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Abstract
In this paper, we extend our previously presented lithium
ion battery model to include electrochemical aging dy-
namics, considering both calendaric and cyclic aging be-
havior. Accordingly, the Equivalent Hydraulic Model
(EHM) is augmented with side reactions for Solid Elec-
trolyte Interphase (SEI) growth and lithium plating. The
model is validated against experimental results, showing
a level of agreement that allows us to evaluate the ef-
fect of various charging and cooling strategies under real-
world duty cycles. A case study concerning a battery elec-
tric passenger vehicle that operates under changing sea-
sonal conditions illustrates the advantages of using such
a model. Results show that the vehicle thermal manage-
ment and the recharge strategy play a critical role in en-
suring a long and safe operational life. In particular, and
in agreement with the existing literature, more frequent
charges that maintain a lower average state of charge, to-
gether with a lithium plating conscious thermal manage-
ment, significantly extend battery lifetime.
Keywords: batteries, electrochemical model, aging, vehi-
cle thermal management

1 Introduction
The development and analysis of battery electric vehicles
(BEVs) in the context of degradation presents multiple
challenges. To begin with, the characterization of aging
stress factors of commercial cells is a laborious and expen-
sive task. Moreover, the real life operation of the battery
packs, including the thermal management system (TMS)
and battery management system (BMS), largely influence
the way in which the individual cells of a battery pack will
age.

Understanding the mechanisms by which the different
functional components of a cell age is crucial. Safety can
only be ensured if degradation is mitigated to the extent
that batteries do not present hazardous behavior. Some
relevant degradation mechanisms include: electrolyte de-
composition, solid electrolyte interphase (SEI) growth and
breakdown, gas evolution, overcharge, lithium plating,
overdischarge, self-discharge, loss of active material, mi-
gration of soluble species, particle fracture, mechanical
stress and structural changes (Arora, White, and Doyle

1998; Broussely 2002; Vetter et al. 2005; M. Broussely
et al. 2005; Christensen and Newman 2006). Recent stud-
ies show that both SEI growth and lithium plating con-
stitute the major drivers of aging under typical operating
conditions (Ali et al. 2023; Che et al. 2023; Schlasza et
al. 2014). Since battery degradation is caused by different
stress factors, like high currents, extreme temperatures, or
wide voltage windows, recommended limits have been de-
veloped to slow down or even avoid unnecessary damage
(Fig. 1).

Figure 1. Summary of operational limits and recommendations
for commonly used Li-ion cells (several sources)

Characterizing aging using mathematical expressions
is needed to predict the likely degradation trajectory fol-
lowed by the cell. Semi-empirical models have been pro-
posed for this task as a default option because of its lower
parametrization effort compared to physics-based mod-
els. The reader is referred to (Broussely et al. 2001;
Ploehn, Ramadass, and White 2004; J. Wang et al. 2011;
Rechkemmer et al. 2019) for different semi-empirical ap-
proaches. In general, however, these models can lump ag-
ing mechanisms unnecessarily, especially when more in-
sight is needed in order to ensure a higher level of safety
throughout the lifetime operation of the battery packs.

A novel physics-based aging model for Li-ion cells was
described in (Yang, Leng, et al. 2017), that further en-
hances the electrochemical model previously developed
by the authors (Gu and C. Wang 2000; Srinivasan and C.
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Wang 2002). The aging model is based on the assumption
that consumption of solvent and lithium plating (consid-
ered irreversible) contribute to the growth of the SEI layer,
which in turns increases the film resistance and reduces the
anode porosity. Since the aging model is applied on the so-
called Newman’s model (Marc Doyle, Fuller, and New-
man 1993), the SEI growth and the appearance of lithium
plating is spatially distributed. The model is reported to
be effective capturing cyclic aging behavior observed ex-
perimentally.The approach is valid for the whole spectrum
of C-rate and temperature when an Arrhenius dependency
is added to the set of parameters (Yang and C.-Y. Wang
2018).

