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Abstract 

Traditionally it has been assumed that battery thermal management systems should be designed to 
maintain the battery temperature around room temperature. That is not always true as Lithium-ion 
battery (LIB) R&D is pivoting towards the development of high energy density and fast charging 
batteries. Therefore, it is necessary to have a comprehensive review of thermal considerations for 
LIBs targeted for high energy density and fast charging, i.e., the optimal thermal condition, thermal 
physics (heat transport and generation) inside the battery, and thermal management strategies. As 
the energy density and charge rate increases, the optimal battery temperature can shift to be higher 
than room temperature. To improve the temperature uniformity and avoid excessive internal 
temperature rise, heat transfer inside the battery needs to be enhanced, and reducing the thermal 
contact resistance between the electrodes and separator can significantly increase the effective 
thermal conductivity of batteries. In the first part of the review various challenges and latest 
developments related to thermal transport and properties of LIBs are discussed.  In the second part 
of the review various sources of heat generation inside LIBs and various approaches to minimizing 
battery heat generation are summarized. The importance of heat of mixing due to ion diffusion 
during fast charging is also highlighted. Finally, a summary of latest advancement on smart control 
of internal temperature of LIBs is discussed as depending on the ambient temperature and the 
optimal temperature; the battery heat needs to be retained or dissipated to elevate or avoid 
temperature rise.   

 

Lithium-ion battery; Optimal battery temperature; High energy density; Fast charging; Battery 
thermal management 
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1. Introduction 

Lithium-ion batteries (LIBs) are on the verge of revolutionizing our energy infrastructure with 
applications ranging from electric vehicles (EVs) to grid scale energy storage[1,2]. This revolution 
and widespread adoption depend on solving key problems such as safety concerns due to thermal 
runaway, significantly reduced battery performance in cold weather, and insufficient temperature 
control during extreme fast charging (XFC). Thermal management of LIBs is key to solving these 
problems, and it is widely believed that battery thermal management systems (BTMSs) should 
maintain a constant battery temperature around room temperature (RT) for optimal battery 
performance. However, with the development of LIBs for higher energy densities and faster charge 
rates [3–7], it is necessary to reevaluate the optimal thermal conditions for batteries based on recent 
studies. Thus, the need and design of BTMSs will change accordingly with the varied optimal 
thermal conditions related to the energy density and charge rate.   

To regulate the internal battery temperature, it is vitally important to understand heat generation 
and transport inside the battery. Even with a powerful external BTMS, poor thermal transport 
within the battery will still cause significant internal temperature rise and a large internal 
temperature gradient, especially with increased battery energy density and charge rate. However, 
despite such great importance of internal thermal transport, the focus in the literature and the field 
so far has been primarily on understanding thermal behavior of the external BTMS rather than 
within the battery itself [5,8,9]. Now there is a growing realization that understanding and 
regulating thermal phenomena inside the battery is important to tackle the above-mentioned issues 
[10–12].  

Therefore, for LIBs designed for safe high energy density and fast charging, it is necessary to 
provide a systematic review of the optimal thermal conditions, thermal phenomena (i.e., heat 
transport and generation) inside the battery, and thermal management strategies. In this review we 
discuss recent advancements in thermal considerations for increasing energy density and charge 
rates of LIBs and review prior experimental and multiscale modeling efforts. This review details 
thermal phenomena inside the battery and provides guidance for battery thermal considerations in 
the development of LIBs with high energy density and fast charge capability.    
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2. The optimal temperature 

Conventional wisdom suggests that the operation of Li-ion batteries (LIBs) should be limited in a 
narrow temperature range around RT (15–35 °C) to achieve the optimum performance[5,13–16]. 
At low temperatures, the main concern is the risk of lithium plating due to sluggish battery kinetics 
[6,15,17–19]. On the other hand, the accelerated side reactions at high temperatures, e.g., severe 
solid electrolyte interphase (SEI) formation, cause fast capacity degradation [19–25]. Based on 
prior studies of LIBs with relatively low energy density and at slow and moderate charge rates, a 
balance between these two dominant aging mechanisms, i.e., lithium plating and SEI formation, 
is typically reached around RT. For this reason, BTMSs are designed to maintain battery 
temperature around RT. However, the temperature dependence of different aging mechanisms can 
vary as battery R&D is targeting higher energy density and higher charge rate. The optimal 
temperature can shift accordingly with the energy density and charge rate. Fundamentally, the 
optimal temperature depends on the interplay between various aging mechanisms with different 
temperature dependences. Understanding the optimal temperature for LIBs is vital for battery 
performance and the design of BTMSs. A detailed review of temperature effects in relatively low-
energy-density batteries at slow and moderate charge rates can be found in Refs [26–30]. However, 
there is a lack of systematic review on recent studies of temperature effects in LIBs with higher 
energy density and higher charge rate. In this section, we summarize and discuss recent research 
and progress on the role of temperature in LIBs towards higher energy density and faster charging. 
The section is organized as: 1) what determines the battery temperature; 2) the optimal temperature 
for LIBs with high energy density and high charge rate; 3) recent progress in battery temperature 
measurement.  

 

2.1. What determines the battery temperature? 

The temperature distribution inside the battery is governed by the Fourier’s law 

  (1) 

where ρ, Cp, k, T, and  are the density, heat capacity, thermal conductivity, temperature, and 
volumetric heat generation rate, respectively. The boundary condition at the surface of the battery 
is typically a convective boundary condition to represent the heat exchanger in the BTMS. From 
the governing equation and the boundary condition, the battery temperature depends on how much 
heat is generated inside the battery, thermal properties of the battery, convective heat transfer 
coefficient of the heat exchanger and the ambient temperature.  

Many factors, including the battery temperature, energy density, and charge/discharge rate, impact 
the heat generation rate. At moderate and high charge rates, the total heat generation is typically 
positive and drives the battery to a higher temperature. The heat generation can be beneficial or 
harmful to the battery operation, depending on the ambient temperature and the optimal 
temperature for the battery. For example, an appropriate temperature rise of LIBs due to self-
heating improves the battery performance at low temperatures [31–37], while the overheating of  
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Fig. 1. Schematic of the temperature dependence of electrochemical processes in LIBs. The 
large cross-plane surface area enables integration of the heat exchanger, which results in a cross-
plane temperature gradient across the battery. An elevation in temperature can boost battery 
kinetics, which accelerates SEI growth and mitigates Li plating.       

 

LIBs hurts the life of the battery and can trigger thermal runaway in extreme cases [38–41]. A 
detailed review of heat generation in LIBs is discussed in Section 3. 

The thermal conductivity of LIBs is highly anisotropic due to their highly anisotropic layered 
structure. The in-plane heat conduction is dominated by the high-k current collectors, i.e., ~400 
W/m-K for Cu current collector and ~235 W/m-K for Al current collector. The effective in-plane 
thermal conductivity ranges from 20 to 35 W/m-K in the literature [42–47], while the effective 
cross-plane thermal conductivity of pouch cells is approximately 0.15 – 1.40 W/m-K [44,47–50]. 
The effective cross-plane k is much lower due to the low k of electrodes [42,45,51–55] and the 
high thermal contact resistance between the layers [12,56–58]. A quick summary of the key points 
on thermal properties and transport inside of LIB cells shows: 1) the thermal conductivity of LIBs 
is highly anisotropic; 2) the poor cross-plane thermal conductivity is typically the limiting factor 
for battery thermal management; 3) the high thermal contact resistance between the separator and 
electrodes dominates the total cross-plane thermal resistance. A detailed review and discussion of 
thermal transport and properties inside LIB cells can be found in Section 4. 

Although the in-plane k is much higher, there is less cross-sectional area available in this transport 
direction, and thermally interfacing with the edges of the battery layers is much harder. Therefore, 
heat exchangers are typically integrated onto the cross-plane direction (Fig. 1), and the thermal 
behavior of LIBs inside the cell is thus limited by the low cross-plane thermal conductivity. To 
predict the battery temperature distribution, solving Eqn. (1) can be computationally expensive. 
Two approximations are often used in the literature, i.e., 1D heat transfer and the lumped thermal 
capacitance model. The first approximation considers only 1D heat conduction across the cell 
(typically along the cross-plane direction), and Eqn. (1) is simplified as  
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  (2) 

This approximation neglects in-plane temperature variation, which is valid only when the in-plane 
heat fluxes are negligible. Further, the second approximation assumes negligible temperature 
gradients inside the battery compared to the temperature change across the BTMS. This lumped-
capacitance model is a common approximation in modeling battery temperature [59–63]. By 
assuming a uniform temperature distribution, the battery temperature can be simply calculated as  

  (3) 

where m, h, A, and  are the mass of battery, BTMS heat transfer coefficient, convective surface 
area, and heat generation rate, respectively. However, the lumped capacitance model is valid only 
when the heat conduction inside the battery is much faster than the heat convection at the surface. 
For a battery of thickness L, that requires the Biot number (Bi), defined as hL/k, to be much smaller 
than 0.1. Given the poor thermal conductivity of LIBs, Bi < 0.1 is typically not fulfilled for high-
capacity cells, e.g., the Biot number is smaller than 0.1 only for cells thinner than 5 mm assuming 
k = 0.5 W/mK and natural heat convection coefficient h = 10 W/m2K. For active cooling with h > 
100 W/m2K, the Biot number can easily be larger than 0.1 if the cell is thicker than 0.5 mm. 
Therefore, it is apparent that the lumped capacitance model is not a reasonable approximation for 
high-capacity cells with multilayer electrodes and thickness > 5 mm. It is worth noting that the 
lumped-capacitance model has been used for thermal analysis of high-capacity cells in the 
literature [64–66]. For Bi > 0.1, the temperature gradient inside the battery is nonnegligible and 
the temperature distribution should be calculated by solving Eqn. (1) [64,67,68].    

 

2.2. The optimal temperature for LIBs 

In the past, studies of cells with relatively thin electrodes, low areal density, and at slow and 
moderate charge rates supported the notion that the optimal temperature for LIBs is around room 
temperature. Temperature effects in LIBs with low energy density and at slow/moderate charge 
rates have been discussed and reviewed in Refs [26–29]. In those cases, battery operation at room 
temperature avoids both the risk of lithium plating at low temperatures and sever SEI formation at 
high temperatures. Fundamentally, the optimal temperature depends on the interplay between these 
two main aging mechanisms, i.e., lithium plating and SEI formation, which is a function of energy 
density and charge rate for a certain electrochemical system. As battery R&D is targeting higher 
energy density and faster charge rate, the optimal temperature can change based on a new balance 
between the aging mechanisms. Here, we first review the temperature dependence of the two main 
aging mechanisms in LIBs. Then, we summarize and discuss literatures on the optimal temperature 
for LIBs with focus on high energy density and fast charging.  

2.2.1. Temperature dependence of aging mechanisms 

The growth of SEI with time (t) follows a √𝐷𝑡 dependence based on simple analytical models [69–
73], where D is the diffusivity through the SEI of the electrolyte solvent that forms SEI. High 
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temperature accelerates SEI growth as the diffusivity follows the typical Arrhenius-type 
temperature dependence. Thus, batteries need to be operated or stored at low temperatures to 
minimize the capacity loss due to SEI formation. However, Li plating has an opposite temperature 
dependence. The parameters influencing Li plating can be known from the charging process: 1) 
Li+ ions, deintercalated from the cathode, move to the anode through the electrolyte; 2) Li+ ions in 
the electrolyte are intercalated into graphite particles; 3) Li+ ions diffuse through the graphite 
particle. From the Arrhenius relation, all these steps during charging slow down as the temperature 
decreases (see Fig. 1). That means Li plating is prone to occur at low temperatures. Therefore, the 
optimal battery temperature is a result of the opposite temperature dependence of Li plating and 
SEI growth. As one aging mechanism becomes dominant, the optimal temperature may shift 
accordingly to mitigate the corresponding capacity loss [74,75].  

