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Electric vehicles (EVs) have been developed to solve environmental problems and the depletion of energy resources, and batteries have been used as their main energy source. The battery used in this study was a lithium polymer battery with the same chemical structure as lithium-ion. The use of a solid electrolyte has advantages, such as lack of leakage of electrolyte, high density per size, and convenient shape design. In this study, we analyzed the heat generation and performance characteristics of EV batteries through experiments on changes in environmental temperature. There is a difference in the heat generation depending on the discharge rate, and the performance characteristics of the battery improves as the environmental temperature rises. In the experiment, the battery discharge performance and heat generation were meaningful at 40°C environmental temperature, the worst battery discharge performance and heat generation at −30°C environmental temperature were 25.1 W (1 C), 81.0 W (2 C), and 151.5 W (3 C). In this study, the heat generation and performance characteristics of the battery were analyzed according to the change in the environmental temperature and discharge rate of the battery. We proposed a relationship between heat generation and environmental temperature in terms of discharge rate. The relationship is significant in designing thermal management system for battery powered devices.
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INTRODUCTION
Electric vehicles (EVs), hybrid EVs, and plug-in hybrid EVs are gradually being developed because of the depletion of energy resources and increasing environmental pollution worldwide (Amjad et al., 2010]. The global market for EVs increased from 1 million in 2014 to approximately 7.2 million in 2019 and is expected to reach 116 million by 2030, therefore, the rapid growth of this industry is associated with a significant decrease in the cost of lithium-ion batteries (LIBs) over the past decade (International Energy Agency, 2020; McKerracher, 2020). Additionally, studies on performance and lifespan are required to further improve the economic and environmental costs associated with LIBs (Li et al., 2018).
Among the various types of EV battery packs, LIBs are being used because of their high energy density, long cycle life, light weight, and lack of memory effect (Bahiraei et al., 2017; Requia et al., 2018). In addition, the lithium-polymer battery has the same structure as the LIB and uses a gel-type polymer electrolyte; therefore, there is neither leakage and large capacity nor natural discharge and memory effect. It is also applied to EVs because it has the advantage of easy shape design using thin aluminum and plastic coated film. For lithium-polymer batteries and LIBs, electrical problems may occur when voltage, current, and power limits are exceeded during charging/discharging, and a fire may occur because of the external shock or internal heat. Therefore, it is necessary to improve the performance by studying the risk factors for battery life and safety (Panchal et al., 2018). The battery management system is used to protect a battery from risk factors, such as thermal runaway, to maintain an optimum temperature range of 15–40°C, and to maintain a temperature difference between the batteries within 5°C (Al-Zareer et al., 2018).
Various studies have been conducted to improve the battery performance of LIBs and lithium-polymer batteries by controlling the risk factors. Typically, one of the studies shows how to maintain the performance of the battery by controlling the heat of the battery. The control method includes an air cooling type, a water cooling type, a phase change material (PCM), and a hybrid type.
They performed a three-dimensional numerical investigation of the transient thermal behavior of LIB modules using a user-defined function (UDF) to formulate the heating generation of the battery cell. They concluded that in the designed battery module, different air temperature profiles appear depending on the flow direction and the width and depth of the module, and by determining where the highest temperature occurs, the flow pattern in the battery module depends on the depth of the battery (Jilte and Kumar, 2018). They conducted a CFD coupled multi-objective optimization approach for an air cooling BTMS with spoilers. By applying a spoiler to the battery gap of the air-cooled BTMS, the airflow path was changed, effectively improving the temperature uniformity of the battery module, and the difference in cooling performance was investigated according to the shape, number, and length of the spoiler (Wang et al., 2021). In the study of applying the air cooling method in the battery thermal management system, the application to the change of the battery electrical performance according to the environmental temperature by focusing only on the cooling performance of the battery is insufficient.
