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Abstract


In electric vehicles (EVs), the use of high-temperature heat transfer components that effectively block external heat and minimize cooling losses can increase vehicle mileage during heating/cooling operations and improve passenger comfort. In particular, in ensuring high thermal insulation, the car headliner forms an important component for effectively managing environmental heat energy and heating and cooling processes inside the EV. In this study, we have proposed and experimentally verified the use and efficacy of vacuum insulation material in the headliner of EVs to reduce the heat load. The thermal conductivity and air permeability of various conventional insulating and vacuum insulation materials used for the headliner were compared to accurately predict the vacuum insulation material performance. We found that the vacuum insulation material affords reduced surface roughness and thermal conductivity and high formability relative to conventional insulation. We also confirmed consequent improvements in the insulation performance by comparing the characteristics of the proposed vacuum-insulation-material headliner (relative to conventional materials) via prototyping and reliability testing. With the “improved” headliner, in summer, the temperature of the automobile cabin was lowered by 2.8 °C, and the cabin temperature was lowered by 3.9 °C during the cooling period relative to conventional insulators, which proves that the cabin temperature can be maintained at a low value during summer parking or cooling. In winter, the cabin temperature was found to be 7.7 °C higher than that obtained with the conventional insulator, which indicates that the cabin temperature can be maintained higher via reduction in the heat loss (because of using vacuum insulation) under the same heating energy conditions during winter.
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1. Introduction


The main obstacle to the commercialization of electric vehicles (EVs)—environmentally friendly cars—is that they offer lower mileage for a single charge when compared with the mileage of internal combustion engines [1,2,3,4]. For vehicles with internal combustion engines, the vehicle cooling operation reduces fuel consumption by 20–30%, thereby reducing the mileage by 2%–30%; on the other hand, in the case of heating, fuel consumption is not affected as the waste heat of the engine is used [5,6,7]. However, in the case of an EV in which the waste heat source is relatively small, electrical power consumption caused by electrical heating decreases the mileage by about 30–50% [8,9,10]. Thus, small EVs are currently being designed for urban driving to achieve a target driving distance of 140–160 km per charge.



As of today, city-based small EVs are not commercially viable owing to their long charging time and lack of charging infrastructure, and thus, car manufacturers are striving to secure the EV technical capabilities in this context [11,12,13]. Therefore, the comprehensive development of power-saving technology for heating and cooling operations in lieu of increasing the mileage has become essential for EV development. Currently, there is a need for efficient EV development strategies to reduce heating and cooling power consumption and increase the mileage per charge [14,15,16].



In order to increase the distance that the vehicle can travel during the heating/cooling operation and to improve passenger comfort, heat from outside the vehicle must be blocked effectively. Therefore, there is a need for using suitable thermal insulation management components that can minimize cooling and heating energy loss within the vehicle interiors [17,18,19].



Here, we note that the aesthetic quality, as well as thermal loading capacity, of automotive parts in a vehicle’s interiors can directly impact passenger comfort. The headliner is an internal part on the roof of the vehicle, which affords good sound absorption and sound insulation performance to prevent outside noise or engine noise from entering the passenger cabin, thus enhancing passenger comfort. Further, the headliner also acts as a safety barrier for passengers in the case of a collision. However, thus far, the headliner has not been recognized as a product that can significantly contribute to the driving performance of the vehicle. In the stage of product development, the headliner is normally considered only in terms of its appearance, design sensibility, and stability; its insulation performance is not considered [20,21,22]. Consequently, this study examines the thermal insulation capacity of the headliner.



The headliner is attached to the body panel of the vehicle. However, owing to its thickness and shape limitations, it is very difficult to improve its insulation performance (and that of internal components in general) with the use of common insulation materials. Further, regarding the enhancement of the heat insulating performance, the use of conventional heat insulating materials as the built-in component increases the overall volume and weight. In addition, the temperature within the vehicle cannot be easily managed, due to the heat released from the heat insulating material after a certain duration. Therefore, it is necessary to use materials with suitable thermal properties, such as vacuum insulation materials. Unlike conventional insulation, vacuum insulation creates a vacuum inside the headliner, and heat transfer is blocked because of the vacuum structure. The resulting heat insulating performance is better than that of conventional heat insulating materials, and even for low material thicknesses, the heat insulating performance is equivalent to or greater than that of existing heat insulating materials [23,24,25,26].



