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ABSTRACT 

This work presents a succinct review of the thermal behavior of lithium-ion batteries (LIBs) and its relationship with aging, heat generation, thermal 

management and thermal failure. This work focuses on the temperature effects that promote the main aging mechanisms in the anode and compare 

these effects among different cell chemistries for calendar and cycling aging modes. We review the strategies to mitigate aging, including the design 

of the battery thermal management system (BTMS), best practices of battery users to minimize the effect of stress factors, and the appropriate 

selection of the anode material. We discuss the heat generation and surface temperature variations in LIBs, including comparisons among different 

cell chemistries. We analyze the thermal failure of LIBs due to extreme events that cannot be countered by the BTMS, such as overcharge. Finally, 

the main challenges and opportunities related to the impact of the thermal behavior of LIBs on their performance and life cycle are identified, 

including trends in anode material selection, BTMS design, and fast-charging methods.  
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1. INTRODUCTION 

A lithium-ion battery (LIB) is a rechargeable battery commonly used in 

electric vehicles (EVs) and portable electronics. It includes a positive 

electrode (cathode), a negative electrode (anode), and an electrolyte that 

acts as the conductor. The cathode is usually composed of metal oxide, 

and the anode of porous carbon. During a discharge process, as shown 

in Fig. 1, the Li+ ions flow from the anode to the cathode through the 

electrolyte and separator. During a charging process, the direction of 

this flow is reversed from the cathode to the anode. The operation of the 

battery generates heat, which is mainly caused by resistive heating, or 

Joule heating, as the ions flow through the internal resistance of the 

battery during charge or discharge. Additional heat can also be 

generated during exothermic chemical reactions, or absorbed during 

endothermic reactions taking place in the cells.    

During charge and discharge, a reversible intercalation reaction 

occurs, in which Li+ ions enter and exit the electrodes’ structure 

materials. The active materials of the electrodes and electrolyte 

participate in this reaction. Theoretically, the ions exchange process 

should work indefinitely, and the battery should always deliver 100% of 

its capacity. Nevertheless, degradation, referred to as ‘aging’ in the 

literature, is inevitable, decreasing the battery performance over time. 

This decrease in performance is usually measured in terms of the 

variation of capacity over time, a battery health indicator that strongly 

depends on the thermal behavior of the cell. This health indicator is 

usually used to determine the end-of-life (EOL) of an EV battery, 

which is considered to be reached when its capacity decreases to 80% 

of the nominal capacity at the beginning-of-life (BOL) (Galatro et al.  

2020, Schimpe et al. 2018).  

The thermal behavior of LIBs results from the combination of 

extrinsic stress factors such as the temperature, state-of-charge (SOC) 

and current load; and intrinsic characteristics of the battery cells. The 

temperature, in combination with SOC and current load, promotes 

degradation mechanisms that reduce the performance of LIBs. During 

the operation of mobility-driven applications such as EVs, aging occurs 

when charging or discharging the battery, hereafter referred to as 

‘cycling aging.’ In EVs, the impact of the temperature on cycling aging 

must be mitigated by an embedded battery thermal management system 

(BTMS), which is designed to keep the temperature within a desired 

temperature range. The effectiveness of the BTMS is compromised as 

the battery ages due to the increased heat generation and the uneven 

aging degradation paths, a consequence of the cells’ intrinsic 

heterogeneity. Safety concerns can also arise in case of cell failure due 

to events such as battery overcharge, triggering thermal runaway.  

 

 
 

Fig. 1 Schematic of the Li+ ions flow in a lithium-ion battery 
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Aging also occurs when the battery is at rest, hereafter referred to 

as ‘calendar aging.’ At rest, the battery is subjected to ambient 

temperatures without any temper strategy, which could result in more 

aggressive aging rates than those caused by cycling aging, depending 

on storage time and SOC. Furthermore, depending on the cell 

chemistry, different heat generation rates and temperature-dependent 

degradation paths are expected (Santhanagopalan et al. 2015).  

This review paper presents a unique perspective of the thermal 

phenomena occurring at different temperatures domains in LIBs of 

different chemistries and their impact on battery performance, aging, 

and thermal failure. We discuss several strategies for mitigating this 

thermal impact beyond typical BTMS design considerations, including 

control strategies involving the battery management system (BMS), 

best user practices, and research advances on anode material. This 

paper also addresses the timely topic of battery fast-charging and its 

implication on heat generation, including current and emerging thermal 

management strategies to enable fast-charging. 

This paper is organized as follows. Section 2 presents a 

comprehensive overview of aging in LIBs with a focus on the role of 

temperature as the main stress factor influencing aging. This section 

reviews the fundamental aspects related to (1) aging indicators, (2) 

aging during calendar and cycling modes, (3) degradation mechanisms 

in the anode, (4) degradation mechanisms in the cathode, (5) 

temperature domains affecting aging, (6) impact of cell chemistry on 

aging, (7) models that predict aging, (8) strategies to mitigate aging, 

and (9) aging and fast-charging. Section 3 addresses the role of aging 

on heat generation, temperature variations, and thermal modeling of 

LIB. Section 4 is dedicated to BTMSs. Section 5 describes the thermal 

behavior of LIBs associated with thermal runaway, including a 

comparison of this phenomenon among different cell chemistries. 

Section 6 summarizes the main challenges and opportunities related to 

the impact of the thermal behavior of LIBs on their performance and 

life cycle. Finally, Section 7 presents the concluding remarks.  

2. AGING IN LITHIUM-ION BATTERIES 

Aging refers to the degradation of a LIB over time, evidenced through 

battery performance-fade effects such as capacity and power fade, and 

internal resistance and impedance growth (Yang et al. 2018; Bandhauer 

et al. 2011; Wright et al. 2003; Waldmann et al. 2014; Guha and Patra 

2018; Waag et al. 2013). Aging is caused by several physical and 

chemical mechanisms affecting the electrodes, electrolyte, separator, 

and current collectors (Birkl et al. 2017; Palacín 2018). Table 1 shows 

the levels involved in the cause and effect analysis of aging in LIBs 

(Birkl et al. 2017). This analysis includes three levels: causes, 

mechanisms, and effects. The effects can be quantified as chemical and 

performance effects.  

 

Table 1: Levels involved in the cause and effect analysis of aging in 

LIBs (Birkl et al. 2017) 

 

Level Description 

1 Causes Stress factors such as time, temperature, SOC, 

current load, stoichiometry, and mechanical stress 

2 Mechanisms SEI growth, SEI decomposition, electrolyte 

decomposition, binder decomposition, graphite 

exfoliation, structural disordering, lithium plating, 

loss of electric contact, electrode particle cracking, 

transition metal dissolution, and corrosion of 

current collectors 

3 Effects Chemical: Loss of lithium inventory and loss of 

active material 

Performance: Capacity and power fade, resistance 

and impedance increase 

 

In the negative electrode or anode, aging is caused by the solid 

electrolyte interface (SEI) formation and growth, corrosion of the 

current collector, binder decomposition, and lithium plating (Agubra 

and Fergus 2013; Kindermann et al. 2017); while in the positive 

electrode or cathode, aging is caused by small volume changes during 

cycling, corrosion of the current collector, electrolyte decomposition, 

and dissolution of the active material in the electrolyte (Hausbrand et 

al. 2015). In the separator, aging causes a porosity decrease over time 

due to the SEI formation and growth (Kindermann et al. 2017). An 

appropriate porosity level in the separator is required to ensure 

sufficient ionic conductivity in the electrolyte (Kannan et al. 2018). An 

extensive review of the main mechanisms causing aging in LIBs is 

included in Section 2.3 of this paper. 

The combined effects of stress factors, interactions between 

degradation mechanisms, and heterogeneities in the structure of the 

electrodes, pose enormous challenges for their modeling and 

diagnostics (Birkl et al. 2017). Due to the complexity of the aging 

phenomena, physics-based models are limited to including only the 

dominant mechanisms at the cell level, such as the formation and 

growth of the SEI and lithium plating (Birkl et al. 2017; Yang et al. 

2017; Balagopal et al. 2018; Pinson and Bazant 2012; Tahmasbi et al. 

2017). 

2.1 Aging indicators 

Capacity, power and internal resistance have been the preferred aging 

indicators of LIBs (Barré et al. 2013; Keil et al. 2016). The evolution of 

capacity and power over the lifetime of the battery is non-linear and 

may be separated into three regions, as shown in Fig. 2 

(Santhanagopalan et al. 2015). These regions are (1) Region I or break-

in region, which usually evidences a slight initial performance increase 

during cycling; (2) Region II or quasi-linear fade region; and (3) Region 

III or accelerating fade region.  
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Fig. 2 Typical evolution of aging indicators during the battery lifetime 

expressed as relative performance (Santhanagopalan et al. 2015)    

 

The break-in region (Region I) is affected by the manufacturing 

conditions of the cells. Thus, as shown in Figure 2, cells could 

experience a slight increase in capacity when they contain an excess of 

lithium that is released during the initial cycles of the cell. On the other 

hand, incomplete formation cycles at the manufacturing facility could 

cause a break-in process characterized by a sharp decrease in capacity 

during the initial cycles. Because of the uncertainty generated from 

these conditions, break-in processes in Region I pose challenges in 

identifying degradation paths during the first cycles of the cells. In 

Region II, the growth rate of degradation mechanisms, such as the SEI 

growth, exhibits a quasi-steady-state aging rate. In Regions I and II, it is 

imperative for the BTMS to maintain the operating temperature within 

a desired range to ensure the stability of the SEI layer. Lithium plating, 

another degradation mechanism, may also begin in these regions due to 

high charge rates. In the accelerating fade region (Region III), 

additional electrochemical processes can contribute to accelerating the 

existing degradation mechanisms. For instance, dissolved manganese in 

the electrolyte/anode interface might act as a catalyst for SEI growth 

(Santhanagopalan et al. 2015). In Region III, lithium plating outpaces 

degradation due to SEI growth, promoted by low-temperature charging.  
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2.2 Aging modes 

Aging occurs during both calendar mode, when the battery is at rest or 

stored, and cycling mode, when the battery undergoes cycles of charge 

and discharge during operation. In calendar mode, the LIB is usually 

exposed to the environmental conditions, and its temperature is not 

controlled; while in cycling aging, the operating temperature range of 

the LIB is controlled by the BTMS. 