They performed a three-dimensional numerical analysis of a high-discharge-rate 20-Ah lithium-ion pouch cell with U-turn microchannel cooling plates on both sides. Through various variables of different coolant temperatures, inlet coolant mass flow rates, the number of cooling channels, maximum channel width, and flow patterns, the numerical analysis results were verified as experimental research results within 8.5% by reflecting the exothermic rate calculated in the proposed method (Patil et al., 2020). They investigated a lightweight liquid cooling solution for cooling a prismatic hard case cell. They concluded that the effect of fluid flow direction, flow velocity, channel dimension, and cooling medium on the heat distribution of the cell, and the cooling performance and lightweight results are highly feasible for controlling the heat distribution of battery packs comprising prismatic hard case LFP cells (Sheng et al., 2021). They experimentally investigated the thermal performance of water-cooled cold plates used in the thermal management of batteries using a conventional serpentine tube and mini channel designs, including a lithium-ion phosphate battery under certain discharge rates. They concluded that the use of the mini-channel cooling plate improved the thermal performance of the proposed mini-channel cooling plate through a further decrease in the maximum average battery surface temperature compared to the serpentine surface temperature and improved battery surface temperature uniformity (Kalkan et al., 2021). They numerically studied a straight mini-channel-based cold plate sandwiched between two consecutive batteries to form a battery module. They proposed a system with suitable cooling performance based on various design and operating conditions, such as mini-channel width, number of channels, coolant type, liquid flow rate, coolant temperature, ambient temperature, and discharge rate (Monika et al., 2021). Even in the study of the application of water cooling in the battery thermal management system, the application of the electrical performance of the battery that changes according to the environmental temperature is insufficient, focusing only on the battery cooling performance. It is necessary to maximize the efficiency of various cooling methods through the application of data on the electrical performance and heat generation of the battery in various environmental temperatures.
They investigated the modeling and analysis of a battery module to improve the thermal performance of the LIBs in EVs with phase change materials (PCMs). They identified expanded graphite as the best phase change material that will enhance the heat transfer rate increased when compared with the model without PCM, and concluded that high thermal conductivity is preferred for various environmental conditions, which will improve the battery performance with less voltage drop (Talluri et al., 2020). They conducted numerical simulations and experiments on the thermal performance of a battery module by adopting phase change cooling with PCM. They indicated that a higher thermal conductivity and latent heat leads to better thermal management performance considering the maximum temperature and temperature uniformity of the LIB module and concluded that thermal management performance slightly increased when the thermal conductivity and latent heat attained a relatively high value (Huang et al., 2020). They evaluated the performance of a passive thermal management system for high power LIBs in a cold environment. It was concluded that the low thermal conductivity of paraffin wax, which is considered detrimental at high temperatures to prevent overheating of the battery, provides advantages during short cold-soaking by keeping the module warm and improving energy (Ghadbeigi et al., 2018). They proposed a paraffin/expanded graphite (EG) composites-based battery module (PCM module), as well as a two-dimensional thermal model. They designed the optimal mass fraction of EG and a novel pyrolytic graphite sheet (PGS) reinforced paraffin/EG composite material-based battery module (PCM/PGS module) for the best thermal performance and found that PCM/PGS modules exhibit much better heat dissipation performance and temperature uniformity than PCM modules during discharge-charging cycles (Wu et al., 2017). In the study applying PCM in a battery thermal management system, it was analyzed that the battery performance was improved with a small voltage drop due to high thermal conductivity under various environmental conditions, and the electrical performance of the battery was also analyzed in a cold environment. For effective battery temperature management, it is necessary to analyze the additional environmental temperature and the weight of the cooling system.
They experimentally studied the hybrid cooling concept with enhanced water vaporization by convection and coolant. They demonstrated the excellence of hybrid cooling through comparison of non-cooling, water cooling, and hybrid cooling using fiber materials acting by capillary effects that do not require pumps, tubes, and heat exchangers for cooling water recirculation (Wei and Agelin-Chaab, 2018). They numerically studied and proposed a delayed cooling system coupling composite phase change material (CPCM) and nano phase change material emulsion (NPCME) to improve the working performance of LIBs under long-term charge–discharge cycles. They suggested that the NPCME/CPCM system can control the maximum temperature change with improved cooling performance and a lower flow rate than the conventional hybrid water/CPCM system under optimal operating conditions (Cao et al., 2021). They proposed a thermal management method for a novel battery module involving an integrated design of PCM and cooling plate to prevent heat propagation and thermal runaway in a battery module made of 18,650 cells that have been damaged by nail penetration of up to three cells (Kshetrimayum et al., 2019). They proposed a novel dielectric fluid immersion cooling (DFIC) technology for LIB thermal management compared with four different cooling methods: natural convection, battery immersed in stationary dielectric fluid without tab cooling, battery immersed in a stationary dielectric fluid with tab cooling, and battery immersed in flowing dielectric fluid with tab cooling (Patil et al., 2021). In the study of applying the hybrid method in the battery thermal management system, the method combining various cooling methods is excessive to control only the maximum temperature of the battery. It is necessary to analyze and apply the correlation of battery electrical performance change with environmental temperature change. As a comprehensive cooling method is applied, efficiency and optimum temperature control conditions are required.
