

  applsci-13-02870




applsci-13-02870







Appl. Sci. 2023, 13(5), 2870; doi:10.3390/app13052870




Article



Thermal Characterisation of Automotive-Sized Lithium-Ion Pouch Cells Using Thermal Impedance Spectroscopy



Dominik Droese * and Julia Kowal[image: Orcid]





Electrical Energy Storage Technology (EET), Institute of Energy and Automation, Technische Universität Berlin, Einsteinufer 11, D-10587 Berlin, Germany









*



Correspondence: dominik.droese@tu-berlin.de







Academic Editor: Dong-Won Kim



Received: 2 February 2023 / Revised: 16 February 2023 / Accepted: 21 February 2023 / Published: 23 February 2023



Abstract

:

This study used thermal impedance spectroscopy to measure a 46 Ah high-power lithium-ion pouch cell, introducing a testing setup for automotive-sized cells to extract the relevant thermal parameters, reducing the time for thermal characterisation in the complete operational range. The results are validated by measuring the heat capacity using an easy-to-implement calorimetric measurement method. For the investigated cell at 50% state of charge and an ambient temperature of 25 °C, values for the specific heat capacity of 1.25 J/(kgK) and the cross-plane thermal conductivity of 0.47 W/(mK) are obtained. For further understanding, the values were measured at different states of charge and at different ambient temperatures, showing a notable dependency only on the thermal conductivity from the temperature of −0.37%/K. Also, a comparison of the cell with a similar-sized 60 Ah high-energy cell is investigated, comparing the influence of the cell structure to the thermal behaviour of commercial cells. This observation shows about 15% higher values in heat capacity and cross-plane thermal conductivity for the high-energy cell. Consequently, the presented setup is a straightforward implementation to accurately obtain the required model parameters, which could be used prospectively for module characterisation and investigating thermal propagation through the cells.
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1. Introduction


Ramping up the usage of lithium-ion batteries (LIBs) on a global scale, mainly in the automotive context, requires, besides cell ageing, a broad understanding of both the electrical and the thermal behaviour. Ideal thermal management, especially for large-scale battery systems, is crucial for the maximum possible power and energy supply the system can contribute at a particular state. This optimisation must be done to improve the acceptance of electric vehicles by minimising the required battery cells due to higher power and energy availability without decreasing the driving range.



Thermal characterisation is divided into two general approaches. The first uses external excitation to obtain both the heat capacity (e.g., calorimetric tests [1,2,3]) and the thermal conductivity (e.g., one-sided heat pulses using a calefaction plate [4,5,6] or a flashlight [7,8]). Often these methods require extended auxiliary testing equipment. The other approach uses internal thermal excitation of heat created by the current in the cell. These tests require only standard laboratory equipment and are faster and easier to integrate into battery characterisation procedures.



In this paper, the focus lies on the usage of the latter. Here, the literature introduces and discusses multiple different approaches. The procedures often follow well-known electrical characterisation methods, for instance, pulse response triggered by a direct current as in the hybrid pulse power characterisation [9] or using a sinusoidal current as in electrochemical impedance spectroscopy [10,11].



These testing principles are adjusted to observe the thermal response of the cell [12,13]. Thermal characterisation tests need a longer overall testing time due to the longer time constants, and obtaining an appropriate temperature response often requires high currents, which leads to necessary adaptations in the testing schemes. The state of charge (SOC) plays an essential role in the thermal behaviour of a battery cell. While the parameters of the cell remain nearly constant, as shown in this paper following the literature [14,15,16], the heating of the battery itself differs due to the so-called reversible heat term. Therefore, pulsing the excitation current at a relatively high frequency is often required to maintain a quasi-stationary SOC for obtaining the thermal parameters [17,18,19]. This paper uses thermal impedance spectroscopy (TIS) as an easy-to-implement approach to calculate the battery cell’s heat capacity and thermal conductivity for large-area cells. TIS was first introduced by [12] using an external heating coil to investigate the temperature response of the cell and afterwards adapted by other researchers using internal heating [20,21] to obtain the cell’s parameters. The investigations mostly correspond to smaller cell formats, for example cylindrical [21,22] or small pouch cells [20,23]. This paper firstly investigates and compares two same-sized large-area cells with different cell configurations and capacities, as further described in Section 2.2. Utilising a polystyrene arrangement around the significant cell surfaces in this paper shows that the TIS can be used for automotive-sized cells accordingly while also displaying the cell behaviour in the complete operational range. The results can benefit the implementation of a thermal management system in automotive applications by showing considerable differences in the system behaviour at usage.




