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Abstract

:

Featured Application


This article is a revised and expanded version of a paper entitled “Power tool battery packs: shortening intervals of operation and charging by improved cooling strategy”, which was presented at the COMSOL Conference Europe, Grenoble, 14–15 October 2020.




Abstract


In the fast-growing but also highly competitive market of battery-powered power tools, cell-pack-cooling systems are of high importance, as they guarantee safety and short charging times. A simulation model of an 18 V power tool battery pack was developed to be able to evaluate four different pack-cooling systems (two heat-conductive polymers, one phase change material, and non-convective air as reference) in an application scenario of practical relevance (the intensive use of a power tool followed by cooling down and charging steps). The simulation comprises battery models of 21700 cells that are commercially available as well as heat transfer models. The study highlights the performance of the different cooling materials and their effect on the maximum pack temperature and total charging cycle time. Key material parameters and their influence on the battery pack temperature and temperature homogeneity are discussed. Using phase change materials and heat-conductive polymers, a significantly lower maximum temperature during discharge (up to 26%) and a high shortening potential of the use/charging cycle (up to 32%) were shown. In addition to the cooling material sweep, a parameter sweep was performed, varying the external temperature and air movement. The high importance of the conditions of use on the cooling system’s performance was illustrated.
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1. Introduction


Increasing power and energy densities in modern Li-ion battery cells allows for the electrification of energy-intensive power tools, such as chainsaws, drilling hammers, and angle grinders. However, these new application fields lead to new challenges in terms of cell pack design. In particular, adequate cooling is of high importance during intensive use [1,2,3], which involves high-energy consumption in very short time spans and (fast) charging, as cells can get damaged if a certain temperature is exceeded [4,5,6].



For commercially available round cells such as 18650 or 21700 format cells, which are used in most power tool battery packs, cell manufacturers provide the maximum currents as well as the temperature ranges for charging and discharging to prevent short- and long-term damage to the cells [7]. Power tool manufactures have to ensure, through pack design and management software, that these limits are not exceeded to guarantee the safety and long service life of their power tool battery packs [8]. Battery packs are controlled by the battery management system (BMS) [9,10]. Simple systems control the current flowing to the cells and monitor cell and pack voltage, thus ensuring that safety limits and cell balancing are maintained. More complex systems are also able to estimate the current battery state, such as the current state of charge and state of health, and predict battery behavior [11]. This allows for the battery to be controlled much more finely and thus also makes it possible, for example, to use improved (fast) charging protocols, which specifically accelerate the charging process and improve the aging behavior [12]. The BMS can be implemented as an intelligent overarching central system or as an individual system in each cell [13]. Depending on the architecture, there are also limitations with regard to the performance of the systems, especially in terms of computing power and the number and type of sensors. The battery management system works closely with the battery cooling system or they are combined into one system. This guarantees that both systems function optimally, that safety limits are complied with, and that the system is always in a safe state for cell aging [14]. It is essential to know the characteristics of the cooling system as precicly as possible, as this is the only way to ensure good control and to get the best possible performance and user-friendliness from the use of the battery pack.



A great variety of different Li ion battery cooling systems have been proposed and investigated so far [15,16,17,18]. In scientific studies dealing with battery cooling systems, experimental approaches are often linked with simulations to be able to predict their performance in various usage scenarios [19]. In most studies, active cooling systems are investigated, pumping air or cold liquids around the cells or through cooling plates adjacent to the cells [20,21,22], as these systems are mainly used in huge battery packs, e.g., in electric vehicles [23,24]. However, the effort in terms of the weight and complexity of implementing such systems is high.



Passive cooling systems by contrast are lightweight, small, and independent of external power sources, and therefore easily implemented in small battery packs [25]. They are widely used, e.g., in e-bikes or power tool batteries [26]. In passive cooling systems, cells are embedded in materials with high heat conduction to ensure the fast transport of the produced heat to the pack’s surface. Latent heat storage materials make additional use of the energy used up by the phase transition of the material and are often combined with heat-conductive materials [27,28,29,30]. The performance of passive battery cooling systems using phase change materials has been confirmed in many studies [19,31,32,33]. Lou et al. [34] provide an overview of recent developments. They compare the performance of composite phase change materials, phase change fluids, flexible phase change materials, and hybrid cooling systems. Paraffin wax is usually used as the phase transformation material, as it is characterized by high latent heat in the appropriate melting temperature range, in addition to being non-toxic and non-corrosive [35]. However, since the material is characterized by low thermal conductivity, in recent years, it has been combined with materials with high thermal conductivity, such as graphite, graphene, or carbon nanofibers [36,37,38,39,40]. Other researchers have used cooling fins or foam structures to enhance heat dissipation at the surface [41,42,43]. Recent studies also suggest a combination of passive and active cooling systems. Zheng et al. [44] describe a pack-cooling system combining liquid and phase change material cooling for fast-charging applications in which the phase change material takes up 10% and the liquid cooling system takes up 90% of the generated heat. Ranjbaran et al. [45] used a similar approach of combining passive cooling by phase change material with active cooling, but they used air cooling instead of liquid cooling. Different cooling duct structures and cold air stream pressure differences were simulated and studied.



