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ABSTRACT

We propose a reduced order model (ROM) for LFP/graphite cells derived from the electrochemical thermal principles that considers
degradation effects and validated against experimental data obtained from a large format pouch type LFP/graphite cell whose nominal
capacity is 20Ah. The characteristics of the two-phase transition and path dependence were taken into account in the ROM using a
shrinking-core model with a moving interface that presents lithium rich and deficient phase. Different currents (0.1/1/3/4C) were
applied to fresh cells at different ambient temperatures (25/35/45°C). Comparison between simulated results of the ROM and the
collected experimental data shows a good match. The path dependence was also analyzed experimentally. For degradation model, side
reaction is treated as the predominant cause of degradation of cells, which are affected by the operating conditions, such as temperature
and SOC cycling range. At every 30 or 40 cycles, the capacity and impedance of five cycled cells were measured under different
temperatures and SOC cycling ranges. The final capacity fades were 5.81%, 10.95%, 12.17%, 14.17%, and 23.54%, respectively.
Degradation was accelerated by elevated temperature and high SOC cycling range. A semi-empirical degradation model was
incorporated into the developed ROM. Three key parameters, the volume fraction of active anode material, the resistance of SEI and
deposit layer, and the effective diffusion coefficient in the electrolyte, were extracted from experiments using the nonlinear least square
method. The simulation results and experimental data are in a pretty good match.
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Degradation Model for Pouch Type LiFePO4/Graphite Cells," SAE Int. J. Alt. Power. 6(2):2017, doi:10.4271/2017-01-1218.

INTRODUCTION electrodes, chemical reactions at the interface between electrode and
Lithium iron phosphate (LEP), a promising cathode material with electrolyte, and diffusion of lithium ions through solid particles and

characteristics of good electrochemical and thermal stability, was electrolyte. For electrodes embedded by Ni, Mn, Co, only single
firstly introduced by Padhi [1] et al. in 1997. It has attracted much

attention from researchers and its applications in both small portable

phase exists during charge and discharge. For certain electrode
materials such as LFP, a voltage plateau, resulting from two-phase

. . . . coexistence, is shown in both charge and discharge cycles. The
devices, such as laptops, and mobile phones, and high power electric o o ) )
coexisting two phases are the lithium-deficient phase (Li FePO,) and

and hybrid electric vehicles have been investigated [2, 3, 4]. . . .
Y 8 [2.3,4] the lithium-rich phase (Lll_ﬁFePO4).

The behaviors of the battery given by the ion transport, intercalation,
. . . . Plenty of approaches have been made to model phase-change
and deintercalation as well as states are approximated with two . o
. L . phenomenon of LFP particles. Srinivasan and Newman [7] developed
methods, equivalent circuit model (ECM) and the physics-based hell model. which d the juxt i fr W
. re- m i m X ition

electrochemical thermal model. Even though the ECMs have the a core-shell model, which assumed the Juxtaposttion of two phases as

strengths of fast calculating and accuracy, ECMs are still limited by a shrinking core, to simulate discharge behaviors for both half and

. . .. full cells. It neglected the single-phase region at the beginning of
its great dependence on experiments and empirical parameters. [5] . . . . . .
. . . discharge with the assumption of concentration-independent diffusion
Electrochemical thermal models based on physical principles ] .
. .. e coefficients. The interface between two phases was located at the
compensate the weaknesses of ECMs with the predictive capability libri tration. A model dby Wi ¢ al. I8
of electrodes dynamics. However, the calculation speed is relatively equilibrium concentration. A model was proposed by Wang et al. [8],

slower than that of the ECMs. in which the rate of phase transformation, lithium-ion diffusion in

lithium-rich phase and the two-phase interface mobility were

For lithium-ion batteries, the sandwich model was firstly proposed by considered. A rectangular geometry of LFP particles, instead of

Doyle [6], which simulated the galvanostatic discharge/charge sphgrllcai geom.e.trly, v:asl a};pl;edliri}:hel.rtr}ll(.)del..Bas;je.(ti‘fzn. the.preVIOus
behaviors with the concentrated solution theory, including electrodes model, Kavasajjula et al. [9] took the lithium-ion diffusion in

kinetics and ion transport. A typical electrochemical model usually lithium-deficient phase into consideration as well. The above models

contained the intercalation/deintercalation of lithium ions to/from the were only used to simulate discharge behaVIBOét" i i@h‘l?s
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[10] improved the shrinking-core model by Landau transformation to
obtain a generalized moving boundary so that it could be used to
investigate charge behaviors of LFP cells as well.

