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Abstract 

This paper presents the MOBICUS project experiment protocols with some first results. Twelve partners 

from companies and research labs have joined forces to conduct a large study on lithium-ion batteries (LIB) 

aging under real automotive conditions. Experiments include not only calendar or cycling aging tests, 

which a part of them was built using a D-optimal design, but also mixed sequences with calendar and 

cycling experiments. The collected data will enable to build rigorous aging laws taking into account 

combined calendar and cycling phases. Two different technologies of LIB are tested. 

Keywords: lithium battery, battery SoH (State of Health), cycle life, battery calendar life, France 

1 Introduction 

With the growing market of electrified vehicles across the whole world, the need for long-life batteries 

becomes more and more essential for economic issues. The battery can cost up to several thousand of euros 

that’s why the knowledge of the aging mechanisms is primordial to optimize its different using process. 

The study of aging laws for lithium-ion batteries (LIB) is a challenging plan. Many projects exist all-

around the world [1]–[5]. Most of these works take into account either the calendar aging or the cycling 

aging although in real automotive applications LIBs usually experience the both aging in driving phases 

separate by parking phases. 

The objectives of MOBICUS project (2014 - 2017) were the design and validation of strategies to extend 

batteries life-time depending on vehicle use and charging patterns, from experimental measures. 

MOBICUS gathers 12 partners (5 research labs and 7 industrial companies) and mobilizes 18 testing 

benches in order to conduct an ambitious and innovative aging test program combining cycling and 

calendar phases of aging. Most partners of MOBICUS have participated to two previous research projects: 

SIMTOCK (2007-2010) on the cycling aging [2] and SIMCAL (2009-2012) on calendar aging [3], [4] 

The two different types of LIB technologies tested in MOBICUS are detailed in Table 1. The Techno#1 

was tested in both SIMSTOCK and SIMCAL projects. Techno#2 is specific to MOBICUS. 
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Table 1: characteristics of the two technologies of LIB testes in MOBICUS 

Technology Composition Capacity Type Application 

#1 NMC-LMO 43 Ah Energy EV 

#2 NMC-Ni rich 26 Ah Power PHEV 

 

In this project 86 modules are in test (40 modules for Techno#1 and 46 for Techno#2). For each 

technology, each module represents a different test (different conditions: temperature, SoC, current of 

charge or discharge). For measurements quality, every module is composed of three cells. This means 258 

cells are in test in MOBICUS 

2 Experimental 

In order to cover almost all the types of batteries aging in automotive application, three large categories of 

tests constitute the experimental plan: calendar aging, cycling aging and mixed calendar /cycling aging. 

2.1 Calendar aging 

This category of tests summarizes more than 90% of the vehicle life-time (personal car) which is the 

parking mode. That’s why many scientists are studying batteries aging at this “rest” mode. From these 

studies [4], the aging here depends mainly on temperature and SoC factor. To study the simple and the 

combined effects of these two factors, three types of tests in this category were planned: storage on fixed 

SoC and fixed temperature, storage on fixed SoC and variable temperature and finally storage on variable 

SoC and fixed temperature. 

2.1.1 Pure calendar (fixed SoC and temperature) 

This type of tests is designed to validate and enrich the results obtained by SIMCAL project. Pure calendar 

aging tests consist on storing each module at a constant temperature and fixed SoC for almost 2 years. 

During this time a periodical characterisation is planned to check-up the evolution of batteries electrical 

properties. 

The tests are distributed in 4 different temperatures (0, 25, 45 and 60°C) and 5 different SoCs (0, 30, 65, 80 

and 100%). Since we have already some results from a former project (SIMCAL [3]) for the first 

technology, only complementary tests are scheduled (10 modules) whereas for the second one, a more 

complete test is planned (16 modules will be tested). 

The figure below (Figure 1) represents the capacity loss in function of time at different temperatures at  

SoC 80. 

   

Figure 1 : Pure Calendar aging tests first results: Capacity loss for each technology at SoC 80 
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Our first results presented here confirm that the high temperature is a very degrading factor for the LIB. 