 

Calendar mode corresponds to the irreversible loss of capacity while 

the battery is stored (Keil et al. 2016). This effect can be accelerated or 

deaccelerated depending on the storage conditions, being the 

temperature the most significant stress factor, followed by the SOC. 

High temperatures (> 40 °C) contribute to lithium loss, resulting in less 

available lithium for intercalation and then inducing capacity fade. At 

the same time, low temperatures (< 10 °C) contribute to loss of active 

material or less available active material for diffusion, modifying the 

battery chemistry (Barré et al. 2013).  

The other stress factor contributing to aging during calendar mode 

is the SOC level. Cells stored at the same temperature but different 

SOCs age at different paces (Barré et al. 2013). Higher battery 

degradation effects are expected at high SOC levels, caused by a 

potential disequilibrium on the electrode/electrolyte interface, 

promoting secondary or side chemical reactions (Palacín 2018; Barré et 

al. 2013; Takada 2013). Accelerated aging tests during calendar mode 

have mostly explored the combination of temperature and SOC, 

measuring cell performance effects such as capacity fade, and 

impedance or resistance increase (Santhanagopalan et al. 2015). These 

tests reveal that aging is accelerated at high SOC and high temperature, 

and performance degradation effects are non-linear over time (Barré et 

al. 2013; Keil et al. 2016). 

 

Cycling mode corresponds to the irreversible loss of capacity while 

the battery is being charged and discharged. Apart from the temperature 

and SOC, other stress factors become relevant during cycling, including 

the discharge or charge rate (C-rate) and the SOC (Galatro et al.  

2020). The SOC is the SOC variation during a cycle. As in calendar 

mode, high temperatures (> 40 °C) and high SOCs (> 70%) promote 

degradation and SEI growth, resulting in battery power fade. This effect 

is worsened at high discharge or charge rates (Barré et al. 2013), and 

further accelerated with the combined effect of high temperatures, high 

C-rates and high SOCs (Santhanagopalan et al. 2015).  

2.3 Aging mechanisms on the anode 

The SEI is formed on both electrode-electrolyte interfaces in the anode 

and cathode but is more prominent on the anode. The main stress 

factors promoting degradation on the anode are SOC, temperature, and 

overcharge (Barré et al. 2013; Liu et al. 2016). At high temperatures (> 

50 °C) and high SOC levels (> 80%), the SEI may dissolve, and lithium 

salts -which are less permeable to the lithium ions- could be formed, 

creating resistance for the lithium ions to flow, and hence, increasing 

the anode impedance (Barré et al. 2013; Peled and Menkin 2017). At 

low temperatures (< 20 °C), the diffusion of lithium within the SEI and 

graphite decreases, overlaying the electrode with lithium plating, 

inducing a faster degradation rate compared to the one at high 

temperatures (Pelen and Menkin 2017; Rauhala et al. 2018).  

The anode in a LIB is usually composed of graphite (Qi et al. 

2017). Graphite is a common carbon material which has high 

Coulombic efficiency and long-term cycle stability. The primary 

degradation mechanism on graphite electrodes is the formation and 

growth of the SEI (Pinson and Bazant 2012). This interface is a barrier 

formed during the first charge of a LIB, protecting the anode from 

corrosion and the electrolyte from reductions (An et al. 2016). The SEI 

is formed because of the instability of most electrolytes at the operating 

potential of the anode during charging. Over time, lithium is lost to the 

SEI layer, when it is combined with carbonates, fluorides and other 

radicals to mostly form inorganic salts. The SEI is permeable to the 

lithium ions and solvent present in the electrolyte. Also, the solvent 

interacts with the graphite and diffuses through the SEI, promoting 

graphite exfoliation, and generating small gas emissions mostly at high 

SOC levels (> 80%), eventually cracking the SEI and inducing its 

expansion (Barré et al. 2013).  

In addition to graphite, several carbon and non-carbon anode 

materials have been investigated as potential candidates for extending 

the lifetime of LIBs, including graphene (Luo et al. 2018), silicon 

(Wang et al. 2015; Parekh et al. 2019), sulfides (Shi et al. 2017), 

phosphides (Song et al. 2014), and transition metal oxides (Bhaskar et 

al. 2012). These materials promote a more stable electrochemical 

performance of LIBs at high temperatures, provide high energy density 

and improve the reversible capacity of LIBs. However, their 

commercialization has been limited due to their high cost compared to 

graphite (Luo et al. 2018).  

 

Solid electrolyte interface (SEI). The electrolyte solution of LIBs 

is thermodynamically unstable at low/high potentials, compared to 

Li/Li+. Therefore, right after the first charge of the cell, the electrolyte 

solution gains electrons on the graphite surface and forms the SEI. 

These reduction processes result in the deposition of organic and 

inorganic products on the graphite surface. This layer provides kinetic 

stability to further reductions in the electrolyte and prevents exfoliation 

of graphite due to solvent co-intercalation (Verma et al.  2010). The 

onset potential of the SEI formation has been widely adopted as 0.8 V 

(Verma et al.  2010; Edström et al. 2006), although this is not a fixed 

value. The thickness of the SEI layer varies from a few Å to tens or 

hundreds of Å, being challenging to measure due to the partial 

solubility of some of its components in the electrolyte (Verma et al.  

2010). The SEI layer influences the cell performance characteristics 

because Li-ions must pass through this layer (Narula, 2014). The 

growth or thickening of this passivating layer leads to higher internal 

resistance during the intercalation and de-intercalation of ions.  

 

 
 

Fig. 3 Schematic of the solid electrolyte interface 

 

Figure 3 shows the process of intercalation and de-intercalation of 

ions with a bidirectional arrow. The free movement of ions is affected 

by the SEI, which is a physical barrier located between the graphite and 

electrolyte. The SEI is seen as a dense layer of inorganic components 

followed by a porous organic layer next to the electrolyte phase (Verma 

et al. 2010; Bryngelsson et al. 2007; Edström et al. 2006). Several 

components are found in the SEI layer, such as polycarbonates 

(Aurbach 1996), alkyl-carbonates (Aurbach et al. 1997), lithium 

carbonates (Morigaki and Ohta 1998), represented in Fig. 3 as 

amorphous and amalgamated blocks. 

The SEI composition and thickness vary during calendar and 

cycling modes. Also, the SEI can partially dissolve in a solvent of the 
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electrolyte. The SEI layer is expected to be thinner at higher potentials 

and thicker at lower potentials (Bryngelsson et al. 2007). Nevertheless, 

the SEI changes are more prominent at elevated temperatures (> 80 °C), 

much higher temperatures than those expected during normal cycling 

operation of a LIB (15 – 45 °C). These changes are caused by the 

following reactions: (1) transformation or unstable carbonates and 

semi-carbonates to stable components such as Li2CO3, and (2) the 

reactions of the active material with the SEI, the SEI with the 

electrolyte, or the active material with the electrolyte (Narula 2014). 

Other exothermic reactions involving the SEI are expected at even 

higher temperatures (> 120 °C), contributing to the severe degradation 

of the battery performance and critically compromising its safety 

(Pasquier 1998).  

The performance of the battery at high and low temperatures 

depends on the SEI stability and ability for passivation of the active 

material surface. Thus, during calendar mode, detrimental processes 

that cause self-discharge depend on the passivation effect of the SEI. 

During cycling mode, a stable SEI is required for cycling, mostly at 

high C-rate and SOC (Narula 2014). Moreover, SEI can dissolve 

and/or evolve during cycling mode. Also, for both calendar and cycling 

modes, the SEI components are highly sensitive to the temperature. 

Therefore, BTMSs play a significant role in maintaining the 

temperature of LIBs within the desired range that assures the stability 

and passivation effect of the SEI. 
 

Lithium plating. Characterized as lithium deposition on the anode 

in the form of dendrites, lithium plating is one of the major degradation 

mechanisms of LIBs, along with the SEI formation and growth. During 

lithium plating, the intercalation reaction of lithium-ions is limited by a 

partial reduction of these ions, forming metallic lithium at the anode 

(Harting et al. 2018) and creating an additional layer between the anode 

and the electrolyte.  Lithium plating is mainly promoted by charging at 

high currents and low temperatures (Liu et al. 2016; Harting et al.  

2018) and by overcharging. In Fig. 4, lithium plating is visualized as 

layers of deposited metallic lithium on the graphite, outside of the high-

resistance and lithium-depleted zones. Other anodes, such as those 

made of coke, hard carbons and lithium titanate, are less susceptible to 

this degradation mechanism (Agubra and Fergus 2013). 

 

 
 

Fig. 4 Schematic of lithium plating 

 

Lithium plating has a negative impact on the safety and 

performance of LIBs. Regarding safety, dendritic lithium is known for 

inducing internal short circuits and thermal runaway due to the 

exothermic reaction that occurs between the electrolyte and deposited 

lithium (Legrand et al. 2014).  In terms of performance, lithium plating 

produces changes in the electrolyte polarization, reducing the 

performance of LIBs since it displaces the electrode potential from its 

equilibrium value.  

2.4 Aging mechanisms on the cathode 

The SEI layer is also formed on the positive electrode-electrolyte 

interface in the cathode; however, it is much thinner than that formed in 

the anode, and its effect is more difficult to quantify. The primary aging 

mechanisms of cathode materials and their effects are summarized in 

Table 2 (Lin et al. 2015). The main stress factors promoting 

degradation on the cathode are SOC and temperature (Barré et al. 

2013). The aging mechanisms in the cathode depend on the cell 

chemistry and aging modes. In fact, the name of the cell chemistry is 

given by the material composition of the cathode. It is noteworthy that 

the material of the anode, graphite, is usually the same across all LIBs, 

except for lithium titanate oxide (LTO), which uses lithium-titanate 

nanocrystals instead of graphite in the anode. Developments in cathode 

materials could enhance the performance and lifecycle of LIBs. 

However, the development of novel anode materials with higher energy 

densities overrates the potential enhancement of cathode materials.  