Due to direct use by the end user, the small space inside the device, and safety and usability requirements, cooling systems in battery-powered portable power tools face different challenges compared to cooling systems in electric mobility or grid applications. For example, cooling systems have to have the following characteristics:




	(1)

	
They must be powerful, as the comparatively small battery has to provide a lot of energy in a short time, especially when the tools are in use. This generates a lot of heat for a short time, which needs to be dissipated by the cooling system.




	(2)

	
They must help achieve the shortest possible charging time. The duration of the charging process is determined on the one hand by the charging current (fast charging). In power tools, however, it is precisely the excessively high temperature at the start of the charging process that restricts charging. Charging cannot be started immediately as the battery pack has to cool down first, and thus, the charging process is significantly prolonged by this cool-down time. A charging process that is as short as possible and thus the short downtime of the devices are of great interest to the user.




	(3)

	
They must be lightweight and take up very little space. Portability and user-friendliness can only be achieved this way [2].




	(4)

	
They must be maintenance-free and have user-independent control of both the cooling system and the battery management system, as well as their interaction. It is essential that the control system is as simple and independent as possible, as the units are intended for end users.




	(5)

	
They must be safe. Equipment should be designed to minimize the risk of personal injury and property damage from fires caused by overheated batteries [8,46].




	(6)

	
They must promote the long battery life of the pack. This is important in order to maximize user acceptance, but also in terms of resource conservation and sustainability. This can be achieved through a cooling system which keeps the pack at the most comfortable temperature range for the cells [5].









Mastering these challenges is made possible by the interplay between the choice of the right cooling system and the correct design, tailored to the specific application, as well as the suitable control of the battery by the battery management system, which also controls the charging and discharging currents with regard to thermal development.



This study contributes to a better understanding of cooling systems in power tool battery packs. It helps to select a cooling material that fits our requirements exactly and thus supplies a solution tailored to our performance requirements. This makes it possible to find an optimal compromise between high performance, safety, user-friendliness through having a short charging time, and longevity with regard to cell aging. In particular, short charging times are addressed. By comparing different cooling materials with a phase change material, the behavior of the materials in battery cooling systems can be better understood. Our application-oriented simulation in the use/charge cycle allows for insight into the effects of the cooling material used at different typical loads (discharging, loads, etc.). This study also provides an example of how simulation methods can be used to play through the complex interaction of the cooling system, load sequence, and safety and ageing requirements as well as how they can identify adjusting screws for the targeted optimization of the system.



In most power tool battery packs used in handheld power tools, cooling is achieved by passive cooling systems. This study uses a Comsol battery and heat transfer simulation to evaluate three different materials that are in use in the passive cooling systems of battery packs. The performance of three different cooling materials—two heat-conductive polymers, one phase change material, and non-convective air as reference—are compared at typical working conditions (at 25 °C, with a low wind speed) in a material sweep study. To get further insights into their performance under other climatic conditions, an additional simulation study on the influence of the external temperature and wind speed was performed (a parameter sweep study).



The special focus of this study was on shortening the use/charge cycle (Figure 1). This cycle resembles the typical use scenario of a power tool battery pack, e.g., used by a professional craftsman working with a power tool at a construction site over several hours. It consists of intensive use (A), cool-down phase I (B), charging (C), and cool-down phase II (D). To prevent accelerated aging during charging, the maximum charging temperature is limited to 50 °C (as per the recommendation of the cell’s manufacturer), and therefore charging is implemented in a temperature window of 46 °C (the charging start temperature) and 50 °C (the charging stop temperature).



A long us phase, which is mainly limited by the pack energy density and size, is favorable for customers. However, cool down and charging phases B and C have to be as short as possible to guarantee an interruption-free workflow with low downtimes for the pack. In particular, cool-down intervals during phases B and C limit the use of the pack. Along with guaranteeing safety by not reaching pack temperatures that are too high, it is the task of a good battery pack cooling system to minimize these downtimes.



Few authors have investigated hand-held power tools with respect to their behavior in scenarios close to application and real-life conditions as carried out in this study. Vogiatzis et al. [47] investigated the transient behavior of hybrid hand-held tools in nearly real load conditions in a hybrid experimental and simulative study. They developed a simulation model for the energy management of the power tool but did not look at the cooling system and strategy.




2. Methods


A model of an 18 V power tool battery pack was developed using Comsol Multiyphysics V5.6. A special focus was set on the interaction of cell pack performance and the cooling system and their practical relevance for pack design and customer experience. It comprises battery models of 21700 commercially available cells as well as heat transfer models.



