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Abstract

:

Today, electric driven motorbikes (e-motorbikes) are facing multiple safety, functionality and operating challenges, particularly in hot climatic conditions. One of them is the increasing demand for efficient battery cooling to avoid the potential thermal stability concerns due to extreme temperatures and the conventional plastic enclosure of the battery pack. A reliable and efficient thermal design can be formulated by accommodating the battery within an appropriate battery housing supported by a cooling configuration. The proposed design includes a battery pack housing made of high conductive materials, such as copper (Cu) and aluminum (Al), with an adequate liquid cooling system. This study first proposes a potted cooling structure for the e-motorbike battery and numerical studies are carried out for a 72 V, 42 Ah battery pack for different ambient temperatures, casing materials, discharge rates, coolant types, and coolant temperatures. Results reveal that up to 53 °C is achievable with only the Cu battery housing material. Further temperature reduction is possible with the help of a liquid cooling system, and in this case, with the use of coolant temperature of 20 °C, the battery temperature can be maintained within 28 °C. The analysis also suggests that the proposed cooling system can keep a safe battery temperature up to a 5C rate. The design was also validated for different accelerated driving scenarios. The proposed conceptual design could be exploited in future e-motorbike battery cooling for optimum thermal stability.
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1. Introduction


To reduce carbon emissions, most countries are focusing on designing and developing energy efficient and environmentally friendly transportation systems. As a means of short-range transportation, electric motorbikes (e-motorbikes) have already gained immense popularity due to their advantages of low noise, convenience, and less pollution. Currently, e-motorbike manufacturers exploit commercially available Li-ion batteries instead of lead–acid batteries to gain the advantages of high-power density (4–5 times higher than a typical lead-acid battery) [1,2,3]. Battery health is a serious concern to vehicle manufacturers. Fire safety is one of the important issues, particularly for large assembly battery packs [4]. A case study on achieving a high discharge current of 184 A is reported in [5]. To satisfy high power demand, a new Al-ion type battery has been introduced [6]. Temperature issues have been modelled for lithium-titanate batteries at an increased cycling rate [7]. More thermal studies have been carried out; for example, preheating is employed to prevent lithium deposition [8]. One work found a link to cell behavior under different ambient temperatures [9]. However, these previous studies are more linked to batteries used in electric vehicles (EV) and do not deal thoroughly with issues such as battery operation in e-motorbikes in high climatic conditions. During the charging or discharging process, the battery will experience heat due to an internal resistance effect and entropic effect (exothermic reactions inside the battery). The generated heat will lead to battery temperature rise and large temperature gradients across the battery pack, resulting in capacity fade [10], power fade [11], thermal runaway, and varied forms of battery ageing and degradation [12,13]. Batteries are currently configured in e-motorbikes by placing them in a plastic case, which acts like an insulator. The external air cannot pass to the battery pack. Thus, battery safety is the biggest concern in the context of hot climatic conditions present in Middle East countries, California in the United States, Central and Southeast China, and Japan and other Southeast Asian countries, where, usually, the ambient temperature goes up to 45 °C during summer. The permissible temperature difference across the pack is below 5 °C [14,15,16]. Therefore, an efficient thermal management strategy needs to be formulated to ensure the battery’s safety and reliability in extreme ambient temperatures.



Several battery cooling concepts exist in the market, including air cooling and liquid cooling, and both have their relative advantages and disadvantages [17,18]. Air cooling is a cost-effective and generally less efficient method in achieving uniform temperature across the battery pack. Air cooling is often problematic for heat removal from batteries, particularly under abusive conditions [19]. A hybrid thermal management system (TMS) has been proposed for investigating the thermal characteristics of Lithium-ion (Li-ion) batteries and cell-embedded fin heat sink (CHS) to improve the cooling and temperature consistency of a lithium-titanite (LTO) cell in high-current discharging [17]. Their experiments showed that an inlet velocity of 3 m/s preserves the CHS in a safe temperature zone that reduces the fan power consumption by 50%. In contrast, liquid cooling is more efficient compared to air cooling, although high cost and maintenance associated with it are a concern [20]. The work presented in [18] has performed analysis on thermal management systems considering air type and liquid type to enhance energy efficiency for a Li-ion battery with a 48 V module and 12 prismatic-shape Nickel Manganese Cobalt Oxide (NMC). To test the module, an experimental test bench was built at room temperature without having any cooling system. A U-type parallel air cooling and a new indirect liquid cooling system were designed and investigated for a 2C discharge process. The results showed a lower module temperature and better temperature uniformity where power consumption was achieved around 0.5 W, and the average temperature of the hottest battery cell was around 3 °C lower than the air-cooled module. Karimi et al. [21] have proposed an optimal thermal management system (TMS) employing a heat pipe cooling system (HPCS) to extend the end of life (EoL) of a Li-ion capacitor (LiC). Liquid-cooled TMS (LCTMS) was considered to investigate the effect of temperature on LiC capacity fade. The results showed that HPCS controlled the temperature evolution of the cell during a 150 A charge/discharge current rate. Furthermore, the top surface temperature of the cell was reduced by 11.7% using the HPCS. In addition, the lifetime of the LiC was extended by 51.7% and 16.5%, whereas the temperature of the cell was kept at around 32.5 °C and 48.8 °C, respectively. However, the study was developed based on a smart grid application rather than an e-bike.