To maintain and improve battery system performance, various studies are being conducted on single cooling (air cooling, water cooling, and PCM application) and comprehensive cooling (hybrid cooling). In many cases, the papers on the thermal management system of the conventional battery conduct numerical analysis intensively on cooling technologies with the heat generation obtained through a single experiment of the battery. It is necessary to apply an optimal cooling effect by analyzing the electrical performance of the battery according to the environmental temperature and discharge rate of the battery. In this study, the battery performance according to changes in environmental temperature and discharge rate for a single cell of a lithium polymer battery before composing a battery system is analyzed as a basic study for future battery module research.
THEORY
Lithium-polymer batteries convert chemical energy into electrical energy through oxidation/reduction reactions between the positive and negative electrodes, and the general electrochemical principle for charge/discharge is achieved through Eq. 1 as shown in Figure 1.
[image: image]
[image: Figure 1]FIGURE 1 | Lithium-polymer electrochemical working principle.
When charging/discharging, it is important to operate a lithium-polymer battery at an optimal environmental temperature because the internal resistance changes according to the temperature change of the battery, and power loss occurs because of the voltage drop. The voltage of the battery is determined by the current, time, and temperature as shown in Eq. 2; the amount of heat generation is shown in Eq. 3.
[image: image]
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Here, I is current, U is the open-circuit voltage (OCV), [image: image] is the cell voltage, and T is the temperature (K). The [image: image] term represents reversible heat generation and the [image: image] term represents irreversible heat generation (Zhang et al., 2014). The increase in the temperature of the battery was proportional to the increase in the discharge rate.
The irreversible heat generation [image: image] and the reversible heat generation [image: image] can be expressed by Eqs 4, 5, and the total heat generation [image: image] can be expressed by Eq. 6 (Jeon and Baek, 2011).
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Here, σ [image: image] is the electrical conductivity, ΔS ([image: image]) is the change in entropy, n is the charge number for the electrical reaction, and F (96485 [image: image] is the Faraday constant. Using these equations, the heat generation by the change in the environmental temperature and discharge rate of the lithium polymer battery was calculated.
EXPERIMENT
The discharge test of a high-discharge lithium-polymer battery was conducted based on the environmental temperature and discharge rate. Table 1 lists the mechanical and electrical characteristics of the batteries. The charging and discharging rates of the battery were determined according to the battery specifications. The maximum allowable charge current and maximum sustained discharges were 1 C (40 A) and 3 C (120 A), respectively. The configuration of the experimental equipment, the point of thermocouples installed on each side to analyze the temperature change on the surface of the battery and the lithium-polymer battery dimension size are described in detail in Figure 2. The 1) 40 Ah Lithium-polymer battery, 2) Environmental chamber (TH3-KE, -40–150°C), 3) Power supply (10kW (50V, 200A)), 4) Electronic load device (DC Electronic load 34106C), 5) Data collection (NI 9214), 6) Control device (Devices and controllers that record LabVIEW-related data are connected to a computer) were configured to conduct the battery environmental temperature and discharge experiments. As for the test method, the battery was fully charged with a Constant Current (CC), and when the temperature of the battery was adjusted by setting the environmental temperature, the discharge experiment was performed from 4.2 to 2.8 V. A fully charged battery showed a decrease in voltage while reaching the environmental temperature set in the environmental chamber, but the experimental start conditions were similar. During discharge, T-type thermocouples were installed in 9 points at equal positions on the forward and back sides of the battery to measure the temperature change of the battery surface during discharging, and data on the surface temperature change were collected from 18 points. After the discharge experiment, a sufficient rest (up to 3 h) time was applied to adjust the battery temperature to the environmental temperature of the room temperature, and the battery was recharged to experiment according to the environmental temperature and discharge rate. Table 2 lists the variables used in the experiment. Battery performance and battery surface temperature change were analyzed through a total of 24 experiments with 3 discharge rates (1, 2, 3 C) and 8 environmental temperatures (in units of 10°C from −30–40°C). The experiment was not conducted considering the thermal runaway of the battery when the environmental temperature exceeded 40°C.
TABLE 1 | Specifications of Li-polymer battery.
[image: Table 1][image: Figure 2]FIGURE 2 | Configuration of experimental equipment and lithium-polymer battery. (A) Experiment set up and thermocouple point, (B) Lithium-polymer battery dimension size.
TABLE 2 | Variables applied in the experiment test.
[image: Table 2]RESULT AND DISCUSSION
Effects of Environmental Temperature
The following results were obtained through experiments on the performance and heat generation of high-discharge lithium-polymer batteries owing to changes in the environmental temperature and discharge rate.