2.1. Battery Cell Model


The “lumped battery model” provided by Comsol was used to simulate the cell performance as well as the heating up of the cell pack (heat source). Key input parameters of the battery model are summed up in Appendix A. Cell parameters were determined by performing a parameter estimation study to fit experimental charge and discharge curves at different C rates. The parameter estimation was supported by interpretations of impedance measurements (EIS), pulsed discharge tests, and microstructural investigations (see Appendix A for further details), which were used as starting points for the parameter estimation study. A reasonable agreement between simulation and experimental data was achieved in terms of electrochemical and thermal behavior. An event interface was used to control battery mode (charging, discharging) and charging mode (CC, CV) with respect to state of charge. To link battery and thermal model, an electrochemical-thermal coupling model was used. Further documentation of the Comsol lumped battery model and the equations used can be found in Appendix B and in the Comsol documentation [48]. At the beginning of the use/charge cycle, the cells are in fully charged (SOC 1) state.



Electrochemical cell characterizations were carried out using a BaSyTec XCTS system (BaSyTec GmbH. Öllinger Weg 17, 89176 Asselfingen, Germany) and a Biologic VSP system (Biologic, Rue de Vaucanson 4, 38170 Seyssinet-Pariset, France) at controlled ambient temperature (climate chamber).




2.2. Material Properties and Heat Transfer Model


The heat transfer model is set up in Comsol by simplified 3D geometry of the cells and the surrounding passive cooling system (heat transfer material) as depicted in Figure 2. The geometry of the cooling system is inspired by the design of a power tool cell pack; however, it is reduced and simplified to increase computational efficiency. Heat transfer in the cells and the cooling material is computed by Comsol heat transfer in solid materials. Heat loss to the environment is taken into account by a convective heat flux surface boundary condition for all surfaces in contact with surrounding air. Ambient temperature was set to 25 °C and convection coefficient was set to 5 W/m2 K (moderate air movement). Event interfaces were used to control charge stop at “stop temperature” of 50 °C and charge restart at “start temperature” of 46 °C. Non-convective air (as reference) and three solid passive cooling materials were investigated in this study. Table 1 sums up the key parameters of the materials. Phase change in the latent heat storage material was implemented by adapting the heat capacity of the material at melting/solidifying temperature. Further documentation of the heat transfer in solids as well as the convective heat flux surface boundary condition and the equations used can be found in Appendix B as well as in the Comsol documentation [48].





3. Results and Discussion


3.1. Influence of Cooling Material on the Pack Performance during Use/Charge Cycle (Material Sweep Study)


The performance of three different cooling materials was investigated in the use (discharge), cool-down (rest), and charging phases (Figure 3 and Table 2). The following use case was investigated: the fully charged battery pack was discharged with 50 A to zero SOC (step A, resembling, e.g., working with an angle grinder until the battery is empty). After it cooled down to an acceptable temperature (step B, the cool-down step, decreasing the temperature to 46 °C), a charging step with 1.5 C (6 A, step C) and a second cool-down step (D) back to the ambient temperature were conducted.



Due to the high discharge current (25 A/cell), the cells quickly heat up in the use phase (A) and reach temperatures in the range of 64–86 °C. In the following cool-down phase I (B), during which no new heat is created in the cells, all four configurations cool down. The charging start temperature (which starts as soon as the cells have cooled down to 46 °C) is attained after 81–134 min and is followed by the charging phase (C), which ends when the cells are fully charged after 130–182 min. Room temperature is reached after cool-down phase II after 473–580 min (see Figure 3).



3.1.1. Use and Cool-Down Phase I


The highest temperature in the simulation is reached with the non-convective air (used as reference). Even though the temperature transported to the battery pack’s surface is high in comparison to that of the other materials, the system is not able to transfer enough heat in the use phase (A). In combination with the very low heat capacity, this leads to a very high temperature of 86.5 °C in the cells at the end of discharging. This is beyond the typical specification of commercially available cells and the manufacturer’s recommendations (~80 °C for discharging); thus, the use of this system cannot be recommended for the investigated use scenario. During cool-down phase I, the cells cool down fast (~0.5 °C/min, with an average cooling rate of 12–30 min), but due to the high maximum temperature, it takes until minute 133.5 to cool down to the charging start temperature, which is significantly later than that for the other investigated cooling materials.



Heat-conductive polymer I is characterized by high thermal conductivity but a low heat capacity. With a peak temperature of 72.3 °C, it performs in the use phase (A) better than the reference system but worse than the other two solid materials. Even though the peak temperature is 14.2 °C lower than the reference state, it is only 7.7 °C below the recommended maximum temperature. Due to the high thermal conductivity, the subsequent cool down (B) is quick (~0.4 °C/min, with an average cooling rate of 12–30 min), and the charging start temperature is achieved after 98.5 min.



Heat-conductive polymer II exhibits the lowest peak temperature (68.1 °C) of both materials without latent heat storage (phase change). The high heat capacity is able to take up a high amount of the thermal energy created during discharging in a short time span. Its cool down by contrast is slower compared to that of the other materials (~0.3 °C/min, with an average cooling rate of 12–30 min). The charging start temperature is reached after 102 min.



