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Abstract

:

Li-ion batteries are already being used in several applications, from portable devices to the automotive industry, and they represent a promising option also for other critical uses, such as in the storage of energy from renewable sources. However, two of the main concerns that still hinder their massive introduction in these further areas, are their safety and reliability. Depending on cell characteristics and operating conditions, the heat generated within the cell can exceed that dissipated from its surface, and the cell will fail, possibly with catastrophic consequences. To identify the hazardous working conditions of a cell, a simulation model including the main exothermic reactions was set up to investigate the onset of thermal runaway in several Li-ion cell configurations under various operating conditions. The behavior of four different cathodes under thermal abuse and the influence of external factors such as the environmental temperature and the cooling system efficiency were assessed. It was found that among those investigated, the lithium iron phosphate cathode is characterized by a higher thermal stability and that an efficient superficial heat exchange can prevent thermal runaway in most of the cases.
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1. Introduction


Nowadays, Li-ion batteries are commonly applied in a wide range of applications, from mobile devices (cell phones, laptops, etc.), to automotive (electric and hybrid electric vehicles) and even larger stationary applications in the power industry [1,2,3,4], where continuously increasing energy densities need to be stored. However, in order to allow a more stable and widespread use of these batteries, especially in critical applications requiring high levels of safety and reliability, some critical issues need still be addressed, most of them being associated with the occurrence of thermal runaway [5,6,7,8,9,10]. This phenomenon is associated with the internal generation of heat, due to a variety of exothermic reactions occurring within the cell, especially under abuse conditions (overcharge/overdischarge, thermal or mechanical abuse, and others). When this heat is not adequately dissipated toward the exterior of the cell, it causes an internal temperature rise and thus the acceleration of the exothermic reactions themselves or the ignition of additional reactions, with further uncontrolled overheating. This will finally lead to the failure of the cell, often catastrophic, with the generation of fires and explosions and the possible involvement of additional cells in a pack with even more severe consequences [7,11,12,13,14].



The identification of these hazardous conditions [7,8,9,10,15,16,17] is of the utmost importance to prevent the occurrence of thermal runaway and to design adequate protection systems and devices (PTC, BMS, etc.), thus allowing to prevent accidents or power shutdowns [13,18,19,20,21,22,23,24,25,26,27]. However, an efficient analysis requires detailed knowledge of the dynamic phenomena involved in the thermal runaway onset and its development.



The main components of a Li-ion battery are the cathode, the anode, and the electrolyte. At present, in most practical applications, the anode consists almost exclusively of graphite; the cathode usually contains a metal oxide, such as lithium cobalt oxide LiCoO2, lithium manganese oxide LiMn2O4, and lithium iron phosphate LiFePO4, and the electrolyte is usually based on a solvent containing a mixture of organic carbonates (mainly ethylene carbonate EC, diethyl carbonate DEC, and dimethyl carbonate DMC). However, there is a continuous search for better-performing and safer materials, so a wider combination of components is possible, making a generalized analysis more complex [28,29,30,31].



In order to have better knowledge of the failure modes of a Li-ion cell, both experimental and theoretical analyses have been carried out in the literature. Due to the difficulties of performing an extended experimental investigation, especially on a large scale, only a few field data are available in the literature [32,33,34,35,36,37,38,39,40], often referred to a limited number of system configurations (cell size, components, operating, and abuse conditions, and so on), or to the assessment of specific parameters [41,42,43,44,45,46,47].



A larger number of papers report theoretical analyses; however, due to the complexities of a rigorous mathematical representation of the system, several simplifying hypotheses are often introduced to make the calculation effort more reasonable [11,48,49,50,51,52,53].



It is generally recognized that most of the heat produced during thermal runaway is caused by the decomposition of the solid electrolyte interface (SEI), by reactions between the electrodes (anode and cathode) and the electrolyte, by the electrolyte decomposition, and by some other phenomena [11,54,55,56,57,58,59].



In the present paper, several configurations of cylindrical Li-ion cells subjected to abuse conditions of high current were analyzed, and their behavior was compared in terms of safe operational range, maximum temperature reached at a steady state, and operation time before the start of thermal runaway, as a function of operating conditions. In particular, four different cathodes were simulated, namely LiMn2O4 (LMO), LiFePO4 (LFP), LiNi0.4Co0.2Mn0.4O2 (NMC), and LiCoO2 (LCO), while graphite and LiPF6 lithium salt in 1:1 EC:EMC solvent were always assumed as anode and electrolyte, respectively. Each cell was simulated under continuous cycles of charge/discharge phases at 80 A/m2 and exposed to varying external cooling conditions. Unlike most previous studies, the physical properties of the materials involved were considered as a function of the changing temperature over time but were assumed constant in space. In addition, the direct comparison of several combinations of materials and external conditions, rather than focusing on single configurations, allowed to derive more clear conclusions in terms of thermal stability and safety of the cells.



