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H I G H L I G H T S  

• Physics-based pseudo-2d model simulates performance degradation of Li-ion batteries. 
• Multiple degradation phenomena modeled, including their interactions. 
• Missing parameter values from literature estimated from global fit to data. 
• 0d model approximation better estimates key differentiating degradation parameters. 
• Physics-based model informs statistics-based model predicting degradation.  
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A B S T R A C T   

A pseudo-2d model using COMSOL Multiphysics® software simulates performance degradation of Li-ion batte-
ries when subjected to peak shaving grid service. Multiple degradation pathways are considered, including solid 
electrolyte interphase (SEI) formation and breakdown, cathode dissolution and its effect on SEI formation. The 
model is validated by simulating commercial cell performance. We develop a global model simulating perfor-
mance across all chemistries, along with a model treating chemistries individually. There is good agreement 
between these two models for various optimization parameters such as SEI equilibrium potential, cathode 
dissolution exchange current density, solvent diffusivity in the SEI and SEI ionic conductivity. To circumvent 
time constraints related to the COMSOL model, a 0d global model is developed, which fits data well. Good 
agreement for various optimization parameters is obtained among the COMSOL global & individual chemistry 
models and the 0-d model. A top-down, statistics-based model using current, voltage, and anode expansion rate 
as degradation predictors is developed using insights from the physics-based model. This model predicts 
degradation for multiple grid services and electric vehicle drive cycles with high accuracy and provides the 
pathway to develop an efficient battery management system combining machine learning and findings from 
computationally intensive physics-based algorithms.   

1. Introduction 

Lithium-ion batteries degrade over time due to multiple mechanisms 
including loss of lithium, loss of active material or increase in internal 
resistance. This work models battery degradation using a multifaceted 
approach. A physics-based bottom-up approach models various physical 
phenomena, associated degradation mechanisms, and their interactions. 

Also, a statistical approach incorporating learnings from the physics- 
based model uses regression methods to predict capacity loss. Both ap-
proaches are validated using in-house single cell data. 

Lithium-ion battery models fall in the following categories:  

• Empirical  
• Single Particle 
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• Pseudo 2-d  
• 3-d 

The original work in this area was from Newman’s team on aqueous 
batteries [1–3]. The principles outlined have remained in place and are 
used for modeling lithium-ion chemistry performance and its degrada-
tion [4]. Building on this work, multiple groups have looked at various 
aspects of li-ion battery degradation such as solid electrolyte interphase 
(SEI) formation [5,6], cathode dissolution [6], lithium plating [7,8] and 
active material loss due to repeated stress during cycling [9,10]. To the 
best of our knowledge, no single work considers all these phenomena. 
More importantly, the interaction of one phenomenon with another, 
such as active material dissolution on SEI growth, has not been inves-
tigated in the literature. We attempt to consider all these degradation 
phenomena and their interactions. 

Battery capacity decreases in five ways [11]:  

• Loss of lithium due to SEI build-up at the negative  
• Loss of lithium due to plating at the negative electrode  
• Loss of active material at the negative  
• Loss of lithium due to SEI build-up at the positive  
• Loss of active material at the positive 

In this work, lithium loss via SEI build-up in the cathode has not been 
considered, since the upper voltage limit during charge was restricted 
for the peak shaving duty cycle as discussed later. Lithium loss due to 
plating at the negative is also not considered, since the negative elec-
trode potential is not expected to approach the plating region for the 
operating regimes considered in this work. Lithium loss at the negative 
electrode can be related to SEI growth during rest and operation, and 
stability of the SEI [12]. SEI growth rate has been modeled assuming 
electron tunneling as the electron source for SEI formation [13], 
assuming the SEI layer peels off during discharge, and SEI layer for-
mation on the freshly exposed graphite surface during charge. In this 
work, the SEI is assumed to be an electronic insulator, with its growth 
rate determined by the SEI formation kinetics represented by the 
Butler-Volmer equation [12] at the graphite-SEI interface, and limited 
by solvent diffusion through the SEI [14]. 

Ramadass et al. [15] and Awarke et al. [16] used the Butler Volmer 
reaction to estimate SEI formation rate without accounting for ohmic 
drop across the SEI layer for both charge transfer and SEI formation. 
However, lithium ions diffuse through the SEI layer for both the desired 
intercalation at the electrode and SEI formation. Hence in this work, the 
overpotential for both reactions is reduced by the ohmic drop through 
the SEI layer [6]. 

In other work, the solvent diffusivity in the SEI varied with C rate 
[17]. This was because the magnitude of current was used as a proxy for 
particle cracking due to stress, incorporating particle cracking and SEI 
layer cracking into one reaction. In this work, particle cracking and SEI 
cracking are modeled as separate reactions, and exposure of the un-
derlying fresh graphite surface for SEI formation is modeled by 
removing the solvent diffusion limitation. 

For SEI exchange current density, three orders of magnitude differ-
ence were reported [6,18]. Fu et al. [18] overestimated exchange cur-
rent density for SEI formation by assigning self-discharge losses to SEI 
layer formation. Using a lower equilibrium potential for SEI formation 
resulted in a further overestimation of exchange current density. In this 
work, a geometric mean of the reported exchange current density from 
both groups is used as the initial estimate, and then optimized to fit the 
data. 

Laresgoiti [19] investigated SEI layer fracture to determine the SEI 
growth rate on freshly exposed exposure graphite. Tangential stress at 
the SEI layer was estimated and compared with the SEI yield strength. 
However, due to a lack of reliable data on SEI yield stress, it was found 
that even for a Δz as low as 0.01 in LizC6, the estimated tangential stress 
was greater than the SEI yield strength, resulting in all SEI fracturing 

during discharge, followed by the formation of fresh SEI on the freshly 
exposed graphite surface. However, for li-ion batteries with a graphite 
anode, the SEI layer is quite stable and not readily susceptible to fracture 
[20]. Hence our work uses the graphite volumetric change per mole 
lithium intercalated data [3], along with the empirical relationship 
proposed by Kinderman [6] to evaluate SEI fracture as a function of 
current. 

Dissolution of layered cathodes has been explored in earlier work 
[6]. To explain the difference in degradation between lithium-ion bat-
teries with different cathode chemistries, we include an interaction be-
tween the SEI layer formation reaction and dissolved Ni from the 
cathode [21–23]. 

Negative and positive active material loss occurs due to stress related 
cumulative fatigue that exceeds the material yield stress [10], resulting 
in that portion of the active material being isolated from the rest of the 
electrode. The impact of repeated stresses on the particle is determined 
by using the fatigue criterion for the active material. The ratio of the 
surface stress to its yield stress is used as a proxy for fatigue [10], with a 
probability of failure as a function of this ratio obtained from the liter-
ature [24]. 

Battery energy storage system (BESS) state of health (SOH) predic-
tion under various operating regimes is a valuable input to economic 
models used for BESS deployment. This prediction algorithm may either 
reside within the BESS or may be integrated within the economic model. 
In either case, the SOH model is unlikely to be doing complicated, 
computationally intensive physics modeling. Instead, it is more likely to 
be statistical or machine learning based modeling, where the battery’s 
history predicts its future performance. Statistical models can also give 
high level insights into overall trends [25]. Hence, developing a statis-
tical model is an important aspect of SOH modeling. 

However, this does not make the physics-based models unimportant. 
Reliable statistical models require good insight into the underlying 
phenomena. The better we understand the physics of battery degrada-
tion, the better a statistical model we can develop, by understanding 
what interactions are important and how we should transform input 
variables to the statistical model. In the top-down model section, we 
bring insights from the physics-based models into the statistical model. 
The capacity degradation is predicted for each capacity test, while only 
training on data from previous tests. This ensures the model’s predictive 
capability is evaluated. Another important aspect of physics-based 
models is their application to safety, as there is coupling between the 
heat generated and the chemical reactions [26]. Physics-based models 
can be used to estimate heat generation rates from interactions between 
the electrolyte and anode/cathode at various states of charge and 
operating conditions [27,28]. 

