
Journal of Energy Storage 39 (2021) 102648

Available online 17 May 2021
2352-152X/© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Analyzing and mitigating battery ageing by self-heating through a coupled 
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A B S T R A C T   

An integrated battery model is constructed by coupling a three-dimensional electrochemical model with a two- 
dimensional axisymmetric heat transfer model, and implemented for simulation of the thermal behavior in a 
21,700-type cylindrical cell, comprising a graphite/LiNi0.8Co0.15Al0.05O2 chemistry. The electrochemical model 
is based on the disassembled battery structure and considers the temperature-dependent ageing kinetics induced 
by solid electrolyte interphase (SEI) formation and metallic Li plating. Compared with a classic pseudo-2D (P2D) 
model, the proposed model provides better fitting results for both battery electrochemical and thermal prop-
erties. The simulation results show battery surface temperatures can reach up to 80 ◦C and 110 ◦C for discharge 
rates of 3C and 4C, respectively. By applying appropriate cooling liquids, this surface temperature increase can 
be efficiently controlled and the core temperature will be correspondingly reduced, while the internal temper-
ature gradient remains the same. It is primarily the improvement of thermal conductivity in radial direction 
which can reduce differences between core and surface temperature. Moreover, the model is able to characterize 
accelerated ageing kinetics caused by battery self-heating during operation. The results show that the capacity of 
the investigated battery decreases to 80% after 500 cycles, which is in good agreement with commercial 
specifications.   

1. Introduction 

Li-ion batteries have been exploited as energy and power sources in 
several different kinds of electric devices, with recent years experiencing 
an accelerated growth in particular for the market volume of batteries 
for electric vehicles (EVs) due to their excellent performance and 
economical and environmental superiorities over other candidates [1, 
2]. However, the practical utilization of EV LiBs is still confronted with 
great challenges due to overheating and thermal runaway [3,4] if 
operated improperly. Operations outside of the optimal thermal window 
of LiBs also cause rapid battery ageing, thereby causing large energy 
costs due to extensive cooling [5,6]. For instance, charging/discharging 
LiBs with high voltage or current may generate production of heat, and if 
not reallocated efficiently, the battery temperature would increase. This 
may lead to battery capacity fade because of degradation of the cathode 
and accelerated solid electrolyte interphase (SEI) film growth on the 

anode [7–9]. If the temperature increase further, fire and explosion may 
occur [3,10]. Therefore, monitor and control of thermal behavior in LiBs 
is crucial, not only for improving battery performance but also for 
guaranteeing their usage safety. 

While numerous studies have analyzed battery heating through a 
range of measurement techniques, the general experience is that it is 
difficult to experimentally capture the in-situ thermal behavior of a 
battery, especially for the core domain where the highest temperatures 
normally appear [11,12]. In this context, numerical modeling and 
simulation, which has seen a large development during the last decade, 
is by comparison more economic and convenient to obtain a quantitative 
description of battery properties. These electrochemical cell models, 
often applying finite element methodology (FEM), are getting increas-
ingly advanced and better in capturing a range of battery properties and 
how these are correlated [13,14]. Plenty of work has been done to 
investigate the interaction of the battery electrochemical and thermal 
process in operando by establishing coupled electrochemical-thermal 
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models [15–22]. Such models allow simulating battery behavior based 
on the physical properties of the system - such as thermodynamics, re-
action kinetics and transient mass transport - as opposed to simplified 
circuit elements representing these processes. 

The most well-known and widely used physical model of LiBs was 
first proposed by J. Newman [23], and further developed by M. Doyle 
[24,25]. In this model, mass transport in the electrolyte of the porous 
electrode was defined by concentrated solution theory, and the porous 
electrode was simplified by a macrohomogeneous model with a pseudo 
dimension in the radial direction of the electrode particles to describe Li 
diffusion in the solid electrode phase. Thus, this model is commonly 
referred to as a ‘pseudo two-dimensional’ (P2D) model. 

Basically, most of the existing FEM electrochemical-thermal models 
– both commercial and non-commercial – has been built by using this 
P2D model, which are to simulate the electrochemical kinetics and es-
timate how much heat that is generated [26–28]. Thereafter, this heat is 
used as input for the two-dimensional (2D) or three-dimensional (3D) 
thermal model to calculate the battery temperature distribution 
[29–33]. By this approach, however, the non-uniformities of the battery 
and effects of current flow within the electrode plane are ignored. This 
approximation might be reasonable for small-scale batteries of simplistic 
design, but should be used with caution for large scale batteries where 
often the global geometry is non-planar. This is especially true for 

cylindrical cells, which are manufactured by winding a long thin elec-
trode assembly film to obtain a relatively large active area-to-volume 
ratio [34,35]. Since a cylindrical cell normally has only one pair of 
tabs, the current flows a considerable distance before it is collected in 
the other tab, which naturally cause a potential drop over the cell. From 
a thermal management point of view, this will result in a certain heat 
generated from electronic resistance of the current collectors. Since the 
structure of a cylindrical cell is somewhat complex, a fully coupled 3D 
electrochemical-thermal model become resource and time consuming. 
Thereby, these effects of the current collector in-plane resistance have 
rarely been analyzed computationally for cylindrical cells. 

Moreover, a direct result of the temperature increase is that the 
battery ageing is accelerated [4,8,36–38]. In the large literature on 
experimental and modeling of battery ageing, however, most studies 
have been conducted by applying a fixed external temperature [9,37,39, 
40] instead of studying the in-situ effect from the self-heating of the cell. 
Therefore, in this study, we established a more comprehensive model for 
a commercial cylindrical cell by coupling a 3D electrochemical model 
with a 2D axisymmetric heat transfer model. The electrochemical model 
is based on the disassembled cell structure, and takes the 
temperature-dependent ageing kinetics into account. This coupled 
model can thereby not only analyze the thermal behavior of the cell, but 
can also manage to interpret and predict the battery ageing behavior 

