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Abstract

:

This study aims at designing and developing a new technique to harvest solar energy from asphalt pavements. The proposed energy harvester system consists of a pavement solar box with a transparent polycarbonate sample and a thin-film solar panel. This device mechanism can store energy in a battery charged over daytime and later convert it into electric power as per demand. A wide range of polycarbonate samples containing different thicknesses, elastic moduli, and light transmission properties were tested to select the most efficient materials for the energy harvester system. Transmittance Spectroscopy was conducted to determine the percent light transmission property of the polycarbonate samples at different wavelengths in the visible spectrum. Finite Element Analysis modeling of the pavement–tire load system was conducted to design the optimal energy harvester system under static load. It was followed by the collection of data on the generated power under different weather conditions. The energy harvesters were also subjected to vehicular loads in the field. The results suggest that the proposed pavement solar box can generate an average of 23.7 watts per square meter continuously over 6 h a day under sunny conditions for the weather circumstances encountered in South Texas while providing a slightly smaller power output in other weather circumstances. It is a promising self-powered and low-cost installation technique that can be implemented at pedestrian crossings and intersections to alert distracted drivers at the time of pedestrian crossing, which is likely to improve pedestrian safety.
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1. Introduction


Sustainable energy is considered a principle of exploiting energy sources to satisfy the present generation’s needs without adversely affecting future generations’ ability to meet their needs [1]. The rapid industrial development and population growth worldwide demand the search for sustainable energy sources. A considerable amount of research and innovation have been performed to discover and develop energy harvesting technologies. Energy harvesting is the technique of accumulating and storing energy from a system and converting it into electrical energy [2]. Energy harvesting sources can be categorized into two major groups: macro and micro energy harvesting sources. Large-scale energy harvesting sources are referred to as macro energy harvesting sources and include solar, hydro, and wind energy. Micro energy harvesting is associated with small-scale energy harvesting sources, which comprise electromagnetic, electrostatic, mechanical, and geothermal variations [3,4,5,6]. As roadway infrastructures are continuously exposed to solar radiation, mechanical loading and vibration, geothermal energy, and wind energy, they can be used as a source of sustainable energy to extract energy using specific technologies [7,8,9,10]. Energy harvesting from transportation infrastructures has the potential to achieve sustainable transportation infrastructure systems.



Current energy harvesting systems used for energy harvesting from roadways consist of two main types, i.e., thermal- and mechanical-based systems. The first type converts solar energy from asphalt pavements into electrical energy using solar radiation and thermal gradients. The thermal gradient system involves a thermoelectric generator (TEG) and an asphalt solar collector (ASC), while the solar radiation system generates electrical energy by incorporating photovoltaic techniques [11,12,13]. Solar photovoltaic techniques include solar panel roads and solar-powered noise barriers [14,15]. Solar panel roads comprise three basic layers: (a) a pavement surface layer; (b) an electrical layer; and (c) a base layer [7]. They have approximately 85% efficiency in comparison with the ideal angle with the sun [16]. The mechanical-based energy harvesters include piezoelectric harvesters and electromagnetic systems, including hydraulic, electromechanical, and micro-electro-mechanical systems [17,18,19,20].



The world’s first solar bike path was installed in the Netherlands in 2014 [21]. This 70 m bicycle lane, named SolaRoad, was built in Krommenie by implementing solar collectors on a bicycle path [5,15]. In 2016, the route was expanded to 100 m because of its satisfactory performance. Solar collectors were applied to 118 square meters of the bicycle path in 2014 and extended to 144 square meters in 2016 [16,22]. This pilot project was constructed by incorporating a prefabricated panel technology developed by an association of the Netherlands Organization for Applied Scientific Research (TNO), Imtech (Dynniq), Ooms Civiel, and the province of Noord Holland [21,22]. SolaRoad consists of concrete modules of 2.5 by 3.5 m. These concrete modules have been used in the bottom layer to replace the top surface of the standard asphalt pavement [15,16]. Transparent tempered glass with a rough and transparent coating was used as the top layer. About 1 cm thick, the top layer is skid-resistant and strong enough to act as a safe road surface. Within these two layers, there are crystalline silicon solar cells [5,23]. It produces 70 kWh per square meter yearly, and the construction cost was USD 1.21 per square meter [16].