1.1. Experimental procedure 

For validation, experimental data is used from a previous work on 
commercial cells [21]. Four types of commercial cells with graphite 
anodes are analyzed, of which two have nickel manganese cobalt oxide 
(NMC) cathodes, one has nickel cobalt aluminum oxide (NCA), and one 
has lithium iron phosphate (LFP). Table 1 provides information on the 

Table 1 
Experimental cell information.  

Battery 
Chemistry 

Nominal Capacity 
(mAh) 

Voltage Range 
(V) 

Form Factor 

LFP/Graphite 2600 2.0–3.6 Cylindrical 
26650 

NCA/Graphite 3300 2.5–4.2 Cylindrical 
18650 

NMC-1/ 
Graphite 

3400 2.5–4.2 Cylindrical 
18650 

NMC-2/ 
Graphite 

3100 2.5–4.2 Cylindrical 
18650  
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cells investigated in this study. 
The cells perform four types of duty cycles, each with a duration of 

24 h, repeated daily for about 500 cycles, with intermittent capacity 
tests. The peak shaving (PS) duty cycle corresponds to a C/2 rate 
discharge and C/4 rate charge [29], where C is the ampere-hour ca-
pacity. Frequency regulation (FR) and electric vehicle (EV) duty cycles 
are volatile signals, with the former being energy neutral [29], while the 
latter biased towards discharge [30]. Baseline (BS) duty cycle is calendar 
aging at various states of charge (SOCs). Within each duty cycle types, 
various SOC ranges are investigated, comprising a total of 13 experi-
ments for each chemistry. For each experiment, three cells are tested for 
a total of 156 cells. 

A reference performance capacity test is performed every 30 cycles 
to determine degradation in capacity and energy. The capacity test is a 
constant current (C/2), constant voltage charge to 100% SOC, followed 
by a constant current discharge (C/2) to a cutoff voltage corresponding 
to 0% SOC. This work primarily focuses on capacity degradation, with 
energy degradation analysis reserved for future work. 

The model’s capacity degradation is compared with data. Due to 
computational limitations, the physics-based model focuses on the peak 
shaving results and is evaluated on its ability to fit the measured ca-
pacity. Meanwhile, the statistics-based model uses all duty cycles and is 
evaluated on its ability to predict reference performance discharge ca-
pacity for out of sample cycles. 

2. Bottom-up model description 

A pseudo 2-d model is developed using COMSOL Multiphysics® 5.4, 
a finite element analysis software. The first dimension is thickness along 
the anode, separator, and cathode, and the second pseudo dimension is 
along the electrode particle radius. The mesh size is automatically 
selected by COMSOL based on the physics, using a finer mesh closer to 
the separator. The heat generated is fed into the thermal module to es-
timate temperature rise. As a one-sided electrode is modeled, while real 
cells would have multiple 2-sided electrodes within a cell, heat transfer 
coefficients are divided by 16, assuming 8 windings in the cell. 

The basic equations for the pseudo 2-d model have been described 
elsewhere [1,2,15,31], with the equation derivations provided in Refs. 
[32,33]. In addition, cathodic dissolution, SEI formation, SEI cracking 
related to stress, effect of cathodic dissolution on SEI formation rate, and 
stress-related loss of negative active material are considered. 

In the pseudo-2d model, variables such as electrolyte concentration, 
voltage, current density, and temperature are assumed to vary only in 
one dimension, along the cell thickness. All active material particles are 
assumed to be identical spheres of diameter 18 μm for graphite and 12 
μm for cathode. Electrode thicknesses LP and LN were calculated based 
on Ah-capacity per unit area from the literature [34]. 

Fig. 1 shows the model geometry. 
The following coupled relationships form the basis for this work:  

• Conservation of charge in the solid phase  
• Conservation of species in the solid phase 

Fig. 1. Model geometry with electron and ion flow shown for charge.  
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• Conservation of charge in the electrolyte phase  
• Conservation of species in the electrolyte  
• Charge transfer at the electrode/electrolyte interface  
• Heat balance 

Volume fractions are defined throughout the battery by the rela-
tionship: 

εl = 1 − εs − εfiller (1)  

where εl is the electrolyte volume fraction (or the porosity), εs is the 
active material volume fraction in the anode or cathode, and εfiller is the 
binder and filler volume fraction in the anode or cathode. 

2.1. Solid phase 

These equations apply to the solid phase of the anode and cathode. 
Conservation of charge in the solid phase: 

∂
∂x

(

σeff ∂φs

∂x

)

− jv = 0 (2)  

where σeff is the effective conductivity, which is assumed to be the 
electrode active material conductivity, ϕs is the potential, jv is the 
volumetric current density, and x is the coordinate along the battery 
thickness. 

These boundary conditions correspond to the total current flowing 
through the current collectors: 

− σeff ∂φs

∂x
|x= 0= σeff ∂φs

∂x

⃒
⃒
⃒
⃒x=L=

I
A

(3)  

where L is the total battery thickness, I is the applied current, and A is 
the battery cross sectional area. 

The following boundary conditions correspond to no current flow 
through the solid at the separator interface: 

∂φs

∂x
|x=LN =

∂φs

∂x

⃒
⃒
⃒
⃒x= LN + LSep = 0 (4)  

where LN and LSep are the thicknesses of the negative electrode and the 
separator, respectively. 

Conservation of species in the solid phase: 

∂(cs)

∂t
=

Ds

r2
∂
∂r

(

r2∂cs

∂r

)

(5)  

where r is the coordinate along the particle radius and cs is the con-
centration of lithium in the particle. 

With boundary conditions: 

∂cs

∂r
|r= 0= 0 (6)  

∂cs

∂r
⃒
⃒r= rp = −

jv

avF
(7)  

where rp is the particle radius, F is Faraday’s constant, and av is the 
particle specific surface area (surface area per electrode volume), which 
is calculated from the solid volume fraction εs and the particle radius rp: 

av =
3εs

rp
(8)  

2.2. Liquid phase 

These equations apply to the liquid phase in the electrolyte in the 
anode, cathode, and separator. 

Conservation of charge in the electrolyte phase leads to the following 
equations: 

∂
∂x

(

keff ∂φl

∂x

)

−
∂
∂x

(
keff 2RT

F

)(

1+
∂ln f±
∂ln cl

)

(1 − t+)
∂
∂x

ln cl + jv (9)  

where keff is the effective conductivity, ϕl is the potential, R is the ideal 
gas constant, and f± is the mean molar activity coefficient. 

With the boundary conditions corresponding to no current flow 
through the electrolyte at x = 0 and x = L 

∂φl

∂x
|x= 0=

∂φl

∂x

⃒
⃒
⃒
⃒x=L= 0 (10) 

For conservation of lithium species in the electrolyte, concentrated 
solution theory is used to account for species transport and participation 
in reactions. From the positive and negative ion fluxes [1,35,36], the 
material balance in the electrolyte for the salt is given by: 

∂(εlcl)

∂t
=

∂
(

Deff
l

dcl
dx

)

∂x
+
(1 − t+)jv

F
(11)  

where εl is the electrolyte volume fraction, cl is the concentration of 
lithium salt in the electrolyte, Dl

eff is the effective diffusion coefficient in 
the electrolyte, and t+ is the transport number. 

With boundary conditions: 

∂cl

∂x
|x= 0=

∂cl

∂x

⃒
⃒
⃒
⃒x= L= 0 (12) 

Electrode architecture governs electrode and cell behavior in several 
ways. The electrode porosity and tortuosity govern the rate of ion 
transport through the electrode depth. Tortuosity as a function of elec-
trode porosity is different for different particle shapes [37]. The effective 
electrolyte conductivity and diffusivity are given by: 

κeff = κ
εl

τ (13)  

Deff =D
εl

τ (14)  

where κ is electrolyte conductivity and D is diffusion coefficient for 
lithium ions in electrolyte. 

Tortuosity is defined for the separator and graphite [37]: 

τ= kε− α
l (15) 

The MacMullin number Nm, the ratio of tortuosity to porosity, is 
provided as a function of porosity for cathode materials [37]. The tor-
tuosity functions for separator and graphite and MacMullin number for 
cathode materials provided in their work are used in this model. 