Although the curve’s shape of capacity loss for Techno#1 and Techno#2 is approximately the same, the 

two technologies haven’t the same capacity loss. The Techno#1 is more alterable against temperature than 

Techno#2. At the end of testing, more points will be obtained and then a better analysis and understanding 

of the calendar aging phenomena will be possible. 

2.1.2 Thermal cycling calendar tests (fixed SoC and variable temperature) 

In real aging conditions, the temperature is never constant; it varies depending on the season and the 

moment of the day. Following this principle, we’ve designed this type of tests. It consists on storing the 

cells at a fixed SoC and a variable temperature.  

 For each technology, we test the aging in 2 different SoCs (60 and 100%) and within 2 temperature ranges 

(0-30°C and 30-60°C). 

A thermal cycling between the 2 values of each range is an iteration of a 24 hours loop. It is composed of 

10 hours at temperature#1, 2 hours of ramp, then 10 hours at temperature#2 and another 2 hours of ramp 

(this can be related to the variation of temperature during the day). To optimize the use and availability of 

equipment, one test consists of 11 weeks of thermal cycling in the 0-30°C range, one check-up of cells 

performances, 11 weeks of thermal cycling in the 30-60°C, one check-up of cells performance, etc. as 

shown in Figure 2  (the variation of temperature depending on season) 

 

Figure 2 : Planning of the test showing periodicity of Check-Up (CU) and Thermal Cycling (TC) 

This type of tests helps us better understand the influence of the variable temperature on the calendar aging. 

The figure below (Figure 3) represents our first results.  

   

Figure 3 : Thermal cycling calendar tests first results: Capacity loss for each techno 

The important influence of the high temperature is again visible by comparing the capacity loss rate in the 

range 0-30°C to 30-60°C range. It can be noted that after a phase of aging at high temperature (temperature 

cycle between 30 and 60 °C), there is a stabilisation of the capacity loss or even a regeneration 

phenomenon at the next phase (temperature cycle between 0 and 30 °C). This can be checked and 

understood better at a further stage of testing. 

2.1.3 Variable SoC calendar tests 

In real life automotive application and at parking phases, the level of SoC is never the same. So to study 

this effect and to validate the results that will be obtained from the previous types of test, this type of tests 

is designed. It combines the aging at a high and a low level of SoC.  

This type of tests helps also to check the influence of SoC variation on calendar aging. So for each 

technology we test one module stored at only one temperature 45°C but at 2 alternating values of SoC (30 

and 80%). The tests are composed of a series of calendar aging periods at each SoC level: 11 weeks at SoC 

 
CU-0 TC 0-30 °C  

11 weeks CU-1 TC 30-60 °C  
11 weeks CU-2 TC 0-30 °C  

11 weeks CU-3 TC 30-60 °C  
11 weeks ... 
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30 / 1 week characterization / 11 weeks at SoC 80 / 1 week characterization. An additional check-up is 

planned in the case of SoC80 as the aging is expected to be faster as shown in Figure 4 

 

Figure 4 : Planning of the test showing periodicity of Check-Up (CU) and calendar storage at various SoC 

 

The figure below is a representation of the first results obtained for the capacity loss at the same conditions 

for each technology (each line represents the mean value of three cells at the same conditions). 

 

Figure 5 : Variable SoC calendar tests first results: Capacity loss for each techno 

The variation of the capacity loss speed here confirm the results obtained from SIMCAL (the SoC have a 

big influence on the LIB aging). To quantify this influence, a combined analysis, of these tests and the pure 

calendar tests, is required (at the end of the tests).  

2.2 Cycling aging 

In order to discriminate the effect of SoC on the cycling aging mechanisms, experiments contain cycling 

tests at different values of SoC is needed (Cycling at fixed SoC). Then to measure the effect of SoC 

variation like in real life aging, some tests are designed for cycling in a specified range of SoC.  

