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Publishable summary 
 
WP7 will focus on the development of smart Sodium-Ion Capacitor (SIC) modules with 

integration of sensors and the Innovative – Supercapacitor Management System (i-SMS). 

The i-SMS concept is based on a management system that will include individual cell 

sensing of temperature, voltage and impedance, cell balancing, diagnosis algorithms and 

control and protection systems. The algorithms will include the estimation of State Of 

Charge (SOC), State Of Health (SOH) and State Of Power (SOP). The module will be 

developed according to the demands of the end-user and real-life conditions determined 

in the WP2 for railway application. Validation of the module will be conducted on a test 

bench simulating operational environmental and testing protocols defined in the WP2. 

 

In order to speed up the work with SICs, as a first step, the above-mentioned development 

will be done for Lithium-ion Capacitors (LICs). A 12 V module will be developed using LIC 

cells, incorporating cell balancing, protections and diagnosis algorithms. With the aim of 

developing the corresponding i-SMS, it is important to know the behavior of the cells. 

Protections of the module will be established based on the operational safety limits of the 

cells. In addition, the electrochemical performance of the cells as well as the degradation 

profile needs to be analysed for the correct implementation of the algorithms.   

 

For this purpose, the first task of this WP7 corresponds to the Task 7.1: Electrochemical 

characterization of Lithium-ion Capacitors. During this task, LIC cells from JTEKT 

manufacturer have been tested under different operating conditions to check their 

performance. For this purpose, the electrochemical performance of the cells under various 

temperatures and discharge currents has been tested, together with a thermal 

characterization. These tests will help to settle the safety performance limits to be used for 

the i-SMS protections. Additionally, floating tests have been conducted to study how the 

performance of the cells evolves under various operating conditions. The goal is to develop 

advanced algorithms that will enhance the efficiency and lifespan of the module.  

 

This report presents a comprehensive overview of the results achieved from each test 

conducted. In terms of electrochemical performance, different temperatures and currents 

have been tested. According to the manufacturer, the cells are designed to operate in a 

wide range of temperatures and high currents. However, these technical characteristics 

need to be verified by laboratory tests. In this sense, for example, cells have shown poor 

performance when working at temperatures below 0 ºC. In addition, it is important to note 

that the high currents used by LICs can result in overheating, making effective thermal 

management crucial.  

 

Finally, floating tests have also been carried out at three different temperatures. Having 

in-depth knowledge of how various electrochemical parameters evolve under different 

conditions over time enhances the accuracy of SOH, SOC, and SOP. However, even if 1400h 

of floating has been conducted at a high temperature (70 ºC), no cell degradation in terms 

of temperatures has been observed. 

 

In conclusion, this report aims to summarize the different tests that have been carried out. 

Information derived from them will be used to develop the corresponding i-SMS for the 

12V prototype LIC module including the corresponding estimation algorithms. However, 

due to the insufficient degradation observed, it will be necessary to analyze available 

databases and public information on similar technologies as alternative sources of insights. 
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1 Introduction 
 

This deliverable is part of the WP7 “Innovative SMS, implementation and validation” and 

is part of the ask 7.1 “Electrical characterization of Lithium-ion capacitors”. The aim of this 

deliverable, D7.1 “Electrochemical characterization of LICs” is to study the performance of 

Lithium-ion Capacitors (LIC) that later will be used to develop a 12V module.  

 

1.1 Aim of the tests 
 

The development of a robust and efficient LIC module requires an in-deep characterization 

phase at cell level. These tests allow for an extensive understanding of each cell’s behavior 

under various operating conditions, which is crucial for designing a module that includes a 

Supercapacitor Management System (SMS), balancing mechanisms, protections, and 

advanced estimation algorithms. 

 

First, characterization at different temperatures and currents provides detailed data on 

how the cells respond to extreme conditions and how their capacitance/capacity, internal 

resistance, and energy efficiency vary. These parameters are essential to ensure that the 

module can handle both high-charge conditions and prolonged discharges without 

compromising its performance or lifespan. Additionally, understanding LIC behavior within 

time allows to predict the module’s long-term stability, which is critical in real applications 

to anticipate unplanned failures, simplify maintenance procedures as well as determine the 

problems responsible for malfunctioning or shortening the lifetime of the energy storage 

system. 

 

The information obtained in these tests is essential for defining a protection system that 

enables safe operation of the module. Detailed characterization provides precise data on 

each cell’s tolerances and limits, allowing the SMS and protection features to be configured 

to respond appropriately to over and under temperature, overcurrent and short-circuit, 

and over and under voltage. This way, the module can quickly react to any condition 

outside safe parameters, preventing unsafe conditions that could lead to cell failure. 

 

Finally, these characterization tests aim to offer a solid foundation for developing advanced 

estimation algorithms, allowing the SMS to monitor the State Of Charge (SOC), State Of 

Health (SOH) and State Of Power (SOP) in real-time. The accuracy of these algorithms 

depends directly on the quality of the data obtained during characterization. A well-

calibrated BMS with precise algorithms ensures reliable system monitoring, achieving more 

efficient energy management, extending the module’s lifespan, and enhancing its 

performance in real-world operating conditions. 