The latent heat storage material is able to absorb a certain amount of thermal energy by a phase change (solid to liquid) at 39 °C. This significantly lowers the maximum temperature at the end of the use phase. With this and the high specific heat, it reaches at peak temperature of 63.7 °C only and outperforms all other materials, even though it has the lowest thermal conductivity. However, the thermal energy stored in the phase change is released during cool-down phase II and therefore prolongs the cool down to room temperature. Note that if a transition temperature of 39 °C is not reached in the cool-down phase and thus re-solidification does not happen, the latent heat is not available in the following second use phase. The cool-down speed is slow (~0.3 °C/min, with an average cooling rate of 12–30 min), but due to the low maximum temperature, the charging start temperature is reached after 81 min, which is the fastest in comparison with the other materials.




3.1.2. Charging and Cool-Down Phase II


Figure 3 and Table 2 show the cell behavior during charging (C) and cool-down phase II (D). All of the materials start at the charging start temperature of 46 °C (the onset temperature of the charging unit at cool down) with a 6 A charger. During charging, the cells heat up until the upper safety temperature limit (the stop temperature) of 50 °C is reached. The charging pauses at this temperature to let the battery pack cool down until it has reached the starting temperature (46 °C) and charging starts again. After the charging is finished, the pack cools down in cool-down phase II, and room temperature is reached after another 304–428 min.



When using non-convective air (reference), the charging is paused twice for 21 min each. This significantly prolongs the total charging time. Due to the low heat capacity, the system heats up quickly, and therefore the cells can only partly be charged in each charging step. The cells are fully charged after 225 min (a charging time of 91.6 min).



Heat-conductive polymer I, heat-conductive polymer II, and the latent heat storage material are characterized by comparable behaviors during charging. For all configurations, the charging was interrupted once for 21 min. The cells were fully charged after comparable time spans of 70.8, 70.9, and 71.2 min of charging time. However, due to the different starting times, the total charged state is reached after different times (160, 164, and 143 min). The latent heat storage effect has no influence on the charging process, as the melting point (phase change temperature) is lower than the start temperature.




3.1.3. Summary (Material Sweep)


For the investigated ambient temperature of 25 °C and moderate air movement (with a convection coefficient of 5 W/m2 K), all of the systems struggle to transport the produced heat out of the system during use phase A. In particular, the heat dissipation of the packs by surface convection is too low and is most likely a bottleneck. Therefore, systems which can take up and store high amounts of thermal energy in a short time span, such as the heat-conductive polymer II (with a high heat capacity) and the latent heat storage material (in which the heat is absorbed by the phase change), perform best and lead to the lowest maximum temperatures. The thermal conductivity of the materials is of minor importance in this step for the given conditions. The performance of the cooling system during the use phase is on the one hand important for safety reasons. However, on the other hand, it also governs the maximum temperature, which has a big influence on the length of the following cool-down phase I and thus also influences the length of the use/charge cycle.



During the cool-down phases, high heat transfer and a low thermal mass as well as a low starting temperature are beneficial. In cool-down phase I, the high thermal conductivity of heat-conductive polymer I leads to a quick cool down (with a high negative slope of the temperature curve). However, due to the lower starting temperatures, the length of the cool-down phase of heat-conductive polymer II is only slightly longer (3.5 min, with heat conductivity that is three times lower), and due to the lower starting temperature, the use of the latent heat storage material leads to a 17.5 min shorter cool-down phase.



When it comes to charging, all the investigated solid cooling materials result in comparable charging time spans. Differences in their material properties have only a minor influence on their performance in this step. All materials are not able to absorb and transfer the produced heat to be charged without interruption, and thus, the charging time is significantly prolonged. This clearly indicates that it is necessary to carefully design the pack-cooling system, as small differences can significantly prolong or shorten the duration of charging and operating conditions such as the ambient temperature and ventilation (convection coefficient) are of high importance.



Comparing the influence of cool down and charging on the total length of the use/charge cycle, both are of importance. Looking at phases A–C only (till fully charged), cool-down phase I makes up about half of the time. For the whole cycle reaching room temperature (26 °C), cool down makes up 82–86% of the total cycle length. Improving the cool down behavior has the potential to shorten the whole process greatly.





3.2. Temperature Homogeneity in the Battery Pack


Apart from the average (maximum) temperature of the pack, it is of high importance to keep the temperature differences between the individual cells low. Figure 4 shows the evolution of the maximum temperature difference of the cells in the use/charge cycle for the different investigated materials, as well as the temperature distribution in the cells shortly after the use phase.



For all of the cooling materials and phases used, the cells are cooler at the corners than at the center (Figure 4a). Compared to the reference, all the solid cooling materials significantly reduce the maximum temperature difference in the cells. Shortly after the maximum temperature is reached, the temperature difference is the highest. The difference is 2.4 °C for heat-conductive polymer I, 2.6 °C for heat-conductive polymer II, 2.9 °C for the latent heat storage material (the maximum difference is reached shortly after the start of cool-down phase I for all three materials), and 5.2 °C for the reference (the maximum is reached in the middle of cool-down phase I). During charging, the maximum temperature difference is lower: 4.4 °C for the reference, 1.4 °C for heat-conductive polymer I, 2.0 °C for heat-conductive polymer II, and 2.3 °C for the latent heat storage material. As heat-conductive polymer I has the lowest temperature difference, high thermal conductivity and a low thermal mass are most likely beneficial for good temperature homogeneity in the cell pack. During the phase change of latent heat storage material, the temperature difference is significantly reduced, indicating the highly beneficial influence of the phase change on the temperature homogeneity.