2.3. Charge transfer at the electrode/electrolyte interface 

The volumetric current density at the electrode/electrolyte interface 
is given by the Butler Volmer equation, applicable to both electrodes: 

jv = aviex exp
(

αaFη
RT

)

− exp
(
− αcFη

RT

)

(16)  

where iex is the exchange current density, η is the overpotential and αa 
and αc are charge transfer coefficients for oxidation and reduction 
respectively, assumed to be equal to 0.5. 

The exchange current density is calculated from the rate constant k: 

iex = k Multintercal
(
cs,max − cs,R

)αa ( cs,R
)αc

(
cl

cref

)αa

(17)  

where cref is 1 mol m− 3 and Multintercal is an interaction term explained 
in Section 2.4. 

For the graphite electrode, the cathodic overpotential during charge 
is reduced by the potential drop across the SEI layer: 

A.J. Crawford et al.                                                                                                                                                                                                                            
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η=φs − φl − Eeq −
jv

av

(
δSEI

kSEI

)

(18)  

where ϕs is solid phase potential, ϕl is liquid phase potential, Eeq is 
equilibrium potential, δsei is SEI layer thickness and kSEI is SEI layer 
conductivity. We assume no SEI formation and hence no such correction 
at the cathode. 

Cathode dissolution is assumed to occur at high charge potentials for 
layered oxide cathodes containing transition metals. Assuming the 
reverse reaction is negligible, the dissolution volumetric current density 
jvdis is given by: 

jv,dis = aviex,dis exp
(

Fηdis

RT

)

(19)  

where ηdis = φs- φl-Eeq,dis and Eeq,dis is cathode dissolution equilibrium 
potential, with the solid active material volume fraction adjusted to 
account for the active material loss. 

The SEI volumetric current density jvsei, assuming no diffusion limi-
tation, is given by: 

jv,SEI = aviex,seiMultSEI exp
(

αa,SEIFηSEI

RT

)

− exp
(
− αc,SEIFηSEI

RT

)

(20)  

where αa,SEI and αc,SEI are charge transfer coefficients for oxidation and 
reduction respectively, assumed to be equal to 0.05 and 0.95 respec-
tively [6]. MultSEI is an interaction term explained in Section 2.4. The 
overpotential for the SEI reaction is given by Eq. (21), with potential 
drop across the SEI layer reducing the overpotential available for the SEI 
formation reaction: 

ηSEI =φs − φl − EeqSEI −
jv

av

δSEI

kSEI
(21) 

Assuming mixed kinetics related to charge transfer-diffusion 
coupling, the SEI volumetric current density is given by: 

Jv,SEI =
jv,SEI

1 +
jv,SEI
jlim

(22)  

where jlim, the limiting current density is given by: 

jlim =
avεscsolvFDSolv

δSEI
(23)  

where Dsolv is the diffusion coefficient of solvent in the SEI layer and csolv 
is the solvent concentration. 

The SEI compound is assumed to be lithium carbonate, forming the 
solid electrolyte interface by the following reaction, with the reverse 
reaction rate assumed to be negligible [38]:  

Solvent + 2Li+ + 2e → SEI compound + ethylene                                    

giving the SEI layer thickness as: 

δSEI =
MSEI

avFρSEI

∫

Jv,SEIdt (24)  

where MSEI is the molar mass and ρSEI is the lithium carbonate density. 
The cell performance depends on electrode porosity. The negative 

electrode porosity is reduced by the SEI volume as follows: 

Δεl(t)= − avδSEI(t) (25) 

The change of salt concentration due to solvent consumption is 
accounted for, which impacts electrolyte effective conductivity and 
diffusivity. 

2.4. Interactions 

An interaction between the dissolved Ni from the cathode and SEI 

formation is added to capture the effect of different cathodes on capacity 
degradation. It is assumed the dissolved Ni will migrate to the anode, 
increasing the SEI reaction by the following equation: 

MultSEI = 1 + knickel,SEInnickel (26)  

where MultSEI is the multiplier applied to the SEI current iex,SEI, knickel,SEI 
is a positive fitting coefficient used to relate the multiplier to nnickel, the 
number of moles of dissolved Ni. 

An interaction between the dissolved Ni and lithium intercalation 
into graphite is added, assuming the dissolved Ni enters the graphite, 
impeding intercalation: 

Multintercal = 1 − knickel,intercalnnickel (27)  

where Multintercal is the multiplier applied to kneg,Gr in Eq. (17), and 
knickel,intercal is a positive fitting coefficient. 

2.5. SEI formation on fresh graphite surface related to SEI cracking 

Some groups have attempted to quantify graphite particle cracking, 
which results in fresh graphite exposure for further SEI formation [39, 
40]. The limitations of such models are:  

• Particles are assumed to have some fixed number of cracks, with 
length of cracks unchanged over time.  

• These models are only valid for crack depth ≪ particle radius.  
• These models account for loss of lithium via SEI formation, but do 

not account for active material loss. 

Due to these limitations, this work does not use the crack growth 
model. Some researchers [19,41] have used an SEI fracture model to 
quantify SEI formation on fresh graphite surface. Since the SEI yield 
strength is only a fraction of active material yield strength, this leads to 
frequent SEI layer breakdown, resulting in degradation rates that in-
crease linearly with number of cycles. Since the degradation rates of 
cells examined decrease with increasing duration and number of cycles, 
this approach overestimates SEI formation rates. 

We use the Kindermann et al. [6] approach to SEI cracking with the 
following equation: 

jv,SEIcrack = aviex,SEIMultSEI fexpansion
|jv|

Qv
kcracking exp

(
− αSEIFηSEI

RT

)

(28)  

where fexpansion is the derivative of graphite volume as a function of 
lithium content using data from Hahn et al. [3], jv is the local interca-
lation volumetric current density, and Qv is the volumetric anode bat-
tery capacity in Ah m− 3, kcracking is a fitting constant, and ηSEI is the 
overpotential for the SEI formation. SEI formed via this reaction through 
the cracks is added to the SEI thickness as per Eq. (24). 

2.6. Stress-related graphite active material loss 

To estimate the stresses generated within graphite particles during 
cycling, the volume change during intercalation reported by Hahn [3] 
for graphite materials TIMREX® SFG6 from TIMCAL Ltd. is used. The 
yield stress and elastic modulus for graphite is available from Seldin 
[42]. Due to insufficient information on cathode active material loss 
related to stress cracking and to restrict the number of parameters being 
examined, this degradation mode was not considered for the cathode. 
Future work will incorporate the parameters already examined, thus 
giving us leeway to add parameters for stress-related cathode active 
material loss. 

For spherical particles, the radial σr and tangential stresses σθ are 
given by [9]: 

σr(r)=
2EΩ

9(1 − ν)
{

Cavg(R) − Cavg(r)
}

(29) 
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σθ(r)=
EΩ

9(1 − ν)
{

2Cavg(R)+ Cavg(r) − 3C(r)
}

(30)  

where E is the Young’s Modulus, Ω is the partial molar volume for 
lithium in graphite at various lithium content, ν is Poisson’s ratio, and 
Cavg(r) is the average lithium concentration within particle volume of 
radius r and C(r) is concentration at radius r. 

The yield criterion for spherical particles is given by [9]: 

σABS = |σr − σθ| ≤ Y (31)  

where Y is the material yield strength and σABS is the absolute value of 
the difference between radial and tangential stress. Since σABS is 
maximum at the particle surface, the stress at the particle surface is used 
to compute σABS. 

The impact of repeated stresses on the particle is determined by using 
the fatigue criterion for the active material. The ratio of σABS to yield 
stress is used as a proxy for fatigue [10], with a probability of failure as a 
function of this ratio obtained from the literature for H-451 graphite 
[24]. Materials that behave like metals yield when their material 
strength is exceeded. Once they yield, they stay in that state when the 
stress is removed. The active material is assumed to be ductile, and 
hence is expected to fail due to accumulation of fatigue during cycling. 
The active material particles are expected to retain some functionality 
even after yielding. 