Low temperatures promote accelerated degradation on the following 

cell chemistries: lithium cobalt oxide (LCO), nickel manganese cobalt 

oxide (NMC), lithium nickel cobalt aluminum oxide (NCA), lithium 

manganese oxide (LMO), lithium iron phosphate (LFP), and LTO 

(lithium titanate oxide). On the other hand, the impact of high 

temperatures on aging is more significant in LCO cells, followed by 

NMC, NCA and LMO cells, and to a lesser extent, in LFP and LTO 

cells. A comparative analysis of the impact of cell chemistry on aging is 

included in Section 2.6.   

 

Table 2: Aging mechanisms of cathode materials (Lin et al. 2015) 

 

 Mechanism Effect on material Effect on 

performance 

1 Li+ 

insertion/extraction 

Structural 

disorder 

Capacity fade 

    

2 Phase transition Crystal distortion 

and mechanical 

stress 

Capacity fade 

    

3 Metal dissolution Loss of active 

material and 

surface layer 

formation 

Capacity fade 

    

4 Electrolyte 

decomposition 

Surface layer 

formation 

Impedance rise 

2.5 Aging and temperature domains 

The aging-kinetic behavior of LIBs allows defining three temperature 

domains associated with their performance: (1) low-temperature 

domain, approximately at temperatures lower than 20 °C; (2) high-

temperature domain, approximately at temperatures higher than 40 °C 

and less than the onset temperature promoting thermal runaway; and (3) 

intermediate domain, approximately at temperatures in between 20 °C 

and 40 °C, where aging is minimized. Therefore, better performance is 

expected in the intermediate domain, which offers a better tradeoff 

between battery performance and lifespan (Liu et al. 2016; Ye et al. 

2016).  

Lithium plating is the dominant aging mechanism in the low-

temperature domain. Aging effects induced by lithium plating include 

capacity loss and additional polarization. Capacity loss is caused by the 

loss of electronic connection between metallic lithium and the electrode 

particles during discharge. The dead lithium contained within the 

lithium plating layer accumulates on the electrode, causing loss of 

cyclable lithium (Bauer et al.  2015; Petzl et al.  2014). Additional 
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polarization is caused by lithium deposited either at the graphite surface 

or the SEI layer. Lithium plating also consumes electrolyte species, 

decreasing its ionic conductivity and, therefore, leading to further 

polarization (Bauer et al.  2015).  

During cycling at high temperatures, charge transfer and diffusion 

processes are faster. Hence, the rate of intercalation keeps its potential 

above the lithium plating potential. Therefore, the capacity loss at high 

temperatures is due to the loss of cyclable lithium caused by side 

reactions such as the reduction of electrolyte species and SEI formation 

and growth. This capacity loss is also due to the loss of active material 

in both electrodes, where less active material is available for the 

insertion of lithium due to blocking of active sites and particle cracking 

(Arora 1998; Christensen and Newman 2005). Also, high temperatures 

promote additional polarization caused by SEI growth, reduction of 

active material, and electrolyte dry-out (Bauer et al.  2015).  

2.6 Impact of cell chemistry on aging 

This section summarizes, compares and discusses the aging 

characteristics of different cell chemistries for calendar and cycling 

aging modes. Table 3 shows these aging characteristics by qualitatively 

comparing the impact of stress factors on aging for different cell 

chemistries and aging modes.  

 

Table 3: Impact of stress factors on aging for different cell chemistries 

for both aging modes, where +++ denotes high impact, ++ 

denotes medium impact, and + denotes low impact. 

 

Stress factor 
Cell chemistry 

LCO NMC NCA LMO LFP LTO 

High SOC / 

SOC 
+++ +++ ++ ++ ++ + 

Low SOC / 

SOC 
++ + + + + ++ 

High 

temperature 
+++ ++ ++ ++ + + 

Low 

temperature 
+++ +++ +++ +++ +++ n.a. 

High C-rates +++ ++ + n.a. ++ + 

 

Calendar mode. Several researchers have studied aging during 

calendar mode for different cell chemistries (Keil et al. 2016; Ecker et 

al. 2012; Gismero et al. 2019). Keil et al. (2016) run several calendar 

aging tests with storage periods of nine and ten months on NCA, NMC 

and LFP 18650 lithium-ion batteries at 25 °C, 40 °C and 50 °C, and for 

16 different SOCs from 0 to 100%. This study concluded that the 

capacity fade and resistance growth increased for these three battery 

chemistries at higher storage temperatures (> 40 °C). Nevertheless, in 

SOC intervals of more than 20-30%, all the cell chemistries showed 

similar capacity fade rates, and a marked step in the capacity curve was 

observed at approximately 70% SOC for LFP cells and 60% for NCA 

and NMC cells. The capacity fade curves also showed that around 50% 

of SOC, the capacity fade was more significant for the LFP and NMC 

cells, especially at higher storage temperatures (40 and 50 °C). On the 

other hand, at 50 °C and SOC above 70%, NMC cells exhibited a 

higher capacity fade compared to NCA and LFP cells. This trend can 

also be observed in the results reported by Ecker et al. (2012), where 6 

Ah NMC cells exhibited aggressive capacity fade at 65°C compared to 

lower temperatures (35°C and 50°C) at the same SOC. All cell 

chemistries also showed a relatively flattening behavior of relative 

capacity after 70% SOC (Keil et al. 2016), except for NMC cells, 

whose relative capacity abruptly decreased when running above 95% 

SOC and high temperatures (Keil et al. 2016; Gismero et al. 2019; 

Ecker et al. 2012). Regarding resistance growth, the lowest increase 

was measured on LFP cells, showing no dependence on SOC. For NCA 

and NMC cells, the resistances increased at higher SOC values. For all 

chemistries, the authors also concluded that there was a direct 

correlation between capacity fade and resistance growth (Gismero et al. 

2019).  

Large LIB cells usually exhibit different responses in terms of 

performance and aging than smaller cells for the same cell chemistry, 

due to differences in current density, design and geometry, and spatial 

non-uniformity of the electrical potential (Kim et al. 2018). For 

instance, Kassem et al. (2012) and Grolleau et al. (2014) performed a 

set of calendar aging tests on 8 Ah and 15 Ah graphite/LFP cells, 

respectively, and at three different temperatures (30°, 40°C and 65°C), 

and three SOC levels (30%, 65% and 100%). These conditions promote 

loss of cyclable lithium, the primary source for the capacity fade, as 

identified by Kassem et al. (2012). Figure 5 shows the differences in 

relative capacity with respect to BOL as a function of time at 40°C and 

65°C. Values at 30°C were omitted in this comparison since they did 

not show significant differences in their trends at different SOC levels.  

As shown in Fig. 5, the capacity fade sharply increases with 

storage temperature, and to a lesser extent, with SOC. The influence of 

SOC increases with temperature. Hence, the capacity fade increases as 

temperatures and SOC increase. However, the 15 Ah cells exhibited 

more aggressive aging than the 8 Ah cells, since lower relative 

capacities were estimated at the same temperatures and SOCs for the 

same storage time. For instance, after 250 days at a storage temperature 

of 65 °C and 100% SOC, the relative capacity was 0.68 for the 8 Ah, 

compared to 0.55 for the 15 Ah. Also, the 15 Ah cells showed a 

noticeable impact of higher SOC values on capacity fade (65% and 

100% SOC), compared to the 8 Ah cells.  
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Fig. 5 Evolution of the relative capacity of LFP cells of 8 Ah and 15 

Ah (Kassem et al. 2012; Grolleau et al. 2014)  

 

Dubarry et al. (2018) conducted a literature review on calendar 

aging for different cell chemistries, including LTO, and graphite anode 

cells LFP, NCA, LCO, NMC, LMO, and composite blends NMC + 

LMO, and LCO + NMC. In their analysis, the authors concluded that 

capacity fade is influenced by both the temperature and SOC levels. 

Although a full comparison was not possible since the calendar aging 

tests in their literature review were performed at different temperatures 

and SOCs among their selected works, their main capacity fade findings 

are summarized as follows: (1) LCO cells experienced a very high 

degradation rate at high SOCs and temperature range of 40 – 50 °C, 

with the degradation in these LCO cells being SOC-driven; (2) LFP 

cells had the lowest degradation rates when compared at the same 

temperatures and SOC conditions, with the degradation in these LFP 

cells being temperature-driven; (3) LCO cells were the most susceptible 

to degradation at high temperatures and SOCs; (4) the rest of graphite 

anode cells such as the composite blends, NMC, and NCA exhibited 
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drastic degradation rates at high temperature (50 - 60 °C), with NCA 

cells exhibiting a smaller change in degradation rates in the same 

temperature range; and (5) the influence of temperature and SOC was 

less significant in LTO cells, even showing low degradation rates at 

high temperatures, although they degraded faster at low SOCs.  

Eddahech et al. (2015) performed calendar tests of four 

commercial LIBs of different cell chemistries at 1C-rate until the EOL 

criterion was reached. The battery cells included in their study were: (1) 

12 Ah Kokam, graphite/NMC, prismatic; (2) 5.3 Ah LGChem, 

graphite/LMO-NMC, prismatic; (3) 7 Ah SAFT, NCA cylindrical; (4) 

LiFeBATT LFP 8 Ah, cylindrical. These batteries were stored at three 

different temperatures (30 °C, 45 °C and 60 °C) and three different 

SOC levels (30 %, 65 %, and 100 %). The evolution of the capacity 

fade of these cells, as well as diagnostics revealed from Electrochemical 

Impedance Spectroscopy (EIS) tests, allowed the authors to conclude 

that LMO and NMC cells are very sensitive to high temperatures. They 

also observed dissolved manganese due to its reaction with the 

electrolyte. The consequence of this reaction is a high internal 

resistance increase with aging, which was confirmed through EIS tests. 

LFP cells showed the maximum calendar life, as well as excellent 

thermal stability. Finally, NCA cells were described as a compromise 

between high performance and long life cycles.  

Calendar aging tests have also been performed in the low-

temperature domains. For instance, Jaguemont et al. (2016) conducted 

aging tests on 100 Ah LFP cells at -20 °C and 50% SOC. In their tests, 

the EOL criterion (80% of the nominal capacity) was reached in less 

than 415 h of storage time or 17 days, compared to 100 – 150 days 

(Kassem et al. 2012; Grolleau et al. 2014) at a storage temperature of 

65 °C and 65% SOC for the same cell chemistry. This aggressive aging 

behavior at very low temperatures poses a challenge in specific 

geographies such as Canada, where these temperatures are commonly 

expected in winter.   