In a similar fashion (Li et al. 2019) adds an aging model
on top of a reduced order electrochemical model, a further
derivation of the Single Particle Model (SPM). This re-
duced order model assumes that the diffusion of lithium
in the active material of the entire electrode can be repre-
sented by that of a characteristic spherical particle. The
spatial gradient along the thickness of the electrodes, in
the sense of concentration in solid and electrolyte phases,
is therefore neglected. For a detailed description of the
SPM and a discussion of the range of validity compared to
the Newman’s model, the reader is referred to (Chaturvedi
et al. 2010).

Building upon these and more recent development in
the area of Li-ion cells aging modeling, we have imple-
mented a low complexity aging model that extends our
previous reduced-order electrochemical mathematical de-
scription (Romero and Angerer 2023). The main feature
of our contribution is the coupling of temperature sensitive
aging dynamics, suitable for lithium plating side reactions
in cyclic conditions (under load), together with calendaric
(storage) degradation, all in a minimal implementation of
the conservation laws in these kind of cells.

The remainder of the paper is organized as follows.
First the electrochemical model with aging dynamics is
presented. Next, we briefly describe the validation results
for a particular cylindrical cell. A case study is subse-
quently introduced, and the result of the different opera-
tional alternatives analyzed. The last section is devoted to
conclusions and future work.

2 Physics-based aging model imple-
mentation

2.1 Equivalent Hydraulic Model
The EHM has been used in the literature in order to cap-
ture electrochemical dynamics with the lowest mathemat-
ical complexity, in particular for control purposes (Ro-
magnoli et al. 2017; Romero, Goldar, Couto, et al. 2019;
Goldar et al. 2020). The previous application in the Mod-
elica language was presented in (Romero, Goldar, and
Garone 2019; Romero and Angerer 2023).

The EHM considers two electrochemical states, the
bulk and surface concentration, in representative solid par-

ticles of the positive and negative electrodes. They are
normalized with the maximum concentration (cs,max) and
denoted by SOC (state of charge) and CSC (critical sur-
face concentration) respectively. If we assume that the in-
tercalation dynamics is significantly faster in one of the
electrodes (e.g. the positive), the SOC and CSC can be as-
sumed identical and a linear combination of the bulk SOC
of the other one (the negative). This assumption is needed
for observability reasons(i.e., if the internal states need to
be estimated from measured voltage and applied current,
as it is normally the case) and can be justified depending
on the chemistry and electrode design (Couto, Schorsch,
et al. 2016). The model considers current density as in-
put (I = i/Acell, where Acell is the electrode area, and i the
electrical current, positive if discharge), which allows us
to describe the dynamics independent of the cell size.

d SOCn

dt
=−γ I (1)

d CSCn

dt
=

g
β (1−β )

(SOCn −CSCn)−
γ

1−β
I (2)
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V =Up −Un +ηp −ηn − (Rcc +
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aln
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Equations 1-6, describe the dynamics of bulk and sur-
face concentration, making use of lumped parameters γ , g,
τ , and θ . They are used in the second-order Padé approx-
imation (Couto, Schorsch, et al. 2016), and the overpoten-
tial η as defined in (Chaturvedi et al. 2010). The purpose
of ρ and σ is to determine the static relationship between
the state of charge of each electrode, which is a simplifi-
cation of a more complex lithium dynamic balance. Their
values (here -0.94 and 0.92 respectively) depend on the
cell electrode design and formation process (Couto and
Kinnaert 2018).

Open circuit voltages (Up,n, dependent only on CSCp,n),
overpotentials, and the internal resistances, are used to cal-
culate the cell voltage. The previously so-called film re-
sistance is now divided into pure ohmic losses (contact
resistance, tabs and current collectors mainly, Rcc, and the
SEI layer resistance Rfilm, time-dependent, which will be
derived in the following section.

Exemplary parameters for a cylindrical 21700 Li-ion
cell with a nominal capacity of 5 Ah are included in Ta-
ble 1. Since the focus is on an EHM with fast dynamics
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in the cathode, only anode parameters are included. The
values provided are temperature or concentration indepen-
dent, except for reff, which is considered temperature de-
pendent. The exact expression cannot be disclosed, but
typically an Arrhenius relationship is used in the literature.
Unlike our previous work, now the active material volume
fraction (ε) changes in time as the battery ages. Accord-
ingly, this variation represents the so called Loss of Active
Material (LAM), and the details will be explained in the
next section. For this reason, we considered ε0 the initial
value of the variable.