The results allow to identify the optimal operating conditions to avoid a thermal runaway for each cell type, and their general trend can reasonably be extended to other configurations/materials, although the absolute values of the parameters involved (air temperature, flow rate, etc.) still need to be experimentally assessed. In addition to the analysis of single cells with different chemical characteristics, the case of a cell exposed to an external heat flux due to other neighboring cells experiencing a thermal runaway in a battery pack was also investigated.




2. Model Overview


Given the variety of interacting phenomena involved in the operation of a Li-ion cell, its modeling requires both a multiphysics and multiscale approach, and although this is already a simplified approach, it is still computationally demanding. In this paper, the model was implemented in COMSOL Multiphysics v5.5 [60,61], where both the electrochemical and the thermal processes were simultaneously represented making use of the Battery and Fuel Cell module. Additional information on modeling and a critical comparison of models can be found in the useful literature reviews [62].



The electrochemical model is based on the theory of the porous electrode: the current flows both in the solid electrode and across its pores containing the electrolyte. The equations required to describe this system are the materials balance in the solid and in the electrolyte, the charge conservation within the solid and the pores, and the kinetic reactions equations. The separator will be described by the materials balance and charge conservation for the liquid phase.



The transport of the Li particles within the electrode during charge and discharge is described by the Fick’s law in spherical form [63,64,65],


    ∂  c  s , i     ∂ t   =    D s     r 2     ∂  ∂ r      r 2    ∂  c s    ∂ r      



(1)




with cs [mol/m3] and Ds [m2/s] as the lithium concentration and diffusivity, respectively.



At the particle center and on its external surface (particle radius Rp, [m]), the conditions of no flow and of local current density will apply:


    ∂  c  s , i     ∂ r    |  r = 0   = 0  



(2)






  −  D  s , i     ∂  c  s , i     ∂ r    |  r =  R p    =    i  loc    F   



(3)







The transport of Li-ions within the electrolyte is governed by Fick’s diffusion law and electromigration. In addition, according to the electroneutrality assumption [66], it can be written as:


    ∂  c l   ε l    ∂ t   = ∇    D  l , eff   ∇  c l    +  a s      1 −  t +     F   i  loc    



(4)




with cl [mol/m3] as the concentration of Li-ions within the electrolyte; εl is the volume fraction of the electrolyte; as is the specific interface area (cm2/cm3); iloc is the local current density at the electrode (A/cm2), and t+ is the transference number of Li-ions with respect to the velocity of the solvent (−). The diffusion coefficient Dl,eff is derived from the Bruggeman relation:


   D  l , eff   =  ϵ  l , i     b   D l   



(5)




with the Bruggeman factor b usually equal to 1.5.



The boundary conditions represent a null flux, corresponding to no ion penetration at the interface of the current collectors, on the metal, on the external surfaces, and on the symmetry axis at r = 0:


    ∂  c l    ∂ r    |  r = 0   = 0  



(6)






    ∂  c l    ∂ r    |  r = Rp   = 0  



(7)






    ∂  c l    ∂ z    |  z = Las   =   ∂  c l    ∂ z    |  z = Lsc   = 0  



(8)






    ∂  c l    ∂ z    |  z = Lca   =   ∂  c l    ∂ z    |  z = Lcc   = 0  



(9)






    ∂  c l    ∂ r    |  r = Rm   = 0  



(10)







Charge conservation within the solid electrode is governed by the equation


  ∇  i s  = −  a s   i  loc    



(11)




where as is the specific interfacial area characterizing the electrode


   a s  =   3  ε s     R p     



(12)




with is as the current density in the solid phase, given by an Ohm expression:


   i s  = −  σ  s , eff   ∇  ϕ s   



(13)







In the above equation, ϕs [V] is the potential at the electrodes, and σs,eff is the effective electric conductivity in the solid phase, which depends on the electric conductivity of the material and its porosity, according to the Bruggeman relation:


   σ  s , eff =    ϵ  s , i     b   σ s   



(14)







A nocurrent condition is applied at the SEI


    ∂  ϕ s    ∂ z    |  z = Las   =   ∂  ϕ s    ∂ z    |  z = Lsc   = 0  



(15)




while a symmetry condition for the potential of the solid phase for r = 0 and an isolation condition at the external surface of the electrode solid phase apply:


    ∂  ϕ s    ∂ r    |  r = 0   = 0  



(16)






    ∂  ϕ s    ∂ r    |  r = Rp   = 0  



(17)







Within the electrolyte, the current flow is due to the Li-ion migration and diffusion


   i l  = −  σ  l , eff   ∇  ϕ l  +     2  σ  l , eff   RT  F      1 +   ∂ lnf   ∂   lnc  l        1 −  t +    ∇   lnc  l   



(18)




where ϕl [V] is the electrolyte potential; f represents the average molar coefficient of activity, which results in a concentration gradient due to the effect of the polarization potential, and (1 + ∂lnf/(∂lncl) is a thermodynamic factor.



