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Abstract: The increasing interest in electric vehicles powered by rechargeable batteries, 
combined with the wide development of powerful lithium-ion batteries as a renewable energy 
storage system have raised the need for battery ageing characterization. Several models have 
been developed for this purpose, including empirical, fatigue and mathematical ones. One of 
the main issue of these approaches consists of the universality, when extension is required to 
other chemistries or solicitations. Electrochemical models are supposedly the most extensible. 
The Weighted Ah-Throughput Model takes into account that certain operating conditions may 
lead either to an increase or a decrease of the rate of ageing. It modulates the impact of the 
exchanged Ah by the temperature, the C-rate and the state of charge (SOC), both in calendar 
and active regime. This influence of the parameters is described here, and compared between 
two Li-ion chemistries: LFP and NCA. The similitudes enable us to extract the generic hidden 
mechanisms that, by nature, the fatigue modelling methods do not provide. This innovative 
method enables us to reach energetic behavior laws. We finally suggest improvements on the 
tests matrix used to define the model, to better fit the outcome of the study. 
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1 INTRODUCTION 
For lithium-cells to be used in electric vehicles or stationary storage, they have to perform 

over a long period. However, lithium-cells performances decrease over time, both when they 
are used (on cycling) and when they are on storage. The ageing is caused mainly by a primary 
mechanism of a passive layer growing at the negative electrode, corresponding to the so-called 
solid-electrolyte interphase (SEI), therefore causing the loss of lithium ions cyclability, finally 
decreasing the total capacity. [1,2,3] This phenomena is mainly responsible for the ageing 
during active and inactive regimes (pure storage). Another cause of ageing is due to the presence 
of mechanical defaults in the bulk material at the positive electrode, caused by repeated 
insertion and deinsertion of lithium ions inside the structure. [4] The lithiation process taking 
place mainly during the cycling of the battery, it will be neglected during temporal regime. [1]  

Current models tend to base the ageing rate of the cell on the solicitation of the batteries. 
Our approach is different. We consider the ageing to be due to three main parameters, which 
are temperature, state of charge and rated-current. In this paper, an existing fatigue model for 
the capacity loss [1] is explored, and is used to analyse our ageing data coming from our cells. 
Weighting functions distinguishing the impact of temperature, SOC and rated-current are drawn 
for them. They are compared with the ones already obtained for cells with another chemistry 
[1]. The two curves will be studied in order to exhibit and discuss the associated mechanisms. 

2 EXPERIMENTAL 
A 2.4Ah commercial lithium-ion cell based on graphite/iron-phosphate (LiFePO4) called 

LFP is aged. The battery basic characteristics can be seen in Table 1. The characterization tests 
were performed using Bitrode platform. 

Table 1: LFP cell basic characteristics  

Cell Capacity Cut-off voltages Charging Protocol 
LFP 2.4Ah 3.65V / 2.45V CC-CV 

 
The cells were initially virgin before performing the tests. A total of 11 different ageing tests 

were performed, including 3 different temperatures, 5 different SOC (10%, 50%, 80%, 95%, 
100%) and 2 rated-currents. They are either cycled (9 cells) or stored (2 cells). The tests are 
detailed in the Table 2. 

Table 2: Tests matrix 

 T (°) SOC (%) 𝑰𝑰𝒄𝒄(𝑨𝑨.𝑨𝑨𝑨𝑨−𝟏𝟏) 𝑰𝑰𝒅𝒅 (𝑨𝑨.𝑨𝑨𝑨𝑨−𝟏𝟏) 
1 T1 80   
2 T2 80   
3 T1 10 1C 1D 
4 T1 50 1C 1D 
5 T1 80 1C 1D 
6 T1 95 1C 1D 
7 T1 100 1C 1D 
8 T1 100 C/2 1D 
9 T1 100 1C D/2 

10 T2 100 1C 1D 
11 T3 100 1C 1D 
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For each ageing condition, one cell only was used. The cell charging protocol consists on a 
constant current charge followed by a constant voltage phase (CC-CV). Regularly, every two 
weeks in average, performance check-ups were performed. The protocol consists in a full CC-
CV charge, followed by 30 minutes of rest. Then the capacity is measured counting the 
discharged ampere-hours at 1D and at the same temperature as the test. 