It is overly simplistic to assume that once a material has reached 
stress levels where probability of failure is 20%, that 20% of material is 
immediately lost. Typically, these stress levels need to be imposed for a 
certain amount of time. We assume a 4-h exposure is required for 20% of 
the material to fail at the stress corresponding to 20% probability of 
failure. As an example, if the particle has been exposed to 20% proba-
bility of failure for 1 h, then 5% of the particle is assumed to have failed. 
This 5% is removed from the particle, resulting in a higher effective 
current density on the remaining active material. This allows compu-
tation of failure rate at each value of σABS. 

2.7. Estimation of temperature rise in cell 

The heat generated within the cell consists of reversible and irre-
versible heat [43], with the generation term given by Ref. [44], the first 
term on the right hand side being irreversible heat, and the second term 
reversible heat: 

∂Q
∂t

= I
(
V − Eeq

)
+ IT

∂Eeq

∂T
(32)  

where Eeq is equilibrium potential. 
When δEeq/δT is positive, discharge is endothermic and charge is 

exothermic, and vice versa. The δEeq/δT values for each electrode were 
obtained from the literature [43,45]. 

The heat generated is sent as input to the thermal model. A constant 
specific heat is used across the cell to estimate temperature rise. Heat 
loss to the environment via convection is incorporated on each boundary 
of the cell, with the loss proportional to the difference between the 
temperature at the boundary and the ambient. 

2.8. 0d model 

Evaluating the pseudo 2d COMSOL model is computationally 
intensive, taking an hour to run peak shaving tests for all four chemis-
tries at two depths of discharge. To speed up hypothesis validation and 
parameter optimization, a 0D version of the model is developed making 
several simplifying assumptions. The 0D model calculates how much 
lithium is lost during aging due to SEI layer formation. This lithium loss 
is used to calculate the capacity loss rather than simulating a capacity 
reference performance test. As the capacity test is not simulated, ohmic 
drop across the separator and the SEI layer is ignored for calculating the 

capacity, as only the amount of lithium lost is relevant. However, this 
ohmic drop is used for calculating the overpotentials for both the 
intercalation/de-intercalation and SEI formation reactions. Current is 
assumed to be uniformly distributed over the electrodes. The electrode 
overpotential is found in each electrode assuming the total current is 
consumed by the intercalation reactions, solving for η in Eq. (18). This 
overpotential is used to calculate the SEI reaction overpotential, which is 
used to calculate the SEI formation rate in the anode using Eq. (20) and 
Eq. (28). The cathode dissolution rate is similarly calculated in the 
cathode, assuming a uniform intercalation current. We calculate the 
overpotential from Eq. (18), from which the dissolution reaction over-
potential is calculated. This dissolution overpotential is used to find the 
cathode dissolution rate from Eq. (19). This approximation is valid if the 
SEI formation current and the cathode dissolution current are negligible 
compared to the intercalation currents. The amount of dissolved Ni is 
used to increase SEI formation rate (Eq. (26)) and decrease intercalation 
kinetics (Eq. (27)). A limiting current density is applied based on SEI 
thickness and solvent diffusion rate as explained earlier in Eq. (23). Note 
that the graphite active material loss related to stress is ignored in the 0d 
model, since it is found to be negligible for the COMSOL runs. This 
model does not calculate the temperature or heat generated. As the 
model ignores current distribution in the electrolyte, it also does not 
capture phenomena such as electrolyte diffusion limitation brought on 
by pore clogging. 

Evaluating this model took less than a second, allowing optimization 
to take place thousands of times faster than the COMSOL model. 

2.9. Model inputs 

A summary of degradation equations are provided in Table 2. The 
model inputs are given in Table 3 through Table 8. Most of these were 
used as is, while the optimized parameters shown in Table 9 used these 
values as the initial guess. 

3. Results and discussion 

The model is used to replicate capacity loss data for cells performing 
peak shaving at 20% and 60% depth of discharge (DOD), with constant 
power corresponding to C/4 rate charge and C/2 rate discharge at 20% 
SOC. The upper end of SOC was limited to 80% to prevent voltage spikes 
during FR and EV duty cycles that exceed cell upper voltage limit. For 
consistency, the same 80% upper SOC limit is maintained for peak 
shaving duty cycles. The cells were subjected to approximately 800 
cycles over two years. Cells from four manufacturers were tested, two 
NMC (NMC1 and NMC2), one NCA and one LFP. The cathode compo-
sition, as measured by ICP, corresponds to a Ni content of 0.73 for 
NMC1, 0.85 for NCA, (with 0.05 Al) and 0.85 for NMC2. The number of 
moles of dissolved Ni, nnickel, are calculated by multiplying the amount 
of cathode dissolved by the Ni content. The Al in NCA is assumed to have 
a stabilizing effect, with an effective Ni content assumed to be same as 
NMC1 at 0.73, since both cathode cells behave similarly. 

Electrochemical parameters are optimized to fit the data using the 
Nelder-Mead algorithm [60], based on its ability to solve non-linear high 
dimensional optimization without calculation of derivatives. It gener-
ates a simplex that shrinks around the optimum or expands outward 
towards it. 

The objective function feeds the input electrochemical parameters 
into COMSOL, records the resulting capacity degradation, and returns 
the root mean square error (RMSE) between the model and data. The 
optimization finds the parameter values which minimize this RMSE. 

Several parameters in Table 3 through Table 8 are kept fixed. Pre-
liminary simulations show graphite active material loss from stress is 
negligible for the currents used in our tests. Therefore, the graphite 
stress failure rate factor is not optimized. The electrolyte ionic conduc-
tivity and lithium transference number are fixed, since these are 
measured quantities reported in the literature. Cathode intercalation 
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exchange current density is not optimized since it negligibly influences 
capacity loss. 

Since loss of lithium is known to be the primary capacity loss 
mechanism, optimization focuses on issues related to SEI formation and 
break-up, along with the competing intercalation reaction at the 
graphite electrode. In addition to their importance in predicting capacity 
degradation, the wide range of values reported in the literature for these 
parameters indicate they are hard to measure directly. Therefore, 
choosing them in the optimization process to fit data is a more practical 
approach. Initial values for optimization are taken from Table 3 through 
Table 8. 

EEq,SEI is a key parameter determining the fraction of current going to 
SEI formation. Several researchers use a 0.4–0.8 V [15] equilibrium 
potential. In this work, 0.4 V is used as the initial value for optimization. 
For LizC6, at z > 0.05, the open circuit voltage of the graphite electrode 
vs. Li/Li+ is <0.2 V vs lithium. Hence during charge, the SEI over-
potential is greater than the overpotential for lithium intercalation for 
most of the charge duration. The SEI ionic conductivity determines the 
potential drop across it that reduces the overpotential available for both 
SEI formation and charge transfer reaction. Since EEq,SEI is much more 
positive than the graphite equilibrium voltage at z > 0.05, this potential 
drop across the SEI has a greater adverse impact on intercalation over-
potential and current, and results in favoring SEI formation. Other fac-
tors that affect SEI formation rate relative to lithium intercalation are 
also optimized. The initial SEI layer thickness is kept constant for all 
layered cathodes since they had a similar initial capacity loss rate. The 
cathode dissolution exchange current density is varied across the 
layered chemistries, as this is the key differentiator among layered 
cathodes, while fixing knickel for all chemistries. The parameters opti-
mized are:  

• kneg,Gr, the intercalation kinetics in graphite  
• κSEI, SEI layer ionic conductivity  
• iex,SEI, the SEI exchange current density  
• Eeq,SEI, the SEI formation equilibrium potential  
• kcracking, the SEI cracking rate constant  
• δ0,SEI, the initial SEI thickness  
• Dsolv, the solvent diffusion coefficient,  
• iex,dis, the cathode dissolution exchange current density  
• Eeq,dis, cathode dissolution equilibrium potential  
• knickel,SEI, the effect of Ni dissolved on SEI formation rate and  
• knickel,intercal, effect of Ni dissolved on graphite intercalation kinetics. 