A symmetry condition also applies for r = 0, and a null flux condition at the electrode–collector interface and on the external surface of the electrode separator.


    ∂  ϕ s    ∂ r    |  r = 0   = 0  



(19)






    ∂  ϕ l    ∂ z    |  z = Lca   =   ∂  ϕ l    ∂ z    |  z = Lcc   = 0  



(20)







The kinetics for the electrochemical reactions are represented by a Butler–Volmer equation, providing the following equation for the current density:


   i  loc , m   =  i 0    exp      α 0   F η    RT     − exp     −  α c   F η    RT        



(21)




where i0 is the exchanged current density; α0 the anodic transfer coefficient; αc is the cathodic transfer coefficient; F is the Faraday constant; T is the absolute temperature; R is the universal gas constant, and η is the overcharge:


   η m  =  ϕ s  −  ϕ l  −  E  eq , m    



(22)







Eeq,m depends both on the temperature and on the state of charge of the cell:


   E  eq , m   =  E  eq , i   +   ∂  U  eq , i     ∂ T     T −  T  ref      



(23)







The current density is thus calculated as


   i 0  =   Fk  0      cl      α 0         c  s , max   −  c s       α a         c s       α c     



(24)







With k0 as the kinetic constant and cs,max as the maximum Li concentration in the solid phase.



As far as the energy balance of the cell is concerned, it must be observed that heat generation inside the cell originates from three different sources: (1) heat generated by entropy variations during charge/discharge cycles, usually referred to as entropic reversible heat qrev = asilocT(∂Ueq)/∂T; (2) heat generated by irreversible electrochemical reactions, qirr = as iloc η; and (3) heat generated by electron transfer in the solid phase and by Li-ion migration and diffusion within the electrolyte. The latter term, often denoted as Ohmic heat qohm, is usually split into three different components: electric Ohmic heat qohm,s, ionic Ohmic heat qohm,i, and Ohmic heat due to an internal short circuit in the metal or the collector qohm,m.



The resulting overall balance equation is given by:


     ρ c   p    ∂ T   ∂ t   = k  ∇ 2  T +  q  rev   +  q  irr   +  q  ohm    



(25)








3. Simulation Implementation


In order to optimize the calculation burden [40,49,63,67,68,69,70,71,72,73,74], the whole model was set up using two different geometries connected to each other to exchange the required information. One-dimensional geometry was used to characterize the basic chemical reactions of the specific type of cell (LCO, LMO, NMC, or LFP), and it ran in all simulations. Two-dimensional geometry was needed to simulate the thermal behavior of the cell; at each incremental step, it provided the temperature variations to the 1D component and then retrieved the physical properties calculated by the 1D geometry at the updated T.



3.1. One-Dimensional Component


The one-dimensional component handles the chemical characteristics of the cell, and to this end, use was made of the physical interface Lithium Ion Battery present in COMSOL Multiphysics. Three options associated with this interface were adopted to represent the different issues of the model:




	
Porous Electrode to define the charge balance for the electrodes and the electrolyte inside the pores;



	
Porous Electrode Reaction to define the charge transfer reactions at the interface between the electrodes and the electrolytes;



	
Separator to represent the separator properties (conductivity, diffusivity, etc.).








The geometrical dimensions of the one-dimensional component were assumed in accordance with previous analyses from the literature [75,76,77,78], and they are reported in Table 1.



As far as the chemical characterization of the cells is concerned, the main properties of the four cathodes adopted for the simulations were already present in the COMSOL library. Each cell was simulated for continuous cycles of charge/discharge phases, with a duration of 500 s for each full cycle, at a constant current of i = ± 80 A/m2, without any relaxation time (Figure 1).




3.2. Two-Dimensional Component


The two-dimensional component was used to represent the internal heat generation. The main items setting up a whole cylindrical cell are: (a) the mandrel, a low conductivity material supporting the active layers; (b) the external metal protective can; and (c) the internal active materials. The latter item consists of a series of alternating layers of cathode, anode, separator, etc. spirally wound around the mandrel. In order to simplify the calculations, the various active layers of a real cell were modeled as a single pseudo-homogeneous active material with constant average properties. This also allows the adoption of an axial symmetry on an x–y plane with respect to x = 0, as represented in Figure 2, where the main components of the cell are shown; their corresponding dimensions are reported in Table 2, while their physical properties are reported in Table 3 [75,76,77,78].



Given the structure of the active material, the thermal conductivity is anisotropic, and its radial and axial values can be derived by the following equations, respectively [11,77]:


   k  T , r   =   ∑  L i    ∑    L i     k  T , i        



(26)




and


   k  T , a   =   ∑  L i   k  T , i     ∑  L i     



(27)




where Li and kT,i are the thickness and the thermal conductivity of the single layers composing the active element.