2.2.1 Cycling at fixed SoC 

The treated factors here are temperature (3 values), SoC (4 values), charge current (2 values) and discharge 

current (2 values). For this category of test, there are 2 main values of charge or discharge current: “MAX” 

and “min”, they are defined differently for each technology. The “min” and “MAX” values for the charge 

current can define respectively a normal or a rapid charge whereas for the discharge current they describe 

the economic or the non-economic driving. For Techno#1 the “MAX” and “min” values are respectively 

1C and C/3 however for Techno#2 they are 3C and 1C. The choice of current level is related mainly to the 

batteries application (Techno#1 EV and Techno#2 PHEV). The cycling at a fixed SoC consists in a cycling 

of +/- 5% around a SoC value.  

To build a full factorial design of experiments (DoE) for these selected factors, we need 48 tests for each 

technology. Taking into account the available equipment for MOBICUS project and its duration, only 17 

tests for each technology can be realized. A D-optimal design [6] is thus chosen to answer these conditions, 

and the obtained DoE is decomposed on three test waves to be the more adaptive as possible. These tests 

are distributed among three waves (Table 2). The first wave contains 9 tests, the second one 4 tests and the 

last 4 tests).  

The first wave is a DoE subset with only 2 values of SoC designed to study the simple effect of factors and 

to get an overview of interaction between temperature and SoC. The second and third waves could be 

modified according to the first wave’s results in order to study more precisely the SoC effect (with 4 

levels), and other factor interactions. 

 
CU 45°C - SoC30  

11 weeks CU 45°C - SoC80 
5 weeks CU 45°C - SoC80 

5 weeks CU 45°C - SoC30  
11 weeks …. 
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The first results of the wave#1 (e.g. Figure 6) showed that there is no much difference between on the one 

hand, tests at Icharge=”MAX” and Idischarge =”min” and on the other hand, tests at Icharge=”min” and 

Idischarge =”MAX”. That’s why all the tests susceptible to be changed are delayed to the wave#3 in order 

to properly analyse the results of the wave#1 and some first results of the second wave of tests. 

Table 2: experiments plan for cycling around a SoC tests for one technology 

      Wave#2 (changed) 

Wave#1  Test Temperature SoC I charge I discharge 

Test Temperature SoC I charge I discharge  10 0 90 min min 

1 0 30 MAX min  11 25 65 min min 

2 0 80 min MAX  12 25 65 MAX MAX 

3 0 80 MAX MAX  13 45 65 MAX MAX 

4 25 30 min MAX       

5 25 30 MAX min  Wave 3#(changed and adaptable) 

6 25 80 MAX min  Test Temperature SoC I charge I discharge 

7 45 30 min min  14 0 65 min MAX 

8 45 30 MAX MAX  15 25 90 min MAX 

9 45 80 min MAX  16 45 90 MAX min 

      17 45 90 min MAX 

 

The figures below represent the first results of the first techno. The Figure 6 represents the capacity loss at 

25°C for different SoCs however; the Figure 7 illustrates the capacity loss at the same SoC (SoC 30) at 

different temperatures (0, 25 and 45°C) 

 

Figure 6 : Cycling at fixed SoC first results: Capacity loss at 25°C at different SoC for Techno#1 

The figure above confirms what it is expected, that at the same current and temperature conditions, the 

capacity loss is more important at high level of SoC than at low SoC level.  

 

Figure 7 : Cycling at fixed SoC first results: Capacity loss at SoC 30 at different temperature for Techno#1 
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This latter figure shows that the high temperature is the most degrading factor for batteries life even at low 

level of current (Icharge=Idischarge=min=C/3). More results can be collected and analysed side by side at 

the end of the experimental part of the project. To build rigorous aging laws that takes into account all the 

tested factors. 

2.2.2 Cycling in a range of SoC 

The main objective of this type of tests is to validate the results of the previous tests. It can also contribute 

to study the batteries aging of professional automotive application (vehicle that travels long distances 

daily). This cycling aging is tested within two current profiles, a constant current profile and a Dynamic 

Stress Test (DST) profile [7], at 2 different temperatures (0 and 45°C) in a large range of SoC (between 

SoC 80% and SoC 30%). The figure below (Erreur ! Source du renvoi introuvable.) is a graphical 

representation of the difference between cycling at fixed SoC (part 2.2.1) and cycling in a range of SoC 

(part 2.2.2) for the same level of current (1C). 