Table 1. Cell model parameters

Parameter Units Value

Electrode area, Acell [m2] 0.1
Mass, mcell [kg] 0.07
Specific heat capacity, Cp,cell [J/kgK] 800
Radial conductance, Grad [W/K] 1
Particle radius, Rs [µm] 5
Electrode thickness, l [µm] 80
Diffusion coefficient, D [m2/s] 1e-15
Active material vol. fraction, ε0 % 75
Specific interfacial area, a [m2/m3] 45e3
Effective reaction rate, reff [ A

m2 (
m3

mol)
1.5] 7e-6

Maximum concentration cs,max [mol/m3] 30e3
Electrolyte concentration, ce0 [mol/m3] 1200
Ohmic resistance, Rcc [mΩm2] 0.4

The thermal model assumes lumped properties concen-
trated on the cell core, typically the warmest region dur-
ing normal operation. The thermal resistance consists of a
serial summation of convection and conduction terms (ex-
ternal and internal heat flow respectively)

mcellCp,cell
d T
dt

= i(V − (Up −Un)

+T (
∂Up

∂T
− ∂Un

∂T
))− 1

Rth
(T −Tamb)

(7)

A = π DHc Rth = (
1

4π Hc k
+

ln(Dcan/D))

2π Hc kcan
+

1
hA

)

where Rth is the thermal resistance of the lumped ther-
mal model of the cell, h is the heat transfer coefficient
w.r.t. the cooled/heated section, and

∂Up(n)
∂T define the

so called entropic heat of the positive (negative) elec-
trode (Dao and Schmitke 2015). We note here that this
model approximates the behavior of an infinite cylinder
with homogeneous heat generation. In reality, the active
cooling/heating area is limited to a portion of the total
height of the cell (assuming side cooling), while the rest
is cooled passively by natural convection typically with
the surrounding air. The cell housing conductivity is high
enough, and its thickness sufficiently small, to neglect its

contribution in the total resistance. The core to surface
conductance in radial direction can be simplified as Grad.
The entropic heat, as well as the heat transfer to the air,
can also considered to be negligible. Thus, the simplified
model can be reduced to

mcellCp,cell
d T
dt

= i(V −(Up−Un))−U A(T −Tamb), (8)

where U is the so called overall heat transfer coefficient,
which includes internal conductance and external convec-
tion terms.

2.2 Aging model
The extension of the electrochemical model is based on
the work of (Yang, Leng, et al. 2017). Our adaptation con-
siders the main assumptions:

1. Main aging mechanisms are surface film (SEI)
growth, irreversible lithium plating, and loss of ac-
tive material

2. Negligible aging in cathode material
3. Homogeneous degradation throughout the electrode

volume.

The first two assumptions are compatible with the
model described in (Yang, Leng, et al. 2017), and the last
one is required by the nature of the EHM. In their work,
two states are needed to define the accumulated aging,
namely the reacted ethylene-carbonate to form new SEI
(cSEI) and the lithium plated (cLi). This accumulation in
the form of molar concentrations (per unit volume of the
electrode) can be represented in the following differential
equations

d cSEI

dt
=− jSEI

2F
−

jlpl

F
χ (9)

d cLi

dt
=−

jlpl

F
(1−χ). (10)

where χ is considered null as in the referenced work
for simplicity. These two products form the so called SEI
layer, a surface film whose thickness is proportional to
their accumulation around the surface of the active ma-
terial particles, or in mathematical form,

δfilm =
1
a
(

cSEI MSEI

ρSEI
+

cLi MLi

ρLi
), (11)

where MSEI(Li) and ρSEI(Li) are the molar weight and
density of each aging products. The thickness of the SEI
layer defines in turns its resulting ionic resistance