Similarly, the average heat capacity and density were calculated as


   ρ a  =   ∑  L i   ρ i    ∑  L i     



(28)




and


   c  p , a   =   ∑  L i   c  p , i     ∑  L i     



(29)







The mandrel and the external were assumed to be composed of nylon and steel, respectively.



The physical interface Heat Transfer in Solids present in COMSOL was adopted to introduce the heat sources in the model. The heat generated by the Joule effect in the active material (Qh,3D [W/m3]) was based on the results obtained by the 1D model and integrated in the whole cell volume


   Q  h , 3 D   =  Q  h , 1 D      L  an   +  L  sep   +  L  cat      L  cell              r  cell   −  d  can      2  −  r  mandrel     2       h  cell   − 2  d  can          r  cell  2  −  r  mandrel  2     h  cell      



(30)







The temperature distribution calculated by the 2D model was then recycled to the 1D model to update it and recalculate the generated heat and all other temperature-dependent parameters in a continuous circular exchange of information. Unlike most of the previous papers, all physical parameters here were calculated as a function of the variable temperature.



The other source of heat generation was associated with the exothermic reactions, which gradually occurred with increasing temperature, and were conventionally grouped in the following four categories [11,75,76,77,78]:




	
SEI decomposition in the range between 90 and 120 °C;



	
Reactions between anode and electrolyte at T > 120 °C;



	
Reactions between cathode and electrolyte at T > 170 °C;



	
Electrolyte decomposition at T > 200 °C.








The common approach of introducing an average value of the heat generated by the many, and often interacting, exothermic reactions [11,75,76,77,78] was also adopted here, and the specific values of the involved parameters are presented below.



The total exothermic heat was calculated as the sum of all the above contributions:


  Q =  Q  SEI   +  Q  anode   +  Q  cathode   +  Q  electrolyte    



(31)




where for each of the above terms, an Arrhenius-like kinetics was assumed [11,32,39,77]


   Q i    x , t   =  q i   R i    x , t    



(32)






   R i    x , t   =  A i   c i   m i      x , t   exp   −    E  a , i     RT   x , t        



(33)







Adopting the Constant Fuel Model, the dependence on time and space can be neglected [79], and mi can be assumed as 1, so that the concentration will only depend on the temperature


   c i    x , t   =  c  i , 0   ,   | t > 0 ,   x   ϵ    Ω i   



(34)







Ωi represents the whole volume where the exothermic reactions occur.



The resulting equation for each exothermic reaction heat is thus:


   Q i    x , t   =  q i   A i   c  i , 0   exp   −    E  a , i     RT   x , t        



(35)




and the values of the kinetic parameters used in the simulations are reported in Table 4.





4. Model Results and Discussion


4.1. Single Cells


The results obtained by applying the present model to different single cells under several operating conditions are presented below. The model was preliminarily validated against the literature data comparing the trend of the thermal runaway ignition time (tTR) for different external heat exchange coefficients and different ambient/initial temperatures, adopting the LCO cathode configuration (Figure 3). It is apparent from Figure 3 that the agreement is quite good.



The results are also reported in Table 5 for the sake of completeness. As might be expected, the thermal runaway ignition time markedly increases at higher heat transfer coefficients (higher thermal stability of the cell), while it decreases at higher initial temperatures, also because of a reduced cooling effect by the warmer external environment.



In order to clearly highlight the influence of the exothermic reactions on the cell temperature, reference simulations were preliminarily carried out neglecting those reactions. Figure 4, Figure 5, Figure 6 and Figure 7 show the trend of the internal temperature as a function of time, for the LCO, LMO, NMC, and LFP configurations, respectively, with values of the external heat transfer coefficients in the range of 0–20 W/m2K, which correspond to typical stationary or low-velocity flow of gases or air (natural convection) [77,80,81] in the cooling system.



It can be seen that, as expected, a more or less pronounced continuous increase in the temperature with time was calculated, depending on the heat dissipation capacity of the cell; however, in all cases the cell operates for a relatively long-time interval, without experiencing thermal runaway. In particular, with high enough heat exchange coefficients, the cell temperature initially rises, but after some time (in the order of several hours), it reaches a stable value for the rest of the cell operation.



If the exothermic reactions are included in the model, a different behavior of the cell temperature is obtained: depending on the cell type and operating conditions, at a given time, a sudden dramatic increase in the temperature is observed, corresponding to the thermal runaway ignition.