 

Thus, in this report, the different tests that have been carried out to the LIC cells will be 

summarized. First, a brief explanation of the cell's main technical parameters as well as 

the test descriptions will be given. Secondly, an in-deep explanation of the electrochemical 

and ageing tests performed and their results will be evaluated. Finally, the main 

conclusions of the data obtained will be given. 
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1.2 Cell technical information 
 

In order to carry out the electrochemical performance study, commercially available LIC 

cells from the Japanese JTEKT company were used. In Table 1 below, the main technical 

characteristics can be found: 

 

Table 1. JTEKT cell main technical parameters 

PARAMETER VALUE UNIT 

Capacitance 1000 F 

Capacity 0.444 Ah 

Operating voltage range 2.2-3.8 V 

Internal resistance 2.0 mΩ 

Operating temperature 

range 

-40 and 85 ºC 

(with operating voltage range from 2.2 to 3.8 

V) 

 

Note: After 1000 h float charging test (85 ºC, 3.8 V) 

internal resistance increase rate of 50% or less and 

capacitance reduction rate of 20% or less. 

ºC 

-40 and 100 ºC 

(with operating voltage range from 2.2 to 3.6 

V) 

 

Note: After 1000 h float charging test (100 ºC, 3.6 V) 

internal resistance increase rate of 50 % or less and 

capacitance reduction rate of 20 % or less. 

ºC 

Cell weight 160 g 

Cell volume 97 cm3 

 

In terms of the mechanical design of the cell, in the figure below it can be seen the 

geometry, tab positioning as well as the dimensions: 

 

Table 2. JTEKT cell dimensions 

 
 

X: 63 mm 

 

Y: 111 mm 

 

t: 13.3 mm 
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1.3 Test description 
 

1.3.1 Electrochemical tests 

 

These electrochemical tests have been performed at different currents and environmental 

temperatures in the charge and discharge processes, while Open Circuit Voltage (OCV) and 

Electrochemical Impedance Spectroscopy (EIS) measurements are done periodically at 

different SOCs.  

 

In the Table 3 below, the description of the different operating conditions tested can be 

checked: 

 

Table 3. Description of electrochemical tests 

Voltage 

window (V) 

Temperature 

(ºC) 
Currents (A) 

Number of 

cycles 
Tests 

2.2-3.8 

-40 ºC 

6 A (<5 min) 

20 A (<1.5 min) 

40 A (40 s) 

5 cycles at 

each 

condition 

Measurement of 

EIS and OCV at 

100%, 50 % and 

0 % SOC 

-20 ºC 

0 ºC 

25 ºC 

50 ºC 

85 ºC 

 

As it can be checked, six different operating conditions have been tested, in order to check 

the performance of the cells at high and low temperatures, together with room 

temperature. In terms of the currents, the same current has been tested at charge and 

discharge. Three values have been tested, with time responses in the range of seconds or 

less than 5 minutes. For the EIS measurements the range of frequencies from 10 mHz to 

10 kHz has been tested. 

 

In terms of the ageing tests, floating tests have been carried out at different temperatures. 

In general, floating tests are based on continuous application of rated voltage at high 

temperature. Cells are usually kept at the upper category temperature limit and rated 

voltage for 1000 h or as agreed between both parts. As a reference for the definition of 

the tests, the standard IEC 62813:2015 – Lithium ion capacitors for use in electric and 

electronic equipment – Test methods for electrical characteristics has been considered.  

 

Three different operating temperatures have been tested. In the Table 4 below the 

conditions have been summarized: 

 

Table 4. Description of floating tests 

Rated 

voltage (V) 

Temperature 

(ºC) 

Time 

(h) 

Check-

up 

Number of 

cycles 
Tests 

3.8 V 70 ºC 1400 h 

Every 

100 h 

10 

Charge 12 A until 

3.8 V and 

discharge at 12 A 

until 2.2 V 

Measurement 

of EIS and 

OCV at 100%, 

50 % and 0 

% SOC 

3.8 V 50 ºC 1400 h 

3.8 V 0 ºC 1400 h 

 

 

As it can be checked, three different temperatures have been tested, in order to check the 

degradation rate of the cells at different temperature conditions after approximately 1600 
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h at each temperature under floating conditions. In terms of the check-up, every 100 h, 

the 10 cycles have been carried out in order to check the capacitance evolution, as well as 

the evolution of EIS within time. For the degradation analysis, results will be given in terms 

on capacity due to processability for the algorithm development. 

 

1.3.2 Thermal characterization  

 

Additionally, it is important to consider that the high currents used by LICs can lead to 

overheating. As Soltani et al.1 analysed, a thermal management system is crucial to 

maintain thermal stability and prolong the lifespan of the modules. 

 

In this sense, in order to provide information on the thermal characteristics of the cells, 

some basic parameters at the cell level have been evaluated, such as the specific heat 

capacity (kJ kg-1 ºC-1) or their thermal conductivity (W m-1 K-1). 

