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Abstract


High-power lithium-ion capacitors (LiC) are hybrid energy storage systems (EES) with the combined benefits of lithium-ion batteries (LiB) and supercapacitors, such as high specific energy, high specific power, and a long lifetime. Such advanced technology can be used in high-power applications when high charging and discharging are demanded. Nevertheless, their performance and lifetime highly depend on temperature. In this context, this paper presents an optimal passive thermal management system (TMS) employing phase-change materials (PCM) combined with graphite to maintain the LiC maximum temperature. To evaluate the thermal response of the PCM and the PCM/G, experimental tests have been performed. The results exhibit that when the cell is under natural convection, the maximum temperature exceeds 55 °C, which is very harmful for the cell’s lifetime. Using the pure paraffin PCM, the maximum temperature of the LiC was reduced from 55.3 °C to 40.2 °C, which shows a 27.3% temperature reduction compared to natural convection. Using the PCM/G composite, the maximum temperature was reduced from 55.3 °C (natural convection) to 38.5 °C, a 30.4% temperature reduction compared to natural convection. The main reason for this temperature reduction is the PCM’s high latent heat fusion, as well as the graphite thermal conductivity. Moreover, different PCM/G thicknesses were investigated for which the maximum temperature of the LiC reached 38.02 °C, 38.57 °C, 41.18 °C, 43.61 °C, and 46.98 °C for the thicknesses of 15 mm, 10 mm, 7 mm, 5 mm, and 2 mm, respectively. In this context, a thickness of 10 mm is the optimum thickness to reduce the cost, weight, volume, and temperature.
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1. Introduction


A smooth shift from conventional vehicles to electric vehicles (EV) has been observed in recent years due to significant concerns about greenhouse gasses and global warming [1]. In this context, certain options should be used in EVs instead of fossil fuels to achieve zero emissions [2]. These options can be electrical energy storage systems (ESS) such as lithium-ion (LiB) batteries, due to their high energy densities [3], low self-discharge [4], and long lifetime [5]. The mentioned LiBs can store a high amount of energy during charging and release it when discharging [6]. However, LiBs suffer from low energy density [7]. Therefore, hybrid technology has been introduced by combining LiBs and supercapacitors, called lithium-ion capacitors (LiC) [8]. LiCs have high power densities, high energy densities, and a long lifetime [9,10]. Nevertheless, the performance of LiCs highly depends on the working temperature [11]. High operating temperatures above the safe limit would reduce the lifespan of LiCs [12], which, in the worst-case scenario, may cause thermal runaway to occur [13]. Hence, an efficient thermal management system (TMS) is crucial for controlling the maximum temperature of the LiC and minimizing the temperature difference [14,15].



Generally, there are three methods to cool the battery down, including active, passive, and hybrid TMSs [16,17]. Active methods include liquid and air cooling systems [18], while passive methods include heat sinks [19], heat pipes [20], and phase-change materials (PCM) [21]. Hybrid TMSs consist of combining active with passive, passive with passive, and active with active cooling methods [22,23]. Active TMSs require power to start cooling the batteries [24], while passive systems do not require any power source to operate [25]. Therefore, passive methods are highly important since they can save power consumption [26]. In this context, the focus is on employing PCMs for cooling Li-ion batteries since they have a high latent heat storage capacity [27]. PCMs can absorb high amounts of generated heat by the batteries during charging and discharging processes for a specific time. Karimi et al. [28] investigated a dual-cell high power module that was cooled by a paraffin-based PCM, in which the maximum temperature of the module was reduced from 55 °C to 44 °C. In another work, they added an aluminum mesh grid foil to increase the thermal performance of the PCM, for which the maximum temperature was decreased to 36 °C [29]. Ambekar et al. [30] proposed and modeled a PCM-fin arrangement for Li-ion batteries employing the source-based implicit enthalpy method. His proposed TMS could maintain the maximum temperature of the Li-ion batterie module below 60 °C. Safdari et al. [31] numerically studied three various PCM encapsulation shapes, in which he found the uniform shape has the best thermal efficiency. Ling et al. [32] proposed a method to avoid dehydration and enhance the stability of nonflammable inorganic PCM for Li-ion batterie TMS. The results showed that inorganic PCM has better performance, lower cost, and higher safety compared to organic PCM. Zhang et al. [33] experimentally investigated a hybrid PCM TMS for the Li-ion batterie module to decrease the maximum temperature and temperature difference. He controlled the maximum temperature below 50 °C and temperature difference below 3.5 °C under a 5C rate. El Idi et al. [34] investigated an aluminum foam/paraffin RT27 composite for a more efficient TMS for Li-ion battery cells. In another study, Putra et al. [35] added a heat pipe to increase the performance of beeswax PCM for electric vehicles.