2.2.2. Energy density 

Typically, thin electrodes (< 50 μm) have a relatively low areal density (< 2 mAh/cm2)[74]. To 
increase the energy density of LIBs, an effective method is to use thicker electrodes to increase 
the areal loading of active materials. The impact of electrode structure and thickness on 
electrochemical dynamics can be modeled using commercial finite element tools such as 
COMSOL, e.g., vertically aligned electrodes were known to have a lower tortuosity [76–78]. 
While these novel designs showed good promise in reducing the tortuosity, this review focuses on 
commercial electrodes which have a relatively high tortuosity. The thicker electrodes have  higher 
tortuosity and larger liquid-phase polarization due to the porous structure and the increased 
thickness [79,80]. Lithium plating has a higher tendency to occur in thicker electrodes due to the 
higher tortuosity and larger polarization. Malifarge et al. performed rate capability experiments of 
graphite electrodes with various areal loadings (2 - 6 mAh/cm2) and porosities (0.1 - 0.45) [80]. 
Their analysis revealed different lithium plating mechanisms in electrodes with various areal 
loadings. Lithium plating may occur in low-loading electrodes due to the relatively larger pore-
wall flux associated with the smaller active surface area per geometric area, compared to that in 
thick electrodes. With the increased electrode thickness, the pore-wall flux reduces, and the liquid-
phase limitation becomes the key factor for lithium plating in high-loading electrodes. As a result 
of the long diffusion paths in high-loading electrodes, a large salt concentration and liquid-phase 
potential gradient develops across the cell, and thus a large liquid-phase overpotential forms 
accordingly. Further, the large liquid-phase potential gradient causes non-uniform local state of 
charge (SOC) across the electrode. Both the large overpotential and non-uniform SOC increases 
the propensity of lithium plating. The large cell polarization and underutilization of active 
materials can even offset the advantage of high areal loading in thick electrodes [80,81].   

This agrees with the prior observation by Gallagher et al. that the rate performance of LIBs drops 
as the areal loading increases (see Fig. 2a) [82]. They tested the performance of cells with areal 
loading from 2.2 to 6.6 mAh/cm2 at C/3 – 1.5C charge rates. For 1C charge at 30 °C, a large 
amount of lithium was observed in the aged cell with 4.4 mAh/cm2, while the cell with 3.3 
mAh/cm2 had a stable 1C charge performance. Their study suggested that graphite cells should be 
charged below 4 mA/cm2 to avoid lithium plating in the graphite anode, which means a slow or 
moderate charge rate for high areal-loading cells. Similarly, Spingler et al. observed serious 
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lithium plating in LIBs with high areal loading anodes at moderate charge rates (1.5C and 2C) 
[83].  

(a) 

 

(b) 

 
(c) 

 

 

Fig. 2. (a) Cycle life tests for NMC/Gr pouch cells with various areal loadings by Gallagher et 
al. [82]; (b) Cycle life of high energy cells charged at 1C and at temperatures 17 °C, 25 °C, and 
40 °C by Rieger et al. [17]; (c) Cycle life of high energy cells charged at 20 °C and 45 °C by 
Friesen et al. [84]. Panels reproduced from: (a) Ref [82], the Electrochemical Society; (b) Ref 
[17], Elsevier; (c) Ref [84], Elsevier. 

  

As the areal loading and the electrode thickness increases, lithium plating becomes the dominant 
aging mechanism for LIBs operated around RT due to the higher tortuosity and larger polarization 
in thicker electrodes. Considering the opposite temperature dependence of SEI growth and lithium 
plating, the optimized temperature for high-energy cells should be higher than RT to mitigate the 
dominant aging mechanism, i.e., lithium plating. In the literature, some cycling tests of high-
energy-density cells at various temperatures support the increase of the optimal temperature with 
the energy density. Rieger et al. tested high-areal-loading cells with 77 um thick anode at 1C 
charge and discharge rate (see Fig. 2b) [17]. Their cycling tests at different temperatures (17 °C, 
25 °C, and 40 °C) revealed the best 1C cycling performance at 40 °C. Specifically, their cells lost 
~5% capacity in 400 cycles when operated at 40 °C, while the cells cycled at 17 °C and 25 °C lost 
more than 30% capacity in 150 and 400 cycles, respectively. They observed a thick surface layer 
of SEI on the anode in the aged cells in a post-mortem study and lithium plating was estimated to 
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be the failure mechanism for the operation around or below RT. Further, Sturm et al. cycled cells 
with similar areal loadings and found that the cycle life at 25 °C was greatly improved when the 
charge rate was reduced from 1C to 0.5C [24]. That indicated lithium plating as the dominant aging 
mechanism in high areal-loading cells even at a moderate charge rate (1C). Similarly, Friesen et 
al. tested 18650-type lithium ion cells based on NMC532/graphite with 1C rate at 20 °C and 45 
°C and observed a better cycle life in the cells cycled at 45 °C (see Fig. 2c) [84].           

2.2.3. Fast charge 

Extreme fast charge has been identified by the US Department of Energy (DOE) as a critical 
challenge to the widespread adoption of battery electric vehicles (BEVs)[3,4].  A detailed review 
of challenges in fast charging can be found in Refs [4,5,85,86]. Specifically, Keyser et al. reviewed 
battery thermal barriers in XFC and highlighted the requirement of an oversized BTMS due to the 
increased cooling need [5]. The optimal temperature is a key parameter in the proper design of 
BTMSs for XFC conditions. Previously, the rule of thumb was to minimize the temperature rise 
and maintain batteries around RT. It is true that high temperatures accelerate side reactions and an 
extremely high temperature can trigger thermal runaway. However, a reasonably high temperature 
can mitigate lithium plating, which is the dominant aging mechanism for battery operation at RT 
as the charge rate increases to > 1C [74,75].  

As for the battery thermal safety, an increase of the charge temperature, e.g., from 20 °C to 50 °C, 
does not degrade the thermal safety if the peak temperature is below the thermal runway triggering 
temperature [18,39,41,84,87–89]. Contrary to expectation, a thicker SEI layer in cells operated at 
a reasonably higher temperature does not decrease the battery thermal safety[18,84,87], while the 
lithium plating in cells tested at low temperatures or fast charge rates can lead to an early thermal 
runaway [18,88]. The particular behavior depends on the chemical reactivity of the SEI layer and 
plated lithium. The SEI layer formed at high temperatures is electrochemically stable and an 
increase of the thickness of SEI at higher temperatures does not fundamentally change the thermal 
safety. In contrast, plated lithium can react with electrolyte, which can lead to an earlier thermal 
runaway of cells compared to those under moderate charge rates, e.g., a decrease of the thermal 
runaway triggering temperature from 215.5 °C for cells charged at C/3 to 103.9 °C for cells 
charged at 3C [88].       

Indeed, recent studies have shown that the cycle life at XFC can be significantly improved by 
operating cells at temperatures above RT. Matsuda et al. performed cycle life tests of commercial 
18650 cells (Fig. 3a) at various temperatures (0 °C, 25 °C, and 45 °C) and charge rates (1C and 
2C) [90]. In their study, the cycle life was better at 45 °C than at 25 °C for a 2C charge rate, while 
for 1C charge tests the 25 °C cell had much longer cycle life than the 45 °C cell. Yang et al. 
developed a battery aging model and systematically studied how charge rate and energy density 
affect SEI growth and lithium plating at various temperatures [74]. Their simulations demonstrated 
that lithium plating became the primary aging mechanism around RT for LIBs with an increase of 
charge rate and energy density. To rebalance the capacity degradation due to SEI growth and 
lithium plating, they suggested that elevating the charge temperature would reduce lithium plating 
and extend the cycle life (Fig. 3b). Similarly, reduced-order electrochemical models by Yin and 
Choe revealed that the optimal temperature for cycle life increased with the charge rate (Fig. 3c) 
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[75]. Active control of the battery operating temperature by varying the charge current can extend 
the cycle life.  

(a) 

 

 

(b) 

 

(c) 

 
Fig. 3. (a) Cycle life tests at different rates and temperatures by Matsuda et al. [90]; (b) Aging 
rate vs. temperature of LIBs with different rates by Yang et al. [74]; (c) Comparison of capacity 
fade vs. temperature at different rates by Yin and Choe [75]. Panels reproduced from: (a) Ref 
[90], the Electrochemical Society; (b) Ref [74], Elsevier; (c) Ref [75], Elsevier. 

 

In addition to modulating the battery temperature using heat generated by itself, extra heat sources 
inside or outside the cell have been applied to control the temperature. An example of heating 
outside the battery for fast charging is the “On-route Battery Warmup” strategy adopted by Tesla. 
That is to preheat the battery to a temperature above RT when BEVs are on the way to a fast-
charging station. On the other hand, Wang et al. innovated a self-heating battery with embedded 
heaters inside the battery for a fast heating [91]. Further, Yang et al. proposed an asymmetric 
temperature modulation (ATM) method, i.e., charging batteries at ~60 °C and discharging at lower 
temperatures, for improving the cycle life during XFC [92]. Embedded thin nickel (Ni) foil heaters 
enabled a rapid preheating of the cell from 20 °C to 60 °C before charge, which minimized its 
exposure to high temperatures. However, it is worth noting that a detailed analysis of the BTMS 
and cost is required before the adoption of the ATM method for XFC in BEVs. More discussions 
can be found in Section 5. 

2.2.4. Temperature uniformity   
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Besides the temperature rise, the temperature uniformity inside a battery becomes an important 
issue. As the volumetric heat generation rate increases with the energy density and charge rate, 
there is more battery heat to be dissipated, requiring more cooling power. Stronger surface cooling 
then causes a larger temperature gradient within the cell based on Eqn. (2). According to the 
Arrhenius law, the high temperatures locally accelerate the electrochemical reactions and increases 
the current, and thus results in a local high SOC. The non-uniform SOCs in electrodes due to the 
uneven temperature distribution accelerates the aging of the electrodes at high SOCs and the aging 
of the cell. Thus, both the undesirable temperature rise and temperature non-uniformity accelerate 
the aging of LIBs. Note that a rapid change of the battery temperature by a large external heating 
or cooling power leads to a large temperature gradient. That indicates the optimal battery 
temperature depends on a balance between the temperature rise and the temperature uniformity 
[9,93–97].  

 

2.3. Temperature measurement methods 

The temperature rise and temperature non-uniformity accompanied with the increase of energy 
density and charge rate necessitates the development of advanced temperature measurement 
techniques for BTMSs. Refs [98–100] have explained in detail various temperature sensing 
techniques in LIBs. To probe the spatial temperature in a battery, especially the internal battery 
temperature, contact temperature sensors need to be embedded in LIBs and non-invasive 
techniques need to be developed. Towards obtaining the spatial temperature information, we 
summarize and discuss the techniques based on the acquired spatial temperature information, i.e., 
point (see Table 1), surface, and integrated (entire cell) temperature measurement techniques. 
Specifically, we review new techniques, the techniques not detailed in prior works, and the 
assumptions and limitations of these techniques.  

2.3.1. Point temperature measurement techniques 

2.3.1.1. Thermocouples 

Thermocouples, based on Seebeck effect, are one of the most common temperature measurement 
devices [101]. Thermocouples can be easily attached on the outer surface of the battery and 
monitor the surface temperature [102–106]. Thermocouples embedded inside the cells have also 
been used for internal temperature sensing [104,107–111]. Heubner et al. [110,112] reported an 
internal temperature measurement with up to 5mK resolution using K-type thermocouples 
embedded in a cell (see Fig. 4a).  They observed a resolved temperature difference among different 
cell components and attributed the temperature difference to the heat generation in these 
components. However, a detailed analysis of the signal-to-noise ratio and the uncertainty needs to 
be conducted as the measurement resolution and the noise due to ambient temperature fluctuations 
can be of a similar magnitude as the measured temperature rise. Nevertheless, this work 
demonstrated the possibility of experimentally probing the internal temperature and resolving the 
heat generation in different components with thermocouples embedded in a battery.  
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(a) 

 

(b) 

 
(c) 

 

(d) 

 
Fig. 4. (a) Thermocouples embedded in different components of a cell [112]; (b) Multiple FBG 
sensors embedded in the same optical fibers for multi-location temperature measurements [113]; 
(c) Temperature jump at separator-case interface measured by infrared thermometry with a 
spatial resolution of 1.7 μm [56]; (d) Phase-Temperature relationship for impedance measured 
at 40 Hz for a 53-Ah GS Yuasa LSE50- 002 Li-ion cell [114]. Panels adapted from: (a) Ref 
[112], (b) Ref [113], (c) Ref [56], and (d) Ref [114], Elsevier.   