Against this backdrop, in this study, we used a vacuum insulator to improve the surface roughness and thermal conductivity of the headliner and the overall insulation performance. In order to improve the moldability of the vacuum insulator, we increased the degrees of freedom for forming the vacuum insulator by applying a molding method wherein the getter in the insulation is uniformly coated with the core material without being sealed. By reducing the surface roughness, the possibility of breaking the vacuum insulation when attaching the skin layer is reduced. In our thermal conductivity measurements, we found that the vacuum insulation thermal conductivity varied according to the measured temperature range. Further, the thermal conductivity at each evaluated temperature exhibited an improvement relative to conventional materials, which proves the reliability of our approach. With the vacuum-insulation headliner, we measured the temperature change in the interior of the cabin in addition to the battery consumption, and we found that the use of high-thermal-insulation internal components also improved the surface temperature of the internal parts. When our high-thermal-insulation material was applied, the surface temperature of the interior material increased and decreased during heating and cooling operations, respectively. The internal heat energy loss was reduced because of the smaller heat loss due to better heat insulation. In addition, because the headliner is positioned close to the passenger, it can be expected that the resulting enhanced cooling and heating effects can afford increased passenger comfort.




2. Vacuum Insulator for Electric Vehicle Headliner


Figure 1 shows the configuration of the interior of an EV. In general, car interiors play a role in improving passenger comfort depending on the design and function, and simultaneously they play an important role in interior noise reduction. Further, they also aid in improving fuel economy and reducing energy consumption via weight minimization. In the past, research and development on components such as the hood, dash, fender insulator, insulation (ISO)-dash pad and headliner have aided in minimizing noise inflow into the cabin and protecting the vehicle. We note that existing studies on automobile interior materials have mostly focused on their crash stability and sound insulation performance; studies on reducing the thermal load using automobile interior materials are lacking.



The headliner can be used to improve aesthetics inside the vehicle along with the indoor habitability. Further, it can prevent passenger head injuries in the event of a crash and increase passenger comfort. In addition, the application of low-thermal-conductivity vacuum insulation to the headliner reduces the heat loads and losses relative to conventional polyurethane (PU) materials, thus reducing the energy consumption required for heating and cooling the cabin. Figure 2 outlines the concept of reducing the heat load and the heat loss process in an EV. In general, vacuum insulating materials reduce the energy consumption of air-conditioners and heaters in EVs, increase the EV mileage, and reduce the thermal load on the headliner.



Figure 3 shows the product development process based on the insulation performance standard for automotive interior parts. First, the thermal conductivity and air permeability of the vacuum insulator material are evaluated. The prototype is next fabricated for parts evaluation. Finally, the headliner is mounted on the EV, and the actual vehicle is evaluated to experimentally verify the suitability.




3. Experimental Verification


3.1. Material Evaluation


The materials currently used for automotive interior parts have diverse physical properties. To accurately confirm the thermal insulation performance for the fabrication of high-thermal-insulation components, we first identified the exact thermal characteristics of each normally used material. Four materials were selected for the evaluation: dry polyurethane (DPU); wet polyurethane (WPU); high-stiffness felt (HSFELT, and polypropylene glass fiber (PPGF). Figure 4 compares the thermal conductivities and air permeabilities of each material; in our study, DPU was chosen as the core of the conventional insulation model (hereafter the “conventional model”) due to its lower air permeability relative to WET.



The thermal conductivity variation of DPU with temperature is shown in Figure 5. To improve the reliability of the results when measuring the insulation performance, we utilized the thermal conductivity values under the same temperature condition (25 °C) during evaluation.



