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Abstract

:

This article surveys the mathematical principles essential for understanding the thermal management of Li-ion batteries, the current technological state of the art, and the solution. Since the thermal management of electric drive vehicles has environmental, economic, and safety impacts, this review focuses on the efficient methods of battery thermal management (BTM) that were proposed to overcome the major challenges in the electric vehicle industry. The first section examines the perspective of battery-driven vehicles, the principles of Li-ion batteries with a thermal runaway, and their implication for battery safety. The second section discusses mathematical approaches for effective BTM modeling, including the thermal-fluidic network model, lumped capacitance model, spatial resolution lumped capacitance model, equivalent circuit model, impedance-based model, and data-driven model. The third section presents the current state-of-the-art technologies, including air-based, liquid-based, PCM-based, in situ BTM methods, and heat pipe and thermoelectric module-based methods. The conclusion section summarizes the findings from existing research and the possible future directions to achieve and employ better thermal management techniques.
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1. Introduction


After an era (nearly a hundred years) of vehicles driven by internal combustion engines, electric vehicles have finally become the choice of automotive technology in recent years. Electric vehicles have recently garnered considerable interest because of their economic, environmental, and social impacts. They are considered one of the pillars of sustainable development and green transformation and can be combined with other renewable energy technologies [1,2,3,4,5]. An advanced battery system can support electric vehicles as well as several other applications, including portable electronics, energy storage applications, solar or wind energy storage and utilization, and marine vehicle applications. Hence, there has been an increasing demand for advanced batteries and battery management systems to ensure the efficient performance and long lifetime of electric vehicles by maintaining an appropriate battery temperature during extreme environments and weather events. To tackle these challenges, the major research effort has been directed toward the development of new types of electrode materials, focusing on achieving high heat capacity and the prevention of short circuits that lead to thermal runaway. Efficient thermal management is crucial to achieving a profit-maximization paradigm, where the potential side effects from the development of a high-energy cell and thermal runaway situations can be minimized. An advanced battery system should be developed based on innovative approaches to find generalized multi-purpose solutions; however, such a system has not been realized, and multidisciplinary efforts should be made to resolve the current challenges while supporting sustainability. In this regard, a Li-ion battery is not fully sustainable. It has been recognized that environmental challenges are associated with material mining and recycling, and research efforts have been made to address the problems in all sectors. Approaches to address the problems in the thermal management performances of Li-ion batteries have also been proposed; it is believed that improving the thermal management performance can solve many problems associated with the development of electric vehicles and related technologies.



A Li-ion battery is a primary option for electric and hybrid electric vehicles because it offers certain major advantages. The lowest reduction potential of this battery among those of other alternatives renders it as having the highest possible cell potential. Moreover, Li is the third-lightest element, and the radius of Li-ion is the smallest among the radii of single charged ions; therefore, Li-ion batteries possess the highest volumetric and gravimetric capacities and power density. However, the commercialization of Li-ion battery entails scale up design from the material to the cell and the battery pack and relies on cost, energy, power, weight, and volumetric requirements as envisioned in Figure 1a,b [3].



Considering the leverage between these multifaceted factors in EVs and HEVs, a performance diagram can be portrayed focusing on optimization of specific power vs specific energy (Figure 1a) as shown for the state of the art 18650 cell. It is evident that the performance of Nissan (Leaf), Ford, and Tesla (Model S) fit inside the 18650-performance triangle. Figure 1a also depicts the performance target of some of the organizations including United States Advanced Battery Consortium (USABC), the European Council for Automotive Research and Development (EUCAR), and the New Energy and Industrial Technology Development Organization (NEDO) [3].



In retrospect, the intercalation/deintercalation of Li-ion was first demonstrated in 1960 [6]; since then, several advancements in the research of Li-ion batteries have been made over the past 50 years (Figure 1b), focusing on the development of anode/cathode and electrolyte materials and efficient charge-transfer technologies. Li-ion cells store energy (electrical) in cathode-containing Li compounds that are capable of reversible intercalation of Li ions; the energy is also stored in negative electrode materials that usually include graphite or carbon, which accommodates solid-state Lithium (Figure 2). Sony Corporation developed the first cell (size 18650), which instantly became popular in small-scale electronics markets. The practicality of the Li-ion cell was based on a few key solving steps. The first is the adoption of LiCoO2 as a cathode, as proposed by Mizushima [7] and Goodenough [8], which is the most commonly used cathode material. The most common anode material is graphite, followed by propylene carbonate, which has a greater capacity than that of graphene and does not cause the decomposition of the propylene carbonate electrolyte solvent. Electrolytes are blends of ionizable organic solvents, for example, propylene carbonate, and suitable lithium salts. Another important part of battery development is a multilayer electrode assembly, fabricated by winding cathode/anode sheets and by placing a membrane (separator) betwixt and between, which is inserted into the cell; subsequently, a nonaqueous electrolyte solution, such as LiPF6 or LiBF4, is infused, and a mixture of carbonate compounds is added; the resultant mixture is then sealed in a can. Another notable advancement was the development of highly functional membrane separators, such as ceramic particle-coated microporous polyethylene films. The separator, such as a microporous polyethylene membrane with a thickness of 20–30 µm, performs a shutdown function in the case of abnormal heat generation; the material of the separator melts to close the micropores and cease the cell operation. To address such an issue of abnormal heat generation, the anode material can be coated with Al2O3. These newly developed separators can increase the fire safety and stability of the cell. New technologies are required for the improvement of battery performance and sustainability while considering the energy density and safety characteristics. Some of these recent technological developments include organic positive electrodes that eliminate the requirements of expensive metal, positive electrodes with lithium for realizing a large discharge capacity, and ceramic-coated separators that provide excellent thermal stability and do not cause an internal short circuit when charged to 43 V and heated up to 150 °C [9,10,11,12].



Safety is a critical consideration for developing Li-ion cells owing to their high power density and flammable electrolytes [15,16]. Thermal runaway [17], which starts as a chain reaction, is a major safety issue and depends on the anode and cathode materials, electrolytes, and reactions during battery operation (Table 1). A rapid increase in incidents and injuries due to the thermal runaway has been reported over the years. Thermal runaway occurs due to several reasons, such as a collision or damage causing penetration of the cell; external or internal short-circuits; overcharging, which causes excessive lithium intercalation at the anode or excessive de-intercalation at the cathode; over-discharge, which causes capacity degradation due to the over-delithiation in the anode as well as amorphization in the cathode, and intensive heat generation caused by the passing of high current through a given area, resulting in local overheat (Figure 3). To prevent thermal runaway, the cathode can be coated with thermally and chemically inert materials, such as phosphate, fluoride, and solid oxide; alternatively, Li(Ni0.4Mn0.33Co0.13Al0.13)O2 can be used as the cathode material to achieve high thermal stability [18]. In addition, a graphite anode can be coated with Al2O3 [19]. Furthermore, new anode materials such as Li4Ti5O12 (LTO) and alloys have been studied to enhance the safety of Li-ion cells [20]. Similarly, several electrolytes have been considered to test the thermal stability of the cell; these electrolytes include inflammable organic carbonate solvents, flame retarded additives, and imide-based lithium salts.



Having discussed some of the approaches for mitigating thermal runaway, we now focus on thermal management to prevent any abnormal temperature rise or thermal runaway conditions that can cause severe fire hazards. The operating temperature range of a cell depends on the materials used; for example, Li-ion or NiMH batteries operate best when the operating temperature is within 25–40 °C and exhibit a stable balance between performance and life. It should be noted that the operation at low temperatures can be inefficient due to the high internal electrical resistance and slow electrochemical reaction rates. At a very low ambient temperature, chemical reactions are primarily braked by slower diffusion rates and Li-plating—Li metal deposition at the anode [21,22]. These phenomena are more pronounced in cold climates and during a cold start, affecting both the power density and the energy density of the cells.



A battery pack contains an assembly of several series or parallelly connected cells, and thermal instability in any of the cells can cause a chain reaction in the pack, resulting in an explosion and fire. Thermal instability in any cell can be initiated by non-uniform cooling in the pack and non-uniform heat generation in the cell, particularly at a higher discharge current. In such cases, the heat generation in a cell varies significantly in the radial (spiral) direction from the terminal (core) to the battery skin (surface). At higher discharge currents, the current discharge is significantly higher in the terminal and lower at the surface [23]. This condition resembles a high Biot number condition in a very large cell, where the core temperature is significantly larger than the surface temperature. Therefore, BTM is crucial to keep the cell temperature in an operational temperature range and maintain a uniform temperature between cells, thus preventing them from locally overheating. Conversely, cell performance at very low and subzero temperatures is degraded by slower electrochemical responses and Li-plating [24,25,26]. Thereby, thermal management cannot be practically realized without both cooling and heating functions depending on different weather conditions.
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Figure 3. (a) Qualitative interpretation of the chain reactions during thermal runaway. (b) Overcharge induced thermal runaway for a commercial lithium-ion battery [27]. Adapted with permission from [17,27]. Copyrights 2020 Elsevier. 
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A comparison of primary cell types is presented in Figure 4 in terms of cell construction, materials, and key performance parameters of Li-ion cells: energy density, cost/kWh, and thermal performance. The form factor (coin, cylindrical, prismatic, and pouch) of a battery cell greatly affects the thermal performance and packaging designs of battery systems. Cylindrical cells of 18650 and 21700 are the primary choices for EVs and HEVs due to their superior thermal performance. Note that the first two numbers (18 and 21) refer to the diameter of the cell in millimeters, the next two numbers (65 and 70) stand for the height of the cell in millimeters, and the fifth number (0) means the cylindrical form factor. In contrast, coin, prismatic, or pouch cells are easily adaptable in electronics applications due to fewer packaging constraints [28,29,30,31]. The cylindrical 18650 cells have a higher energy density and a slightly higher cost/kWh than the prismatic or pouch cells. The recent cylindrical 21700 cells significantly reduce the cost/kWh with a ~50% higher energy content than the 18650 cells [32]. Regarding thermal performance, cylindrical cells provide a better heat transfer due to more uniform cell temperature, higher surface area to volume ratio, and inherent gaps between the cells than the prismatic or pouch cells. Hence, in the remainder of the review, we will discuss the recent advancement of mathematical and numerical modeling and thermal management practices, primarily focusing on the cylindrical cell type in either individual or system/pack level configurations.




2. Modeling of Battery Thermal Management System


The modeling of the BTMS are discussed in this section are standard lumped-capacitance (LC) thermal model with flow network model for a pack level system [36,37], spatial resolution lumped-capacitance thermal model for a cell level understanding of battery system [38,39], equivalent circuit model [40,41,42], impedance-based model [43,44], and data-driven model [45,46].