In calendar aging, we can conclude that the capacity fade sharply 

increases with storage temperature, while SOC has a lesser impact on 

aging for all chemistries. NMC, LCO and LMO cells are more aging-

sensitive than NCA and LFP cells in the high-temperature domain. 

Aggressive capacity fade is also expected in the low-temperature 

domain, as shown for LFP cells. LTO cells are less sensitive to high and 

low storage temperatures than NMC, LCO, LFP and NCA cells. 

 

Cycling mode. A cycling aging study was conducted by Han et al. 

(2014) on five commercial LIBs: 20 Ah LTO/NMC, 60 Ah and 11 Ah 

graphite/LFP, and 35 Ah and 10 Ah graphite/LMO. The batteries were 

charged at 1/3C and discharged at 1.5C-rate, performed 90 cycles at 45 

°C, and 90 cycles at 5°C, exposing the cells to high- and low-

temperature domains without the influence of the SOC and depth-of-

discharge (DOD). This sequence was repeated for 1000 cycles. The 

evolution of the capacity fade as a function of the number of cycles 

showed that the LTO/NMC cells experienced a negligible capacity fade 

after 1000 cycles. The aging diagnostics on the LFP and LMO cells 

revealed that both cells experienced a loss of lithium inventory and 

anode active material. LFP cells degraded to EOL of 80% at 200 – 300 

cycles, while LMO cells degraded at 420 cycles. The comparison 

between LFP and LMO cells is in agreement with other cycling trends 

showed in the literature (Dubarry et al. 2018), where LMO cells exhibit 

a longer life than LFP cells.  

The influence of different DOD levels, C-rates and temperature on 

aging during cycling mode was studied by Wang et al. (2011). Their 

experimental setup included 2.2 Ah 26650 LFP cylindrical cells, 

including six different temperatures (-30°C, 0°C, 15°C, 25°C, 45°C, 

and 60°C), five levels of DOD (10%, 20%, 50%, 80%, and 90%), and 

four discharge rates (C/2, 2C, 6C, and 10C). This study showed, for 

instance, that EOL at 60 °C and discharge C/2 was reached at 140 – 150 

days for all DOD levels; therefore, the influence of this parameter is 

negligible. On the other hand, high C-rates contributed to increasing 

cell temperatures considerably, accelerating aging. The effect of the 

temperature is significant, revealing to be, along with C-rate, the most 

influential parameter on aging during cycling mode. Another example, 

EOL was reached at 754 cycles when cycling at 60 °C, compared to 

1707 cycles at 45 °C, for the same discharge rate of C/2.  

Wu et al. (2017) performed cycling tests until reaching 20% 

capacity loss on 5 Ah Kokam blend graphite/LCO-NCA cells at 10 °C, 

25 °C and 40 °C, and 1C, 3C, and 5C discharge rates. In terms of the 

effect of the temperature, their results demonstrated that the mildest 

capacity loss was obtained at 25 °C, while aggressive aging was 

observed at both 10 °C and 40 °C. Two degradation paths were 

observed at 40 °C; one cell showed linear capacity fade, while the other 

cell showed a non-linear trend on the capacity fade. This behavior was 

also observed in terms of the resistance evolution, one cell showing a 

continuous linear increase, and the other an accelerated increase. The 

effect of the discharge rate was analyzed at 25 °C. In all cases, the 

capacity notably faded until approximately 300 cycles, from where the 

capacity loss experienced a quasi-linear behavior. The EOL was 

reached at 4800 and 3500 equivalent full cycles for 1C-rate and 5C-

rate, respectively.  

Similarly, 40 Ah NMC cells were cycled at room temperature,    

45 °C and 65 °C, with full cycles at 1 C-rate (Jalkanen et al. 2015). The 

EOL was reached after 800 cycles at 45/65 °C, faster than that at room 

temperature. An increment in capacity, known as electrochemical 

milling (Jalkanen et al. 2015; Devie et al. 2014), was observed at the 

beginning of cycling, probably due to increased electrode active surface 

(refer to Region I in Fig. 2) 

Devie et al. (2014) tested commercial-grade 13.4 Ah LTO/NMC 

cells, one through cycle aging process at 25 °C, and other with an 

overcharge event after 125 cycles, both at a low C-rate. For the first 

cycling process, the capacity fade was on the order of 0.5% per 1000 

cycles, and no impact in aging behavior was observed for the 

overcharge event.  

Cycling aging tests have also been performed in low-temperature 

domains. For instance, Petzl et al. (2014) cycled cylindrical 26650 2.5 

Ah graphite/LFP cells at low C-rates (1C, C/2) and six temperatures     

(-20°C, -22°C, -24°C, and -26°C). They quantified lithium plating by 

differential voltage analysis of the discharge profiles after charging at 

plating conditions, allowing quantifying the mass of deposited lithium, 

and proving that this degradation mechanism becomes more aggressive 

as the temperature decreases. Petzl et al. (2015) also run cycling tests at 

-22 °C and 1 C-rate on the same type of cells. In their results, they 

observed that the capacity loss rate deaccelerates after 120 cycles, 

becoming almost constant near to EOL. This means that the lithium 

plating reduced after this inflection point. This effect was also observed 

in the results obtained by Wu. et al. (2018), where 3.1 Ah 

graphite/NCA cells were cycled at -10 °C and three different C-rates 

(1C, 2C, 3C). The capacity fade was more aggressive at higher C-rates, 

but in all cases, an inflection point was observed, delimiting a first stage 

where the capacity fades aggressively, followed by a deaccelerating 

stage. Analogously, Tippmann et al. (2014) degraded NMC cells at 1C 

constant discharge rate and different temperatures (< 0 °C). They 

predicted lithium plating through the dropping of the anode potential as 

a measure of degradation, showing more aggressive potential dropping 

as the temperature decreases. The inflection point distinguishing the 

aggressive and deaccelerating stage was also observed at sub-zero 

temperatures for this chemistry. 

Leng et al. (2015) investigated the effect of temperature on the 

aging rate for 1.35 Ah graphite/LCO cells subjected to cycles at 1C- 

rate and temperatures of 25 °C, 35 °C, 45 °C and 55 °C. In their 

analysis, the authors concluded that increasing the operating 

temperature led to increasing the degradation rates of all processes 

occurring in the LIB, affecting the maximum charge storage capacity, 

charge transfer rate constant, and resistances of electrodes and 

electrode/electrolyte. For these cells, the capacity fade decreased quasi-

linearly, and after an inflection point, this decrement was accelerated 

and non-linear.  
Overall, in cycling aging, high- and low-temperature domains 

contribute to accelerating aging when neglecting the effect of SOC 
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and depth-of-discharge (DOD), in agreement with the aging behavior 

experienced in calendar mode. Temperature and C-rate are the most 

influential stress factor during cycling for all chemistries in the low- 

and high-temperature domain. The more suitable cell chemistries for 

applications requiring high C-rates are LTO and NCA, followed by LFP 

and NMC cells. During cycling, the BTMS plays a crucial role in 

maintaining the temperature within the desired range and minimizing 

the temperature variation among cells, and therefore, extending the 

lifetime of the battery. BTMSs should also overcome the increment of 

the uneven overheating of the cells as they age. Moreover, the demand 

for fast-charging poses an additional challenged related to the expected 

temperature rise due to high C-rates.  

2.7 Predicting Aging 

The state-of-health (SOH) of the battery is generally defined by the 

ratio between the nominal capacity at time t and the initial capacity of 

the cell (Guha and Patra 2018). The SOH indicates the condition of the 

battery compared to its ideal beginning-of-life (BOL) condition. 

Initially, the battery SOH is 100% at the BOL; it increases a small 

amount (approximately 0.5%) over the first cycles (Smith et al. 2017),  

and then decreases over time, as shown in Fig 2. The SOH can be 

estimated by the BMS. The threshold below which an energy or power 

application considers a battery unsuitable is arbitrary. For example, in 

EVs, this EOL threshold is achieved at 80% of its nominal capacity. 

The SOH indicates the battery aging level but also guides battery use. 

Several modeling approaches have been used in the literature to predict 

aging and SOH, including electrochemical models, equivalent circuit 

models, and correlations from accelerated data (Barré et al. 2013).  

 

Electrochemical models use the Butler-Volmer equations and 

porous electrode theory (Doyle and Newman 1995; Newman and 

Tiedemann 1975) to estimate cell performance. The rise of the SEI 

layer and lithium plating are robustly modeled and related to the 

capacity fade. A common simplification of robust electrochemical 

models, such as the single-particle model (SPM), assumes that each 

electrode is a single spherical particle. For instance, Afshar et al. 

(2017), developed a dynamical low-order model with multiple variable 

solid-state diffusivity equations, increasing the accuracy of the SPM. 

The electrochemical models are accurate but complex to formulate and 

require the measurement and estimation of several electrochemical 

parameters to accurately describe the cell performance. For these 

reasons, they have not been extensively used for online estimation of 

battery aging. Atomistic approaches at the nanoscale have also been 

employed for predicting aging, including density functional theory 

(DFT), which has been used to describe the intercalation reaction, and 

molecular dynamics (MD), which has been used to examine the SEI 

evolution (Dalverny et al. 2011; Wagemaker et al.  2011).  

 

Equivalent circuit models are based on identifying and relating 

battery parameters from direct measurements over time to aging 

phenomena. These parameters are obtained by fitting these online or 

offline measurements to a specific equivalent circuit model (ECM) 

composed of resistances, capacitances, and inductors. EIS is a 

technique that has been used to collect relevant information for fitting 

ECMs. The increment of the ohmic and polarization resistances over 

time is proportional to the SEI thickness growth (Birkl et al. 2017). 

These models require limited information from electrochemical 

parameters; however, they do require a significant and diverse amount 

of data. The online implementation of these models in the BMS has 

been enhanced by coupling them with machine learning methods; they 

have been successfully used for the identification of aging-related 

parameters (Eddahech et al. 2012). 

 

Correlations of stress factors with capacity fade, or impedance 

raise, obtained from accelerated aging tests. The effectiveness of these 

methods in representing the aging phenomena depends on how 

extensive is the operational envelope of the considered data in 

considering ranges of stress factors that capture the relevant aging 

phenomena during calendar and cycling aging (Galatro et al.  2020). 