Nomenclature 

cs/l Active specie concentration [mol⋅m-3] 
Ds/l Diffusion coefficient of active species [m2⋅s-1] 
t+ Transport number 
f± Electrolyte activity coefficient 
rpneg/pos Particle radius [µm] 
Sa Specific area of the porous electrode [1/cm] 
d0 Initial thickness of SEI layer [nm] 
Δd Thickness change of SEI layer [nm] 
PSEI Reduction product of SEI formation reaction 
il Current density in the electrolyte [A/m2] 
jLi Current density of Li de/intercalation [A/m2] 
Cp Thermal capacity [J⋅kg-1K-1] 
kT Thermal conductivity [W⋅m-1K-1] 
Qohm Ohmic heat [J/m3] 
Qact Activation polarization heat [J/m3] 
Qreact Reaction heat [J/m3] 
T Temperature [K] 
Tamb Ambient temperature [K] 
h Heat transfer coefficient [W⋅m-2 K-1] 
iF Faradic current [A/m2] 
i0 Exchange current density [A/m2] 
iF,SEI Faradic current for SEI formation [A/m2] 
ilim Limiting current density caused by electron transport 

across SEI layer [A/m2] 
De SEI Diffusion coefficient of electron transport in SEI layer 

[m2⋅s-1] 
iform,SEI SEI formation rate [A/m2] 
iform,Li Metallic Li formation rate [A/m2] 
Eeq Equilibrium potential [V] 
Kneg/pos Reaction rate constant of Li de/intercalation 
KSEI Reaction rate constant for SEI formation [m⋅s-1] 
KLi Reaction rate constant for Li plating [m⋅s-1] 
EDs,neg/pos

a Activation energy for Li diffusion coefficient in solid phase 
[J/mol] 

EDl
a Activation energy for Li diffusion coefficient in electrolyte 

[J/mol] 

Eκl
a Activation energy for electrolyte conductivity [J/mol] 

Ef±
a Activation energy for electrolyte activity coefficient [J/ 

mol] 
Ea,SEI Activation energy for reaction rate constant of SEI 

formation [J/mol] 
EDe SEI

a Activation energy for diffusion coefficient of electron in 
SEI phase [J/mol] 

Ea,Li Activation energy for reaction rate constant of Li plating 
[J/mol] 

Subscripts 
s/l Solid/liquid phase 
eff Effective parameters modified for porous electrode 
SEI SEI formation related kinetic parameters 
Li Li plating related kinetic parameters 
neg Negative electrode 
sep Separator 
pos Positive electrode 
neg_cc Negative current collector 
ang, r Angular and radial direction in cylindrical coordinate 

system 
amb Ambient 
F Faradic current 
ref Reference 
max Maximum 
eq Equilibrium 

Superscripts 
Li Li de/intercalation 

Greek symbols 
εs/l Volume fraction 
ϕs/l Electric potential [V] 
σs Electric conductivity of solid phase [S⋅m-1] 
κl Electrolyte ionic conductivity [S⋅m-1] 
αa/c Anodic/cathodic transfer coefficient 
ΔϕSEI Potential drop over SEI layer [V] 
η Overpotential [V] 
ρ Density [kg⋅m-3]  
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caused by self-heating. 

2. Model development 

Compared with standard 18,650-type cylindrical Li-ion batteries, the 
21,700-format is approaching to become a new standard, owing to its 
higher energy content and lower production cost [41]. However, ac-
cording to J. B. Quinn et al. [34], thermal management of 21,700 cells is 
more challenging than 18,650 type cells due to both a larger 
volume-to-surface ratio and a larger active-to-non-active material ratio. 
For studies of thermal development, a model implemented for 21, 
700-type batteries is therefore more interesting. Moreover, such a 
model will be especially beneficial for providing the necessary infor-
mation for development of a relevant BTMS (battery thermal manage-
ment system) in the real applications. 

2.1. Overview of the coupled model 

The disassembled structure of a 21,700-type commercial battery 
employing a NCA (LiNi0.8Co0.15Al0.05O2) cathode and a graphite anode 
is shown in Fig. 1. The length of the unrolled electrode assembly film is 
around 1 meter, and this battery only has one pair of tabs. The same 
electrode composition and the properties of electrolyte LiPF6 in 3:7 EC: 
EMC are used in the model. The geometrical parameters used, i.e., the 
thickness of different layers, are obtained from analysis of opened 
commercial cells. The battery design specification and relevant physical 
properties used in the model are summarized in Table 1. 

Fig. 1 also shows a schematic diagram of the integrated model by 
coupling a 3D (three-dimensional) electrochemical model with a 2D 
(two-dimensional) axisymmetric heat transfer model. One advantage of 
the 3D electrochemical model is that the effect of tab positions, i.e., the 
current flow distribution in the current collectors, can be realistically 
considered. This effect will be discussed more later. 

The detailed anode structure depicted in Fig. 1 illustrates how the 
ageing behavior considered in the model is induced through SEI for-
mation and metallic Li plating on the surface of the graphite particles. 
These ageing effects can be integrated into the 3D electrochemical 
model by changing the electrode kinetics of the anode. Heat (Qh) 
generated from the cell can then be calculated from the 3D electro-
chemical model under different cell operation conditions. The volume 
average of the calculated heat is thereafter used as input for the 2D heat 
transfer model, and temperature distributions across the cylindrical 
domain can be calculated accordingly. The temperature calculated from 
the heat transfer model is averaged over the entire domain, and then 
reversely used as input for the electrochemical model in the calculation 
during the subsequent time step. Heat and temperature values are 
transferred for all of the following time steps, thereby coupling the two 
models. Since most of the dynamic processes in the electrochemical 
model – for instance, diffusivity of species, conductivity of materials, 
electrochemical reaction rates and ageing kinetics – are temperature 
dependent, this model manages to address the effects of self-heating on 
the cell kinetics. 

2.2. Governing equations 

The mathematical description of the coupled electrochemical- 
thermal model is founded on three principles: mass conservation, 
charge conservation and energy conservation. 

2.2.1. Mass conservation equations 
The mass transport of intercalated Li in the active solid particles can 

be described by Fick’s second law [28] using spherical coordinates: 

∂cs

∂t
=

1
r2

∂
∂r

(

Ds
r2∂cs

∂r

)

(1)  

Fig. 1. Disassembled structures of the cylindrical cell (top two), and the schematic diagram of the coupling between the three-dimensional electrochemical model 
(bottom left) and two-dimensional axisymmetric heat transfer model (bottom right). 
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where t is the time, r is the pseudo radial coordinate along the active 
spherical particle, and cs and Ds are the concentration and diffusion 
coefficients, respectively, of intercalated Li in the solid phase. Boundary 
conditions at the center and surface of the particles can be described by 

−
∂cs

∂r
|r=0 = 0 (2)  

− Ds
∂cs

∂r
|r=rp =

Sa × jLi

F
(3)  

where Sa = 3 × εs/Rs is the specific area of the porous electrode and jLi is 
the current density generated by Li intercalation/deintercalation at the 
surface of active particles. 