Later, in 2016, France opened the world’s first solar road in the region of Normandy. It is a 1-km-long road containing 2800 square meters of photovoltaic panels [24]. The produced power was exclusively used to run the street lighting of the village [16]. Colas introduced this pilot project. They partnered with the French National Solar Energy Institute (INES) to develop this solar road tech, known as Wattway [21,23]. Wattway’s panel contains a very thin film of polycrystalline silicon. These panels are only a few millimeters thick with a coating of multilayer substrate containing resins and polymers, transparent enough to pass sunlight and resistant enough to carry traffic loads. They are extremely sturdy. The main advantage of these heavy-duty, skid-resistant photovoltaic panels is they can be directly applied to existing roads and highways [16,21]. This road produces 99 kWh per square meter annually and the expense was USD 2.16 per square meter [16].



China opened the world’s first solar highway in Jinan. This 1-km-long stretch of expressway has two lanes with the addition of an emergency lane. This highway contains 5875 square meters of photovoltaic cells and can produce up to 1 million kWh annually, enough to power 800 Chinese homes [23,24]. It has three layers. The top layer consists of transparent (translucent) concrete with comparable structural properties to standard asphalt. Light optical elements are embedded inside the transparent concrete, which allows it to transmit sunlight to the photovoltaic cells underneath [23,25]. The central layer is comprised of photovoltaic panels. These panels are coated with a special silicon film that enables them to withstand the traffic loads. There is insulation material in the bottom layer that separates the solar panels from the damp earth underneath [16,23]. This highway can produce 170 kWh annually per square meter, and the production cost was USD 481.86 per square meter [16].



The advent of new energy harvesting technologies promises improvements in safety that reduce the number of transportation fatalities. In the United States alone, 33,654 fatal motor vehicle traffic crashes were reported in 2018, and this resulted in 36,560 traffic cash fatalities [26]. Although high design speeds are desired for automobile safety, higher vehicle speeds increase the number of pedestrian and bicyclist crashes [27,28]. As pedestrians are given fewer considerations during roadway design, they are more susceptible to traffic crashes, especially where traffic laws are not adequately enforced [29]. This susceptibility causes over 270,000 pedestrian fatalities every year all over the world [30]. According to the 2018 Traffic Safety Facts report, one pedestrian was killed every 84 min on average in a traffic crash in the United States. This report also shows that 6283 pedestrian fatalities occurred in the same year (17% of the total number of traffic fatalities) [31]. As pedestrians are provided with less protection than drivers, pedestrian-vehicle conflicts are common at intersections [32]. Approximately 25% of pedestrian fatalities occur at intersections [33]. A recent study in San Antonio, Texas, found that from 2013 to 2017, a total of 1371 pedestrian crashes occurred at intersections, which is 31% of the total number of pedestrian crashes in the city [34]. A lack of illumination and distracted drivers are two of the primary reasons for these crashes at intersections [35,36].



This study aims at developing a new technique to reduce pedestrian crashes at intersections by implementing energy harvesting technologies. While this is a very promising research arena, very little work has been done to implement this concept. As asphalt pavements are exposed to a great amount of solar radiation for most of the daytime, it could be possible to harness this energy by utilizing energy harvesting principles. The objective is to use the pavement infrastructure to develop a sustainable energy system that can alert the approaching drivers of crossing pedestrians. This work focuses on developing a new approach that ensures optimal use of energy resources and can produce clean energy continuously and improve pedestrian safety at intersections.




2. Objective


This study attempts to enhance pedestrian safety at intersections by providing self-powered illumination to alert the approaching drivers of crossing pedestrians with an addition of a pavement solar box. This pavement solar box utilizes the energy harvesting technique by using solar radiation. The objectives of this study are:




	
to design and develop an energy harvester system that utilizes sunlight imposed on the pavement and improves pedestrians’ safety at intersections;



	
to carry out finite element analysis to develop an optimum structural configuration for the solar box;



	
to determine the power generated by this designed energy harvester module both under laboratory and outdoor conditions;



	
to evaluate the performance of this technology under vehicular loads;



	
to assess the power generation of the energy harvester under solar irradiance and illuminance; and



	
to perform an economic analysis of the implementation of this system.









