 —0.1007 —0.0966
C25s2 —0.0151 —0.0145 —0.1003 —0.0959
D25s1 —0.0194 —0.0188 —0.1029 —0.0997
D25s2 —0.0201 —0.0194 —0.1067 —0.1028
C05s1 —0.0987 —0.0989 —0.6264 —0.6274
D05s1 —0.0864 —0.0866 —0.4426 —0.4432
C45s1 —0.0155 —0.0140 —0.1015 —0.0914
D45s1 —0.0170 —0.0157 —0.0893 —0.0824

Table 5. Linear regression coefficients of energy depending on cycle no. (denoted as /C) or time
(denoted as /T) in days considering the second capacity test (denoted as S) or all the capacity tests
(denoted as A) for individual samples.

Sample Ene/C S Ene/C A Ene/T S Ene/T A
C25s1 —0.0120 —0.0110 —0.0794 —0.0726
C25s2 —0.0119 —0.0109 —0.0789 —0.0719
D25s1 —0.0156 —0.0146 —0.0826 —0.0771
D25s2 —0.0166 —0.0155 —0.0879 —0.0820
C05s1 —0.0952 —0.0951 —0.6045 —0.6031
D05s1 —0.0830 —0.0829 —0.4247 —0.4241
C45s1 —0.0120 —0.0099 —0.0791 —0.0650
D45s1 —0.0131 —0.0112 —0.0691 —0.0588

Results of capacity fade per cycle for drive cycle discharge cycles cells compared to
CC discharge cycles cells evaluated based on second capacity tests show:
*  30.4% increase in capacity fade at temperature 25 °C (—0.0198 vs. —0.0152% per cycle);
*  12.5% decrease in capacity fade at temperature 5 °C (—0.0864 vs. —0.0987% per cycle);
*  9.7% increase in capacity fade at temperature 45 °C (—0.0170 vs. —0.0155% per cycle).
Results of capacity fade per day for drive cycle discharge cycles cells compared to CC
discharge cycles cells evaluated based on second capacity tests show:

*  4.3% increase in capacity fade at temperature 25 °C (—0.1048 vs. —0.1005% per cycle);
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*  29.3% decrease in capacity fade at temperature 5 °C (—0.4426 vs. —0.6264% per cycle);
*  12.0% decrease in capacity fade at temperature 45 °C (—0.0893 vs. —0.1015% per cycle).

The results at 25 °C show, that there is 30.4% higher capacity fade for drive cycle
discharge cycles depending on cycle number, but when compared in time, the capacity
fade difference 4.3% is quite similar for both cycle modes. Complete measurement of
116 cycles of drive cycle discharge cycles took 26.7% longer than complete measurement of
CC discharge cycles. Electric charge discharged during normal cycles was 16.5% higher on
average and electric charge charged during normal cycles was 16.7% higher on average
due to WLTC waveform character.

The results at temperature 5 °C show a 12.5% decrease in cycle capacity fade and
a 29.3% decrease in capacity fade with respect to time. The complete measurement of
116 cycles of drive cycle discharge cycles took 23.7% longer than the complete measurement
of CC discharge cycles. Electric charge ratios were the same as for 25 °C.

The results at temperature 45 °C show a 9.7% increase in cycle capacity fade and
a 12.0% decrease in capacity fade with respect to time. The complete measurement of
116 cycles of drive cycle discharge cycles took 24.6% longer than the complete measurement
of CC discharge cycles. Electric charge ratios were the same as for 25 °C.

5. Aging Simulation

As previously mentioned, calendar and cycle aging are complex aging phenomena
in a battery cell which can have negative impacts on the performance of the battery. One
of the two principle effects of battery aging identified by [31] is capacity fade which
gradually, among others, reduces the reachable range of the BEVs through their life cycles.
Various battery degradation mechanisms such as the electrolyte decomposition, solvent
co-intercalation, gas evolution and others lead to capacity fade [1]. However, some of them
have been accepted by researchers as the dominant aging mechanisms. These mechanisms
were calibrated on a single lithium-ion cell model within the simulation tool GT-AutoLion
and their calibration processes are further described in Section 5.2.