So far, no detailed research work is found regarding the cooling system for an e-motorbike battery. A conventional plastic battery housing will be problematic, particularly dealing with the issues, for instance, of lack of temperature uniformity across the pack and reducing the maximum operating battery temperature under hot climatic conditions. Battery housing material is an important element in battery enclosures and thus can be an influential factor in battery thermal management for e-bike applications. The most widely used battery enclosure material is plastic, which is considered to be a material with poor thermal conductivity, making it unsuitable for high thermal load management. During the acceleration phase, the high thermal load that appears in an e-bike needs to be managed safely and efficiently. The proposed research work focuses on a comparative study of various battery housing materials on thermal performance of the battery pack to identify which battery housing material can manage a high thermal load. The two major contributions of this paper are to provide a basis for the selection of battery housing material for the thermal management in hot climatic conditions and to demonstrate that the effect of high ambient temperature on overall battery pack performance can be minimised with the use of an appropriate coolant.



In this work, a numerical model is established for simulating the thermal behaviour of an e-bike battery pack for various battery housing materials under various discharge rates. The effect of ambient temperature is also studied, and the design issues are also highlighted.




2. Methodology and Simulation


This section explains the simulation details regarding the battery pack’s configuration, the material of the battery and structural details, simulation set up and boundary conditions, and numerical evaluation of the battery housing materials and coolant flow.



2.1. Battery Pack Configuration


The battery pack used in the e-motorbike consists of cells in a series of parallel connection. In order to investigate inhomogeneous cell behaviour within the battery system, it is necessary to consider all factors that are leading to different cell loads. An exploded view of the battery pack is shown in Figure 1. Battery cells are connected using a nickel strip. The battery pack is usually enclosed by molded plastic. Since plastic is not a good thermal conductor, the temperature of the battery pack will increase significantly. To investigate the impact of battery housing materials on temperature distribution in the battery pack, two battery housing materials (Al and Cu) will be studied.




2.2. Battery Thermal Model


The first step to establish the thermal model is to estimate the heat generation. Due to battery loading either in discharge or charge mode, heat generation is inevitable in the battery. Two sources of heat are very common. These include irreversible heat from the cell’s internal resistance and reversible heat contributed by entropy change. This work has considered the irreversible heat source only. The battery studied had a high C rate, ranging from 1C to 5C. As entropic heating has a negligible impact at this high C rate, this term for estimating heat losses in the battery has not been considered. The overall generated heat can be obtained [22,23] as follows:


   Q  g e n   =  Q  i r r   +  Q  r e v   = I  (   U  o c v   −  U  b a t t    )  − I T   ∂  U  o c v     ∂ T    



(1)




where Qgen is the total heat generation rate of the battery cell, and Qirr and Qrev are the irreversible heat and reversible heat, respectively. I is the charge/discharge current of the battery cell. Uocv is the open-circuit voltage, and Ubatt is the battery voltage. T is the battery temperature, and ∂Uocv/∂T is the temperature coefficient of open-circuit voltage. During the discharge process, the following formula can be obtained:


   U  b a t t   =  U  o c v   − I R  



(2)




where R is the equivalent internal resistance, including the ohmic resistance and the polarisation equivalent resistance. By combining Ubatt into Equation (1), the following equation can be obtained:


   Q  g e n   =  I 2  R  



(3)








2.3. FEA Model Development


The battery pack studied in this paper is taken from an e-motorbike application, as shown in Figure 1a. The mesh model of the studied battery pack is shown in Figure 1b. The thermal model set up is illustrated in Figure 1c. Since the number of degrees of freedom determines the memory requirement and the processing time, it is important to avoid the out-of-memory error. Increasing mesh size can decrease the need of high memory. Coarser mesh is chosen in this work to reduce the high computational load and the high memory requirement. The chosen battery pack consists of 240 cylindrical cells with a rated specification of 72 V 42 Ah capacity. The e-motorbike draws power from a 72 V Li-ion battery pack. The resultant battery pack takes a 20S12P configuration. To achieve a voltage rating of 72 V, 20 cells are configured in a series, and 12 strings (each string contains 20 cells) with a current rating of 42 A are connected in parallel. The cell used in this simulation is taken from commercial Panasonic cell [24] (Panasonic NCR18650B, Japan), with an internal resistance of 38 mΩ. The specifications of the batteries used in the battery pack are listed in Table 1.