 

Figure 8 : Difference between cycling at fixed SoC and in a range of SoC 

The current level of the cycling in a range of SoC at a constant current profile is the same as the “MAX” 

level of cycling at fixed SoC to simplify the comparison between these two tests types and also to have the 

same cells heating. 

Current level: 

Techno#1 Icharge=Idischarge=1C 

Techno#2 Icharge=Idischarge=3C 

 

Figure 9 : Cycling in a range of SoC first results: Capacity loss after the first 10000 throughput Ah 

Since we’ve just started this type of tests, the results above are extracted after only one check-up. At a 

further stage, these results will be combined and compared with the others of cycling at fixed SoC.  
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2.3 Mixed calendar/cycling aging 

The third category of tests is the mixed aging tests. It consists on a combination of the calendar and cycling 

aging to approach the real life automotive application.  

For each technology there are 3 modules per temperature (25 and 45°C) in three different patterns.  

Each pattern is a repetition of a 12 hours loop containing an alternation between the cycling and calendar 

aging Table 3. The difference between the patterns is either the ratio cycling and calendar or the SoC level 

Table 3 : cell ratings for both tested technologies 

Pattern Duration of the cycling part per 12 h Duration of the calendar part per 12 h SoC (%) 

Pattern 1 2 hours  10 hours 80 

Pattern 2 2 hours 10 hours 65 

Pattern 3 6 hours 6 hours 65 

The cycling part consists on cycling between (SoC target + 5%) and (SoC target -5%) at “MAX” current 

(Techno#1=1C; Techno#2=3C), just like the cycling at fixed SoC. The calendar part is like a rest stage at 

the chosen SoC. 

  

Figure 10 : Mixed calendar/cycling aging first results: Capacity loss per time and per Ah 

More details about this category of tests and analysis are presented in a separate paper submitted also to 

EVS29 : “Capacity fade of lithium-ion batteries upon mixed calendar/cycling aging protocol” 

2.4 Periodical characterisation  

A check-up protocol is periodically applied to the tested cells in order to track their characteristics and 

status of aging. Firstly, a charge/discharge pattern at C/10 is individually applied on each cell which 

enables to measure cell capacity and observe voltage behaviour at low C-rate. Also, it enables to realise 

incremental capacity analysis (ICA) on cells at different state-of-health [8]–[10]. Particularly, a 

representation of ICA curves are realised for the both technologies summited to cycling at 0°C SOC80% at 

minimum C-rate (Figure 11). ICA profiles of both technologies presents three significant peaks located at 

3.5, 3.9 and 4.05 V for Techno#1 and, at lower voltages for Techno#2, i.e. at 3.45, 3.65 and 3.75 V. These 

peaks have equivalent levels for Techno#1 despite of the 2
nd

 technology which presents one predominant 

peaks around at 3.65 V. For both technologies, we can observe that aging occurs a decrease of peak level 

and a decay to high voltage. This effect could be due to cumulative effect of charge slippage and LAM 

(Loss of Active Material).  

Secondly, a pulsed profile pattern is applied on the module each 5% of SOC during discharge and charge in 

order to measure open circuit voltage (OCV) and impedance of cells. In order to compare easily direct 

current resistance (DCR) measurements and ICA curves, resistances are represented versus OCV for both 

technologies in similar previous conditions (Figure 12). Resistances of the two tested technologies present 

similar behaviour with an important rise for low voltage under 3.6V for Techno#1 and 3.5 V for Techno#2. 

For both technologies, we can observe a cross of charge and discharge DCR curves. It happens one time for 

Techno#1 around 3.95 V and two times for Techno#2 at 3.7 V and 3.95 V. This phenomenon traduces 
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OCV plateau transition. For Techno#2, the cross observed at 3.7 V disappears for 79% of SOH which can 

be due to charge slippage. 