 

Specific heat capacity (CP): 

 

The objective of the methodology is obtaining the bulk specific heat (𝐶𝑃) of the cell. Specific 

heat capacity is defined as the energy needed to increase a unit of mass of a substance by 

1 K. 

 

The methodology involves obtaining the cell 𝐶𝑃 by comparing the thermal response of the 

actual electrochemical cell and an aluminium mockup of the same size when exposed to 

the same controlled temperature changes in a climatic chamber. The heat capacity of the 

aluminium mockup, which is well-characterized, is used as a reference. 

 

In order to calculate the heat absorbed by the samples, an arrangement consisting of 

grouping two sample units with aluminium tape was instrumented with four K-

thermocouples (error 0.5 %) as showed in Figure 1. The temperature measurements 

between the samples and at the surface will be used to calculate the absorbed heat during 

the heating program. Subsequently, the samples were introduced in a climatic chamber 

and subjected to the same heating program step from 20 °C to 70 °C. Two heating 

programs were carried out for each sample in order to ensure the consistency of the results. 

 

 

Figure 1. Testing samples arrangement: a) cross-section of the aluminium sample mockup, b) single 

instrumented aluminium block, c) cross-section of the two cells arrangement, and d) instrumented cells arrange 
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It is assumed that during the heating program both samples absorb the same amount of 

heat within the same time interval. This is a reasonable assumption because: 

 

• The temperature evolution in the climatic chamber is the same. 

• The surface temperature evolution of the two samples is very similar. 

• The convection conditions inside the chamber are similar. 

• The geometry, volume, and surface area of the cells and aluminium mockup are 

similar. 

In those conditions the absorbed heat of the aluminium mockup (𝑄𝐴𝑙 𝑚𝑜𝑐𝑘𝑢𝑝) will be as 

follows: 

 

𝑸𝑨𝒍 𝒎𝒐𝒄𝒌𝒖𝒑 = 𝒎𝑨𝒍 𝒎𝒐𝒄𝒌𝒖𝒑 ∙  𝒄𝑷 𝑨𝒍 ∙ ∆𝑻𝑨𝒍 𝒎𝒐𝒄𝒌𝒖𝒑 Equation 1 

 

Where 𝑚𝐴𝑙 𝑚𝑜𝑐𝑘𝑢𝑝 is the total aluminium mass of the two aluminium blocks and tape, 𝑐𝑃 𝐴𝑙 is 

the specific heat of aluminum 6082 T6 used and ∆𝑇𝐴𝑙 𝑚𝑜𝑐𝑘𝑢𝑝 is the average temperature 

increase of the sample in the time step considered. 

 

In the case of the cell arrangement, the heat absorbed (𝑄𝑐𝑒𝑙𝑙) corresponds to the following 

expression: 

 

𝑸𝒄𝒆𝒍𝒍 = 𝒎𝒄𝒆𝒍𝒍 ∙ 𝒄𝑷 𝒄𝒆𝒍𝒍 ∙ ∆𝑻𝒄𝒆𝒍𝒍 + 𝒎𝑨𝒍 𝒕𝒂𝒑𝒆 ∙ 𝒄𝑷 𝑨𝒍 ∙ ∆𝑻𝑨𝒍 𝒕𝒂𝒑𝒆 Equation 2 

 

Where 𝑚𝑐𝑒𝑙𝑙 is the total mass of the two cells, 𝑐𝑃 𝑐𝑒𝑙𝑙 is the bulk specific heat of the cell,  ∆𝑇𝑐𝑒𝑙𝑙 

is the average temperature increase of the cells, 𝑚𝐴𝑙 𝑡𝑎𝑝𝑒 is the mass of the aluminum tape 

used to attach the two cells,  𝑐𝑃 𝐴𝑙 is the aluminum specific heat and  ∆𝑇𝐴𝑙 𝑡𝑎𝑝𝑒 is the 

temperature increase of the aluminium tape. 

 

Subsequently, considering that both arrangements absorb the same amount of heat, the 

following expression will be met: 

 

𝑸𝒄𝒆𝒍𝒍

𝑸𝑨𝒍 𝒎𝒐𝒄𝒌𝒖𝒑

=
𝒎𝒄𝒆𝒍𝒍 ∙ 𝒄𝑷 𝒄𝒆𝒍𝒍 ∙ ∆𝑻𝒄𝒆𝒍𝒍 +  𝒎𝑨𝒍 𝒕𝒂𝒑𝒆 ∙ 𝒄𝑷 𝑨𝒍 ∙ ∆𝑻𝑨𝒍 𝒕𝒂𝒑𝒆

𝒎𝑨𝒍 𝒎𝒐𝒄𝒌𝒖𝒑 ∙  𝒄𝑷 𝑨𝒍 ∙ ∆𝑻𝑨𝒍 𝒎𝒐𝒄𝒌𝒖𝒑

 Equation 3 

 

Where the 𝑐𝑃 𝑐𝑒𝑙𝑙   can be obtained by isolating it from the equation as shown below: 