Rfilm = ωSEI
δfilm

KSEI
, (12)

with ωSEI,KSEI being the volume fraction of SEI in the
film and the ionic conductivity respectively .
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At this point, we introduce the alternative approach
with respect to the work of (Yang, Leng, et al. 2017). In-
stead of assuming that the drop in porosity dominates the
aging behavior, caused by the clogging of the void frac-
tion by the SEI growth, we focus on the loss of active ma-
terial degradation mechanism. Since the EHM neglects
the transport dynamics in the electrolyte, it is not directly
affected by changes in porosity. In contrast, one could
associate the SEI buildup to the progressive isolation of
active material regions, causing an apparent loss of active
material (aLAM). This approach is similar to that found
in (Li et al. 2019), originally proposed by (Fu et al. 2015).
Accordingly, we can define the loss of active material as
the decrease in active material volume fraction (ε)

dε

dt
=−a

dδfilm

dt
, (13)

where it is explicit that the volume loss of accessible
active material is proportional to the SEI volume increase.
Equation 13 constitutes the derivative of the third aging
state variable. This approach is similar to that followed
by MapleSim’s Battery Component Library (MapleSoft
2025), where the normalized remaining capacity depends
on a cubic function of the SEI thickness. Therefore, our
solution is a compromise between empirical simplicity
and physical fidelity.

SEI growth is dominated by the concentration of
ethylene-carbonate in the SEI layer and its thickness. The
expressions found in (Yang, Leng, et al. 2017) were found
to be suitable for our model in predicting cyclic aging, the
original purpose of the model, but not calendaric aging.
Therefore, a modified version of their work is presented
here.

The volumetric current density associated to the SEI
side reaction can be expressed as:

jSEI =−aF k0,SEI cs
EC

exp
(
−

αc,SEI F
RT

(
φs −φe −

jtot

a
Rfilm −USEI

)) (14)

where jtot is the current density, k0,SEI the reaction con-
stant, and cs

EC is the concentration of EC (ethylene carbon-
ate) on the surface of the graphite (Yang, Leng, et al. 2017)
or, more precisely, in the SEI layer (Zhao, Choe, and Kee
2018). According to the former, the solvent concentration
can be computed with the following algebraic equation

−DEC
cs

EC − c0
EC

δ f ilm
=− jSEI

F
(15)

which neglects the time dependency of the diffusion
process.

The diffusion of EC is considered to be enhanced with
temperature, as remarked by (Zhao, Choe, and Kee 2018)
following the Arrhenius form

DEC = DEC,0 exp
(

Ea

R

( 1
T
− 1

Tref

))
. (16)

Most studies on physics-based aging models focus on
cyclic aging, where these are fitted to match experimen-
tal results under cyclic loading. Research shows (Jin and
Liu 2019) that it is possible to derive the calendaric aging
based on the concentration of products and reactants in the
SEI layer, an approach which may lead to a better perfor-
mance of the model, both for cyclic and calendaric aging.
We have opted for a hybrid approach, where the diffusion
of EC during storage conditions depends on the state of
charge and the temperature

DEC = kcalDEC,0 SOC exp
(
−Ea

R

( 1
T
− 1

Tref

))
, (17)

where kcal limits the increase of calendaric aging as the
SOC tends to 100% compared with the cyclic aging. The
proportionality with SOC allows to also increase the ob-
served impact of high SOC storage, which may not be
captured completely in Eq.(14). This expression has been
developed to mimic the behavior of the calendaric ag-
ing of the cell considered, but adjustments for alternative
chemistries are possible.

Lithium plating is a phenomenon that tends to take
place in the interface between anode and separator, and
the last assumption is only justified because the aim of
the aging model is mainly to capture the cycle or point in
time when lithium plating starts occurring. As indicated in
the literature (Yang, Leng, et al. 2017), as the SEI grows,
the likelihood of plating increases. Therefore, a charging
cycle that does not trigger lithium plating in a fresh cell,
may do so after certain time in operation. It will be shown,
nonetheless, that a model with homogeneous lithium plat-
ing captures the capacity loss when it takes place reason-
ably well, causing the rapid deterioration of the electrode.
According to (Yang, Leng, et al. 2017), the side reaction
current associated to lithium plating can be formulated as

jlpl =−ai0,lpl

exp
(
−

αc,lpl F
RT

(
φs −φe −

jtot

a
Rfilm −Ulpl

)) (18)

where i0,lpl is the exchange current density of the
lithium plating reaction. It should be noted that this side-
reaction is active if the anode potential drops below the
Li/Li+ equilibrium potential (Ulpl), and zero otherwise.