3 MODEL 
The rate of each ageing mechanism for a specified chemistry cell is considered in the model 

to be a function of the mode of operation: cycling or storage. It results in two types of 
degradation: active degradation, and calendar degradation, the latter appearing both during 
cycling and storage. The work of Badey [1] integrates this ageing inside an original fatigue 
model. First, it demonstrates that the irreversible loss of capacity can be calculated by summing 
these two degradation contributions. Then, according to the author, the decoupling of the two 
degradations (active and calendar) is ensured by the Weighted Ah-Throughput Model (WTM) 
which is a modified approach of the Ah-throughput counting method. Both methods consider 
the ageing as a function of the Ah exchanged and the time. The originality lays in the fact that 
when the Ah-counting method takes into account only these parameters (Ah exchanged and 
time), the WTM integrates additionally the strong impact of the operating conditions on the rate 
of ageing. Therefore it modulates the impact of both modes of degradations by the temperature, 
the C-rate and the state of charge (SOC), as written in Equation 1. 

∆𝑄𝑄 = 𝑓𝑓(𝑇𝑇, 𝐼𝐼, 𝑆𝑆𝑆𝑆𝑆𝑆).𝐴𝐴ℎ +  𝑔𝑔(𝑇𝑇, 𝐼𝐼, 𝑆𝑆𝑆𝑆𝑆𝑆).√𝑡𝑡 (1) 

∆𝑄𝑄 = 𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓1(𝑇𝑇)𝑓𝑓2(𝐼𝐼)𝑓𝑓3(𝑆𝑆𝑆𝑆𝑆𝑆).𝐴𝐴ℎ +  𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐𝑔𝑔1(𝑇𝑇)𝑔𝑔2(𝐼𝐼)𝑔𝑔3(𝑆𝑆𝑆𝑆𝑆𝑆).√𝑡𝑡 
 

(2) 

(1) The rate is abusively written as I. 
 

Due to the growth of the SEI layer, the calendar life capacity fade typically follows a √𝑡𝑡-
kinetic law. [5] The 𝑓𝑓𝑖𝑖(𝑋𝑋) (resp. 𝑔𝑔𝑖𝑖(𝑋𝑋)) function corresponds to the active regime (resp. 
calendar) ageing contribution attributable to X (T, I or SOC). They are multiplied that way 
because we consider all the parameters to be intertwined. They have been chosen as dimension-
less functions. 𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐 and 𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐 holds the dimensions [%Ah/Ah] and [%Ah.𝑠𝑠−0.5] respectively.  
 

4 RESULTS 
 

The tests matrix, conceived in order to vary the parameters (T, I or SOC) one by one in each 
test, is applied on cells based on graphite/iron-phosphate (LiFePO4, LFP. From the cycles’ 
results, we compute the Ah exchanged, and from the check-ups results, we compute the 
corresponding loss of capacity. Equation 1 can be rewritten as: 
 

∆𝑄𝑄
√𝑡𝑡

= 𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓1(𝑇𝑇)𝑓𝑓2(𝐼𝐼)𝑓𝑓3(𝑆𝑆𝑆𝑆𝑆𝑆).  𝐴𝐴ℎ
√𝑡𝑡

+ 𝐾𝐾𝑐𝑐𝑐𝑐𝑐𝑐𝑔𝑔1(𝑇𝑇)𝑔𝑔2(𝐼𝐼)𝑔𝑔3(𝑆𝑆𝑆𝑆𝑆𝑆) 

 

(3) 

451



N. Barnel, T. Delétang, S. Franger, L. Assaud. 

 4 

A linear regression leads to two proportion coefficients: the multiplicative product of 𝑓𝑓𝑖𝑖 and 
the multiplicative product of 𝑔𝑔𝑖𝑖. The first step is to split it apart to determine each element 𝑓𝑓𝑖𝑖and 
𝑔𝑔𝑖𝑖 separately. The method used is described in [1]. We can then compute and interpolate the 
data points obtained for each 𝑓𝑓𝑖𝑖 and 𝑔𝑔𝑖𝑖. 