These parameters are optimized for the best fit across all chemistries 
simultaneously (Fig. 2), with all parameters related to graphite electrode 
and SEI kept the same across all chemistries. This results in an RMSE of 
2.2%. In the final optimization, knickel,intercal and Eeq,dis are not optimized 
due to computational time requirements. Table 9 shows the optimized 
parameter values. 

Clearly, the global model does not capture the underlying degrada-
tion mechanisms adequately and has limitations in terms of fitting the 
degradation data for each chemistry. The degradation rates for LFP, 
NMC1 and NCA are slightly overestimated, while that for NMC2 is 
underestimated. However, the general trends are intact, with the 
dissolution exchange current densityse for the NMC2 cell 3.2 times 

higher than that for the other layered chemistry cells in line with its 
higher capacity loss. This work assumes that the SEI formation rate is 
impacted only by the presence of Ni. While allowing the cathode 
dissolution exchange current density to vary may capture the effects of 
additional metals’ dissolution, the specific metals, electrode architec-
ture and design may affect how the dissolved metals impact the solvent 
diffusion through the SEI layer and intercalation kinetics at the graphite 
electrode. Hence allowing the solvent diffusion coefficient and impact of 
metal dissolution on intercalation kinetics to vary across chemistries 
may improve the quality of fit. Closer agreement with data may also be 
obtained with knowledge of actual electrode loading, particle size and 
electrode composition, a focus of our future work. 

The optimized SEI layer ionic conductivity is five orders of magni-
tude higher than reported in the literature. The SEI formation rate is 
limited by solvent diffusion rate through the SEI, hence the SEI ionic 
conductivity is not a significant factor in determining SEI formation rate. 

Optimization is also performed on each chemistry individually, with 
different parameters for each chemistry (Fig. 3). As expected, the fit is 
considerably better, with an RMSE of 1.2%. Table 10 shows the opti-
mized parameters for each chemistry. 

As seen in Tables 9 and 10, there are major discrepancies in the 
parameters chosen for the individual chemistry runs compared to the 
parameters needed to make the best global model. It is also highly un-
likely that parameters such as intercalation rate, SEI cracking rate and 
SEI formation exchange current density would be different for each 
chemistry. Any impact on SEI exchange current density due to different 
metals being dissolved is expected to be captured in cathode dissolution 
exchange current density. However, depending on the metals dissolved, 
the intercalation reaction rate and diffusion coefficient for lithium 
through the SEI layer may be affected. Some discrepancies may be due to 
different electrode thicknesses and particle size. As electrode thickness 
and particle size are fundamental to proper modeling of cell degrada-
tion, future work will measure these parameters. 

The exchange current density for cathode dissolution is the main 
parameter that differentiates performance among layered cathode 
chemistries. While the global fit does offer some indication that this 
value is higher for NMC2, measurement of this parameter for different 
metals dissolved would be useful. Experiments on measurement of 
lithium diffusion coefficient through SEI layers with various dissolved 
metals are also expected to provide useful insights. 

SEI layer conductivity can be estimated from the change in internal 
resistance. Pulse resistance measurements were done for all cells at 
various states of charge during reference performance tests. Incorpo-
rating these results to extract the SEI conductivity can be done by 
looking at the change in resistance over time. The present model does 
not incorporate pulse resistance measurement results. Future work will 
incorporate these results and use the error in predicting the voltage 
curve as the objective function to optimize, enabling a better estimation 
of SEI layer conductivity. 

There is reasonable agreement between global and individual 
chemistry fits for cathode dissolution, EEq,SEI, iex,SEI and kneg,Gr, allowing 
us to assign a high level of certainty to these values. Estimation of SEI 
layer conductivity from pulse resistance measurements is expected to 
provide additional information on SEI layer ionic conductivity. This 
allows more leeway on optimizing solvent diffusivity and the SEI 

Table 2 
Summary of degradation equations.  

Equation Description Notes 

jv,SEI =  aviex,seiMultSEI exp
(

αa,SEIFηSEI
RT

)

− exp
(
− αc,SEIFηSEI

RT

)

(20)  SEI formation This is the charge transfer reaction. Eq. (22) incorporates diffusion 
limitation 

jv,SEIcrack =  aviex,SEIMultSEIfexpansion

⃒
⃒jv

⃒
⃒

Qv
kcracking exp

(
− αSEIFηSEI

RT

)

(28)  

SEI formation through cracked 
SEI 

This has no diffusion limitation 

jv,dis =  aviex,dis exp
(

Fηdis
RT

)

(19)  
Cathode dissolution Impact of dissolved Ni on SEI formation  
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cracking rate constant for global and individual chemistry fits. 
Fig. 4 shows lithium content at the end of charge and discharge in 

both anode and cathode for all chemistries as a function of cycle number. 
Maximum values correspond to the end of charge for graphite, and end 
of discharge for cathodes, and vice versa. The lithium content of 
graphite at the end of charge always decreases, while lithium content in 
cathode also decreases. This is expected, since charging is done to a fixed 
4.2 V per cell, hence as lithium content at the end of charge in graphite 
decreases accompanied by a rise in negative electrode potential, the 

Table 3 
Electrode material properties.  

Parameter Symbol Value Reference Notes 

Diffusion 
coefficient for 
LFP 

Ds Varies with 
lithium 
content 

[46] Provided as f 
(li) at 25 ◦C 
and 45 ◦C 

Diffusion 
coefficient for 
NCA 

Ds Varies with 
lithium 
content 

[47] Used for NMC 

Diffusion 
coefficient for 
LCO 

Ds 1 × 10− 10 

cm2 s− 1 
[45]  

Activation energy 
for NCA Ds 

Ea 40 kJ 
mol− 1 

[48] Used for LFP, 
NMC 

Diffusion 
coefficient for 
graphite 

Ds Varies with 
lithium 
content 

[49,50]  

Activation energy 
for graphite Ds 

Ea 69.027 kJ 
mol− 1 

[51]  

Particle radius rp 6 μm 
cathode 9 
μm anode 

[6,48,51–54] Average of 
references 

Electrode porosity εL 0.35 [55]  
Graphite anode 

thickness, LFP 
LN 55 μm [34] Calculated 

from Ah/cm2 

data 
Graphite anode 

thickness, 
layered 
cathodes 

LN 62 μm [34] Calculated 
from Ah/cm2 

data 

Cathode 
thickness, LFP 

LP 57 μm [34] Calculated 
from Ah/cm2 

data 
Cathode 

thickness, 
layered 
cathodes 

LP 76 μm [34] Calculated 
from Ah/cm2 

data 

Tortuosity for 
separator, 
graphite 

Τ Given as 
function of 
porosity 

[37]  

MacMullin 
Number 
tortuosity/ 
porosity 

Nm Given as 
function of 
porosity 

[37]  

Positive electrode 
conductivity 

κpos 6.5 S m− 1 [51,52,56] Average of 
values in 
references 

Negative 
conductivity 

κneg 100 S m− 1 [52]  

Maximum lithium 
concentration 
in graphite 

cs,max,gr 30.555 M [16,17,38,57]  

Maximum lithium 
concentration 
in LFP 

cs,max, 

LFP 

22.81 M [17,46]  

Maximum lithium 
concentration 
in NCA 

cs,max, 

NCA 

49.195 M [47]  

Maximum lithium 
concentration 
in NMC 

cs,max, 

NMC 

50.29 M [6,16]  

Graphite density ρgr 1.9 g cm− 3 [52]  
Lithium 

manganese 
spinel (LMO) 
densitya 

ρLMO 4.14 g 
cm− 3 

[52]  

Polymer binder 
density 

ρpol 1.78 g 
cm− 3 

[52]  

Electrolyte 
density 

ρe 1.324 g 
cm− 3 

[52]  

Conductive filler 
density 

ρfil 1.9 g cm− 3 Our Assumption 
based on carbon 
black density   

a Used LMO density for cathode material. 