In the following Figure 8, Figure 9, Figure 10, Figure 11, Figure 12 and Figure 13, the time profile of the cell temperature at different values of the heat transfer coefficient (h = 0–10 W/m2K) is reported; on each graph, the results for all the cathodes are shown to allow an easier comparison among them. In all cases, an initial ambient temperature of 293 K was assumed. As a general observation, the cell temperature almost linearly increases for some time until it reaches the ignition temperature of the thermal runaway, when the heat production cannot be controlled any longer by the external heat exchange, and the failure of the cell will occur [78]. For all cell types, this will happen earlier for lower heat exchange coefficients, with minimum values under adiabatic conditions (h = 0 W/m2K), while for higher values of h, longer operation times can be obtained; in particular, for h = 10 W/m2K, the produced heat is always adequately dissipated from the cell surface, and thermal runaway is prevented (Figure 13). This result confirms and extends to a larger number of chemistries the results reported by Melcher et al. [75] and Lopez et al. [77] for LCO cells. In the case of the LFP cell, this favorable condition was established already for h = 8 W/m2K, even though reaching a final temperature of 357 K vs. 347 K for h = 10 W/m2K. The latter considerations denote a reduced susceptibility of the LFP type of chemistry to runaway conditions with respect to the other ones. Conversely, from this point of view, the LCO cathode cell is always more prone to runaway conditions, with the ignition time for thermal runaway always lower and often much lower than those found for the other cathodes (often nearly half those for LFP). Similar to the present results and based on oven tests, Fouchard et al. [82] observed that LiMn2O4 cathodes offer better thermal stability than LiCoO2 or LiNiO2 cathodes. After the accelerating rate calorimetry (ARC) measurements on 18,650 Li-ion cells at different state of charges (SOCs), Mendoza-Hernandez et al. [83] found that LMO cells presented a higher thermal stability than LCO cells and also put forward the hypothesis that this might be due to the higher amount of oxygen possibly released by the latter cathode and thus available for combustion reactions. Using ARC data, Jiang and Dahn [84] also detected a much higher thermal stability of the LiFePO4 cathode, compared to the LiCoO2 and Li[Ni0.1Co0.8Mn0.1]O2 cathodes, especially in a LiBoB EC/DEC electrolyte.



Limiting the analysis to the conditions where a linear temperature increase is calculated (i.e., approximately up to h = 6 W/m2K), Figure 14 shows the overall influence of h on cell heating. As already mentioned, LCO cells always show a higher absolute value of the temperature rise (dT/dt) at any h, but the influence of a variation of h is very similar for all chemistries, as represented by the almost equal slopes of the fitting lines for the different cathodes.



As observed in the validation step (Figure 3), in addition to the heat exchange coefficient, ambient temperature also has an influence on the thermal behavior of the cell. Based on this, the thermal runaway ignition time was investigated for two additional ambient temperatures (namely, 273 and 313 K) for all chemistries. Temperature trends qualitatively similar to those reported in Figure 8, Figure 9, Figure 10, Figure 11, Figure 12 and Figure 13 were obtained so that the corresponding curves are not repeated here, but the ignition times are synthetically reported altogether in Table 6.



As might be expected, it is apparent that a lower temperature of the external environment will improve the thermal stability of the cells [75], increasing the thermal runaway ignition time and preventing it already for h < 8 W/m2K for all cells at 273 K (for the LFP cell, even less than 6 W/m2K is enough for a stable operation). This agrees well with the results obtained from oven tests by Lopez et al. [77] for an LCO cell.



In terms of cathode chemistry, it was also found that the LFP type is characterized by a higher thermal stability; the NMC cathode also behaves rather well, while the LCO is still characterized by a higher sensitivity to temperature increases.



At any temperature, tTR has an exponential-like trend (Figure 15) [75] so that beyond a given value of h its effect increases more markedly. It is hardly the case highlighting that a combination of a low temperature and a high heat transfer coefficient will provide the most beneficial conditions for a safe operation of the cells; for example, at 273 K and h = 10 W/m2K, the maximum constant value of the temperature ranges between 340 K (LCO) and 320 K (LFP).



It might be expected that a temperature gradient would establish within the cell during operation; based on this consideration and adopting a conservative approach, the maximum temperature calculated by the model was reported in the above figures. However, up to the onset of the thermal runaway, an almost homogeneous temperature distribution was actually calculated within the cell: Figure 16a,c report the internal temperature distribution within an LCO cell after one full charge–discharge cycle for h = 0 and h = 10 W/m2K, respectively, for the run at 313 K initial temperature.



It can be seen that a very small temperature variation is present within the active volume of the cell, no matter where the temperature is estimated. Onda et al. [85] calculated a maximum difference between the surface temperature and that at the center of the cell of less than 2 °C at the end of 3C discharge cycles for an LCO cell. Guo et al. [48] calculated small gradients in two directions of a prismatic LFP cell, whereas they estimated a difference of up to 30 °C between the center of the cell and its surface in the thickness direction; this was due to low thermal conductivity materials in that direction. Small variations of the internal temperature were also reported by Kim et al. [11] from simulations of a cobalt oxide cathode in an oven. Chen and Evans [12] calculated small temperature gradients also in large prismatic cells; however, Kim et al. [11] suggested that larger cells are “intrinsically more vulnerable to thermal runaway” because of their lower surface/volume ratio, “which in turn reduces cooling area per volumetric heat generation”.