 

Figure 11 : Incremental capacity analysis at different state-of-health on (a) Techno#1 and (b) Techno#2 at different 

SOH attained after cycling at 0°C SOC80% with minimum C-rate. 

    

Figure 12 : 10s – DCR vs OCV measured on (a) Techno#1 and (b) Techno#2 at different SOH attained after cycling at 

0°C SOC80% with minimum C-rate. 

3 Conclusion 

An ambitious and innovative experiment campaign is organized to study the aging of LIB under real use 

conditions. Calendar and cycling aging are studied in separate and mixed tests. The program mobilizes 12 

partners and 18 experimental test benches. 258 cells from 2 technologies of LIB are tested. All the 

collected data will feed into aging laws and models at the end of the project.  

Acknowledgments 

We acknowledge all members of the MOBICUS program for their fruitful discussions The 12 partners 

involved in MOBICUS are: Renault (Leader), Siemens, Valéo, EDF, Controlsys, DBT, CEA, IFPen, 

IFSTTAR, EIGSI- La Rochelle and IMS-Univ Bordeaux. Invited partners are: PSA, Saft, UTC, ERDF and 

La Poste. This work obtained financial support from BPI France, the Conseil Général des Yvelines and the 

Conseil Régional du Nord-Pas de Calais.  

  

3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9 4 4.1

-100

-80

-60

-40

-20

0

20

40

60

80

100

Voltage (V)

d
Q

/d
V

 (
A

h
.V

-1
)

 

 

SOH 102%

SOH 96%

SOH 93%

SOH 91%

Charge

Discharge

(a) 

3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9 4 4.1

-80

-60

-40

-20

0

20

40

60

80

Voltage (V)

d
Q

/d
V

 (
A

h
.V

-1
)

 

 

SOH 100%

SOH 96.5%

SOH 79%

Discharge

Charge

(b) 

3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9 4 4.1

1.3

1.4

1.5

1.6

1.7

1.8

1.9

2

Voltage (V)

R
 (

m


)

 

 
SOH 102% : Charge

SOH 102% : Discharge

SOH 96% : Charge

SOH 96% : Discharge

SOH 93% : Charge

SOH 93% : Discharge

SOH 91% : Charge

SOH 91% : Discharge

(a) 

3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9 4 4.1

1.8

2

2.2

2.4

2.6

2.8

3

Voltage (V)

R
 (

m


)

 

 

SOH 100% : Charge

SOH 100% : Discharge

SOH 96.5% : Charge

SOH 96.5% : Discharge

SOH 79% : Charge

SOH 79% : Discharge

(b) 

World Electric Vehicle Journal Vol. 8 - ISSN 2032-6653 - ©2016 WEVA Page WEVJ8-0395



EVS29 International Battery, Hybrid and Fuel Cell Electric Vehicle Symposium        9 

References  

[1] I. Bloom, B. W. Cole, J. J. Sohn, S. A. Jones, E. G. Polzin, V. S. Battaglia, G. L. Henriksen, C. Motloch, R. 

Richardson, T. Unkelhaeuser, D. Ingersoll, et H. L. Case, « An accelerated calendar and cycle life study of Li-ion 

cells », J. Power Sources, vol. 101, n
o
 2, p. 238‑247, oct. 2001. 

[2] F. Badin, Modelling of On-board Energy Storage System aging: The French SIMSTOCK research network. 2009. 

[3] S. Grolleau, B. Molina-Concha, A. Delaille, P. Gyan, J.-M. Vinassa, O. Briat, A. Eddahech, R. Revel, et J. 

Bernard, « The French SIMCAL Research Network for Modelling of Energy Storage System Calendar Ageing in 

EVs and HEVs-EIS Analysis », in Meeting Abstracts, 2012, p. 1596–1596. 

[4] A. Delaille, S. Grolleau, F. Duclaud, J. Bernard, R. Revel, S. Pelissier, E. R. IGLESIAS, J.-M. Vinassa, A. 

Eddahech, C. Forgez, et others, « SIMCAL Project: calendar aging results obtained on a panel of 6 commercial 

Li-ion cells », in 224ème Electrochemical Energy Summit de l’Electrochemical Society, 2013. 