Figure 4b, which highlights the temperature distribution in the cells, clearly illustrates the cooling effect of the solid cooling materials, as the parts of the cells in contact with the cooling materials (the central part within the cube) are lower than the heads of the cells not in contact with the cooling materials. The cooling materials take up the heat produced in the cells, and therefore, the parts in contact with the materials are cooler than the parts not in contact, for which the cell surface temperature is set by the thermal mass of the cells and the conductive heat transfer is at the surface only. The temperature difference between the head with no contact and the central part of the cells indicates that it might be beneficial for the temperature homogeneity to design the pack in a way that the cooling material totally encapsulates the cells, leaving no free heads with no contact to the cooling materials.




3.3. Influence of Ambient Conditions—Surrounding Temperature and Ventilation (Parameter Sweep Study)


The performance of cooling systems is heavily influenced by the climatic conditions in which power tools are used. To evaluate two of the main factors, ambient temperature and ventilation (i.e., the convection coefficient in the model), a parameter sweep (variation in one single input parameter while keeping all other parameters constant) was conducted varying these two parameters (Figure 5). The study was performed for the whole cycle using heat-conductive polymer I as the cooling material.



3.3.1. Influence of Ambient Temperature


The ambient temperature (AT) has a strong influence on the use/charge cycle, as highlighted in Figure 5a with the simulated ambient temperatures of 10, 20, 30, and 40 °C. At all ambient temperatures, the cell temperature quickly rises during the use phase to 70.8 °C (10 °C AT), 71.6 °C (20 °C AT), 72.4 °C (30 °C AT), and 73.1 °C (40 °C AT), the maximum temperature.



At low temperatures (10 °C AT), the cooling system can handle the created heat well and quickly cools down to the charging start temperature, which is reached after 68 min. During the charging process, the temperature slowly increases, but the cell stop temperature is not reached. The cells are fully charged without interruption after 119.5 min (with a charging time of 51.5 min). The maximum temperature after use was 70.8 °C.



Moderate temperatures (20 °C AT) lead to a maximum temperature of 71.6 °C, and the charging start temperature is reached after 85 min. The configuration just misses the threshold to charge without interruption—with one interruption, the fully charged state is reached after 153 min (a 68-min charging time).



Higher ambient temperatures of 30 and 40 °C significantly reduce the effectivity of the convective heat transport from the surface of the battery pack. As a consequence, the packs cool down slower, and the charging start temperature is reached after 87 and 135.5 min. During charging, the cells heat up quickly, and the stop temperature is reached once (30 °C, AT) and three times (40 °C AT) until the cells are fully charged after 159 min and 291 min (79.5 and 179 min charging times), respectively. Obviously, the charging process is significantly prolonged. However, the maximum temperature after use is only few degrees higher (72.4 and 73.1 °C) than that at lower ambient temperatures. This underlines the strong influence of the thermal mass of the cooling system on the maximum temperature. The ambient temperature is of minor significance, at least at low convection coefficients.




3.3.2. Influence of Air Movement Around the Pack


The convection coefficient (Figure 5b) was varied in the typical range of free, non-forced convection between almost no air movement (1 W/m2 K) and a strong wind (20 W/m2 K). For a high level of air movement (10 and 20 W/m2 K), the heat is very quickly dissipated by the surface, and the pack temperatures are low during use (70.5 and 68.1 °C) and even decrease during charging for 20 W/m2 K. This demonstrates that the heat transfer ability of the cooling system is able to transport the created thermal energy during charging if the pack surface is sufficiently cooled. The fully charged state is reached without interruption after 106.5 and 84.5 min. A low level of air movement leads to higher temperatures and a significant prolongation of cool down and charging. At 5 W/m2 K, a maximum temperature of 72.3 is reached, and the charging is interrupted once. The pack is fully charged after 169.3 min. Regarding 1 W/m2 K, the heat dissipation by the surface is very limited, and the pack heats up quickly during charging (73.6 °C), mainly governed by the heat capacity of the material. The cool-down phase is very slow. The charging start temperature is reached after 437 min, and the charging process is interrupted several times because the stop temperature is reached. The pausing interval is also prolonged by the slow cool-down speed. The fully charged state was not reached within the simulated maximum time of 500 min.




3.3.3. Summary (Parameter Sweep)


Both investigated factors, the ambient temperature and convection coefficient, have a strong influence on the performance of the cooling system. For designing an adequate cooling system, it is therefore strongly recommended to have a detailed look at the conditions in which the system shall be used. As the effect of both factors on the performance is contrary, a hot environment (a high ambient temperature) could be compensated for by high ventilation (e.g., forced ventilation by the charging unit), and low ventilation could be compensated for by placing the charging unit in cold or cooled surroundings. Comparing the two factors within the investigated ranges, the convection coefficient has a higher impact than the ambient temperature. The influence on the maximum temperature is small. The recommendation by the cell manufacturer to keep the cell pack at lower than 80 °C during the use phase (discharging) was fulfilled for all the configurations.