Mass conservation of Li-ions in the liquid phase follows the 
concentrated electrolyte theory [28]. Assuming the electrolyte being a 
binary system, both diffusion and migration can change the local Li-ion 
concentration: 

εl
∂cl

∂t
= ∇⋅

(
Dl,eff∇cl

)
−

il⋅∇t+
F

+ Rsource (4)  

where cl and Dl,eff is the Li-ion concentration and effective diffusion 
coefficient in the electrolyte, and il is the current density in the elec-
trolyte. Rsource is the source or sink of Li-ion caused by different reactions, 
including Li intercalation/deintercalation and Li-ion involved side re-
actions. Since there is no Li-ion source or sink on the interface between 
current collectors and active material, the corresponding boundary 
conditions there can be written as: 

∂cl

∂x
|x=Lneg cc

2
= 0 (5)  

∂cl

∂x
|x=Lneg cc

2 +Lneg+Lsep+Lpos
= 0 (6)  

2.2.2. Charge conservation equations 
Charge conservation in the solid electrode materials follows Ohm’s 

law [28], which can be described by 

∇⋅
(
− σs,eff∇ϕs

)
= − SajLi (7)  

σs,eff is the effective conductivity of the solid phase and ϕs is its potential. 

The value of the potential is arbitrarily set to zero at the end surface of 
the negative tab with a grounded condition. The charge or discharge 
current is then applied at the end surface of positive tab. 

In the electrolyte, charge conservation can be derived from mass 
transport of charged species in the electrolyte [28] as: 

il = κl, eff

(

− ∇ϕl +
2RT

F

(

1+
∂lnf±
∂lncl

)

(1 − t+)∇(lncl)

)

(8)  

where κl, eff is the effective conductivity, f± is the electrolyte activity 
coefficient and t+ is the transference number for the Li-ions. The 
external surface of the current collectors are assumed to be insulating. 

2.2.3. Energy conservation equations 
During operation, there are three different kinds of main heat sources 

in Li-ion batteries: ohmic heat (Qohm), activation polarization heat (Qact), 
and reaction heat (Qreact) [42]. The total energy conservation of a battery 
can be written as: 

ρCp
∂T
∂t

= ∇⋅∇(kT T) + Qohm + Qact + Qreact (9)  

where ρ, Cp, kT are density, thermal capacity and thermal conductivity 
of materials in the corresponding calculation domains, respectively. In 
this model, the outer container (steel), core (nylon), and the active 
electrode domain (jelly roll) are considered. Among these, the active 
jelly-roll is assumed to be a uniform domain with anisotropic thermal 
conductivity, which can be calculated by lumping properties of different 
layers in parallel (kT, ang) or in series (kT, r) [15]. The three different 
kinds of heat source can be calculated as follows: 

Qohm = σs,eff∇ϕs
2 + κl, eff

(

∇ϕl
2 +

2RT
F

(

1+
∂lnf±
∂lncl

)

(1 − t+)∇cl∇ϕl

)

+ SaFilΔϕSEI (10)  

Qact = SajLiη (11)  

Qreact = SajLiT
∂U
∂T

(12)  

where the first term of Eq. (10) is ohmic heat generated from electronic 

Table 1 
Battery design specification and physical properties used in the model.  

Parameters Negative electrode Positive electrode Separator Cu foil (neg cc) Al foil (pos cc) 

Design specification 
Thickness, L (µm) m 75 60 10 10 20 
Particle radius, R (µm) m 2.5 0.25 –   
Porosity, εl 

e 0.4 0.25 0.37   
Bruggeman coefficient e 1.5 2 3   
Length of unrolled battery assembly, Wcell (cm) m 100 
Battery height, Hcell (mm) m 70 
Battery radius, Rcell (mm) m 10.3 
Mandrel radius, Rmandrel (mm) m 0.5 
Thickness of out can, dcan (mm) m 0.2 
Tab height, Htab (cm) m 1 
Tab width, Wtab (cm) m 1 

Li concentration 
Electrolyte concentration, cl (mol⋅m-3) c 1200 1200 1200   
Initial solid concentration, cs,initial (mol⋅m-3) 28,482 11,328 –   
Maximum solid concentration, cs,max (mol⋅m-3) c 35,603 56,640 –   

Physical properties 
Electrical conductivity, σ (S⋅m-1) c 100 91 – 6.00×107 3.78×107 

Thermal conductivity, kT (W⋅m-1K-1)) [27] 1.04 1.48 0.344 400 238 
Density, ρ (kg⋅m-3) [27] 2660 1500 1009 8960 2700 
Thermal capacity, Cp (J⋅kg-1K-1)) [27] 1437 1269 1978 385 900  

m measured from experiment. 
e estimated. 
c from COMSOL material database. 
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conduction processes occurring in all solid phases, the second term is 
heat generated from ionic conduction process occurring in the liquid 
phase, and the third term is heat generated from the SEI film resistance. 
Cooling conditions applied on the surface of the outer container is 
defined as: 

− kT,out⋅∇T = h(T − Tamb) (13)  

where kT,out is the thermal conductivity of the outer container, h is its 
heat transfer coefficient to the environment and Tamb is the ambient 
temperature. 

2.3. Electrochemical reaction kinetics 

Ageing behavior induced by SEI formation and metallic Li plating on 
the surface of graphite particles were considered in the electrochemical 
model. Therefore, in addition to the desired Li intercalation and dein-
tercalation, there are two more reactions consuming cyclable Li, and 
both of these reactions are assumed to proceed along with the electro-
chemical activity. 

2.3.1. Li intercalation and deintercalation 
The reaction rate of the conventional intercalation and dein-

tercalation (reaction 14) can be calculated by Butler-Volmer equation 
(Eq. (15)): 

Li+ + θs + e− ↔ Liθs (14)  

iF = i0

(

exp
(

αaFη
RT

)

− exp
(
− αcFη

RT

))

(15)  

i0 = cs,ref ⋅FKneg/pos

(
cs, max − cs

cs, max − cs,ref

)αa( cs

cs, ref

)αc( cl

cl, ref

)αa

(16)  

η = ϕs − ϕl − Eeq(cs, T) − Δϕs, film (17) 

In Eq. (15), the exchange current density i0 can be calculated by Eq. 
(16). η is the overpotential, and can be calculated by Eq. (17), in which 
the potential drop, Δϕs, film is caused by surface resistance of the side 
reaction product film. 