Figure 3 shows the change in the discharge voltage of the battery according to the environmental temperature change and discharge rate. Battery performance according to environmental temperature and discharge rate has a high effect at low temperatures and high discharge rates. At a discharge rate of 1 C, the effect on the environmental temperature was lower than that of other discharge rates, and in the low environmental temperature, the effect on the performance of the battery gradually increased. At discharge rates of 2 and 3 C, the lower the environmental temperature, the greater the effect on the battery performance, and it was found that the normal operation of the battery was difficult. The higher the environmental temperature, the better the battery performance at each discharge rate, and the lower the difference in battery performance.
[image: Figure 3]FIGURE 3 | Discharge voltage according to environmental temperature change at each discharge rate. (A) 1 C-rate. (B) 2 C-rate. (C) 3 C-rate.
Figure 4 shows the average internal resistance and average entropy change according to the change in the environmental temperature and discharge rate. The average internal resistance, which is related to the irreversible heat generation in Eq. 4 and Figure 4A, was found to be related to the temperature change. The internal resistance value was calculated in relation to the square value of the applied current in the battery discharge experiment in the irreversible calorific value Equation 4 [[image: image]]. Changes in environmental temperature affect the charge movement inside the battery, and it has been shown that the internal resistance decreases as the environmental temperature increases (Baronti et al., 2010). The entropy change related to the reversible heat generation as shown in Eq. 5 and Figure 4B was measured in the order of the smallest surface average temperature change. The entropy change was calculated inversely by first calculating the reversible heat generation in Eq. 5, and assuming the charge number for the electrical reactions (n = 1) and the Faraday constant (96485 C/mol) in the term [image: image]. At discharge rates of 1 and 2 C, the entropy change tended to increase as the environmental temperature increased, and it was calculated to be the highest at an environmental temperature of 40°C. At a discharge rate of 3 C, the instantaneous entropy change was calculated to be high because the average temperature change was smaller than that of other environmental temperatures owing to the rapid discharge at −20, −30°C. When the environmental temperature rises, the entropy change also tends to increase in the same process.
[image: Figure 4]FIGURE 4 | Averaged internal resistance and entropy change on the battery. (A) Averaged internal resistance change. (B) Averaged entropy change.
Figure 5 shows the average heat generation according to the environmental temperature and discharge rate. There are differences in battery performance according to the discharge rate and measured OCV at the environmental temperature. Based on an OCV value, the heat generation was calculated with different environmental temperatures by using Equations 4, 5. As the discharge rate increased, the heat generation also increased, and the difference in heat generation also appeared depending on the environmental temperature. The heat generation was calculated according to the changes in surface temperature, internal resistance, and entropy. At the overall environmental temperature, the heat generation increased as the temperature decreased, and at the 1 C, it increased from 7.16 to 25.1 W. At the 2 C, the heat generation increased by 20.6–81.0 W, and at the 3 C, the heat generation increased by 32.5–151.5 W. The high heat generation at −30 and −20°C is because the heat generation on the surface of the battery is more than 5°C compared to the fast discharging time.
[image: Figure 5]FIGURE 5 | Averaged heat generation on the surface of the battery.
Figure 6 plots the heat generation against the non-dimensional discharge factor which compares of discharge rate with non-dimensional temperature. The non-dimensional temperature is defined as follows.
[image: image]
[image: Figure 6]FIGURE 6 | The resulting heat generation versus.[image: image]
It has been found that the heat generation is proportional to the cubic root of discharge rate while it is irreversibly proportional to the non-dimensional temperature. The resulting relationship can be described in.
[image: image]
As far as the authors know, the proposed equation is firstly presented in scientific society. Eq. 8 will be also generalized depending on the specification of the designed battery. In addition, the relationship provides the groundwork for predicting heat generation as well as pre-determining battery cooling system capacity.
Figure 7 shows the discharge efficiency according to the environmental temperature for each discharge rate through the discharge time of the battery. It was found that the discharge efficiency was critically decreased at the sub-zero environmental temperature, and the interval of the discharge efficiency also tended to increase. In the experiment with a discharge rate of 1 C, the environmental temperature with the highest discharge efficiency was 30 and 40°C, and it was calculated as 87.3 and 87.4% with a difference of 0.1. It was calculated to be 88% at 40°C at the 2 C and 88% at 40°C at the 3 C. A comparison of the discharge efficiency shows that the higher the discharge rate, the greater the influence on the environmental temperature, and the higher the environmental temperature, the higher the performance of the battery.
[image: Figure 7]FIGURE 7 | Discharge efficiency according to the environmental temperature change.