Looking at the governing material properties, it can be noted that at low convection coefficients and high ambient temperatures, the heat dissipation by the surface is very limited; thus, the heat capacity of the cooling material is of high importance. At high convection coefficients and low ambient temperatures, by contrast, the heat transfer ability of the cooling material is the governing material property, and the heat capacity is of lower significance.






4. Conclusions


A simulation model for evaluating the performance of handheld power tool battery pack cooling systems with passive cooling was established, highlighting the performance of three different solid cooling materials in a typical use/charge cycle, as well as assessing the influence of different ambient conditions.



	
Due to its ability to quickly absorb high amounts of thermal energy, the latent heat storage material performs best during the use phase (discharging) followed by heat-conductive polymer II with a high heat capacity. The maximum temperature is reduced up to 26% and is for all the solid cooling materials below the maximum temperature of 80 °C allowed for discharging by the cell manufacturer.



	
For the length of the whole cycle until the battery was fully charged (A–C), a shortening of 32% was reached using the latent heat storage material (25% was reached without a phase change using heat-conductive polymer I).



	
The ability to cool down quickly is of high importance for the total length of the cycle, as cooling down comprises up to 56% (till fully charged) and up to 86% (till reaching 26 °C after charging) of the total cycle time. High thermal conductivity and a low heat capacity are beneficial for short cool-down phases. Compared to the reference, a shortening of the cool-down phase I of 42% (28% without a phase change) was achieved with the solid cooling materials.



	
For the charging phase, all the investigated materials fail to transfer away or absorb enough heat to prevent reaching the stop temperature and have to interrupt the charging at least once to cool down back to the start temperature. Comparable total charging times are reached for all the solid materials, which have to be interrupted once for cooling during charging, while the reference has to be interrupted two times. Compared to the reference scenario (the non-convective air), a shortening of the charging up to 23% was achieved using the solid cooling materials. The influence of the differences in the materials properties of the solid cooling materials on the length of the step is only minor. Less often reaching the “stop temperature” during charging proved to be very important for short charging times. Fitting the start and stop temperatures or a temperature-adapted charging protocol, in which the charging current automatically lowers when the cell temperature is close to the “stop temperature” (CC-CT charging), might help shorten charging under different conditions.



	
The temperature homogeneity in the battery pack is significantly lower for the reference than for that of the investigated solid cooling materials. Heat-conductive polymer I showed the lowest total cell temperature differences, and therefore most likely the cell aging will differ the least.



	
By performing a parameter variation study, the strong influence of the ambient temperature and convection coefficient was demonstrated. It is advised to carefully evaluate future use conditions of power tools when designing power tool cooling systems. Active cooling (e.g., by a fan in the cooling unit) or cooling fins might enhance the heat transfer from the pack surface and thus help to reduce the length of the cool-down phases significantly.
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Appendix A. Input Parameters for the Cell Model and the Thermal Model


For simulating the cell behavior, the Comsol Lumped Battery Model is used. The input parameters for the model are determined using a combination of measurements carried out at the battery lab at Aalen University and fitting approaches in Comsol. The input parameters are summed up in Table A1, and the initial and boundary conditions in Table A2.



	
OCV






The open circuit voltage (OCV) of the investigated Samsung INR21700-40T was determined by charging and discharging at different currents (C/10, C/5, C/2, 1 C) and adding voltage losses to the measured curves. The voltage losses were calculated using state of charge (SOC)-dependent resistances and charging/discharging currents. Measurements were performed at different temperatures to assess the temperature dependency of the OCV. For the OCV-curve used, see Figure A1.



	
Cell Capacity






The cell capacity was measured by performing charging/discharging at C/40 (charging and discharging current of 0.1 A) at 25 °C.



	
Temperature Derivative of Open Circuit Voltage (dE/dT)






Determined by changing temperatures (5 °C/20 °C/50 °C) at different SOC values while measuring the change in voltage. A fitting approach within the Comsol cell model was used to adapt the measured values to better fit the cell heat production at different C rates (see voltage losses).



	
Voltage Losses






The Comsol lumped battery model uses “ohmic overpotential”, “activation overpotential”, and “concentration overpotential” to simulate the voltage losses due to ohmic resistance, electrochemical reaction at the electrode/electrolyte interface, and concentration differences during discharging and charging.



Ohmic overpotential is represented by the ohmic resistance of the cell. It was measured by EIS measurements (see Figure A2) and discharge pulses (pulsed discharge test, see Figure A3) at different SOC values. The measured ohmic resistance was used as a starting value for optimization. For the activation overpotential (input parameter: Dimensionless charge exchange current “1”) and concentration overpotential (particle diffusion, diffusion time constant “1000 s”, spheres with linear distribution Nel 10 and Nord 1), the Comsol default values were used as starting value for optimization.