The vacuum insulation material used in the study was high-performance insulation with a thermal conductivity of < 0.0045 W/mK, with vacuum evaporation realized within the insulation at less than 1 mbar. The resulting thermal insulation performance was −10 times better than that of conventional building vacuum insulation material whose thermal conductivity ranges from 0.031 to 0.045 W/mK. Since this vacuum insulation material has a low thermal conductivity, it is mainly used to improve the energy efficiency of buildings and devices such as refrigerators. Likewise, the vacuum insulation material can exhibit excellent insulation performance when applied to vehicles. In addition, because it is an inorganic insulating material, harmful and toxic gases are not generated in the event of a fire. Meanwhile, in the case of automotive interior parts, the appearance quality is very important; surface irregularities in the material can lead to mismatch with the peripheral parts, and thus the vacuum insulation material cannot function properly. Here, we note that the conventional model using the DPU core has the disadvantage of having an irregular surface because of the use of the common nylon film on the outer wall. To solve this problem, in the improved model using the vacuum insulation, we used a laminated heat-resistant polyolefin-based adhesive film on both sides of an aluminum-foil-laminated film with a thickness of 50 μm on a glass wool core material that was used as the vacuum insulation material. Figure 6 compares the surfaces of the conventional model with a DPU core and our improved model with the glass wool core.



In the study, we tested the vacuum insulation materials based on IEA ECBCS Annex 39 [27,28]. The material thermal conductivity was measured according to the ISO 8302 standard [29]. The test used two identical specimens, and the thermal conductivity was measured by studying the temperature difference between the hot and cold surfaces, resulting from the application of a heater between the two specimens. The specimens were 200 mm × 200 mm in size and 10 mm thick. In the conventional model, the outer shell of the DPU core was composed of a nylon shell. In the proposed model (hereafter the “improved model”), the glass wool core was composed of the vacuum insulation of aluminum-foil-laminated film.



The thermal conductivities of the DPU and vacuum insulation materials were estimated to be 0.0364 W/mK and 0.0028 W/mK, respectively. Table 1 summarizes the quality improvement effect of the vacuum insulation material based on the surface quality improvement. The surface roughness listed in Table 1 is the value representing the difference between the heights of the highest and lowest points on the surface. A lower surface roughness corresponds to a smoother surface and better surface quality. Reducing the surface roughness reduced the likelihood of breaking the vacuum insulator when the skin layer was attached. In addition, the improved model used a glass wool core to lower the thermal conductivity and improve the thermal insulation performance.



In general, a getter [30,31,32,33] is used within the vacuum insulator to absorb the generated moisture and maintain a high insulation performance for a long time. However, the getter is an inorganic material that has low elongation and elasticity. Therefore, when the vacuum insulation material is shaped, its skin layer can undergo damage along with the getter, which can drastically reduce the thermal insulation performance. Figure 7 shows that breakage that can occur during machining of the vacuum insulator for shaping.



We note that a glass wool core can only be used as the core for vacuum insulation materials after pretreatment. This is because glass wool has the form of a kind of fiber, and when used as-is, it can be easily deformed by an external force, and thus, its appearance cannot be maintained. Therefore, we applied compression pretreatment to glass wool. Since the outer wall is required to be in intimate contact with the core, the yarn or sheath used can protrude from the core surface during the introduction of the core and rub against the inner surface of the outer wall. For glass wool, due to the high hardness of the material itself, during this friction process, the inner surface of the outer wall can be damaged, which can lead to a high number of defects. Therefore, in order to prevent such defects, after the core is inserted into the outer wall, the outer wall is sealed under vacuum conditions to complete the manufacture of the vacuum insulation material. Consequently, the formability of the vacuum insulation material is improved, and the getter is uniformly formed as the core material. Figure 8 compares the formability improvement between the conventional and vacuum insulating materials. The shaping possibilities for forming the vacuum insulation are increased, and any deflection due to the lack of load and rigidity of the headliner can be reduced.




3.2. Parts Evaluation


Automotive headliners are composed of both skin and base layers. The skin layer of the headliner that uses a conventional PU composite board comprises a combination of knitted fabric and soft PU foam and hot melt film or nonwoven fabric and hot melt film. In our study, the improved model replaced the soft PU foam (area density: 104 g/m2, density: 26 kg/m3, thickness: 4 mm) of the skin layer with a melt-blown nonwoven fabric (area density: 80 g/m2) that formed the vacuum insulation layer to reduce the thermal load. In addition, a polyethylene terephthalate (PET)-needle-punched nonwoven fabric (area density: 180 g/m2) was applied to the substrate layer to increase the sound absorption area. Figure 9 shows the forming process of the headliner fabricated in this study as per the standard headliner manufacturing process. First, the substrate of the headliner is molded, and subsequently, the substrate is formed by cutting. The fabric attachment process is followed by attaching the knit fabric and nonwoven fabric to the substrate, and finally, the headliner is trimmed. Figure 10 shows the modeling and prototype of the headliner.