3. Design and Fabrication


3.1. Conceptual Design


The design concept consists of constructing a pavement solar box that harvests energy using the solar radiation imposed on pavements. It is comprised of three layers as illustrated in Figure 1a. Each layer must fulfill specific purposes.



3.1.1. Top Layer


The top layer needs to be strong enough to withstand the traffic loads and vehicular impacts. The top layer material must provide adequate protection for the optical layer. It should not be deflected over the optical layer as it may lead to the transmission of traffic loads to the solar panels directly. It must be transparent to transmit the sunlight to the optical layer to facilitate power generation. The top layer material must have a wide operating temperature range to perform properly under scorching heat and bitterly cold conditions. As water leakage and pollutant penetration can degrade solar panels’ performance underneath, the top layer must be frost- and moisture-resistant and sealed enough to resist water infiltration. Major and minor rehabilitation techniques should also be considered to ensure a convenient maintenance method for replacing the top layer.




3.1.2. Optical Layer


This layer is the most important segment of the pavement solar box. It will contain photovoltaic cells to convert solar radiation into electrical energy. As these cells will be exposed to outdoor conditions for a long time, they should effectively handle high temperatures.




3.1.3. Bottom Layer


This layer will separate the photovoltaic panels from the base material. It needs to be strong enough to support the entire structure and it will transmit the vehicular loads to the soil layer underneath.





3.2. Material Selection


3.2.1. Top Layer


A transparent polycarbonate sheet was selected as the top layer material for the pavement solar box. Polycarbonate (PC) is a high-performance thermoplastic with transparency and higher ductility, shear strength, and impact resistance [37]. PC materials possess an almost 250 times higher impact resistance than standard glass, which makes PC a very strong polymer [38]. Due to the extreme sheer strength of the sheets, PC is considered to be virtually unbreakable. This high impact resistance and sheer strength allow it to resist the huge loads exerted on it. Hence, it will be resilient enough to withstand traffic loads for extended periods. Since cracks do not propagate significantly on polycarbonate, it will not break easily. As polycarbonate holds a wide range of operating temperatures, it will operate properly under harsh conditions [39].



Three different PC samples containing different thicknesses, light transmittances, and strength attributes were considered options for the pavement solar box’s top layer in terms of power generation and durability. PC sample I is a machine-grade polycarbonate sheet that is manufactured by Quadrant EPP USA and commercially known as “PC 1000”. It is made with resin that meets ASTM D3935 [40]. PC sample II is a three-ply Lexan polycarbonate and acrylic laminate primarily developed for security protection. It is manufactured by Global Security Glazing, meets the inspection criteria set forth in ASTM C1349, and is commercially known as “Lexgard MP 750”. Lexgard MP 750 laminate with a Margard surface combines dependable ballistics protection and exceptional abrasion resistance [41]. PC sample III combines the impact strength of a Lexan polycarbonate sheet with a proprietary abrasion-resistant surface that approaches glass in performance. It is manufactured by Sabic IP US LLC and commercially known as “Lexan MR 10” [42]. Table 1 presents a comparison of the properties of the PC samples. These samples’ skid resistance properties were not available since polycarbonate materials are not commercially manufactured for pavement infrastructure. As PC sample I is a machine-grade polycarbonate and is not optically clear, a transparency test was not carried out on it. Hence, industrial data regarding the light transmission rate for PC sample I are not available.