In recent years, phase field models based on non-equilibrium
thermodynamics [11] have been proposed to understand phase
transformation phenomenon on the level of nanoparticles
quantitatively. A simplified equation derived from Cahn-Hilliard-
Reaction (CHR) system by the work of Cahn and Hilliard [12] was
presented by Singh et al. [13]. Bazant [14] incorporated Butler-
Volmer kinetics into CHR model. Regardless of its usefulness of
detailed understanding of the physical principles, phase field models
are difficult to translate to the onboard algorithms.

In an alternate point of view, without physical multi-phase
boundaries, concentration-dependent diffusion coefficients were
introduced by many researchers. Thorat et al. [15] proposed a model
to imitate phase-change behaviors by the concentration-dependent
solid diffusion coefficients with consideration of thermodynamics
under mass transport equations. It also took carbon coating and
lithium diffusion in only one of the lattice dimensions into account.
Based on the concept of concentration-dependent diffusivity, the
particle-size distribution within electrodes was added into the model
by Farkhondeh and Delacourt [16]. However, the model was limited
at rates up to 1C due to the ignorance of electrolyte influences. Safari
and Delacourt [17-18] also modeled the phase-change behavior with
concentration-dependent diffusion coefficients albeit of an empirical
origin on the basis of the resistive-reactant concept. The model was
validated by an LFP half-cell and a commercial LFP/C cell,
respectively. Even though it made a good agreement with
experiments, the dependence on experimental results was still a
limiting factor, because some transport parameters were obtained
through experimental fitting methods.

In order to translate the physics-based electrochemical model to the
onboard algorithm, plenty of reduction methods have been applied by
researchers. The ROMs are aimed to increase computational
efficiency and remain the accuracy to the most extend at the same
time, which contain single particle model (SPM) [17], enhanced
single particle model [19-20], state-variable model [21], reformulated
model [22], and the proper orthogonal decomposition (POD) [23]
model. The SPMs are limited to small currents, in which the
electrolyte potential and concentration of electrolyte phase are
neglected. For enhanced SPMs, electrolyte effects are considered by
Galerkin approximation [19] or parabolic approximation [20]. The
state-variable model successfully reduced 1/20 computational time
than full order model (FOM) by residue grouping. Initial guesses
were necessary for the reformulated model and POD model. Aside
from the numerical reduction methods mentioned above, Kumar [24]
proposed another physics-based methodology of volume averaging to
accomplish order reduction of the electrochemical equations. Since
the reduction methods have an assumption of the uniform reaction
rate, the volume averaging is only applicable to constant charge/
discharge profiles.
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Investigations about degradation mechanism are conducted by both
stored and used lithium-ion batteries, which are related to calendar life
and cycle life, respectively. The degradation of cells in storage is
dominated by its self-discharge rate, while that of cells in usage is

34, 35, 36, 37] occurring at the composite anode. Lithium ions and
electrolyte take side reactions at the interface between electrode and
electrolyte, resulting in the generation of organic and inorganic
products, which are the components of the solid electrolyte interphase
(SEI). Capacity fade and impedance rise are two main effects of
degradation. Capacity fade mainly corresponds to the loss of lithium
ions and loss of active materials, while impedance rise, resulting in
power fade, corresponds to the SEI increment and electrolyte reduction.