2. Materials and Methods


2.1. Test Definitions


A standard test procedure is introduced to cover the relevant thermal cell behaviour. Using the procedure from [20,23], the plan utilises seven measuring points at logarithmically distributed frequencies from 3 mHz as the first measurement point to 160 µHz as the last tested frequency. Also, the number of repetitions per point is changed by modifying the first measuring frequency to 50 repetitions, allowing the cell temperature to reach a quasi-steady state in the first 40 oscillations. A carrier signal utilising a frequency of 5 Hz is overlaid to each corresponding measuring frequency to maintain a stationary state. Here, mainly the testing system defines the carrier frequency.



The frequency band in Table 1 defines the limits of the upcoming spectra. The upper boundary results from the minor measurable temperature response at a particular excitation current and the corresponding generated heat. In contrast, the lower boundary corresponds to the compromise of the overall test duration and the benefit of using lower frequencies to the resulting spectra and fitting. Also, the influence of heating of ambient materials, for instance, the climate chamber and the air around the tested setup, limits the lower end of the test [22]. The first quarter of the resulting data points per frequency for further investigation gets cut out. This results in reducing the number of observed oscillations to seven or three. As described in [20], this adjustment helps to minimise inaccuracies due to a change in the occurring   Δ T   per measurement point.



The paper investigates the cell’s thermal behaviour according to the SOC and ambient temperature. Therefore, a test matrix considering the SOC at 20%, 35%, 50%, 65% and 80% and Tamb of 10 °C, 15 °C, 25 °C, 35 °C and 45 °C is spread out. The SOC starts at 50% in 15% steps in both directions. The limits at 20% and 80% rely on the safety limits of the cell to maintain the cell’s voltage range. The temperature values cover a broad range in which a battery is typically used. Here, the datasheet defines the lower limit at 10 °C. It is the minimum ambient temperature at which a high charging current, as utilised in the test, lies within the safety limits. The upper temperature at 45 °C, again, is a value which lies within the boundaries of the cell datasheet and represents a temperature in a real-world application. A consistent current amplitude is specified at I = 92 A, representing a maximum current of a 2C-rate. The modulated current signal is shown in Figure 1.



The thermal response of the battery cell and the minimum sensor excitation define the current rate since the influence of the noise on the temperature signal at the measurement points on the cell’s surface gets more significant at the higher frequencies caused by less overall generated heat. A direct current offset using a third of the amplitude (Ioff = 30.66 A) is overlaid to minimise extensive cooling of the cell during phases near the zero crossing of the signal [22]. The influence can be seen in Figure 2a, as the minimum heat generation is 0.6 W.



The following Equation (1) usually defines the generated heat   Q ˙  . It covers the main heating aspects [24,25]. The first term on the right side describes the irreversible or joule heating using the current  I  and the ohmic resistance    R i   . The second term represents the reversible heat by entropic changes during the change of the SOC. Here, the temperature  T  and the open circuit voltage    U  O C V     are further introduced:


   Q ˙  =  I 2  ∗  R i  − I ∗ T ∗   d  U  O C V     d T    



(1)







As mentioned above, reversible heat is excluded as a quasi-stationary SOC is maintained. That leads to heat generation independent of the current direction, shown in Equation (2):


   Q ˙  =  I 2  ∗  R i   



(2)







The resulting heat generation is shown for the 160 µHz frequency in Figure 2a and the corresponding temperature response in Figure 2b. The timeframe on both x-axes represents the actual test time while measuring this frequency point. The data are then preprocessed utilising the envelope function and a second-order sinus fit created by the quadratic current to acquire the maximum value for both the heat generation and the temperature response and the phase shift between both. The values lead to the thermal impedance calculated by Equation (3), using   Δ φ   as the phase shift between the generated heat   Q ˙   and the temperature response   Δ T   at a particular frequency:


   Z  t h    f  =     Δ T  ^   f      Q ˙  ^   f    =     Δ T  ^      Q ˙  ^    ∗  e  j Δ φ    



(3)








2.2. Cell Setup


This paper investigates a 46 Ah LIB pouch cell of the manufacturer Kokam. The cell consists of a nickel–manganese–cobalt cathode and is built in a high-power (HP) configuration using wider current collectors and thinner layers of active material. This composition must be considered when comparing results to other test results. The cell measures 226 × 225 × 12 mm. Excluding the weld results in a width of w = 210 mm and a height of h = 190 mm. Figure 3 schematically shows the arrangement of seven used PT100 temperature sensors on the cell surface. The locations are shown in relative values due to better reproducibility using cells in different shapes. In the middle of the cell, a sensor is attached to both sides of the battery cell. This arrangement covers the validation for equal heat distribution in both directions perpendicular to the layers. The same test procedure was replicated as a reference using an equal-sized 60 Ah cell in a high-energy (HE) arrangement.