 
 

 
 

Figure 1: Weighting functions obtained for LFP, obtained for both calendar and cycles ageing. From top to 
bottom, left to right: f1(T), f2(I), f3(SOC), g1(T), g2(I), g3(SOC). 

It has to be noticed that these functions are assumed to be dependent on the Li-ion 
composition, chemistry, manufacturing, casing, etc. [6,7] Therefore, they have to be computed 
again for other types of cells models. 

Nevertheless, this paper studies the similarities between these functions. Functions coming 
from the LFP/graphite cells have been compared with the ones coming from literature regarding 
LiNi0.8Co0.15Al0.05O2/graphite (NCA) cells. 
 

5 DISCUSSION 

5.1 Discussion on the g3 curve 
 

The function 𝑔𝑔3 has been chosen negative. Figure 2 shows that the two curves are very 
similar: a minimum range of values is observed both on NCA and LFP. It corresponds to a 
maximum impact of the SOC on the calendar ageing. This means that the passivation layer 
speed is maximum around that average SOC. 
Repeating the same modelling, but considering the exchanged watt-hours (and no more the 
exchanged ampere-hours), we compute the same kind of linear regression: 
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∆𝑄𝑄 = 𝑓𝑓𝑊𝑊ℎ(𝑇𝑇, 𝐼𝐼, 𝑆𝑆𝑆𝑆𝑆𝑆).𝑊𝑊ℎ +  𝑔𝑔𝑊𝑊ℎ(𝑇𝑇, 𝐼𝐼, 𝑆𝑆𝑆𝑆𝑆𝑆).√𝑡𝑡 (4) 

By writing it in an infinitesimal way, we have: 
 

∆𝑄𝑄 = 𝑓𝑓𝑊𝑊ℎ(𝑇𝑇, 𝐼𝐼, 𝑆𝑆𝑆𝑆𝑆𝑆).𝛿𝛿𝛿𝛿 + 𝑔𝑔𝑊𝑊ℎ(𝑇𝑇, 𝐼𝐼, 𝑆𝑆𝑆𝑆𝑆𝑆).√𝛿𝛿𝑡𝑡 (5) 

As seen previously (Equation 1), we have: 
 

∆𝑄𝑄 = 𝑓𝑓𝐴𝐴ℎ(𝑇𝑇, 𝐼𝐼, 𝑆𝑆𝑆𝑆𝑆𝑆).𝑑𝑑𝑑𝑑 + 𝑔𝑔𝐴𝐴ℎ(𝑇𝑇, 𝐼𝐼, 𝑆𝑆𝑆𝑆𝑆𝑆).√𝛿𝛿𝑡𝑡 (6) 

 
On the interval [50%; 80%] the numerical values show that 𝑔𝑔𝐴𝐴ℎ(𝑇𝑇, 𝐼𝐼, 50%) =

𝑔𝑔𝑊𝑊ℎ(𝑇𝑇, 𝐼𝐼, 50%) and therefore, Equation 5 gives 𝑓𝑓𝐴𝐴ℎ(𝑇𝑇, 𝐼𝐼, 𝑆𝑆𝑆𝑆𝑆𝑆).𝑑𝑑𝑑𝑑 =  𝑓𝑓𝑊𝑊ℎ(𝑇𝑇, 𝐼𝐼, 𝑆𝑆𝑆𝑆𝑆𝑆). 𝛿𝛿𝛿𝛿. 
We were expecting only one value of extreme SOC, we end up having a range of values. 

We can conclude that on this interval,  𝛿𝛿𝛿𝛿 =  𝑓𝑓
𝐴𝐴ℎ(𝑇𝑇,𝐼𝐼,𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆)

𝑓𝑓𝑊𝑊ℎ(𝑇𝑇,𝐼𝐼,𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆) .𝑑𝑑𝑑𝑑, the lost energy during 
cycling derives from a potential. We find here a behaviour law, independent from the SOC, the 
latter being not a thermodynamic variable. On this range of SOC, we are independent from the 
chemistry, this electrical potential accounts for the entire behaviour. This totally confirms our 
plan to work towards an equivalent circuit model. 