The degradation study of LFP cells was firstly introduced by Striebel
et al. [38] in 2003. The 1.6mAh LFP/graphite cells were stored and
cycled at 25°C for a short period. It concluded that the capacity fade
and power fade were arisen from lithium ions consumption and the
growth of SEI, respectively. Then Striebel et al. [39] continued to
study the aging mechanism of LFP/graphite cells with two different
electrolyte salts, LiPF, and LiBOB, cycling at 25°C. It was observed
that the capacity fade in LiPF, was two times more than that in
LiBOB. Material analysis verified the existence of deposited Fe on
the anode surface. It also proposed that the iron deposition on anode
catalyzed the SEI formation. Zaghib et al. [40] proposed that the iron
deposition on anode was caused by the Fe impurities on the cathode.
Until 2009, the commercial cylindrical LFP/graphite cells (nominal
capacity: 1.45Ah) were firstly cycled at 25°C for about 600 cycles by
Dubarry et al. [41]. M. Safari et al. [33] experimentally investigated
aging mechanism of 2.3Ah commercial LFP based cells both in
storage and usage thoroughly. Differential analysis was used to
analyze characteristics of the aged cells. It revealed that high
temperature could accelerate the degradation of cells.

Most analysis of degradation is limited to experiments, especially for
LFP based lithium ion batteries. In this paper, the ROM based on
electrochemical thermal principles was developed at first. Then based
on the developed ROM, degradation effects were incorporated to
develop a semi-empirical degradation model.

EXPERIMENTS

Experiments for fresh and cycled cells were proceeded by the large
format pouch type LFP/graphite cells. The cells are composed of a
carbon-coated LiFePO, cathode and a graphite anode, with the
nominal capacity of 20Ah. The cutoff voltages allowed by the
manufacturer for charging and discharging are 3.6V and 2.5V,
respectively. All the experiments were conducted in a thermal
chamber, which was treated as a temperature controller. K-type
thermocouples were adhesive to the surface of cells to measure
battery surface temperatures. A programmable power supply
(Sorensen DCS8-125E) and a programmable electric-load (KIKUSUI
PLZ1004W) were connected in parallel to the battery to generate
charging and discharging current profiles. Electrochemical impedance
spectroscopy (EIS) measurement and parameter extraction were

erformed by GAMRY.
P Y Documents
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Experiments of fresh cells include open-circuit voltage (OCV)
measurements, baseline data collection, and the existence of path
dependence verification. OCV measurement was performed at a very
small current of 0.05C-rate (1A) at an ambient temperature of 25°C.
The protocol of baseline data collection was as follows: 1) pre-tests:
5 initial discharge/charge cycles were conducted by 1C-rate (20A)
current, with 30 minutes rest between each consecutive discharge and
charge cycle; 2) baseline tests: 4 full-range discharge/charge cycles
were performed at different ambient temperature (25°C, 35°C, and
45°C, respectively) of different current, 0.1C, 1C, 3C, and 4C,
respectively. The time interval for rest between each discharge and
charge process was 30 minutes. The experimental evidence of the
existence of path dependence shows that the electrochemical
behaviors of LFP cells are dependent on their cycling history. [42]
Two experimental paths were used to demonstrate the existence of
path dependence of LFP cells. Path 1 and path 2 corresponded to (a)
and (b) shown in Fig. 5, respectively. Path 1: (1) charge a fully
discharged cell to achieve 50% SOC at 1/20C; (2) rest 2h; (3)
continue to charge the cell to 100% SOC at 1C. Path 2: (1) discharge
a fully charged cell to reach 50% SOC at 1/20C; (2) rest 2h; (3)
charge the cell to 100% SOC at 1C.

Aging experiments were conducted by 5 pouch type LFP/graphite
cells. The cells are cycled at different temperatures (25°C, 45°C) and
SOC ranges (5-75%, 25-95%). In order to accelerate the aging tests,
high discharge and charge current (4C, 80A) were applied to the
cells. The tests were interrupted every 30 or 40 cycles for
characterization tests, including capacity and EIS measurements. The
capacity was measured at 0.5C (10A) in four steps: (1) fully charge at
a constant current of 1C; (2) keep constant voltage until cutoff current
of 0.4A; (3) 30 minutes rest; (4) fully discharge at 0.5C. The
frequency range for EIS measurement was from 1kHz to 10mHz.
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Fig. 1. Model set-up for a pouch type single cell and a microcell [43].