 

2.3.1.2. Resistance based techniques - RTDs and thermistors 

Resistance Temperature Detectors (RTDs) and Thermistors both rely on a calibrated relationship 
between the electrical resistance of a conductor (or semiconductor) and its temperature [90]. RTDs 
have a typical temperature resolution and sensitivity of 0.01-0.2 K and 0.38%/K, respectively [98]. 
RTDs are easy to fabricate, and can be easily embedded in a live battery [58]. On the other hand, 
thermistors are more sensitive to temperature change (-4.3 %/K ), but their stability in harsh 
chemical environments still needs to be improved [98].  

2.3.1.3. Optical fiber-based techniques 

Optical fibers with embedded bragg-gratings can be used for temperature detection as the 
wavelength of the reflected signal (Bragg Wavelength, 𝜆!) shifts with the temperature. The Bragg 
wavelength is given by [90] 

  (4) 2b effl h= L
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where  is the effective refractive index of the fiber core and Ʌ is the grating spacing. The 
temperature dependence of Bragg wavelength comes from the temperature dependence of the core 
refractive index and the grating spacing change due to thermal expansion/contraction [98]. Fiber 
Bragg Grating (FBG) sensors are minimally invasive while being robust and able to work in the 
chemical environment inside a battery [98,115] . Moreover, the same fiber can have gratings in 
multiple locations, which allows multi-point measurement with the same sensor (see Fig. 4b) 
[113]. One disadvantage with this technique is that the wavelength shift can be caused by either a 
temperature change or a mechanical strain in the sensor, which need to be decoupled with 
additional calibrations [116].  

 

Table 1 
Comparison of different point temperature measurement techniques. 

Technique Temperature 
Resolution 

Sensitivity Advantages Disadvantages 

Thermocouples 
[102,104–108] 1 K [98] 1-70 μV/K 

[98] 
Widely available, 

fairly sensitive 
Difficult to modify and 

embed in cells 
RTDs 

[117–119] 
0.01-0.2 K 

[98] 
0.38 %/K 

[98] 
Small size,  

stable in electrolyte  
Low temperature 

sensitivity 

Thermistors 
[120–122] 1 K  [98] -4.3 %/K 

[98] 

Easy to fabricate,  
high temperature sensitivity, 

 2-point probe  

Non-linear temperature 
response, insufficient 

stability in harsh chemical 
environments 

FBG sensors 
[113,115] 

0.2-0.4 K 
[98] 

10pm/K 
[98] 

Minimally invasive, 
stable in electrolyte 

Additional calibrations 
needed to decouple 
temperature rise and strain 

 

2.3.2. Surface temperature measurement techniques 

2.3.2.1. Infrared (IR) thermometry 

Infrared (IR) thermometry has been widely used in measuring surface temperature of batteries 
[56,121,123–127] and has been reviewed in Ref. [100]. Typically, this technique requires a special 
sample preparation such as deposition or coating of high emissivity material like graphite [128] 
and has a temperature resolution of ~2K [98]. In batteries, IR thermometry has been especially 
useful in determining the in-plane temperature profile due to non-homogeneous current 
distribution, mainly near the electrical tabs connected to the current collectors [121,124,125,127]. 
Additionally, IR thermometry has been used to study the thermal interface resistance and the 
internal temperature of the cells. Gaitonde et al. [56,129] used an infrared microscope with a spatial 
resolution of 1.7 μm to visualize the temperature jump at the separator-case interface in a 
cylindrical Li-ion battery (see Fig. 4c), which indicated the high thermal interface resistance. By 
measuring the surface temperature measured by IR thermometry and assuming a constant heat 
generation rate, Anthony et al. [128] were able to reconstruct the transient temperature distribution 
inside a cell by solving the thermal diffusion equation. However, the assumption of a constant heat 
generation in the reconstruction is  an oversimplification  because of the dynamic [130,131] and 
temperature dependent [132] nature of heat generation.  

effh
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2.3.2.2. Thermochromic liquid crystals (TLC) 

Liquid crystals that change their color with temperature have been used for surface temperature 
measurement in batteries [133]. With TLC coated strips on the surface of a battery, Giuliano et al. 
[133] obtained a 2D TLC color map and translated it into a temperature map based on a calibrated 
color-temperature relationship. This technique typically has a temperature resolution of ~1K [98]. 

2.3.3. Integrated temperature measurement techniques 

Electrochemical Impedance Spectroscopy (EIS) is a widely used technique to determine the SOC, 
SOH (State of Health) and other electrochemical parameters of a battery [134–136]. Recently, EIS 
based methods have been investigated for measuring the battery temperature [105][137–142]. For 
a sinusoidal voltage 𝑉(𝜔) or current 𝐼(𝜔) applied at a frequency 𝜔 and the corresponding current 
or voltage measured at the same frequency, the impedance is defined as 

 (5) 

The measured impedance, , is a function of the SOC, temperature and the 
applied frequency [138]. The real part [105,138,142], the imaginary part [143], and the phase 
[114,144] of the impedance have been used to determine the battery temperature. Fig. 4d shows a 
linear phase-temperature relationship for the impedance measured at 40Hz [114]. Besides, 
Raijmakers et al. [140] evaluated the effectiveness of the frequency with zero imaginary value as 
a parameter for temperature measurement. Generally, the temperature resolution of these 
impedance based measurements is 0.17 K to 2.5 K and depends on the battery type and the method 
used [98][138,142]. 

Although non-invasive and easy to experimentally implement, impedance-based methods have 
certain limitations. Firstly, the impedance based methods [138,141] require a knowledge of the 
SOC to predict the temperature. In XFC conditions, the local state-of-charge varies within the 
electrode and a single SOC cannot represent the entire cell. Additionally, crosstalk signals 
[138,145] from different cells in the pack might influence the impedance signal from a cell and 
affect the result, although it can be resolved somewhat by methods such those proposed by  by 
Beelen et al. [138]. However, the biggest limitation of impedance-based methods is the lack of 
spatial temperature information. As the impedance is measured for the whole cell, this technique 
is agnostic to the temperature non-homogeneity inside the cell and can only give an average 
temperature information. To get the spatial temperature, Richardson et al. [105] developed a 
method to determine the internal temperature of a battery by combining impedance measurements 
with the surface temperature measurement. Various other works [139,141,142] followed a similar 
approach of impedance and surface temperature measurements to determine the internal 
temperature. Some limitations of these works include the use of a single SOC for the entire battery 
and the use of constant thermal properties over multiple cycles in addition to common inaccuracies 
in modeling temperature rise as described in Section 2.1.  
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3. Heat generation 

Volumetric heat generation can increase significantly with the increase of energy density and 
charge rate. A comprehensive understanding of battery heat generation can be instructive for the 
design of BTMSs and the safe operation of LIBs. In this section, the different sources of heat 
generation inside the battery are reviewed in detail. The contribution by various sources can vary 
with the energy density and charge rate, e.g., the heat of mixing, assumed to be negligible in prior 
works, contributes ~23% to the total heat generation at a charge rate of 6C [146]. We also review 
and evaluate existing models to calculate battery heat generation. Lastly, from the understanding 
of heat generation by various sources, different methods to minimize heat generation sources are 
summarized and proposed.  

 

3.1. Sources of heat generation 

In this section we discuss the four main sources of heat generation in batteries: irreversible heat 
due to ohmic and kinetic losses, reversible heat due to entropy change of the reaction, heat due to 
side reactions and heat of mixing. Readers should refer to Fig. 5 for the schematic of the cell 
described by the equations presented in this section.   

3.1.1. Irreversible heat related to losses 

Irreversible heat generation occurs due to transport losses or kinetic overpotentials related to the 
charge transfer reaction. The Ohmic heat generation is caused by the potential drop due to the 
transport related losses in the electrolyte, electrodes, and the current collector. In the electrodes 
and the current collectors, the potential drop occurs due to electron transport resistance, while in 
the electrolyte, the potential drop occurs due to concentration overpotential and ion transport 
resistance [130,147].  

 
Fig. 5. Schematic of a porous electrode. The concentration of the electrolyte and the local current 
(𝐼(𝑥)) can vary in the x-direction. Concentration of Lithium in the particles can vary radially 
(along 𝑅" or 𝑅#). 
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The local current distribution is governed by the interplay between the transport of the species and 
the kinetics of the reaction in the cell and can be described by a set of coupled equations discussed 
in [131,147–149]. The Joule heating per unit nominal cross-sectional area (W/m2) in the different 
components can be written as 

  (6) 

𝑞$%&'#,)*+#,-$*.,+ = ∫ (𝜅+//(01!
02
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7   (7) 

The effective transport properties such as the electronic conductivity (𝜎!
!""), ionic conductivity 

(𝜅!"") and the ionic diffusional conductivity (𝜅#
!"") are functions of the material transport property 

as well as the porosity (volume fraction) and tortuosity. 𝜙8 and 𝜙+ are the solid- and electrolyte-
phase electrochemical potential and 𝑐+ is the electrolyte concentration. It is observed that transport 
losses typically contribute ~50% of the overall heat generated [5,150]. As the ionic conductivity 
in the electrolyte is in general much smaller than the electronic conductivity in the electrodes 
[151,152], most of the potential drop related to transport occurs in the electrolyte.  

Additionally, there can be irreversible losses related to the overpotentials associated with the 
charge transfer reactions. Without an application of a driving force, an electrochemical reactions 
at an electrode is at equilibrium [147]. Application of a potential away from the equilibrium 
potential (𝑈) can drive an electrochemical reaction towards a certain direction, and current can 
flow [136,147]. The difference between the applied potential and the equilibrium potential is 
known as the kinetic or surface overpotential (𝜂8). 

For an electron transfer reaction with a single elementary step, the relationship between the current 
density (𝑖) and the surface overpotential is given by a kinetic relation known as the Butler-Volmer 
(BV) relation [147]. 

 (8) 

where, 𝛽, known as the symmetry factor, describes the change in the activation energy as a fraction 
of the applied voltage and 𝑖$, known as the exchange current density, describes the kinetics of the 
reaction and is a function of the rate constants for the forward and the backward reaction, symmetry 
factor, and concentration of the reacting species [136,147]. For a Li-ion battery, the reactions at 
the porous electrodes are generally considered to be a one-step process and are therefore usually 
modeled with BV kinetics [130,148,149]. The surface overpotential (𝜂$) is the voltage consumed 
in driving the reaction away from the equilibrium. Therefore, the energy associated with it cannot 
be used as work and is instead dissipated as heat.  

For the entire electrode, the heat generated per unit cross sectional area is given by [153]: 

 (9) 

where 𝑎 = 9:"#$
;

 is the total surface area per unit volume of the porous electrode and 𝜀'58 is the 
active material volume fraction. In general, the reaction heat associated with the kinetic loss 
contributes ~30-40% of the total heat generated [5,150].  
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3.1.2. Reversible Heat Related to Entropy Change 

The heat released or absorbed due to the entropy change of the system is known as the reversible 
heat because the same amount of entropic heat absorbed (or released) in the forward reaction is 
released (or absorbed) in the backward reaction. From thermodynamics, the entropy change (∆𝑆) 
in an electrochemical system at constant temperature and pressure can be related to the open circuit 
potential (𝑈) with the following relation [147] 

  (10) 

The term %&
%'

 is also known as the entropic coefficient. For a lithium insertion compound, the open 
circuit potential (𝑈) is a function of the lithium concentration or the lithium stoichiometry (SOC) 
in the compound. Therefore, the entropic coefficient is also a function of the lithium concentration 
or SOC.  

For the entire porous electrode with a local current density 𝑖(𝑥), the entropic heat per unit cross 
sectional area is 

 (11) 

However, the reaction is not the only source for the entropy change. Entropy of the electrochemical 
system can also change due to diffusion within electrode particles to form uniform concentration, 
and in such a case, the heat released or absorbed due to entropy change contributes to the total heat 
of mixing [146]. The entropic coefficient '𝜕𝑈𝜕𝑇( can generally be measured by two methods. One is 
by measuring the open circuit potential (𝑈) as a function of temperature for different SOC’s [164].  
The other, much quicker, method is using isothermal calorimetry [146,154,155]. At lower 
charge/discharge rates, the entropic heat can be comparable in magnitude to the irreversible heat 
[156,157]. However, as the charge/discharge rate increases, the percentage contribution of the 
entropic heat in the overall heat generated decreases significantly [150].   