Concerning the trial, it shows that it is enough to focus on one SOC (chosen at 50%) to 
account for the behaviour of the cell at the neighbourhood of 50%. 

 

Figure 2: Weighting function g3 for NCA and LFP. Markers represent experimental values. 

5.2 Discussion on the f1 and the g1 curve 

The 𝑔𝑔1 function represents the influence of the temperature on the ageing occurring during 
pure storage. 

The 𝑔𝑔1 curve, associated with the 𝑔𝑔1 function, can be fitted by an Arrhenius law, which 
represents the speed of the electrochemical reaction depending on the temperature: 𝑔𝑔1(𝑇𝑇) =
𝜆𝜆. 𝑒𝑒

−𝐸𝐸𝐴𝐴
𝑅𝑅𝑅𝑅 . This is coherent with the fact that the calendar ageing is due to the electrolyte 
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decomposition, and the subsequent SEI formation. [8] The NCA curve has been fitted from 
experimental values. The difference between both chemistries laws lays in the activation energy 
value. (Figure 3) 
 

 
Figure 3: Weighting function g1 for NCA and LFP. Markers represent experimental values. 

The 𝑓𝑓1 function represents the influence of the temperature on the ageing occurring while 
battery is cycled. The 𝑓𝑓1 curve interpolates the experimental values. 
 

 
Figure 4: Weighting function f1 for NCA and LFP. Markers represent experimental values. 
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Again, we can see on Figure 4 that the two curves have the same shape, and shows an 
extremum of ageing around the same temperature. 

Molecular-level understanding of solid-electrolyte interphase (SEI) growth kinetics has been 
considered as part of a transition state theory, which accounts for the effect of the temperature 
on the growth rate. This relationship is called the Eyring’s law, and is quite similar to the 
Arrhenius law. We use the so-called Eyring law to point out the speed of the side reaction taking 
place in the battery cell. 
 

𝑘𝑘(𝑇𝑇) = 𝛼𝛼. 𝑘𝑘𝐵𝐵𝑇𝑇ℎ . 𝑒𝑒
−∆𝐺𝐺0
𝑅𝑅𝑅𝑅  

 

(7) 

Where k is the speed constant, related to the degradation rate, h is the Planck constant, R is the 
gas constant (J.K−1.mol−1). According to the literature, there are reviews providing with some 
similar models [9]. However these models do not distinguish the SOC from the temperature, 
simply suggesting a 3D fitting with both parameters taken into account. 

The current is linked to the speed constant by the Butler-Volmer law: 𝑖𝑖(𝑇𝑇) =
𝜆𝜆. 𝑘𝑘(𝑇𝑇). (𝑒𝑒

−𝐴𝐴
𝑇𝑇 − 𝑒𝑒

𝐵𝐵
𝑇𝑇), where 𝜆𝜆, A and B are constants. 

On the other hand, John Newman explains that the cells generate their own heat. He shows 
that the energy balance is made of two terms. The first one is associated with the Joules effect, 
considered as irreversible, and the second one is due to the heat generation at the interface 
between the electrolyte and the electrode, therefore it is reversible. The irreversible heating 
source has been described by Hemery [10]: 

𝜕𝜕𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖
𝜕𝜕𝜕𝜕 = 𝑖𝑖(𝑇𝑇). [(𝑈𝑈 − 𝑈𝑈𝑜𝑜𝑜𝑜𝑜𝑜) + 𝑇𝑇 ∗ 𝜕𝜕𝑈𝑈𝑜𝑜𝑜𝑜𝑜𝑜𝜕𝜕𝑇𝑇 ] 

 

(8) 

At the first order, 𝜕𝜕𝑈𝑈𝑜𝑜𝑜𝑜𝑜𝑜𝜕𝜕𝑅𝑅  is considered to be constant and 𝑈𝑈 − 𝑈𝑈𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑅𝑅. 𝑖𝑖. 
Therefore, Equation (8) becomes: 

𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑖𝑖. [𝑅𝑅. 𝑖𝑖 + 𝑇𝑇. 𝛾𝛾].𝑑𝑑𝜕𝜕 (9) 

𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖 = [𝑅𝑅. 𝑖𝑖 + 𝑇𝑇. 𝛾𝛾].𝐴𝐴ℎ 
 

(10) 

So, by definition, 𝑓𝑓1(𝑇𝑇) is proportional to 𝑅𝑅. 𝑖𝑖 + 𝑇𝑇. 𝛾𝛾, so, 𝑓𝑓1(𝑅𝑅)
𝑅𝑅 = µ. 𝑖𝑖(𝑅𝑅)

𝑅𝑅 + 𝜃𝜃=𝜀𝜀 (𝑒𝑒
−𝐴𝐴
𝑇𝑇 − 𝑒𝑒

𝐵𝐵
𝑇𝑇)+ξ. 

The constant 𝜀𝜀 has been arbitrarily set equal to 1. From the three points coming from NCA tests, 
a relationship between A and B can be found: 𝐵𝐵 = 1.02.𝐴𝐴..Therefore two unknowns are 
remaining (A and ξ), which is enough to fit the two measurement points obtained for LFP. The 
fit for NCA and LFP can be seen on Figure 4. 
 This minimal temperature is thermodynamically justified, the others appear as 
deviations from ideality. 

5.3 Discussion on the f2 and the g2 curve 

The 𝑓𝑓2 function represents the impact of the rated-current on the ageing appearing while 
cycling. 
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Figure 5: Weighting function f2 for NCA and LFP. Markers represent experimental values. 

The LFP curve and the NCA have been fitted with a spline, resulting in polynomial 
functions. We can see the two curves have a similar shape and are odd around zero. 

The 𝑔𝑔2 function represents the impact of the rated-current on the ageing appearing during 
calendar ageing (both in cycling and pure storage).(Figure 6) 
 

 
Figure 6: Weighting function g2 for NCA and LFP . Markers represent experimental values. The spline 

interpolates the data coming from LFP, when the charge and discharge temperature has not been distinguished 

The LFP and the NCA curves have been fitted with a spline (Figure 6). However, for the 
NCA cells, the tests did not feature a constant temperature, due to heating of the internal 
resistance. Therefore, the charge temperature and the discharge temperature impact had to be 
differentiated. First both temperatures had to be reconstituted. The method used is detailed in 
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[1]. This difference is due to a depth of discharge of 100% applied to the cells. However, for 
the LFP cells, the difference between both temperatures is too small for the method to be 
relevant. 

There seem to exist a relation between the impact of C-rate in charge and the impact in 
discharge. 

Mechanical deformations of the active material are assumed to be responsible for ageing in 
cycling [11]. Therefore, the 𝑓𝑓2 function should explain this phenomena. 
We have to keep in mind that lithium-ion cells convert chemical energy to electric energy via 
redox reaction originating from both lithium-ion motion and electron transfer under a certain 
applied potential. The ions have the lowest energy when they are intercalated inside the positive 
electrode (cathode) and highest energy when they are in the negative electrode (anode). 
Considering cations, this corresponds to low (resp. high) potential accordingly. This 
electrochemical reaction allows the lithium ions to transfer from the solid phase (the electrode) 
towards the solution (the electrolyte), via intercalation currents, and vice versa. [12] 
The reaction corresponds to the intercalation / deintercalation of lithium ions in the graphitic 
layers at the anode and in the active material (LFP or NCA) structure at the cathode. [12] The 
charge transfer is considered to be the limiting factor since the mass transport is insured by a 
highly ionic concentrated electrolyte. The charge transfer speed decreases with time due to the 
decay of conductivity in the electrolyte [7] and decrease of the active surface at the electrode. 
 

 
Figure 7 Voltage-current characteristic. (a) oxydation (b) reduction (c) total of both contributions. Markers 

represent experimental values. 