Table 4 
Solid electrolyte interface properties.  

Parameter Symbol Value Reference 

SEI layer ionic conductivity κSEI 2.3 × 10− 6 S m− 1 [18] 
Initial SEI layer thickness δ0,SEI 20 nm [6] 
Lithium carbonate density ρSEI 2110 kg m− 3 [6] 
Diffusivity of solvent through SEI 

layer 
Dsolv 0.2 × 10− 14 cm2 

s− 1 
[17]  

Table 5 
Electrolyte properties.  

Parameter Symbol Value Reference 

Diffusivity of lithium 
in electrolyte 

Dl Provided as function of 
electrolyte concentration and 
temperature 

[58] 

Transference number 
for lithium 

t+ 0.363 [52], [53, 
57] 

Ionic conductivity of 
electrolyte 

keff Given as f(electrolyte salt 
concentration, temperature) 

[58] 

(1-t+)(1+dlnf±/ 
dlnc)  

Given as f(electrolyte salt 
concentration, temperature) 

[58] 

Electrolyte 
concentration 

cl 1.2 M [57]  

Table 6 
Kinetic parameters.  

Parameter Symbol Value Reference Notes 

Kinetic rate 
constant for 
NCA 

kpos 5 × 10− 11 mol- 
0.5m− 2.5 s− 1 

[48]  

Kinetic rate 
constant for 
NMC 

kpos Assume same as 
NCA   

Kinetic rate 
constant for 
LFP 

kpos Eq (5) of [46] - 
quadratic 
polynomial of 
geometric current 
density 

[46]  

Exchange current 
density for 
graphite 
intercalation 

kneg,Gr 6.7 A m− 2 [1,17,52] Converted to 
kinetic rate 
constant 

Activation energy 
for all rate 
constants 

Ea 30 kJ mol− 1 [48]  

SEI formation 
exchange 
current density 

iex,SEI 14.7 × 104 e(− 86.2/ 

RT) A m− 2 
[6]  

Equilibrium 
potential for 
SEI formation 

Eeq,SEI 0.4 V [15]  

Cathode 
dissolution 
exchange 
current density 

iex,dis 6.05 × 10− 6 A m− 2 [6]  

Equilibrium 
potential for 
cathode 
dissolution 

Eeq,dis 4.0 V [6]   
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positive electrode potential is also driven higher, accompanied by a 
lower lithium content in the cathode at the end of charge. For LFP 
cathodes, the minimum lithium at the end of charge is 0 as expected. At 
the end of discharge, lithium content in graphite is 0, while lithium 
content in the cathode decreases with cycles, due to lithium loss via SEI 
layer formation. Charge capacity is determined by cathode potential 
driven higher related to loss of lithium, and discharge capacity by anode 
potential driven higher as lithium gets exhausted at the end of discharge. 
While the maximum lithium content at the end of charge in graphite and 
at the end of discharge in cathode is decreasing at the same rate for LFP, 
the maximum lithium content decreases at a lower rate for layered 
cathodes at the end of discharge. This is especially obvious for NMC2, for 
which the maximum lithium content appears to approach a minimum, as 
cathode active material loss due to Ni dissolution counters loss of 
lithium due to SEI formation at the anode. 

As Ni dissolves from the positive electrode, the cathode capacity 
decreases proportionately. The lithium content in graphite at the end of 
charge decreases each cycle, increasing its potential. To maintain the 
same end of charge voltage, the cathode potential also increases with 
each cycle, resulting in lower lithium content at the end of each charge, 
and therefore greater dissolution rate of cathode. If cathode capacity loss 
is less than the loss of lithium via SEI formation, discharge termination 
occurs when graphite is exhausted of lithium. The cathode dissolution 
rate may eventually cause greater cathode capacity loss than loss of 
lithium due to SEI formation. In that event, during subsequent 
discharge, when the anode is emptied of lithium, the cathode lithium 
starts to increase with cycles, resulting in a decrease of cathode electrode 
potential. This happens until the cathode lithium content reaches its 
maximum value. After this, the cathode capacity determines the 
discharge capacity, not loss of lithium. Simulation through 2000 cycles 
does not show this effect. Future work will explore the effect of 
increasing the upper SOC limit on maximum lithium content in the 
cathode as a function of cycles. 

Layered cathodes get less stable when lithium content decreases 
below a minimum threshold. This model does not attempt to capture this 
effect. Future work will incorporate the impact of cycling to low lithium 
content during the charge on the battery state of health. 

The difference in degradation rate may be entirely explained by 
dissolved Ni if a suitable function relating SEI formation rate to dis-
solved Ni can be derived. In this work, this effect appears to be under-
estimated, as the experimentally determined capacity loss varies more 
between chemistry than in the COMSOL model. This may partially be 
due to overestimation of SEI layer resistance and underestimation of 
cathode dissolution exchange current density for NMC2 cells. However, 
when comparing the discharge energy capacity lost as a function of Ah 
capacity loss, the NMC cells exhibit a similar trend, implying similar 
increases in internal resistance (Fig. S1). By contrast, for LFP and NCA, 
the slope of discharge energy capacity vs. Ah capacity loss is higher, 
showing a larger increase in internal resistance. This indicates that the 
SEI resistance could be overestimated for NMC1 and NMC2 and/or 
underestimated for LFP and NCA, and the cathode dissolution rate for 
NMC2 is being underestimated. 

Fig. 5 shows the SEI layer formation rate for each chemistry for the 
global fit. With increasing cycles, LFP SEI formation rate is constant as f 
(voltage), while the layered oxide SEI formation rate increases at all 
voltage levels, especially at high voltage levels. This is because the 
dissolution rate increases exponentially at high voltage levels, which is 
accompanied by a higher SEI formation rate. With increasing cycles, as 
the SEI layer thickness grows, diffusion limitation through the SEI layer 
reduces SEI formation rate. The results for the cathode dissolution rate 
are shown in Fig. S2. 

Fig. 6 shows the fraction of original capacity lost from each mecha-
nism for all layered cathode cells. Due to greater dissolution exchange 
current density, the Ni dissolved is highest for NMC2 cathode cells, 
accompanied by higher loss from SEI formation. Graphite active mate-
rial loss due to cracking is negligible for all cells due to low currents. 

Despite being significantly simpler, the 0D model fit the data better 
across all chemistries than the pseudo-2d COMSOL model, as seen in 
Fig. 7 with an RMSE of 1.0%. This may be because it can do more it-
erations in a shorter time, allowing for better optimization, which is vital 
when there are complicated interactions between the input parameters. 
As computational time was not an issue, more parameters could be 
optimized, such as EEq,dis and initial quantity of cathode dissolved. Due 
to its superior ability to fit the data, our hypothesis that the varying 
degradation rates of cells with layered cathodes are due to differences in 
cathode dissolution rates and the effect of dissolved Ni on SEI formation 
is supported by the 0D model, even with a simplistic linear dependence 
of SEI formation rate on dissolved Ni. The optimized parameters for the 
0d model are shown in Table 11. 

COMSOL is also prone to instability and crashing when certain pa-
rameters are set too low, unlike the 0D model. As the 0d model selects 

Table 7 
Thermal parameters.  

Parameter Symbol Value Reference Notes 

Volumetric heat 
capacity 

CP 2.58 ×
10− 11 J K− 1 

m− 3 

[48]  

Heat capacity Ch 750 J K− 1 

kg− 1 
[45]  

Planar thermal 
conductivity positive 
electrode 

kx-y 237 W K− 1 

m− 1 
[48] Geometric 

mean used 

Planar thermal 
conductivity negative 
electrode 

kx-y 401 W K− 1 

m− 1 
[48] 

Heat transfer coefficient h 70 W m− 2 

K− 1 
[17] Using forced 

air cooling 
Entropy term for 

graphite 
dEeq/ 
dT  

[45]  

Entropy term for NCA dEeq/ 
dT  

[47]  

Entropy term for LFP dEeq/ 
dT  

[43]  

Entropy term for NMC dEeq/ 
dT  

[43]   

Table 8 
Stress related parameters.  