2.1. Lumped-Capacitance Thermal Model and Flow Network Model


Li-ion batteries come in two main form factors: prismatic and cylindrical. The cylindrical type is more common than the prismatic type, and it is usually constructed in a multilayer spiral structure assembled radially, resulting in a lower effective thermal conductivity that dominates heat conduction compared to axial conduction. However, the thermal resistance due to the radial conduction is much less than convective thermal resistance; hence, the Biot number is significantly less than 1. Therefore, most numerical studies have employed the standard lumped-capacitance thermal model supposing an even temperature in the cell from the core to the surface. This assumption allows using transient thermal boundary conditions, simulating an actual duty cycle and real-time battery control, while reducing the computational load and time.



A test module comprising eight cells (yellow circles in Figure 5a) with symmetric boundary conditions on both its sides was modeled using the LC thermal model and a flow network model. Figure 5b,c depict the thermal circuit diagram of a cell and the eight-cell module [12].



Applying the first law of thermodynamics for an individual cell (index number i)


    ( ρ  c p  V )    s , i      d  T   s , i      d t   =  S   r , i    −  Q   k u , i     



(1)




where    S   r , i      is the heat generation rate in a cell. The    S   r , i      in a cell is modeled as the summation of the (i) Joule (irreversible) and (ii) entropic (reversible) heats and is expressed by


   S   r , i    =  Q  i r r   +  Q  r e v    



(2)




where the Qirr is heat generation owing to the Joule heating corresponding to the intrinsic electrical resistance    R e    and is written by


   Q  i r r   = I  (   E  o c   − E  )  =  I 2   R e   



(3)




where    R e    is the internal electrical resistance of a cell and is comprehensively studied in the literature for different types of cells. In the aforementioned expression, the contribution of the electrode side reaction, such as corrosion and parasitic reactions are typically ignored. Empirical correlations for    R e    are available as a function of SOC and temperature or as an average of the state-of-charge (SOC) and temperatures and is written as [36,47]


   R e  = − 0.0001    T 3  + 0.0134    T 2  − 0.5345   T + 12.407  



(4)




where    R e    is the internal electrical resistance in mΩ and T is the cell temperature in °C.



Depending on cell types, empirical data are also available for different cell chemistries. For example, for a 2.2 Ah LiFePO4 cell, the electrical resistance was evaluated in terms of average cell temperature and SOC [48] as below


   R e  = 27.54 − 27.68 exp  (  −   1.91  T   )  +   223.71       1 + 21.1   SOC            −   225.06 exp  (  −   1.91  T   )        1 + 21.61   SOC             



(5)




where T is the cell temperature in K and SOC is the estimated state of the charge. Likewise, the electrical resistance was also evaluated in terms of the SOC for different cell temperatures for a cylindrical SONY-US50G3 battery [49] as below


   R e  =  {      2.258 ×   10   − 6       SOC   − 0.3952   ,     T = 293    K        1.857 ×   10   − 6       SOC   − 0.2787   ,     T = 303    K        1.659 ×   10   − 6       SOC   − 0.1692   ,     T = 313   K        



(6)







The electrical resistance varies with thermal or chemical non-equilibrium, making it a function of SOC and temperature [50]. It also depends strongly on the technique and condition used for the estimation. Therefore, a predictable and reliable estimation of the battery resistance is essential in designing and evaluating battery thermal management [51]. Table 2 comprises some literature expressions of internal electrical resistance.



Qrev, the second term in Equation (2), characterizes the reversible entropy loss and is a function of the entropy coefficient dEoc/dT, charge density, SOC, and cell temperature and is given by


   Q  r e v   = − I T   d  E  o c     d T    



(7)







The dEoc/dT can be found from experimental measurements of individual electrodes. For SOC ∊ [100%, 0%], the stoichiometry ranges are y ∊ [0.442, 0.936] for the positive electrode (LiyMn2O4) and x ∊ [0.676, 0.126] for the negative electrode (LixC6). In such a case, the entropic coefficient for the positive electrode [55,56,57] is expressed by curve-fitting, as shown below (Figure 6a)


       d  E  o c     d T   = 29.41      SOC   6  − 54.18      SOC   5  + 20.64      SOC   4  + 8.4946      SOC   3     − 5.4224      SOC   2  + 1.0674    SOC  − 0.2057   



(8)







Similarly, the entropic coefficient for the cathode [57,58,59] is expressed below (Figure 6b)


     d  E  o c     d T   = 344.1347148   exp ( − 18.12983079    SOC  + 4.163332068 )       1 + 749.0756003 exp ( − 19.13504805    SOC  + 4.503478072 )            − 0.418400661    SOC  + 0.109595516      SOC   2  + 0.168196519   



(9)







At high charge and discharge rates, irreversible heat generation is significantly higher than reversible entropic heat generation. Thus, the entropic loss is not always considered for electric/hybrid electric vehicle applications. The Joule heating term varies quadratically with the current. Conversely, the entropic loss increases linearly with current, which may be positive (exothermic) or negative (endothermic) relying on the charging or discharging. Consequently, the net effect of the reversible entropic heat generation could be negligible after a full cycle of charging/discharging.



The convection thermal resistances (Ru in Figure 5) for the cells, NTU for a heat exchanger as a battery pack, Reynolds number, and Nusselt number suggested by Zukauskas and Ulinskas [60,61,62,63] for an in-line tube-bank system are expressed as


   R u  =  1    ( ρ  c p   V ˙  )  f   (  1 −  e  − NTU    )     



(10)






  NTU =    A  ku     Nu    D p     k f   (  1 − ε  )      ( ρ  c p   V ˙  )  f   D p  ε    



(11)






    Re   D , m a x   =   ρ  u  m a x   D  μ   



(12)






    Nu  D  =  {          0.8     Re   D , max   0.4       Pr   0.36        (    Pr     Pr  w     )    0.25   ,           10  0  <   Re   D , m a x   <   10  2        0.51     Re   D , max   0.5       Pr   0.25        (    Pr     Pr  w     )    0.25   ,           10  2  <   Re   D , m a x   <   10  3         0.27     Re   D , max   0.63       Pr   0.36        (    Pr     Pr  w     )    0.25   ,           10  3  <   Re   D , m a x   < 2 ×   10  5          0.021     Re   D , max   0.84       Pr   0.4        (    Pr     Pr  w     )    0.25   ,         2 ×   10  5  <   Re   D , m a x   < 2 ×   10  6              



(13)







The energy conservation equation for the coolant flow over a battery cell is given as


   Q   u , i  − 1   −  Q   u , i    +  Q   ku , i    = 0  



(14)






   Q   u , i  − 1   −  Q   u , i    =   ( ρ  c p   V ˙  )  f   (   T   f , i    −  T   f , i  − 1    )   



(15)







Here, umax is the maximum flow velocity between the cells. The Nusselt number in Equation (13) is valid only when the number of the cells in the streamwise direction exceeds 20. For the eight-cell system used for this study, a correction factor, C2 = 0.95, is required to correct the Nusselt number in Equation (13), i.e., C2 NuD.




2.2. Spatial-Resolution Lumped-Capacitance Thermal Model


It is a common practice to perform the model-based design, both for cylindrical and prismatic cells, using CFD (computational fluid dynamics) approaches, which provide an accurate description of core temperature and time-dependent thermophysical properties and electrical properties. The estimation of core temperature is of much importance, which is sufficiently higher than the surface and average temperature, as estimated by the classical lumped thermal model. However, the CFD modeling has been numerically expensive and computationally not efficient for a fast calculation. In this section, we discuss a spatial resolution lumped thermal model that calculates the core temperature of the cell in a time-efficient manner.



The governing equations based on a cylindrical cell (Figure 7) approximation can be written as


   ρ s   ( T )   c  p , s    ( T )    ∂ T   ∂ t   =  1 r   ∂  ∂ r    [  r  k s   ( T )    ∂ T   ∂ r    ]  + s  (  r , t  )     for   0  < r  <  R    and    t  >  0  



(16)






  −  k s   ( T )    ∂ T  (  R , t  )    ∂ r   =  h f   ( t )   [  T  (  R , t  )  −  T ∞   ( t )   ]     for    t > 0  



(17)






    ∂ T  (  0 , t  )    ∂ r   = 0    for    t > 0  



(18)






  T  (  r , 0  )  =  T o   ( r )     for    0 < r < R  



(19)




where s(r,t) is the volumetric heat generation of a cell.



From an individual cell level consideration, it is rational to assume that the cell is subjected to a uniform temperature and convective heat transfer coefficient at the cell level. Consequently, for a pack with multiple cells, the cell level model can be extended using a flow network model where the ambient temperature will be updated along with the cell as discussed in Section 2.1. In electric vehicles, the coolant air inducts from the cabin air, providing easy access and reliability; although, it has a low convective heat transfer capacity.



The flow network model in Section 2.1 is based on a conventional LC thermal model and assumes a uniform cell temperature that applies to a low Biot number (i.e.,   Bi =    h f  R    k s    < 0.1  ). Conversely, recent advances in high power density and energy density cells require highly efficient cooling mechanisms, such as liquid cooling, where the convective heat transfer coefficient could reach 100 times that of conventional (air cooling). Moreover, larger cells becoming more popular in several applications. Such conditions could result from Bi > 0.1 and can result in a larger temperature gradient within the cell with increasing temperature from the surface to the core of the cell. In such cases, the improved lumped thermal model could be applied to correctly estimate battery core temperature [13]. The mathematical formulations of these problems under high Biot number conditions are described in this section [13].



The improved lumped thermal model (spatial resolution LC thermal model) can estimate the core temperature, average cell temperature, and skin (surface) temperature of an individual cell. By definition, the area integrated average cell temperature is called the area-averaged cell temperature. In Figure 7b, it can be written by


   T  a v g    ( t )  =  1  π  R 2      ∫   r = 0  R   (  2 π r  )  T  (  r , t  )  d r  



(20)







Hence, the temporal variation in the    T  a v g    ( t )     (average temperature) can be written as


    d  T  a v g    ( t )    d t   =  1  π  R 2      ∫   r = 0  R   (  2 π r  )    ∂ T  (  r , t  )    ∂ t   d r  



(21)







Equation (16) can be integrated (with respect to r variable) and then combined with the boundary conditions [Equations (16) and (17)] and averaged temperature [Equation (21)] to obtain the following governing equation,


   ρ s   ( T )   c  p , s    ( T )    d  T  a v g    ( t )    d t   = −   2  h f   ( t )   R   [  T  (  R , t  )  −  T ∞   ( t )   ]  + s  ( t )   



(22)







It can be seen that Equation (22) counts both surface and average temperatures [i.e.,    T  a v g    ( t )    and   T  (  R , t  )   ] in comparison to the formulation of the classical LC model.