2.3.2. SEI formation 
SEI formation is here assumed to be an electrochemical reduction of 

the electrolyte, described by reaction 18 where S is the electrolyte sol-
vent reactant and PSEI is the reduction product. This product precipitates 
on the surface of the graphite particles, forming the SEI layer. The re-
action rate of SEI formation can be calculated according to the cathodic 
Tafel Eq. (19), in which KSEI is the reaction rate constant. An Arrhenius 
equation (Eq. (20)) is used to simulate the temperature-dependent 
kinetics. 

S + Li+ + e− →PSEI (18)  

iF,SEI = − nFKSEICO
(1− α)CR

α⋅
Cl

Cl,0
⋅exp

(

−
0.5Fη

RT

)

(19)  

KSEI = kSEI ⋅exp
(

−
Ea,SEI

RT

)

(20) 

Moreover, it is widely accepted that SEI formation is limited by mass 
transport of species across the SEI layer [43–45]. Considering that the 
transport of electrolyte molecular species is more difficult than electron 
transport, the SEI growth is here assumed to occur on the interface be-
tween SEI layer and electrolyte, i.e., towards the electrolyte. The growth 
rate is then limited by transport of electrons across the SEI layer [46]. 
The limiting current density can be calculated by Eq. (21), in which 
De SEI is the diffusion coefficient of electrons in the SEI phase, which in 
turn can be calculated by Eq. (22). By using this Arrhenius format 

equation, the effect of temperature can be integrated into the SEI for-
mation kinetics. The final formation rate of the SEI is then calculated by 
Eq. (23). The SEI formation model used here is similar to that imple-
mented by Wikner [47]. 

ilim = −
Cl⋅De SEI ⋅F

d0 + Δd
(21)  

De SEI = 1 × 10− 19 × exp
[

30000
8.314

×

(
1

Tref
−

1
T

)]

(22)  

iform,SEI =
iF,SEI

1 +
iF,SEI
ilim

=
iF,SEI

ilim + iF,SEI
× ilim (23)  

2.3.3. Metallic li plating 
Metallic Li plating, shown in reaction 24, is assumed to be a kineti-

cally limited electrochemical process [14,48,49]. Different from reac-
tion 14, there is no free site needed for Li intercalation here. The 
formation rate of metallic Li can also be calculated by a cathodic Tafel 
equation, shown as Eq. (25). KLi here is the rate constant and also has the 
format of the Arrhenius Eq. (26), taking the effect of temperature into 
account. 

Li+ + e− ↔ Li (24)  

iform,Li = iF,Li = − nFKLiCO
(1− α)CR

α⋅exp
(

−
0.5Fη

RT

)

(25)  

KLi = kLi⋅exp
(

−
Ea,Li

RT

)

(26) 

All the three electrochemical reactions described above occur in 
parallel and simultaneously on the surface of graphite particles, 
competing for the Li in the system. SEI formation and Li plating are 
assumed to occur only during charging. Consumption of cyclable Li 
caused by side reactions will lead to battery capacity fade, as well as the 
formed SEI layer increases the potential drop over the electrode inter-
face. Both of these aspects lead to ageing of the battery. The dynamic 
parameters used to describe abovementioned electrochemical reactions 
are depicted in Table 2. 

2.4. Numeric simulations 

Numeric simulations were done using commercial software, COM-
SOL Multiphysics® version 5.5. A direct time-dependent solver of 
PARDISO was used to obtain the numeric solution. Mesh independency 
test showed that the simulation results converge with results after mesh 
refinement. The mesh used in this study is thus fine enough to obtain 
convergent results. The built-in material database of COMSOL provides 
the material properties, e.g., equilibrium potentials and entropy co-
efficients as function of state-of-charge (SOC). Temperature-dependent 

Table 2 
Parameters used to describe the reaction kinetics.  

Parameters Value 

Reaction rate constant for Li de/intercalation, kneg (m⋅s-1) [47] 2 × 10–11 

Reaction rate constant for Li de/intercalation, kpos (m⋅s-1) [47] 5 × 10–10 

Anodic/cathodic transfer coefficient for Li de/intercalation, αa/c [47]  0.5 
Conductivity of SEI layer, σSEI (S⋅m-1) [43] 5 × 10–6 

Initial thickness of SEI layer, d0 (nm) [47] 3 
Equilibrium potential for SEI formation, Eeq_SEI (V vs. Li/Li+) [47] 0.4 
Anodic/cathodic transfer coefficient for SEI formation, αa/c, SEI [47]  0.5 
Molar mass of SEI, MSEI (g⋅mol-1) [43] 160 
Density of SEI, ρSEI (kg⋅m-3) [43] 1600 
Equilibrium potential for Li plating, Eeq_Li (V vs. Li/Li+) [43] 0 
Anodic/cathodic transfer coefficient for Li plating, αa/c, Li [43]  0.5 
Molar mass of Li, MLi (g⋅mol-1) [43] 6.941 
Density of Li, ρLi (kg⋅m-3) [43] 534  
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variables used in the model are summarized in Table 3. 
In the following, results from two types of measurements and sim-

ulations will be discussed. Firstly, the model validation and thermal 
behavior will be illustrated based on experiment and simulation results 
of a single discharge process. Furthermore, a long-term cycling process 
was simulated to obtain relevant ageing characteristics. Considering 
that a commercial battery typically needs many cycles to show any 
prominent capacity fade, and the incremental differences between two 
cycles are very small. In the long-term cycling simulation here, every 
simulated cycle was assumed to represent an average aging behavior for 
a larger number of cycles, referred to as t factor. Furthermore, the model 
assumes that over one complete cycle, all lithium captured in the SEI 
layer or metallic Li layer is associated with a corresponding loss at the 
negative electrode. The capacity loss can then be accelerated by 
rewriting the stoichiometry of the SEI forming reaction (Eq. (18)) and Li 
plating reaction (Eq. (24)) respectively as: 

t factor × S + Li+ + e− +
(
t factor − 1

)
× Liθs→t factor × PSEI (27)  

Li+ + e− +
(
t factor − 1

)
× Liθs→t factor × Li (28) 

In this study, t factor is set to 100. By doing so, the amount of SEI and 
metallic Li formed during one modelled cycle represents the amount 
formed during 100 real cycles, thereby making long-term simulations 
possible to conduct within a realistic time-frame. 