5.1. Concise Description of P2D Model

GT-AutoLion is a part of industry-leading simulation tool GT-SUITE. GT-Autolion
follows the principles of the P2D model for lithium-ion batteries. The P2D model is based
on the work of John Newman and captures the electrochemical reactions occurring inside a
Li-ion cell to predict metrics such as the terminal voltage, current, power, heat rejection,
and the amount of lithium throughout the cell [32]. As shown in Figure 18, the model
discretizes the lithium-ion cells using the finite control volume approach. The cathode,
anode, and separator in the direction of “thickness”. Additionally, in each control volume
of the cathode and anode, there is one spherical representation of active material, each of
which are discretized in constant volumes in the radial direction based of Fick’s law of
diffusion for the active material concentration.

_~Electrolyte

-.

.
008100 eneben

Positive Collector

Discharge
*

Cathode Separator Anode

Figure 18. Cross-Sectional representation of Pseudo-2D model of a lithium-ion cell [33]. Reprinted
with permission from Ref. [33]. Copyright 2022 Gamma Technologies, Inc.
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5.2. P2D Model Calibration

When it comes to aging modeling in GT-AutoLion, users have the ability to model the
film layer growth of the active material, both the cathodic film layer growth and the anodic
film layer growth, lithium-plating, as well as active material cracking or active material
isolation. In this paper, only certain aging mechanisms are considered with respect to the
experiment as described in Sections 5.2.1 and 5.2.2. Calibrations were performed on the
single LFP / graphite cell model, which is based on the previous result [19].

5.2.1. Calendar Aging
SEI Layer Growth

Calendar aging data are often used to calibrate the film growth aging mechanisms
in both the cathode and anode. However, the passivation layer in lithium-ion cells with
graphitic anodes, referred to as the solid electrolyte interphase (SEI) layer [34], produced
by parasitic reactions at the negative electrode/electrolyte interface can be considered as
the dominant aging factor during battery storage leading to an irreversible loss of lithium
inventory (LLI) [35-37]. Ref. [38] revealed that the main cause of capacity fade for different
cathode cell types with the graphitic anode is due to low anode potentials, where the
graphite anode is lithiated more than 50% accelerating the LLI. They also revealed that the
Fe dissolution represents only a minor aging mechanism during cell storage. Moreover,
Fe dissolution and its precipitation on the anode is exhibited only at elevated storage
temperatures [39,40]. Ref. [40] studied aging of LiFePO4/graphite cells during long-term
storage under different temperature conditions and states of charge. They found that the
olivine-type structure of the cathode is maintained even with long-term storage at elevated
temperature of 55 °C and at 100% SoC. Moreover, crystallization properties of LiFePO4
have no influence at these conditions. They concluded that the main aging factor arises
from side reactions taking place at the graphitic anode. Therefore, the SEI layer growth
on the anode was only considered, which always results in capacity fade and resistance
growth [41], even when there is no current going through a cell.

Governing Equations

To ensure an accurate simulation, parameter identification plays a key role in the
calibration of a P2D model. There have been a few published studies that distinguish
dominant control mechanisms in the SEI growth rate, namely, the diffusion of the sol-
vent molecules across the SEI [42,43] or the kinetics of the side reaction occurring at the
graphite/SEI interface [44,45]. This paper takes into account both mechanisms. Thus, the
SEl layer growth model was calibrated through the kinetic growth parameters, specifically
the diffusivity of ethylene carbonate (EC) through the existing SEI layer and the kinetic
rate coefficient for the electrochemical side reactions responsible for the SEI layer growth.
During the SEI layer growth reaction, EC diffuses through the existing SEI layer, the rate of
which is defined by the EC diffusivity. Moreover, side reactions occur which increase the
resistivity of the film and decrease the porosity of the anode and add SEI resistance to the
system. As mentioned already, only the SEI growth is considered as side reaction occuring
at the anode during cell storage, which is described by the following reaction [46]:

2(CH0)2CO +2e~ +2Li"T — (CH,OCO;,Li), | +CoHy 1)

where the SEI layer is composed of lithium ethylene dicarbonate (CH,OCO,Li), arises
from the reaction of ethylene carbonate (CH,0),CO with lithium-ions. In that reaction,
3 reactants are consumed. Firstly, the consumption of cyclable lithium-ions causes cell
capacity reduction. Secondly, the consumption of electrons manifests as a decrease in
Coulombic efficiency below one. Lastly, the solvent consumption makes the electrolyte less
conductive. The total current density in the anode is given by:

jtotul,unode = ]-IC + jSEI (2)
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where the j'C is the volumetric intercalation reaction current density taking place at the elec-
trode/electrolyte interface and the jsg; is the side reaction current density. The volumetric
intercalation reaction current density j'¢ is given by the Butler—Volmer Equation [47]:

IC _  IC agF ( Ropr.pi\| acF ( Rsgp .
T =asiy {eXP[RuT(U ! )] eXp[RuT(W ) ®)

where a; is the volume specific reaction surface area, i’C is the exchange current density of
intercalation reaction, &, and a. are the anodic and cathodic charge transfer coefficients,
respectively, F is the Faraday constant, R, is the universal gas constant, T is the thermody-
namic temperature, 1 is the surface over-potential, Rg; is the resistance of the SEI layer
and j is the reaction current density. The side reaction current density jsg; based on the
reaction surface area is described by the following kinetic equations [48]:

. . &cserF ( i ) )
= —agl exp| —— — ¢ — Ugg — —R , 4
JSEI s10,SET P( RT ¢s — pe — Uspr o, RsEl 4)
isgr = Iser, @)
as

where jsr; is the side reaction current density, a5 is the volume specific reaction surface area,
io,seg is the exchange current density of the side reaction, a. sg; is the charge transfer coeffi-
cient, ¢; is the solid-phase potential, ¢. is the liquid-phase potential, Ugg; is the equilibrium
potential, j- is the total current density of both lithium intercalation/deintercalation and
side reactions and Rggj is the resistance of the SEI layer. The exchange current density
of the SEI layer growth side reaction iy sg;, which has a first-order dependence on EC
concentration at the reaction surface c;, is given by [48]

io,se1 = Fko,seickc, (6)

where F is the Faraday constant, kg gg; is the kinetic rate coefficient of the SEI layer growth
side reaction and ¢} is the EC concentration at the reaction surface. In lithium-ion cells,
especially in electrolytes for LFP/graphite based cells [37], EC is a part of the electrolyte
solution and its concentration in it is significant with appreciable effect on the SEI layer
growth [42]. In order to promote the SEI layer growth side reaction, the EC diffusion
through the existing SEI layer reaching graphite/SEI interface has to be realized [42,48].
Therefore, GT-AutoLion defines a diffusivity of the EC through the SEI layer denoted as
Dpc. The existing SEI layer is a torturous path, thus GT-AutoLion calculates an effective
EC diffusivity by following a Bruggeman relationship where the Bruggeman exponent, 7,
is assumed to be 1.5 [48]

ngfcf = Dgc(eser)”, )

where egg; is the porosity of the existing SEI layer. The material balance for the EC diffusion
in the SEI porous layer is given by [48]

JCEC eff 0°CEC
ar | EC T2 ®)

By solving the Equations (7) and (8), the SEI layer thickness denoted as dsg; will
increase according to the following equation [48]:

ddser _ iser Mskr ©)
dt 2F pskr
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where Mg is the molecular weight of the SEI layer and psg; is the density of the SEI layer.
The resistance of the SEI layer can be calculated by [48]:

0
Rspr = % (10)
KsEr
where K?;fI is the effective conductivity of the electrolyte through the porous SEI layer. The

effective conductivity K;fEfI is corrected with the following Bruggeman relationship due to a

tortuous path through the porous SEI layer [48]:

ng;“fl = kser(eser)” (1)

where xgr; is the ionic conductivity of the film and egr; is the volume fraction of SEI in
the film. SEI layer thickening causes the lowering of anode porosity leading to the poorer
Li-ion transport properties, and thus increased resistance of the cell. In GT-AutoLion, the
relation between the SEI layer thickening and anode porosity is calculated according to
following equation [48]:

de _ d(Oser)

at— °dt
where € is the porosity of the anode. The kinetic rate coefficient of the SEI layer growth
side reaction kg sg; and the EC diffusivity Dgc have been chosen as calibrated parame-
ters. These parameters represent temperature-dependent physical-chemical properties
which are described by the modified Arrhenius equation to account how they vary with

temperature [48,49]
o Eact,(p 1 1
b= exp[ R <Tref T) ] 1

where ¢ represents a value of a physical-chemical property (the kinetic rate coefficient or the
effective diffusivity in that case) at any temperature T, ¢, is a value of that physicochemical
property at the reference temperature T, Ea is the corresponding activation energy and
R is the gas constant. For these Arrhenius objects, we have parameterized the value of the
property at reference temperature ¢,.r and activation energy E 4. Remaining parameters of
the anode SEI layer growth model were assumed to be constant. The parameter values were
derived from the pre-fills of the GT-AutoLion’s large database of various anode, cathode,
and electrolyte material properties and for clear arrangement are listed in Tables 6 and 7.
Used values for the constant parameters, namely, the Usg;, aspr, Msgr, pser and esgy can
also be find in references stated in Table 6. Initial values or "guesses” of the calibrated
parameters were estimated as starting points for the optimization procedure along with
their estimated lower and upper threshold values.