Parameter Symbol Value References 

SEI cracking coefficient kcracking 100 h [6] 
Young’s modulus for graphite E 10 GPa [10] 
Graphite stress failure rate constant r 0.25 h− 1 our assumption 
Graphite yield strength Y 23 MPa [10] 
Graphite Poisson ratio ν 0.31 [59]  

Table 9 
Optimized parameters for all chemistries optimized together.  

Quantity Unit NMC1 NMC2 NCA LFP 

iex,SEI A m− 2 6.36 ×
10− 9 

6.36 ×
10− 9 

6.36 ×
10− 9 

6.36 × 10− 9 

iex,dis A m− 2 1.00 ×
10− 8 

3.16 ×
10− 8 

1.00 ×
10− 8 

Not applicable 
(NA) 

κSEI S m− 1 0.3 0.3 0.3 0.3 
Dsolv m2 s− 1 5.79 ×

10− 21 
5.79 ×
10− 21 

5.79 ×
10− 21 

5.79 × 10− 21 

kcracking H 214 214 214 214 
EEq,SEI V 0.340 0.340 0.340 0.340 
δ0,SEI M 1.65 ×

10− 8 
1.65 ×
10− 8 

1.65 ×
10− 8 

2.60 × 10− 10 

kneg,Gr m s− 1 3.89 ×
10− 12 

3.89 ×
10− 12 

3.89 ×
10− 12 

3.89 × 10− 12 

knickel,SEI mol− 1 

m− 2 
53.9 53.9 53.9 NA  
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much lower values for SEI exchange current density, solvent diffusivity 
in the SEI and graphite intercalation kinetics than COMSOL could 
handle, COMSOL’s inability to explore these parameter values may have 
hurt its ability to fit the data. This is reflected in only a factor of three 
separating dissolution exchange current density for the COMSOL model, 
while this parameter spans ten orders of magnitude in the 0d model. The 
five orders of magnitude lower SEI exchange current density and two 
orders of magnitude lower kcracking help reduce the overestimation of 
degradation in LFP cells, while the larger range of cathode dissolution 

exchange current density coupled with two orders of magnitude higher 
knickel,SEI remove underestimation of degradation for layered cathode 
cells, especially NMC2. Note that the 0d model selects different equi-
librium potentials than the COMSOL model. This results in the effective 
SEI formation current and cathode dissolution current increasing by 
approximately a factor of 5 and 15 respectively for the 0d model, due to 
the difference in equilibrium potentials, as the current for a given re-

action is proportional to exp
(

EeqF
RT

)

(see Eq (2.19)). This shows the 

Fig. 2. Best fit for all chemistries using different cathode dissolution rate for each chemistry.  

Fig. 3. Best fitting model for individual chemistries, using different parameters for each chemistry.  
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importance of measuring cathode dissolution equilibrium potential, as 
dissolution current has an exponential dependence. 

Future work will develop this model to capture more phenomena 
from the pseudo-2d COMSOL model such as active material stress and 
heat generation, lithium plating, simulating a capacity test instead of 
just counting lithium lost. The model will also be applied to all the duty 
cycles tested instead of just peak shaving. 

The 0d model is used to find how sensitive the capacity degradation 
was to each parameter in Table 11. Each parameter from Table 11 is 
varied from one order of magnitude smaller than its optimum value to 
one order of magnitude larger than its optimum value. 

The total capacity degradation magnitude is most sensitive to kneg, 
iex,SEI, Dsolv, and iex,dis. We are also interested in characterizing the shape 
of the capacity loss over time. Therefore, we fit a power law to char-
acterize the resulting capacity degradation behavior: 

ln Caploss= c1 ln n + c2DOD + c3 (33)  

where n is the number of cycles, and ci are fitting coefficients. We look at 
how these coefficients vary with varying electrochemical parameters to 
understand their impact. The coefficient c2 captures how the capacity 

loss depends on the duty cycle’s DOD. It is most sensitive to kneg, fol-
lowed by Dsolv, and iex,SEI. The exponential coefficient c1 gives the power 
law exponent, and thus how the capacity loss levels off with time. It is 
impacted most by kneg, iex,SEI, knickel,SEI, and iex,dis. 

4. Top down model 

As discussed in the previous section, the COMSOL pseudo 2d physics- 
based model is unable to satisfactorily replicate the capacity degrada-
tion of all chemistries we have examined. Therefore, a statistics-based 
model is developed for accurately predicting capacity degradation. 
This also has the advantage of very fast computation, so it is straight-
forward to try different model recipes and statistical tests compared to a 
finite element analysis model. 

The cells were subjected to various duty cycles, including PS, FR, EV, 
and BS. The rate of capacity loss depends on voltage, current, and SOC: 

dCaploss
dt

= f (V, I, SOC) (34) 

Integration of both sides yields Eq. (35), which allows regression of 
any coefficients in the function to fit the observed capacity loss. 

Caploss=
∫

f (V, I, SOC)dt (35) 

Functions are evaluated by their ability to predict capacity loss in 
future cycles, using a model trained on data from previous cycles. As the 
capacity test took place every 30 cycles, the model predicts at least 30 
cycles ahead. One function is tested for each chemistry. The same 
function and coefficients are used for all duty cycles associated with 
each service, ensuring the model is tested across a wide range of 
conditions. 

For the first iteration of the model, the rate of capacity loss is 
assumed to be quadratic with respect to current and cubic with respect 
to voltage, along with their interactions. Fitting power series coefficients 
allows us to capture most physical phenomenon, although going beyond 
cubic is assumed to add too much complexity, running the risk of 
overfitting. Any increased complexity should be added using more 
physical insights about the underlying phenomena. As shown by the 

Table 10 
Optimized parameters for individual chemistries optimized separately.  

Quantity Unit NMC1 NMC2 NCA LFP 

iex,SEI A m− 2 6.43 ×
10− 9 

1.21 ×
10− 8 

6.43 ×
10− 9 

4.22 ×
10− 9 

iex,dis A m− 2 1.01 ×
10− 8 

3.06 ×
10− 8 

1.01 ×
10− 8 

NA 

κSEI S m− 1 0.3 0.032 0.3 0.3 
Dsolv m2 s− 1 7.73 ×

10− 21 
5.86 ×
10− 21 

7.73 ×
10− 21 

2.71 ×
10− 21 

kcracking H 217 183 217 191 
EEq,SEI V 0.335 0.335 0.335 0.34 
δ0,SEI M 1.60 ×

10− 8 
1.62 ×
10− 8 

1.60 ×
10− 8 

5.52 ×
10− 10 

kneg Gr m s− 1 3.94 ×
10− 12 

4.05 ×
10− 12 

3.94 ×
10− 12 

7.43 ×
10− 12 

knickel,SEI mol− 1 

m− 2 
55 66 55 NA  

Fig. 4. Maximum and minimum lithium content as function of cycles in each electrode for global model.  
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physics-based model, the cell (and individual electrode voltage) is 
extremely important in determining cathode dissolution and SEI for-
mation rate. Hence, the extra cubic term is added to voltage. Since 
voltage itself is a function of current, we limit the current terms. 

dCaploss
dt

∼
(
1+ I + I2)×

(
1+V +V2 +V3) (36) 

This model is checked for overfit by dropping each term individually 
and observing the out of sample error. Across all chemistries, every term 
increases out of sample error if dropped, whether predicting 30 or 150 

cycles ahead. This implies some underfit. 
Applying lessons from the physics to the statistics-based model, the 

effect of graphite stress and SEI breakdown is incorporated. We take the 
first and second derivatives of the volumetric expansion of graphite as a 
function of lithium content (or SOC), with respect to the lithium content. 
The first derivative captures the stress of the particle expanding or 
contracting, and the second derivative captures the effect of differential 
expansion or contraction across the graphite particle. Each of these 
derivatives are interacted with current, which is a proxy for the rate of 
expansion or contraction. The resulting equation is: 

Fig. 5. SEI formation rate as function of voltage.  