Figure 11 shows the schematic of the headliner insulation performance evaluation facility, which consists of outdoor- and indoor-condition chambers. In the outdoor-condition chamber, I/O control was performed to replicate sunlight and the outdoor temperature conditions. The indoor-condition chamber was used to perform I/O control of the temperature of the indoor air and the heating and cooling airflow. The headliner parts for the evaluation were positioned between the outdoor-and indoor-condition chambers to measure and evaluate the heat transfer amount or thermal insulation performance.



Figure 12 shows the procedure for evaluating the headliner insulation performance. The purpose of the evaluation procedure was to identify the heating time required to change the indoor temperature condition from 0 °C to 23 °C and the time for which the indoor temperature was subsequently maintained. Therefore, the initial outdoor and indoor temperatures of the evaluation facility shown in Figure 11 were set to 0 °C; the outdoor temperature condition was maintained at 0 °C, and the indoor temperature condition was manually set to 23 °C, after which heating was applied. After the target temperature of 23 °C was reached, heating is stopped, and the time required to maintain this (room) temperature was recorded.



Here, we note that for the evaluation the speed of the heated wind flowing into the indoor chamber upon heater operation had to be estimated. Figure 13a shows the increase in wind speed caused by the blower switching mechanism of an actual compact car, whereas Figure 13b shows the wind speed according to the blower output of the evaluation facility. In general, passengers use three to five “shifts” of the blower for heating. Thus, the blower of the evaluation facility should afford an output of 60 W to 100 W, and this output range was decided as the evaluation range in the study.



To reproduce the outdoor conditions under which the actual headliner is subjected to in terms of receiving solar energy, we mounted solar and infrared (IR) lamps to irradiate the headliner. Figure 14a shows the illumination intensities of the solar and IR lamps and the combined intensities according to the wavelength. We note that IR lamps are a type of incandescent lamp with enhanced IR radiation characteristics. Their input energy is emitted as infrared energy, with the visible light emitted being lower than that of solar lamps. Figure 14b shows the IR lamp irradiance as a function of the output. The output of the IR lamp for evaluation was determined to be 100%.



Table 2 lists the results of the headliner insulation performance evaluation. The evaluation was performed with a blower output of 100 W and IR lamp output of 100%. The heating temperature was set at 23 °C, and heating was applied until the indoor chamber temperature reached the set temperature. With the conventional model, 52 min of heating was required, whereas the improved model required only 45 min, corresponding to a time reduction of 15.5%. After heating was stopped, the indoor temperature holding time was measured as 150 s for the conventional model and 170 s for the improved model. The inner headliner temperature was 18.20 °C for the conventional model and 19.84 °C for the improved model. The temperature of the headliner was lower than the indoor temperature of 23 °C because the outdoor temperature was maintained at 0 °C. Thus, the insulation at the indoor temperature holding time of the improved model increased by 13.33% relative to the conventional model.



After the performance evaluation of the headliner, we conducted reliability tests to evaluate the feasibility of the improved model. Figure 15 shows the heat-resistant cycle profile applied for verifying the reliability of the headliner over 10 cycles of testing. Further, Figure 16 shows the images of the prototypes before and after the headliner reliability test. After completion of the heat cycle test, we confirmed that there was no structural abnormality. Table 3 lists the results of the reliability test. Surface density and flexural strength characteristics and the absence of deformation clearly meet the requirements in Table 3.




3.3. Actual Vehicle Evaluation


Next, we evaluated the headliner insulation performance by mounting the headliner onto the actual vehicle. We assumed the following conditions for evaluating the actual vehicle heat load:




	
IR is possible and testing is carried out in a chamber that can enter the vehicle.



	
The IR irradiation conditions are based on the surface temperature of 100 °C on the vehicle roof panel.



	
In summer, indoor temperature rise can occur due to sunlight.



	
In order to check the indoor temperature increase due to sunlight in the summer, the outdoor temperature is maintained at 35 °C and the vehicle roof panel temperature is maintained at 100 °C.



	
In summer, cooling starts after checking the room temperature rise due to outside parking.



	
The winter season outdoor temperature is assumed as 0 °C in the absence of sunlight.