This can be achieved with accelerated test data, online performance 

data captured by the BMS, or a combination of both sources of data. 

These models are resource- and time-intensive, and they might lack a 

physical meaning when correlating stress factors and performance 

effects. Alternatively, statistical methods have been used to estimate 

capacity fade over time and remaining-useful-life (RUL), by fitting the 

corresponding aging data to Weibull (Rohr et al. 2017) or Gamma 

distributions (Wu et al. 2019; Lin et al. 2019). These methods, in 

combination with machine learning techniques, can be implemented 

online in BMSs, offering an advantage over electrochemical and ECM-

based methods, since they are capable of quantifying uncertainties 

related to cell-to-cell variation and scalability from cell to module to 

battery-pack levels (Rohr et al. 2017).  

2.8 Mitigating aging 

This section reviews the strategies to mitigate aging, including (1) the 

design of the BTMS, (2) best practices of battery users to minimize the 

effect of stress factors, and (3) the appropriate selection of the anode 

material 

 

BTMS design. The BTMS is part of the BMS and includes hardware 

and software. The goals of a BTMS are: (1) to keep the cells at a 

uniform temperature and within a desired operating range, improving 

their electrical performance and lifetime; and (2) to prevent thermal 

runaway. The sources of heat are mainly due to the heat generated by 

the cells and heat transferred from the surroundings. A BTMS is 

designed to meet at least three constraints: (1) size, (2) safety, and (3) 

cost requirements. A comprehensive thermal characterization of the 

cell, modules, and pack shall be carried out before designing a BTMS, 

since the heat generated by the cells depends on the SOC, temperature 

and charge/discharge profiles (Santhanagopalan et al. 2015). Also, the 

BTMS design shall consider the variation of the cell surface 

temperature and the intrinsic cell-to-cell variations, which also pose 

challenges for designing a BTMS to minimize aging and extend the 

battery lifetime. 

 

Best user practices. We have previously discussed the impact of the 

stress factors on calendar and cycling aging. The main contributions to 

minimizing the impact of these factors come from the user. Hence, the 

combination of environmental conditions and cycling patterns define 

the longevity of LIBs. Some of the recommended actions for users to 

extend the lifetime of the LIBs are: (1) avoid having a fully charged 

battery at high temperatures; (2) avoid high DODs; (3) avoid leaving 

the battery at rest at very low temperatures for prolonged periods 

(Wikner, 2018). 

 

Anode material. The research on material selection for LIB anodes is 

ongoing and crucial for the feasibility of EVs due to its impact on 

battery life. Most LIBs rely on graphite materials for anodes since it has 

a low cost and high overall cell voltage (Cao et al.  2000). Nevertheless, 

there are several differences among commercial graphites. These 

differences are characterized in terms of their crystallinity, grain 

morphology, particle size and surface chemistry (Mao et al. 2018). For 

instance, in the study conducted by Mao et al. (2018), the authors tested 

NMC811 cathodes with six natural and synthetic graphite anodes. The 

variations in cell performance at the same charge and discharge rates 

were correlated with the chemical and structural properties of these 

graphite samples. The main findings of their research were: (1) longer 

life is strongly dependent on stable graphite crystallite sizes; (2) more 

stable long-term cycling is observed in those graphites with lower 

surface area; and (3) the concentration of SEI in all tested anodes varies 

significantly. On the other hand, graphene and transition element oxide-

graphene anodes such as metal sulfides enhance the performance of 

LIBs (Luo et al. 2018), exhibiting a significant decrease of the heat 

generation rate in the cells and a high rate of reversible capacity due to 
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their crystalline structure, which has a very low volume change during 

cycling. Furthermore, some nanocomposites, such as cobalt oxide – 

reduced graphene oxide have shown a stable electrochemical 

performance of the cell even at a high temperature of 100 °C (Mussa et 

al. 2019).  

2.9 Aging and fast-charging 

Range anxiety is one of the main reasons why consumers are hesitating 

to use EVs (Needell et al. 2016; Lutsey et al. 2015). To be fully 

competitive with internal combustion engine vehicles, EV drivers 

should be able to recharge their batteries quickly, anywhere, through 

fast-charging (FC). A comprehensive review of FC methods in LIBs 

was done by Tomaszewska et al. (2019). FC methods are limited by (1) 

the kinetics of the battery, which is described by the intercalation-

deintercalation reaction and the side reactions rates associated to aging, 

such as SEI and lithium plating; and (2) current limit, related to the 

maximum overpotential that can be applied to the battery. FC causes 

high heat generation, therefore higher temperature gradients, and 

contributes to increasing cell heterogeneity (Park et al. 2014). These 

conditions are favorable for SEI growth. On the other hand, when 

applied at very low temperatures (< -20 °C), FC causes a drastic 

capacity loss due to lithium plating. The implications on the thermal 

management of LIBs are evident: a cooling strategy is required when 

using FC, while lithium plating could be eliminated by increasing 

charging temperature using a preheating strategy in cold weather 

conditions. 

3. HEAT GENERATION AND TEMPERATURE 

VARIATION 

The previous section presented a comprehensive review of the aging 

characteristics of LIBs, addressing calendar and aging modes at low- 

and high-operating temperature domains. This section reviews the 

conditions promoting aging in LIBs that are directly related to the cell’s 

thermal behavior, including (1) heat generation rates, (2) overheating, 

and (3) variation of cell surface temperature. The thermal 

characteristics of LIBs, along with extrinsic stress factors, exacerbate 

the effect of the ambient temperature on aging. This section describes 

the sources of heat generation and the influence of the stress factors on 

reversible and irreversible heating in LIBs, including comparisons 

among different cell chemistries. The approaches for quantifying and 

modeling heat generation are also summarized in this section.   

3.1 Heat generation  

Heat is generated in LIBs from three sources: (1) Joule heating or 

‘ohmic’ heating, which reduces the ability of electrons to move;         

(2) heat generation from electrode reactions, due to a charge transfer 

occurring between the electrodes and the electrolyte; and (3) entropic 

heating, resulting from the change of the arrangement of atoms within 

the crystal structure of the electrodes, caused by the intercalation and 

deintercalation of Li-ions (Santhanagopalan et al. 2015; Bandhauer et 

al. 2011). Joule heating is an irreversible heating source, while 

intercalation and de-intercalation reactions at the electrode-electrolyte 

interface are reversible heat generation sources (Kantharaj and 

Marconnet 2019). 

The amount of heat generated from Joule heating can be calculated 

as follows (Santhanagopalan et al. 2015), 

 

 
2

sq                                    (1) 

 

where,  is the electronic conductivity, and  is the voltage gradient 

for a given current density. The higher the voltage gradient, the greater 

the rate of heat generation (Santhanagopalan et al. 2015). High rates of 

charge and discharge contribute to Joule heating.  

During the charge and discharge of the battery, part of the kinetic 

energy associated with the intercalation reaction is lost as heat. The heat 

generation rate from the intercalation reaction can be calculated as 

follows (Santhanagopalan et al. 2015), 

 

sq a i                                  (2) 

 

where,  is the overpotential, which is the difference between a 

theoretical voltage and the actual voltage under battery operating 

conditions, and sa i is the area-scaled reaction rate. The higher the 

overpotential, the greater the heat generation.  

The entropic heat generation is quantified by including a 

correction factor to the overpotential, considering the change in 

temperature, 
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where, U is the equilibrium value for the potential at the reference 

temperature. The entropic heat generation exclusively depends on the 

selection of the electrode materials.  

Bernardi et al. (1985) derived the following expression for heat 

generation in LIBs, based on a thermodynamic energy balance on a 

cell: 
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Eq. (4) has been frequently cited in the literature (Bandhauer et al.  

2011). The first term is the heat generation due to cell polarization. The 

second term is the entropic heat, expressed as the potential derivative 

with respect to temperature. Mixing effects and phase change are 

neglected in this expression. The electrode potential in Eq. (4) is 

determined at the average composition. This assumption was 

challenged by Rao (1997) since it leads to significant errors when 

estimating heat generation. Instead, a local heat generation method and 

thermodynamic balance were proposed. The thermodynamic balance 

includes an expression with the average enthalpy potential with entropic 

heat effects across the section where the electrochemical reactions take 

place, while the local heat generation method includes all local thermal 

effects occurring inside the battery. Enthalpies of mixing were later 

added by Thomas and Newman (2003), using a Taylor-series expansion 

for the molar enthalpy of each species. In large battery formats, 

resistive heating due to the current movement in the cathode and anode 

metal current collectors is added to the electrochemical heat generation 

process from Eq. (4) (Bandhauer et al.  2011).  

The stress factors that influence the reversible and irreversible 

heating are: 

 Ambient temperature: Heat generation rates increase faster 

at lower ambient temperature and higher discharge rates since 

polarization losses are higher at lower temperatures, leading 

to higher irreversible heat generation (Santhanagopalan et al. 

2015; Kantharaj and Marconnet 2019). 

 SOC: Low SOC (< 25%) and high DOD (> 75%) result in an 

increment of the heat generation rate, reflected in the entropic 

coefficient. Also, high discharge C-rates (> 2C) increase 

irreversible heat generation due to increased overpotential 

(Kantharaj and Marconnet 2019). 

 Charge and discharge C-rate: Heat generation rates 

increase as charging and discharging rates increase. Ohmic 

heat generation dominates at high C-rates (> 1C), while 

reversible heat generation dominates at low C-rates (< 1C) 

(Kantharaj and Marconnet, 2019).   

 Electrode microstructure: It impacts the heat generation 

distribution within electrodes and the cell internal temperature 

distribution. Thus, lower electrode porosities lead to 
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significant Joule heating rates in the electrolyte and more 

likelihood of hotspots near the electrode-separator interface 

(Santhanagopalan et al. 2015; Kantharaj and Marconnet 

2019).  

The heat generation rate of LIBs defines the design of lithium-ion 

cells. For instance, large-format cells have large transfer areas, 

contributing to dissipating ohmic heat; nevertheless, uneven distribution 

of the active material across the electrodes is expected in cells of large 

formats, resulting in uneven distribution of the heat generation rate 

(Santhanagopalan et al. 2015). This heterogeneity condition worsens at 

the module and pack levels.  