Fig. 6. Loss from each mechanism as function of cycle number for global fit.  
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dCaploss
dt

∼
(
1+ I + I2)×

(
1+V +V2 +V3)+ I

dvol
dcLi

(SOC) + I
d2vol
dc2

Li
(SOC)

(37) 

The same test is performed by looking at the out of sample error with 
or without each term. The stress terms not only reduce the out of sample 
error but removing them increases the error more than any of the other 
terms, implying they are strongly capturing the effect of degradation. 
Without the stress terms, the RMSE predicting 30 cycles ahead is 1%, 
while with them, it decreases to 0.8%. The results are shown in Fig. 8. 

The elasticnet algorithm upgrades the model with machine learning. 
This algorithm produces an interpretable formula with coefficients like 
linear regression does, but with a penalty assigned to larger coefficients, 
reducing the model’s tendency to read too much into any individual 
variable, reducing overfit. Elasticnet can use the same formula from Eq. 
(37), reducing error from overfitting. Elasticnet gives a consistently 

lower out of sample error for all chemistries and all cycles predicted 
ahead, demonstrating there are some overfitting issues in the initial 
MLR. The error is reduced to 0.6% out of sample for 30 cycles ahead, and 
0.7% for 150 cycles ahead. The prediction comparison for 150 cycles 
ahead is shown in Fig. 8. 

The statistical model performs well across a wide range of operating 
conditions, without considering one important phenomenon - the ca-
pacity loss leveling off due to solvent diffusion limitation in the SEI 
layer. This will be left to future work. 

5. Conclusion 

We have developed both physics-based and statistics-based state of 
health models and validated them using single cell data. Insights from 
the physics-based model are used in the statistical approach and shown 
to increase model accuracy. 

Computational time continues to be the bottle neck for physics-based 
modeling, hence future work may move away from using COMSOL and 
towards more optimized code, building on the 0d model. Our hypothesis 
on interaction between cathode dissolution and SEI layer formation 
appears to be validated for explaining why different cells with cathode 
chemistries degrade at different rates. More instructive is the fact that 
EEq,SEI and iex,SEI values are similar across all models, thus providing 
reliability to these estimates. The ability to explore lower values for iex, 

SEI, Dsolv and kneg,Gr allows a greater range of cathode dissolution ex-
change current density iex,dis for layered cathodes. This shows that by 
overcoming computational time limitations in COMSOL, more accurate 
simulations are possible. Future work will also look at the other duty 
cycles applied to single cell data apart from peak shaving. 

This bottleneck of computational time is informative for high level 
modeling considerations as well. While it took a lot of time to get an 
acceptable pseudo 2d COMSOL model that predicts the results after 
considering the relevant mechanisms, the work to set up a 0d model was 
very fast by comparison. Starting with a simple model allows fast testing 
with each added complexity, making the work more efficient. By 
contrast, attempts to simplify the COMSOL model were much less 

Fig. 7. 0d model applied to all chemistries.  

Table 11 
Optimized parameters for all chemistries together in 0d model.  

Quantity Unit NMC1 NMC2 NCA LFP 

iex,SEI A m− 2 9.68 ×
10− 14 

9.68 ×
10− 14 

9.68 ×
10− 14 

9.68 ×
10− 14 

iex,dis A m− 2 2.01 ×
10− 8 

1.56 ×
10− 3 

5.39 ×
10− 13 

NA 

κSEI S m− 1 0.30 0.30 0.30 0.30 
Dsolv m2 s− 1 8.32 ×

10− 23 
8.32 ×
10− 23 

8.32 ×
10− 23 

8.32 ×
10− 23 

kcracking H 0.23 0.23 0.23 0.23 
EEq,SEI V 0.382 0.382 0.382 0.382 
δ0,SEI m 3.08 ×

10− 14 
3.08 ×
10− 14 

3.08 ×
10− 14 

0 

kneg Gr m s− 1 1.19 ×
10− 13 

1.19 ×
10− 13 

1.19 ×
10− 13 

1.19 ×
10− 13 

knickel,SEI mol− 1 

m− 2 
3.83 ×
103 

3.83 ×
103 

3.83 ×
103 

NA 

EEq,dis V 4.07 4.07 4.07 NA 
Initial amount of 

cathode dissolved 
1 1.00 ×

10− 3 
1.00 ×
10− 3 

1.00 ×
10− 3 

NA  
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fruitful, since it was unknown which pieces of model complexity were 
vital and which weren’t. Furthermore, the long runtime made for 
difficult testing. The COMSOL battery module itself is highly complex 
even before degradation mechanisms are added, which makes high 
dimensional optimization difficult. We recommend modelers also use a 
simple starting approach, and add complexity sequentially, ensuring 
each added complexity improves the model’s accuracy. 

The statistics-based model is fast and robust, and by using elasticnet, 
machine learning can be used to increase predictive capability without 
sacrificing interpretability. Future work will focus on incorporating 
more insights from the physics-based model, especially SEI layer diffu-
sion limitation. 

For both models, we have concentrated on capacity degradation, yet 
energy degradation is also important, especially as the internal resis-
tance increases as the battery degrades. Future work will also predict 
energy degradation and incorporate internal resistance measurement 
results. We also plan to expand our analysis to new datasets to ensure the 
model can generalize. 

This work also identifies parameters most sensitive for experimen-
talists to measure. For example, as the degradation reactions such as SEI 
formation and cathode dissolution vary exponentially with their equi-
librium potential, it is vital to precisely experimentally measure these 
quantities. Furthermore, the interaction of dissolved cathode with the 
SEI layer formation is incredibly important. Experimental work should 
focus on the role of each dissolved metal on SEI formation kinetics, 
solvent diffusivity in SEI, and intercalation rate. 

Code for both models can be found at https://github.com/PNNL-Rel 
iability/State-of-health containing the entire statistics-based model, the 
0d physics based model, and code to run the COMSOL model (requires a 
COMSOL purchase to operate). 
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Supplementary data to this article can be found online at https://doi.org/10.1016/j.jpowsour.2021.230032. 

Fig. 8. Statistical model predictions 150 cycles ahead for multilinear regression (MLR, blue) and elasticnet (red). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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Nomenclature 

Acronyms 
BESS battery energy storage system 
BS baseline 
DOD depth of discharge 
EV electric vehicle 
FR frequency regulation 
LFP lithium iron phosphate 
NCA nickel cobalt aluminum oxide 
NMC nickel manganese cobalt oxide 
PS peak shaving 
RMSE root mean square error 
SEI solid electrolyte interphase 
SOC state of charge  

Symbols 
A cross-sectional area (m2) 
cs concentration of lithium in the active material particle (mol m− 3) 
csolv concentration of solvent (mol m− 3) 
D Diffusion coefficient (m2 s− 1) 
f± mean molar activity coefficient 
F Faraday’s constant (A s mol− 1) 
iex exchange current density (A m− 2) 
I applied current (A) 
jlim limiting current density (A m− 2) 
jv volumetric current density (A m− 3) 
jvdis dissolution volumetric current density (A m− 3) 
kcracking SEI cracking rate constant (h) 
knickel,SEI effect of nickel dissolved on SEI formation rate (m2 mol− 1) 
kSEI SEI layer conductivity (S m− 1) 
LN thicknesses of the negative electrode (m) 
LP thicknesses of the positive electrode (m) 
LSep thickness of the negative electrode and the separator (m) 
M molecular weight (kg mol− 1) 
MultSEI multiplier applied to the SEI current associated with cathode nickel dissolution 
Nm MacMullin number 
r co-ordinate along particle radius (m) 
rp particle radius (m) 
x co-ordinate along thickness (m)  

Greek 
αa charge transfer coefficients for oxidation 
αc charge transfer coefficients for reduction 
εl volume fraction of the electrolyte 
εs volume fraction of the active material in the anode or cathode 
εfiller volume fraction of the binder and filler in the anode or cathode 
η overpotential (V) 
Φ potential (V) 
σeff effective conductivity (S m− 1)  

Subscript 
l liquid phase 
s solid active material 
filler binder and filler 
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