3. Model validation and parameters 

3.1. Model validation 

To validate the model established above, single discharge processes 
under different C rates were simulated. C-rate is a measure of the rate at 
which a battery is charged or discharged relative to its nominal capacity. 
A 1C rate means that the charge or discharge current will deliver the 
entire nominal capacity of the battery in 1 hour. Herein the simulations 
are implemented based on a commercial high energy 21,700 battery 
with a rated discharge capacity of 4.75 Ah at 1C; the cutoff voltages 
being 2.5 V for discharge and 4.2 V for charge, and nominal voltage is 
3.6 V. The experimental results used for validation were taken from 
literature [34]. 

Fig. 2 shows a comparison of discharge voltage and surface tem-
perature profiles between simulations and experimental results. In Fig. 2 
(a), discharge was conducted at different C rates (0.1C, 1C, 2C, 3C, 4C). 
As can be seen, and as expected, the voltage drops faster and has a lower 
average value at higher C rates. The simulated discharge curves are well 
consistent with experimental data for all investigated C rates. In Fig. 2 
(b), the measured surface temperature at 1C, 2C, 3C, 4C are compared 
with simulated results, and the main trend of the temperature increase is 
likewise consistent. Therefore, it can be concluded that the model 
relatively accurately mimics the electrochemical and thermal properties 
of the investigated battery. 

It should be noticed that the discharge experiments were stopped 
automatically after the battery temperature reached 65 ◦C, higher than 
the top recommended temperature for the corresponding commercial 
cell (60 ◦C). As a result, the experimental curves in Fig. 2 are incomplete 
at discharge rates higher than 2C. Since our aim is to know if the battery 
temperature can be controlled efficiently by applying extra cooling 
conditions, simulation results under higher discharge rates can provide 
valuable information for cooling strategy design and relevant BTMS 
development. This will be discussed more extensively in the result 
section. 

3.2. Comparison with P2D model 

In the most widely used P2D model, the battery structure is assumed 
to be 1D, and an extra dimension is defined in the radial direction of the 
active electrode particles to describe the Li diffusion in the solid phase. 
This dimension is thus not built explicitly into the model, but alterna-
tively by defining a value at different electrode thicknesses, allowing for 
variation of SOC at the corresponding positions. As shown in Fig. 3(a), 
with the assumption of a 1D battery structure, the current density is 
regarded to be distributed uniformly and vertically to the surface of the 
electrode. This means that the current flow within the electrode surface 
is ignored. In simulations of pouch cells or cylindrical cells with multiple 
tabs, this would not cause large errors, because the current flow does not 
experience a long distance within the electrode surface. In the present 
work, however, the large battery radius of the 21,700-type corresponds 
to a large set of spirals, and the length of the unrolled electrode assembly 
is therefore longer (ca. 1 meter), even if compared to the classic 18,650- 

Table 3 
Temperature-dependent variables and relevant parameters used in the simulation.  

Variables Temperature-dependent expression Relevant parameters(activation energy) 

Li diffusion coefficient in the negative electrode, Ds, neg (m2⋅s-1) c  

Ds, neg = 1.4532× 10− 13 × exp

(

−
EDs,neg

a

R

(
1
T
−

1
Tref

))
EDs,neg

a = 68026 [J /mol]

Li diffusion coefficient in the positive electrode, Ds, pos (m2⋅s-1) c  

Ds, pos = 1× 10− 14 × exp

(

−
EDs, pos

a

R

(
1
T
−

1
Tref

))
EDs, pos

a = 20000 [J /mol]

Li diffusion coefficient in the electrolyte, Dl (m2⋅s-1) c  

Dl = Dl, int

(
cl

1[mol/m3]

)

× exp
(

−
EDl

a
R

(
1
T
−

1
Tref

))
EDl

a = 16500 [J /mol]

Electrolyte ionic conductivity, κl (S⋅m-1) c  
κl = κl, int

(
cl

1[mol/m3]

)

× exp
(

−
Eκl

a
R

(
1
T
−

1
Tref

))
Eκl

a = 4000 [J /mol]

Electrolyte activity coefficient, f± c  

f± = f±, int

(
cl

1[mol/m3]

)

× exp

(

−
Ef±

a

R

(
1
T
−

1
Tref

))
Ef±

a = − 1000 [J /mol]

Reaction rate constant for SEI formation, KSEI (m⋅s-1) [47]  
KSEI = 9.58× 10− 4 × exp

(

−
Ea,SEI

RT

)
Ea,SEI = − 15700[J /mol]

Diffusion coefficient of electrons in the SEI phase, De SEI (m2⋅s-1) e  

De SEI = 1× 10− 19 × exp

[

−
EDe SEI

a
R

×

(
1
T
−

1
Tref

)] EDe SEI
a = 30000[J /mol]

Reaction rate constant for metallic Li plating, KLi (m⋅s-1) [14]  
KLi = 5× 10− 5 × exp

(

−
Ea,Li

RT

)
Ea,Li = − 5001[J /mol]

Universal gas constant, R (J⋅mol-1K-1) 8.314 
Reference temperature, Tref (K)  293.15  

c from COMSOL material database. 
e estimated. 

L. Yin et al.                                                                                                                                                                                                                                      



Journal of Energy Storage 39 (2021) 102648

7

type cells. Moreover, according to Fig. 1, the investigated cylindrical cell 
only has two tabs, and the distance between them is ca. 700 mm. This 
may cause large errors if the in-plane resistance of the current collectors 
is ignored, as done in the P2D model. 

Fig. 3 shows a comparison between experimental and simulation 
results obtained using a P2D model coupled with the same 2D axisym-
metric thermal model. All the parameters used in this P2D model are the 
same as for the 3D disassembled cylindrical cell model introduced 
before. It can be seen that both the discharge voltage and the surface 
temperature profile show large divergences between experiments and 
simulations. This can be interpreted as an effect of ignoring the in-plane 
resistance of the current collectors, which leads to an underestimation of 
the potential drop during discharge. Furthermore, the ohmic heat 
generated from this resistance is also ignored, leading to larger errors in 

the temperature prediction. 
To gain a deeper insight into these results, the percentage of heat 

generated from different layers was calculated for 1C and 3C discharge 
rates using the P2D and 3D electrochemical models respectively; see 
Fig. 4. Since in-plane current flow is ignored for the P2D model (Fig. 4(a) 
and (b)), the heat generated from two current collectors are very small, 
with a percentage value close to zero also at 3C. In comparison, while 
the 3D electrochemical model display that the two porous electrodes 
(negative and positive) contribute to most of the heat (~60–70 % at 1C 
and ~50–60 % at 3C), the current collectors contribute significantly to 
the generated heat: ~20–30 % at 1C and ~30–40 % at 3C. Thereby, it 
can be expected that the ignorance of contribution from current col-
lectors, as done in P2D model, will cause large error, at least for the cell 
type under investigation here. 