The main problem of organic paraffin-based PCMs is low thermal conductivity [36,37]. Additional material should be added to the pure PCM to increase its thermal conductivity to solve such an issue. Many researchers investigated various kinds of added materials such as aluminum mesh grid foil, copper foil, a heat sink, a heat pipe, and hybrid active TMSs. One of the best solutions to enhance the thermal characteristics of pure paraffin PCMs is graphite due to its high thermal conductivity and stability. Behi et al. [38] experimentally considered the cooling effect of PCM and a heat pipe on LTO cells under the 8C discharging rate. Wang et al. [39] employed graphite foam to increase the thermal performance of PCMs, in which the equivalent heat capacity and thermal conductivity were enhanced to 102.3 J/K and 54.2 W/m∙K, respectively. Yazici et al. [40] used a PCM–graphite matrix composite in which the heat transfer rate was increased due to 35 times higher effective thermal conductivity. His method reduced the total melting time by 92% with uniform melting behavior. Chen et al. [41] used expanded graphite mixed with PCM and increased its thermal performance. Zou et al. [42] presented a novel composite PCM by adding a graphene and carbon tube. Using this method, better temperature uniformity was achieved in narrow regions. Lin et al. [43] added expanded graphite to PCM via the impregnation method in which the thermal conductivity was increased in the range of 2.671–10.019 W/m∙K. Wu et al. [44] used 15–20 wt% Pyrolytic graphite to increase the thermal conductivity of PCM, for which the proposed method can avoid thermal runaway propagation. Generally, graphite increases the thermal conductivity of PCMs, but the latent heat of fusion of the mixed PCM/Graphite is reduced compared to the pure PCM [45].



This work investigates the thermal performance of pure paraffin PCM and composite PCM/Graphite on a prismatic 2300 F LiC cell under 150 A continuous charge and discharge current rates for 1400 s. The temperature evolution of the cell in three different scenarios has been studied experimentally. The mentioned case studies concerned the thermal behavior of the cell under natural convection when no cooling systems are used, the thermal response of the cell when pure PCM is employed as the TMS, and the thermal response of the cell when the composite PCM/Graphite was used as the proposed TMS. Moreover, the impact of PCM/Graphite thickness has been evaluated experimentally to draw conclusions of the most optimized thickness that can be used to control the maximum temperature of the cell while minimizing the performance indicators of cost, weight, volume, and maximum temperature.




2. Experimental Test Bench


2.1. Samples


The cell sample used in this paper was a fresh prismatic 2300 F lithium-ion capacitor (LiC). The specifications of the LiC are listed in Table 1. For the test, the LiC was charged and discharged for 1400 s using a continuous 150 A current rate, which is considered a high-power driving cycle. The applied test was a constant current (CC) charge and discharge pattern, in which the cell was charged under a CC of 150 A until the voltage reaches the maximum charge cut-off voltage of 3.8 V. Then, the cell was discharged under a CC of 150 A until the voltage reached the minimum cut-off voltage of 2.2 V. Each full charge and discharge pattern tool 36 s. The LiC cell is depicted in Figure 1a.



The phase-change material (PCM) sample was a paraffin-based wax with a melting domain of 35–42 °C, with a maximum operating temperature of 210 °C. The thermal conductivity of the PCM used was 0.25 W/m∙K and 0.4 W/m∙K for the solid phase and liquid phase, respectively, which is considered a very low conductivity. Therefore, an added material such as graphite should be mixed with the pure paraffin PCM to increase its thermal properties. The impact of the thermal conductivity of the PCM is vital for the heat dissipation performance of the proposed TMS. The pure PCM TMS is shown in Figure 1b. The mixed PCM-Graphite (PCM/G) had an enhanced thermal conductivity of 0.5 W/m∙K for the solid phase and 1 W/m∙K for the liquid phase. The mixed PCM/G was a solid black powder that was prepared using a blender. The pure PCM and the PCM/G specifications are listed in Table 2. The PCM/G is exhibited in Figure 1c.