 

𝒄𝑷 𝒄𝒆𝒍𝒍 =
𝒎𝑨𝒍 𝒎𝒐𝒄𝒌𝒖𝒑 ∙  𝒄𝑷 𝑨𝒍 ∙ ∆𝑻𝑨𝒍 𝒎𝒐𝒄𝒌𝒖𝒑 −  𝒎𝑨𝒍 𝒕𝒂𝒑𝒆 ∙ 𝒄𝑷 𝑨𝒍 ∙ ∆𝑻𝑨𝒍 𝒕𝒂𝒑𝒆 

𝒎𝒄𝒆𝒍𝒍 ∙ ∆𝑻𝒄𝒆𝒍𝒍

 Equation 4 

 

Thermal conductivity: 

 

In the case of pouch format cells, the thermal conductivity is different along the in-plane 

and through-plane. In-plane conductivity refers to the thermal conductivity measured 

parallel to the material layers of the pouch cell. This direction aligns with the layers of 

electrodes, separators, and other components inside the cell. Through-plane conductivity 

refers to the thermal conductivity measured perpendicular to the material layers. This 

direction crosses through the stack of layers, from one face of the pouch to the opposite 

face.  
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Given the layered structure of the cells, heat can flow relatively freely in the in-plane 

direction (parallel to the layers) because it primarily travels along continuous, conductive 

materials like the current collectors (e.g., aluminium and copper). In contrast, the through-

plane direction (perpendicular to the layers), heat must cross interfaces that include 

separators and electrolytes with much lower thermal conductivity, thereby increasing 

thermal resistance. 

 

To capture such an anisotropic thermal conductivity effectively, the Transient Plane Source 

(TPS)1 technique is used. This method is based on the use of a flat disk-shaped sensor 

encompassing a double metal spiral. During the experiment, the sensor is placed between 

two pieces of the sample to be characterized and provides both thermal excitation (step 

heating) and temperature measurement. Parameters of the experiments and sensor size 

were chosen carefully following the guidelines from the standard Hot Disk ISO 22007-

2:20152. A Hot Disk TPS 2500S instrument was thus equipped with a Kapton sensor of 

6.403 mm in radius (sensor type 5501 F1) positioned between two identical cells ensuring 

a flat and smooth contact surface and minimal air gaps, as shown in Figure 2.  

 

 

Figure 2. Testing sample arrangement: a) Experimental setup with the sensor placed between two cells, b) 

picture of 5501 F1 Kapton sensor. 

 

Measurements were performed at room temperature (19 °C). The power applied to the 

sensor was set to 300 mW during 3 s. The temperature increase of the sensor can be 

determined by solving the heat conduction equation for an anisotropic semi-infinite 

medium3. In this configuration, the transient thermal behaviour of the cell can be modelled 

as follows4: 

 

∆𝑻(𝝉𝒙) = 𝑷 [𝝅
𝟑
𝟐 𝒓 (𝒌𝒙𝒌𝒛)

𝟏
𝟐]

−𝟏

𝑫(𝝉𝒙) Equation 5 

 

Where P is the power applied to the sensor, r is the radius of the latter, kx and kz are the 

thermal conductivities along the in-plane (x-axis) and through-plane (z-axis), respectively. 

Finally, 𝐷(𝜏𝑥) is a dimensionless time function which depends on the number of concentric 

rings of the sensor5. 
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2 Methods and Results 
2.1 Electrical characterization of Lithium-ion Capacitors 

(LIC) 
 

2.1.1 Electrochemical characterization 

 

Based on the operating temperature range declared in the cell datasheet, six different 

temperatures have been tested in order to check the discharged capacity in different 

operating temperatures. Moreover, three different discharged currents have also been 

tested, based on the time response expected of the system. 

 

In the Figure 3 below, the discharged capacity for the different conditions can be analysed: 

 

 

Figure 3. Discharge capacities at different currents and different operation temperatures a) - 40 

ºC; b) - 20 ºC; c) 0 ºC; d) 25 ºC; e) 50 ºC; f) 85 ºC 

As it can be seen, the discharged capacity decreases when higher current is applied. In 

addition, it can also be checked that among the 5 cycles, no differences in terms of 

discharged capacity are found when cycling at temperatures above 0 ºC. However, when 

cycling at lower temperatures, the discharged capacity is not homogeneous in all the 

cycles, thus, it can be concluded that the cell is not stable at low temperatures. In general, 

it can also be checked that the discharged capacity is much lower than the nominal capacity 

(0.444 Ah) when cycling at negative temperatures. At -20 ºC performance is still 

remarkable, however, at -40ºC the capacity fade is notorious, specially at high rates.  