 
The current-voltage characteristic of this electrode is given by its Butler-Volmer 

relationship: 𝑖𝑖 = 𝑖𝑖0(𝑒𝑒
αnFη
𝑅𝑅𝑅𝑅 − 𝑒𝑒

−(1−α)nFη
𝑅𝑅𝑅𝑅 ) , which makes it an odd curve ( see Figure 7), where 𝑖𝑖 

is the current (A) at the electrode, T the temperature (K), R the molar gas constant 
(R=8.1345J/(mol.K)), F the Faraday constant (F = 96 485,3329 sC/mol-1), 𝜂𝜂 is the over-
potential (𝜂𝜂 = 𝐸𝐸 − 𝐸𝐸𝑒𝑒𝑒𝑒) and E the electrode potential, 𝑖𝑖0 is related to the charge transfer speed 
constant and the concentration of the 𝐿𝐿𝑖𝑖+ (in the electrolyte and in the electrode), α 
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characterizes the symmetrical aspect of the charge transfer.  We assume that one electron is 
involved in the reaction (n=1). 

 
Figure 8 Voltage-current characteristic for different values of alpha coefficient. Markers represent experimental 

values. 

The coefficient of interest is α : when α is close to 0, the over-potential 𝜂𝜂 essentially leads 
to the reduction of the electrolyte, whereas when it is close to 1, it essentially induces its 
oxydation. When it is equal to ½ , it means that the over-potential equally affects the activation 
barrier of oxidation and reduction.(see Figure 8). It accounts for the passive film SEI growth, 
and whether it is formed rather in charge or in discharge. This provides information on the 
ability of the insertion and deinsertion of 𝐿𝐿𝐿𝐿+in the graphitic layers at the anode. The two 
reactions (growth of the SEI and intercalation of lithium-ion) are correlated. It chemically 
represents the distance between the activated complex and the final product. For high values of 
α, the reaction is supposedly easily activated, as the final product is close to the intermediate 
one. 

Approximating the Butler-Volmer equation around the high over-potential regions, ( |𝜂𝜂| ≫
𝑅𝑅𝑅𝑅
𝐹𝐹  𝑎𝑎𝑎𝑎𝑎𝑎 𝜂𝜂 > 0) a limited development of 𝑒𝑒𝑥𝑥= 1+x of the intensity gives  𝐿𝐿 = 𝐿𝐿0 (𝑒𝑒

𝛼𝛼𝛼𝛼𝛼𝛼
𝑅𝑅𝑅𝑅 ) and so 

𝜂𝜂 = 𝑅𝑅𝑅𝑅
𝛼𝛼𝐹𝐹 𝑙𝑙𝑎𝑎

𝑖𝑖
𝑖𝑖0

. Numerically, an over-potential of 100mV at 25°C is enough to decrease the 
influence of the second term to 2%. This is an anodic over-potential, so if the electrode is an 

anode, it is home of oxidation during discharge. If < 0 , 𝐿𝐿 = −𝐿𝐿0 (𝑒𝑒
−(1−𝛼𝛼)𝑛𝑛𝛼𝛼𝛼𝛼

𝑅𝑅𝑅𝑅 ) and so 𝜂𝜂 =

− 𝑅𝑅𝑅𝑅
(1−𝛼𝛼)𝑛𝑛𝐹𝐹 𝑙𝑙𝑎𝑎 (−

𝑖𝑖
𝑖𝑖0
). This is a cathodic over-potential, during charge. 

To get the amount of energy required for the intercalation and deintercalation process, the 
following integral has to be computed: 
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Deintercalation process (during the discharge): ∫ 𝑖𝑖 ∗𝐼𝐼
0 η(𝑖𝑖)𝑑𝑑𝑖𝑖 =  ∫ 𝑖𝑖 ∗ 𝑅𝑅𝑅𝑅

α𝑛𝑛𝑛𝑛 ln 𝑖𝑖
𝑖𝑖0

𝐼𝐼
0 𝑑𝑑𝑖𝑖 

Intercalation process (during the charge): ∫ 𝑖𝑖 ∗0
−𝐼𝐼 η(𝑖𝑖)𝑑𝑑𝑖𝑖 =  ∫ −𝑖𝑖 ∗ 𝑅𝑅𝑅𝑅

(1−α)𝑛𝑛𝑛𝑛 ln (− 𝑖𝑖
𝑖𝑖0
)0

−𝐼𝐼 𝑑𝑑𝑖𝑖 =
∫ 𝑖𝑖 ∗ 𝑅𝑅𝑅𝑅

(1−α)𝑛𝑛𝑛𝑛 ln 𝑖𝑖
𝑖𝑖0

𝐼𝐼
0 𝑑𝑑𝑖𝑖 

The impact of charge or discharge is given by  1𝛼𝛼 𝑔𝑔2(𝐼𝐼𝑑𝑑) = 1
1−𝛼𝛼 𝑔𝑔2(𝐼𝐼𝑐𝑐) . 