Input parameters were adapted by using the optimization module in Comsol to fit experimental measured discharge curves (0.5 C, 1 C, 5 C) in the cell model. A reasonable agreement of the simulation and experimental data was achieved in terms of electrochemical behavior (see Figure A4).



	
Cell Thermal Material Properties






The thermal material input parameters are the thermal conductivity, density, and heat capacity of the cell. To simplify, the battery cell was simulated as a homogeneous thermal body with averaged material properties. To assess the thermal properties of the cell, our approach consisted of (a) determining starting values and (b) optimizing these values by a fitting approach in Comsol.



The starting values were calculated by adding the thermal properties of the electrode and casing materials balanced by their layer thickness. The layer thickness was determined assessing the computed tomography scans of the cells.



Optimization was carried out using measurements and a simulation of a single cell in a well-defined thermal surrounding during discharging at different C rates.



A reasonable agreement of the simulation and experimental data was achieved in terms of thermal behavior (see Figure A4).
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Table A1. Input parameters used in the cell model of the Samsung INR2170040T cell.
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	Input Parameter 1
	Unit
	Measurement
	Literature
	Optimization in Comsol
	Value Used in Cell Model





	Cell capacity
	Ah
	4.1
	
	4.07
	4.07



	Ohmic overpotential at 1 C
	mV
	55 2/77.6 3
	54.4 [49]
	72.71
	72



	Charge exchange current
	-
	-
	1 [48], 5.5 [50]
	2.4
	2.4



	Diffusion time constant R2/C2
	mV/C
	
	1000
	31.775/101.84
	31.7/101



	Density (cell)
	kg/m3
	2887 4
	2000/

2615.7 [51]/

2560 [52]/

2453 [53]
	-
	2887



	Heat capacity (cell)
	J/kgK
	952 4
	1060 [54]/

1605 [51]/

1000 [52]/

1009 [53]
	1185.9
	1256.7



	Thermal conductivity (cell)
	W/mK
	0.87 4
	3 [51]/1 [52]/

1 [53]
	0.86436
	0.87







1 For temperature- and SOC-dependent parameters, values at 25 °C and SOC of 0.5 are given in the table; 2 Pulsed discharge test; 3 Impedance Spectroscopy; 4 Lumped value calculated based on microstructural investigations and properties of the individual materials [55].
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Figure A1. Open circuit voltage of Samsung INR21700-40T used for cell simulation. 
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Figure A2. (a) Pulsed discharge to measure overpotentials, 1C discharge pulses, Samsung INR21700-40T at 25 °C. (b) Ohmic resistance at different SOC. 
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Figure A3. Impedance spectra of Samsung INR21700-40T at 4.45V and 25 °C. 
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Figure A4. Comparison of measured and simulated cell voltage of a single Samsung INR21700-40T cell during charge and discharge at different rates. Agreement of measurement and simulation was achieved by optimization of model input data. (a) applied current, (b) cell voltage, (c) cell surface temperature. 
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Table A2. Initial and boundary conditions used in the cell and thermal model.
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	Battery Model
	





	cell type
	Samsung INR 21700 40T



	number of cells
	20



	initial state of charge (SOC)
	1



	discharge current/cell (use phase)
	25 A



	charging current/cell
	5 A



	thermal model
	



	initial temperature of cells and cooling system
	25 °C



	convection boundary condition at the cooling system surface
	



	convection coefficient
	5 W/m2 K



	temperature
	25 °C









Appendix B. Simulation Equations


Table A3 sums up the main equations used in the simulation of the battery and the heat transfer.
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Table A3. Governing equation and boundary conditions used in the battery and heat transfer models.
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	Formula





	Battery simulation:
	Comsol lumped battery model



	Battery cell voltage
	    E  C e l l   =  E  O C V     S O C , T   +  η  o h m   +  η  a c t   +  η  c o n c     



	Open circuit voltage
	    E  O C V     S O C , T   =  E  O C V , r e f     S O C   +   T −  T  r e f       δ  E  O C V     S O C     δ T     



	Ohmic voltage loss
	    η  o h m   =  η  o h m , 1 C      I  c e l l      I  1 C       



	Activation overpotential voltage loss
	    η  a c t   =   2 R T  F  asinh      I  c e l l     2  J 0   I  1 C         



	Concentration overpotential voltage loss
	   η  c o n c   =  E  o c v     S O  C  s u r f a c e , T     −  E  o c v     S O  C  a v e r a g e , T      

  τ   δ S O C   δ t   = − ∇ *   − ∇ SOC    

  ∇ SOC = 0    for   x  = 0      particle   center     

  ∇ SOC =   τ  I  c e l l      N  s h a p e    Q  c e l l , 0       for x = 1 (particle surface)



	Electrochemical heat sources
	    Q h  =    η  o h m   +  η  a c t   + T   δ  E  O C V     S O C , T     δ T      I  c e l l   +  Q  m i x     

