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Lithium-Ion batteries, so far represent the technology that best fits the needs of electric mobility, due to a number of advantages with respect to other alternative solutions, such as higher energy and power densities and longer cycle life. However, there are safety concerns that still hinder their adoption in a wider range of applications: in the absence of efficient temperature control, at high operating temperatures a thermal runaway can occur, with possible destruction of the cell itself and the generation of other dangerous phenomena (fires and explosions). This problem is particularly important when a large number of cells are connected together in a whole pack, where the failure of a single cell can impact additional cells in its proximity with the possible generation of even more catastrophic consequences.
In the present study, 3D simulations have been carried out to assess the cooling efficiency of an air flow, under various operating conditions, on several cylindrical Li-ion cells, characterized by different cathode compositions. Under the investigated configurations, it was found that, beyond a minimum value of the passing air velocity, it is possible to prevent a generalized thermal runaway keeping the cells within safe temperature conditions; however, the cathode material also plays a significant role, with some configurations showing a safer behaviour with respect to others, characterized by a more pronounced susceptibility to thermal instability. 
Introduction
Li-ion batteries are presently adopted in a wide range of applications, from portable devices (cell phones, laptops, etc.) to electric and hybrid electric vehicles (Berckmans et al., 2017; Feng et al., 2018). However, despite their widespread availability, they are still affected by a number of problems, mainly associated with their thermal instability. In fact, under particular operating conditions, and especially under so-called “abuse conditions” (overcharge/overdischarge, thermal or mechanical abuse, etc.) they can incur fast exothermic reactions (“thermal runaway”) (Sabbah et al., 2008; Guo et al., 2013; Hendricks et al., 2015; Wang et al., 2012) which can finally generate serious accidents with catastrophic consequences, such as fires and explosions (Maleki et al., 1999; Chen and Evans, 1996; Kim et al., 2007). This issue becomes more and more important when considering the continuously increasing energy densities required by many applications to these energy storage systems. 
Basically, the occurrence of a thermal runaway is associated with an internally produced heat larger than that dissipated towards the exterior of the cell, and this phenomenon becomes even more critical when multiple cells are present in a pack or module, as it is usually the case, with increased likelihood of accidents of high-impact consequences due to the possibility of domino effects.
Due to the importance of this topic, several papers have been published in the literature about the causes and modalities of failure of Li-ion cells (Hendricks et al., 2015; Bubbico et al., 2018; Zhang et al., 2020, Menale et al., 2022; Lopez et al., 2015; Waag et al., 2013, Abada et al., 2016; Melcher et al., 2016, to name a few). 
Despite the large number of publications available, because of the many parameters involved, either connected with the cell structure (geometry, electrodes composition, solvent and separator, and so on) or with the operating conditions, a clear understanding of the influence of those parameters on the thermal behaviour of the cell is not yet available.
In a previous analysis (Menale and Bubbico, 2023) a theoretical model has been developed to assess the influence of an air-cooling system on the thermal behaviour of a LCO cell. In the present paper, the model has been extended to compare the influence of the cell composition on the temperature increase under high-current operating conditions. In particular, the influence of the cathode materials on the cooling efficiency of the air flow has also been investigated, adopting four different cathodes.
Methodology
In the present study, cylindrical 18650 cells (main dimensions are reported in Table 1) in a battery pack with cooling air flowing through the cell arrows, have been modelled in COMSOL Multiphysics, where both the electro-chemical and the thermal processes have been simultaneously represented making use of the Battery and Fuel Cell module, adopting a multi-scale approach (Forgez et al, 2010). The anode and the electrolyte were graphite and LiPF6 lithium salt in 1:1 EC:EMC solvent, respectively, and the cells were assumed to be subjected to continuous cycles of charge/discharge phases at 80 A/m2.
The influence of the cathode composition on the cooling efficiency of an external air flow has been investigated, adopting four different cathodes, namely:
· LiCoO2 (LCO),
· LiMn2O4 (LMO), 
· LiNi0.4Co0.2Mn0.4O2 (NMC), 
· LiFePO4, (LFP). 

The capability of an air flow to prevent a thermal runaway has been checked by conducting several simulations under various operating conditions: an inlet air temperature of 283.15, 293.15 and 313.15 K, and an inlet velocity of 0.1, 1 e 1.42 m/s, have been adopted. All the adopted air velocities corresponded to a laminar flow condition.
[bookmark: _Ref125453142]Table 1 Cell dimensions
	rcell [m]
	hcell [m]
	hconnector [m]