(12)

Optimization Procedure

The optimization procedure itself was set up in the GT-AutoLion’s Integrated Design
Optimizer. The Integrated Design Optimizer is an advanced optimization toolbox that
enables users to either optimize parameters for a certain design goal or (in this case)
reverse engineer systems by varying unknown parameters to match experimental data (by
minimizing the error between simulation and experimental results). It contains several
pre-defined and pre-coded optimization routines that allow users to vary any number of
parameters in order to run single objective or multi-objective optimization routines that can
even do cross-case optimization routines. The goal of this and most optimization routines
is to select a “response” or “result” and either minimize it, maximize it, or target a specific
value for it. The optimizer’s goal has been to minimize the RMS error (RMSE) by varying
the unknown parameters or “factors”. The factors that are varied are the parameters
required to be essential to matching the cell’s SoH. The factors varied slightly around the
initial guesses set for each parameter.
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Table 6. Considered parameters of the calibrated anode SEI layer growth model at temperature 25 °C.
c: constant parameter; f: fitted parameter to experimental data; es: estimated value.

ls’;::?;ter Lower Initial Upper Unit
(P’/;fECD‘ff 5.10-20es 1.10"19s 2.10-19es (m2/s)
Ehctpconss 5.6-10% 7 10%s 9.8.10% (J/mol)
¢£’fSEIR 75-10717 1510710 3.10716e (m/s)
ate
E{“CfSEm te 48 - 10% 6-10% 8.4-10% (J/mol)
Ugg, - 0.4 [44,50,51] — V)
& SE] - 0.5 [44,52,53] - (-)
Mg - 162 [54] - (g/mol)
PSEI - 1.69 [54] _ (g/cm?)
€Sl - 0.05 [51,52] _ -)

Table 7. Description of the parameters from Table 6.

Parameter Symbol Description
q)f Value of the EC diffusivity
refEcDiff
E). — Activation energy for the EC diffusivity
¢f Value of the rate coefficient
refSEIRate
B ctarimnm Activation energy for the rate coefficient
Ugg; Equilibrium potential of the SEI
¢ SET Charge transfer coefficient of the SEI
Mg, Molecular weight of the SEI
0SE Density of the SEI
€5rr Porosity of the SEI

The optimizer provides deterministic search algorithms as well as evolutionary search
algorithms for optimization routines. In this stage, by using the “Accelerated GA”, an
advanced genetic algorithm that incorporates meta-modeling between each generation,
(essentially a “survival of the fittest”) it is possible to vary these factors to converge on
optimized values which help match the experimental and simulated data. RMSE between
simulated and experimental SoH of the cells were selected as the optimization criterion. It
is worth pointing out that the RMSE was calculated only for the time-stamps of performed
capacity tests. For that case, there were two time-steps, specifically at the beginning and
at the end of the calendar aging test. By varying the fitted parameters slightly around the
initial values within the thresholds defined in Table 6, specifically the EC diffusivity and
the film growth rate, the design optimizer minimized the RMSE.

5.2.2. Cycle Aging
Active Material Isolation

After calibrating the model for calendar aging, this model can then be further built
upon using cycle aging data in order to calibrate the active material isolation models in
GT-AutoLion and potentially lithium-plating. During this step, the calibrated SEI film
growth model on the anode is assumed to be pre-calibrated. Owing to the the fact, that
the lithium-plating results in capacity fade and resistance growth primarily during periods
of high charging current or standard charging current at low temperatures and long-term
cycling [55], lithium-plating was neglected in this paper. The active material isolation
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model results in capacity fade and resistance growth only when current is going through.
During active material isolation, or as it is also known, active material cracking, the
intercalation and deintercalation of lithium ions can cause mechanical stresses on active
material crystalline structure, which can induce cracking. In this paper, only active material
isolation on the anode was calibrated.