    Q  m i x   =    N  s h a p e    Q  c e l l , 0    τ    ∫  0 1    δ  E  O C V , t h e r m     δ S O C     δ S O C   δ x     δ S O C   δ x    X   N  s h a p e   − 1   δ x   

    E  o c v , t h e r m   =  E  o c v , r e f     S O C   −  T  r e f     δ  E  O C V     S O C     δ T     



	Heat transfer model:
	Comsol heat transfer in solids



	Heat transfer in solids equation
	   ρ  C p      δ T   δ t   +  u  t r a n s   ∗ ∇ T   + ∇  ∗ q  = − α T :   δ S   δ t   + Q   



	Convective heat flux
	    Q  c o n v   = h ∗ A ∗   T −  T  e x t       
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Figure 1. Use/charge cycle: While using the power tool, the battery pack is quickly discharged and heats up ((A): Use phase). After being totally discharged, it is placed in the charging unit. However, before the charging can start, the cell pack has to cool down (rest) below the upper safety temperature limit (stop temperature) to prevent accelerated aging of the cells ((B): cool down phase I). This is controlled by the charging management system in the charging unit. At a certain temperature (start temperature, usually a few degrees Celsius below stop temperature) set by the manufacturer, the actual charging starts ((C): charging phase). During charging, the battery pack can heat up. If the upper safety temperature limit (stop temperature) is reached, the charging has to stop and cool down to the start temperature. When the pack is fully charged it cools down until it reaches room temperature ((D): Cool down phase II). 
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Figure 2. 3D geometry of the investigated power tool battery pack. Ten Samsung INR2170040T cells are enclosed in a matrix of passive cooling material. 
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Figure 3. Influence of cooling material surrounding the cells in the pack on the cell temperature during the use/charge cycle; (A) Use phase ((A), 6.25 C = 25 A discharge) is followed by charging which consists of cool-down phase I (B), charging phase ((C), 6 A = 1.5 C), and cool-down phase II (D). Charging starts as soon as the battery pack has cooled down to 46 °C (start temperature) and is stopped if the temperature reaches 50 °C (stop temperature) to prevent charging at temperatures that are too high. Upper part: temperature of central cell with close-up inlet of charging phase; lower part: state of charge of the cells in the pack. 
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Figure 4. Temperature homogeneity in the cell pack. (a) Temperature difference of the cells in the center and the cells at the edges (average cell temperature) during the whole use/charging cycle. Cells at the edges are 0.5 to 5 °C (depending on cooling material and phase) cooler than the cells in the center. (b) Temperature distribution in the cells at the end of use phase (8 min, cell size: radius 21 mm, height 70 mm, cuboid indicates the position of the cooling materials). 
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Figure 5. Parameter variation study with heat-conductive polymer I highlights the strong influence of ambient temperature and wind speed: (a) Variation in ambient temperature (10, 20, 30, 40 °C). (b) Variation in convection coefficient (1, 5, 10, 20 W/m2 K). Upper part: temperature of central cell, lower part: state of charge of cell. 
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Table 1. Investigated cooling materials and their key properties.
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Material

	
Density [kg/m3]

	
Specific Heat Capacity [J/kgK]

	
Volumetric Heat

Capacity [J/m3 K]

	
Thermal Conductivity [W/mK]

	
Melting Point [°C]

	
Heat of Fusion [W/kg]






	
Reference (non-conv. air)

	
Comsol database “air” [48]

	
-

	
-




	
Heat-conductive polymer I

	
1540

	
1470

	
2,263,800

	
2.2

	
-

	
-




	
Heat-conductive polymer II

	
980

	
3500

	
3,430,000

	
0.74

	
-

	
-




	
Latent heat storage material

	
1220

	
2100

	
2,562,000

	
0.4

	
39 1

	
70,000 1








1 Latent heat storage: Phase change at 39 °C.
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Table 2. Summary of time spans needed for the different steps of the use/charge cycle (with length of step in minutes and percentage of total cycle length). Significant differences occur mainly in the cool-down and charge phases.






Table 2. Summary of time spans needed for the different steps of the use/charge cycle (with length of step in minutes and percentage of total cycle length). Significant differences occur mainly in the cool-down and charge phases.





	
Material [min] ([%])

	
Use

(A)

	
Cool-Down Phase I

(B)

	
Charge

(C)

	
Cool-Down Phase II

(D)

	
Total






	

	
Reference (non conv. air)

	
8.5 (2%)

	
125 (23%)

	
91.6 (17%)

	
318.1 (59%)

	
543




	

	
Heat-Conductive Polymer I

	
8.5 (2%)

	
90 (19%)

	
70.8 (15%)

	
303.9 (64%)

	
473




	

	
Heat-Conductive Polymer II

	
8.5 (2%)

	
93.5 (18%)

	
70.9 (14%)

	
347.9 (67%)

	
521




	

	
Latent Heat Storage Material

	
8.5 (1%)

	
72.5 (13%)

	
71.2 (12%)

	
427.7 (74%)

	
580
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