Different cell chemistries, including LMO, LFP and LCO cells 

with a graphite anode, exhibit heat generation values in the same order 

of magnitude (Kantharaj and Marconnet 2019). Variable heat 

generation characteristics are observed in LFP and NMC cathodes, 

while NMC generates more heat compared to the other cell chemistries 

(Lin et al.  2017). In LMO, LFP and NMC cells, irreversible heat 

generation depends on capacity, while reversible heat generation plays 

a significant role in LCO cells (Lin et al.  2017). 

3.2 Average cell temperature and variation on cell surface 

temperature 

The effect of the stress factors on the heat generation rates of lithium-

ion cells is observed when measuring the cell temperature during aging 

tests. For instance, in their cycling aging study on 2.2 Ah 26650 LFP 

cells at different DOD levels and ambient temperatures, Wang et al. 

(2011) reported the average cell temperatures measured at the surface 

of the cells during cycling. Table 4 shows the differences between the 

average cell temperature and the ambient temperature at overheating 

conditions as a function of the DOD and discharge C-rate. This 

ambient-to-cell temperature difference is an indirect measurement of 

heat generation. As shown in Table 4, the overheating increases as the 

DOD and discharge C-rate increase. These differences are more 

noticeable in the low-temperature domain (0 °C), compared to the 

intermediate- and high-temperature domains. Also, in the low-

temperature domain, these differences are negligible at high DODs (80 

% and 90%). 

 

Table 4: Overheating during a cycling aging study on 2.2 Ah 26650 

LFP cells (Wang et al. 2011) 

 

Discharge 

C-rate 

DOD 

(%) 

Ambient Temperature (°C) 

0 15 25 45 60 

2 

10 4.5 - 1.1 - - 

50 6.9 - 1.3 - - 

80 7.6 - 1.4 - - 

90 7.8 - 1.4 - - 

6 

10 9.0 2.0 2.0 1.7 - 

50 13.3 3.0 2.5 2.0 - 

80 14.0 3.4 2.7 2.2 - 

90 13.9 3.6 2.8 2.2 - 

10 

10 11.6 2.9 2.6 2.3 2.6 

50 17.5 4.0 3.3 2.8 2.7 

80 18.0 4.2 3.6 3.0 3.0 

90 17.9 4.3 3.7 3.2 3.2 

Note: (-) not reported 

 

Madani et al. (2018) measured the surface temperature evolution 

of 13 Ah LTO cells cycled at three ambient temperatures (30 °C, 40 °C, 

and 50 °C), with discharge rates up to 8C. In addition to cell 

temperature measurements, they employed an isothermal calorimeter to 

investigate the thermal behavior of the cells. They noticed that heat 

generation rates were similar at 40 °C and 50 °C, while the maximum 

and minimum amount of heat generation was registered at 30 °C and 50 

°C, respectively. 

In addition to the increment of the cell temperature compared to 

the ambient temperature as the stress factors become more aggressive, 

Rumpf et al. (2018) observed an intrinsic non-uniformity on the surface 

cell temperatures. Since the temperature plays a significant role in LIB 

aging, the non-uniformity of the temperature distribution may cause 

imbalanced degradation and cell performance. At the cell level, 

improvements can be made on manufacturing tolerances for 

homogenizing material and physical properties. At the pack level, 

improvements in the cooling and heating architectures can be included.  

As an example of the variation of the cell’s surface temperature, 

Goutam et al. (2015) performed a comparative study of the surface 

temperature distribution of three commercial LIB pouch cells of 

different chemistries using infrared (IR) thermography. In their work, 

20 Ah (NMC), 14 Ah (LFP) and 5 Ah (LTO) cells were used, applying 

load profiles with micropulse at 80 A and 80% SOC.  The IR images 

during these cycles at different times showed that the evolution of the 

surface temperature contour exhibits different patterns for all cells, even 

different hot-spot locations. The temporal and spatial distribution of the 

overheating contributes to the uneven and accelerated aging of the cell. 

This level of uncertainty and variability influences the estimation of the 

SOH when scaled-up from cell to module to pack levels. It also 

influences the BTMS design and the balancing strategy of the BMS. 

Furthermore, the inaccurate quantification of the SOH poses a 

challenge when designing energy storage applications for second-life, 

potentially affecting the sustainability of the LIB lifecycle.  

3.3 Modeling thermal behavior of LIBs  

In previous sections, we reviewed the sources of heat generation in 

LIBs, the influence of the stress factors on the reversible and 

irreversible heating, and the variation on the surface cell temperature 

and its impact on aging. As a consequence of the inextricable links 

between the electrochemical and thermal characteristics of LIBs, the 

thermal behavior of LIBs must be coupled with performance and aging 

models through electro-thermal models capable of predicting the 

temperature distribution in LIBs. The main thermal models of LIBs fall 

into two main categories: (1) lumped models and (2) spatial and spatial-

temporal models that rigorously represent the battery cell, module and 

pack. 

In a lumped thermal model, it is assumed that the temperatures do 

not spatially vary within a battery cell (Chen et al. 2017). The main 

thermal parameters required for these models are the thermal 

resistances, electric contact resistances, and heat capacities. These 

methods are useful for small cells. For large scale cells, the temperature 

prediction is poor with lumped models. On the other hand, spatial and 

spatial-temporal models predict the non-uniform temperature profile 

within cells, since they can predict spatial distribution and temporal 

variation of the Li+ concentration (Jiang and Peng 2016) as a function 

of the discharge rate, providing input to coupled models combining 

thermal and electrochemical effects (Chen et al. 2017; Yan et al. 2013; 

Jiang et al.  2013).  

At the cell level, physics-based models predict the effect of 

varying the composition and structure of the cell and its different heat 

generation mechanisms (Bandhauer et al. 2011). These models predict 

temperature distribution within a cell, assuming negligible microscale 

effects, limiting its applicability to predicting localized hot spots 

(Wiedemann et al. 2013). 3D versions of these thermal-electrochemical 

models can also predict the effect of stress factors and electrochemical 

cell parameters on heat generation, such as DOD, discharge C-rates, 

current density and electrode thickness (Bandhauer et al. 2011).   

The granular microstructure of electrodes plays a crucial role in 

understanding the interfaces at the particle scale and their correlation 

with effective transport properties. At the granular level, some thermal 
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models can analyze the effect of grain morphology, porosity and current 

density distribution on entropic and Joule heating (Latz and Zausch 

2015). 

4. BATTERY THERMAL MANAGEMENT SYSTEM 

The primary purpose of the BTMS is to maintain the battery 

temperature within an optimal operating range, usually between 25°C 

and 50°C (Al-Zareer et al. 2018). However, there is no consensus on 

this optimal temperature range. Pesaran (2001) suggested a temperature 

range between 25 – 40 °C. Karimi and Li (2012) used available data for 

modeling in the range of 20 – 40 °C to keep a uniform voltage 

distribution within the pack. Furthermore, Wang et al. (2015) estimated 

the optimal temperature range for forced air cooling between 20 – 35 

°C. Regardless the target temperature range, an effective BTMS must 

be capable of (i) maintaining all the cells in the pack within the desired 

temperature range, (ii) providing both cooling and heating depending 

on the ambient temperature, (iii) ensuring minimum intra- and inter-cell 

temperature variations in the pack, and (iv) providing safety 

mechanisms against thermal runaway. It is also imperative for the 

BTMS to be lightweight, easy to service, and economically feasible, 

which ultimately depends on how rigorously the thermal management 

strategy is used to mitigate battery aging, at the expense of vehicle 

range and efficiency. The rise of the EV industry and the increasing 

demand for highly efficient, high-energy-density and long-lasting 

batteries are creating novel engineering challenges in which 

temperature and aging effects are driving new research paths towards 

more advanced BTMS. 

There exist a large variety of BTMSs, whose characteristics have 

been extensively reviewed in the literature (Kim et al. 2019). Based on 

the phase of the cooling or heating medium (coolant), BTMSs are 

categorized as air-based (Karimi and Li 2012), liquid-based (Rao et al.  

2017), solid-to-liquid phase change materials (PCMs) (Yan et al. 2016, 

Orr et al. 2019), and liquid-to-vapor boiling-based phase change 

systems (Al-Zareer et al. 2019). Alternatively, based on the response of 

the system to temperature variations in the battery, whether the 

response is triggered by a control system or a thermophysical 

characteristic of the coolant, BMTSs are categorized as active (Safdari 

et al. 2020) and passive (Fan et al. 2013).  

The operating and storage temperature of a LIB significantly 

affects its lifespan. In other words, it directly affects the degradation 

rate, which changes as the battery ages and is more aggressive during 

second-life. Thus, the BTMS must adapt to the SOH of the cells and 

control the temperature to decelerate the degradation rate. Since the 

SOH could be measured online by the BMS at the battery pack level, 

the computational strategy conceived for this measurement shall 

consider the intrinsic cell-to-cell variation or ‘spreading’ that defines 

different degradation paths of the cells. Spreading is somehow tackled 

when balancing algorithms embedded in the BMS are employed to 

maximize the available capacity of the pack. Therefore, the temperature 

control strategy to minimize degradation rate requires adding a level of 

integration and complexity between the BTMS and BMS that could 

pose computational challenges and potentially, increasing the energy 

consumption of the BTMS.  

Typically, BTMSs are not tuned for degradation effects. There is a 

limited number of works in the literature that address this coupled 

functionality, which represents a tremendous opportunity for further 

advances in this field. For instance, Neubauer and Wood (2014) 

implemented the NREL’s Battery Lifetime Analysis and Simulation 

Tool for Vehicles (BLAST-V) to assess the performance of a LIB based 

on a set of factors that include the effects of the driver behavior, cabin 

thermal management, BTMS, and climate. BLAST-V is an EV 

simulator that predicts the long-term effects of various operating 

conditions of a LIB. The BLAST-V model uses the high-fidelity battery 

wear model, which includes electrical and thermal performance models, 

to account for the degradation of the batteries due to various design and 

operating conditions, including but not limited to the vehicle power 

train, battery control strategy, local climate, driving and charging 

patterns, battery chemistry, and battery performance. Similarly, Yuksel 

et al. (2017) integrated a degradation model into an air-based BTMS 

design to better estimate the battery size, capacity and configuration of 

a plug-in hybrid EV. By implementing the degradation model of Wang 

et al. (2011), Yuksel et al. (2017) were able to increase the battery life 

by a factor of 1.5-6.0 compared to not employing a BTMS, depending 

on the ambient temperature. Other degradation models, such as the 

temperature- and capacity-dependent dynamic response impedance 

model developed by Xia et al. (2019) show promising results and can be 

a potential candidate for integration with BTMSs.  