The equivalent equation of Equation (22) for the conventional LC thermal model takes that the temperature gradient is significantly small when Bi < 0.1, i.e.,   T  (  R , t  )  =  T  a v g    ( t )   . Hence Equation (22) for the conventional LC thermal model takes the following form


   ρ s   ( T )   c  p , s    ( T )    d  T  a v g    ( t )    d t   = −   2  h f   ( t )   R   [   T  a v g    ( t )  −  T ∞   ( t )   ]  + s  ( t )   



(23)







On the contrary, for a high Biot number (i.e., Bi > 0.1), the temperature gradient in the radial direction would be significantly high that a correlation between the surface and the average temperature is necessary [64]


  T  (  R , t  )  ≅ f  [   T  a v g    ( t )   ]   



(24)







The aforementioned correlation of skin (surface) and average temperatures was formulated from the Hermite-type integral approximation. Where the accuracy depends on the number of terms used for the analytical derivation. The analytical derivation and accuracies of the Hermite approximation are expressed as    H   i , i     /   H   j , j     , where the indices i, and j represent the degree of the Hermit integration. In addition, the first part corresponds to the accuracy in average temperature,    T  a v g    ( t )    and the second part corresponds to the accuracy of the temperature gradient   ∂ T  (  r , t  )  / ∂ r  .



For instance, the Hermite approximation based on    H  0 , 0    /   H  0 , 0     is formulated on the zero-order (   H  0 , 0    ) formula, corresponding to the classical trapezoidal formulation for the average temperature and temperature gradient as expressed below


   T  a v g    ( t )  ≅  [   1 2  T  (  0 , t  )  +  1 2  T  (  R , t  )   ]   



(25)






  T  (  R , t  )  − T  (  0 , t  )  ≅  R 2   [    ∂ T  (  0 , t  )    ∂ r   +   ∂ T  (  R , t  )    ∂ r    ]   



(26)







Solving the Equations (25) and (26) for the surface temperature and applying the boundary conditions, Equations (17) and (18),


  T  (  R , t  )  =    [  1 +   Bi  4   ]    − 1    [   T  a v g    ( t )  −  T ∞   ( t )   ]  +  T ∞   ( t )   ,   Bi  =    h f  R    k s     



(27)







The average temperature    T  a v g    ( t )    is obtained by solving the energy Equation (22) with the following initial condition


   T  a v g    ( 0 )  =  T o   



(28)







The skin (surface) temperature   T  (  R , t  )    and core temperature   T  (  0 , t  )    can be calculated from Equations (25) and (26).



Correspondingly,    H  1 , 1    /   H  0 , 0     represents the first-order formulation (   H  1 , 1    ) for temperature and the zeroth-order formulation (   H  0 , 0    ) for temperature gradient. The zeroth-order Hermite approximation represents the conventional trapezoidal formula, whereas the first-order formula could be written by the corrected trapezoidal formula. Based on the    H  1 , 1    /   H  0 , 0     formulation, the average temperature can be written by


   T  a v g    ( t )  ≅  [   1 6  T  (  0 , t  )  +  5 6  T  (  R , t  )   ]  +   Bi  6   [  T  (  R , t  )  −  T ∞   ( t )   ]   



(29)







The models were tested for a stepwise discharge current profile representing periodic charging and discharging and for a real battery load cycle under the Federal Urban Duty Cycle (FUDS). A significant deviation in average cell temperature prediction is observed in Figure 8a based on the lumped thermal model and the Hermite integration approach (H0,0/H1,1, and H1,1/H1,1) for a Bi = 5 case study. Figure 8a also shows the improved lumped thermal model based on the Hermite integral approximation could closely match the exact solution based on Green’s function method [38], except for the classical lumped thermal model. Figure 8b compares the core, average, and surface temperatures based on the Hermite approximation; a good match with the exact solution was found for all these temperatures. Based on a simple step-wise profile both the H0,0/H1,1, and H1,1/H1,1 Hermite approximations accurately estimates these temperatures. As the model is validated by the exact solution the model was further tested for the actual battery duty cycle based on the FUDS, as shown in Figure 9a,b. As illustrated in Figure 9a, the model was tested for the average cell temperature under three Biot number conditions under a FUDS cycle. Deviation of core, skin, and averaged temperatures were also found for high Biot number conditions for a FUDS cycle, suggesting that an improved lumped thermal model would be essential to correctly estimate the average cell temperature and thermal management performance under a FUDS cycle.




2.3. Equivalent-Circuit Model (ECM)


In the ECM approach, the associated equivalent circuit can be used as a tool to predict battery behavior [40,41,42]. As shown in Figure 10, according to Liaw et al. [40], an ECM may comprise three major parts: a static part representing the thermodynamic properties according to cell chemistry, such as the nominal capacity and open-circuit voltage (OCV) in terms of SOC. Secondly, a dynamic part represents the kinetic aspects of the cell’s internal impedance behavior. Finally, a source or load to complete the circuit for a charge or discharge regime allows mimicking the battery behavior and simulating its performance characteristics. To apply ECM, SOC-dependent OCV and resistance values are required from experimental measurement. Afterward, the cell voltage can be simulated under the constant current assumption, as described by [65]


  V    ( t )  =   S  ( 0 )   C   e  −  t   R 2  C     +  V o  − I  R 1  − I  R 2   (  1 −  e  −  t   R 2  C      )     



(30)




where S(0) is the capacity, and Vo is the nominal SOC-dependent cell OCV. Equation (30) can be used to calculate the cell voltage change at various rates. Therefore, a simulated voltage versus SOC (or time) discharge curve for a specific rate can be obtained.



A thermal equivalent circuit model (TECM) was also proposed by Gan et al. [42] where thermal resistance, heat capacities, and heat generation rates of each component within the BTMS were connected. The temperature response of each component was calculated based on the energy balance [17]


  C   d T   d τ   =  S  i n t   +  S  i n   −  S  o u t    



(31)




where C is the heat capacity,    S  i n t     is the internal heat generation,    S  i n     is the heat flow into the component, and    S  o u t     is the heat flow out the component.


   S  i n      or     S  o u t   =   ∆ T    R t     



(32)




where ΔT is the temperature differential among two nodes in the TECM, and Rt is the thermal resistance.



The temperature responses of several key measuring points in the BTMS are used in the comprehensive experimental validation with discharge rates, flow rates, and inlet temperatures.



Similarly, an electro-thermal model was discussed by Lin et al. [66] comprising an electrical model and a two temperatures model. These two parts were coupled through SOC, current I, and electrical parameters. The coupled electro-thermal model was able to capture the core cell temperature as validated by the experiment.



In the model, the terminal voltage    V T    is was modeled as follows,


   V T  =  V  O C V   − I  R s  −   ∑   i = i  n   V  R C , i    



(33)







In Equation (34), VOCV refers to open-circuit voltage and depends on SOC, I is the discharge current, and Rs is the ohmic resistance.   I  R s    refers to a voltage drop across the resistor and VRC refers to a voltage drop across a parallel RC circuit.



The ∑ term refers to a series of parallel RC circuits. The transient voltage profile of an individual RC element can be formulated by


    d  V  R C , i     d t   = −  1     R i     C i       V  R C , i   +  1     C i    I  



(34)







The model solved for two temperatures (core and surface) from two governing equations by assuming a longitudinal homogeneity as below


   C C    d  T c    d τ   =  S  i r r   +    T s  −  T c     R c     



(35)






   C s    d  T s    d τ   =    T f  −  T s     R u    −    T s  −  T c     R c     



(36)




where    C C    is the heat capacity of the cell materials,    C s    is the heat capacity of the can, and    S  i r r     in Equation (36) can be evaluated as follows


   S  i r r   = I  (   V  O C V   −  V T   )   



(37)







As shown in Figure 11a, the communication between the electrical and the thermal model occurs via heat generation and temperature-dependent properties. In the electrical model, the discharge voltage [Equation (34)] and SOC were solved based on temperature-dependent parameters Rs, Ri, and Ci. Subsequently, the cell heat generation was estimated using the formulation I(VT − VOCV), before using the thermal model to estimate the core temperature, Tc, and the surface temperature, Ts, of the cell. The core temperature in this model denotes the lumped electrode temperature, which can be used to estimate Rs, Ri, and Ci.



The voltage, as well as temperatures predicted with the model, are shown in Figure 11b. The major advantages of this approach were the two-temperature model and the estimation of the core or lumped electrode temperature. This provides an added benefit in precisely estimating temperature-dependent Rs, Ri, and Ci of the electrical model and subsequently calculating the discharge voltage. This method could be significantly beneficial under two scenarios, where a large temperature gradient is present within the cell volume, such as a high Biot number condition and high current application. A combined battery thermal management system of such a coupled electro-thermal model is depicted in Figure 12 [67,68].




2.4. Impedance-Based Temperature Detection (ITD) Model


As proposed by Richardson et al. [43,44], impedance-based temperature detection is an efficient method (as impedance can correlate with volume-average temperature) of temperature estimation, whereby the internal cell temperature is directly inferred from online electrochemical impedance spectroscopy (EIS) measurements at a single frequency (Figure 13). These methods have unique advantages and disadvantages. The ITD/T method is independent of the battery thermal properties, heat generation, and boundary conditions. Instead, it requires both a thermocouple and impedance measurement on each cell and so its instrumentation cost may be prohibitive. Moreover, although it overcomes the requirement for a thermal model, it still relies on a Pseudo-Steady-State temperature approximation. However, it requires only a single measurement input—the impedance metric—and thus has the potential to substantially reduce instrumentation costs in real-time measurements.




2.5. Data-Driven Model and Implementation of IoT-Cloud Infrastructure


The numerical modeling of BTMS requires many nonlinear equations comprising the Navier stokes equation and species conservation equations, requiring a rigorous computational effort. Hence, data-driven modeling could be an efficient alternative method considering that prior knowledge and available data to train the algorithm are available. Due to increasing demand, different algorithms of data-driven methods have been applied in EVs, including machine learning [45,70,71], Gaussian process optimization [72,73], artificial neural network [46,74,75], and foster network [76]. Other advantages are that such systems can feedback cell and pack level information, thus providing the benefits of a comprehensive multiphysics model [75,77]. Though data-driven modeling can be reliable, it requires an infinite amount of data, data storage, and computational power. Hence, the cyber-physical modeling integrated with IoT and cloud infrastructure could probably eliminate these limitations and can provide resource optimization or necessity of long time-algorithm training process providing the fact that intelligent sensors and control along with essential infrastructure are available. Such a system is shown in Figure 14. IoT cloud-enabled systems have already been proposed for several applications in EVs including autonomous driving [78,79,80], wireless charging [81], battery management [82], and connected vehicles [83].