As mentioned earlier, batteries are very sensitive to their operating temperature. Since batteries stay close to each other in a compact battery housing, heat generation and thermal crosstalk are serious concerns to be considered at the early design stage. Heat generation is inevitably high while the e-motorbike undergoes an extreme acceleration phase. The high discharge rate is thought to be a contributing factor to battery heat generation and thus, if such a high amount of heat is left untreated, the result can be battery failures, causing thermal runaway; in turn, a substantial amount of battery degradation and lifetime reduction will happen. The temperature of the battery has an impact on the design of the battery pack and reduction of temperature is dependent on the relevant cooling strategy to be chosen. For example, a key design index can start from the choice of a cooling strategy to the cooling material. In operation of the battery, such as in charge/discharge load profiles, losses are going to be introduced due to the battery’s electrical characteristics and the thermodynamics of the battery’s chemistry. Therefore, accurate thermal design is of the utmost importance and special efforts need to be invested for achieving a safe operating thermal envelope. The efficient way of heat extraction of the battery pack in an e-motorbike is of concern at the design level, and it is therefore modelled by the energy conservation outlined in the heat transfer module in COMSOL.



The general thermal behaviour of the battery due to the heat generated either during charge or discharge operating mode can be explained by the heat Equation (4) [26,27], which means that the temperature of the battery is a function of power loss density.


  k  (     ∂ 2  T   ∂  x 2    +    ∂ 2  T   ∂  y 2    +    ∂ 2  T   ∂  z 2     )  + Q = ρ  c p    ∂ T   ∂ t    



(4)




where, for the battery, cp is the battery specific heat capacity, ρ is the density, k is the thermal conductivity, T is the battery temperature, which is a function of space and time, and Q is the heat generation rate.



For the sake of simplicity, only Joule heating is considered in this work. The thermal behaviour of the battery module is determined here by solving the 3D partial-differential heat transfer equations. The diffusion–convection governing energy equation is used to solve the temperature field problem, as expressed in Equation (4). The established thermal model is capable of identifying the localized hotspot, maximum temperature, and temperature elevations above the ambient on the battery module in an enclosed system.



Battery housing material is an important factor in thermal management of the battery pack, where cells are accommodated in a dense and compact configuration. A finite, element-based 3D thermal model is established to determine the steady-state temperatures reached by the potted/housed battery pack and to investigate the use of different housing materials for reducing temperature. The simulations considered the battery, battery tab connection, and battery casing Al/Cu structure.



The purpose of the established finite element analysis (FEA) thermal model is to study the impact of battery housing material on the total temperature distribution of the battery pack. Volumetric heat is applied in each battery cell. The constant temperature boundary conditions are applied at the bottom of the battery housing material. For the sake of simplicity, the battery housing structure is kept adiabatic in the lateral sides, and therefore, all the generated heat is dissipated through the air to the battery enclosure structure casing via conduction and the casing to the environment via convection. Since the battery enclosure structure is located outside the e-motorbike and exposed to the surrounding air, the heat transfer mechanism from the casing to the environment via convection can be treated as convective thermal boundary conditions. To emulate convective behaviour, convective boundary conditions are applied to all of the surfaces of the can structure. In this model, convective boundary conditions are set to h = 5.0 W·m−2·K−1, representing free air convection. The ambient temperatures of the battery enclosure are set to 5 °C, 15 °C, 35 °C, and 45 °C to simulate a wide range of temperature variations in different parts of the world. The rationale for choosing Al and Cu as the battery housing materials is mainly for two reasons. One is high thermal conductivity, and the second is sustainability to operate at temperatures up to 100 °C. After meshing the studied battery pack, the constructed FEA thermal model was solved in the COMSOL Multiphysics three-dimensional (3D) FEA software using the static thermal solver. Thermo-physical properties of the battery and the casing materials are listed in Table 2.




2.4. Mesh Independence Test


The mesh size is an important parameter in thermal simulation. This section describes the impact of different mesh sizes on thermal calculation accuracy. The mesh size includes fine, normal, coarse, coarser, and extra coarse. In all cases, the same discharge rate 3C condition is applied and the ambient temperature of the battery is set to 45 °C. Figure 2 shows that the temperature estimated under different mesh sizes does not vary too much and remains within an acceptable level of difference. The difference in results is only 0.8% when the grid number increases from 46,765 to 1,162,082. Therefore, the grid number of 46,765 is chosen in this work to accelerate simulation.





