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Li-ion batteries are being widely used as power sources in a continuously increasing number of applications 
(from portable devices to electric vehicles and even more complex systems). Nonetheless these components 
are still characterized by serious concerns connected with their safety and stability, which often hinder their 
more widespread use. In particular, their operation is strictly dependent on their temperature which derives from 
the balance between the heat internally produced during operation and that dissipated towards the external 
environment. Beyond certain temperatures a thermal runaway can occur with possible dangerous events, such 
as fires and explosions. 
In the present paper, 3D simulations have been carried out to investigate the cooling efficiency of an air flow, 
under different operating conditions, on a cylindrical Li-ion cell located in a whole battery pack. Under the 
investigated configurations, it was found that, beyond a minimum value of the passing air velocity, it is possible 
to keep the cell within safe conditions, thus preventing a thermal runaway. 

1. Introduction 
Li-ion batteries are commonly applied in several every-day applications: portable devices (cell phones, laptops, 
etc.), electric and hybrid electric vehicles, etc. (Feng et al., 2018; Berckmans et al., 2017), where continuously 
increasing energy densities are required. However, due to several exothermic reactions occurring within the 
cell, especially under abuse conditions (overcharge/overdischarge, thermal or mechanical abuse, and others) 
the occurrence of a thermal runaway (Sabbah et al., 2008; Guo et al., 2013; Feng et al., 2018; Hendricks et al., 
2015; Wang et al., 2012) is possible, often with catastrophic consequences, as witnessed by several recent 
accidents. This event usually happens when the generated heat is not adequately balanced by the heat 
dissipated towards the exterior of the cell, with further uncontrolled overheating and the failure of the cell, 
possibly with the generation of fires and explosions (Maleki et al., 1999; Chen et al., 1996; Kim et al., 2007). Of 
course, this scenario becomes even more critical when additional cells, like in a battery pack or module, may 
be involved in the accident. 
Thus, a better knowledge of the causes and modes of failure of Li-ion cells is of great importance to prevent the 
occurrence of a thermal runaway and significant investigation efforts have been recently carried out (Hendricks 
et al., 2015; Bubbico et al., 2018; Zhang et al., 2020), both experimental (Menale et al., 2022; Lopez et al., 2015; 
Waag et al., 2013) and theoretical (e.g. Abada et al., 2016; Kim et al., 2007; Melcher et al., 2016). However, 
despite the increasing number of publications, due to the large variability in the cell components, such as the 
type of electrodes and electrolyte, and to the complexities in the mathematical modelling, only a limited number 
of configurations have been analysed and several aspects of the phenomenon still need to be adequately 
investigated. 
In the present paper, the behaviour of cylindrical Li-ion cells packed within a whole module, under abuse 
conditions of high current, has been analysed. In particular, reference has been made to one of the most 
commonly used type of cells (LiCoO2 - LCO cathode), which also proved to be one of the most critical from a 
stability point of view (Cianciullo et al., 2022); graphite and LiPF6 lithium salt in 1:1 EC:EMC solvent have also 
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been adopted as anode and electrolyte, respectively. These cells were assumed to be subjected to continuous 
cycles of charge/discharge phases at 80 A/m2 and to be exposed to varying external cooling conditions. In order 
to identify the operating conditions capable of avoiding a thermal runaway in the cells, the influence of cooling 
air, at different inlet temperature conditions and flow rate, on the internal temperature rise of a cell during its 
operation, has been assessed. 

2. Model overview 
Given the variety of interacting phenomena involved in the operation of a Li-ion cell, its modelling requires both 
a multi-physics and a multi-scale approach (Forgez C., 2012). In this paper the model has been implemented 
in COMSOL Multiphysics v5.5 where both the electro-chemical and the thermal processes have been 
simultaneously represented making use of the Battery and Fuel Cell module. 
The electrochemical model is based on the theory of the porous electrode. The equations required to describe 
this system (materials balance in the solid and in the electrolyte, charge conservation within the solid and the 
pores and the kinetic reactions equations) have already been presented (Cianciullo et al., 2022) and will not be 
discussed here. 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. 
As far as the heat generation inside the cell is concerned, three different sources must be accounted for:  
(1) the heat generated by entropy variations during charge/discharge cycles, usually referred to as entropic 
reversible heat: 

𝑞𝑞𝑟𝑟𝑟𝑟𝑟𝑟 =  𝑎𝑎𝑠𝑠𝑖𝑖𝑙𝑙𝑙𝑙𝑙𝑙𝑇𝑇
𝜕𝜕𝑈𝑈𝑒𝑒𝑒𝑒
𝜕𝜕𝜕𝜕  (1) 

Where 𝑖𝑖𝑙𝑙𝑙𝑙𝑙𝑙 is the current density, 𝑎𝑎𝑠𝑠 is the specific interfacial area; 
(2) the heat generated by irreversible electrochemical reactions: 

𝑞𝑞𝑖𝑖𝑖𝑖𝑖𝑖 =  𝑎𝑎𝑠𝑠𝑖𝑖𝑙𝑙𝑙𝑙𝑙𝑙𝜂𝜂 (2) 