Figure 4 shows the overall setup. Here, two plates of polystyrene with a thickness of 30 mm each cover the two wider sides of the cell. To hold these plates in place and to apply an equal pressure all over the cell’s surface, two identical polyvinyl chloride plates of a thickness of 10 mm are attached and moderately compressed by six equally distributed springs. The tests were conducted using a BasyTec MRS cell cycler and a Memmert ICP110 climate chamber to obtain a constant ambient condition at particular temperatures.




2.3. Model Approach


The simplest model to describe the thermal behaviour of the battery cell is a first-order Cauer model. This kind of model corresponds with an RC element in system theory. Often the scope of that model is enough to feedback on the system response to a specific current signal of an electric model. Here, the model is adjusted for the system in Figure 5. The approach requires assumptions. For instance, heat generation   Q ˙   and the heat capacity’s Cp location occur in the cell’s volumetric centre. Also, the heat transfer in both cross-plane directions, meaning towards the large-area surfaces, is equally distributed. This simplifies the overall model setup, like dividing the internal thermal resistance    R  i n     into two similar parts. Polystyrene plates cover the outer boundaries of the battery, as shown in Figure 4. In the model, these also simplify as single resistances,    R  p o l y    , excluding the heat capacity of the plates assuming the impact is negligible. The value    R  p o l y     can be calculated since all material constants and dimensions are known. Considering Figure 4, the temperature measurement points lie between the cell surface and the individual polystyrene plates. In Figure 5, these points are marked as Tsur,up and Tsur,down, respectively. The conditions inside the climate chamber are assumed to be homogeneous in the whole chamber. Therefore, the ambient temperature Tamb on all sides of the setup is set to be equal.



The measured spectra need to be fitted to extract the cell’s heat capacity and thermal conductivity in a cross-plane direction. This approach implements a least-squares fitting algorithm utilising an RC element as the model equation. Therefore, two unknown values, the time constant τ and the resistance value  R , are fitted. When neglecting the impact of additional heat capacities, like the polystyrene plates and the effect of the temperature sensors, as discussed later, the cell’s heat capacity is calculated by  C  = τ/  R  . Dividing the resulting value by the cell mass gives the specific heat capacity cp =  C /mcell.



The fitted value  R , representing the overall thermal resistance, is adapted to obtain the cross-plane thermal conductivity    λ ⊥   . As described above, the system assumes an equal heat distribution at the top and the bottom. This postulation is required to simplify the model’s calculation to only one dimension by two resistive elements (   R  i n     and    R  p o l y    ). At the measurement point Tsur, both    R  i n     and    R  p o l y     are connected in parallel:


   R  i n   =  R    1 −  R   R  p o l y          



(4)







Therefore, as shown in Equation (4), it is necessary to calculate    R  i n     from the fitted   R   by subtracting the known thermal resistance of the polystyrene plate. Afterwards, the resulting    R  i n     is divided by two, assuming an equal heat dissipation in both cross-plane directions of the cell. Finally, converting the final thermal resistance by the dimensions results in the cell’s cross-plane heat conductivity    λ ⊥    using  l  as the cell thickness and  A  as the cell area in the following Equation (5):


   λ ⊥  =  l     R  i n    2  ∗ A    



(5)








2.4. Calorimetric Reference Test


The characterisation method described by [26] using a pseudo-calorimetric reference test was conducted to get reference values for the specific heat capacity of the tested cells. The testing scheme requires a reference material with known thermal properties. In this case, an aluminium plate with dimensions similar to the battery cell surface was used. The test utilises an insulation setup, as shown in Figure 6a, using a polystyrene casing with a cut-off in the object’s size to minimise convection and radiation. In the first step, the setup is heated in the climate chamber to a steady-state temperature of Tamb = 50 °C with the aluminium plate inserted. After temperature sensors on the object surface inside the polystyrene casing show the same steady-state temperature, the chamber switches off. The resulting temperature decrease is recorded inside the insulation (Ts) and in ambient conditions inside the climate chamber (Tamb). Afterwards, the battery cell is inserted, conducting the same test procedure. This test does not need prior information on the heat flow. The calculation of the resulting heat capacity is described in [26], fitting the logarithmic temperature difference   Δ T   = Ts − Tamb as shown in Figure 6b.