3. Results and Discussion


Battery operating temperature is critical in terms of battery safety, lifetime, and performance. Thermal management of the Li-ion battery draws serious attention, particularly in hot climatic conditions. Two factors, such as battery housing material and operating ambient temperature, might have a significant impact on the temperature distribution and cooling performance. This section explains the results obtained for a potted battery pack at different ambient temperatures and at different discharge rates.



3.1. Effect of Ambient Temperature


Since the ambient temperature affects the total temperature distribution of the battery pack, the variation in ambient temperature is studied in this section. To understand the effect of ambient temperature on the battery pack, several simulations are performed at 5 °C, 15 °C, 35 °C, and 45 °C ambient temperatures. The volumetric power losses in each battery are applied during the discharge rate of 0.5C, 1C, 3C, and 5C [28]. To understand the thermal behaviour of the battery pack while the battery is housed in plastic, a simulation is set up with the plastic battery housing material at a discharge rate of 2C, and the ambient temperature is considered 5 °C. The temperature distribution of the battery pack is presented in Figure 3. It is observed that the battery operating temperature goes up high and it reaches up to 60 °C. This temperature rise can be attributed to the fact that low thermal conductivity plastic is not a good candidate as a battery housing material.



To minimise the temperature of the battery pack, a high thermal conductive battery casing material such as Al and Cu can be used. Figure 4 shows the maximum temperature rises of the battery pack at ambient temperature of 5 °C at the end of different discharge rates. The temperature rise is observed at an increasing ambient temperature. It is evident that the higher the ambient temperature, the greater the temperature elevation. The temperature elevation can be reduced if Cu is chosen as the battery housing material compared to Al. Temperature elevation can be reduced significantly due to the high thermal conductivity of Cu.



The temperature contours obtained from the FEA thermal simulations at 0.5C, 1C, 3C, and 5C discharge rate while operating at 45 °C ambient temperature are shown in Figure 5. It is observed that there is a great impact of operating ambient temperature on the performance of the battery and battery housing, and it is observed that as the ambient temperatures increases between 5 °C to 45 °C for a particular discharge rate of 0.5C, 1C, 3C, and 5C, the temperature contour values are also increased. The general temperature elevation patterns are the same, showing greater temperatures at the ambient temperature of 45 °C. The temperatures vary with the ambient temperature boundary condition, but the overall temperature distribution shows identical patterns in almost all the cases. The temperature elevation is higher due to varying elevated operating ambient temperature conditions.



The temperature contours at 0.5C, 1C, 3C, and 5C discharge rates while operating at 45 °C ambient temperature are illustrated in Figure 6. It is seen that as the battery housing material changes from Al to Cu, there is a reduction in the temperature values as well. Figure 7 describes the maximum temperature elevations of battery packs fitted with Al and Cu battery housings under different ambient temperatures at varied C rates. Table 3 describes predicted battery temperatures at varied C rates with different housing materials.



As the discharge rate increases from 0.5C to 1C, 3C, and 5C, the operating temperature increases. The temperature contour pattern observed is that increased discharge rates contribute to high heat loss and thus result in increased temperature. Again, the general temperature contour patterns are almost identical, similar to the results obtained from Al housing. The prime reason is thought be that increased discharge rate results in increased current going through the battery and joule heating due to the cell’s internal resistance. The effect of discharge C rate is observed highest at the 5C rate compared to the other discharge C rates. At the 5C rate, the current is five times higher than at the 1C rate. Thus, the heat generation rate is five times higher than the 1C rate. The increase in ambient temperature boundary condition increases the temperature contour but produces almost the same trend in all cases. At a low ambient temperature, batteries exhibit high internal resistance, whereas at high ambient temperatures, batteries exhibit low internal resistance. The increase in ambient temperature accelerates the chemical reaction inside the battery, which accelerates battery fluid evaporation, resulting in damage of the internal structure and corrosion. The unwanted chemical reaction rate also goes up. Ultimately, the increased ambient temperature can accelerate the battery’s failure, which can shorten the battery’s life.



The findings reveal that Cu housing can reduce battery temperature from 55 °C (Al housing) to 53 °C. However, Cu housing is still not capable of achieving the battery temperature within a safe range (e.g., 15~40 °C). Therefore, an additional cooling strategy needs to be employed if battery temperature is to be maintained within a safe limit at 5C discharge conditions. To achieve this, coolant of varying temperatures can be employed, and appropriate liquid cooling needs to be configured at the bottom of the pack.