Governing Equation

Loss of active material at the anode was modeled according to work in [56], in which
the rate of isolation at the anode is implemented by the following empirical relationship:

2 = (@Ml + Gyl D), 1)

where e_ is the volume fraction of active material in the anode, i_ is the current density
at the anode (per unit of active surface area), C;(T) is a linear term, C,(T) is a square
root term and f(x) is a stoichiometry dependent coefficient. The terms C1(T) and Co(T)
are temperature dependent and the stoichiometry dependent coefficient represents the
empirical function of the lithium content described in detail elsewhere [56]. This function
is used as a weighting function to account dependency of the rate of loss of anode active
material on the lithium content. Based on the simulation results from [56] the empirical
model (Equation (14)) matches well with the experimental and the “snapshot”-analysis
results for both temperatures and for aging time less than 6 months. The temperature
dependent terms C;(T) and Cy(T) and the lithium stoichiometry coefficient f(x) were
fitted. By varying the fitted parameters in the design optimizer by a couple of orders of
magnitude, RMSE between experiment and simulation was minimized.

Optimization Procedure

Optimization procedure was different from that one in the calendar aging, since
it incorporates two consecutive manually adjustments of the linear (C;(T)) and square
root (C2(T)) terms to fit the experimental data due to higher computation cost of the
optimization. First, the optimization in the design optimizer with the same settings that
has been used in the calendar aging optimization incorporating only 27 cycles (25 normal
cycles + 2 capacity tests) was performed. Results of that optimization built set of the initial
fitted parameter values for each cell sample. Values of the fitted parameters are reported
in Table 8. Note, that the experimental data used in this optimization for the cell samples
aging by the same mode (DrC or CC discharge cycles) and at temperature 25 °C were
averaged. Thereafter, based on a sensitivity analysis of the initial fitted parameter values
from the optimizer, two manually adjustments were performed. In the first adjustment
reported in Table 9, each cell sample parameter except for the parameter f(x), was adjusted
individually for each cell sample. On the contrary, the second adjustment reported in
Table 10 fitted the parameter values from the first adjustment together for the cell samples
aged at the same temperature. The manual adjustments of the model incorporated all the
108 cycles.

5.3. Simulation Results
5.3.1. Calendar Aging
In total, 241 designs were created with one best design with respect to the minimal

value of RMSE, that was 9.573 - 107°%. These optimum fitted parameter values of the
anode SEI layer growth model are summarized in Table 11.
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Table 8. Fitted parameters C1(T), Co(T) and f(x) to experimental data at temperatures 25, 5 and
45 °C from the optimizer.

Sample C1(T) C(T) f(x) RMSE
— (m?/A-s) (m/A%-s) (-) (%)
C25s1s2 1.93-1078 —6.43-10710 0.93 0.516
D25s1s2 1.89-10°8 —5.31-107° 0.93 0.227
C05s1 470-1078 1.96-1078 0.93 0.871
D05s1 3.67-10°8 2.38-1078 0.93 0.599
C45s1 2.57-1078 —~1.81-1078 0.93 0.112
D45s1 1.20-10°8 -1.23-1078 0.93 0.411

Table 9. First adjustment of the parameters C1 (T) and C,(T) to fit the experimental data at tempera-
tures 25, 5 and 45 °C.

Sample C1(T) C(T) f(x) RMSE Error
— (m?/A-s) (m/A%-s) (-) (%)

C25s1s2 1.25-1078 —3.50-107° 0.93 0.205
D25s1s2 2.00-1078 —5.10-107° 0.93 0.196

C05s1 5.80-10~8 1.96-1078 0.93 0.307

D05s1 3.00-1078 2.49.1078 0.93 0.383

C45s1 2.50-1078 —1.81-1078 0.93 0.100

D45s1 2.10-1078 —1.50-1078 0.93 0.075

Table 10. Second adjustment of the parameters C;(T) and Cp(T) to fit the experimental data at
temperatures 25, 5 and 45 °C.

Sample Ci(T) G (T) f(x) RMSE Error
— (m?/A-s) (m/A%-s) (-) (%)
C25s1s2 1.80-1078 —3.61-107° 0.93 0.198
D25s1s2 1.80-10°8 —3.61-107° 0.93 0.196

C05s1 3.80-1078 2.63-1078 0.93 0.930

DO05s1 3.80-1078 2.63-1078 0.93 0.929

C45s1 2.10-1078 —~1.46-1078 0.93 0.103

D45s1 2.10-1078 —1.46-1078 0.93 0.106

Table 11. Fitted parameter values on calendar aging test at temperature 25 °C.