In Section 2, four different LC models were discussed to evaluate average cell temperature or core and surface temperatures based on different algorithms and coupling of heat generation. The relative advantages and disadvantages of the LC models, numerical models, and the equivalent circuit model were discussed in [84]. The accuracy of these methods varies with the level of discretization, algorithm, and measurement data, and therefore it would be quite impossible to precisely quantify the level of accuracy among those methods. However, it can be optimally said that depending on the application, different methods can be applied. In terms of the number of equations and level of complexity, a relative computational time and effort comparison of the five different approaches is depicted in Figure 15, though these comparisons are not completely objective and can vary depending on applications.





3. Thermal Management Practices


3.1. Air-Driven Battery Thermal Management


The air-based BTMS is most popular as it is most convenient and easy-to-implement in the conventional framework. The effectiveness of such a system relies on two factors, the effective heat transport process and the minimization of the thermal boundary layer. In addition, there are many other variables such as inlet temperature, pressure, ambient conditions, and spacing, which are vital for the effective design of air-based BTMS. The air-based BTMS can be of many types and are described in the following subsections.



Conventional air-cooling: The conventional air-cooling system has mostly been studied by experiments and modeling, where either the natural or cabin air is passed across the battery pack to decrease the cell temperature and optimize the battery performance (Figure 16 and Figure 17). Air-based thermal management techniques are the most common practice and are covered extensively in the literature for several configurations. The effects of serial and parallel ventilation on the cooling performance were studied by Pesaran et al. [85]. Parallel ventilation cooling was found to be highly effective as it can decrease the cell temperature (maximum) by 4 °C and the pack temperature differential by 10 °C in comparison with serial ventilation cooling. This may be because parallel ventilation provides an effective means of boundary layer destruction. The correlation between the thermal performance and the cell arrangement was numerically studied by Wang et al. [86]. According to the study, the air cooling performed better with the axisymmetric battery structure because of the minimization of the boundary layer (thermal) structure. The authors also recommended that better performance could be achieved by positioning the fan on the roof of the module. The influence of the cell spacing on the cell temperature was studied by Yang et al. [87,88] suggesting that the maximum battery cell temperature rises in proportion with the spacing between cells. Afzal et al. [89,90] also came to a parallel conclusion, where a drop in maximum cell temperature with a reduction in spacing was attributed to increased fluid mean velocity.



Comparably, Park et al. [91] applied liquid and air-based BTMS on different cell arrangements to enhance the thermal performance and optimum operating conditions. Similarly, Sun et al. [92] improvised a Z-type air flow by utilizing a tapered inlet/outlet and improved the performance of the parallel air-based BTMS. When tested with the US06 drive cycle, this improvised design decreases the cell temperature (maximum) by 8.0 °C and the temperature differential by 1.1 °C in comparison to the baseline Z-type flow settings. This improved design could also enhance the pressure drop performance. For example, the pressure drop was reduced by 43% (at 0.0283 m3 s−1) compared to the baseline condition. Chen et al. [93] performed structural optimization of a parallel air-based design that could decrease the temperature differential by a maximum of 45%. The proposed method employs a unique approach to improve the flow performance by maintaining a uniform flow in all the channels by optimizing the plenum width and retaining the same battery configuration. This type of structured optimization was found to be efficient and could reduce the cell temperature and the pack temperature differential by 0.2 K and 2.3 K, respectively, compared to the baseline condition.



Jiaqiang et al. [94] performed a CFD simulation and evaluated the cooling performance depending on the arrangement of the inlet and outlet duct. Placing the inlet and outlet on opposite walls was found to be more efficient than placing them on the same side. As this enhances the mechanism of mixing and boundary layer destruction, positioning the inlet/outlet ducts on the counter side can improve the temperature uniformity in the battery pack. They also achieved a higher thermal performance by using baffle plates in the flow channel, which enhanced flow mixing. Shahid et al. [95] introduced an inlet plenum to achieve a higher thermal performance in a pack containing 32 cells. Based on this configuration, the cell temperature and temperature nonuniformity could shrink by the order of 18.3% and 54.6%, respectively. However, the proposed inlet plenum did not significantly enhance the performance above the critical Reynolds number (7440). Hong et al. [96] applied an additional outlet in air-based BTMS and decreased the maximum cell temperature by a minimum of 5 K. The application of a second vent also reduced the temperature differential by 60% as compared with a system with no vent. Additionally, the thermal performance could be further enhanced by increasing the width of the secondary vent.
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Figure 16. Air-based thermal management, as one of the most convenient forms of techniques, can be optimized using a different configuration of the cooling channel [(a) Z, (b) U, or (c) J type] [16,97]. Reprinted with permission from [97]. Copyright 2021 Elsevier. 
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Figure 17. Simulation of temperature distribution in an air-cooled system for different cell spacings at a discharge rate of 1.5 C for an inlet flow of 2 m/s, and an initial temperature of 26 °C [98]. Cell spacings for the simulation: (a) 0, (b) 2, and (c) 4 mm. Reprinted with permission from [98]. Copyright 2020 Elsevier. 
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Yi et al. [99] devised a mathematical model to investigate the role of aging on the electro-thermal behavior of a Li-ion cell for the applications of EVs and PHEVs. In addition, they studied the thermal performance of the pack based on operating conditions. Choe et al. [100] showed that the cell temperature was increased as the inlet air temperature increased; however, the temperature differential in the pack reduced as the heat generation rate decreased. In a study by Fan et al. [101], escalating the inlet flow rate improved the thermal performance achieved in the pack. These results were expected because the increase in the air flow velocity improved the convective heat transfer coefficient. However, there is an up to certain maximum inlet airflow rate where the cooling performance increases as suggested by Liu et al. [102]. For example, He et al. [103] observed that the growth of the flow rate diminishes the field synergy number and decreases the efficiency of air utilization. Table 3 represents some of the recent development in air-based BTMS.



Reciprocating-air cooling: A reciprocating flow designed by a recurrent change in the flow direction was applied [36] and optimized to improve the thermal performance of the pack by periodic destruction of the thermal boundary layer. A design advantage of the reciprocating flow is that it can maintain the battery and use a single blower while adding an external channel with a flip door valve assembly that can be easily controlled and periodically changed, as shown in Figure 18. The design could be further simplified by using a reversible blower that can periodically alter the flow direction to the same setting as a unidirectional flow system. The alternate flow reversal provides a twofold advantage. Firstly, it can destroy the boundary layer at the outlet by reversing the flow; thus, only cells at the center have significant boundary layer development, which is still lower than for the unidirectional flow. These can reduce the maximum cell temperature and temperature differential by heat redistribution. Secondly, by hindering the boundary layer development, the pressure drop could also be reduced across the duct. The modeling results suggested that the thermal performance increases and the cell temperature (maximum) and pack temperature differential are reduced as the reciprocating period is decreased. Based on mathematical and numerical modeling, for a reciprocating period of τ = 120 s, the cell temperature (maximum) was diminished by 4 °C and the pack temperature differential by 1.5 °C in contrast to the baseline flow condition (Figure 19). An experimental study for a standard setup predicted that such flow configuration decreased the temperature nonuniformity by a maximum of 4 °C and reduce the cooling flow by 38% [112].



Air-based systems are the most common and cost-effective practice for thermal management in a majority of applications. The system can use cabin air from the air conditioning unit, thus sometimes eliminating the requirements of any additional cooling unit. The system also operates better in cold temperatures, where a heating unit can be easily installed or heated air from the cabin can be utilized. Major drawbacks of air-based systems are a relatively lower heat transfer coefficient and temperature nonuniformity in the pack resulting in abruptly high temperature in parts of the pack where the flow is blocked. However, as discussed by applying reciprocating air flow or optimum modeling of the flow channel configuration, these drawbacks can be minimized.




3.2. Liquid-Based Thermal Management


Liquid cooling allows better thermal control than conventional air cooling when all other heat exchanger parameters are the same. The most common liquid coolant used for a BTMS is a water/ethylene-glycol 50%/50% mixture. The liquid coolant is also volumetrically efficient (HX sizing) as the heat capacity of liquids is significantly greater than that in the air [113]. These added benefits involve increased weight and complexity in manufacturing and design. Therefore, they are only applied when these complexities optimize the thermal performance. They are typically applied with large EVs and PHEVs, such as the Ford Focus or Chevrolet Volt. The liquid-based BTMS can involve direct contact cooling and passive (indirect) contact cooling (Figure 20). Table 4 summarizes some of the recent development in liquid based BTMS.



Direct liquid cooling: In direct liquid cooling, the heat transfer process is controlled by conduction and convection by the surface of the battery. The heat transfer fluid should have higher thermal conductivity, lower viscosity, and lower density; whereas it should have lower corrosion properties and reaction capability with the battery material. The major fluids, such as water and oils (e.g., mineral, silicon,) can be employed for BTMS applications. In addition, boiling liquids and nanofluids have also been involved in the battery thermal management application as they can support a significant improvement in the thermal transport and heat transfer coefficient. It is also a common practice to mix ethylene glycol with water during the winter season to prevent any freezing or so as mentioned. Generally, oil-based coolant provides a better heat transfer coefficient, while its high viscosity significantly increases the pressure drop, consequently increasing the pumping power.



Mineral oil-based coolants have also been tested and found to be performed better than the water-based system at the cost of higher weight. A comprehensive computational study of the different spacing and coolant types was studied by Park and Jung [91]. The study suggested that air cooling provides better performance for a larger cell with smaller inter cell-spacing, whereas the liquid-based system can perform better for a narrow cell design. A comprehensive experiment of water-based cooling showed that liquid-based BTMS was 3000 times more effective than the air-based BTMS, whereas the parasitic loss was reduced by 40% [116].



Boiling and nanofluid-based coolant mechanisms have been promising as well. At a 10 C charging/discharging rate and using hydrofluoric ether as a heat transfer fluid, the cell temperature was maintained at 35–50 °C, which was otherwise 80–90 °C for an air-cooling system. Using ammonia-based coolant, Al-Zareer et al. [117] showed that such BTMS provides a better reduction in cell skin temperature, whereas the skin temperature was <40 °C and the charging and discharging rate was 7.5 C. The Al2O3-based nanofluids were used by Huo and Rao [118] as a cooling medium. Due to the high heat capacity of nanofluids, the average cell temperature was found to be decreased by 7%. As compared to nanofluids with flows, a condition on Al2O3-based nanofluids with non-circulation was studied by Jilte et al. [119] and the results suggested that the system can perform well for a moderate charge/discharge rate (2 C).



Indirect liquid cooling: The indirect-based liquid cooling avoids any contact of the cell surface to the coolant, thus reducing the possibility of corrosion and reaction, whereas increasing the range of operating temperature for better performance provides better support for the battery pack. In this case, the heat transfer fluids passed through a cold plate attached or sandwiched to the sides of the cell. Though the passive cooling method can implement better on prismatic cell configuration, the rounder contact supports the transport of better heat from a cylindrical cell [115]. For a prismatic cell configuration, the temperature increment for 4 C discharge rate, the air- and water-based flows in a microchannel can cause a temperature increment of 25 °C and 5 °C, respectively. The results signify a significant decrease in average surface temperature based on indirect liquid cooling [113].