The container of the PCM and LiC was made of Polyvinyl Chloride (PVC) with thermal conductivity of 0.19 W/m∙K. The cell was placed inside the middle of the PVC container. The thickness of the PVC container walls was 7 mm. The thickness of the poured PCM inside the PVC container was 10 mm from each side.




2.2. Experimental Design and Test Bench


The experimental test bench is depicted in Figure 2a. The entire test was performed in a climate chamber with a constantly controlled temperature of 23 °C. The positive and negative tabs of the LiC cell were connected to the battery cycler by a voltage/current cables connection. The battery tester was responsible for applying a 150 A charge/discharge current rate for 1400 s. Due to the attached K-type thermocouples on the cell surface, a data logger was responsible for temperature monitoring. The position of the thermocouple was selected based on the hottest point in the cell. This hot spot was chosen based on our previous experience published in [45,46], which will not be explained here to avoid redundancy. The data logger recorded the temperature and transferred it to the monitoring computer.



Figure 2b shows the applied current and voltage in the LiC cell, in which the applied charge and discharge current was ±150 A, with the cut-off voltages of 2.2 V and 3.8 V. Figure 2c depicts the first charge and discharge slice of the whole profile to show how the cell is charged and discharged under a high current rate. Two tests with pure PCM and PCM/G were conducted to understand the difference between these two cooling systems. The case without PCM was also tested for comparison. The thermophysical properties of the LiC cell regarding its various domains are listed in Table 3. These different domains include the positive tab, the negative tab, and the electrode domain.





3. Results and Discussion


3.1. Theories on Heat Generation of the LiC Cell


The numerical analysis model of the 2300 F LiC cell is introduced in this section. First, the model should be solved without any TMS under natural convection, and then the PCM is poured around the cell to maintain its temperature. Therefore, the influence of the proposed TMS using pure PCM and PCM/G can be compared with natural convection to understand its effectiveness. The heat generation of the LiC cell is due to internal and external heat sources. The internal heat source is the result of the chemical reactions inside the 2300 F LiC. On the other hand, the negative and positive tabs cause the external heat source. The governing equations are solved in this context for both the internal and external heat sources, which can be used as an input for the computational fluid dynamics model using a 150 A applied current over 1400 s.



The equation of energy balance should first be explained as the main equation for the power loss of the LiC cell under natural convection [46]:


  ρ  C p    d T   d t     =    [   λ x     ∂ 2  T   ∂  x 2      +    λ y     ∂ 2  T   ∂  y 2      +    λ z     ∂ 2  T   ∂  z 2     ]    +    q ˙    −    q  c o n v    



(1)




where  ρ  [kg/m3] denotes the LiC’s density and Cp [J/kg∙K] represents the LiC’s heat capacity. Additionally, T [K] is the LiC’s temperature, λ [W/m∙K] is the LiC’s thermal conductivity, and   q ˙   [W/m3] denotes the LiC’s heat generation.



Due to the non-uniform heat generation of the LiC cell, the cell domain heat source and tab domain heat source should be considered for such a cell [47]:


    q ˙   c e l l     =     q ˙   i r r     +     q ˙   r e v     =   I    (  U   −   V  )    −   I   T     ∂ U   ∂ T    



(2)






    q ˙   t a b     =     R    I 2     V  t a b      



(3)






  R   =    ρ ′     l S   



(4)




    q ˙   c e l l    ,     q ˙   t a b    ,     q ˙   i r r    , and     q ˙   r e v     represent the cell, tab, irreversible, and reversible heat generation. In addition,   ρ ′   [Ωm] denotes the resistivity,  l  [m] denotes the length, and  S  [m2] represents the cross-sectional area.