	
The indoor air-conditioning is temperature 23 °C and the blower shift position is set to 5; the same blowing condition is applied for both cooling and heating.








Figure 17a shows the actual vehicle test environment, with Figure 17b showing the interior of a vehicle equipped with our thermal load evaluation equipment. The actual thermal load evaluation equipment affords the following features.




	
Measurement and analysis of real-time indoor temperature.



	
Remote up/down and left/right movement of the thermal imaging camera.



	
Insulation cover that can be applied to prevent the thermal damage of the imaging camera.








The actual thermal load evaluation results are shown in Figure 18. Figure 18a shows the indoor temperature characteristics in summer, whereas Figure 18b shows the indoor temperature characteristics in winter.



The results of the evaluation of actual heat load by season can be summarized as follows:




	
In summer, the elevated indoor temperature is 2.8 °C lower under outdoor parking conditions.



	
The indoor temperature is 3.9 °C lower than the conventional model for cooling outdoor vehicles in summer.



	
The indoor temperature increases by 7.7 °C relative to the case of the conventional model when heating the vehicle outdoor in winter.








Figure 19 compares the surface temperatures (obtained using a thermal imaging camera) of the headliner between the conventional and improved models when the vehicle is left outdoors in the summer. Here, Sp1 indicates the headliner portion and Sp2 represents the part without the headliner; Table 4 lists the surface temperatures in the two cases. Overall, the improved model affords lower indoor temperatures than the conventional model. In particular, the thermal load characteristics showed an improvement reflected by a reduction of 7.6 °C in the Sp1 portion including the headliner.



Next, we used an actual electric vehicle to confirm the improvement in battery power consumption and mileage resulting from vacuum insulation use. The actual driving evaluation was carried out using a compact-car-class EV equipped with our improved high-insulation vacuum headliner. Figure 20 shows the driving evaluation results of the vehicle together with the heating and cooling operation under the environmental conditions in winter and summer. We note that EVs have no energy-generating means besides batteries, and therefore, all onboard EV equipment use batteries. Therefore, to minimize the mileage reduction rate, efficient management of all functions using the battery in the EV is required. In the driving evaluation of the EV equipped with the improved high-insulation vacuum headliner, the battery power consumption was reduced by 6% for cooling and 7% for heating, as shown in Figure 20a. We hypothesize that the heat energy generated by the air-conditioner and heater was effectively blocked from “escaping” by the application of the high-insulation vacuum headliner. When the insulation within the vehicle was improved by the application of high-insulation vacuum headliner, the amount of electrical energy consumed for cooling or heating was reduced, and the distance that can be driven by one-time charging of the electric vehicle increased, as can be inferred from Figure 20b. When the high-insulation vacuum headliner was installed, the driving distance increased by 1.0% for cooling and 1.5% for heating relative to the conventional headliner.





4. Conclusions


We experimentally verified the efficacy of using vacuum insulating material in the EV headliner to reduce thermal load. The insulating material, parts, and actual vehicle evaluations were performed according to the evaluation method of the insulation performance standard for automotive interior parts. We fabricated a headliner composed of vacuum insulation material with reduced surface roughness and thermal conductivity, which lead to improved thermal load handling. In addition, our improvements to the molding method ensured that the headliner structure was more resistant to breakage during processing. Experiments were conducted to evaluate the insulation performance of the headliner by considering the effects of solar heat and external wind; the resulting insulation performance exhibited a significant improvement over conventional insulation. Further, the material thermal conductivity was measured as per the ISO 8302 standard. Our reliability tests confirmed that the surface density, flexural strength, and heat resistance criteria were satisfied.



The EV thermal load was evaluated by installing the improved headliner in an actual vehicle, and we found that the indoor environment of the vehicle could be more comfortably maintained via effective management of the heat energy introduced from the outside environment and the heating and cooling energy generated indoors. As per the air-conditioning and heating evaluation, the indoor temperature was lowered by 2.8 °C during summer under outdoor parking conditions and 3.9 °C during cooling relative to the conventional headliner. In the case of heating during winter driving, the indoor temperature was 7.7 °C higher relative to the conventional headliner, which proved that the same amount of heating energy can be used to keep the cabin warm even in winter. Under the same conditions, the time required for air-conditioning and heating is reduced, and because the electrical energy used for air-conditioning is reduced, that available for driving increases. The mileage of the EV increased because of the improved insulation performance of the parts rather than the (light) weight of the parts.