Liquid metals: The application of a liquid-based BTMS could be further improved by the application of liquid metal applications [120,121]. The liquid metal provides a much higher thermal conductivity than the typical water or aqueous ethanol. Generally, aluminum is a preferred choice because of its lightweight and high thermal conductivity. The corrosion due to liquid metal application can be overcome by the anode coloring, which isolates the liquid metal and Al. Another advantage of liquid cooling is electromagnetic driving (EMO) where the change in flow direction can be attained (Figure 21). In addition, these systems required limited maintenance costs and are much more reliable than the liquid-based system as they are applied in a rather simple and robust system. However, as liquid metal has a significantly higher density (approximately six times water), this type of BTMS adds significant weight for the same volume of coolant.
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Table 4. Recent developments in liquid-based battery thermal management methods.
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	Authors
	Strategies
	Recommendations
	Methods





	Yu et al.

(2005) [122]
	Thermal management of PEM fuel cell stack
	An earlier model of water and thermal management system was based upon mathematical analysis to attain the optimum result.
	Mathematical



	Giuliano et al. (2011) [23]
	Aluminum cooling plates
	At 300 A discharges, the proposed system was able to control the temperature below 50 °C.
	Experiment



	Jarrett and Kim (2011, 2014) [123,124]
	Serpentine- channel shape cooling plate
	A serpentine channel shape cooling panel could optimize pressure drop and maximum cell temperature; although, the temperature differential increased. The temperature uniformity was found to be most sensitive to the design operating conditions, especially the heat flux and flow rate.
	Numerical simulation



	Hung et al.

(2013) [125]
	Nanofluids

(Al2O3/water)
	For a nanofluidic-based system, the most efficient performance was obtained when nanofluid concentrations were ~0.5%, while the flow rate was significantly lower (0.8 L/min).
	Experiment



	Bandhaeur et al. (2013) [126]
	Passive microchannel phase change system (Liquid R134a)
	A new two-phase refrigerant in the microchannel was tested for a passive internal thermal management system. A correlation for the friction factor for such a two-phase system was proposed and tested.
	Experiment



	Lan et al.

(2014) [127]
	Mini-channel cooling
	With a minimum expense of pumping power, the proposed system can reduce both the cell temperature and the pack temperature differential. At a discharge rate of 1 C, using a flow rate of 0.20 L/min, the maximum temperature rise was less than 27.81 °C, whereas the temperature differential was 0.80 °C after 1 h of discharging, with only 8.69 × 10−6 W pumping power required.
	Numerical simulation



	Nieto et al.

(2014) [128]
	Cold plate
	Maximum cell temperature and pack temperature differential were lower than 35 °C and 5 °C, respectively.
	Experiment,

numerical simulation



	Panchal et al. (2016) [113]
	Mini-channel water cooling
	A mini-channel water cooling system was tested for large prismatic cells for the discharge of 1–2 C and operating temperatures of 5–25 °C.
	Experiment, numerical simulation



	Huo et al.

(2014) [118]
	Nanofluids

(Al2O3/water)
	In a five cells pack, the Al2O3/water nanofluids decreased the maximum cell temperature and also maintained the temperature uniformity. For a 0.4 volume fraction of nanofluids, a maximum 7% decrease in maximum cell temperature was obtained.
	Numerical simulation



	Qian et al.

(2014) [129]
	Geometries of inlet and outlet flow ducts
	The mini-channel cold plate could attain the optimum operating temperature when the discharge rate was as high as 5 C. The cell temperature (maximum) and the pack temperature differential decreased by 13.3% and 43.3%, respectively.
	Analytical, numerical simulation



	Zhang et al.

(2014) [130]
	Water-based PAAS (sodium polyacrylate) hydrogel
	The simulation and experimental results at a significantly high discharge (10 A) demonstrate the excellent performance of the hydrogel TMS in decreasing the temperature gain and minimizing the temperature gradient inside the pack. A battery pack equipped with the hydrogel TMS exhibits a reduced capacity fading.
	Experiment, numerical simulation



	Jin et al.

(2014) [131]
	Oblique minichannel liquid cold plate
	An oblique alignment of a mini-channel liquid cold plate was applied, where the performance was significantly higher than with the normal liquid cold plate. The proposed structure could keep the maximum surface temperature below the critical limit (50 °C) even for a high thermal load (~1240 W) and a low flow rate (~0.9 L/min).
	Experiment, numerical simulation



	Tong et al.

(2015) [132]
	Water and coolant plate
	The thermal performance of the battery pack could be improved by extending the coolant plate thickness and flow rate. The proposed system could also increase the weight or volume; hence, an optimum design condition is necessary.
	Numerical simulation



	Huo et al.

(2015) [133]
	Mini-channel cold plate
	The maximum cell temperature decreased if the number of cooling channels increased. The coolant performance could be improved with a water flow lateral to the electrodes. The thermal performance can be enhanced by increasing the flow rate; however, the efficiency could decrease above the optimum operating conditions.
	Numerical simulation



	Saw et al.

(2015) [134]
	Liquid cooling
	Thermal management systems were analyzed for liquid and air cooling. It was suggested that among various methods available, the direct contact liquid cooling system was more effective in extracting the heat generated in the cell and creating an optimum operating environment for the battery.
	Numerical simulation



	Smith et al.

(2015) [135]
	Three sample cooling plate concepts
	It was shown that the ideal cooling plate design depends on the anticipated cell heat loss and operating climate, as well as the degree of structural integration within the vehicle.
	Experiment



	Chen et al.

(2016) [136]
	Direct liquid, indirect liquid, fin, and air cooling
	A 3-dimensional electrochemical–thermal model was applied to evaluate four BTMS (air, direct liquid cooling, indirect liquid cooling, and fin-type) and compared. Maintaining the same average temperature for the air-based method needed two to three times higher energy. However, water/glycol was most efficient in reducing the cell temperature compared to oil, air, or fins.
	Numerical simulation



	Basu et al. (2016) [137]
	Aluminum sheets wrapping/Liquid coolant
	The proposed system could reduce the maximum cell temperature below 7 K even at high discharge. In addition, the system was found to be efficient in cooling the pack at low flow rates.
	Experiment, numerical simulation



	Mondal et al.

(2017) [138]
	Nanofluids

(ethylene glycol, Al2O3, CuO)
	Pure H2O-based coolants offered better thermal performance in the form of lower overall temperatures and less temperature gradient. The enrichment with nanoparticles did not have a significant impact on the pack temperature, despite the increase in thermal conductivity.
	Numerical simulation



	An et al.

(2017) [139]
	Mini-channel (flow boiling)
	The BTMS devised on hydrofluoroether flow boiling in micro-channels could keep temperatures of battery cells around 40 °C and could improve the temperature uniformity in the cell.
	Experiment



	Gao et al.

(2022) [140]
	Gradient channel based
	Optimally designed gradient channel design can enhance the cooling performance of the BTMS. The proposed design can significantly improve the thermal uniformity in the pack for a lower inlet flow rate.
	Experiment, numerical simulation








The water-based BTMS offers a higher rate heat transfer coefficient and rapid convective heat transport. Compared to a conventional air-cooling method, liquid cooling can be compact and space-conserving. At the same time, it can also support the temperature uniformity in the entire pack or an individual cell. However, the system requires careful consideration of the heat exchanger system, free from any water leakage that can cause a safety incident. In addition, due to an extensive duct and pumping system along with water storage, the system would be less cost-effective than the air-based BTMS.




3.3. PCM-Based Thermal Management


PCM-based materials exhibit excellent heat absorption properties utilizing the large latent heat of fusion per unit volume capability that has previously been applied for residential cooling applications, thermal management of electronics, spacecraft thermal management, medical treatment, etc. In addition, a minimum change in volume during the phase change and capability of intermittent or transient heat dissipative capability has been proposed as an efficient method for battery thermal management. Common materials are paraffin, salt hydrates to the recent development of functionalized BioPCM and organic materials. To reduce the thermal runaway conditions and high-temperature gradient within the cell in a battery pack in an air-based system, such a PCM-based system was experimentally and numerically tested for both winter and summer conditions by Khateeb et al. [141] as shown in Figure 22. The setup was applied for a scooter with a 1 h charging cycle. The results from the three cycles were shown in Figure 22b, where the cell inside the pack (Cell-3) exhibits the highest temperature. Recent developments of the phase change BTMS are summarized in Table 5.



The PCM-based system provides as many benefits as a water-based system in terms of heat transfer coefficient while removing a few of the major drawbacks of the water-based system, such as requirements for extensive water circulation pipes, pumping and storage unit, and insulation for any possible leakage. The PCM system also provides good benefits for both active and passive BTMS applications during high-temperature operations. However, the PCM-based system offers the least degree of benefit when heating of the cell is necessary without installing any external heating units. The PCM-based modules are less cost-effective than the air-based system and have a higher operating cost in terms of maintenance and reinstallations.




3.4. In Situ Thermal Management


In situ battery thermal management has been a new technology, and the cost to implement it typically is high compared to other methods. These methods are typically selected when heating/cooling time needs to be minimized. These strategies serve better at the material, cell, and system-level considerations (Figure 23). The conventional thermal management concept relies on external interference and has safety limitations, especially in a cold climate (<20 °C) and arid weather (>60 °C). At these temperatures, the safety of Li-ion batteries intrinsically relies on electrode materials and solid-electrolyte interphase [166].



In Table 6, it is evident that in situ thermal management techniques can be very effective; however, it is not sufficient to substitute the external cooling system. In most cases, an effective thermal management system can be achieved through both external forced systems and internal thermal systems. As a significant portion of power has been spent on running the cooling system, the internal-based system can significantly reduce operating costs.




3.5. Heat Pipes and Thermoelectric Modules


Heat pipes have increasing applications in electronic components comprising CPUs of phones and computers, LED, laser generators, spacecraft, solar energy collectors, etc. [178]. In the most common heat pipe-based BTMS, the evaporator portion can be generally coupled with cell surfaces, and the condenser section is attached to the cooling components (Figure 24). These types of thermal management units could replace air and water cooling systems and significantly simplify the design [179]. This type of system coincides with the concept of integrated thermal management (e.g., regeneration in the Brayton cycle). Temperature control could be achieved using a thermoelectric element and a heat pipe. In the conventional air-cooled system, the unit uses cabin air, which increases the load for the air conditioning unit and decreases the vehicle’s energy efficiency. Such uses of cabin air are unnecessary for heat pipes, thermoelectric modules, and many in situ thermal management systems, increasing the overall efficiency of the systems. The thermoelectric modules can be implemented in a closed type system preventing an introduction of water from being introduced from a cooling air inlet/out, which can prevent a safety incident. Another benefit of the system is that it can increase the driving distance and cost distance, by removing the cooling channel, cooling duct, fan, and air-conditioning unit, thereby simplifying the system and reducing the weight of the thermal management unit. The heat pipe system offers an excellent advantage in battery thermal management and thermal runaway prevention due to its low thermal resistance, high heat transfer, and isothermal thermal transport. Hence, recently a significant amount of effort has been dedicated to the advancement of heat pipe for BTM covering major challenges and design configurations [164,178,180,181,182,183,184,185,186,187,188,189,190,191,192,193,194].