5.  THERMAL FAILURE 

In the previous sections, we reviewed the causes and effects of aging on 

the performance of the thermal behavior of LIBs, both at rest and 

during cycling. In some LIB-driven applications such as EVs, 

embedded BTMSs regulate the temperature within the desired range to 

maximize the LIB lifetime, and minimize any potential safety-related 

issue promoted by high temperatures. In addition to the BTMS, safety 

features are also added in case of unmanageable extreme events, or 

simply, a failure of a cell. Nevertheless, these events can still occur in 

LIBs, despite including these thermal mitigation measures. The failure 

of a single cell can generate a large amount of heat, and this heat can 

trigger a thermal runaway of adjacent cells, causing the failure of the 

entire battery pack. Thermal runaway occurs when the cell temperature 

exceeds a critical temperature; the cell then emits gases produced from 

initial degradation reactions, followed by smoke, cell ignition, and 

combustion (Abada et al.  2016). The activation conditions leading to 

thermal runaway include (1) internal short circuit between metals 

(current collector foils), between electrodes, and between the current 

collector and anode; (2) mechanical abuse, and (3) overcharge abuse 

(Abada et al.  2016; Feng et al. 2019).  

 

Thermal runaway is characterized by three temperatures (Feng et 

al. 2019):  

 The onset temperature (T1), when the self-heating becomes 

detectable. The mechanism for this heat source is associated 

with SEI decomposition. 

 The trigger temperature (T2), related to the thermal stability 

of the battery. This temperature is reached once the separator 

has collapsed or melted. This temperature dictates the 

usability of LIBs (Feng et al. 2014).  

 The maximum temperature (T3), the temperature that the 

battery can reach during thermal runaway. It is caused by 

oxidation and reduction reactions between the electrodes. 

This temperature is higher for cells with higher energy 

density. The difference between T3 and T2 is associated with 

the total heat released during a thermal runaway.  

 

When performing calorimetric measurements, it is possible to 

identify three cell temperature regions as a function of the SOC and 

temperature: (1) non-self-heating, (2) self-heating, and (3) thermal 

runaway (Nguyen et al.  2019). The self-heating reactions occur when 

the SEI reacts with the active material or electrolyte, usually at a 

temperature above 120 °C. The self-heating reactions are then 

accelerated by reactions occurring between the cathode and electrolyte. 

For instance, Mendoza-Hernandez et al. (2015) performed a set of 

accelerating rate calorimetry (ARC) measurements on 18650 cells (800 

mAh LCO-graphite and 720 mAh LMO-graphite). The corresponding 

thermal mapping of these cells is shown in Fig. 6. 

As shown in Fig.6, the onset and thermal runaway temperatures of 

the LCO cells in the self-heating region depend on the SOC, dropping 

as the SOC increases; while in the LMO cells, it was possible to 

observe two and three self-heating regions and almost constant onset 

temperatures from a SOC of 25%. 
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Fig. 6 Mapping of LCO and LMO cells at different SOC and 

temperatures (Mendoza-Hernandez et al. 2015) 

Similarly, Golubkov et al. (2015) performed thermal runaway tests 

on 3.35 Ah NCA-graphite and 1.1 Ah LFP-graphite cells. They 

demonstrated that discharged cells showed no thermal runaway up to 

approximately 250 °C, while charged cells showed a drastic thermal 

runaway behavior. The maximum temperatures were 1075 °C and 448 

°C for the NCA and LFP cells, respectively, demonstrating that, for 

these cell chemistries, the severity of the thermal runaway increases 

with increasing SOC. Based on the drastic reduction of onset 

temperature for overcharged cells, the authors hypothesized that 

overcharge could cause metallic lithium deposition on the anode, 

compromising the thermal stability of the cells. Kvasha et al. (2018) 

investigated thermal runaway using ARC on 3.3 Ah NCA-Graphite, 1.1 

Ah LFP-Graphite, and 16 Ah NCA-LTO cells, at 0, 50 and 100% SOC. 

Their conclusions are aligned with those of previous works (Golubkov 

et al. 2015; Kvasha et al. 2018) in terms of the effect of the SOC on the 

severity of the thermal runaway. They concluded that the LFP cells are 

the safest cells due to the intrinsic thermal stability of this cathode. To 

improve thermal stability, they recommended the implementation of 

protective coatings on the cathodes. 

Thermal runaway on other chemistries such as NMC was 

investigated by Liu et al. (2016) using copper slug battery calorimetry 

(CSBC), and compared against LCO and LFP cells. They concluded 

that LCO released the highest amount of heat (37 kJ/cell at 100 % 

SOC), followed by NMC cells and LFP cells (34 and 14 kJ/cell, 

respectively). The typical onset temperatures among different 

electrodes are shown in Table 5. The LCO cell experiences the lowest 

onset temperature, significantly lower than those of other cell 

chemistries, while NCA and LMO exhibit the highest values. In terms 

of anodes, the difference between ordinary graphite and artificial is not 

significant. 

The time sequence of the thermal runaway includes different 

stages for different cell chemistries. For instance, Zheng et al.  (2018) 

used ARC and differential scanning calorimetry (DSC) and estimated 

that NMC cells exhibit four stages: Stage I, which starts from 100 °C 

and ends at 134.8 °C, right before the shrinkage of the separator. In this 

stage, the SEI decomposition and self-discharge of the cathode are the 

primary sources of heat generation. Stage II, from 134.8 °C to 173.4 °C, 

when a massive internal short circuit occurred. The leading cause of 

heat released in this stage is an internal short circuit. Stage III, from 

173.4 °C to 247 °C, when thermal runaway is triggered. The main cause 

of heat released in this stage is the reaction of anode and cathode 

materials with the electrolyte. Stage IV, from 247 °C to 886.3 °C, 

experiencing an exponential increase in the temperature rise. Similarly, 

LFP cells also develop thermal runaway in four stages, at different 

temperatures, compared to NMC cells. Nevertheless, LCO-LTO cells, 

only experienced two stages: Stage I, from 85 °C to 190.6 °C, led by an 

exothermic reaction in the anode, and heat released by an internal short 

circuit. Stage II, from 190.6 °C to 634.3 °C, where the generation is 

caused by decomposition reaction of the cathode and anode materials 

with electrolyte.  

 

Table 5: Comparison of onset temperatures of the electrodes inside the 

lithium-ion batteries (Mendoza-Hernández et al. 2015; 

Golubkov et al. 2015; Kvasha et al. 2018) 

 

Electrode Chemistry Onset Temperature, °C 

Cathode LFP ~  250 

LMO ~  300 

NCA ~  300 

LCO ~  120 

NMC ~  250 - 270 

Anode Ordinary graphite ~  120 

Artificial graphite ~  130 

 

In addition to SOC and cell chemistry, the SOH of the cells also 

affects the onset temperature that triggers thermal runaway. For 

instance, Wu et al. (2018) analyzed NMC cells at five different capacity 

fade levels (0%, 10%, 20%, 30%, and 40%) and four SOC levels (60%, 

80%, 100%, and 120%). They demonstrated that the onset temperatures 

decrease as the SOC level and capacity fade increase, showing that 

aged cells are more susceptible to thermal runaway than new cells.  

6. THERMAL BEHAVIOR OF LIBs: CHALLENGES, 

OPPORTUNITIES AND TRENDS 

The main challenges and opportunities related to the impact of the 

thermal behavior of LIBs on their performance and life cycle are related 

to pursuing efforts on mitigating aging, and providing strategies for 

minimizing the effect of fast-charging on increasing temperature 

gradients and cell heterogeneity. The BTMS design, the selection of 

anode materials, and fast-charging methods play a significant role in 

tackling both challenges. During cycling aging, the BTMS must 

overcome crucial challenges to maximize the lifetime of LIBs, such as 

(1) regulating the operating temperature within the desired range and 

ensuring the stability of the SEI on the cells, (2) keeping an even 

temperature among the cells to avoid developing different degradation 

paths, and (3) controlling temperature rise during fast-charging or high 

charge rates. 

 

BTMS design. Significant research efforts have been dedicated to 

improving BTMS designs for LIBs. BTMS strategies that employ liquid 

are regarded as more efficient solutions than strategies employing air. 

For instance, oil and water can achieve up to three times larger heat 

transfer coefficients than air (Hu et al. 2020). In systems that use a 

liquid as a thermal medium, two types of liquids can be used: (1) direct-

contact liquid or dielectric liquid, and (2) indirect-contact liquid or 

conducting liquid, such as water, acetone and ethylene glycol. In 

combination with fin and plates, indirect-contact liquids are preferred 

over direct-contact due to its better thermal and safety performance (Li 

and Zhu 2014). In liquid-based systems, the temperature distribution on 

the surface of the cell is more uniform compared to air-based systems. 

The uneven distribution of the temperature on cells would cause 

different degradation paths to occur; consequently, this cell-to-cell 

variation would affect the balancing strategies of the BMS, and would 

significantly reduce the reliability of the battery. BTMS designs, 

including mini-channel cold-plates (Panchal et al. 2017), have 

demonstrated to enhance liquid cooling systems by improving the 
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temperature uniformity and minimizing temperature differences within 

the pack. Liquid-based systems are preferred over air-based BTMS 

because they are more efficient in keeping a uniform temperature, and 

they are also capable of controlling the temperature in hot weather, 

where air-based heat transfer is limited (Yang, 2017). On the other 

hand, coolants are preferred over refrigerants in liquid-based BTMSs, 

since a refrigerant-based system would add the challenge of not being 

able to heat the battery during winter.  

Heat pipes (HP) are a relatively novel concept for BTMSs; they 

exhibit a very high thermal conductivity and operate based on heat 

transfer through evaporation (Huang et al. 2018, Guo et al. 2020). 

These systems can achieve a highly uniform temperature distribution on 

the surface of the battery. HPs are effective solutions for controlling the 

temperature at low C-rates (Zhao et al. 2015), lowering the limit of the 

maximum surface temperature from 50 °C to 40 °C (Nasir et al. 2018). 