Parameter Symbol Fitted Value Unit
¢ fecous 1.366- 10717 m?/s
Ehetyenns 6.897 - 10* J/mol
. 157610716 m/s
L/ 5.380-10* J/mol

Calendar aging simulation is in a good agreement with the experiment. The fitted
value of the EC diffusion coefficient of the solvent through the SEI layer (1.366 - 1071 m?/s)
is in relatively good match with the value reported in [56,57] which was an order of
magnitude lower for temperature 25 °C. Additionally, [58] have reported satisfactory
simulation results on calendar aging tests, the value of the solvent diffusion coefficient
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equaled 8.84 - 10~2° m? /s, which is also an order of magnitude lower even at higher storage
temperatures.

The fitted value of the rate constant (1.576 - 10~'¢ m/s) yields worse agreement with
the much higher value reported in [56]. Furthermore, [58] have achieved similar value,
approximately 2 times higher than in [56]. Nevertheless, [51] have estimated the values
of 43-1071% and 2.28 - 101> m /s which are almost in conformity with the fitted value.
Ref. [45] found that the best fit to the experimental data of the open circuit potential as
a function of storage time at storage temperature 25 °C gives the rate constant value of
1.5- 1078 m/s. However, these values have been estimated for different positive electrode
materials. The worse agreement between fitted value and values from other studies might
be associated with the different value of the equilibrium potential for the SEI formation
used in this paper.

Lastly, the fitted values of the activation energies of both the solvent diffusivity and
side reaction rate constant could be considered as good agreement with the manually
adjusted values reported in [58].

5.3.2. Cycle aging

The fitted parameter values from the optimization, first and second manually
adjustments are presented in Tables 8-10, respectively. Results of simulations with
adjustment values compared to the experiment are shown in Figures 19 and 20. RMS
errors of the manually adjusted fitted parameter values reported in Table 9 indicate,
that the model fits in general much better than with the values obtained from the
optimization and second adjustment, especially at the aging temperature 5 °C. However,
these results lack meaning due to temperature dependency of the fitted parameters
across the aging temperatures. The parameter values of both adjustments have the same
order of magnitude and also the same signs. They exhibit only slightly variations in
their absolute values. These fitted parameters from Equation (14) are hardly provable
to be realistic due to the absence of those parameter values in various studies. The
adjusted parameter values of the C;(T) and C»(T) could be directly compared to those
ones estimated in [56] only for aging conditions at 25 and 45 °C.

The simulation results reveal that the most remarkable difference between capacity
fade at DrC and CC discharge modes occurs at ambient temperature 5 °C. Simulated
capacity fade of the cell at CC discharge mode was lower than the experimental one and
with exactly opposite capacity fade behavior at DrC discharge mode. Using the simula-
tion results, it can be stated that the correlation between experiment and simulation lies
on both, the operating temperature as well as the discharge mode, where its impact on
capacity fade is more important at lower temperatures. Three possible reasons could
explain the discrepancies between experiment and simulation results at temperature
5°C:

1.  Charge consumed in the side reaction at the anode is not counterbalanced by that
consumed at the cathode as reported in [56] due to no side reactions occured at
the cathode.

2. The effects of cycle aging on capacity fade can be superposed by those of calendar
aging. Thus, the calibrated SEI layer growth model using experimental data from
calendar aging test for 25 °C may be insufficient for calibrating active material isolation
model at temperature 5 °C.

3.  Different behavior of electrolyte model under low operating temperatures.
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Figure 19. Comparison of the simulation and experimental SoH results for all the cycled cells at
temperatures 25, 5 and 45 °C. Simulations have been performed with the parameter values from the

first adjustment according to Table 9.
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Figure 20. Comparison of the simulation and experimental SoH results for all the cycled cells at
temperatures 25, 5 and 45 °C. Simulations have been performed with the parameter values from the

second adjustment according to Table 10.

6. Conclusions

This work shows comparative analysis of LYP/C commercial cells aging for CC
discharge cycles and drive cycle discharge cycles testing focused on automotive applications.

Although charge voltage and cut-off currents were the same for all 116 cycles, SoC
floating was observed during cycling for both discharge modes, accompanied with slight
increase in end discharge voltage and growth of energy efficiency.