Temperature Variation of the Battery Surface
Table 3 shows the average temperature change of the battery surface according to the change in environmental temperature and discharge rate. Except for −30/−20°C at the 3 C, it can be observed that the surface average temperature increases as the environmental temperature decreases.
TABLE 3 | Average temperature change on battery surface.
[image: Table 3]Figure 8 shows the data with the uncritical and critical changes in the battery surface temperature change for the forward and backside surfaces at the discharge rates of 1–3 C. It was found that the change in the surface temperature of the battery decreased as the environmental temperature increased, regardless of the change in the discharge rate, except for the discharge rate of 3 C. Because the internal resistance decreased as the environmental temperature increased, the change in the surface temperature decreased under the experimental conditions. Figure 8A shows the battery surface temperature change for each environmental temperature at the 1 C, and the uncritical temperature change at an environmental temperature of 40°C was 2.35°C/2.25°C; the temperature change was measured from the forward/backside. The critical temperature change was at the environmental temperature of −30°C, and the temperature change was measured at the forward/backside at 6.3°C/6.93°C. A difference of 4.68°C was calculated for the battery surface temperature change with respect to the environmental temperature. Figure 8B shows the battery surface temperature change for each environmental temperature at the 2 C, and the uncritical temperature change at an environmental temperature of 40°C was 4.53°C/4.29°C; the temperature change was measured from the forward/backside. The critical temperature change was at the environmental temperature of -30°C, and the temperature change was measured from the forward/backside as 11.55°C/13°C. A difference of 8.11°C was calculated for the battery surface temperature change with respect to the environmental temperature. Figure 8C shows the battery surface temperature change for each environmental temperature at the 3 C, and the uncritical temperature change at the environmental temperature of −30°C was 5.29°C/6.17°C; the temperature change was measured from the forward/backside. The critical temperature change was measured as 12.73°C at the forward side of the environment temperature of 0 and 12.84°C at the backside of the environment temperature of −10°C. A maximum difference of 6.67°C was calculated for the battery surface temperature change with respect to the environmental temperature.
[image: Figure 8]FIGURE 8 | Temperature variation of critical and uncritical location. (A) 1 C-rate (Forward and backside surface). (B) 2 C-rate (Forward and backside surface). (C) 3 C-rate (Forward and backside surface).
Based on the experimental results, Figures 4, 5, 8 showed that there is an internal change in the battery as the environmental temperature changes (Baronti et al., 2010). The experiment was not conducted at an environmental temperature of 40°C or higher considering the thermal runaway. From the numerical analysis results of (Kwon and Park, 2019), it may be confirmed that the battery performance increases as the environmental temperature increases in a single cycle but the battery performance is degraded as multiple cycles progress. The effect on battery performance and temperature change according to the battery environmental temperature and discharge rate was experimentally studied in this paper. Further investigations will be conducted in regard to the multiple charge and discharge cycle performances with different environmental temperature.
In this study, the battery performance and surface temperature change based on the environmental temperature and discharge rate of the lithium-polymer battery were tested. According to the experimental results, the critical battery surface temperature change was 6.9°C (At 1 C,−30°C)/13°C (At 2 C, −30°C)/12.8°C (At 3 C,−10°C) based on the environmental temperature and each discharge rate, the highest average heat generation was measured as 25.1 W/81.0 W/151.5 W (At 1, 2, 3 C, −30°C), and the high discharge efficiency was 88% (At 2, 3 C, 40°C). Through the analysis of the experimental results, it is suggested that the performance of the battery is correlated with the environmental temperature and the discharge rate and is an important factor.
CONCLUSION
In this study, the following conclusions were drawn through experiments based on the changes in the environmental temperature and discharge rate of high-discharge lithium-polymer batteries.
1) At the discharge rates of 1 and 2 C, the discharge performance is more than 70% except at below zero 20 and 30°C, and the discharge performance at the discharge rate of 3 C is less than 70% at under 0°C, so there is a difference in discharge performance and influence according to environmental temperature and discharge rate.
2) At the discharge rate of 3 C, the influence on the average internal resistance and average entropy change of the battery according to the environmental temperature was found to be the highest.
3) The uncritical and critical heat generation was about 7 W (At 1 C, 20, 30, 40°C) and 151.5 W (At 3 C, −30°C).
4) At an environmental temperature of 40°C, where the change in battery discharge performance and surface temperature is the lowest, the discharge efficiency was calculated with 87.4% (1 C), 88% (2 C), and 88% (3 C).
Through this study, it was found that the heat generation is correlated to the discharge rate and environmental temperature with the relationship of [image: image]. This relationship will be practically useful in designing thermal management system for battery powered devices.Conflict of Interest
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