Nevertheless, existing heat pipes designs for BTMS are not designed to 

dissipate larger amounts of generated heat from the battery pack at high 

C-rates (Deng et al. 2019). An improvement to this strategy is presented 

by Zhao et al. (2015), combining a wet cooling method with a heat pipe 

system, by cooling down the battery pack through water evaporation 

and phase change inside the heat pipe. This combined strategy showed 

experimental temperature differences within the pack lower than        

1.5 °C. Some of the drawbacks of current flat designs of HPs include 

high cost and high volume, and these systems are not efficient for high 

current discharge rates (Deng et al., 2019). A recent HP design, 

consisting of an L-shaped HP combined with an aluminum plate, has 

been proposed by Deng et al. (2019) and tested for an 8 Ah battery 

under natural convection, forced ventilation, and HP with fins. The 

effect of high discharge rates, such as 50 A, 75 A, and 100 A, was 

observed in the battery temperature, which increased from 37 °C 

ambient temperature to 38.1 °C, 38.6 °C, and 39.0 °C, respectively. In 

terms of uniformity, the corresponding maximum temperature 

differences of the battery were 0.8 °C, 1.4 °C, and 1.7 °C, respectively.  

Passive BTMSs using PCMs are highly competitive due to its high 

efficiency and compactness (Santhanagopalan et al. 2015). PCMs are 

characterized by their attributes of absorbing or releasing a large 

amount of latent heat when the solid state changes to a liquid state or 

vice versa. In addition to the phase change temperature falling within 

the desired operating range of the battery, PCMs shall have low volume 

expansion, low cost, and be intrinsically safe (Bahiraei, 2017). In 

general, PCMs have low thermal conductivity. In order to reduce the 

thermal gradient inside the pack, several thermal management strategies 

have been proposed; nevertheless, the adoption of PCMs into ethylene 

glycol matrix has been referred to as the ideal option for improvement 

(Mo et al. 2016).  

Liquid-to-vapor phase change systems, on the other hand, combine 

the advantage of high heat transfer rates offered by liquid-based 

systems and highly efficient passive BTMSs such as PCMs. The 

principle of these combined systems is boiling a liquid into vapor, using 

the maximum available heat dissipation (Al-Zareer et al. 2017). This 

technology has already been used in thermal management in several 

applications, such as air conditioning and quantum computing. 

Nevertheless, the feasibility of its implementation in BTMS for EVs has 

been recently evaluated using modeling and simulation, leading to 

promising results that should be experimentally validated. Further 

investigation of such technology is highly merited as it is projected to 

be one of the leading solutions to the thermal management of LIBs (Al-

Zareer et al. 2017).   

 

Fast-charging methods. The most common approach to battery 

charging is the combined constant-current (CC) and constant-voltage 

(CV) charging profiles, where the charger first applies a constant 

current until the battery reaches a defined voltage potential, from where 

the voltage is kept constant, and the current gradually decreases until 

full charge (Hoque et al. 2016).  
Pulse charging is another method that also enables FC. In this 

method, pulses of current are sent to the battery, enhancing the charging 

time while considering battery heating, battery impedance, and 

polarization (Majid et al. 2017). Fast-charging is achieved by selecting 

the appropriate pulse frequency that minimizes the impedance. In 

principle, this method can decrease the amount of lithium plating in the 

anode. For instance, Amanor-Boadu et al. (2018) reported a lower 

capacity loss on lithium-ion polymer batteries at different temperatures 

(0 °C, 23 °C, and 45°C) than using CC-CV charging. The main 

challenge in the development of pulse charging algorithms is the 

optimal selection of pulse attributes to ensure the optimal battery 

performance, such as the peak current amplitude, duty cycle, and 

frequency at different levels on the battery life cycle. This drawback 

limits the implementation of this method in electric vehicle applications 

(Majid et al. 2017).  

Negative pulse charging has also been employed for FC, by 

imposing small discharges to the battery during the rest period of the 

pulse charging. This method minimizes the temperature rise of the cell 

and contributes to the periodic depolarization of the cell, allowing high 

charge rates (Zhifu et al.  2016), making it very promising. The 

negative pulse charging has not been tested in full-scale and long terms 

effects on the stability of electrodes, and the loss of active material due 

to overheating has not been studied yet.  

 

Anode material selection. Research efforts have been oriented to 

the replacement of graphite anodes to minimize aging due to SEI 

formation and growth, and lithium plating, as well as minimizing 

intrinsic cell heterogeneity during the manufacturing process that could 

contribute to increasing temperature gradients among the cells.  The 

most promising anode materials that have been tested for replacing 

graphite are graphene and transition element oxide-graphene, as 

described in Section 2.8. Silicon and transition metal oxides have a high 

theoretical capacity; nevertheless, their high volume change 

experienced during lithiation and delithiation causes loss of electrical 

connection and loss of active material (Wu et al. 2020). Also, these 

materials cause cracking and delamination of the SEI (Wu et al. 2020). 

Graphene, on the other hand, exhibits high capacity, but its use has been 

limited in LIBs due to its low initial Coulombic efficiency (Roselin et 

al. 2019). Graphene exhibits an improved thermo-electrochemical 

performance compared to graphite, including high reversible capacity, 

and lower aging rates (Wu et al. 2011). Hence, future efforts for anode 

material development and selection should consider capacity, 

Coulombic efficiency, minimization of loss of active material, and rate 

performance. Moreover, these materials should overcome the 

temperature rise caused by fast-charging and have a lower cost, 

compared to graphite. For example, Chang et al. (2017) developed a 

graphene-like-graphite (GLG) material for the anode that exhibits a 

high capacity of 608 mAh/g and upper voltage of 2V, and even higher 

capacity at C-rates of 6 and 10C than only graphite, as well as high 

stability during cycling.  

7. CONCLUDING REMARKS 

This paper reviewed the thermal behavior of lithium-ion batteries 

related to aging, heat generation, thermal management and thermal 

failure. The aging section summarized the main aging mechanisms in 

the anode and cathode of LIBs, focusing on the effect of the 

temperature on the degradation of different cell chemistries for calendar 

and cycling modes. The impact of the main stress factors on aging for 

LCO, NMC, NCA, LMO, LFP and LTO cell chemistries was 

qualitatively assessed. In calendar aging, NMC, LCO and LMO cells 

are more aging-sensitive in the high-temperature domain, compared to 

NCA and LFP cells. In cycling aging, the impact of additional stress 

factors on aging, such as high C-rates, showed that NCA cells are more 

suitable for fast-charging than LFP and NMC cells. Three temperature 

domains were defined based on the aging rate that cells can experience: 

(1) low-temperature domain (< 20 °C), where lithium-plating is the 

primary degradation mechanism; (2) high-temperature domain (> 40 °C 

and less than the onset temperature promoting thermal runaway), where 
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SEI is the primary degradation mechanism; and (3) an intermediate 

domain, where the battery performance and lifetime are maximized. We 

reviewed modeling approaches for predicting aging, including 

electrochemical models, ECMs, and models based on data correlating 

stress factors with aging indicators. We classified and described the 

efforts on mitigating aging, falling into three main categories: (1) 

BTMS design, (2) minimizing the impact of stress factors due to user 

patterns, and (3) selection of anode material. Finally, we tackled the on-

going efforts on fast-charging as a strategy in reducing the range 

anxiety of potential consumers of EVs and its effect on aging due to 

temperature rise, and increasing cell heterogeneity.  

In terms of heat generation and surface temperature variation in 

LIBs, the sources of heat generation, as well as the stress factors that 

influence the reversible and irreversible heating of LIBs, were 

reviewed. All cell chemistries showed different patterns in the evolution 

of the surface temperature, being NMC cathodes the ones that generate 

more heat and non-uniform heat generation.  

 The challenges of both intrinsic thermal behavior and cell 

responses to extrinsic factors can be tackled with BTMS strategies for 

cooling and heating LIBs. A quick overview of the main strategies 

employed by BTMSs was provided, as well as and coupling approaches 

with LIB degradation models. We also reviewed the leading causes of 

thermal runaway and briefly compared them among different cell 

chemistries, showing that NCA and LMO cells experienced the highest 

onset temperatures, followed by NMC and LFP cells. 

The last section of this paper identified the main challenges and 

opportunities related to the impact of the thermal behavior of LIBs on 

their performance and life cycle. These challenges fall into two 

categories: (1) pursuing efforts on mitigating aging, and (2) providing 

strategies for minimizing the effect of fast-charging on higher 

temperature gradients and cell heterogeneity. The opportunities to 

mitigate these challenges include (1) BTMS design, (2) fast-charging 

methods, and (3) anode material selection.  
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NOMENCLATURE 

sa i
     Area-scaled reaction rate (J/s) 

A Pre-exponential factor (1/s) 

EA Activation energy (J/mol K) 

I Charge/discharge current (A) 

q Heat generation rate (J/s) 

R Constant (8.314 J/mol) 

T Temperature (K) 

U Equilibrium value for the potential 

V Voltage 

ABBREVIATIONS 

AC Alternative current 

ARC Accelerating rate calorimetry 

BMS Battery management system 

BOL Beginning-of-life 

BTMS Battery thermal management system 

CC Constant-current 

CSBC Copper slug battery calorimetry 

CV Constant-voltage 

DFT Density functional theory 

DOD Depth-of-discharge 

DSC Differential scanning calorimetry 

EC Ethylene carbonate 

ECM Equivalent circuit model 

EDC Ethylene dicarbonate 

EIS Electrochemical impedance spectroscopy 

EOL End-of-life 

EV Electric vehicle 

FC Fast-charging 

GLG Graphene-like-graphite 

HP Heat pipes 

LCO Lithium cobalt oxide 

LFP Lithium iron phosphate 

LIB Lithium-ion battery 

LMO Lithium manganese oxide 

LTO Lithium titanate oxide 

MD Molecular dynamics 

NCA Nickel cobalt aluminum oxide 

NMC Nickel manganese cobalt 

PC Propylene carbonate 

PCM Phase change material 

ref Reference 

RUL Remaining-useful-life 

SEI Solid electrolyte interface 

SOC State-of-charge 

SOH State-of-health 

SPM Single particle model 

 

Greek Symbols  

  Voltage gradient (J/m3·K) 

 Electronic conductivity (S/m) 

 Overpotential 
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