The heat is transferred from the cell to the ambient due to the convective heat transfer ( h  [W/m2]) [48]:


   q  c o n v     =   h . S    (   T  a m b     −   T  )   



(5)




where    T  a m b     [K] and  T  [K] are the ambient and cell temperatures.




3.2. Theories on Thermal Behavior of PCM


The phase change is the main phenomenon to absorb the generated heat from the LiC. When the PCM absorbs heat and its temperature is close to the phase-change temperature, a phase transition from a solid to a liquid occurs [49]. During this phase, by melting the PCM, a large amount of heat is absorbed by the PCM thanks to its high latent heat of fusion, which is 220 kJ/kg.



When the temperature of the LiC is below the phase transition zone, the absorbed heat by the PCM (   Q  P C M    ) is calculated as [50]:


   Q  P C M     =    C  P C M   −   s    m  P C M    (   T  P C M     −    T i   )   



(6)




where    C  P C M   −   s    ,    m  P C M    ,    T  P C M    , and    T i    denote the specific heat capacity of the PCM in the solid zone, the mass of the PCM, the temperature of the PCM, and the initial temperature of the PCM, respectively.



When the temperature of the LiC reaches the melting temperature,    Q  P C M     is calculated as:


   Q  P C M     =    C  P C M   −   s    m  P C M    (   T s    −    T i   )    +    C  P C M    m  P C M    (   T  P C M     −    T s   )   



(7)




where    T s    and    C  P C M     represent the phase-change temperature from the solid phase to the mushy zone and PCM’s specific heat capacity, respectively.



When the temperature of the LiC is above the maximum temperature of the mushy zone,    Q  P C M     can be expressed as:


   Q  P C M     =    C  P C M   −   s    m  P C M    (   T  m e l t     −    T i   )    +   L  m  P C M     +    C  P C M   −   l    m  P C M    (   T  P C M     −    T  m e l t    )   



(8)




where    T  m e l t    ,  L , and    C  P C M   −   l     denote the PCM’s melting temperature, the PCM’s latent heat of fusion, and the PCM’s specific heat capacity in the liquid zone.



According to what has been mentioned above, the heat absorbed by the PCM is divided into three scenarios considering the temperature of the LiC [51].




3.3. Experimental Results and Analysis


The experimental results have been demonstrated in this section, for which three different case studies have been defined, including the thermal behavior of the LiC under natural convection when the PCM is not charged into the PVC container, the thermal behavior of the LiC when pure PCM has been used as the cooling system, and the thermal behavior of the LiC when graphite has been mixed with the PCM (PCM/G) to enhance its thermal conductivity. Moreover, the impact of various thicknesses has been studied for the PCM/G to evaluate the most efficient thickness that can control the maximum temperature of the LiC.



3.3.1. Thermal Behavior of the LiC under Natural Convection


The first case study to understand the thermal behavior of the LiC is natural convection, which is caused by the buoyancy effect. This method is considered a passive cooling system with the advantages of zero power consumption, low cost, and simple structure [52]. In this context, the temperature of the LiC is monitored by the data logger under the 150 A continuous current rate. This current rate is applied to charge and discharge the cell more than 38 times without any rest in between over 1400 s. Such a dynamic driving profile generates too much heat, at around 83 kW/m3. The heat transfer coefficient of the test bench is approximately 7 W/m2∙K. When the heat transfer coefficient is below 25 W/m2∙K, the system can be considered to be under natural convection [53]. Figure 3 depicts the temperature evolution of the LiC cell under natural convection. The initial temperature is almost 23 °C, while the maximum temperature exceeds 55 °C, which is very harmful for the cell’s lifetime [54]. Moreover, thermal runaway is inevitable if the continuous charging and discharging continues [55]. Therefore, a cooling system is required to reduce the temperature evolution of the cell.