In the following Figure 4, the discharged capacity at different temperatures and currents 

can be checked. Two cells per condition have been tested in order to check the 

reproducibility of the obtained results: 
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Figure 4. Discharged capacity at different temperatures and currents 

As it can be seen, in general, good reproducibility has been found in the results. Moreover, 

when cycling at temperatures above 25 ºC, the discharged capacity corresponds 

approximately to the nominal capacity. However, when working at low temperatures, the 

capacity is decreased, reaching around half of the capacity when working at – 40 ºC. In 

addition, it should be pointed put that the results obtained at that temperature are not 

reproducible, which can indicate poor performance at temperatures below – 20 ºC. On the 

other hand, related to the applied currents, discharged capacity decreases as the applied 

current increases.  

In addition to the capacity tests, Electrochemical Impedance Spectroscopy (EIS) tests have 

also been carried out: 

 

Figure 5. EIS spectra at different temperatures 

In terms of the EIS spectra, it can be found in the Figure above that the curves obtained 

do not vary much within temperature when working at positive temperatures. However, 

when negative temperatures are applied (curves in blue), it can be checked how the charge 

transfer resistance increases significantly. This comes in agreement with the lower capacity 

obtained at low temperatures which can be found in Figure 3 and Figure 4. 

Analysing the EIS spectra, the internal resistance value at different temperatures can be 

checked in the following Figure 6: 
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Figure 6. Internal resistance at different temperatures 

The internal resistance is defined as the intersection of the Nyquist curve with the real 

resistance value (X axis) at high frequencies. In general, reproducible results can be found 

when working at temperatures between 0 ºC and 50 ºC. 

In addition, EIS measurements were done at different SOCs in order to check differences 

in the results obtained. Three different values have been tested: 0, 50 and 100 % SOC. 

The Figure 7 below shows the internal resistance value at different temperatures and 

different SOCs. 

 

Figure 7. Internal resistance values at different SOCs and temperatures 

 

Based on the data above, no differences can be found in terms of the internal resistance 

at different SOCs.  
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2.1.2 Thermal characterization  

 

2.1.2.1 Heat capacity 

 

The measurements carried out during the heating programs are shown in Figure 8. Due to 

the high thermal conductivity of aluminium, the temperature at the surface was very 

similar to the one at the inside of the two aluminium blocks, therefore only one temperature 

is plotted. Nevertheless, in the case of the cell arrangement, a non-negligible thermal 

gradient was observed. In addition, the average temperature increases in the cells that 

followed a slower rate, meaning that they have to present a higher specific heat. The 

temperature evolution within the climatic chamber follows a similar trend in both 

experiments. Besides, the surface temperature of both samples differentiates in no more 

than 3 °C. Therefore, a similar convection coefficient is expected and the assumption of 

both samples absorbing a very similar amount of heat may be correct.  

 

Consequently, applying the equations showed above, the returned 𝑐𝑃,   𝑐𝑒𝑙𝑙 is 1.40 J/g·K, with 

an error of ±0.07. 𝑐𝑃,𝐴𝑙 was assumed to be 0.891 J/g·K according to the material database 

MatWeb.com. The specific heat of an electrochemical cell depends on several intrinsic and 

extrinsic factors, namely, the material composition, cell structure, manufacturing 

variations, state of charge, or even the measurement methodology. This fact may lead to 

significant variations which highlight the need of carrying out a specific measurement for 

each study. In the present study, the value of 1.4 J/g·K is in the range of previously 

reported values of similar cells6, with differences that may be attributable to any of the 

characteristics mentioned earlier. 

 

 

Figure 8. Experimental temperature measurements of the heating programs both for the Al mockup and cell 

arrangement 

 

2.1.2.2 Thermal conductivity 

 

It should be noted that, given its sequential nature, this method is sensitive to error 

propagation and, considering the complexity of the structure of the cell, can only lead to 

effective thermal properties estimation.  

 

Figure 9 shows temperature increase as a function of time, which is related to the thermal 

properties of the surrounding material. Three different measurements are recorded for 

ensuring the repeatability of the measurement (tests 2 to 4). Then, the setup is 
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disassembled and assembled again to record another measurement (tests 1) to check the 

reproducibility of the setup. It is observed that the temperature increase recorded for the 

different tests present very similar results. 

 

This temperature increase during the transient period is linearly proportional to a function 

𝐷(𝜏𝑥). Accordingly, the characteristic time is used as a fitting parameter to calculate 

thermal diffusivity αx along the x-axis. Next, the previously determined volumetric heat 

capacity (ρCp) is required to calculate kx = αxρCp. Finally, kz is obtained from determined kx 

and the slope of the line described in the above equation. The different test results are 

given in Table 5. Model and inverse method were programmed with Matlab® and its non-

linear optimization toolbox.  

 

Table 5. Thermal diffusivity and thermal conductivity results for the different tests 

 

The obtained values are 64.18 ± 0.42 W/(mK) for in-plane conductivity and 0.250 ± 0.001 

W/(mK) for through-plane conductivity. The uncertainty reflects the standard deviation 

across the four measurements. 