It is worth highlighting here that all the above observations are applicable to “new” cells only, with optimal and constant physical properties, while due to several causes (such as aging, manufacture defects, etc.), unpredicted “hot spots” can develop within a cell, where the ignition of the thermal runaway can occur much earlier than expected and even under theoretically safe conditions [86,87,88,89,90].



Closer to the onset of the thermal runaway, larger temperature gradients are observed, with a variability in the order of 15–20 K in the active area (see Figure 16b,d). This finding would introduce some uncertainty in the definition of the ignition time, which would thus depend on the location of the adopted reference temperature; however, as seen above, the temperature increase in the proximity of the ignition time is so rapid that only small variations of tTR would derive.



From the data reported so far, it must be highlighted that in addition to the above considerations, an efficient cooling system brings also another very important beneficial result: besides delaying or even preventing thermal runaway, in any case, an efficient cooling process will lead to a lower average temperature of the cell so that in case of an accident (e.g., due to a mechanical impact or other temperature-unrelated causes), the consequences of the failure are expected to be milder than in case of a higher energy content of the cell, associated with its higher final temperature.




4.2. Propagation


Since in most of the applications batteries are grouped into large packs, the problem of a generalized thermal runaway, originated from a single cell failure and potentially involving adjacent cells, is present [67,91]. Given the influence of the external temperature highlighted above, in the present section, the simulation of a cell exposed to the heat generated by one or more adjacent cells was investigated. In such a condition, the heat entering the cell through the external surface can be calculated as


  Q = h ·    T  ext   − T    



(36)




where Text was assumed at 420 K; T is the variable cell surface temperature, and h [W/m2K] is the external heat transfer coefficient with air. Several values were assumed in the literature for the latter parameter, commonly in the range of 4–10 W/m2K [75,81], in addition to the adiabatic condition h = 0 W/m2K; however, larger ranges were also adopted [75,77]. Here, h was calculated from fundamental parameters assuming natural convection with the external air around a cylindrical cell and calculating the nondimensional parameters of interest by the conventional relations for the Rayleigh (Ra), Prandtl (Pr), and Nusselt (Nu) numbers, respectively:


  Ra =      β Δ TgL   3     α ν     



(37)






  Pr =  ν α   



(38)






  Nu =     0.825 +   0.387   Ra   1 / 6         1 +       0.492   Pr       9 / 16       8 / 27        2   



(39)







β is the volumetric expansion coefficient (calculated as β = 1/T [K–1] for an ideal gas); ΔT is the temperature difference between cell surface and air temperature [K]; g is the acceleration of gravity [m/s2], and L is the cell height [m]. The kinetic viscosity ν [m2/s] and the thermal diffusivity α [m2/s] of air were calculated from


  ν =  μ ρ   



(40)






  α =  k     ρ c   p     



(41)







Assuming the values reported in Table 7 for the physical parameters [92], an average value of h = 7.5 W/m2K was obtained, which was adopted as a reference value for the following simulations.



As might be expected, because of the additional source of heat from the exterior, the ignition times for the cell thermal runaway are lower than those calculated above for an isolated cell. In Figure 17, the temperature–time profiles for such a system with all cathode types are shown.



It must be observed that in real conditions, the actual ignition times can be rather different from those calculated under the ideal and simplified configuration adopted in the present study. In fact, the initial temperature of the cell can be higher than the ambient temperature, depending on the operation modality of the cell, on the service time of the pack, on the number of cycles, etc. Furthermore, the number of cells already in runaway conditions can vary so that a nonhomogeneous distribution of the temperature around the analyzed cell can be generated. As a consequence, the values presented here can be assumed only as indicative and are to be compared with the previous results for a stand-alone cell.



For a direct comparison with the previous results, the onset times for the thermal runaway of a cell under an external heat flux are synthetically reported in Table 8 for all cathode materials, along with the values obtained for an isolated cell under adiabatic conditions (h = 0 W/m2K).



It can be seen that even when compared with the worst conditions previously investigated, i.e., no refrigeration with the external air in the presence of adjacent cells already under a thermal runaway, a cell will fail much more rapidly than predictable based on the internal heat generation only. In practice, once a thermal runaway has occurred in a given cell, it is likely that it will propagate to the whole pack in a short time. This conclusion is drawn on heat exchange considerations only; however, due to the consequences of the failure of a cell after a thermal runaway (i.e., a fire and/or an explosion), the propagation to the whole battery pack can occur even earlier than calculated in Table 8, thus further stressing the critical importance of thermal runaway prevention in most of the applications.