3.1.3. Heat generation due to side reactions 

In addition to the primary reactions at the electrodes, there are other reactions in the cell such as 
gas evolution [158,159], SEI formation [70,73], electrolyte-anode and electrolyte-cathode 
reactions [70,160–162] and electrolyte-lithium metal reaction in the presence of lithium plating 
[163]. At elevated temperatures, due to increased kinetics, there can be a series of reactions that 
generate a significant amount of heat and can possibly lead to thermal runaway [85,164]. In 
general, the heat generated due to side reactions can be modeled as 

 (12) 

where 𝑖 is the index of a particular side reaction, and there are 𝑛 side reactions that occur. 𝑟' 	is the 
rate of the reaction (mol/s) and Δ𝐻' is the reaction enthalpy (J/mol).  

At lower temperatures, the reaction rates for the side reactions are generally low [85,132]. 
Therefore, in most heat generation models for normal operating temperatures, the heat due to side 

S U
nF T
D ¶

=
¶

, 0
( ) ( ( ))electrodeL surf

entropic rxn

U
q ai x T SOC x dx

T
¶

= -
¶ò

1

n

rxn i i
i

Q r H
=

= Då



17 
 

reaction is neglected [150,165]. However, at high temperatures, due to Arrhenius type kinetics, the 
reaction rate increases exponentially, and these reactions become the dominant source of heat 
generation. The increased temperature promotes the side reactions which generate more heat and 
in turn elevate the temperature further. If heat cannot be efficiently dissipated, the battery enters a 
self-reinforcing temperature rise stage known as thermal runaway [164,166].  

There are many causes that trigger thermal runaway such as mechanical abuse (crash or puncture), 
electrical abuse (short circuit [167] and overcharge [168]), lack of adequate thermal management 
[169–172], and chemical cross-talk [173,174]. Additionally, the risk of thermal runaway increases 
with increased energy density of the cells [175,176]. LIB safety evaluation consists of 
electrochemical (e.g., overcharge [177]), mechanical (e.g., nail penetration and impact tests [178]), 
and thermal tests, and a detailed summary can be found in Ref [179]. The series of dominant 
reactions that occur during thermal runaway are extensively covered in literature dedicated to 
thermal runaway [39,40,169]. At the anode, the reactions that lead to thermal runaway include SEI 
decomposition and regeneration [39,180] as well as the reaction between the lithiated graphite 
anode and the electrolyte [160,161,181]. In the presence of lithium plating, the metallic lithium 
can react with the electrolyte [88,163] to release heat. In solid-state batteries with lithium metal 
anode and oxide electrolyte, the reaction between the oxygen released from the electrolyte and the 
lithium metal has been identified as a possible cause of thermal runaway [162]. Additionally, the 
decomposition of cathode and subsequently the oxygen released from the decomposed cathodes 
can react with the electrolyte, the lithiated graphite anode or plated lithium to release a significant 
amount of heat [160,161,181].  

Feng et al. [39] summarized the process in a temperature vs. time plot (see Fig. 6a). Further, Feng 
et al. provided a visual summary of energy released by different reactions in a thermal runaway 
(see Fig. 6b), where the width of the reaction indicates the temperature range of the occurrence of 
the reaction, the y-location indicates the enthalpy (∆𝐻) of the reaction and the height represents 
the heat generation rate.  

(a) 

 

(b) 

 
Fig. 6. (a) The chain reactions in a thermal runaway in a Li-ion cell. As the reactions initiate, the 
temperature rises further that enables other exothermic side reactions. (b) Energy release 
diagram for side reactions involving cathode materials (LFP, NCM111, LTO, LCO), Separator 
(PE, PP), anode material (Gr/C), SEI and electrolyte. Panels adapted from Ref [39], Elsevier.  

 



18 
 

3.1.4. Heat of mixing 

After a charge transfer reaction at the surface of an electrode particle, the solid lithium diffuses in 
an intercalation compound. The composition of the intercalation compound determines its energy 
[156]. As illustrated in Fig. 7a, when lithium diffuses inside an electrode particle in the presence 
of a concentration gradient of lithium within the particle, the local composition and hence the 
energy of the active material experienced by the particle changes with time. This change in the 
energy is manifested as heat and is known as the heat of mixing in the particles [146]. At low 
charge/discharge rates, the rate of diffusion is comparable to the lithium flux in or out of the 
particle and strong concentration gradients do not develop within the particle. For a lithium ion 
diffusing inside a particle with weak concentration gradients, the local composition does not 
change rapidly as it diffuses. Because of this, the rate of change of its enthalpy due to the change 
in local composition is low compared to the change in enthalpy due to the electron transfer reaction 
at the surface. This is why the heat of mixing due to enthalpy change during the diffusion process 
inside the electrode particle is often neglected while modeling heat generation in batteries 
[131,150]. However, at higher charge/discharge rates, the net lithium-ion flux in or out of the 
particle is high compared to the diffusion rate. As a result, the surface concentration of lithium 
ions differs significantly from the concentration inside the particle, and a strong concentration 
gradient develops within the particle. When lithium diffuses through this strong concentration 
gradient the local composition and therefore energy changes rapidly and is manifested as heat 
[146]. Therefore, at high charge/discharge rates, heat of mixing cannot be neglected. Recently, 
Chalise et al.[146] demonstrated that during a 6C discharge of an NMC cathode, ~23% of the total 
heat released is because of heat of mixing. Fig. 7b shows the average contribution of heat of mixing 
during the discharge of an NMC cathode at different C-rates. The heat of mixing is non-negligible 
even at 1C, and its contribution increases as the charge/discharge rate increases.  

It is generally seen that the enthalpy or the enthalpy potential >𝑈? = 𝑈 − 𝑇 0@
0A
A of the typical 

cathode materials is a strong function of the composition (SOC) [146,155]. On the other hand, the 
enthalpy potential of a typical anode such as graphite does not change much with the composition 
[155]. Therefore, it is expected that heat of mixing, which originates from enthalpy change due to 
composition change, is much more significant in cathode materials than in anode materials.  

In lithium insertion compounds used in the cathode, the enthalpy potential and therefore the energy 
typically decreases monotonically with the lithium content in the composition (SOC) [146,155]. 
The diffusion process, the driving force for mixing, always makes lithium move from a higher 
concentration to a lower concentration and therefore from a state with a higher energy to a state 
with a lower energy. Hence, this movement of lithium (mixing) in typical cathode materials is 
always exothermic regardless of whether the battery is charging or discharging. Therefore, heat of 
mixing in typical cathode materials is exothermic during both charge and discharge [146]. 
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(a) 

 
(b) 

 
Fig. 7. (a) Formation and relaxation of concentration gradients in an active material particle 
during charge or discharge. The enthalpy change due to the change in the local composition 
during the formation or relaxation of the concentration gradients leads to heat of mixing. (b) 
Percentage contribution of heat of mixing in the overall heat generated at various C-rates. At 
6C, the heat of mixing can contribute to 23% of the total heat generated in the cell. Panel adapted 
from Ref [146], the Electrochemical Society. 

 

3.2. Modeling heat generation 

3.2.1. Isothermal heat generation models 

Isothermal heat generation models assume that the battery operates isothermally and do not 
account for temperature changes and its impact on heat generation. Broadly, these isothermal 
models can be divided into two categories: uniform current/reduced-order models and distributed 
current/full-order models.  

3.2.1.1. Uniform current (reduced-order) heat generation models 

Uniform current models assume that each particle in a porous electrode sees the same amount of 
current regardless of its position in the electrode. Doing so, one does not need to account for current 
distribution within the electrode that arises from multiple coupled effects of transport and kinetics. 
Because of the increased simplicity in modeling, these constant current or so called reduced-order 
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models have been extensively used to model the charge/discharge behavior as well as heat 
generation in batteries [65,153,182–185]. The commonly used form of the heat generation 
equation in these models is 

  (13) 

Here, the first term is the irreversible heat associated with the kinetic and transport losses, the 
second term is the entropic heat, the third term is the heat due to side reactions and the last term is 
for heat of mixing.  

These models work well at low charge/discharge rates, where mass transport is not limiting and 
the current distribution is fairly uniform [146,186]. However, as the charge/discharge rate 
increases, mass transport limitations become dominant and the current distribution is largely non-
uniform [130,186][127,189]. In such a case, a single SOC cannot describe the entire cell since 
different particles in the cell are at different SOC’s as they receive different amounts of current. 
Then, in order to model the heat generation at higher charge/discharge rates, it becomes essential 
to account for the non-uniform current distribution.   

3.2.1.2. Non-uniform current (full-order) heat generation models 

Before focusing on distributed current heat generation models, we should discuss how the current 
distribution itself is modeled for a porous electrode battery. The current distribution in porous 
electrodes is usually modeled using the Doyle, Fuller and Newman Model, generally known as the 
Pseudo-2D (P2D) model [130,148,149]. The P2D model describes the transport and kinetics, mass 
and charge transport in the battery with a set of coupled partial differential equations. The 
equations allow a 1D variation in the current distribution along the length of the electrode (𝑥) while 
also allowing a radial variation in the lithium concentration in the particles at a fixed position 
inside the electrode.  

Once the local current density (𝑖) is known, the overall heat generated by the cell can be obtained 
by [131,150]: 

  (14) 

Eqn. (14), which accounts for heat generation due to apparent loss mechanisms as well as entropy 
change, has been used extensively for heat generation modeling at high charge/discharge rates 
[130,131,151,165,187,188]. However, it is evident that this equation does not account for heat 
generation due to side reactions. Since the isothermal modeling is usually done for room 
temperature, where the rate of the side reactions is not significantly high [132,169,172], it is 
reasonable to omit the heat generation due to the side reactions. Nevertheless, if the modeling is 
done for high temperatures, it is necessary to account for the side reactions. In such conditions 
however, the temperature becomes crucial in determining the heat generation rate, and an 
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isothermal heat generation model cannot be used. Therefore, a coupled electrochemical-thermal 
model that includes temperature rise and its effect on heat generation becomes essential [132,166].  

Further, Eqn. (14) does not include heat of mixing. However, at high charge/discharge rates, the 
enthalpy within a particle changes rapidly as strong concentration gradients develop [146]. 
Therefore, at high charge/discharge rates, it is essential to model heat of mixing within the 
particles. Thus, authors [64,189–191] have tried to incorporate heat of mixing in a distributed 
current model. Usually, the expression used to calculate heat of mixing in the particles is [189,191] 

  (15) 

This expression comes from the simplified expression of enthalpy of mixing derived by Thomas 
and Newman [156,157] based on second order Taylor expansion of the enthalpy about 𝐻B (the 
enthalpy at the average concentration	𝑐8,B). The simplified Taylor expanded expression for heat 
mixing derived by Thomas allows further simplification by not having to numerically solve for the 
concentration profile within the particles by using a pseudo-steady state assumption for the purpose 
of estimating the magnitude of heat of mixing. However, in a distributed current model, the 
concentration profiles within the particles are already solved for. Therefore, using the Taylor 
expanded expression for enthalpy of mixing [64,189,191] as opposed to a non-simplified 
expression [146] does not reduce any computational burden. In our recent work [146], we have 
shown that using the Taylor expanded expression, which implicitly assumes small concentration 
gradients,  can instead incorrectly predict the enthalpy change due to mixing at high 
charge/discharge rates, where the concentration gradients within the particles are significant. We 
have presented an alternative expression for heat of mixing without assuming small concentration 
gradients. The expression for heat of mixing within one electrode particle is 

  (16) 

where 𝑈? = 𝑈 − 𝑇 >C@
CA
A is the enthalpy potential [156] and  C?

C,
 is the rate of enthalpy change of 

the particle given by 

  (17) 

Since the local state of charge 𝑆𝑂𝐶(𝑟, 𝑡) and the concentration profile 𝑐8(𝑟, 𝑡) is determined while 
solving the P2D model itself, calculating the heat of mixing using this expression does not increase 
any computational burden than what the Taylor expanded expression already requires. In fact, this 
expression (Eqn. (17)) requires only one volumetric integral while the Taylor expanded form 
requires two: one volumetric integral over the particle volume to calculate the average 
concentration 𝑐8,B and another volumetric integral given in Eqn. (15). Therefore, this method of 
calculating heat of mixing is more accurate and therefore appropriate at high charge/discharge 
rates while being computationally more efficient. Using this method, the total heat of mixing for 
all the particles in an electrode per unit nominal electrode area (W/m2) can then be calculated as 
[146]: 
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  (18) 

 

3.2.2. Coupled electrochemical-thermal heat generation models 

Factors that contribute to the heat generation, namely the transport properties [64,165,188], 
exchange current density [136,147], the open circuit potential [165,192], the entropic coefficient 
[193]and rates of the side reactions [132], depend on the local temperature. For a single cell with 
external cooling, where the temperature rise is small, the isothermal assumption and therefore 
isothermal heat generation modeling is reasonable. However, for a cell stack, especially 
undergoing fast charge or discharge, the temperature varies within the stack, and the temperature 
of the cells near the center can be significantly higher than the ones near the surface [43]. 
Additionally, when the heat generation rate is high, for instance during the initiation of a thermal 
runaway or during fast charge/discharge, the temperature rise can be substantial and it can in turn 
affect the heat generation [132]. Moreover, heat generation rate in general itself is a strong function 
of temperature [194,195].Therefore, for large cells undergoing fast charge or discharge, a coupled 
electro-thermal model that simultaneously simulates the current distribution, heat generation and 
temperature rise with a coupling among one another is required.  