The heat pipe-based system can provide an efficient method of solution for high-power-density cells and is deemed to be efficient in smaller scale and precise solutions, which have mostly been covered in the literature. However, the viability of such systems at pack-level consideration requires further investigation. Moreover, one of the key challenges of a heat pipe-based system is the presence of a bottleneck between the evaporator and the condenser resulting in a temperature gradient across the width of the cell [196]. In this sense, a heat pipe-based system can be coupled with air, liquid, or PCM-based systems to further enhance and optimize the performance of the BTMS for high-power applications [197,198,199,200,201].





4. Conclusions


In this study, we attempt to answer the question of battery thermal management in EVs and HEVs using both theoretical and experimental or operational practices. Covering multifaceted factors and complexities of BTMS in EVs or HEVs is an unattainable quest within the context of the article. Therefore, the review has been organized with two major aspects (theory and practices) for an overall perspective of the concept of battery thermal management. From the analysis of processes and scales of cell hierarchy, key theoretical concepts necessary to understand the thermal management from cell to pack level were presented using the mathematical explanation. For example, a significant temperature gradient in the cell can cause uneven aging and electrode thermal instability at high Biot number conditions, thus signifying the importance of a spatial-resolution lumped thermal model. Similarly, the equivalent circuit model could also apply to efficiently estimate the core and skin temperature of the cell depending on uneven heat generation. The prediction of core temperature, especially for high power density cells, would be much more effective and would give precise feedback to the control system to better estimate the SOC [202,203] and optimize the flow system [112,204], necessary to keep the cell temperature under control and improve the temperature uniformity within the pack.



The study also listed major practices of thermal management and discussed their performances, reference works, and findings. The thermal management practices used in Li-ion battery-powered electric vehicles may be reasonably considered or used as a reference point for future fuel cell-powered electric vehicles [205,206]. In this study, we emphasized the difference between those methods (air/liquid/PCM/in situ/heat pipes) in a tabulated format. While the methodologies described in the literature cannot explicitly conclude the optimum method of battery thermal management, these should be determined by the cell heat generation rate, FUDS cycle, and expected life cycle. Comparisons of the aforementioned BTM technologies along with their applicability, reliability, and adaptability are summarized in Table 7. The assessment in Table 7 suggested that the selection of the BTM cannot be drawn solely based on operating efficiency, but it is subjugated by weather conditions and also by particular applications. For example, the performance of high-end or stock vehicles could be optimized through a coupled BTMS approach, such as heat pipes/PCM/in situ methods with convective air/liquid flows. Whereas satisfactory performance could be realized through the air or liquid cooling methods in regular vehicles operating in moderate climates. To design an effective thermal management system, the emphasis should also be given to the energy efficiency ratio (EER) as defined by the ratio of the cooling capacity of the system and the total input power of the cooling system. New paradigms and practices of BTMS research shall encompass two additional functionalities, such as minimization of lithium plating and maximization of diffusion rates while keeping the temperature within the minimum operating range. At the current state of the art, such enhancements can be envisioned through the combination of in situ technique and external air/water-cooling. Inevitably the progress in material science is essential for an effective in situ method to yield high-temperature resistance and highly diffusive materials for cathode, anode, and solvent, allowing the transport of heat from the cell core to the surface in an effective means. Consequently, an effective air/water-cooling method can be applied to keep the cell within the operating range, which could be further enhanced by passive methods (PCM, heat pipes). These new technologies (heat pipes/PCM/in situ) are still in the research phase and may be seen in EVs and HEVs in the upcoming years. Conversely, mathematical and numerical modeling along with IoT-cloud-based infrastructure could further optimize thermal management efficiency and energy consumption.



Thermal management of batteries is the key element of energy management and directly or indirectly influences the performance of other components of EVs and HEVs, including energy storage units, management of supercapacitors, the realization of fast charging and wireless charging, grid integration, control strategies, alternative and renewable energy sources, cooperative charging, etc. [207,208,209,210,211,212,213,214,215,216]. As it is envisioned that the hub drive powertrain would be the direction of future powertrain design, intelligent and optimized energy and thermal management would require for such hub driven or conventional EVs and HEVs. Theoretical development in these new sectors has progressed parallelly and conceptualized in the literature focusing on efficient energy storage, driving range improvement, and vehicle safety (e.g., thermal runaway). Examples include integrated and optimized energy and thermal management methods [217,218,219], an intelligent control algorithm for hub and distributed drive vehicles [220,221], and decentralized energy management strategies for islanded microgrids [222,223]. Integration of these multilayered developments in existing, or future BTMS would essentially benefit the thermal management practices.
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Figure 1. (a) EVs and 18650 cell power vs. energy for some commercially available cells under different applications. Adapted with permission from [3]. Copyright 2003 Springer. (b) Increase in specific energy of 18650 Li cell thanks to the development over the last 50 years when the intercalation/deintercalation of Li was shown. Adapted with permission from [3]. Copyright 2018 Springer. 
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Figure 2. (a) A schematic diagram depicting the process and chemistry of a Li-ion cell [4,13]. Reprinted with permission from [13]. Copyright 2009 Wiley. (b) Scanning electron microscopy of cathode, anode, binder, and separator [14]. Reprinted from an open access blog [14]. 
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Figure 4. Comparison of key performance parameters of Li-ion cells of primary cell types [33,34] showing cell construction and materials [35]. Adapted with permission from [35]. Copyright 2001 Nature. 
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Figure 5. (a) A schematic diagram of the eight-cell thermal circuit, (b) single-cell thermal circuit, and (c) flow network model. Reprinted with permission from [36]. Copyrights 2011 Elsevier. 
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Figure 6. Experimental data of entropic coefficients of the half cells and the corresponding best-fit curves for (a) LiyMn2O4 (positive electrode) [55,56,57] and (b) LixC6 (negative electrode) [57,58,59]. Reprinted with permission from [38]. Copyrights 2013 Elsevier. 
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Figure 7. (a) A typical configuration of the spiral and multilayer structure of a standard cylindrical cell [6] and (b) the realistic prediction of cell temperature depends on the actual description of the time-dependent thermal boundary conditions. Reprinted with permission from [38]. Copyright 2013 Elsevier. 
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Figure 8. Application and validation of improved LC thermal model: (a) The average temperatures (Tavg) from the analytical result and the improved LC model for a stepwise duty cycle and Bi = 5. (b) Prediction of core, skin (surface), and average temperatures for this cycle. Reprinted with permission from [38]. Copyright 2013 Elsevier. 
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Figure 9. (a) The prediction of average cell temperature under three Biot numbers and (b) core, surface, and average temperatures for Bi = 1 based on H0,0/H1,1 approximation under a FUDS cycle. Reprinted with permission from [38]. Copyright 2013 Elsevier. 
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Figure 10. (a) The equivalent circuit model of Liaw et al. [40,41,42], to simulate LiB performance for Gen 2 cells (b) The SOC-dependent OCV and resistance values for the total cell resistance (Rc and the two independent contributions Rco and Rcs), R1, and R2 of the Gen 2 chemistry in the model. Adapted with permission from [40]. Copyright 2014 Elsevier. 
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Figure 11. (a) A schematic representation of the electrical and thermal models. (b) Voltage and temperature estimation under the charge-sustaining cycle. Reprinted with permission from [66]. Copyright 2014 Elsevier. 
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Figure 12. Schematic illustration of the multi-node and coupled electro-thermal concept. Reprinted with permission from [67]. Copyright 2020 Elsevier. 
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Figure 13. (a) A description of the Hybrid method of temperature estimation in an impedance-based model. Reprinted with permission from [44]. Copyright 2016 Elsevier. (b) Model estimates and current pulse experimental results: ±10 A [42,43,68]. Reprinted with permission from [69]. Copyright 2014 Elsevier. 
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Figure 14. Schematic representation of a proposed IoT-cloud enabled structure that particularly could benefit big data and data-driven modeling-based BTMS approach for fast training, thermal performance optimization, and minimization of in-house computational efforts. 
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Figure 15. Assessments of computational time and effort of the five modeling approaches. 






Figure 15. Assessments of computational time and effort of the five modeling approaches.



[image: Energies 15 03930 g015]







[image: Energies 15 03930 g018 550] 





Figure 18. The setup of reciprocating cooling flow configuration in a 2-D schematic view is presented for a pack with 4 by 8 cells. Flow directions are altered periodically as (a) first half cycle (right to left) and (b) second half cycle (left to right). Reprinted with permission from [35]. Copyright 2011 Elsevier. 
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Figure 19. (a) Spatio-temporal profile of temperature contour over a full cycle. (b) The effect of the reciprocating period on the maximum cell temperature and the pack temperature differential. Reprinted with permission from [35]. Copyright 2011 Elsevier. 
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Figure 20. (a) Schematic representation of mini channel liquid cooling. Reprinted with permission from [114]. Copyright 2018 Elsevier. (b) The effect of number of mini-channel cooling channels on the maximum cell temperature (5C discharge). Reprinted with permission from [115]. Copyright 2015 Elsevier. 