[5] D. C. Robertson, J. P. Christophersen, T. Bennett, L. K. Walker, F. Wang, S. Liu, B. Fan, et I. Bloom, « A 

comparison of battery testing protocols: Those used by the U.S. advanced battery consortium and those used in 

China », J. Power Sources, vol. 306, p. 268‑273, févr. 2016. 

[6] J.-P. Gauchi, « Plans d’expériences optimaux: un exposé didactique », Rev. Modul., vol. 33, p. 139–162, 2005. 

[7] T. Q. Duong, « USABC and PNGV test procedures », J. Power Sources, vol. 89, n
o
 2, p. 244‑248, août 2000. 

[8] M. Dubarry, B. Y. Liaw, M.-S. Chen, S.-S. Chyan, K.-C. Han, W.-T. Sie, et S.-H. Wu, « Identifying battery aging 

mechanisms in large format Li ion cells », J. Power Sources, vol. 196, n
o
 7, p. 3420‑3425, avr. 2011. 

[9] E. Sarasketa-Zabala, I. Gandiaga, L. M. Rodriguez-Martinez, et I. Villarreal, « Calendar ageing analysis of a 

LiFePO4/graphite cell with dynamic model validations: Towards realistic lifetime predictions », J. Power 

Sources, vol. 272, p. 45‑57, déc. 2014. 

[10] A. J. Smith, N. N. Sinha, et J. R. Dahn, « Narrow Range Cycling and Storage of Commercial Li Ion Cells », J. 

Electrochem. Soc., vol. 160, n
o
 2, p. A235‑A242, déc. 2012. 

Authors 

 

Mohamed Ben Marzouk received his master degree in 2013 which was on collaboration 

between Ecole Centrale de Lyon, INSA Lyon and Université Claude Bernard. Since 

September 2014, He is working on the MOBICUS project in IFSTTAR. He is employed 

as an engineer in scientific instrumentation within the VEH team (hybrid and electric 

vehicles) of the LTE lab (Transport and Environment Laboratory). 

 

Agnès Chaumond received her master degree in Mathematical Engineering at Claude 

Bernard University of Lyon in 2001. Since February 2011, she works at IFSTTAR-LTE 

(Transport and Environment Laboratory) as statistician where she is in charge of data 

analyses and statistical methodologies to collect data, such as design of experiments. 

 

Born in 1981, Eduardo REDONDO IGLESIAS received in 2007 a Master Degree in 

Electrical Engineering at the ETSEI (University of Vigo, Spain). 

In 2009, he joined the Transports and Environment Laboratory (LTE) of the IFSTTAR 

(formerly INRETS) in Bron, France. He is in charge of the battery test equipments in 

the LTE. His research activities are electrical modeling and characterization of batteries 

and their aging for transportation applications. 

World Electric Vehicle Journal Vol. 8 - ISSN 2032-6653 - ©2016 WEVA Page WEVJ8-0396



EVS29 International Battery, Hybrid and Fuel Cell Electric Vehicle Symposium        10 

 

M. MONTARU received the Ph.D. degree from the Grenoble Institute of Technology 

(INPG), France in 2009. He joined the Electrochemical Storage Laboratory (CEA-

INES), where he holds a position as researcher engineer. His current research is mainly 

focused on battery electro-thermal and aging modelling in order to enhance battery 

states indicators and management. 

 

Born in 1963, Serge Pelissier passed agrégation of Electrical Engineering (1986) after 

schooling Ecole Normale Supérieure de Cachan. After a PhD in Electrical Engineering 

at the Institut National Polytechnique de Grenoble, he worked as Associate Professor 

and Professor at the University of St. Etienne. In 2007, he joined the Laboratory 

Transports and Environment (IFSTTAR - LTE), to work on modeling, characterization 

and aging of batteries in automotive applications. Since 2013, he is the head of the 

Laboratory Transports and Environment. 

 

World Electric Vehicle Journal Vol. 8 - ISSN 2032-6653 - ©2016 WEVA Page WEVJ8-0397