These equations and similar ones have been applied to
electrochemical models of Li-ion cells, including SPM (Li
et al. 2019). Since the EHM assumes constant electrolyte
concentration, and it is therefore not modeled, the overpo-
tential of reactions necessary to calculate the side reaction
currents are expressed as follows:

ηSEI =φ
−
s −φ

−
e +

jtot

a−
Rfilm −USEI =

η
−+U−(C−

ss)−USEI

(19)
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ηlpl =φ
−
s −φ

−
e +

jtot

a−
Rfilm −Ulpl =

η
−+U−(C−

ss)−Ulpl

(20)

In order to avoid side reactions, the overpotential of the
considered side reaction should always be non-negative:

ηSR = η +U(CSC)−USR ≥ 0. (21)

Table 2. Aging model parameters

Parameter Units Value

SEI growth reaction
EC content in electrolyte, cEC,0 [mol/m2] 4.5e3
Diffusion of EC, DEC [m2/s] 2e-15
Conductivity, κSEI [S/m] 5e-6
Volume fraction, ΩSEI [-] 0.01
Activation energy, Ea [J/mol] 1e4
Kinetic rate constant, k0,SEI [m/s] 1e-12
Transport coefficient, αc,SEI [kg/m3] 0.5
Molar mass, MSEI [kg/mol] 0.162
Density, ρSEI [kg/m3] 1690
Side reaction eq. potential, USEI [V] 0.4

Lithium plating reaction
Exchange current density, i0,lpl [A/m2] 1e-3
Transport coefficient, αc,lpl [kg/m3] 0.5
Molar mass, MLi [kg/mol] 6.9e-3
Density, ρLi [kg/m3] 534
Side reaction eq. potential, Ulpl [V] 0

3 Model calibration
In the first place, the chemistry and the main parameters
of the electrochemical model were determined. The cath-
ode composition is high-niquel NMC, and the anode con-
tains mainly graphite as active material, as external lab-
oratory analysis indicate. The total capacity is 5 Ah ap-
proximately, and the format is the conventional cylindri-
cal 21700 (21 mm diameter, 70 mm height). Parame-
ters concerning geometry (electrode area and thickness,
particle diameter) and weight where measured either in-
house or by an external laboratory. The active material
fraction was adjusted from a reference value borrowed
from the literature (Chen et al. 2020). Thermal behav-
ior (Cp,cell, Grad) could be adjusted from a large variety
of input-output data from experimental tests under dif-
ferent boundary conditions (free convection at room tem-
perature, controlled temperature chambers with forced air
flow, and immersion cooling). The pure ohmic resistance
was determined from ACIR (Alternating Current Internal
Resistance at high frequency). Diffusion coefficients in
the solid phase, as well as the remaining electrochemical
properties (including Up,n) were adjusted from different
literature sources or external laboratories. Values reported

(a) 50% SOC

(b) 100% SOC

Figure 2. Calendaric aging validation results

in Table 1 must be taken as exemplary, since the actual
values are are kept confidential.

The required cyclic and calendaric aging tests have
been conducted in-house to adjust the parameters of the
aging model. Exemplary values are given in Table 2 since
the actual ones cannot be disclosed. In addition, literature
data and sensitivity analyses have been used to best char-
acterize the cyclic and calendaric aging behavior. More
specifically, USEI is taken from (Zhao, Choe, and Kee
2018), while the remaining parameters were taken directly
from (Yang, Leng, et al. 2017), or adapted from this source
(mainly DEC, ΩSEI). The activation energy was directly
fitted from experimental data. Different temperature and
SOC storage conditions were used in the storage tests (Fig.
2), while different current and temperature values were
used under cycling, with emphasis on the corner cases
where lithium plating was observed (Fig. 3). The obser-
vation involved a non-linear, accelerated capacity drop, as
well as post mortem tear-down examinations. In particu-
lar, tests with CCCV charges 0.7C and 1C were chosen at
temperatures below which, according to the manufacturer,
lithium plating may occur (25°C and 35°C respectively).
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(a) 0.7C charge / 1.5C discharge (two parallel cells, blue
at 19/26°C, red at 26/31°C)