There are many coupled electrochemical-thermal models proposed in the recent past 
[64,65,67,103,132,165,184,188,196]. In general, as illustrated in Fig. 8, for a set of given initial 
conditions, these models simulate the current distribution (or assume uniform current distribution) 
and the isothermal heat generation for a particular time-step. Then, from the heat generation and 
the thermal properties of the cell, these models simulate the local temperature and according to the 
local temperature update the transport and kinetic parameters and the potentials for the next time-
step. The specific dependence of parameters on the temperature however varies model to model. 
Various authors [165,188] have used Arrhenius type temperature dependence on the transport 
properties and the exchange current density while others [64] have used experimental data on the 
temperature dependent transport properties. The temperature dependence of the OCV (𝑈) is 
usually obtained from the entropic coefficient '𝑑𝑈𝑑𝑇( using the first order Taylor expansion of 𝑈 
about the OCV (𝑈-+/) measured at the reference temperature (𝑇-+/) [165,192], i.e., 

  (19) 

Note that the entropic coefficient '𝑑𝑈𝑑𝑇( might itself be a function of temperature (i.e., 𝜕
%@
0A%

≠ 0) 
[193]. In that case, the first order Taylor expansion would be inadequate and an additional second 
order term might be needed. Also, if that is the case, the entropic coefficient used in calculating 
the reversible heat needs to be evaluated at different temperatures.  
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Fig. 8. A typical data flow diagram for a coupled Electrochemical-Thermal Model. According 
to the notation of Farag et al. [64], Tc, Tb, Tt, Th and Tk represent the temperature of the core, 
base, terminals, housing and the cooler respectively. Other acronyms are consistent with the 
nomenclature for this paper. Panel adapted from [64], Elsevier. 

 

Although most coupled electro-thermal models have been shown to agree reasonably well with the 
experiments [64–67], some common inconsistencies with these models are frequently encountered 
in the literature. The most common mistakes related to the thermal modeling include the omission 
of anisotropic thermal conductivity [66,197], the omission of thermal interface resistance 
[67,165,196], and the use of lumped thermal analysis [64–66]. From the electrochemical 
perspective, the common inconsistencies include the use of uniform current distribution [65,196] 
or the omission of heat of mixing at high C-rates [188,198]. These inconsistencies need to be 
eliminated in order to develop a robust electrochemical-thermal model that can work for a wide 
range of temperature and a variety of external conditions such as different charge/discharge rates, 
ambient temperatures and external cooling rates.  
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3.3. Material level modifications for minimizing heat generation 

A significant portion of the literature on battery thermal management has focused on facilitating 
heat dissipation, whether by enhancing external cooling [151,199–202] or by improving thermal 
transport properties [5,12,203][3,8,206]. However, possible modifications to minimize the heat 
generation itself has not been discussed extensively. Minimizing the heat generation, especially 
that arising from irreversible sources, not only helps in reducing the temperature rise but also 
increases the overall energy utilization of the battery. Thus, it is essential to understand how heat 
generation in the cell itself can be decreased. In order to do so, we need to understand the material 
dependence of heat generation and the possible improvements at the material level. Therefore, this 
section is dedicated towards explaining how material properties affect heat generation and what 
improvements at the material level can mitigate heat generation. 

3.3.1. Irreversible heat generation 

3.3.1.1. Transport Losses 

Minimizing transport losses essentially means decreasing the potential drop across the electrodes 
and the electrolyte. The potential drop across the electrode is given by Ohm’s law and is inversely 
related to the electrode’s electrical conductivity. Hence, to decrease the potential drop at the 
electrode, the electrical conductivity must be increased. This is typically done by increasing the 
volume fraction of carbon black in the electrode [204]. However, there is a limit to doing so as it 
also decreases the active material volume fraction and hence adversely affects the energy density. 
Additionally, the typical electronic conductivity of electrodes (40-1000 mS/cm,[151]) is much 
greater than the typical ionic conductivity of electrolytes (1-10 mS/cm, [152]), and hence the 
potential drop in the electrode is comparatively minimal. Therefore, more attention should be given 
to decreasing the potential drop across the electrolyte.  

The potential drop across the electrolyte is described by the modified version of Ohm’s law [130] 
which additionally accounts for the concentration overpotential [147]. The potential drop 0∅!

02
 is 

inversely proportional to the effective ionic conductivity (𝜅+//) and directly proportional to the 
ionic diffusional conductivity (𝜅4

+//) and the concentration gradient. Therefore, measures to 
decrease the concentration gradient or the ionic diffusional conductivity or increase the effective 
ionic conductivity helps in decreasing the potential drop (transport loss) across the electrolyte. 
Additionally, decreasing the transport length by limiting the thickness of the separator is also 
essential in decreasing the potential drop across the electrolyte in the separator region.  

The effective ionic conductivity of the solution can be increased either by increasing the bulk 
solution ionic conductivity or by increasing the porosity (volume fraction of electrolyte) of the 
separator or electrodes. A simple relation using the Bruggeman tortuosity correlation for the 
effective ionic conductivity is [130] 

  (20) 

where 𝜅+// is the effective ionic conductivity, 𝜅 is the bulk solution ionic conductivity, 𝜀+ is the 
electrolyte volume fraction (porosity) and 𝑝 is the Bruggeman factor related to the tortuosity.  
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The bulk ionic conductivity 𝜅 of liquid electrolytes depends on the salt concentration [130,205] 
and is typically 1-10 mS/cm [152] for commercial liquid electrolytes that typically contain Lithium 
salts (e.g., LiPF6) in mixtures of organic solvents such as ethylene carbonate (EC) and diethyl 
carbonate (DEC) [206]. Kufian et al. [206] have shown that adding ethyl propionate (EP) additive 
in the electrolyte with 28.6% volume fraction of EP in 1M LiPF6 in 1:2 EC:DEC increases the 
ionic conductivity by nearly 60% at room temperature. Guerfi et al. [207] have examined mixed 
electrolytes with ionic liquids in organic solvents. They have shown that the organic electrolyte 
with 40% ionic liquid (TFSI as the anion and EMI as the cation) optimizes the ionic conductivity 
while restricting the viscosity from increasing [207]. Additionally, Das et al. [208] have shown 
that dispersed oxide particles additives in electrolytes can increase the effective ionic conductivity 
to 14 mS/cm and Tominaga et al. [209] have shown that TiO2 nanoparticles can increase the ionic 
conductivity of polyethylene carbonate based electrolytes by a factor of 2. However, it should be 
noted that any efforts to change the electrolyte composition to increase the bulk solution 
conductivity might adversely affect the voltage stability window of the electrolyte and promote 
side reactions with the electrodes [152]. Alternatively, the effective ionic conductivity can be 
increased by increasing the volume fraction of the electrolyte (porosity) according to Eqn. (20). 
This is not preferable for electrodes as it would decrease the active material volume fraction and 
thus decrease the energy density. However, the ionic conductivity in electrodes can be effectively 
increased by decreasing the tortuosity [210,211] without compromising the volume fraction of 
active material. Additionally, a separator with an increased porosity and reduced thickness could 
minimize the potential drop in the electrolyte by both increasing the effective ionic conductivity 
and decreasing the transport distance. However, the requirement for a high mechanical strength 
has restricted the porosity and thickness for a typical separator to be about 0.6 and 25μm 
respectively [146]. Separators with a high mechanical strength such as the one demonstrated by 
Zhai et al. [212] can potentially overcome this limitation. Additionally, researchers have also 
shown that modifying the separator-electrolyte interaction through surface modification of the 
separators can increase the effective ionic conductivity and cation transference number [213–
215][216–218].  

The concentration gradient in the electrolyte depends on the effective diffusivity and the 
transference number [130]. As the effective diffusivity and the conductivity are related by the 
Nernst-Einstein relation [147], the same strategies of decreasing tortuosity and increasing porosity 
work for increasing the effective diffusivity. The bulk diffusivity of Lithium ions in a typical 
organic electrolyte is concentration dependent and is typically between 10-9 to 10-11 𝑚3/𝑠 
[216,217]. In comparison, ionic liquid electrolytes generally have a lower lithium ion diffusivity 
[218]. However, various authors have shown an improvement in the bulk diffusivity of ionic 
liquids with the addition of organic solvents [218,219]. As shown by Diederichsen et al. [152], a 
high cation transference number results in decreased concentration gradient within the electrolyte 
(Fig. 9). This decreases the concentration overpotential and hence the potential drop across the 
electrolyte.  

In the literature, considerable attention has been given to increasing the cation transference number 
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and getting it close to unity [152,220,221]. Diederichsen et al. [152] have presented a 
comprehensive review on achieving high transference number in electrolytes, and the readers are 
directed to the article for further information on this topic. However, it is important to note that, 
as Diederichsen et al. point out, there can be an inherent trade-off between the transference number 
and ionic conductivity. This is generally true because traditionally, a higher cation transference 
number has been achieved by restricting the anion mobility, which effectively decreases the ionic 
conductivity [222]. However, McCloskey et al. have recently shown that using Nonaqueous 
Polyelectrolyte Solutions, both high conductivity and transference number can be achieved 
simultaneously [223,224]. 

 
Fig. 9. Electrolyte concentration gradient decreases with the increase in the cation transference 
number. Transport loss due to the concentration overpotential caused by the concentration 
gradient can thus be minimized by increasing the cation transference number. Panel adapted 
from Ref [152], American Chemical Society. 

 

3.3.1.2. Kinetic Losses 

It was mentioned in Section 3.1.1 that the kinetic overpotential leads to irreversible heat generation 
of the type 

  (21) 

where 𝜂8 is the surface overpotential for the reaction at the electrode surface and 𝑖 is the local 
current density. 

The kinetic overpotential can be described by the Butler-Volmer (BV) equation (Eqn. (8)) or an 
equivalent kinetic expression [147,225][165,228]. At high currents, we can simplify the BV 
equation into the Tafel equation [165], in which case the local heat generation due to kinetic 
overpotential can be rewritten as 

  (22) 
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Thus, the heat generated and the surface overpotential scales up with the local current density (𝑖) 
and scales down with the exchange current density (𝑖$). From this, one strategy to reduce the 
kinetic loss can be decreasing the local current density. This can be achieved by increasing the 
reaction surface area or, in other words, making the particles smaller. However, large surface area 
(small particle size) also increases the surface area for parasitic side reactions between the 
electrodes and the electrolyte and thus impacts long term capacity retention [226]. Therefore, there 
is a limit to how small the particle size can be. Alternatively, the kinetic losses can be minimized 
by having a high exchange current density, i.e., achieving fast charge transfer kinetics.  

The exchange current density is a measure of charge transfer kinetics at the electrode and is 
determined by the rate constant 𝐾 of the reaction and the concentration of the species. The rate 
constant depends on the activation energy (𝐸") for the reaction and the temperature [147]. With 
other factors constant, the charge transfer resistance, which can be directly related to the exchange 
current density with linearized BV equation for a small current density, can be related to the 
activation energy and the temperature as [227] 

  (23) 

The slope of the semilog plot between the charge transfer resistance and 1/𝑇 gives the activation 
energy, which can directly be used as a measure of the kinetics of the reaction [227–229]. Note 
that the charge transfer resistance (𝑅#,) can be obtained experimentally from electrochemical 
impedance spectroscopy (EIS) [227,230].  