	9·10-3
	6.5·10-2
	3·10-3

	Radius of the cell
	Height of the cell
	Height of the connector



In order to optimize the calculation burden, three different geometries were setup and connected to each other to exchange the required information (Spotnitz and Franklin, 2003; Lee et al., 2013). The one- and two-dimensional geometries have been used to manage all physical properties of the cell’s materials and the basic chemical reactions of the specific type of cell, and to simulate the heat generation within the cell, respectively. The 3-D simulations have been carried out to simulate and accurately calculate the thermal behaviour of both the cells and the cooling air flowing around them. In this case, the geometrical configuration consisted of four domains corresponding to the active material, the mandrel, the cylindrical connector on top of the cell and the air volume (Figure 1). The dimensions of the air channel are reported in Table 2.
The electrochemical model is based on the theory of the porous electrode, and the equations required to describe the system have already been presented (Cianciullo et al., 2022). 
Table 2 Air channel dimensions
	linlet [m]
	hinlet [m]
	sinlet [m]

	0.045
	0.068
	0.0135

	Width
	Height
	Length

	= 2·r_cell + 3·r_cell
	= h_cell + h_connector
	= 3*r_cell/2



The physical properties of the materials involved have been considered as a function of the changing temperature over time but have been considered constant in space. The thermal conductivity has been assumed anisotropic, while the specific heat and density are calculated according to previous literature (Lopez et al., 2015; Melcher et al., 2016).
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[bookmark: _Ref116297093]Figure 1 Geometry for the 3-D thermal model and the set-up mesh.

Results and discussions
In Figures 2-4, the temperature profile as a function of time is reported for the four cathode configurations.
It can be seen that increasing the air velocity provides a significant improvement in terms of cooling efficiency: at the lower air velocity, the cell temperature increases with the number of cycles, but by far more slowly than in the absence of cooling, as reported elsewhere (Cianciullo et al., 2022). At higher velocities, the cell temperature always remains well within the safe operating range, thus preventing the occurrence of conditions where a thermal runaway might develop. In particular, by increasing the air velocity from 0.1 to 1 m/s, the final temperature of the cells decreases by 10-20 degrees, depending on the cathode material.
Similarly, a reduction in the inlet air temperature will cause a decrease in the final cell temperature of the cell: roughly speaking, a reduction of 30 degrees in the air temperature will determine an equivalent reduction in the cell temperature, the higher variation being associated with the LCO cathode.
As far as the cathode material is concerned, it is found that the LCO cell is characterized by the worst thermal behaviour, similar to that of the LMO cell, with the largest temperature increase, while the MNC and, above all, the LFP cells show the best performance in terms of temperature increase. This finding is in agreement with previous results obtained under different operating conditions (Cianciullo et al., 2022). At the same time, the temperature reduction obtained with the adoption of the refrigeration system is larger for the LCO and LMO cells, thus suggesting that for the more critical storage apparatuses the use of a temperature control system is particularly important.
In Table 3 the final temperatures obtained for the different cells under all the investigated conditions are summarized for direct comparison.


 



Figure 2. Cell temperature profile at different air velocities: a) LCO, b) LMO, c) NMC, d) LFP; T=283 K.


Figure 3. Cell temperature profile at different air velocities: a) LCO, b) LMO, c) NMC, d) LFP; T=293 K.


Figure 4. Cell temperature profile at different air velocities: a) LCO, b) LMO, c) NMC, d) LFP; T=313 K.
Table 3. Temperature values for different cathode materials at different air velocities and temperatures.
	Material
	Initial air temperature (K)
	Final cell temperature (K)

	
	
	Vin=0.1 m/s
	Vin=1 m/s
	Vin=1.42 m/s

	
	283.15
	315.4
	293.93
	292.37

	LCO
	293.15
	324.9
	303.64
	302.13

	
	313.15
	345.71
	323.4
	321.9

	
	283.15
	308.11
	293.59
	292.05

	LMO
	293.15
	315.22
	302.07
	300.69

	
	313.15
	334.63
	320.05
	318.79

	
	283.15
	305.63
	288.91
	287.98

	NMC
	293.15
	312.99
	298.5
	297.6

	
	313.15
	332.84
	318.06
	317.23

	
	283.15
	299.28
	289.19
	288.11

	LFP
	293.15
	308.04
	298.31
	297.51

	
	313.15
	328.12
	317.74
	317.1


Conclusions
A comprehensive electrochemical and thermal model of Li-ion cells has been applied to investigate the capability of a conventional air-cooling system to prevent overheating of a cell contained in a battery module under high-current abuse conditions. The influence of the cathode material has also been assessed.
It has been found that, under the investigated conditions, a thermal runaway of the cells can be actually prevented, especially, as might be expected, at low initial temperature and at higher flow rates of the inlet air flow. As already found in previous analyses, LFP- and NMC-cathode cells are less prone to thermal instabilities, while LCO and LMO represent a more critical condition, which, however, can more efficiently benefit from an adequate cooling system. These results are of particular interest for cell modules or packs, where the failure of a single cell can easily impact adjacent cells with the possible generation of high consequence outcomes. 
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