(b) 1C charge / 1.5C discharge (one single cell, blue at
22°C, red at 40°C)

Figure 3. Cyclic aging validation results at temperatures below
and above the lithium plating recommended temperature

4 Case study
In order to highlight the benefits of the model presented
above, we conducted a set of tests with varying operating
conditions that affect the rates of calendaric and cyclic ag-
ing. The target cell corresponds to cylindrical cell similar
to that described in previous sections. The full description
of the pack, which uses immersion cooling in direct con-
tact with the cells can be found in (Romero and Angerer
2023). Its size (60 kWh) is similar to that of a pack for
mid-size battery electric vehicles. Only the behavior of a
single cell is analyzed here, as though all cells would op-
erate under the same boundary conditions. In reality, the
resulting temperature spread within the pack will lead to
heterogeneous aging, but this is out of the scope of this
work.

All models described in this paper have been imple-
mented in Dymola, but compatibility with other Modelica
tools, i.e., OpenModelica, was ensured. Before describing
the boundary conditions and the case study, we introduce
two key components included in the case study simulation
template.

4.1 Thermal control
Electric vehicles use a sophisticated thermal management
system, with control algorithms set to ensure an optimal
operating temperature window. In our application, we de-
fine a hysteresis loop with immersion cooling (ON: 30°C,

OFF:25°C) and heating (ON: 10°C, OFF:15°C) that en-
sures practical operational temperatures. Sufficient ther-
mal power is assumed, with a fixed temperature source of
30°C when heating and 25°C when cooling. In addition
to the active cooling boundary, the cell model is thermally
connected to the environmental temperature. The active
thermal management guarantees around 100 W/m2K of
heat transfer. A convective overall heat transfer coefficient
to the ambient of 1 W/m2K is assumed. Both values have
been experimentally determined for the pack considered
where the cells are installed, and approximate values are
reported.

4.2 Cycler
Modelica classes have been developed to automate, in a
virtual environment, the classical laboratory performance
and cyclic aging. This includes lifetime simulations,
where a rich set of mixed protocols are linked sequen-
tially. This includes, e.g., CCCV charges and discharges,
duty cycles, capacity check cycles, and DCIR tests. The
ModelicaStateGraph2 library (Otter, Årzén, and
Dressler 2005) is used to control the cycler states, but the
building philosophy could be adapted to other similar li-
braries. An example of a custom cycler with profile input
during the discharge state (without opportunity charge) is
shown in Fig. 4. It must be noted that current, voltage or
power are assigned in the equation section in the text layer
(not shown here). The cycler variant used assumes eight
different states or steps:

1. Initial step
2. Pre-charge
3. Constant current charge
4. Constant voltage charge
5. Idle time after charge
6. Pre-discharge
7. Duty-cycle
8. Pre-opportunity charge
9. Opportunity charge

10. Idle time after discharge.

Every day, a number of duty-cycles are repeated before
and after a mid-day break, which considers a typical daily
commute, including weekend leisure usage. Charging is
allowed during nights of certain days (Wednesday, Satur-
day and Sunday) at a C-rate of 0.1C (w.r.t. nominal energy,
18 Wh), but opportunity charging below certain voltage is
also possible (0.7C w.r.t. nominal capacity, 5 Ah). The
effect on aging of these two charging possibilities is com-
pared below.

The automotive driving profile was provided by Centro
Ricerche FIAT (CRF) at cell level. The final power was
re-scaled for an equivalent battery size of 50 kWh. The
profile represents a typical WLTC with a duration of ap-
proximately 23 km and 1800 s. In the first option (light
usage), we consider it is repeated once (1xWLTC) in the
morning and once in the afternoon. In a second option
(moderate usage), we increase to 2xWLTC, morning and

A low complexity physics-based aging model for lithium ion cells with solid electrolyte … 
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Figure 4. Simple cycler with power profile discharge using
ModelicaStateGraph2

afternoon. Each of these options relate to vehicles driving
around 150 and 300 thousand kilometers within ten years
respectively.