3.3.2. Thermal Behavior of the LiC When Using Pure PCM


PCM TMS is a common method for cooling batteries due to its simplicity, low cost, and zero power consumption. Moreover, the performance of this method is good when the environment heat transfer coefficient is relatively high. The PCM TMS is classified as a passive cooling system since it does not require any external power source to start operation. Figure 4 shows the temperature evolution of the LiC cell when PCM TMS is employed to cool it down. As is evident, the maximum temperature of the LiC is decreased from 55.3 °C to 40.2 °C, which shows a 27.3% temperature reduction compared to the natural convection case study. This performance is due to the high latent heat of fusion of the PCM that can absorb high amounts of heat. Therefore, this type of paraffin-based PCM can keep the temperature of the LiC cell at a constant temperature for a specific time interval. However, this absorbed heat cannot be rejected due to the low thermal conductivity of the pure paraffin PCM. Its thermal conductivity is approximately 0.25 W/m∙K for the solid phase and approximately 0.4 W/m∙K for the liquid phase. In this regard, an additional material should be added to the PCM to increase its thermal properties for heat rejection to the ambient.




3.3.3. Thermal Behavior of the LiC When Using PCM/G


Since pure PCM has the disadvantage of low thermal conductivity, composite materials should compensate for this drawback. Graphite is known as a high-thermal conductive material that can enhance the thermal properties of pure PCM. This method of mixing the PCM with graphite would also increase the thermal performance of the TMS to reduce the maximum temperature of the LiC cell. The PCM–graphite mixture was constructed and poured into the PVC container to be in direct contact with the surface of the LiC cell. Figure 5 depicts the temperature evolution of the LiC cell under the 150 A current rate when the PCM/G has been used as the TMS. It can be seen that the maximum temperature of the LiC is reduced from 55.3 °C (natural convection) to 38.5 °C, which is a 30.4% temperature reduction compared to natural convection.




3.3.4. Comparison of the Pure PCM with the PCM/G


The maximum temperature of the LiC cell for three different case studies has been investigated, for which it was 55.3 °C for natural convection, 40.2 °C for pure PCM cooling, and 38.5 for the PCM/G composite. By looking at Figure 6, a 4% temperature reduction can be seen when using PCM/G compared to the pure paraffin PCM. The maximum temperature of the LiC is reduced from 40.2 °C to 38.5 °C, which shows a 1.7 °C temperature reduction.




3.3.5. The Influence of PCM/G Thickness of the LiC Temperature


An investigation of the thickness is vital for optimizing the cost, weight, and volume performance indicators. The main aim would be the optimal PCM thickness that can control the temperature evolution of the LiC cell while minimizing the performance indicators. In such a respect, various PCM thicknesses have been used to study the system’s thermal behavior considering the dedicated thickness. The employed thicknesses in this regard are 15 mm, 10 mm, 7 mm, 5 mm, and 2 mm. The inserted fraction of graphite mixed with the PCM is the same in all the thicknesses. The final PCM/G’s weight and volume follow the used material’s characteristics considering the dimensions and the density. The maximum temperature at the end of the cycling test is based on the temperature evolution that occurred over 1400 s.



Figure 7 exhibits the results of the tested system after 1400 s concerning various applied PCM/G thicknesses. As is apparent, by increasing the PCM/G thickness, the thermal performance of the proposed TMS is enhanced, and the maximum temperature of the LiC cell is reduced. However, the temperature reduction is no longer attractive for a thickness of more than 10 mm since by increasing the thickness by5 mm, only a 0.55 °C reduction can be seen. Based on the results, the maximum temperature of the LiC cell after 1400 s for a thickness of 15 mm is 38.02 °C, while for a thickness of 10 mm, the maximum temperature reaches 38.57 °C. Therefore, for a PCM/G thickness of more than 10 mm, the temperature reduction is no longer attractive, considering the PCM/G weight increase of 50%.



On the other hand, decreasing the thickness leads to an increase in the maximum temperature of the LiC cell. As can be seen, by reducing the thickness from 10 mm to 7 mm, the maximum temperature of the LiC cell increases from 38.57 °C to 41.18 °C. Additionally, the thicknesses of 5 mm and 2 mm are not good candidates as the maximum temperature reaches 43.61 °C and 46.98 °C, respectively. As is recommended by the manufacturer of LiC cells, the maximum safe operating temperature of the LiC should be below 40 °C. Therefore, the optimal thickness of 10 mm is rather robust at controlling the temperature evolution of the LiC cell and optimizing the performance indicators of weight, volume, and cost.