(3) the heat generated by electrons transfer in the solid phase, and by Li-ions migration and diffusion within the 
electrolyte (𝑞𝑞𝑜𝑜ℎ𝑚𝑚). 
The resulting overall balance equation is given by: 

𝜌𝜌𝑐𝑐𝑝𝑝
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 𝑘𝑘𝛻𝛻2𝑇𝑇 + 𝑞𝑞𝑟𝑟𝑟𝑟𝑟𝑟 + 𝑞𝑞𝑖𝑖𝑖𝑖𝑖𝑖 + 𝑞𝑞𝑜𝑜ℎ𝑚𝑚 (3) 

The model has been set up by using three different geometries connected to each other to exchange the 
required information and to optimize the calculation burden (Spotnitz et al., 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 cell and the cooling air flowing around it. In this case, the geometrical configuration (Figure 1) consisted of 
four domains corresponding to: 1) the active material; 2) the mandrel; 3) the cylindrical connector on top of the 
cell; 4) the air volume. 
 

  

Figure 1 Geometry for the 3-D thermal model. 
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The cell under study (the main dimensions are reported in Table1) is assumed to be contained in a battery pack, 
with cooling air flowing through the cell arrows, with the dimensions of the air channel as reported in Table 2. 

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 

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 

3. Results and discussion 
In order to evaluate the air properties during the flow (inlet and exit temperatures, velocity profile, etc.), the built-
in COMSOL physical interfaces Heat Transfer in Solid and Fluid and Laminar flow have been used. 
A 3D simulation of the cell operation allows a detailed representation of the system and provides accurate 
results, at the price of long calculation times. In spite of this, it is possible to discharge some simplifying 
hypotheses such as constant external temperature and heat transfer coefficient. A larger study volume has been 
adopted (Figure 1) with a given air mass flow rate entering it, whose temperature evolution and velocity are 
calculated by the model based on its physical properties and on the established fluid-dynamic configuration of 
the system. The temperature dynamic calculations have been carried out for three values of the inlet air 
temperature (namely 283, 293 and 313 K) and, using the parametric sweep built-in tool of COMSOL, at different 
values of the air inlet velocity.  
Figure 2 shows the temperature distribution inside the LCO cell and the velocity of the air along its flow path, at 
the end of the simulation runs at 0.1, 1 and 1.4 m/s for the entering air velocity.  
It can be seen that: 

• a very small temperature gradient (less than a couple of degrees) is calculated inside the cell, even at 
the end of the run, at any air velocity; 

• a reduced overheating of the cell is obtained at a higher air velocity; 
• even a very low air velocity can prevent the thermal runaway of the cell. 

A similar result was already found in a preliminary experimental investigation on a pack of 4 NMC pouch cells 
(Bubbico et al., 2017), where it was possible to prevent an excessive cell temperature increase by adopting an 
adequate minimum air flow rate. The required air flow rate in that case was higher than that calculated in the 
present study, however it must be observed that aged cells were adopted at that time, and ageing is actually 
recognized as one of the main causes of temperature inhomogeneity in Li-ion cells operation, especially under 
abuse conditions (Menale et al., 2019; Vetter et al., 2005). 

   
(a) 

Figure 2 Cell internal temperature and cooling air velocity maps: a) 0.1 m/s; b) 1 m/s; c) 1.4 m/s.(continue) 
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(b) 

 

   
(c) 

Figure 2 Cell internal temperature and cooling air velocity maps: a) 0.1 m/s; b) 1 m/s; c) 1.4 m/s. 

 
(a) 

Figure 3 Cell temperature profile at different inlet air temperatures and velocities: a) T= 283 K, b) T=293 K, c) 
313 K. (continue) 
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(b) 

 
(c) 

Figure 3 Cell temperature profile at different inlet air temperatures and velocities: a) T= 283 K, b) T=293 K, c) 
313 K. 

The results summarized above are even more apparent from Figure 3, where the time profile of a cell 
temperature is reported, at different air velocities and temperatures. It is found that, even at very low air 
velocities, no thermal runaway would occur, even at higher air temperatures; of course, a cooler air flow will 
lead to a lower final temperature of the cell. 

4. Conclusions 
A comprehensive electrochemical and thermal model of Li-ion cells, which included the exothermic reactions at 
the origin of the overheating of the cell, has been set up to investigate their thermal behaviour under various 
operating conditions. In particular, the main aim of the model was to assess whether, under abuse conditions of 
high current, it is possible to prevent overheating of a cell contained in a whole battery module by a conventional 
air-cooling system. 
It has been found that, under the investigated conditions, in no cases a thermal runaway of the cells is predicted, 
especially, as might be expected, for lower initial temperature of the inlet air flow and for higher air flow rates. 
These results are of particular interest for a cell module or pack, where the failure of a single cell can easily 
impact adjacent cells with the possible generation of high consequence outcomes, and the investigation will be 
extended to different cell types and configurations. 
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