The effect of the incoming heat is apparent from Figure 18, where the temperature distribution inside a cell exposed to an external runaway, as outlined above, is reported.



Initially, the external surface of the cell is warmer than its inner part because of the exposure to a hotter environment; however, once the exothermic reactions have started inside the cell, this heat becomes more significant, and hot spots are generated in the inner volume, quickly leading to its failure.





5. Conclusions


In the present paper, a simulation model was set up to investigate the onset of thermal runaway in Li-ion cells under thermal abuse and various operating conditions. The model consists of both the electrochemical and the thermal submodels of the cell, thus including the exothermic reactions at the origin of the overheating of the cell. The adoption of interconnected interfaces allowed to properly take into account the variability of the involved parameters with the temperature and to discharge some simplifying assumptions, which were often assumed in the previous literature. The model provides the significant advantage of allowing to quantitatively assess the behavior of several types of cells under abuse conditions without the need for an experimental investigation.



To summarize the present conclusions, as far as the influence of the cell structure is concerned, it was found that the presence of a lithium–iron–phosphate cathode provides the cell with higher thermal stability than that assessed with the other cathodes. Conversely, a LiCoO2 cathode is characterized by much lower stability with the thermal runaway phenomenon occurring much earlier and for a wider range of conditions.



An efficient cooling system plays a decisive role in thermal runaway prevention, significantly increasing the operation time for all cells and making them stable beyond given values of the external heat transfer coefficient. As might be expected, the required cooling efficiency increases with decreasing intrinsic stability of the cell, and a synergic effect is also associated with the initial temperature of the cooling medium.



Based on the same considerations, it was also shown that a cell in a pack will experience thermal failure much more quickly than a single stand-alone cell if exposed to the heat flux due to the thermal runaway of one or more neighboring cells.
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Figure 1. Battery load vs. time. 
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Figure 2. Two-dimensional axial-symmetric geometry. 
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Figure 3. Thermal runaway ignition time (tTR) as a function of h and ambient temperature for the LCO cathode. Solid lines = literature data [75]; dashed lines = present model results. 
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Figure 4. Temperature profile for an LCO cell in the absence of exothermic reactions. 
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Figure 5. Temperature profile for an LMO cell in the absence of exothermic reactions. 
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Figure 6. Temperature profile for an NMC cell in the absence of exothermic reactions. 






Figure 6. Temperature profile for an NMC cell in the absence of exothermic reactions.



[image: Energies 15 04169 g006]







[image: Energies 15 04169 g007 550] 





Figure 7. Temperature profile for an LFP cell in the absence of exothermic reactions. 
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Figure 8. Temperature profiles as a function of time (h = 0 W/m2K). 
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Figure 9. Temperature profiles as a function of time (h = 2 W/m2K). 
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Figure 10. Temperature profiles as a function of time (h = 4 W/m2K). 
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Figure 11. Temperature profiles as a function of time (h = 6 W/m2K). 
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Figure 12. Temperature profiles as a function of time (h = 8 W/m2K). 
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Figure 13. Temperature profiles as a function of time (h = 10 W/m2K). 
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Figure 14. Heating rate as a function of h. 
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Figure 15. Thermal runaway ignition time for different ambient temperatures and heat exchange conditions (LCO cathode). 
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Figure 16. Thermal distribution inside an LCO cathode cell: (a) after one complete charge–discharge cycle, h = 0 W/m2K; (b) at the thermal runaway ignition time, h = 0 W/m2K; (c) after one complete charge–discharge cycle, h = 10 W/m2K; and (d) at the thermal runaway ignition time, h = 10 W/m2K. Initial T = 313 K. 
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Figure 17. Temperature profile as a function of time for a cell exposed to an external thermal runaway (Tex = 420 K; h = 7.5 W/m2K). 
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Figure 18. Temperature distribution inside an LCO cell exposed to an external heat flux: (a) at the end of the first charging phase; (b) at the end of the first full charging-discharging cycle; and (c) at the ignition time. 
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Table 1. Cell’s component size.






Table 1. Cell’s component size.





	L_anode
	55 μm
	Negative electrode thickness



	L_separator
	30 μm
	Separator thickness



	L_cathode
	55 μm
	Positive electrode thickness



	L_cc_negative
	7 μm
	Negative collector thickness



	L_cc_positive
	10 μm
	Positive collector thickness



	L_cell 1
	157 μm
	Cell thickness







1 L_cell = L_anode + L_separator + L_cathode + L_cc_negative + L_cc_positive.
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Table 2. Two-dimensional cell component size.
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	r_cell [m]
	9 × 10−3
	Cell radius



	h_cell [m]
	6.5 × 10−2
	Cell height



	r_mandrel [m]
	2 × 10−3
	Mandrel radius



	r_connector [m]
	3 × 10−3
	Connector radius



	h_connettor [m]
	3 × 10−3
	Connector height



	d_can [m]
	0.25 × 10−3
	External can thickness
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Table 3. Physical properties of cell’s materials.