Fig. 2. Comparison of (a) discharge voltage and (b) surface temperature profile between simulation and experimental results at different discharge rates for the 
coupled 3D electrochemical and 2D axisymmetric heat transfer model. 

Fig. 3. (a) schematic of P2D electrochemical model, Comparison of (b) discharge voltage and (c) surface temperature profile between simulation and experimental 
results at different discharge rates by using the coupled P2D electrochemical and 2D axisymmetric heat transfer model. 
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4. Results and discussion 

4.1. Thermal behavior using cooling liquid 

As discussed in Section 3.1, the battery surface temperature can 
reach much higher values than the specified top operation temperature 
(60 ◦C) at high C rates. According to the simulation results in Fig. 2, the 
surface temperature can reach 80 ◦C and 110 ◦C at 3C and 4C discharge 
rates, respectively, if the current is extracted without any interruption. If 
it is desired to use the battery at such a high discharge rate, an appro-
priate cooling strategy is necessary for the sake of safety. Various cooling 
options may be expressed in general terms by the heat transfer coeffi-
cient at the surface of the battery cell. Specifically, this refers to the 
constant h in the electrochemical-thermal model, which is used to define 
the heat transfer rate (Eq. (13)). If the cell is operated in still air, only 
natural convection and thermal radiation will remove heat from the 
surface of the cell. The heat transfer coefficient is then limited to 
approximately h = 5 W⋅m-2 K-1 [4]. Air cooling by means of mechanical 
fans and air ducts will increase the heat transfer coefficient upto around 
20 W⋅m-2 K-1 [4,15,50]. Cooling by means of liquids can in this context 
be a far more efficient way to remove heat. While such technologies can 
achieve a heat transfer coefficient of 500–1000 W⋅m-2 K-1 or more, 
conventional cooling liquids are often electrically conducting and 
therefore have to be physically separated from the electrical potential of 
the battery cell [51]. With electrically isolating (dielectric) liquids, 
however, the need for extra cooling channels is eliminated since the 
liquid can be brought in direct contact with the cells and electrical 

conductors in the battery pack. Dielectric liquids generally provide a 
lower heat transfer coefficient around 100–200 W⋅m-2 K-1 [52], but the 
heat transfer is on the other hand achieved on the entire area of the 
battery cell. 

In this study, two different types of dielectric cooling liquid, PFC 
(PerFluoroCarbons) and PAO (PolyAlphaOlefin), providing h around 
100 and 200 W⋅m-2 K-1 respectively, were choose to investigate the 
cooling efficiency. The model is considered a first step towards estab-
lishment of a comprehensive model for a high density battery pack. 
Fig. 5(a) shows the experimental setup for a thermal measurement 
system of one single Li-ion battery 21,700 cell. The cell is placed 
concentrically inside a PMMA or acrylic glass tube with inner diameter 
24 mm, thus leaving 1.5 mm around the cell for the flow of liquid 
coolant. The dielectric cooling liquid flows parallel to the cell axis and is 
circulated between the cell compartment and a small heat pump by 
means of a miniature centrifugal pump. The flow rate was approxi-
mately 50 ml/min that is consistent with what is achievable in a battery 
pack design. The heat pump was made of thermoelectric modules, a 
liquid heat exchanger and a heat sink. The purpose of the heat pump was 
to regulate the temperature of the liquid coolant entering the cell 
compartment to within +/- 1 ◦C. 

Three thermocouple sensors were used to measure (1) the surface 
temperature of the cell (2) the inlet liquid and (3) the outlet liquid 
temperatures. The thermocouple at the cell was strapped to the cell by 
means of heat shrink tubing at a position halfway between the top and 
bottom. The other sensors were placed inside the liquid tubing with 
direct contact to the liquid. All sensor leads were routed out of a vent 

Fig. 4. Percentage of heat generated from different layers, (a) (b) display results calculated at 1C and 3C discharge by using P2D model, (a′) (b′) display results 
calculated at 1C and 3C discharge by using 3D electrochemical model. 
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hole at the top of the set-up. The thermocouples were of K-type IEC- 
584–3 Class 1 tolerance; i.e. +/- 1.5 K basic tolerance. All three sensors 
were measured by the same Analog-to-Digital converter, Texas In-
struments ADS1118. Under isothermal conditions there was no signifi-
cant difference in temperature readings between the sensors. 

The simulation and experimental results are shown in Fig. 5(b) and 
(c). The measurement was been done at different discharge rates (up to 
4C). Before the measurements, the battery is charged through a CC–CV 
protocol (0.5C charged to 4.2 V, then charged with this fixed voltage, till 
the current density was lower than i1C/50). Compared with Fig. 2 (b), it 
can be seen that the highest surface temperature can be well controlled 
below 50 ◦C (PFC) and 40 ◦C (PAO) respectively by applying different 
cooling liquids, thereby showing the advantages of using these more 
efficient cooling systems. The main trend of the temperature increases in 
Fig. 5 (b) and (c) are generally consistent with the simulation results. 
This provides extra evidence for the reliability of the presented 
electrochemical-thermal coupled model. The difference between the 
simulated and experimental surface temperature at the initial part may 
due to additional parasitic thermal capacity in the experimental set-up 
such as heating of the cooling liquid and mechanical parts of the 
liquid loop. 

4.2. Cylindrical cell temperature distribution 

In addition to surface temperature, the core temperature and distri-
bution of temperature across the whole cell is even more crucial to 
improve the efficiency and safety of battery usage. The core heating is 
often mentioned as one of the critical disadvantages of the cylindrical 
cell format [3,15,35]. It has been shown to be practically difficult using 
experimental methods to adequately measure the core temperature of 
batteries during operation without any disturbance, especially for 

well-packed commercial batteries [12]. Here, modeling has a vital role 
to play. As one of the advantages of modeling and simulation, once a 
model is validated, all featured information can be abstracted fast and 
easily also at operando conditions. 