4. Conclusions


A thermal management method for the LiC cell was investigated using a composite of graphite and PCM (PCM/G) to enhance the cooling performance of the paraffin-based PCM. The composite PCM/G addresses the main drawback of the PCMs, that is, the low thermal properties, specifically low thermal conductivity. Generally, paraffin-based PCM has a high latent heat of fusion, meaning that a high amount of the heat generated by the LiC can be absorbed and stored in the PCM. However, this stored heat cannot be released to the ambient due to low thermal conductivity. A composite such as PCM/G helps reject the absorbed heat from the PCM. In this context, significant findings can be expressed as follows:




	
The LiC cell was charged/discharged for 1400 s under a high current rate of 150 A without any rest.



	
When the cell was under natural convection, the maximum temperature exceeded 55 °C, which is very harmful for the lifetime of the cell.



	
Using the pure paraffin PCM, the maximum temperature of the LiC was decreased from 55.3 °C to 40.2 °C, which showed a 27.3% temperature reduction compared to the natural convection case study.



	
Using the PCM/G composite, the maximum temperature of the LiC was reduced from 55.3 °C (natural convection) to 38.5 °C, which is a 30.4% temperature reduction compared to natural convection.



	
A 4% temperature reduction was observed using PCM/G instead of the pure paraffin PCM.



	
Different PCM/G thicknesses were investigated to determine the maximum temperature of the LiC, and temperatures of 38.02 °C, 38.57 °C, 41.18 °C, 43.61 °C, and 46.98 °C were reached for the thicknesses of 15 mm, 10 mm, 7 mm, 5 mm, and 2 mm, respectively. In this context, a thickness of 10 mm is rather optimal considering cost, weight, volume, and temperature reduction.
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Figure 1. (a) The prismatic 2300 F LiC cell; (b) the pure PCM TMS poured into the PVC container around the cell; (c) pure graphite (4% of the total weight); (d) the composite PCM/G TMS poured into the PVC container around the cell. 
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Figure 2. (a) Experimental test bench; (b) current and voltage profiles with 150 A charge and discharge cycles; (c) detailed profile for the first charge and discharge profile. 
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Figure 3. Temperature evolution of the LiC cell under 150 A current rate when there is no cooling system (under natural convection (NC)). 
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Figure 4. Temperature evolution of the LiC cell under 150 A current rate when the pure paraffin PCM is used as the cooling system. Natural convection (NC) is shown as well for comparison. 
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Figure 5. Temperature evolution of the LiC cell under 150 A current rate when the PCM/graphite (PCM/G) is used as the cooling system. Natural convection (NC) is shown for comparison. 
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Figure 6. Comparison of the temperature evolution for three different scenarios, including natural convection (NC), PCM cooling, and PCM/Graphite cooling under 150 A current rate. 
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Figure 7. Comparison of the temperature evolution for three different scenarios, including natural convection (NC), PCM cooling, and PCM/Graphite cooling under 150 A current rate. 
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Table 1. Specifications of the 2300 F LiC cell.
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	Parameters
	Specification





	Capacitance [F]
	2300



	Cut-off Voltage [V]
	2.2–3.8



	Weight [kg]
	0.335



	Working Temperature [°C]
	−30 to +70










 





Table 2. The main features of the PCM and PCM/graphite.
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	Parameters
	PCM
	PCM/G





	Melting area (°C)
	35–42
	35–42



	Operating temperature (°C)
	210
	210



	Thermal conductivity for the solid phase (W/m∙K)
	0.25
	0.5



	Thermal conductivity for the liquid phase (W/m∙K)
	0.4
	1



	Latent heat of fusion (kJ/kg)
	220
	210



	Density of the solid phase (Kg/Lit)
	0.8
	0.8



	Density of the liquid phase (Kg/Lit)
	0.85
	0.85



	Specific heat capacity (J/kg∙K)
	2500
	2500










 





Table 3. Specifications of various domains of 2300 F Lithium-ion capacitor.
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	Electrode Domain
	Negative Tab
	Positive Tab





	Density [kg/m3]
	1627
	8960
	2700



	Thermal conductivity
	λy = λz = 5; λx = 0.36
	400
	238



	Specific heat [J/kg∙K]
	1271
	385
	900
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