3.2. Effect of Coolant Temperature


As mentioned above, the battery operating temperature can rise up to 75 °C at the ambient boundary temperature of 45 °C. To keep the battery temperature in a safe window, a further simulation was conducted to study the effect of coolant temperature. The different coolant temperatures are 5 °C, 10 °C, 15 °C, and 20 °C. The fixed temperature boundary condition is applied at the bottom of the battery housing case material. The surrounding battery housing side wall temperature was set to 45 °C. The power losses in each battery are applied during discharge rates of 0.5C, 1C, 3C, and 5C. The water/glycol (50% + 50%) is used as a coolant and the representative heat transfer coefficient of h = 5000 W·m−2·K−1 for liquid cooling is applied. Figure 8 shows the temperature contours of the battery pack at different discharge rates with the applied cooling boundary condition of T_coolant = 20 °C. Under these conditions, the temperature is reduced for all discharge rates. As seen from the figure, even at the 5C discharge condition, the elevated battery temperature is 28 °C. It is observed that the impact of coolant temperature is significant. Battery operating temperature can be reduced to a tolerable thermal limit. The findings revealed that high thermal conductivity battery casing material needs to be used for a battery enclosure. In addition, external liquid-cooled thermal management needs to be employed while the battery is operated at a high discharge rate and in harsh ambient conditions. The temperature elevations at the discharge rates of 0.5C, 1C, 3C, and 5C while operating at 45 °C ambient temperature are illustrated in Figure 9. It is seen that as the liquid cooling is employed in the battery, there is a reduction in the temperature values as well.




3.3. Effect of Coolant Types


Battery temperature is critical to prevent battery degradation and thermal runaway. Since the battery is exposed to either charging or discharging, heat generation is inevitable. Therefore, appropriate thermal management is of major significance to keep the battery temperature within a safe operating limit. Thermal safety not only elevates the e-motorbike’s reliability but also lessens the thermal failure of the battery pack. Liquid- cooled thermal management offers superior cooling performance. However, the choice of coolant must be taken into consideration to customize the liquid-cooled battery thermal management. Numerical modelling is a relatively suitable method to study the thermal distribution of the battery pack by comparison with experimental tests, which are not only costly but also time consuming. A numerical case study is established to predict the effects of coolant type in battery temperature distribution. Two types of coolant have been considered in the work. These include dielectric mineral oil and water/glycol (50% + 50%). Coolant types that have high thermal conductivity, good specific heat capacity, and low viscosity are expected to enhance the thermal performance. The reason for choosing mineral oil as coolant is due to it not conducting an electric charge, which is important for battery applications. On the other hand, water/glycol is better than water alone due to its lower specific heat and freezing point. Furthermore, during summer, the water/glycol acts as coolant, whereas during winter it acts as an antifreeze. The thermal properties of each coolant material are listed in Table 4. The C-rate is varied from 0.5C to 5C. The study uses the equivalent heat transfer coefficient resulting from the flow rate of coolant. The coolant velocity is varied from 0.5 ms−1 to 3 ms−1.



A liquid cold plate is employed at the bottom of the battery pack. In order to establish an accurate numerical thermal model, estimation of an equivalent heat transfer coefficient (htc) is necessary. Based on the previous study [30], an equivalent heat transfer coefficient can be estimated for liquid cold plate cooling.



From the following expression, dimensionless Nusselt number can be calculated as


  N u = 0.023   R  e  0.8   P  r  0.4    



(5)




where Re is the Reynold Number and Pr is the Prandtl Number. The equivalent heat transfer coefficient can be estimated as


  h t c =   N u × k    D h     



(6)




where k is the thermal conductivity of the cooling liquid and Dh is the hydraulic diameter.



In order to calculate the heat transfer coefficient, the fluid flow rate, tube diameter, and fluid thermo-physical properties were taken into account. The cold plate has a base size of 400 mm × 200 mm × 16 mm with an inlet diameter of 7 mm. Figure 10 presents a design of the proposed liquid cold plate. Specifications of the liquid cold plate are listed in Table 5.



Battery temperature predicted at varied C rates under various coolants is listed in Table 6. Figure 11 demonstrates the temperature profiles under various charging/discharging rates, ranging from 0.5C to 5C. It is demonstrated that the battery temperature increases significantly as the charging rate increases for dielectric oil cooling, but the temperature rise remains within the safe thermal limit for the water/glycol coolant. For dielectric cooling, even with the increase of coolant flow rate, the heat transfer coefficient is not increased high enough compared to that of the water/glycol (h = 5976 W·m−2·K−1) and reaches h = 696.14 W·m−2·K−1 for a fluid velocity of 3 ms−1. Two factors are responsible for reducing the heat transfer coefficient. One factor is low thermal conductivity of the dielectric oil, and another factor is high viscosity. It could be seen that when increasing C-rate greater than 2C, the dielectric cooling is not sufficient in managing the heat load. By comparison, water/glycol shows promising temperature reduction even at the 5C rate due to its higher heat transfer coefficient, resulting from high thermal conductivity and low viscosity. For water/glycol cooling, the temperature is maintained up to 36 °C for 5C. To reduce battery temperature further, mass flow rate has to be increased, which can incur an additional cost, and an extra hardware arrangement is necessary for the cooling system.