 

 

Figure 9. Transient temperature increase during the testing period 

 

2.2 Ageing characterization  
 

In order to check the degradation evolution of the cells at different operation conditions, 

long-term tests need to be carried out. Since by definition LIC cells have a cycle life of 

around 1M cycles7, it was decided to subject the cells to floating tests at high and low 

temperatures. 
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2.2.1 Floating tests at 70 ºC 

 

In a first step, it was decided to expose the cells to a high temperature ensuring the safety 

of the cells. Being 85 ºC the higher allowable operating temperature (or 100 ºC with 

reduced floating voltage of 3.6 V) declared by the manufacturer, and for safety concerns, 

it was decided to test under floating conditions at 70 ºC as the upper temperature limit.  

 

2.2.1.1 Floating  

 

Two cells have been tested at 70 ºC under floating conditions with periodical check-ups in 

order to get information about the degradation of the cells. For these tests, no pressure 

was applied to the cells. In the Figure 10 below, the floating results can be checked in 

which every 100h a check-up was done. 

 

 
 

Figure 10. Floating test at 70 ºC for Cell 3 and Cell 4 

In the figure above, it can be checked that cells were maintained at the upper voltage limit 

(3.8 V) for more than 1500 h. The voltage drop detected every 100 h corresponds to the 

periodical check-ups.  

 

It should be noted that the voltage peak that can be observed at 600h is due to a break in 

cycling that had to be carried out for maintenance in the test laboratory. During this break, 

cells were maintained at 70 ºC and the connections were not modified in order not to 

change the impedance measurement.  

 

2.2.1.2 Capacity evolution 

 

During the periodical check-ups, first, 10 charge-discharge cycles were carried out at low 

currents (i.e., 12 A). In the following Figure 11, where voltage vs time is represented, the 

last cycles of each check-up have been plotted.  
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Figure 11. Charge-discharge profiles within time - a) Cell 3; b) Cell 4 

 

As it can be checked in the Figure, there is a voltage drop increase over time due to an 

increase in the Equivalent Series Resistance (ESR).  

 

 

2.2.1.3 EIS evolution 

 

During the periodical check-ups, and after the 10 charge-discharge cycles, cells were 

discharged and EIS was measured in a wide range of frequencies at 0, 50 and 100 % SOCs 

with partial charges until the desired voltage values. In the Figure 12 below the different 

results can be found: 

 

 

Figure 12. EIS spectra for Cell 3 at a) 0% SOC; b) 50% SOC and c) 100% SOC and Cell 4 at d) 0% SOC; e) 

50% SOC and f) 100% SOC 

 

In agreement with the Figure 11, in the Figure 12 it can be checked that internal resistance 

values increase over time. For these tests, no pressure was applied. However, in view of 

the results, and for the rest of the tests it was decided to apply pressure.  

 

In terms of the differences of the curve within the time and SOC, the following figure shows 

the results obtained: 
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Figure 13. EIS curve evolution within time and SOC value - a) Cell 3 – Initial; b) Cell 3 - Final; c) Cell 4- Initial; 

d) Cell 4 - Final; Blue 0% SOC - Orange 50% SOC - Green 100% SOC 

 

As it can be seen in Figure 13, at low frequencies, there is a curve shift that could be 

related to the SOC value and the interfacial impedance. However, further analysis in terms 

of frequencies, resistances values and reproducibility among the two cells needs to be 

done. 

  

2.2.2 Floating tests at 50 ºC 

 

Two cells were cycled under controlled temperature in a climatic chamber. For these tests, 

and as it has been said before, pressure has been applied to the cells in order to control 

the cell thickness changes.  

 

2.2.2.1 Floating  

 

Two cells have been tested at 50 ºC under floating conditions with periodical check-ups in 

order to get information about the degradation of the cells. In the figure below, the floating 

results can be checked in which every 100 h a check-up was done. 
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Figure 14. Floating test at 70 ºC for Cell 5 and Cell 6 

 

In the Figure 14 above, it can be checked that cells were maintained at the upper voltage 

limit (3.8 V) approximately 1400 h. The voltage drop detected every 100 h corresponds to 

the periodical check-ups.  

 

It should be noted that the voltage peak that can be observed at 700h is due to a chamber 

maintenance that was done during the tests in the testing laboratory. During this break, 

cells were maintained at 50 ºC and the connections were not modified in order not to 

change the impedance measurement.  

 

2.2.2.2 Capacity evolution 

 

During the periodical check-ups, first, 10 charge-discharge cycles were carried out at low 

currents (i.e., 12 A). In the following figure, the last cycles of each check-up have been 

plotted.  
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Figure 15. Charge-discharge profiles within time - a) Cell 5; b) Cell 6 

As it can be checked in the Figure 15, there is a voltage drop increase over time due to an 

increase in the Equivalent Series Resistance (ESR). This increase in more appreciable in 

the first cell (Cell 5) which reflects the influence of the cell connection method in the 

internal resistance.  