3. Results


In the first step, multiple pre-tests characterising the cell’s behaviour under different ambient conditions are conducted before sampling the test matrix. The main adaptions are presented and compared using the concluding spectra. Due to better visualisation, all upcoming spectra are shown with linear interpolated graphs in a Nyquist plot. If not mentioned further, the given spectrum shows the results for the upper measurement point in the cell’s centre.



3.1. Pre-Tests


The setup’s symmetry must be confirmed to utilise the model generalisation described in Section 2. The spectra shown in Figure 7 represent the measurement points above (red) and underneath (green) the cell. The behaviour of both positions exhibits a similar result. The differences in the specific heat capacity and the cross-plane thermal conductivity stay in a range of less than 2% for all performed tests. For further evaluation, both corresponding values from above and below the cell are averaged.



The frequency band is mainly defined by comparing two tests using different lower boundaries. Adding two additional frequencies at 100 µHz and 50 µHz, as described in Table 1, results in the red-coloured spectrum in Figure 8. Comparing the extended spectrum to a standard test using the Nyquist plot in Figure 8a and the Bode plot in Figure 8b also shows good test repeatability.



Both tests show practically similar values; especially the specific heat capacity is roughly the same. When averaging both central measurement points above and underneath the cell, the difference between both tests stays lower than 1%. The difference between the cross-plane thermal conductivities shows a higher deviation of approximately 7%. The thermal influence of the surroundings causes these variations as the heating phases become longer. Therefore, a higher overall temperature increase results in a smaller general thermal resistance    R  t h     and a higher corresponding thermal conductivity    λ ⊥    while testing lower frequencies.




3.2. Comparision to Reference Test and Other Cell Configurations


The calorimetric test procedure defined in the materials section validates the results given by the TIS schedule. Also, a comparison to an HE cell using the same geometrical format as the observed cell is investigated.



In Figure 9, the resulting impedance spectra of both cells are shown. Here, the higher the temperature response per generated heat is, the larger the resulting semi-circle becomes. That mainly results from a smaller heat capacity of the cell, causing a more elevated temperature increase. As expected, the HE cell also shows a smaller cross-plane heat conductivity resulting from the different layer thicknesses. Especially the thinner current collectors of HE cells made of proper thermal conductive materials (aluminium and copper) and thicker active materials decrease the overall cross-plane heat conductivity.



Comparing the results of both cells in Table 2 shows the expected behaviour, using a standard ambient configuration of Tamb = 25 °C and a SOC of 50% each. The specific heat capacity shows a difference of nearly 13%, while the cross-plane heat conductivity differs by approximately 16%. For both values, the HP cell delivers the surplus. When comparing both cell types using the calorimetric test setup, the difference between the cells is reduced, showing a difference of only 3%. A possible reason is the setup used, which is highly dependent on the polystyrene casing. Moreover, the influence of the surrounding air in the climate chamber is more prominent here. Also, a deviation of less than 2% for the further investigated HP cell between the TIS and the calorimetric test can be observed. Considering the HE cell, the difference is almost 9%.




3.3. Analysis of Cell Behaviour


After finishing the pre-tests and the reference schedules using a similar-sized cell and a calorimetric test alternative, the decisive test matrix covering the SOC and temperature dependency was carried out. This involved repeating the standard test procedure at the different cell states, investing five SOCs, starting at a minimum value of 20% and increasing in 15% steps. Also, the test matrix stretched further, covering five temperature measurement points from 10 °C to 45 °C per SOC.



In Figure 10, the parameter adaptation is compared. On the left-hand side, in Figure 10a, the SOC differs at a standard temperature of 25 °C, while in the right plot (Figure 10b), the temperature varies at fixed SOC of 50%. Here, the temperature impact appears to be more influential to the battery cell. In contrast, the SOC shows nearly no particular significance, while the impedance spectrum becomes larger when increasing the ambient temperature. That impact results from the smaller total heat generated due to a decreasing ohmic resistance of the cell when increasing the temperature.