Figure 20. (a) Schematic representation of mini channel liquid cooling. Reprinted with permission from [114]. Copyright 2018 Elsevier. (b) The effect of number of mini-channel cooling channels on the maximum cell temperature (5C discharge). Reprinted with permission from [115]. Copyright 2015 Elsevier.
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Figure 21. (a) Working principle of an electromagnetic pump (EMP). (b) A comparison of module average temperature between liquid metal cooling and water cooling. Reprinted with permission from [120]. Copyright 2016 Elsevier. 
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Figure 22. (a) Li-ion battery cell filled with PCM. (b) Temperature rise of Li-ion cells and three different PCMS settings. Reprinted with permission from [142]. Copyright 2004 Elsevier. 
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Figure 23. (a) In situ thermal management concept designed on an internally installed metal foil that can produce heat at low temperature using controlled self-heating. (b) Transient profile of temperature and discharge voltage during the activation. Reprinted with permission from [167]. Copyright 2016 Nature. 
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Figure 24. (a) Working principle of a standard tubular heat pipe. (b) 2D schematic diagram of a standard heat pipe. Reprinted with permission from [195]. Copyright 2008 Elsevier. 
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Table 1. Reactions relevant to Li-on battery thermal runaway [15,16]. Copyright 2012 Elsevier.
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Reactions

	
Reaction Chemistry

	
Temperature (°C)






	
SEI decomposition

	
(CH2OCO2Li)2 → Li2CO3 + C2H4 + CO2 + 0.5O2

	
90–120




	
Negative electrode/electrolyte

	
2Li +C3H4O3 (EC) → Li2CO3 + C2H4

	
>100




	
2Li + C4H6O3 (PC) → Li2CO3 + C3H6




	
2Li + C3H6O3 (DMC) → Li2CO3 + C2H6




	
Separator meltdown

	
-

	
~130




	
Positive electrode decomposition

	
LixCoO2 → xLiCO2 + 1/3 (1−x)CO3O4 + 1/3(1−x)O2

	
196–230




	
Co3O4 → 3CoO + 0.5O2




	
CoO → Co + 0.5O2




	
Solvent/O2

	
2.5O2 + C3H4O3 (EC) → 3CO2 + 2H2O

	




	
4O2 + C4H6O3 (PC) → 4CO2 + 3H2O




	
3O2 + C3H6O3 (DMC) → 3CO2 + 3H2O




	
Electrolyte decomposition

	
LiPF6 → LiF + PF5

	
200–300




	
C2H5OCOOPF4 → PF3O + CO2 + C2H4 + HF




	
Positive electrode/electrolyte

	
2Li + 2EC → Li-O-(CH2)4-O-Li + 2CO3

	
200–240




	
Li-O-(CH2)4-O-Li + PF5 → Li-O-(CH2)4-F + 2LiF + POF3




	
Negative electrode/binder

	
-CH2-CF2 + Li → LiF + -CH = CF- + 0.5 H2

	
>260








Reprinted with permission from [15].
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Table 2. Expressions of internal electrical resistance in the literature.
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	Cell Type
	Expression or Value
	Ref.





	LiMn2O4

cylindrical
	    R e  = − 0.0001    T 3  + 0.0134    T 2  − 0.5345   T + 12.407   
	[36]



	2.2 Ah LiPePO4 cell

cylindrical
	    R e  = 27.54 − 27.68 exp  (  −   1.91  T   )  +   223.71       1 + 21.1    SOC             −   225.06 exp  (  −   1.91  T   )        1 + 21.61    SOC               
	[48]



	SONY-US50G3

cylindrical
	    R e  =  {      2.258 ×   10   − 6       SOC   − 0.3952   ,     T = 293    K        1.857 ×   10   − 6       SOC   − 0.2787   ,     T = 303    K        1.659 ×   10   − 6       SOC   − 0.1692   ,     T = 313   K         
	[49]



	1.25 Ah Sony 18650

cylindrical
	    R e  = f  (  DOD  )  ,   0.8 – 1.8   
	[52]



	20 Ah Lithium-Ion Polymer Battery
	    R  s e r i e s   = 0.035 + 0.1562 exp  (  − 24.74    SOC   )    

    R  t r a n s ,     s   = 0.04669 + 0.3208 exp  (  − 29.14    SOC   )    

    R  t r a n s ,     l   = 0.04984 + 6.604 exp  (  155.2    SOC   )    
	[53]



	60 Ah prismatic battery
	1.61 mΩ (charging) and 0.937 mΩ (discharging)
	[54]
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Table 3. Recent developments in air-based battery thermal management methods.
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	Authors
	Strategies
	Recommendations
	Methods





	Park et al.

(2013) [91]
	Air flow configuration
	Numerical modeling was performed with different cell arrangements. It is recommended that the design and fluid of BTMS should depend on the heating load. In addition, smaller cell spacings were recommended for air-based BTMS.
	Numerical simulation



	Xu et al.

(2013) [104]
	Air flow configuration
	The heat transfer performance was enhanced by converting a longitudinal array into a horizontal battery array.
	Numerical simulation



	Wang et al.

(2014) [86]
	Arrangement of cells and inlet/outlet
	A BTMS was studied with different cell arrangements in the pack, cell spacing, and fan location (air cooling). The authors proposed a fan on the top, a cubic cell arrangement, and a hexagonal structure of the cells in the pack for optimum module performance.
	Numerical simulation



	Sun et al.

(2014) [92]
	Geometries of inlet and outlet flow ducts
	Two supplementary outlet vents were placed directly opposite the main outlet to increase the flow uniformity in the flow conduits. The modified design decreased the temperature differential by 1.1 °C and the cell temperature (maximum) by 8.0 °C compared to the base case.
	Analytical,

numerical simulation



	Yang et al.

(2015) [87]
	Effects of longitudinal and transverse spacing
	The significance of longitudinal and transverse spacing was studied for the thermal performance based on aligned and staggered arrays. The cell temperature increased for either aligned or staggered arrays if the transverse spacing was increased. The cell temperature (maximum) increases proportionally with the increase in the longitudinal spacing for staggered configurations and inversely proportional for aligned arrays.
	Experiment,

numerical simulation



	Wang et al. (2015)

[105]
	Impact of ambient temperatures, discharge rates, and cooling conditions
	The optimum operating air temperature range was proposed as 20–35 °C. However, when the air temperature is within 35–40 °C, an increment of flow velocity by 1 m/s was suggested. However, no forced convection cooling was indicated when the ambient temperature dropped below 20 °C.
	Numerical simulation



	Saw et al.

(2015) [106]
	Effects of various mass flow rates to predict a correlation between the Nu and Re
	A new method of improving the thermal performance was proposed based on numerically derived Nu vs. Re correlation by conducting steady simulations at different flow rates and studying them for different charging conditions. The proposed method provides an efficient solution for large-scale systems.
	Numerical simulation



	Erb et al.

(2017) [107]
	Optimization of the cell size to minimize the cost of the blower
	An analytical method was applied to optimize the cell size in a pack. The optimum cell size can enhance thermal performance and reduce pressure drops. The authors also indicated that the blower cost could be doubled or tripled if the cell was not optimized (cell-wise, either larger or smaller).
	Analytical



	Shahid et al. (2018) [95,108]
	Improvement of mixing and turbulence
	Passive cooling (based on forced air) was used to generate mixing and turbulence in the coolant and increase the temperature homogeneity in the pack. The proposed design reduced the cell temperature (maximum) by ~4% and enhance the temperature homogeneity by ~39%.
	Numerical simulation



	Jiaqiang et al. (2018)

[94]
	Baffles and different arrangements of inlet/outlet
	Placing the inlet and outlet on opposite edges was found to be more efficient than if they were placed on the same side. The authors also achieved a higher thermal performance by using baffle plates in the flow channel, which enhanced flow mixing.
	Numerical simulation



	Na et al.

(2018) [109]
	Multi-layered flow channel by the partitions (reversed layer flow).
	A method of reversed layer flow was proposed to enhance the temperature homogeneity. The proposed method could reduce the temperature differential by 1.1 °C compared to the unidirectional flow. Further improvement was achieved by adding rectifier grids during air ingress; this initiated turbulence mixing at the entrance, reducing the maximum temperature by ~0.5 °C and the temperature differential by ~0.6 °C (54.5% reduction).
	Experiment,

numerical simulation



	Hong et al.

(2018) [96]
	Application of a secondary vent
	An optimally designed and placed secondary vent could significantly enhance the thermal performance of the pack. Applying this method decreased the maximum cell temperature by at least 5 K and the pack temperature differential by at least 60%.
	Mathematical analyses



	Chen et al.

(2019) [110]
	Optimization of cell spacing
	Compared to the typical BTMS, the maximum temperature for the optimized BTMS was reduced by ~4 K, whereas the pack temperature differential could be decreased by at least 69% even when the flow rate is different.
	Numerical simulation



	Fan et al.

(2019) [101]
	Arrangement of cells (aligned, staggered, and crosses)
	The aligned arrangement had the best cooling performance and temperature homogeneity, followed by the staggered and lastly the cross arrangement; however, the aligned arrangement had the lowest power consumption, up to 23% less than that of the cross arrangement.
	Numerical simulation



	Peng et al.

(2019) [111]
	Thermal inconsistency, inlet/outlet configurations, and cell spacing
	An alternative approach to inlet and outlet vent arrangement (both on the same side) was proposed. The authors recommended that the height of the inlet duct played a significant role in the cell temperature and pack temperature differential reduction, reducing sensitivity to the height of the outlet vent.
	Numerical simulation



	Liu et al.

(2019) [102]
	J-type air-based thermal management system is proposed and optimized
	The authors suggested that a Z-type cooling flow that could switch between U and Z-types could significantly enhance the cooling performance. The proposed J-type was found to be more efficient than the U and Z-types and could provide a ~32% reduction in the temperature rise.
	Numerical simulation,

experiment
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Table 5. Recent developments of PCM-based battery thermal management methods.
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	Authors
	Materials
	Recommendations
	Methods





	Hallaj et al. (2000) [143]
	Paraffin
	A PCM-based BTMS was studied for 18650 cells. Excess heat emitted during discharge could be transferred and stored in the surrounding PCMs, which could heat the cell during charging. As the PCM has a lower melting point, these reverse thermal transport processes were activated when the cell temperature fell below the PCM melting temperature. The PCM-based method is promising in cold climates and space conditions.
	Experiment, numerical simulation



	Khateeb et al. (2004) [141]
	Composite

(Paraffin and Al foam)
	The Al foam with PCM could reduce the cell temperature by a maximum of 50% in contrast to the application of any BTMS. PCM methods were used to maintain uniformity in the pack. However, the poor heat conductivity of PCM could decrease the performance of the BTMS.
	Experiment, numerical simulation



	Qu et al.

(2014) [144]
	Paraffin and foam
	A PCM-based method was tested for paraffin in copper foam by a detailed thermo-electrochemical model. The proposed copper-embedded paraffin foam could significantly reduce the cell temperature within the operating temperature range for a discharge of 3 C, which was not possible by a conventional air-based system.
	Numerical simulation



	Lin et al.

(2014) [145]
	Foam Paraffin composite
	The proposed foam paraffin composite saturated with PCM materials could achieve a significantly higher thermal performance than the pure PCM-based system. It was also suggested that the growth of porosity and density of pore could increase the cell surface temperature.
	Experiment



	Javani et al.

(2014) [146]
	Polyurethane foam
	PCM saturated Polyurethane foam could increase the performance significantly as compared to the dry foam. For example, the use of PCM soaked foam decreased the surface temperature by 7.3 K more than that of dry foam. This method could also enhance the temperate homogeneity in the battery pack.
	Numerical simulation



	Hemery et al.

(2014) [147]
	PCM with air cooling
	The wall temperature of a defective cell remains under 60 °C during the failure test. The PCM-can/cell weight ratio is about 46.7%, compared to 28.6% obtained by Khateeb et al. [141].
	Experiment



	Ling et al.