Therefore, the two processes require equal energy and therefore equally impact the cell if  
1
α = 1

(1−α), so if α = 1
2. The energy to intercalate lithium ions during charge and deintercalate 

during discharge at the cathode is the same [1], therefore α = 1
2, and therefore the 𝑓𝑓2 curve is an 

odd curve. This latter result is confirmed on NCA related curve in Figure9, where the curves 
obtained for C/2;1D and 1C;D/2 are parallel, and on Figure 5, the acceptable values of C-rate. 
For very high C-rate, the behavior of the NCA function is sharply different, and is not explained 
in this paper. 

If the two processes require different energy, α ≠ 1
2. The coefficient twists the curve, and 

reflects the impact of the growing SEI. From the literature review [3,13], the values obtained 
for 1 − 𝛼𝛼 are 0.69 for a temperature of 25°C, and 0.67 at 45°C. However, Delacourt and al [13] 
obtained a value of 0.95 at the anode that they judge to be too singular. 
Nevertheless, considering 1 − α = 2

3 (which is close to 0.69 and 0.67), it results in 𝑔𝑔2(𝐼𝐼𝑑𝑑) =
 12 𝑔𝑔2(𝐼𝐼𝑐𝑐). 

So when the rate is “high enough” (then the over-potential is “high enough” as well), we 
have a relationship between the impact of the charge rates and the discharge ones. The discharge 
affects the ageing two times less than the charge. This result is confirmed by Bashash and al 
[12], which shows that battery degradation is slower during discharge than during charge. This 
paper quantifies it. This seems logical as the ions tend to decrease their potential, and are 
therefore more stable at the cathode, so when the system is rather discharged. Pushing the ions 
back to the anode (charging the cell) requires more energy to counterbalance and tends to 
damage the cell more. The result can be observed on Figure 6 where the discharge impact is 
twice as big as the charge one for LFP. 
 

 
Figure 9 Loss of capacity with respect to CT/√t, for two set of tests : C/2;1D and 1C;D/2. Markers represent 

experimental values 
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5.4 Improvements on the tests matrix 
 

It is possible to propose a new test matrix that is more adapted to the needs of the model and 
to the hardware constraints of the cycling bench and the time constraints. It must be borne in 
mind that accelerated ageing lasts on average 3 months, and that all cannot be done in parallel, 
because of the availability of cycling equipment. Better correlation will be obtained by cycling 
around a SOC point (chosen at 50%) instead of performing 100% DOD cycles (that consists in 
cycles made of a full discharge and a full charge), because the tests won’t heat up. 

The "pivot" chosen in the method to obtain the weighting functions has been modified, so 
that the test does not heat anymore. We obtain the same number of information with less testing. 
The modified matrix is detailed in Table 3: 

Table 3: Tests matrix 

 T (°) SOC (%) 𝑰𝑰𝒄𝒄(𝑨𝑨.𝑨𝑨𝑨𝑨−𝟏𝟏) 𝑰𝑰𝒅𝒅 (𝑨𝑨.𝑨𝑨𝑨𝑨−𝟏𝟏) 
1 T1 80   
2 T2 80   
3 T1 10 1C 1D 
4 T1 50 1C 1D 
5 T1 80 1C 1D 
6 T1 95 1C 1D 
7 T1 50 C/2 D/2 
8 T2 50 1C 1D 
9 T3 50 1C 1D 

 

6 CONCLUSION 
 
This paper compared two Li-ion chemistries in terms of ageing: NCA/graphite and 
LFP/graphite. The impact of the three ageing parameters has been developed. The similar 
shapes was explained by similar operating mechanisms, even if the chemistry of the cathode 
and of the electrolyte were slightly different. The ageing model can be extended to other 
chemistry, and is coherent with the physical reality of the hidden mechanisms of ageing. 
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