These results also illustrate that the battery temperature is highly dependent on the choice of coolant. The above analysis indicates that dielectric oil cooling can ensure the battery operation up to 2C, whereas water/glycol can ensure it up to 5C. This is due to the resulting high heat transfer coefficient of the water/glycol. It can be also pointed out that increasing flow rate for water/glycol does not cool the battery sufficiently. In this study, 3 ms−1 is considered to be the highest coolant flow velocity.




3.4. Validation of Thermal Performance Analysis under Custom Drive Profile


External factors like the driving scenario also influences battery thermal behavior. When an e-motorbike undergoes an accelerated drive profile, the battery temperature will be changed accordingly. In this section, thermal performance will be analysed under two different custom drive profiles. Figure 12 and Figure 13 show the custom drive profiles and corresponding predicted temperature profiles.



Overall, the final temperature under the first drive cycle is around 31.31 °C. Temperature rise is observed when the current starts to increase after 90 s. Another observation in the second drive current profile with cyclic variation is that the temperature rises and drops due to increasing and decreasing currents in the drive profiles. These results clearly demonstrate that the thermal management via a liquid cold plate could maintain battery temperature within the safe limit even under different driving scenarios.



To validate the results of the first custom drive profile, further FEA simulations are conducted by feeding the current at 30 s, 60 s, 150 s, and 200 s. The current applied in each cell was 12 A, 8 A, 15 A, and 20 A. The results agree well with the predicted temperature profile from the custom drive profile results illustrated in Figure 12b. The error has been found as 1.76%, 0.76%, 0.86%, and 0.64%, respectively, for the applied currents. The results suggest that the battery temperature is well within the operating range and the error is also within the acceptable level of less than 2%.




3.5. Uncertainity Analysis


In this work, two input parameters were considered that can affect the output battery temperature. The variation in input charging/discharging current can affect the heat generation rate. On the other hand, the variation in coolant flow can affect the overall heat transfer coefficient. To investigate the model’s uncertainty, a ±5–10% variation in cell current and heat transfer coefficient for each C rate from 1C to 5C is used to assess how well the model responds to the changes in the input parameters. Table 7 illustrates the results of variation in temperature with ±5% and ±10% variation in the input parameters.



When the variation that has been added is positive in the input parameters, temperature rise has been observed in both cases. Here, positive variation means a slightly increased charging/discharging current and coolant flow rate and vice versa. This means that the system responds to the input variation and predicted temperature is within the acceptable limit and relative error is also within the error bounds. A similar trend has been observed when the variation of the input used has been negative. Relative error is found high at 5C rate for ±10% variation compared to the results obtained at no variation. To keep the relative error within a reasonable limit, high coolant flow needs to be ensured to tackle the battery temperature rise. It can be pointed out that the model seems robust in terms of thermal performance, indicated by the capability to respond to the changes in the input parameters and a small relative error (3% to 8%) for the variation of ±5% and ±10% charging current and heat transfer coefficient.




3.6. General Discussion


One can argue that metal housing can be problematic due to the risk of causing a short-circuit to the cells. This can be easily eliminated by the choice of appropriate adhesive material such as epoxy/thermal paste. The impact of thermal grease is not studied in this work. In future work, the study of the effect of thermal interface material on the metal housing can be carried out. First, the insulating material such as thermal grease can be a contributing factor to retain internal cell heat. Second, the battery enclosure needs to be protected from direct sunlight exposure, particularly in hot climatic conditions. This can be solved by using a painted, light-coloured battery housing material. From the integration perspective, liquid cold-plate-based cooling requires a pump and additional arrangements, and this involves an additional cost as well. Another concern is leakage, which is a critical safety issue for the battery. This problem can be tackled by adding a substantial grease layer to the battery enclosure material.



In this work, the simulations are focused on managing battery temperature at hot climatic conditions and the reduction of overall battery temperature is the major goal. A battery operating at high ambient conditions might lead to premature battery failure and early degradation. To avoid these battery failure issues, a novel thermal management strategy has been proposed in this work. Further, with respect to novelty, a new FE thermal model of an e-bike battery has been developed considering various case materials (Al and Cu). In addition, a liquid cooling system has been proposed for an e-bike, which is new in terms of application. To the authors’ knowledge, there is no existing work available on the thermal analysis of an e-bike battery, particularly in hot climate conditions.