Among the problems to be solved for the commercialization of EVs, the reduction in mileage caused by air-conditioning power consumption is a major concern. Currently, cars with vacuum insulation have not been mass-produced. We believe that the application of vacuum insulating material to headliners in mass-produced EVs can lead to significant energy savings.
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Figure 1. Material configuration of electric vehicle interior. 
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Figure 2. Concept to reduce heat load and heat loss in electric vehicles. 
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Figure 3. Product development process according to the evaluation method of insulation performance standard of automotive interior parts. 
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Figure 4. Comparison of thermal characteristics of each material considered: (a) Thermal conductivity; (b) Air permeability. 






Figure 4. Comparison of thermal characteristics of each material considered: (a) Thermal conductivity; (b) Air permeability.



[image: Applsci 09 04207 g004]







[image: Applsci 09 04207 g005] 





Figure 5. Thermal conductivity of dry polyurethane (DPU) material as function of temperature. 
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Figure 6. Comparison of insulation surface: (a) Conventional; (b) Improved. 
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Figure 7. Breakage occurrence during shape machining of vacuum insulator. 
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Figure 8. Comparison of formability improvement: (a) Conventional; (b) Improved. 
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Figure 9. Forming process of headliner. 
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Figure 10. Headliner: (a) Modeling; (b) Prototype. 
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Figure 11. Configuration of headliner insulation performance evaluation facility. 
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Figure 12. Evaluation procedure of headliner insulation performance. 
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Figure 13. Comparison of wind speeds: (a) Blower of compact car; (b) Blower output of evaluation facility. 






Figure 13. Comparison of wind speeds: (a) Blower of compact car; (b) Blower output of evaluation facility.



[image: Applsci 09 04207 g013]







[image: Applsci 09 04207 g014] 





Figure 14. Intensity of illumination and irradiance: (a) Intensity of illumination according to wavelength; (b) Irradiance according to output of infrared lamp. 
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Figure 15. Heat-resistant cycle profile applied for verifying functional reliability of headliner. 
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Figure 16. Prototype of the headlining reliability test: (a) Before; (b) After. 
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Figure 17. Actual vehicle evaluation environment: (a) Test environment; (b) Inside vehicle. 
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Figure 18. Actual thermal load evaluation results: (a) Summer cooling evaluation result (indoor temperature); (b) Winter heating evaluation result (indoor temperature). 
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Figure 19. Surface temperature of headliner upon leaving vehicle outdoors in summer (thermal camera measurements): (a) Conventional; (b) Improved. 
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Figure 20. (a) Battery power consumption and (b) mileage resulting from one charge cycle with conventional and proposed headliners under cooling and heating conditions. 
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Table 1. Comparison of characteristics of vacuum insulation material with surface quality improvement.
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	Items
	Conventional
	Improved
	Unit





	Surface roughness
	100
	5
	µm



	Thermal conductivity
	0.0364
	0.0028
	W/mK










 





Table 2. Headliner insulation performance evaluation result.
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	Items
	Conventional
	Improved
	Unit
	Remark





	Heating time up to indoor temperature 23 °C
	52
	45
	Minute
	Blower output: 100 W



	Inner headliner temperature
	18.20
	19.84
	°C
	Infrared lamp output: 100%



	Indoor temperature holding time
	150
	170
	Second
	-



	Insulation effect at indoor temperature holding time
	-
	13.33
	%
	-










 





Table 3. Headlining insulation performance evaluation result.






Table 3. Headlining insulation performance evaluation result.





	Items
	Requirements
	Value
	Unit





	Surface density
	Below 840
	829.5
	g/m2



	Flexural strength
	Above 2.40
	2.46
	kgf/cm



	Heat-resistant cycle
	No deformation
	Clear
	-










 





Table 4. Comparison of surface temperature.
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	Items
	Conventional
	Improved
	Unit
	Remark





	Headliner portion (Sp1)
	65.5
	57.9
	°C
	Reduced by 7.6 °C



	Non-headliner portion (Sp2)
	66.7
	62.6
	°C
	Reduced by 4.1 °C
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