Concluding the results for 25 °C, not waveform character, but the amount of electric
charge in combination with calendar aging has the most effect on the cycle life, as electric
charge increase in drive cycle discharge cycles corresponds to increase in capacity fade per
cycle and capacity fade in time is similar for both modes. Simulation results reveals,
that when parameters of cell samples pairs used for the two discharging modes were
calibrated together, then the simulated results have steeper capacity fade compared to the
experimental results for 25 °C, RMSE equals 0.197%. Simulation shows higher capacity
fade of drive cycle discharge cycles in case the two discharge modes had equal DoD, which
again proves the need of balancing electric charge instead of DoD.
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For lower temperature of 5 °C, it seems advantageous for the cycle life, when the cell
is discharged dynamically rather than in CC mode. Additionally, calendar aging is not as
significant for capacity fade at this temperature. Simulation results show, that the capacity
fade is significantly milder for CC discharge cycles and significantly steeper for drive cycle
discharge cycles compared to the experiment results, RMSE equals 0.93%. Simulation results
do not confirm, that drive cycle discharge cycles are more advantageous than CC discharge
cycles in terms of capacity fade. This discrepancy would demand further investigation as
well as extension for even lower temperatures.

Results for higher temperature 45 °C are apparently dependent partly on the higher
amount of discharged and charged electric charge and partly on the influence of calendar
life. Simulated capacity fade corresponds quite well to the experiment, RMSE is 0.105%.

A comparison of meaningful SoH of the simulation results and experimental data is
shown in Figure 20. Simulation results are in quite good agreement with the experiments
at aging temperatures 25 and 45 °C. As for temperature 5 °C, the simulation results show
the important influence of that temperature on estimated capacity fade in both discharge
modes with higher aging at DrC mode. The best fit is for temperature 45 °C which has
also been reported by [59] using thermally-coupled-electrochemical model intended for
the complex drive cycle introduced in [60]. In the case of temperature 5 °C, considering
of the active material isolation model only in the anode obviously does not capture all
aging mechanisms.

Possible Results Usage

Results can be utilized within the following procedure aiming to estimate battery
behavior in automotive application:

1.  Based on any suitable vehicle dynamics model, any feasible number of consecutive
WLTC cycles is stated appropriately to the XEV range and its assumed operation.

2. RMS value of battery current Ip;;rps is computed for the given traction battery and
given number of consecutive WLTC cycles during one discharging cycle WLTCperCycle.

3. Depth of discharge DoDg; is computed for the given traction battery as the total
discharged and charged electric charge during the given number of consecutive WLTC
cycles (i.e., DoDpyt = X|Iparpis - dt|)

4. The estimation of cycle life in real automotive battery operation is based on data about
cycle life for given temperature, current and DoD:

(a) temperature is chosen equal for results of capacity fade per cycle and for cycle
life specification in a data sheet;

(b) cycle life data are interpolated from the battery current values in a data sheet,
such as the current equals the value Ip;rms;

(c) cycle life data are interpolated from the DoD values in a data sheet, such as that
it equals DoD equals the value DoDp;.

5. Interpolated cycle life value is multiplied by reciprocal value of the multiplicative co-
efficient originating from results of capacity fade per cycle (e.g., for 30.4% increase the
coefficient equals 1.304, reciprocal is 0.767). This value is denoted as CycleLifewrrc

6.  Cyclelife can be converted to total distance traveled within battery life as WLT CperCycle -
CycleLifewrrc - 23.266 in units of kilometers (as 23.266 km is the distance of one WLTC
3b cycle).
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Abbreviations

The following abbreviations are used in this manuscript:

BEV Battery Electric Vehicle
BMS Battery Management System
CalAge Calendar Aging

CcC Constant Current

cv Constant Voltage

DAQ Data Acquisition

DoD Depth of Discharge

DrC Drive Cycle

EC Ethylene Carbonate
FCEV Fuel Cell Electric Vehicles
HEV Hybrid Electric Vehicles

LFP Lithium Iron Phosphate
LLI Loss of Lithium Inventory
LYP Lithium Iron Yttrium Phosphate

MAE Mean Absolute Error

NEDC  New European Driving Cycle

ocv Open Circuit Voltage

P2D Pseudo-two-dimensional

PC Personal Computer

PHEV  Plug-in Hybrid Electric Vehicles

RMSE  Root Mean Square Error

SEI Solid Electrolyte Interphase

SoC State of Charge

SoH State of Health

WLTC  Worldwide Harmonized Light Vehicles Test Cycle
WLTP  Worldwide Harmonized Light Vehicles Test Procedures

xEV Electric Vehicles in general
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