 

2.2.2.3 EIS evolution 

 

As in the tests at 70 ºC, impedance measurements have been done at 0, 50 and 100% 

SOC from 10 mHz to 10 kHz, with partial charges until the desired voltage values. In Figure 

16 below the different results can be found: 

 

 
 

Figure 16. EIS spectra for Cell 5 at a) 0% SOC; b) 50% SOC and c) 100% SOC and Cell 6 at d) 0% SOC; e) 

50% SOC and f) 100% SOC 

In this case, it can be checked that during the first 600h, the internal resistance increased 

over time. However, after the climatic chamber maintenance was done, the internal 

resistance values decreased significantly. This might be related to connections, which were 

disassembled for the maintenance and mounting might have probably not been done on 

the exact way.  
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In terms of the differences of the curve within the time and SOC, the following Figure 17 

shows the results obtained: 

 

 

Figure 17. EIS curve evolution within time and SOC value - a) Cell 5 – Initial; b) Cell 5 - Final; c) Cell 6- Initial ; 

d) Cell 6 - Final ; Blue 0% SOC - Orange 50% SOC - Green 100% SOC 

 

Similarly than in the case of 70 ºC tests, at low frequencies, there is a curve shift that 

could be related to the SOC value and the interfacial impedance. However, further analysis 

in terms of frequencies, resistance values and reproducibility among the two cells needs to 

be done. 

 

2.2.3 Floating tests at 0 ºC 

 

During the electrochemical tests, it was determined that cells have a good performance 

when operating at temperatures above 0 ºC. However, when working at lower 

temperatures, the capacity obtained decreased significantly and the results were not 

reproducible between the two cells. Thus, in order to check the floating performance of the 

model at low temperatures, 0 ºC was defined since it is the lowest temperature at which 

reproducible results were obtained.  

 

2.2.3.1 Floating  

 

Two cells have been tested at 0 ºC under floating conditions with periodical check-ups in 

order to get information about the degradation of the cells. In the figure below, the floating 

results can be checked in which every 100 h a check-up was done. 
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Figure 18. Floating test at 0 ºC for Cell 7 and Cell 8 

In the Figure 18 above, it can be checked that cells were maintained at the upper voltage 

limit (3.8 V) approximately 1000 h. The voltage drop detected every 100 h corresponds to 

the periodical check-ups.  

 

However, it should be noted that after approximately 600 h, the temperature of the 

chamber was changed to 25 ºC due to internal problems and thus, the cell performance 

varied. In terms of floating conditions, cells were maintained every time at the upper 

voltage limit.  

 

2.2.3.2 Capacity evolution 

 

During the periodical check-ups, first, 10 charge-discharge cycles were carried out at low 

currents (12 A). In the following Figure 19, the last cycles of each check-up have been 

plotted.  

 

Figure 19. Charge-discharge profiles within time - a) Cell 7; b) Cell 8 

 

In contrast of what is has been appreciable when testing at high temperatures, there is 

not much voltage drop increase at 0 ºC. In terms of charge and discharge profiles, not 
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appreciable changes can be found related to the temperature change produced at 

approximately 600 h of cycling. 

 

2.2.3.3 EIS evolution 

 

As in the other tests, impedance measurements have been done at 0, 50 and 100 % SOC 

with partial charges until the desired voltage values. In the Figure 20 below the different 

results can be found: 

 

 

Figure 20. EIS spectra for Cell 7 at a) 0% SOC; b) 50% SOC and c) 100% SOC and Cell 8 at d) 0% SOC; e) 

50% SOC and f) 100% SOC 

 

In this case, it is very appreciable that the EIS curve shape changes at around 600 h, which 

is due to the climatic chamber change produced in which the temperature was changed 

from 0 ºC to 25 ºC. Thus, in the figure it can be seen that, at low temperatures, the charge 

transfer resistance is higher which could be attributed to a reduced mobility of the 

electrolyte ions. This enables to see the complete semicircle. However, from 600 h 

onwards, the EIS shape changes, with less semicircle.  

 

In terms of the differences of the curve within the time and SOC, the following figure shows 

the results obtained. For this analysis the EIS curve at 500 h has been taken as the final 

curve since it is the last check-up before the climatic chamber change: 
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Figure 21. EIS curve evolution within time and SOC value - a) Cell 3 – Initial; b) Cell 3 - Final; c) Cell 4- Initial ; 

d) Cell 4 - Final ; Blue 0% SOC - Orange 50% SOC - Green 100% SOC 

 

As it can be seen in the Figure 21, at this temperature, the complete Nyquist curve can be 

seen. Moreover, at low frequencies, it seems there is a curve shift that could be related to 

the SOC value and the interfacial impedance. However, further analysis in terms of 

frequencies, resistances values and reproducibility among the two cells needs to be done. 
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3 Discussion and Conclusions 
 

During these tests, first of all, the cell performance under different operating conditions 

has been tested. In this sense, different temperatures as well as charge and discharge 

currents have been tested.  

 

In terms of operating temperatures, according to the manufacturer’s information, cells are 

supposed to work in a wide range of temperatures, from – 40 ºC to 100 ºC. However, it 

has been checked that cells have non-reproducible results when working at temperatures 

below 0 ºC as well as a lower discharged capacity. Nevertheless, concerning high operating 

conditions, cells have very good results even at 85 ºC with discharged capacities around 

the nominal capacity, thus, without capacity lose. No higher temperature has been tested 

due to safety concerns.  