ROM AND SEMI-EMPIRICAL
DEGRADATION MODEL

ROM

A pouch type LFP/graphite lithium ion battery is constructed by
layers of electrode, separator and current collectors. Every single cell
is composed of many microcells, as shown in Fig. 1. A sandwich
structured microcell, which has a separator in the middle of a
composite negative electrode and a composite positive electrode, is
the basic element used to model characteristics of lithium ion
batteries. During charge and discharge processes, the lithium ions
shuttle back and forth between the composite anode and the
composite cathode. In the FOM, ion transportation, diffusion,
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intercalation/deintercalation processes are solved by several partial
differential equations (PDEs). The ion concentration in electrode and
electrolyte, the potential of electrode and electrolyte are governed by
Fick’s law and Ohm’s law, respectively. The electrochemical kinetics
are governed by Butler-Volmer equation.

Even though the FOM could obtain accurate enough results, it is still
a time consuming method. It is necessary to simplify the governing
equations used in the FOM by some reduction techniques. Table 1
summarizes the governing equations and their boundary conditions
for the FOM. Table 2 shows the applied reduction methods and the
simplified governing equations for the ROM. Polynomial approach
and state space approach were used to simplify equations of ion
concentration in electrode and electrolyte, respectively. Butler-
Volmer equation, taking both a cathodic and an anodic reaction into
consideration, was linearized to reduce the calculation time of current
density. As for the characteristics of two-phase transition and
existence of path dependence, the ROM should be modified with
consideration of the number of layers coexisting in the positive
electrode particles. The order of equations for ion concentration at the
inner layer of particles was reduced by a biquadratic polynomial,
while that at outer layer was reduced by a quadratic polynomial.
Table 3 shows the governing equations for ion concentration in the
solid particles.

Semi-Empirical Degradation Model

Side reaction is the predominant cause of degradation for lithium ion
batteries, which has been widely accepted in recent years. The effects
of side reactions include loss of ions, loss of active materials,
electrolyte reduction, and SEI formation. The schematic diagram of
degradation process happened on anode is shown in Fig. 2. The
yellow color areas represent the byproducts of side reactions. SEI are
the byproducts located at the interface between electrode particle and
electrolyte, partially or fully covered the surface of particles. The
byproducts accumulated between composite anode and separator,
adhesive to the separator, are defined as the deposit layer. The
particles with marker ‘X’ are treated as the isolated particles which
are fully covered by SEIL
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Fig. 2. Schematic diagram of degradation processes taking place at anode.

SEI is conductive to lithium ions, but isolative to electrons, which
barriers chemical reactions at the covered surface of anode particles.
When the particle is fully covered by SEI, it is completely
inaccessible for electrons, which stops all chemical reactions taking
place. With the increase of the number of cycles, lithium ions are
continuously consumed due to side reactions. More active area on the
surface of anode particles is covered by SEI, which causes the losses
of active material. Electrolyte consumption ig side reactions increases
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the electrolyte resistance, which causes pow
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Based on the degradation mechanism mentioned above, four reaches a certain value, a new phase, Li-rich phase, does begin to
parameters, volume fraction of active anode material, SEI resistance, generate at the surface of Li-deficient phase. The LFP particles are
the resistance of deposit layer and electrolyte diffusion coefficient, composed of two layers, Li-deficient phase (Li FePO,) covered by
can be used to describe the degradation effects of loss of active Li-rich phase (Lil_BFePO ). It ends when the core is completely
material, the growth of SEI, the growth of deposit layer, and consumed. The process of the two-phase transition during charge
electrolyte decomposition, respectively. Table 4 summarizes the proceeds in the opposite way, resulting in a core of Li-rich phase
identification of degradation parameters. covered by a shell of Li-deficient phase.

Table 2. Applied reduction methods and governing equations for the ROM
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