The charge transfer (oxidation) at an electrode usually involves 3 steps [227,230]: (1) desolvation 
of Li ion at the electrolyte-solid electrolyte interphase (SEI) or electrolyte-cathode electrolyte 
interphase (CEI) interface, (2) Li ion transport through SEI/CEI, and (3) charge transfer and 
intercalation at the electrode-SEI/CEI interface. Similarly, reduction charge transfer reaction 
includes de-intercalation, transport, and solvation. Many studies have shown that depending on the 
nature of the electrolyte and the SEI/CEI formed, both the desolvation process [231,232] and the 
transport through the SEI [230]can be rate limiting. Ogumi [227] has shown that the activation 
energy related to desolvation is directly related to the solvation number (number of molecules 
bound to the solvated ion). For instance, the activation energy for 1:1 EC:DEC solution with a 
solvation number 2.5 is 51 kJ/mol while it is 32 kJ/mol for pure DEC solution with a solvation 
number of 0 (no desolvation process involved). This result suggests that the choice of electrolyte 
affects the charge transfer kinetics when the desolvation process is rate limiting.  

The activation energy related to the transport through the SEI/CEI layer can be studied by 
modifying the SEI/CEI using additives in the electrolyte [230]. These additives are added in low 
concentrations so that they do not change the property of the electrolyte but change the type of the 
SEI/CEI formed thereby altering the activation energy for transport. Abe et al. [228]showed that 
in two types of preformed SEI at the interface of HOPG-Electrolyte (1M LiClO4 in 1:1 EC:DEC), 
the activation energy for the charge transfer through the SEI formed with Pentafluorostyrene (PFS) 
additive was 40 kJ/mol compared to 52 kJ/mol for SEI formed without the additive. Various other 
experiments [228,233] supported that changing SEI/CEI composition through electrolyte additives 
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changed the activation energy for charge transfer. Therefore, SEI/CEI modification can be a 
feasible method to enhance the kinetics of charge transfer.  

In addition to the electrolyte and SEI modification, electrode surface modification has also been 
shown to improve the charge transfer kinetics. Ogumi [227] has shown that in the same electrolyte 
(1M LiClO4 in propylene carbonate), the activation energy for charge transfer in LiCoO2 cathode 
is reduced from 60 kJ/mol to 47 kJ/mol by coating LiCoO2 with MgO. Additionally, Goodenough 
et al. [234] have shown that surface modification of LiFePO4 with Nitrogen (using NH3) or Sulfur 
(using Sulfur vapor) decreases the energy barrier for the charge transfer reaction by promoting 
strong binding of Li on the surface electrode and thereby increases the rate constant for the charge 
transfer reaction. As shown in Fig. 10, the rate constant was enhanced by up to a factor of 1.4 with 
Sulfur and 1.1 with Nitrogen.  

 
Fig. 10. Ratios of the rate constants for the charge transfer reaction in LiFePO4 for different 
applied voltages. At all voltages, the rate constant for surface modified LiFePO4 with nitrogen 
(𝜅F) or sulfur (𝜅G) is greater than that for bare LiFePO4 (κ). Panel reproduced from Ref [234], 
American Chemical Society. 

 

3.3.2. Side reactions and thermal runaway 

The best way to prevent thermal runaway is avoiding the conditions that lead to it, namely 
mechanical, electrical and thermal abuse conditions [41,169]. However, provided that these 
conditions do occur, there are several material level improvements that can avoid the propagation 
of thermal runaway reactions. Shah et al. [172] derived a non-dimensional number called the 
‘Thermal Runaway Number (TRN)’ based on the heat transfer analysis of a battery to determine 
whether or not the battery is likely to undergo thermal runaway. According to Shah, 
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  (24) 

where, 𝑅 is the radius of the cylindrical cell, 𝛽 is a constant associated with the reaction and 
describes the propensity of the reaction to generate more heat as the temperature rises [132,172], 
𝜇H is the first eigenvalue related to the series solution of the thermal diffusion equation and 
increases with the wall heat transfer coefficient (ℎ), and 𝑘- is the radial thermal conductivity of 
the cell. As stated by Shah et al. and shown in Fig. 11, if the TRN is less than 1, the cell can prevent 
thermal runaway even in the case of an initial abnormal temperature rise. Therefore, this formula 
tells us that the thermal property (𝑘-), external cooling rate (ℎ) and the cell geometry (𝑅) play a 
significant role in determining whether thermal runaway occurs. Thus, material level 
improvements to the thermal conductivity, as suggested in Section 4.4, can be key to avoiding 
thermal runaway.  

 
Fig. 11. Plot of the minimum convection coefficient (black line) required to prevent the thermal 
runaway for a given value of the cross-plane thermal conductivity. Simultaneously plotted as a 
color map is the thermal runaway number (TRN). For a cell operating with TRN > 1, the 
convection coefficient is less than the minimum required convection coefficient to prevent the 
thermal runaway. Panel reproduced from Ref [172], Elsevier. 

 

In addition to improving the thermal properties of the cell, there can be several steps taken to 
prevent individual reactions that lead to thermal runaway. These steps are covered in detail in 
[39]and here we only summarize some of them. Surface modification of cathodes with oxides 
(Al2O3, MgO) [235] and element substitution with Al [236] have been shown to improve the 
thermal stability of cathodes and prevent decomposition at high temperatures. Similarly, Al2O3 

coating [237] and modification of SEI [238] has been shown to improve the thermal stability of 
anodes. Additionally, for separators, ceramic coating [239] and changing the base material 
[240]can be beneficial to reduce the shrinkage and increase the critical temperature for shrinkage 
[169].  Most importantly however, as organic based electrolytes are prone to ignition and lead to 
serious safety issues such as fire and explosion [164], modification or replacement of organic based 
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electrolytes with ionic liquid electrolytes [134,241] or solid state electrolytes [242] will be crucial 
in minimizing the effects of thermal runaway.  

3.3.3. Heat of Mixing 

As heat of mixing has largely been unexplored until recently [146], there has not been much work 
in understanding or mitigating heat of mixing. Here, we propose some potential methods for 
minimizing heat of mixing. As the heat of mixing is related to the diffusion limitation and the 
formation of concentration gradients [146,156], decreasing the concentration gradients within the 
particles can minimize the heat of mixing. This can essentially be achieved either by having small 
particles or by increasing the lithium diffusivity in the intercalation compound. Decreasing the 
particle size has a limitation due to increased surface area for side reactions as discussed in Section 
3.3.1.2. Enhancing the diffusivity on the other hand can be beneficial both in minimizing heat of 
mixing and in improving electrochemical performance through enhanced kinetics [170,243]. 
Because of the electrochemical aspect of enhancing the kinetics, numerous works have already 
been done in increasing the lithium diffusivity in the electrode materials [170,243–245]. Therefore, 
the same strategies can be suggested to reduce the heat of mixing. From the perspective of 
minimizing the heat of mixing however, enhancing the diffusivity in the cathode materials is more 
important than doing so in the anode materials since the cathode materials generally generate more 
heat from mixing because of the strong concentration dependence of enthalpy and a lower lithium 
diffusivity. 
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4. Thermal transport 

Thermal management of LIBs with high energy density and charge rate is challenging partly due 
to the poor thermal transport properties. With a low k, the thermal resistance of a battery increases 
appreciably as it is made thicker for higher capacities. With a significant amount of heat 
generation, the poor thermal transport impedes efficient heat dissipation and results in battery 
temperature rise and a large temperature difference across the cell. The large temperature 
difference can cause different utilization levels of electrodes and thus different aging levels, which 
finally accelerates the aging of LIBs. In an extreme case, the undesirable temperature rise can 
trigger decomposition of SEI and thermal runaway. Improving thermal transport properties inside 
LIBs can mitigate the battery thermal safety concerns. In this section, we review prior thermal 
transport studies of LIBs and analyze the dominant thermal resistance component in batteries. 
From the analysis, we discuss the improvement of battery thermal transport properties by thermal 
engineering of each component.    

  

4.1. Components 

A unit cell of a battery comprises five layers, i.e., the positive current collector, cathode, separator, 
anode, and negative current collector (see Fig. 1). The current collectors are metal foils with high 
k, i.e., 237 W/m-K for Al and 401 W/m-K for Cu. The separator is typically a poor thermal 
conductor due to its porous polymer nature. As for the electrodes, the thermal conductivity mainly 
depends on the thermal conductivity of active particles, electrolyte, and the contact between 
particles. The thermal conductivity of battery components has been measured using various 
measurement techniques in prior works. Here, we summarize the thermal conductivity data of the 
electrodes and separator and discuss the factors affecting the thermal conductivity.     

4.1.1. Electrodes 

Table 2 summarizes the thermal conductivity data of various electrodes with and without 
electrolyte in previous experimental works. Many factors affecting the electrode thermal 
conductivity have been investigated including the intrinsic particle thermal conductivity, particle 
size, polymer binder, porosity, electrolyte, temperature, and pressure. Maleki et al. performed 
thermal conductivity measurements of dry graphite anodes with various particle sizes and polymer 
binder and carbon black contents at different temperatures and compression pressures (see Fig. 
12) [51]. They observed a decrease of the k with temperature, which was attributed to the relaxed 
contact pressure among the particles due to the softening and/or melting of polymer binder at 
higher temperatures. The contact among the particles can be improved by increasing the 
compression pressure, which explained the increase of the k with pressure. This effect was 
weakened at higher temperatures due to the relaxation of contact pressure among the particles. 
Increasing the content of polymer binder can enhance the contact between the particles and 
slightly increase the k, e.g., an increase of k by 11-13% with the content from 10 to 15 wt.%. From 
their study, a high-k anode should have small carbon-black content (5 wt.%) and large graphite 
particle sizes (75 μm diameter). Increasing the carbon-black content caused an increase of surface 
area in the graphite anode, e.g., a 18-20% increase of the surface area because of increasing the  



32 
 

(a) 

 

(b) 

 
Fig. 12. Thermal conductivity of dry graphite anode vs. (a) particle size and (b) compression 
pressure at RT, 150 and 200 °C. Panels adapted from Ref [51], Elsevier.  

 

carbon-black content from 5 to 10 wt.%. That led to more interface areas in the electrode per 
volume and can explain the decrease of the k with the increasing C-black content, e.g., 0.320 
W/m-K at 5 wt.% and 0.191 W/m-K at 10 wt.%. The same logic can qualitatively explain the 
increasing k with the graphite particle size. However, the porosity of graphite anodes with various 
particle sizes was missing in this study. In addition, it is worth noting that the effect of electrolyte 
was not considered, which can affect the impact of these factors on k.  

As SEI or CEI (cathode electrolyte interphase) layers are formed in the electrodes due to side 
reactions during cycling, it is vital to know the evolution of thermal transport properties in the 
battery life. Richter et al. cycled 17.5 Ah LIBs with LiNiMnCoO2|graphite chemistry and reported 
the thermal conductivity of fresh and aged electrodes in wet (with electrolyte) and dry (dry from 
the wet) conditions [54]. The k of dry electrodes was found to increase in the aging process, while 
the k of electrolyte-soaked electrodes decreased with aging. For the dry electrodes, the increase 
of k was attributed to the SEI or CEI layers formed during cycling. Though there is no thermal 
conductivity data of SEI and CEI layers, it is reasonable to assume the k is higher than that of air 
(0.024 W/m-K). Thus, the k of the dry electrodes increased with aging as the gap among the 
particles was gradually filled with higher-k materials. This agrees well with the decrease of 
porosity in aged graphite anodes observed in other works [73,246–253]. Similarly, the decrease 
of k in aged electrolyte-soaked electrodes can be explained if the k of electrolyte is higher than 
that of SEI and CEI layers. Note that those post-mortem studies cannot represent the k of 
electrodes during operation as the aged electrode was dried and then refilled with electrolyte. That 
excluded the effects such as electrolyte distribution and gas produced during cycling, which may 
largely affect the thermal transport properties. Additionally, Richter et al. reported that wet LCO 
cathodes had a higher k (1.03 W/m-K) than that of wet NMC (0.82 W/m-K) and LFP (0.32 W/m-
K) cathodes [55]. That may indicate a k dependence of cathode materials, but other parameters 
like particle sizes and porosity were missing for a conclusive study. Note that in their thermal 
measurements the k was an effective number extracted from a stack of many cathode layers and 
the thermal contact resistance between layers in the measurement stack was neglected in the 
analysis, which implied the extracted k of electrodes can be much lower than the intrinsic k. 