The results show that neither the specific heat capacity nor thermal conductivity indicate a significant dependency on the SOC [12,18,27,28]. The model approach in Figure 5 is simplified to extract the parameter from the calculated spectra. In this paper, the relevant values for the heat capacity and thermal resistance are fitted using a first-order Cauer model, representing a single RC element, as shown in the upper graphic in Figure 11b. The thermal resistance is then converted to the cross-plane thermal conductivity, further described in Section 2.3. Figure 11a compares a first- and second-order fit to the data points. The fit shows good overall accordance with the data. Furthermore, it shows only insignificant changes in the resulting values comparing a first-order model (Figure 11b, top) to a second-order model (Figure 11b, bottom). Here, the second-order model simulates the time delay caused by the temperature sensor and other surroundings. Given the minor influence of that additional time constant, the fitting algorithm is not adapted to that behaviour.



Figure 12 presents both values as a function of SOC for all temperature measurement points. The thermal conductivity in Figure 12b shows nearly constant values, while the specific heat capacity in Figure 12a shows slightly different behaviour for the higher two temperatures. The specific heat capacity scarcely increases with SOC at higher temperatures. This can be caused by the rising negative real part of the Nyquist diagram (Figure 10b), which is not a part of the general RC fit in this work. Here, the influence of the sensor and different surroundings are more significant.



Overall, the average specific heat capacity values differ from 1.22 J kg−1 K−1 (SOC = 50% and T = 25 °C) to 1.35 J kg−1 K−1 (SOC = 80% and T = 35 °C), showing a maximum spread of approximately 10%. The average value inside the test matrix is 1.27 J kg−1 K−1. Regarding the cross-plane thermal conductivity, the values vary by nearly 28% from 0.38 W m−1 K−1 (SOC = 65% and T = 45 °C) to 0.53 W m−1 K−1 (SOC = 35% and T = 10 °C), with an average value of 0.47 W m−1 K−1.



While the specific heat capacity remains nearly unchanged at the different used states, the cross-plane thermal conductivity negatively correlates with temperature, as shown in Figure 13a. That correlation was also observed in [5,8,18,29]. In Figure 13b, the average over each SOC per temperature point was used to obtain the function gain by a linear fit. Here, the correlation is −0.37%/K for λ⊥.





4. Discussion


The resulting values for the specific heat capacity and the cross-plane thermal conductivity indicate a higher correlation of the thermal model parameters to the ambient temperature than to the SOC. Also, the specific heat capacity shows a more consistent behaviour [26,30,31,32]. The averaged cp concerning the SOC differs by 2.2% for all tests, showing slightly higher results for higher SOCs. The different averaged values by the temperature show a deviation of 6.5%, peaking at 35 °C as shown in Figure 12a. Furthermore, the information in Figure 12b shows the rising influence of higher Tamb on the test results. This leads back to the TIS testing schedule and the resulting temperature response due to less heat generated by a decreased ohmic resistance at higher temperatures.



Examining the cross-plane thermal conductivity showed a more significant reliance on external conditions. While averaging the results per SOC, a minor deviation of 2.3% emerges, compared to the crucial impact of Tamb. Here, the difference of 21.1% between the averaged values at 10 °C and 45 °C shows a linear dependency [33,34] decreasing by −0.37%/K. Steinhardt et al. [18] also detected a similar behaviour using different measurement methods. A possible reason is the thermal contact resistance, as discussed in [5,18]. In contrast, [3] did not observe such changes using lithium–iron–phosphate cells, leading to the assumption that the changes are highly dependent on cell chemistry. Thus, further investigations, not in the scope of this work, need to be conducted, especially considering these matters.



Some considerations towards the applicability of the TIS have to be made, especially regarding the negative real part in the Nyquist plot. This behaviour represents at least a second heat capacity in the setup, further illustrated in the phase response of Figure 7b, showing a phase angle of less than −90°. An additional phase shift is caused by the impact of temperature measurements using physically contacted sensors [22], like the PT100 in this work. Also, the surroundings have to be considered in this context since every material has a heat capacity, which influences the resulting spectra.



In this paper, the used model relies on a single RC element using only the heat capacity of the battery, which gives the primary response to the heat generated. In the electrical domain, models are usually described by the Foster model, utilising components connected in series. Here, every element can be more precisely distinguished. The thermal behaviour needs to be modelled differently to maintain the physical representation by the Cauer model, as shown in Figure 11b. The difference lies in the arrangement of the components, which are nested here. This concludes with the given thermal response and the caused spectra showing the aforementioned negative real part, representing a phase shift of more than −90°.