 

In terms of applied currents, a maximum of 40 A has been tested, even if the manufacturer 

claims a maximum discharge current of 200 A. However, due to safety concerns, 40 A was 

selected as the maximum current, which means time responses of 40 seconds. By 

analysing the results, it can be seen that the discharged capacity decreases when higher 

current is applied. 

 

After the electrochemical characterization, floating tests were carried out at three different 

temperatures in order to analyse the degradation of the cells. The comparison of the 

obtained capacity degradation within time can be checked in the Figure 22: 

 

Figure 22. Capacity evolution at different floating temperatures vs. time 

As it can be seen, when operating at temperatures of 50 ºC and 70 ºC, during the tests, 

cell capacity is higher than the nominal capacity of the cells. This reflects that the cells do 

operate better when subjected to high temperatures. In addition, during the 1400 h of the 

tests, in general, cells do not suffer from capacity decay. In the case of tests carried out 

at 70 ºC, after approximately 700-800 h, cells suffer a capacity decay, but it is later 

maintained quite constant at capacities around 0.46 Ah. This small capacity decay can be 

attributed to the test stop due to the maintenance period. 
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On the other hand, when analysing the results obtained for the tests carried out at 0 ºC, 

first, it can be seen that the capacities obtained are below the nominal capacity of the cells, 

which is in agreement with the results obtained in the electrochemical characterization in 

Figure 4. Furthermore, the capacity increase detected after 600 h of testing is attributed 

to the climatic chamber temperature change to 25 ºC due to internal problems.  

 

In general, it can be checked that in any of the tests 80% of the nominal capacity has been 

obtained. Thus, no cell degradation has been achieved. 

 

The internal resistance can also be another parameter associated to cell degradation. Thus, 

in the same way, after testing the cells at three different temperatures, the comparison of 

the obtained internal resistance within time can be checked in the following Figure 23: 

 

 

 

Figure 23. Internal resistance evolution at different floating temperatures vs. time 

As it can be seen, in general, when working at high temperatures (50 ºC and 70 ºC) cells 

internal resistance varies significantly among the two cells tested at the same conditions. 

Moreover, there is also a significant variation in the values over time. However, there is 

not a clear trend, thus, resistance variation can be multifactorial. One of the main reasons 

can be that cells are connected by crocodile connections (weak connection) and cell 

connection variability is reflected in an internal resistance change. 

However, it should be noted that this internal resistance change is not related to cell 

degradation, since, as it can be checked in the Figure 22, no capacity degradation has been 

observed during the floating tests at any of the tested temperatures.   

Thus, after keeping the cells under floating conditions for approximately 1400 h at three 

different temperatures, it can be concluded that no degradation has been observed in any 

case. 
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Finally, and concerting the Battery Thermal Management System (BTMS), a key factor is 

the relationship between thermal conductivity and the available surface area for heat 

exchange between the cell and the BTMS. In this case, according to the results found in 

terms of thermal conductivity, despite having a smaller surface area, it seems appropriate 

to take advantage of the much higher in-plane thermal conductivity through a system that 

facilitates heat exchange from the bottom or top of the cell instead of from the cell sides. 

This BTMS would contribute to remove heat faster while maintaining an homogeneous heat 

distribution among layers of the cell. 
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4 Recommendation 
 

After conducting an exhaustive characterization of LICs, testing them under various 

operating conditions and conducting floating tests at three different temperatures, no 

significant signs of degradation were observed in the evaluated cells. These results 

highlight the excellent stability and robustness of LICs, even in scenarios simulating 

aggressive operating temperatures. 

The absence of degradation is a promising indicator that supports the ability of these cells 

to maintain consistent performance over time, positioning them as a reliable technology 

for energy storage modules. However, the lack of degradation data poses a significant 

challenge in the development of advanced estimation algorithms that will be implemented 

in the i-SMS, particularly for SOH estimation. The accuracy of these algorithms heavily 

relies on models informed by degradation patterns, and the observed stability necessitates 

exploring alternative approaches to ensure effective long-term estimations.  

Thus, to address this, available databases and public information on similar technologies 

will be analyzed as alternative sources of insights, which could help to develop the 

corresponding SOX algorithms. These algorithms will be implemented in the i-SMS, 

together with the balancing circuits and protections for the planned 12 V prototype module.   



 

No 101092080  31 / 34 
D7.1 – Electrochemical Characterization of LICs – PU   

5 Risk register 
 

Risk No. What is the risk Probability 

of risk 

occurrence1 

Effect of 

risk2 

Solutions to 

overcome the risk 

WP7.1.1 Inability of degrading 

cells to develop 

algorithms for SOH 

estimation 

High Medium Search for 

degradation data of 

non-commercial LICs 

in order develop the 

algorithms.  

Table 6: Risk Register 

  

 
1 Probability risk will occur: 1 = high, 2 = medium, 3 = low 
2 Effect when risk occurs: 1 = high, 2 = medium, 3 = low 
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