Recently, Lubner et al. measured the thermal conductivity of dry and wet electrodes and explained 
the thermal conductivity using Bruggemann’s model [58]. The model describes a quantitative 
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relationship between the effective k and the k of the medium and particles. With the known thermal 
conductivity of the medium, i.e., 0.024 W/m-K for air and 0.2 W/m-K for the electrolyte, the k of 
electrode particles can be determined with Bruggemann’s model from the measured k of 
electrodes with and without electrolyte. Though the model characterizes the impact of the k of 
medium on the k of electrodes, the effective medium theory cannot capture the microscopic 
mechanism of thermal transport in electrodes, e.g., the impact of compression pressure on the 
intercontact among the particles. In other words, the k of electrode particles by this method 
represents the effective thermal conductivity of idealized homogeneous particles under a specific 
condition.   

 

Table 2 

A summary of k of fresh and aged electrodes with and without electrolyte. 

Authors Electrodes Particle 
size(μm) 

Porosity 
(%) 

kfresh(W/m-K) kaged(W/m-K) 
Dry Wet Dry Wet 

Maleki et al.[51] C 6-75 - 0.320-0.798 - - - 
Richter et al. [54]  C - - 0.31±0.05 0.66±0.06 0.33±0.01 0.60±0.02 
 NMC - - 0.14±0.02 0.54±0.02 0.18±0.01 0.52±0.06 
Richter et al. [55]  C  - 0.32±0.03 0.89±0.01 - - 
 LCO - - 0.17±0.02 1.03 ±0.09 - - 
 NMC - - 0.30±0.05 0.82±0.04 - - 
 LFP - - 0.13±0.02 0.32±0.01 - - 
Lubner et al. [58]  C ~20 ~50% 1.05 1.44 - - 
 NMC ~10 ~50% 0.548 0.828 - - 

 

In addition, the state of charge or the degree of lithiation affects the thermal conductivity of 
electrodes. An early work by Maleki et al. observed an increase of k with OCV (open-circuit 
voltage) for both the graphite anode and LCO cathode without electrolyte [42]. As the OCV 
increased from 2.75 to 3.75 V, i.e., lithiation for the graphite anode and delithiation for the LCO 
cathode, the k of the graphite anode and LCO cathode increased by 26% and 5-6%, respectively. 
The dependence was attributed to the impact of lithiation or delithiation on the electron’s 
contribution to the k. However, that is contradictory to the current understanding that phonons 
dominate the heat conduction in these materials. In contrast, Cho et al. performed an in-situ 
measurement of the k of a deposited LiCoO2 film during cycling and demonstrated a ~31.5% 
decrease of the k with the delithiation from Li1.0CoO2 to Li0.6CoO2 (see Fig. 13a) [254]. The 
variation of the k may be attributed to the phase change related to the degree of lithiation (see Fig. 
13b). Later, the k of lithium ion intercalated graphite was investigated by molecular dynamics 
simulations (see Fig. 13c) [255,256]. The in-plane k decreased rapidly with the lithium-ion 
concentration, while the cross-plane k initially decreased with the degree of lithiation and then 
increased with further lithiation. At low lithium-ion concentrations, the phonon scattering rate 
increased due to the interaction between the lattice and the intercalated lithium ions. As the 
lithium-ion concentration crossed a specific threshold, the anisotropic variation of the elastic 
constants played a different role in the in-plane and cross-plane thermal transport, i.e., the 
increasing cross-plane elastic constants enhanced the cross-plane thermal transport and decreased 
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the in-plane k by weakening the in-plane phonon focusing effects. Though there is a lack of k 
measurements of lithium ions intercalated in graphite, these simulation results agree reasonably 
well with the concentration-dependent k of other types of graphite intercalation compounds (see  
Fig. 13d) [257]. 

(a) 

 

(b) 

 
(c) 

 

(d) 

 
Fig. 13. The variation of (a) k and (b) elastic modulus in LixCoO2 with the degree of lithiation 
[254]; (c) The in- and cross-plane k in lithiated graphite by molecular dynamics simulations 
[255]; (d) The in-plane k of K intercalated graphite [257]. Panels reproded from: (a) and (b) Ref 
[254], Springer Nature Ltd; (c) Ref [255], Elsevier; (d) Ref [257], American Chemical Society.   

 

4.1.2. Separators 

The k of separators is typically low given their microporous polymer nature. Moreover, the k is 
anisotropic due to the extruding and stretching steps in production. Vishwakarma et al. reported 
that the in-plane k of dry separators was 0.5 W/m-K at room temperature and remained relatively 
constant at temperatures below 50 °C [258]. In contrast, the cross-plane k ranged from 0.07 W/m-
K to 0.18 W/m-K for dry separators  and from 0.10 W/m-K to 0.40 W/m-K for wet separators 
[55]. Note that the k of separators is typically lower than that of electrodes.   

 

4.2. Interfaces 

Besides the thermal resistance of each layer, the thermal contact resistance (TCR) between layers 
impedes heat transfer across the cell. Although the TCR can be dominant in the total thermal 
resistance of the cell, relatively few TCR measurements exist in the literature. Vishwakarma et al. 
investigated the thermal resistance of the cathode-side half-cell and found that the TCR between 
the cathode and separator contributed ~88% to the total thermal resistance of the half-cell [12]. 
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The high TCR (420 μm2K/W) was attributed to the weak van der Waals adhesion and large 
acoustic mismatch between the separator and cathode. An amine-based chemical treatment at the 
interface improved the thermal adhesion and reduced the TCR to 90 μm2K/W. The TCR between 
the anode and separator was not measured as their theoretical model predicted a low anode-side 
TCR. Note that this work neglected the thermal transport contribution of electrolyte and measured 
the thermal resistance using the stack of dry electrodes and separators. Further, Gaitonde et al. 
reported the TCR between the dry separator and metallic case in a range of 1058 - 2532 μm2K/W 
[56], which was >2 times higher than the TCR between the dry separator and cathode in the prior 
work. No clear dependence of temperature in the range of 35-120 °C and pressure of 0.1-0.25 MPa 
was observed for the TCR given the large sample-to-sample variations and the relatively large 
measurement uncertainty. A physical explanation was not given for such a high TCR. Although 
the TCR between the dry stack is high, adding electrolyte can improve the contact and significantly 
decrease the TCR. That necessitates an experimental investigation of the TCR in wet conditions.  

In addition to the effect of electrolyte, it is vital to know how the TCR varies as the interface 
properties change with cycling, e.g., the SEI or CEI formed on electrode particles and gas produced 
in electrochemical reactions. Lubner et al. developed an embedded thermal sensor in live batteries, 
which enabled operando detection of thermal transport properties inside the battery [58] . The 
thermal sensor known as 3-omega sensors are based on the use of thermal waves where the 
penetration depth of the signal can be changed by changing the frequency of the thermal wave 
[259–262].  They measured the combined TCR between the separator and electrodes (i.e., a sum 
of the TCR between the separator and anode and the TCR between the separator and cathode) in 
two cells during formation cycling. With the embedded thermal sensor, the operando TCR 
measurements revealed the effect of electrolyte on the TCR and the evolution of TCR in formation 
cycles. Adding electrolyte decreased the combined TCR from 538±107 μm2K/W to 173±38 
μm2K/W in battery 1 and from 445±85 μm2K/W to 115±32 μm2K/W in battery 2. A model based 
on prior work by Prasher [263]was developed to explain the TCR between the electrode and 
separator. The TCR was comprised of the thermal constriction resistance (Rc) due to the variation 
of cross-sectional areas in particles, the thermal boundary resistance (Rb) due to the phonon 
mismatch, and the thermal resistance (Rf) of the fluid (or medium) filling the gaps between 
particles (see Fig. 14). It was found that the thermal constriction resistance was typically 10–1000 
times higher than the thermal boundary resistance. Based on this calculation, it is unlikely to see 
the significant enhancement of TCR by the surface treatment improving Rb in Ref [12]. Adding 
electrolyte decreased the TCR by reducing the thermal resistance of the medium as the k of 
electrolyte (0.2 W/m-K) is >8 times higher than that of air (0.024 W/m-K). Further, the TCR 
increased with formation cycling and contributed ~65% to the total thermal resistance after 
formation cycles. The increase was likely due to morphology change of the electrode particles or 
gas bubbles formed at the electrode-separator interface. The first operando measurement of 
thermal transport properties in live batteries highlighted the increases of thermal resistance during 
cycling, from which more characterizations of thermal resistance vs. cycle (or retention capacity) 
are necessary for the whole-life battery thermal management. For example, a rapid increase of 
thermal resistance due to electrolyte drying or gas formation may lead to a local hot spot or a 
surprisingly high internal temperature rise, which is underestimated without considering the 
change of thermal resistance.         
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Fig. 14. Idealized thermal model for the thermal conduct resistance between the electrode and 
separator. Panel adapted from Ref [58], the American Institute of Physics.  

 

4.3. Cell level 

Cross-plane thermal transport in LIBs is poor given the low cross-plane thermal conductivity (k⊥) 
ranging from 0.15 W/m-K to 1.63 W/m-K (see Table 3). Existing data for the k⊥ of cells show 
large variations, which possibly results from cell-to-cell variations and discrepancies between 
various measurement methods.  The effective k⊥ is typically much lower than the calculated k of 
the five layers due to the high thermal contact resistance between the separator and electrodes. 
Similar to the k dependence of cathode materials reported by Richter et al., the k data of assembled 
cells (i.e., pouch and cylindrical cells) demonstrated that cells based on LCO (1.19-1.63 W/m-K) 
cathodes had a higher k than those of NMC (0.48-0.88 W/m-K) and LFP (0.15-0.53 W/m-K) 
cathodes. Although graphite anode was used in all the cells for these measurements, it is 
insufficient to conclude that the cells of LCO cathodes have the highest k among the commercial 
cells given the complexity of thermal transport in LIBs and limited information provided in the 
measurements.   

The in-plane thermal conductivity (k||) is much higher than the low k⊥ as the in-plane thermal 
transport is dominated by the high-k metal layers. From the literature, k|| can be as high as 20 – 
36.96 W/m-K [42–44,46–51,264,265]. However, the surface related to the cross-plane heat 
conduction is commonly used for heat dissipation due to its large area (see Fig. 1), which means 
k⊥ largely impacts the temperature rise of LIBs. Non-negligible in-plane heat fluxes can affect the 
in-plane temperature uniformity of the cell, e.g., the temperature difference between the center and 
edge [121,124,125,127]. In recent works by Offer et al.[9][93–97], large tabs were used to 
dissipate most heat along the in-plane direction, which reduced the cross-plane temperature 
difference by reducing the heat flow across the cell. 
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Table 3 

A summary of the thermal conductivity of electrode stack, jelly roll, and assembled cells. 

Authors Cell geometry Electrodes k||(W/m-K) k⊥(W/m-K) 
Maleki et al. [42] electrode stack C/LCO 20 - 28 3.39 – 3.40 
Maleki et al. [45] pouch C/LCO 32.31 – 36.96 1.19 – 1.63 
Werner et al. [47] jelly roll C/LCO 24 1.4 
Zhang et al. [44] electrode stack C/NMC 21 0.48 
Sheng et al. [264] pouch C/NMC - 0.66 
Steinhardt et al. [265] pouch C/NMC 26.5 ± 1.6 0.878 ± 0.51 
Fleckenstein et al. [48] jelly roll C/LFP - 0.35 
Drake et al. [43] 18650 C/LFP 30.4 ± 1.5 0.20 ± 0.01 

26650 C/LFP 32.0±1.6 0.15 ± 0.01 
Bazinski et al. [50] pouch C/LFP - 0.35 – 0.44 
Bazinski et al. [46] pouch C/LFP 28.9 – 35.1 - 
Sheng et al. [264] pouch C/LFP - 0.53 
Murashko et al. [49] pouch LTO/LMO - 0.594 – 0.735 

 

4.4. Heat transfer enhancement inside LIBs 

Besides thermal management outside batteries, it is important to enhance heat transport inside the 
cell, especially as the cell is getting thicker for higher energy density and charged faster with more 
heat generation. To improve the thermal transport properties, we need to know the contribution of 
each component to the total thermal resistance. Considering the five layers in a unit cell, the 
thermal resistance of current collectors with high k is negligible, while that of cathode, anode, 
separator, and interfaces can vary with the k of the medium and cycling conditions. As an example 
calculation of the thermal resistance contribution by each component, we use the thermal transport 
properties of electrodes and interfaces by Lubner et al. [58] and the k of separator in Ref  [55]. Fig. 
15 shows the thermal resistance contribution to the total thermal resistance by the electrodes, 
separator, and interfaces in an example unit cell (70 μm graphite anode, 26 μm separator, and 70 
μm NMC cathode). Adding electrolyte decreases the thermal resistance of the electrodes, 
separator, and interfaces by ~70%, ~58%, and ~51%, respectively. For the fresh unit cell with 
electrolyte, the thermal resistance of the electrodes, separator, and interfaces accounts for 34.9%, 
27.3%, and 37.8%, respectively. After formation cycling, the total thermal resistance increases by 
~60% compared to that of the fresh unit cell with electrolyte due to the increase of TCR. 
Specifically, the relative thermal resistance contribution by the electrodes, separator, and interfaces 
changes to 21.9%, 17.1%, and 61.0%, respectively. Based on this analysis, we can evaluate the 
improvement of the total thermal resistance by the k enhancement of each component. As the TCR 
dominates the total thermal resistance of a unit cell, a significant enhancement of thermal transport 
inside batteries relies on minimizing the TCR. Only a few related works can be found in the 
literature. Yang et al. reported a hierarchical separator with a high k ~1 W/m-K [11], which reduced 
the total thermal resistance by 13.7%. As a comparison, the surface treatment by Vishwakarma et 
al. decreased the TCR in a dry stack by 78.6%, and thus reduced the total thermal resistance by 
47.9% [12]. In addition, the TCR model by Lubner et al. predicted that the TCR in a wet stack can 
be reduced by using a high-k electrolyte [58]. Considering the dominance of TCR, it is reasonable 
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to expect more works on improving the thermal interfaces inside batteries accompanied with the 
development of LIBs with high energy density and charge rate.  