Table 3. Physical properties of cell’s materials.





	Material
	k [W/mK]
	cp [J/kgK]
	ρ [kg/m3]
	Source





	Copper
	298.15
	385
	8933
	[75]



	Aluminum
	170
	875
	2770
	[75]



	Separator
	0.344
	1978
	1009
	[75]



	Graphite
	1.04
	1437
	1347
	[75]



	LCO
	1.48
	700
	2500
	[77]



	LMO
	1.58
	1269
	2329
	[60]



	NMC
	3.4
	1000
	2500
	[60]



	LFP
	1.48
	1260
	1500
	[77]










[image: Table] 





Table 4. Parameters for kinetic Equation (35) [54,75,77].
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	    Heat   of   Reaction     q i    [   J    kg    ]    
	    Frequency   Factor   A x  [  1 s  ]    
	    Activation   Energy   E A    [   J    m o l    ]    
	    Volume   W y    [    k g      m  3    ]    
	Nondimensional Concentration

ci,0





	SEI decomposition
	2.57 × 105
	1.667 × 1015
	1.3508 × 105
	1.39 × 103
	0.15



	Anode reactions
	1.714 × 106
	2.5 × 1013
	1.3508 × 105
	1.39 × 103
	0.75



	Cathode reactions
	3.14 × 105
	6.667 × 1013
	1.396 × 105
	1.3 × 103
	0.0384



	Electrolyte decomposition
	1.55 × 105
	5.14 × 1025
	2.74 × 105
	5 × 102
	1
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Table 5. Ignition time (s) at different h (W/m2K) and ambient temperatures.
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h (W/m2K)

	
0

	
2

	
4

	
6

	
8

	
10




	
Tenv (K)

	






	
273.15 K

	
2213

	
2665

	
3408

	
5374

	

	




	
293.15 K

	
1892

	
2172

	
2624

	
3476

	
6179

	




	
313.15 K

	
1550

	
1760

	
2026

	
2445

	
3137

	
5379




	
333.15 K

	
1252

	
1378

	
1525

	
1727

	
2024

	
2513




	
353.15 K

	
1113

	
1163

	
1278

	
1388

	
1627

	
1798




	
373.15 K

	
983

	
1047

	
1115

	
1229

	
1311

	
1474
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Table 6. Thermal runaway ignition times for all cathodes at different ambient temperatures and heat exchange conditions.






Table 6. Thermal runaway ignition times for all cathodes at different ambient temperatures and heat exchange conditions.





	
Cathode Material

	
Initial Temperature (K)

	
tR (s)




	

	

	
h = 0 W/m2K

	
h = 2 W/m2K

	
h = 4 W/m2K

	
h = 6 W/m2K

	
h = 8 W/m2K

	
h = 10 W/m2K






	
LCO

	
273.15

	
2212

	
2664

	
3407

	
5373

	

	




	
293.15

	
1892

	
2172

	
2624

	
3476

	
6179

	




	
313.15

	
1550

	
1760

	
2026

	
2445

	
3137

	
5379




	
LMO

	
273.15

	
2274

	
2773

	
3704

	
6443

	

	




	
293.15

	
2115

	
2579

	
3064

	
3844

	
7519

	




	
313.15

	
1578

	
1792

	
2083

	
2503

	
3254

	
5394




	
NMC

	
273.15

	
2313

	
2848

	
3890

	
7656

	

	




	
293.15

	
2330

	
2842

	
3788

	
4821

	
8055

	




	
313.15

	
1612

	
1822

	
2118

	
2585

	
3467

	
6475




	
LFP

	
273.15

	
2394

	
3078

	
4664

	

	

	




	
293.15

	
2859

	
3565

	
4733

	
6515

	

	




	
313.15

	
1727

	
2015

	
2346

	
3067

	
4967
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Table 7. Physical parameters for air at 420 K [92].






Table 7. Physical parameters for air at 420 K [92].





	β [K−1]
	2.38 × 10−3
	Volumetric expansion coefficient



	L [m]
	0.065
	Characteristic dimension



	μ [Pa·s]
	2.4 × 10−5
	Viscosity



	ρ [kg/m3]
	0.84
	Air density



	cp [J/kgK]
	827.8
	Specific heat capacity



	k [W/mK]
	3.45 × 10−2
	Thermal conductivity
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Table 8. Thermal runaway ignition times for different cell materials and conditions.






Table 8. Thermal runaway ignition times for different cell materials and conditions.





	Cathode Material
	tR (s)

Text = 420 K,

h = 7.5 W/m2K
	tR (s)

Text = 293 K,

h = 0 W/m2K





	LCO
	790
	1892



	LMO
	1027
	2115



	NMC
	1154
	2330



	LFP
	1522
	2859
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