The battery requirements and pack design for an e-bike could be different from that used in the EVs in a number of ways. The e-bike is better suited for low speed in urban areas and for short trips (range 5–40 miles), whereas the EV is specifically designed for long-distance commuting (city-to-city) at high speed. The proposed e-bike battery pack ideally should be cheaper, lightweight, and compactly designed. The battery temperature can be kept to an optimum level of 28 °C based on the combination of worst-case scenarios, such as 45 °C ambient temperature, battery operating at maximum 5C discharge rate, and coolant temperature at 20 °C, with the combination of Cu casing material and water/glycol coolant. The battery temperature can be further reduced to 20.1 °C by keeping the coolant temperature at 5 °C. However, this comes with an additional cost arising from the chiller needed to maintain a low coolant temperature. An e-bike needs additional cooling only in a harsh ambient temperature of 45 °C and above. Without liquid cooling, the cost can be kept low, which is a promising, environmentally friendly, and cheaper transport option for city dwellers. The proposed design can be lightweight, particularly when the liquid cooling is not needed during the winter, through a modularized battery pack design.



It should also be pointed out that the proposed thermal management was validated using a couple of driving scenarios. However, in the future, an experimental setup would be developed for further validation and implementation of the cooling system in electric bike battery applications.





4. Conclusions


In this study, a detailed numerical simulation that offers an effective solution of battery cooling for electric motorbikes in hot climatic conditions is presented. This cooling solution comes from the combination of battery housing material and coolant flow. The proposed cooling solution depends on high thermal conductivity battery casing material. These findings offer important thermal design guidelines to future e-bike applications. Numerical evaluation suggests that only up to 53 °C is achievable with Cu battery housing material, compared to 55 °C at the maximum discharge rate of 5C. Further reduction is possible with the help of liquid flow cooling configuration and, in this case, with the use of a coolant temperature of 20 °C, battery temperature can be reduced to 28 °C. The analysis also suggests that the proposed cooling system can keep a safe battery temperature up to a 5C discharge rate. Furthermore, the proposed design can maintain a safe battery temperature under different accelerating driving scenarios. Therefore, this cooling system can offer a novel thermal design approach in e-bike applications, where highly conductive battery housing material can be selected together with an appropriate cooling configuration and coolant. This extra layer of thermal design can benefit the power density battery pack design in future e-bike applications while meeting the stringent requirements of battery safety and reliability in hot climatic conditions.
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Figure 1. (a) Typical configuration of 2.8 kW electric motorbike containing 72 V 43 Ah battery pack and (b) meshed model of the studied battery pack and (c) thermal model set up. 
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Figure 2. Mesh independence test showing variation in temperature with the grid number. 
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Figure 3. Temperature contours of the entire battery pack in plastic (acrylic) housing at 2C discharge rate while ambient temperature of 5 °C is considered. 
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Figure 4. Temperature contours of the entire battery pack in Al housing with different C rates (a) 0.5C (b) 1C (c) 3C (d) 5C while ambient temperature of 5 °C is considered. 
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Figure 5. Temperature contours of the entire battery pack in Al housing with different C rates (a) 0.5C (b) 1C (c) 3C (d) 5C while ambient temperature of 45 °C is considered. 
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Figure 6. Temperature contours of the entire battery pack in Cu housing with different C rates (a) 0.5C (b) 1C (c) 3C (d) 5C while ambient temperature of 45 °C is considered. 
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Figure 7. Maximum temperature elevations of battery pack implemented with (a) Al battery housing and (b) Cu battery housing under different ambient temperatures at varied C rates. 
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Figure 8. Temperature contours of the entire battery pack in Cu housing while coolant temperature is 20 °C with different C rates (a) 0.5C (b) 1C (c) 3C (d) 5C operating at 45 °C ambient temperature. 
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Figure 9. Maximum temperature elevations of battery pack fitted with Cu battery housing under different coolant temperatures at varied C rates operating at 45 °C ambient temperature. 






Figure 9. Maximum temperature elevations of battery pack fitted with Cu battery housing under different coolant temperatures at varied C rates operating at 45 °C ambient temperature.



[image: Designs 06 00060 g009]







[image: Designs 06 00060 g010 550] 





Figure 10. Proposed liquid cold plate for e-bike battery cooling. 
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Figure 11. Predicted battery temperature profiles at different C rates. 
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Figure 12. (a) First custom drive current profile and corresponding (b) predicted temperature profile. 
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Figure 13. (a) Second custom drive current profile and corresponding (b) predicted temperature profile. 
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Table 1. Specifications of 3.2 Ah battery [25].
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	Battery Specifications
	Values