 
Fig. 15. Thermal resistance contribution by the electrodes, separator, and interfaces for a unit 
cell without electrolyte, with electrolyte, and after formation cycle.  
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5. Thermal management strategies 

Battery thermal management (BTM) is critical for the operation of LIBs. Maintaining the optimal 
temperature depends on regulating external heating/cooling power and thermal conditions. Refs 
[5,8,26,31,86,96,266] have a systematical review of various heating and cooling methods in 
BTMSs. However, as discussed in Section 2, the increase of battery energy density and charge rate 
affects the optimal temperature and the temperature uniformity. As a result, the need of BTMSs 
can change as the optimal thermal conditions vary with the high energy density and charge rate. 
Here, we summarize and discuss recent works on thermal management of LIBs towards high 
energy density, XFC, and all-climate applications.  

First, we discuss the need of battery thermal management for XFC based on recent works. 
Extremely high cooling need was identified as a thermal challenge for XFC in prior works 
[5,86,96]. Note that in those calculations the target charge temperature is around room temperature. 
As discussed in Section 2.2, the optimal temperature for XFC can shift to a temperature higher 
than room temperature. With an increased charge temperature, the heat generation rate reduces 
due to the decreased cell resistance. Further, the larger temperature difference between the battery 
and ambient enables more efficient heat dissipation. Thus, maintaining an increased charge 
temperature can dramatically reduce the cooling need during XFC. A recent work by Yang et al. 
demonstrated that no extra cooling power is needed for charging batteries at a 6C rate around 60 
°C [92]. Instead of cooling the battery, the optimal thermal conditions for 6C charge described in 
their work consist of preheating the battery to 60 °C and maintaining the battery temperature at 60 
°C. An innovative self-heating battery (see Fig. 16a), developed by Wang et al. [91], was used for 
rapid heating of the battery, e.g., heating the battery from room temperature to 60 °C in 30 secs. 
Maintaining the high temperature during fast charging required extra thermal insulation. As a 
comparison, the same type of cell was charged at 6C at lower temperatures and with different 
levels of cooling. They found that the cycle life degraded when the battery was charged at lower 
temperatures with different levels of cooling (see Fig. 16b). From their study, extra heating power 
and thermal insulation, rather than cooling, is beneficial for XFC. The essential requirements of 
battery thermal management change because of the increased optimal battery temperature at XFC.  

XFC at an elevated temperature requires extra heating power and /or thermal insulation, which is 
a matter of concern to BTM. For rapid and energy-efficient preheating, battery internal heating 
requiring a modification of the battery structure may be needed [91]. Further, the thermal isolation 
used for XFC makes cooling the battery extremely difficult, which can degrade the performance 
of batteries at slow and moderate charge rates and fast discharge rates. It is well known that 
appropriate cooling greatly extends the battery life in those conditions. Besides, it is unclear how 
the elevated temperature during XFC affects discharging and cycle life, especially for a prompt 
battery operation after XFC. Extra cooling power may be needed to cool the battery from the high 
charging temperature, which should be considered in the energy and cost analysis. As for the 
thermal safety and reliability of XFC at a high temperature like 60 °C, more experimental 
verifications are needed before a conclusion can be made. As discussed in Section 2.2.2, recent 
works demonstrated that thick SEI layers formed at high temperatures do not decrease the battery 
thermal safety, while plated lithium can lead to an earlier thermal runaway of cells 
[18,39,41,84,87–89].  
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In addition, all-climate applications of LIBs complicate thermal management of batteries. The role 
of battery heat generation can be different at various ambient temperatures, i.e., whether the 
generated heat should be retained or dissipated to regulate the battery temperature. In general, 
battery heat needs to be efficiently removed to avoid overheating in hot climates, while in cold 
weathers the heat should be retained for elevating the battery temperature. That motivates a thermal 
functionality regulating the thermal boundary conditions, i.e., thermal conduction at high 
temperatures and thermal isolation at low temperatures. Adjusting the pumping power in liquid 
cooling systems can somewhat change the thermal conditions. Further, Hao et al. designed a solid 
passive thermal switch to regulate the thermal conditions of LIBs according to the battery 
temperature (see Fig. 16c) [33]. The battery was thermally isolated from the heat sink when the 
battery temperature was below 15 °C. The battery heat was able to greatly elevate the battery 
temperature and improve the discharge performance in cold weathers (see Fig. 16d). On the other 
hand, the regulator was turned on as the battery temperature reached above ~30 °C, and thus extra 
battery heat can be efficiently removed to avoid overheating (see Fig. 16e). Without extra power 
and logic control, such a simple passive thermal management enabled regulating the temperature 
rise due to battery heat for the optimal discharge performance. However, its impact on charge 
performance, especially XFC, has not been investigated. Unlike discharge, existing studies 
demonstrated that the optimal charge temperature can vary with the charge rate, e.g., 60 °C and 
thermal insulation was advantageous to a 6C charge. As the optimal thermal conditions vary with 
charge rate and energy density, smart logic control based on the ambient temperature and charge 
rate may be needed for the next generation BTMSs. In addition to regulating the thermal boundary 
conditions, Wang et al. proposed a self-heating battery with embedded nickel foils inside the 
battery as internal heaters, which enabled a rapid preheating of the battery and thus an improved 
cycling performance at 0 °C [91,267]. Heating inside LIBs with embedded heaters is advantageous 
over other heating approaches for the high heating efficiency, but the battery structure has to be 
modified.      

Besides the temperature rise, the temperature uniformity inside a battery becomes an important 
issue as the heat generation rate of batteries and the power of external heating or cooling increases. 
As discussed in Section 2, increasing the power of heating or cooling outside batteries speeds up 
the process towards the target temperature, but with a larger temperature gradient. In an extreme 
case for the coin cell with graphite anode at 0 °C and NMC cathode at 40 °C, the temperature 
gradient caused an early failure due to lithium plating [268]. For cylindrical and pouch cells, 
surface cooling can dissipate heat along the cross-plane direction and reduce the temperature rise. 
Accordingly, a non-negligible temperature gradient develops across the cell given the low cross-
plane k. Recently, Offer et al. proposed a tab cooling method, i.e., using cell tabs to remove battery 
heat [9,93–97]. Removing heat through the tabs cooled the battery evenly and decreased the cross-
plane temperature gradient as tabs were connected to each current collector with a high k. 
However, tab cooling typically led to a higher temperature rise than surface cooling since the cross-
section area of tabs is much smaller than the battery surface area. Hunt et al. investigated the 
impact of tab and surface cooling on the lifetime of the cells with large tabs at two ends [9]. For 
this certain type of cell, despite the slightly higher temperature rise with tab cooling, their study 
demonstrated that tab cooling extended the lifetime of the battery by 3 times compared to surface 
cooling. But for most commercial pouch cells, tabs are too small and thin and not well distributed 
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for heat dissipation. As a result, the larger temperature rise in cells by tab cooling accelerates aging 
due to severe side reactions at high temperatures, which dominates over the aging due to non-
uniform SOCs in electrodes associated with non-uniform temperature distributions. A recent work 
by Dondelewski et al. verified that surface cooling was advantageous over tab cooling for the long 
cycle life of common commercial pouch cells [97].    

Therefore, an ideal BTMS should be able to maintain the battery temperature near the optimal 
temperature and with a uniform temperature distribution inside the cell. Rapid external 
heating/cooling typically leads to a large temperature gradient across the cell. The heating 
efficiency and temperature uniformity can be improved by embedding multiple heaters in the cell, 
but that requires a modification of the battery structure. Direct self-heating of the battery itself can 
provide the most uniform heating, but that requires temporarily creating thermally insulating 
boundary conditions. Thus, future BTMSs should be able to dynamically adjust both the 
heating/cooling power and thermal boundary condition in order to maintain the battery in the 
optimal thermal condition.           

  

   
Fig. 16. (a) Schematic of the self-heating battery; (b) Capacity retention vs. cycle for 6C charge 
tests at different temperatures; (c) Schematic of the passive thermal regulator for LIBs; Battery 
discharge performance at (d) low and (e) high temperatures. Panels reproduced from: (a) and 
(b) Ref [92], Cell Press; (c-e) Ref [33], Springer Nature Ltd.  
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6. Conclusion and prospect  

In summary, resolving battery thermal challenges requires understanding and regulating thermal 
phenomena inside and outside batteries. With the development of LIBs towards high energy 
density and fast charging, thermal issues inside the cell need to be addressed given the increased 
heat generation and the poor thermal transport inside the battery. In this review, we first discuss 
the optimal temperature for batteries as the energy density and charge rate increases. Contrary to 
the traditional wisdom that batteries should operate around room temperature, existing studies 
support that the optimal charge temperature increases as the battery’s energy density and charge 
rate increase. This results from the competition between the two main aging mechanisms, i.e., SEI 
formation and lithium plating. Knowing the battery temperature and the optimal temperature can 
provide guidance for BTMSs, i.e., heating or cooling the battery when the battery temperature is 
lower or higher than the optimal temperature, respectively. Future BTMSs should be responsive 
to both the ambient temperature and operating conditions like charge rate.     

The different sources of heat generation inside the battery are reviewed in detail. The heat of 
mixing due to lithium-ion diffusion in electrode particles increases with the charge rate and 
contributes significantly at higher C rates. From the understanding of heat generation by various 
sources, different methods to minimize heat generation are summarized and proposed. 
Additionally, from modeling perspective, the need for a robust electrochemical-thermal heat 
generation model that eliminates the prevalent inconsistencies has been identified.  

As the electrode and cell is made thicker for higher energy density and capacity, the poor thermal 
transport inside the battery needs to be improved to avoid undesirable internal temperature rises 
and temperature non-uniformity. Heat transfer in batteries can be enhanced by thermally 
engineering the components, e.g., addition of Al2O3 nanoparticles and interface treatments. A 
quantitative analysis of the thermal resistance of each component reveals that the TCR between 
the electrodes and separator dominates the total thermal resistance of a unit cell. Thus, it is 
reasonable to expect more work on reducing the TCR in batteries in addition to improving the k of 
individual cell components.  

Finally, a summary of the latest advancements in external thermal management such as different 
cooling approaches (tab and surface cooling), novel heating methods, and regulation of thermal 
boundary conditions are summarized and evaluated for XFC and all-climate applications. The 
optimal battery temperature depends on charge rate and energy density, and the role of battery-
generated heat toward maintaining this optimal temperature (helping vs. hurting) depends on the 
ambient temperature and the optimal temperature. Therefore, ideal BTMSs should be able to 
dynamically adjust the power of heating/cooling as well as the thermal conductance between the 
battery and its heat sink, based on the charge rate, battery temperature, and the optimal 
temperature. This motivates the development of smart BTMSs to go along with the development 
of LIBs with high energy densities, fast charging, and all-climate capabilities.  
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