To summarise, the negative part cannot be represented using the fitting function. However, this is neglected here since the influence (supposedly from the sensor) only changes the result insignificantly, as recorded in the literature [20,21,23]. Since a quasi-stationary state is reached at the beginning of the test schedule by increasing the length of the first measurement point, the cell’s behaviour does not depend on the test schedule beforehand. That is important for further usage of TIS as an addition to standard battery check-up tests, using only slight adaptions to the test setup and increasing the testing time by approximately one day. The test is easily reproducible, showing only minor derivation over the conducted tests, for instance, while comparing the frequency bands in Figure 8. The test results mainly differ when changing the test setup or using another overall test setup, which causes changes in the thermal resistance,    R  p o l y    , which covers the heat transfer to the surroundings.



Investigating the different measured data points, shown in Figure 3, leads to the expected cell conditions. This concludes in decreasing specific heat capacity and increasing cross-plane thermal conductivity the closer the measurement point comes to the tabs and vice versa. The leading cause is the current distribution inside the cell, which is higher at the tabs and lower at the distal ends of the battery cell [35,36,37,38], causing faster and more significant heating at higher current rate locations. That aspect also needs to be considered regarding upcoming thermal management systems.




5. Conclusions


Overall, the technique presented in this paper shows the possibility of using the TIS to characterise even large-format LIBs besides decreasing the overall testing time for more direct implementation in battery characterisation methods. A follow-up to the described approach can include investigating battery modules to identify the heat propagation from one cell to the next and the temperature gradients going along with it. Moreover, the influence of the cell sizing and the impact of the cell configuration as HE or HP need to be regarded in more detail in upcoming work.
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Figure 1. Section of modulated current signal for 160 µHz data point. (a) General behaviour, showing the amplitude and the offset; (b) zoomed data to show the 5 Hz carrier signal overlaid to the tested frequency. 
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Figure 2. Section of real measured data for 160 µHz data point. (a) Dissipated heat by irreversible heat; (b) measured thermal response on the centre of the cell’s surface caused by the corresponding heating in (a). 
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Figure 3. Locations of temperature measurement points. 
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Figure 4. Depiction of test setup. 
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Figure 5. Representation of utilised model configuration. 
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Figure 6. Reference testing scheme. (a) Depiction of the used setup; (b) resulting temperature difference of the cell on a logarithmic scale, showing both measured and fitted data. 
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Figure 7. Symmetry of the test setup on the top and bottom types at the same conditions (Tamb = 25 °C, SOC = 50% and I ≙ 2C). 
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Figure 8. Comparison of two tests using a different lower boundary frequency. (a) Nyquist plot; (b) corresponding Bode plot; top: amplitude; bottom: phase. 
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Figure 9. Comparison of the Nyquist plot for different cell types at the same conditions (Tamb = 25 °C, SOC = 50% and I ≙ 2C). 
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Figure 10. Comparison of the Nyquist plot when changing a test parameter: (a) adapting SOC value using 25 °C; (b) adapting temperature using SOC at 50%. 
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Figure 11. Comparison of calculated data points and the resulting model fit. (a) Nyquist plot. (b) Representation of first-order Cauer model (top) and second-order Cauer model (bottom). 






Figure 11. Comparison of calculated data points and the resulting model fit. (a) Nyquist plot. (b) Representation of first-order Cauer model (top) and second-order Cauer model (bottom).



[image: Applsci 13 02870 g011]







[image: Applsci 13 02870 g012 550] 





Figure 12. Changing of thermal parameters over SOC range for all covered temperatures. (a) Specific heat capacity cp. (b) Cross-plane thermal conductivity λ⊥. 
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Figure 13. Development of cross-plane thermal conductivity λ⊥ over temperature for all covered SOC. (a) Measurement points and the average at every data point. (b) Average at every data point and corresponding linear fit. 
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Table 1. Signal configuration per test cycle to acquire the significant spectra.
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	Frequency [mHz]
	3
	1.8
	1.1
	0.7
	0.43
	0.26
	0.16



	Repetitions [-]
	40 + 10
	10
	10
	4
	4
	4
	4
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Table 2. Resulting data for the 46 Ah and the 60 Ah cell at Tamb = 25 °C and SOC = 50%.
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	46 Ah HP Cell
	60 Ah HE Cell





	Time constant τ [s]
	2092
	2312



	Thermal conductivity   λ ⊥   [W/(m·K)]
	0.47
	0.40



	Specific heat capacity cp [J/(kg·K)]
	1.25
	1.09



	Specific heat capacity reference test cp [J/(kg·K)]
	1.23
	1.19
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