4.3 Additional boundary conditions
Two locations are considered in our study, namely Seville
and Gothenburg. They present two extreme climatic op-
tions, represented by their ambient temperature (Fig. 5).

Figure 5. Local ambient temperatures (dry-bulb). Source:
https://pvwatts.nrel.gov/

5 Results
5.1 Night charge
We first compare different levels of usage of the battery
in Seville and Gothenburg for the night charge condition.
Results are shown in Fig. 6 including light and moderate
usage and default thermal management, as well as moder-
ate usage and higher temperature cooling.

Figure 7 present results for simulations where ther-
mal control for cooling is limited to an hysteresis loop
between 40°C (ON) and 35°C(OFF). This setup affects
mainly Seville, since Gothenburg’s temperatures seldom
reach 35°C.

(a) 2xWLTC per day

(b) 4xWLTC per day

Figure 6. Comparison between the effect of number of cycles
per day and ambient temperature

Figure 7. 4xWLTC per day, two locations, higher cooling tem-
peratures

For the case in which the lower temperature is not suffi-
ciently limited by the battery heater (i.e., hysteresis setup
5°C(ON), 10°C(OFF)), the battery may charge or regener-
ate energy in conditions close to lithium plating. We have
also considered the fact that the thermal management is
not active during the idling period, which exacerbates the
impact of low temperatures (Fig. 8).

For comparison, Fig. 9 illustrates the effect of each
charging strategy on the voltage during two consecutive
weeks. It can be seen that in both cases the anode poten-
tial drops below the lithium plating threshold.
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Figure 8. 4xWLTC per day, Gothenburg, lower heating temper-
ature

Figure 9. Cell voltage and anode potential considering night
and opportunity charge options

5.2 Frequent charges at medium SOC
Finally, we present the results for the case in which the
battery is allowed to recharge on-demand if the cell volt-
age drops below 3.6V, which leads to a lower DOD at
lower SOC as in the previous case. As shown in Fig. 10,
the opportunity charge can extend the life of the battery
by over 400 days compared to night charge for the same
SOH. This is so because the cell remains at a higher SOC
for longer time than in the opportunity-charge strategy.

To minimize aging, as the literature indicates and we
have seen in simulation, charging voltages and DOD
should be selected as a function of the available charg-
ing locations and times, the daily usage, etc. We have
discussed two cities with opposite climatic conditions. It
is expected that locations with milder temperatures will
require less energy for the thermal management (heater,
chiller, etc.) and will result in intermediate SOH trajec-
tories, assuming that the protection against plating is en-
sured.

Figure 10. Remaining capacity results considering night and
opportunity charge options

6 Conclusions and future work
Aging of lithium ion batteries is a complex and challeng-
ing research area, and affects the safety and economics of
electrification. This is of special importance in transporta-
tion electrification, where the multi-physics approach al-
lows us to explore the effect of driving patterns, charging
strategies, weather conditions and, more importantly, the
particular aging dynamics of every cell chemistry.

Since full order electrochemical models with aging are
computationally expensive and difficult to parameterize,
we propose a reduced order model with SEI growth and
lithium plating dynamics. The fitting effort is lower for the
typical set of calendaric and cyclic tests, and conservative
margins can be added to deal with parameter uncertainty
and model limitations to better describe operational limits.
As an example, we simulated different charging and ther-
mal management strategies. Results show that lower tem-
peratures and more frequent charging that reduce DOD
and average SOC are beneficial, provided that anode po-
tentials can be kept above the lithium plating onset.

Ongoing efforts are focused on improving the fidelity of
the EHM, which involves an extension to cover electrolyte
concentration dynamics (EHMe), as well as a P2D version
with minimal discretization complexity to compare the in-
fluence of model inaccuracies. Additionally, experimental
tests are currently being conducted to verify the simulated
results presented.
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