Fig. 6(a)-(c) show the comparison of surface and core temperature of 
a battery when discharging at different C rates (1C, 2C, 3C, 4C). The left 
y-axis shows the temperature values, and the right y-axis shows the 
temperature difference between core and surface. Fig. 6(d) and (e) show 
the temperature distribution in a 3D battery frame. Since the center of 
the cell is a nylon mandrel, core temperature is here regarded as the 
temperature at the point with coordinate r equal to the mandrel radius 
and z equal to half of the battery height. The surface temperature, in 
turn, is defined as the temperature at the point with coordinate r equal to 
radius of the cell, and z equal to half of the cell height. 

Fig. 6(a) shows the result when applying h equal to 20 W⋅m-2 K-1, 
corresponding to force air cooling. Under these conditions, the differ-
ence between the core and surface temperature increase with discharge 
rate, and can reach almost 8 ◦C at end of 4C discharge. For comparison, 
Fig. 6 (b) represents results with higher heat transfer coefficient (h = 100 
W⋅m-2 K-1). As a result, the absolute value of both the core and surface 
temperature is lowered, but the difference between core and surface 
temperature is on the contrary increased. Under these conditions, the 
temperature difference is around 13 ◦C at end of the 4C discharge. This 
can be interpreted such that the increase of heat transfer coefficients 
does not help to improve the temperature homogeneity in a battery. 
Even though the absolute temperature is controlled to be lower than the 
target value of 60 ◦C, the large temperature difference may lead to un-
balanced charge or discharge characteristics of the battery cell, which in 
turn can lead to non-uniform usage and ageing of the active materials – 
thereby eventually shorten the battery life. 

Apart from the heat transfer coefficient, the other important key 

Fig. 5. (a) experimental setup for a thermal measurement system of one single Li-ion battery 21,700 cell, (b) (c) display comparison of surface temperature profile 
between simulation and experimental results at different discharge rates with heat transfer coefficient h is around 100 and 200 W⋅m-2 K-1 respectively. 
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thermal property investigated and shown in Fig. 6 is the thermal con-
ductivity in the radial direction of the battery (kT,r). The above-
mentioned conclusions based on the results in Fig. 6(a) and (b) has the 
same radial thermal conductivity (kT,r = 1.13 W⋅m-1K-1). With such a 
low thermal conductivity, the heat generated within the cell may not 
able to be transported efficiently to the battery surface. As seen, an in-
crease of heat transfer rate from battery surface to the surrounding 
primarily helps to decrease the surface temperature with much smaller 
effects on the core temperature. Fig. 6 (c) provides more insight into this 
problem and potential solution, by employing a relatively high radial 
thermal conductivity (kT,r = 5 W⋅m-1K-1). The temperature difference is 
then much smaller; less than 2 ◦C even for 4C discharge rate under these 
conditions. This improvement in temperature distribution can be 
directly seen when comparing Fig. 6 (d) and (e). Here, Fig. 6 (d) shows 
the temperature profile at the end of 3C discharge, using with the same 
conditions as for Fig. 6 (a). Fig 6 (e), on the other hand, shows the results 
at end of 3C discharge but for the same conditions as Fig. 6 (c); i.e. with 
higher thermal conductivity. Thereby, it can be seen that while an in-
crease of the heat transfer coefficient (e.g., by applying an efficient 
cooling medium) may help to control battery temperature, the temper-
ature difference between core and surface can only be balanced by 
improvement of thermal conductivity in the radial direction inside the 
cell. Since thermal conductivity in the radial direction is calculated by 
lumping the thermal conductivity of different layers in series, this means 
that the lumped thermal conductivity is limited by the lowest conduc-
tivity. Thereby, it could be suggested to improve the thermal conduc-
tivity by using or including some more thermally conductive materials 
or alternative structural designs to mitigate related battery ageing 

problems. 

4.3. Ageing behavior induced by SEI formation and Li plating 

To explore battery ageing kinetics in these cylindrical cells as a result 
of the coupled electrochemical-thermal model described, cycle tests 
have been simulated under different loading conditions. The cycle test 
started from a fully charged state, where the battery first was discharged 
to the cut-off voltage (2.5 V). The battery was then charged using a 
CC–CV protocol (charged to 4.2 V, then charged with this fixed voltage, 
till the current density was lower than i1C/20). This discharge and 
charge processes was repeated until the desired cycle number was 
reached. As mentioned above, a t-factor of 100 was used for the cycle 
tests in order to enlarge the ageing effect within one calculation cycle. 
With this setting, simulations conducted for five cycles represent ageing 
effects for a total of 500 real cycles. 

Fig. 7(a)-(c) shows discharge curves after different cycle numbers (0, 
100, 200, 300, 400, 500). (a′) (b′) (c′) display the corresponding thick-
ness of the SEI and metallic Li generated during cycling. Specifically, 
Fig. 7(a) and (a′) are simulation results obtained by setting a fixed 
operation temperature of 20 ◦C, i.e., the heat generated during cycling 
has not been coupled into the electrochemical and ageing model, and the 
charge and discharge rates of the battery are both 1 C (4.8 A). The 
simulated SEI layer thickness can be considered as very large if 
compared to experimental studies based on photoelectron spectroscopy 
(PES) results. However, these experimental studies are generally per-
formed for shorter cycling, under vacuum conditions, and where the 
samples have been washed with electrolyte before use – thereby likely 

Fig. 6. (a) (b) (c) show the comparison of surface and core temperature of a battery when discharging at different C rates (1C, 2C, 3C, 4C). The left y-axis shows the 
temperature values, and the right y-axis shows the temperature difference between core and surface. (d) and (e) show the temperature distribution in a 3D battery 
frame when discharging at 3C, with radial thermal conductivity kT,r equal to 1.13 and 5 W⋅m-1K-1 respectively. 
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underestimating the ‘true’ SEI layer thickness in the operating cell under 
these conditions. The SEI thickness found here is generally in agreement 
with similar SEI layer modeling studies [46,47,53]. 