	Diameter (mm)
	18



	Height (mm)
	65



	Weight (g)
	45



	Chemistry
	Nickel/Cobalt/Rechargeable



	Maximum Charging Voltage
	4.2



	Nominal Voltage (V)
	3.7



	Minimum Cut-off Voltage (V)
	2.5



	Maximum Capacity (mAh)
	3350



	Nominal Capacity (mAh)
	3200



	Internal Resistance (mΩ)
	38



	Battery Pack Configuration
	20S12P



	Working temperature range (°C)
	Charge: 0 to +45

Discharge: −20 to +60
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Table 2. Thermo-physical properties of Battery and casing materials [27].
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	Material
	Density

   ρ    (  kg ·  m  − 3    )    
	Specific Heat

   Capacity    c p   (  J ·   kg   − 1   ·  K  − 1    )    
	Thermal Conductivity

   k    (  W ·  m  − 1   ·  K  − 1    )    





	Battery
	2500
	1200
	4



	Al
	2719
	871
	202



	Cu
	8960
	385
	400
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Table 3. Predicted Battery Temperature at varied C rates under different housing materials.
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Ambient Temperature (°C)

	
Al Housing, Predicted Temperature (°C) at Different Discharge Rates

	
Cu Housing, Predicted Temperature (°C) at Different Discharge Rates




	
0.5C

	
1C

	
3C

	
5C

	
0.5C

	
1C

	
3C

	
5C






	
5

	
5.1

	
5.4

	
8.5

	
15

	
5.08

	
5.3

	
7.5

	
13




	
15

	
15.1

	
15.4

	
18.5

	
25

	
15.08

	
15.3

	
17.5

	
23




	
35

	
35.1

	
35.4

	
38.5

	
45

	
35.08

	
35.3

	
37.5

	
43




	
45

	
45.1

	
45.4

	
48.5

	
55

	
45.08

	
45.3

	
47.5

	
53
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Table 4. Thermo-physical properties of coolant materials [29].
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	Material
	Mineral Oil
	Water/Glycol





	   Density   ρ    (  kg ·  m  − 3    )    
	924.1
	1069



	   Specific   heat   capacity    c p   (  J ·   kg   − 1   ·  K  − 1    )    
	1900
	3323



	   Thermal   Conductivity   k    (  W ·  m  − 1   ·  K  − 1    )    
	0.13
	0.3892



	   Kinematic   Viscosity    m 2  / s   
	5.6 × 10−5
	2.58 × 10−6
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Table 5. Specifications of the liquid cold plate.
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	Parameters
	Values





	Liquid cold plate size
	400 mm × 200 mm × 16 mm



	Maximum Diameter of the outer channel (mm)
	9 mm



	Channel pass
	4



	Working liquid
	45



	Channel
	Cu



	Working coolant temperature range (°C)
	5–20
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Table 6. Predicted battery temperature with various coolants.






Table 6. Predicted battery temperature with various coolants.





	C-Rate [C]
	Predicted Battery Temperature, [°C] @ Mineral Oil
	Predicted Battery Temperature, [°C] @ Water/Glycol [50% + 50%]





	0.5
	23.10
	20.44



	1
	27.30
	21.00



	2
	41.40
	23.60



	3
	59.00
	27.00



	4
	79.00
	31.00



	5
	101.00
	36.00
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Table 7. Errors in predicted battery temperature with various charging rates and heat transfer coefficients (ambient temperature: 45 °C, coolant: water/glycol and housing material: Cu).
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C-Rate [C]

	
Predicted Battery Temperature, [°C]

	
Predicted Battery Temperature, [°C] @ 5% Variation in Charging Current + Heat Transfer Coefficient

	
Predicted Battery Temperature, [°C] @ 10% Variation in Charging Current + Heat Transfer Coefficient




	
Heat Transfer Coefficient

[W·m−2·K−1]

	
No Variation

	
+5% Variation

	
−5% Variation

	
Relative Error @ +5% (%)

	
Relative Error @ −5% (%)

	
+10% Variation

	
−10% Variation

	
Relative Error @ +5% (%)

	
Relative Error @ −5% (%)






	
1

	
2647

	
21.00

	
21.10

	
21.00

	
0.47

	
0.00

	
21.20

	
20.90

	
0.95

	
0.47




	
2

	
3432

	
23.60

	
23.80

	
23.40

	
0.84

	
0.84

	
24.00

	
23.00

	
1.69

	
2.54




	
3

	
4321

	
27.00

	
27.50

	
26.50

	
1.85

	
1.85

	
28.00

	
26.00

	
3.70

	
3.70




	
4

	
5165

	
31.00

	
32.00

	
30.50

	
3.22

	
1.61

	
33.00

	
29.50

	
6.45

	
4.83




	
5

	
5976

	
36.00

	
37.00

	
35.00

	
2.77

	
2.78

	
39.00

	
34.00

	
8.33

	
5.55
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