(2015) [148]
	PCM with forced air cooling
	The combined method can remarkably enhance thermal performance and reduce heat accumulation. The proposed system could also maintain the cell temperature under all cycle conditions (1.5 C and 2 C discharge rates).
	Numerical simulation



	Wang et al.

(2015) [149]
	Paraffin and paraffin/aluminum foam
	The aluminum foam was used along with paraffin in an attempt to decrease the melting temperature and enhance the temperature uniformity in the PCM system. For the heat flux of 7000 W/m2 and 12,000 W/m2, the energy storage time of the proposed structure was 73.6% and 74.4%, respectively, for the pure paraffin.
	Numerical simulation



	Babapoor et al. (2015) [150]
	Composite

(Carbon fiber)
	Composite PCM (with carbon fibers) was proposed. It was suggested that a composition of 2 mm long carbon fibers and 0.46% (mass fraction) carbon fibers could provide the optimal performance, and the maximum temperature could be reduced by a maximum of 45%.
	Numerical simulation



	Shirazi et al.

(2015) [151]
	Composite

(paraffin, graphene, carbon fiber, fullerene)
	It was reported that the application of paraffin nanocomposites could be beneficial when the battery undergoes fast and nonstop discharging cycles.
	Numerical simulation



	Rao et al.

(2016) [152]
	Composite

(PCM/mini-channel coupled)
	A PCM and mini-channel coupled system was proposed. For eight mini-channels and an 8 × 10−4 kg s−1 flow rate, the optimal operating temperature and thermal conductivity for the PCM were 308.15 K and 0.6 W m−1 K−1, respectively. In addition, for the same operating conditions, when the maximum temperature of the PCM-based BTMS was 335.4 K, the maximum temperature for the proposed system was 320.6 K.
	Numerical simulation



	Yang et al.

(2016) [153]
	Phase change microcapsule
	The proposed phase changed microcapsule (n-octadecane enriched polymethylmethacrylate shell) could improve the thermal property significantly. The addition of silicon nitride could enhance the thermal conductivity by 56.8%.
	Experiment



	Sun et al.

(2016) [154]
	Fin structures in PCM
	Fin structures (with an optimum number of 1 and 8) could maintain the cell temperature within the operating range even for a heat generation of 20 W.
	Numerical simulation



	Hussain et al.

(2016) [155]
	Nickel foam–paraffin composite
	Nickel foam fused paraffin composite could significantly enhance thermal performance. Under 2 C discharge rate, the proposed structure reduces the cell temperature by 31% and 24% when compared with natural convection and pure PCM.
	Experiment



	Alipanah et al. (2016) [156]
	Pure gallium and octadecane–Al foam composite
	A set of PCMS with Al foam composite was tested. Gallium as PCM could enhance the surface temperature uniformity and discharge time. Whereas, AL foam with Octadecane could achieve a significant uniformity in surface temperature.
	Numerical simulation



	Karimi et al. (2016) [157]
	Metal matrix and nanoparticles with PCM
	A metal matrix–PCM composite was recommended as a better substitute than the nanoparticle PCM composite. In addition, among different nanoparticles, composite containing Ag nanoparticles predicted the best thermal performance.
	Experiment



	Samimi et al. (2016) [158]
	Composite

(Carbon fiber)
	Carbon fiber-based composite was suggested to enhance the temperature uniformity in the pack. In addition, carbon fiber-based composite could enhance the thermal conductivity by an average of 105%.
	Numerical simulation



	Malik et al.

(2016) [159]
	Composite

(Graphite)
	Graphite-based composite is proposed to be effective and could increase the thermal conductivity by up to 70 W m−1K−1.
	Numerical simulation



	Jiang et al.

(2016) [160]
	Paraffin (RT44HC)/expanded graphite (EG) composite
	EG incorporation dramatically enhanced the thermal conductivity of the composite. Hence, the cell temperature could be remarkably decreased, whereas the optimum mixture was proposed as a composite with 16–20 wt.% EG.
	Numerical simulation



	Lv et al.

(2016) [161]
	Paraffin (PA) and low-density polyethylene (LDPE)
	The PCM composite kept the maximum cell temperature below 50 °C and reduced the temperature differential by 5 °C for a battery pack working under the safety temperature of 50 °C and up to a very high discharge rate (3.5 C).
	Experiment



	Wu et al.

(2016) [162]
	Composite

(Paraffin with copper mesh)
	Copper mesh embedded PCM could significantly enhance the temperature uniformity than the pure PCM. These methods were recommended to be more effective in harsh working conditions.
	Experiment



	Azizi et al.

(2016) [163]
	Composite

(Poly Ethylene Glycol with aluminum wire mesh)
	The PCM and use of aluminum wire mesh in the cell spacing reduced the cell skin temperatures at ambient conditions by a maximum of 26% at a discharge rate of 3 C.
	Numerical simulation



	Ling et al.

(2014) [148]
	EG (Ethylene Glycol) based PCM
	It was suggested that PCMs with too low or high melting temperatures deteriorate the performance, and a melting temperature of 40–45 °C could give the best thermal performance. As expected, the discharge time and rates decrease the temperature uniformity. Conversely, the proposed method could maintain the maximum temperature differential at 5 °C at a discharge rate of 2 C.
	Experiment, numerical simulation



	Wu et al.

(2017) [164]
	Heat pipe-assisted phase change material
	The proposed technique was recommended with liquid cooling, which could keep the maximum cell temperature beneath 50 °C for a discharge rate of 3 C.
	Experiment



	Hao et al.

(2018) [165]
	Shape memory alloy-based passive interfacial thermal regulator
	A shape memory-based thermal regulator was proposed that could adjust its thermal conductivity depending on the temperature. This regulator was found to increase the battery capacity by three times at −20 °C compared to a conventional BTMS with no thermal regulation function. This method was recommended for extreme environmental conditions.
	Experiment
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Table 6. Recent developments of in situ battery thermal management methods.
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	Authors
	Strategies
	Recommendations
	Methods





	Zhang et al. (2002) [168]
	Electrolytes modification
	In comparison to an LiPF6-based electrolyte, the electrolyte made of LiBF4 salt has lower conductivity, but it provides an improved low-temperature performance. LiBF4 can be used to formulate an electrolyte that can increase the allowable temperature limit of the battery (−40 to 60 °C).
	Experiment



	Vlahinos et al.

(2002) [169]
	Internal core heating external/internal jacket heating.
	Four different cooling strategies were compared for cold climates. An electric heating system was recommended for faster heating. Conversely, internal core heating was recommended to obtain uniform heating.
	Numerical simulation



	Viswanathan et al. (2009) [170]
	Entropy change
	The effects of entropy generation in various electrodes and a cell were calculated, which represent a substantial proportion of the overall heat production. It was also indicated that an appropriate combination of cathode/anode material could abate the reversible heating.
	Experiment



	Fleckenstein et al. (2011) [171]
	Temperature gradient
	The current distribution caused by the temperature gradient can intensify the unequal aging behavior in the cell. For LiCoO2 cells, capacity fade grows with the square root of the current magnitude (Ning et al. [172]). In addition, the increased charge throughout warmer cell regions is expected to induce locally accelerated capacity fading.
	Experiment, numerical simulation



	Doughty et al. (2012) [173]
	Self-heating
	It was indicated that self-heating could improve cathode stability and reduce the peak heating rate. Consequently, this stability could increase the temperature necessary for a thermal runaway.
	Review



	Shi et al.

(2014) [174]
	Surface modification
	La0.7Sr0.3Mn0.7Co0.3O3 coating facilitates lithium-ion diffusion at the interface, which is also beneficial to improve the rate capability.
	Experiment



	Zhao et al.

(2015) [175]
	Electrode modification
	The interface should be modified with a conductive adhesive pad or paste to reduce the thermal resistance.
	Review



	Wang et al. (2016) [167]
	Metal foil insert (Figure 23)
	It was recommended that the proposed cell with a metal foil insert could raise the temperature self-sufficiently, even if the cell temperature drops below 0 °C.
	Experiment



	Loges et al.

(2016) [176]
	Specific heat capacities
	The largest temperature dependency was observed for the separators, while the specific heat capacities of the considered electrolytes exhibit the lowest increase with temperature. The porosity and coating thickness has a superimposed effect on the specific heat capacities of anode and cathode.
	Experiment, numerical simulation



	Yang et al.

(2018) [177]
	Fast charging
	Charging at a higher temperature avert Li-plating. Therefore, high-temperature cell operation was recommended as a method to increase the life of the cell.
	Experiment
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Table 7. Comparative analysis of different battery thermal management practices.






Table 7. Comparative analysis of different battery thermal management practices.





	BTM

Approaches
	Major

Advantages
	Major

Drawbacks
	Cost, Reliability, and Adaptability





	Air-based
	- the most convenient and cost-effective method to implement

- can be applied in any operating conditions, however, performance can deteriorate

- usability of cabin air

- less energy consumption

- low operating costs

- relatively safer than other methods
	- less efficient

- more effective in cooling than heating uses

- not effective in high power density cells

- not effective in extreme weather

- temperature nonuniformity in the pack could detriment the overall performance
	- cost-effective

- adaptable and reliable

- Nissan Leaf, Toyota Prius



	Liquid-based
	- enhance thermal uniformity in the pack

- moderate operating costs

- depending on fluids and phase change fluids, a significant improvement in performance can be achieved

- can be coupled with other BTMS

- as a liquid-based system is an established method of thermal management for many applications, it can be implemented using existing technology


	- required insulation, leakage may cause a short circuit

- parasitic power losses

- additional energy consumption

- not applicable in all weather conditions as any phase change phenomenon in extreme climate conditions will significantly deteriorate the performance
	- adaptable and reliable

- GM Volt, Tesla Model S



	PCM
	- no external energy input (passive method) consumption for pure PCM-based method

- fast control of the temperature

- suitable in harsh weather (overheating, freezing, etc.)

- enhance temperature uniformity

- can be coupled with an air or liquid-based system for further improvements in performance
	- still in the research phase

- stability of the PCM materials could be an issue

- more effective in cooling functionality and development of effective PCM materials that are highly thermally conductive and flame retardant
	- has not been implemented in running EVs



	In situ
	- no external energy input

- effective elimination of Li-plating

- effective in heating (especially cold start)

- reduction in pack size and application in confined space

- can be coupled with an air or liquid-based system for further improvements in performance
	- higher manufacturing costs due to cathode/anode/surface modification

- relied on the development of advanced materials
	- has not been implemented in running EVs



	Heat pipes
	- no external energy input

- applicable to high power density cells

- improve temperature uniformity in the pack

- reduction in a pack size

- can be applied intermittently to save energy consumption

- can be coupled with an air, liquid, or PCM- based system for further improvements in performance
	- not applied in large scale application

- may increase nonuniformity in cell temperature distribution

- not effective in high power density cells

- the running costs would be significantly high
	- has not been implemented in running EVs
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