As shown in Fig 7(a), the capacity fade caused by SEI formation and 
Li plating is most pronounced during the first 100 cycles. This is 

consistent with the trend in SEI layer growth shown in Fig. 7(a′), in 
which SEI thickness increase the most (ca. 70 nm) during the first 100 
cycles. This is due to that the growth rate of the SEI layer is assumed to 
be limited by the transport of electrons across the formed SEI layer. With 
SEI growth, further expansion of the SEI layer is inhibited. The results 

Fig. 7. (a) (b) (c) show discharge curves after different cycle numbers (0, 100, 200, 300, 400, 500), (a′) (b′) (c′) display the corresponding thickness of SEI and 
metallic Li generated during cycling. (a) and (a′) are simulation results obtained by setting a fixed operation temperature of 20 ◦C, (b) and (b′) show results calculated 
by considering effect of temperature increase caused by self-heating of the battery, and both charge and discharge rates are 1C, (c) and (c′) are calculated with 
temperature effect, at charge and discharge rate of 1C and 2C respectively. 
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shown in Fig. 7(a′) are well-corresponding to these self-limiting kinetics. 
Compared to the SEI layer, the thickness of plated metallic Li increases 
more linearly with cycle numbers. This is consistent with the assumption 
that Li plating is a kinetically limited electrochemical process. 

4.4. Enhanced ageing through self-heating 

Fig. 7 (b) and (b′) show results calculated by taking the effect of 
temperature increase caused by self-heating of the battery into account, 
while both charge and discharge rates are the same as in Fig. 7 (a) and 
(a′), i.e., 1C (4.8 A). By comparison, the capacity fade in Fig. 7 (b) is 
more pronounced for each of the 100 cycles, since the temperature in-
crease caused by self-heating in this model accelerates the ageing 
mechanisms; primarily SEI formation. This is because both the exchange 
current density and diffusivity of electrons in the SEI layer are temper-
ature dependent, which means that both the Faradic current and the 
limiting current density are improved at higher temperature. As a result, 
the thickness of SEI layer after 500 cycles is ca. 16% higher when 
including the self-heating. The discharge capacity after 500 cycles is 
around 3.8 Ah (Fig. 7(b)), which is the same (80 % of the initial ca-
pacity) as in the information provided by the manufacturer. Also this 
observation implies that the presented model is reliable. 

Fig. 7 (c) and (c′) show results calculated with the temperature effect 
included, but for a protocol of 1C charge and 2C discharge. This is of 
interest, since the maximum charge rate recommended is 1C. Compared 
to Fig. 7 (b), the average output cell voltage is lower, which originates in 
a larger potential drop of the internal cell resistance accompanied with a 
higher discharge current. As has been discussed in Sections 4.1 and 4.2, 
the battery temperature is obviously higher at a higher discharge rate. 
This would further accelerate the ageing behavior as compared to Fig. 7 
(b) and (b′). The SEI thickness after 500 cycles increases further; an 
additional 7% in comparison to the 1C discharge. Another interesting 
point is that the metallic Li layer deposition is seen to decrease slightly 
with an increase of temperature: this layer is only 82% (1C discharge) or 
78% (2C discharge) of the thickness of the layer at a fixed temperature of 
20 ◦C. This might be because the SEI formation rate is much higher, 
thereby consuming more of the cyclable Li and shifting the equilibrium 
away from metallic Li deposition. With less amount of Li available for Li 
plating, the thickness of plated Li becomes smaller. 

4.5. Contribution from different ageing factors 

By considering Li plating and SEI formation, the proposed ageing 
model is able to quantify different ageing mechanisms, including the 
consumption of cyclable active lithium, the decrease of electrolyte 

volume fraction caused by deposition of solid product from side re-
actions, and the extra potential drop at the formed SEI film. Fig. 8 shows 
the simulated evolution of relative capacity with cycle number at 1C 
discharge and considering temperature dependent ageing kinetics 
(under the same condition with Fig. 7(b) and (b′)). In this figure, the red 
line (with circle symbol), black line (with square symbol) represents 
capacity fade caused by Li plating reaction and caused by SEI formation, 
respectively. The blue line (with triangle symbol) represent total ca-
pacity fade caused by these two side reactions. Even though the thick-
ness of the formed SEI layer is much larger than the plated metallic Li 
layer according to Fig. 7(b′), due to that the concentration of Li in the 
metallic Li layer is much larger than in SEI layer, the influence of Li 
metal plating is larger than what the mere thickness of the deposited 
layer might indicate. As seen from Fig. 8, the capacity fade caused by SEI 
formation is around twice that of Li plating. As a result, the relative 
capacity reduces to 0.85 after 500 cycles if only considering the con-
sumption of cyclable Li-ion caused by these side reactions. When 
comparing with the nominal 1C discharge capacity (pink line with 
diamond symbol), which is calculated by dividing a full discharge time 
period with 1 hour, the difference between the blue line and pink line 
renders an estimate of the capacity fade caused by internal resistance 
increase, originating from a decrease of the electrolyte volume fraction 
and an increase of the SEI layer resistance. It can thus be concluded that 
each of the abovementioned ageing mechanism provides certain and 
significant contributions to the total battery capacity fade. A model 
aiming to evaluate the complete ageing scenario thereby needs to take 
all these factors into account. 

5. Conclusions 

This study establishes an integrated model for a cylindrical Li-ion 
battery cell by coupling a 3D electrochemical model (based on the dis-
assembled battery structure of a 21,700 cell) with a 2D axisymmetric 
heat transfer model. Compared to the widely used P2D model for Li-ion 
batteries, the proposed model provides significantly better fitting results 
to experimental data in terms of both discharge voltage and surface 
temperature, as well as being able to reproduce battery ageing data. 
Moreover, a reliable model for battery ageing is incorporated, employ-
ing essential capacity fade contributions from SEI layer formation and 
Li-metal plating. 

According to the simulations, the current collectors contribute to 
more than 20% and 30% heat generated during discharge of the inves-
tigated battery at 1C and 3C, respectively. This heat is mostly generated 
from the in-plane ohmic resistance of the long unrolled metal foils, 
which is essential for large-scale cylindrical cells, especially those with 
few tabs. By applying appropriate cooling media, exemplified by 
dielectric liquids, it is shown that battery overheat can be efficiently 
controlled. However, to effectively reduce the difference between cell 
core, the thermal conductivity in the radial direction of the cell must be 
increased. This, in turn, requires development of the materials in the 
battery cell. 
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Technology, Göteborg, Sweden, 2019. 

[48] N. Legrand, B. Knosp, P. Desprez, F. Lapicque, S. Raël, Physical characterization of 
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