3.2.2. Optical Layer


A thin-film solar panel was used in the optical layer due to its advantage over traditional crystalline solar panels for this particular application. Thin-film solar panels can be used under outdoor conditions for a more extended period as they are less affected by high temperatures compared with the traditional crystalline solar panels [43]. Due to their unique cell layout, thin-film solar cells exhibit better performance under partial shading conditions than first-generation solar panels [44]. Vehicles will move over the pavement solar boxes at irregular intervals or stay on top of them if traffic congestion occurs. These circumstances may result in partial shading conditions for solar panels and thin-film solar panels are best suited to handle this situation. As thin-film solar cells are flexible and lightweight, they can more effectively handle traffic loads and impacts than conventional crystalline solar cells. A 3.08 W–15.4 V thin-film solar panel was used in the optical layer of the pavement solar box.




3.2.3. Bottom Layer


Since pine wood is lightweight, holds a great deal of stiffness and resistance to shock, and is readily available worldwide, it was selected as the base material to support the entire pavement solar box system.





3.3. Fabrication


Stiffeners were provided to the bottom layer to facilitate the load distribution mechanism. Tempered hardboard was placed horizontally atop stiffeners to resist the sagging of thin-film solar panels. A thin-film solar panel and a PC sample were placed on the top of the bottom layer to complete the assembly of the pavement solar box as shown in Figure 1b. The pavement solar box needs to be completely sealed to prevent water and pollutant infiltration from rainfall or runoff that may lead to the disruption of power production. In this prototype, a simple platform enclosure that is easy to fabricate was proposed to demonstrate the concept of the pavement solar box. Other materials of better resistance to moisture and a higher bearing capacity to traffic loading will be utilized in future development.





4. Transmittance Spectroscopy


4.1. Background


Spectroscopy is the means of studying the interaction between particles and electromagnetic radiation [45]. It includes a visible light spectrum, X-ray, gamma, and UV rays, and involves any interaction between light and matter, covering transmittance, absorption, reflection, and many others. When a sample is exposed to electromagnetic radiation, it can absorb some frequencies and transmit the rest. A portion of the radiation can also be reflected in the source. This absorbed and transmitted spectra can be evaluated to gather information about the sample. Transmittance spectroscopy works with the radiation that transmits through the sample. This test was carried out on the PC samples to determine their transmittance percentage at different wavelengths in the visible light range. The visible spectrum is the range of electromagnetic wavelengths that are visible to the human eye. Visible wavelengths fall in the range of 380 to 750 nm [46].




4.2. Test Setup


A fiber-optic tungsten halogen light was used as the light source, which can generate wavelengths in the range of 360 to 2400 nm. It has a 6.7 mW power output when attached to a 600 μm fiber cable. Collimating lenses with a diameter of 6 mm and a confocal length of 8.7 mm were used to convert the divergent light beams into a parallel light beam. The lenses were positioned in parallel for the transmission of light. The distance between the lenses was kept to 76.2 mm throughout the test. The halogen light source transmits a light beam through the optical fiber cable to the collimating lenses in a free light beam path to begin the test. The transmitted light’s collection and the sample illumination were performed through the optical fibers as depicted in Figure 2a. Transmitted light travels through the optic fiber to the spectrometer and the spectrometer compares the transmitted light from the source and measures the transmittance percentage at each wavelength.




4.3. Comparison of Observed Transmittance among the Polycarbonate Samples


We considered 100% transmittance to be the reference. It was achieved by keeping no object between the collimating lenses, which ensures a free light beam path between the lenses. Throughout this spectroscopy process, a 450 nm to 750 nm wavelength range was considered. PC samples were placed between the collimating lenses to observe the percentage transmittance. Transmittance spectroscopy was conducted at three different points for each polycarbonate sample and then the average was taken at each wavelength containing the transmittance percentage measured by the spectrometer. Figure 2b illustrates the comparison of percentage transmittance at each wavelength in the visible light range among the polycarbonate samples. A total of 29% transmittance was observed for PC sample I, while PC samples II and III exhibited 95% and 90% transmittance, respectively [23].





5. Finite Element Analysis


Three polycarbonate samples were considered in the three different pavement solar boxes modeled in this study. The boxes were labeled Pavement Solar Box I, Pavement Solar Box II, and Pavement Solar Box III, containing polycarbonate samples I, II, and III, respectively. Finite element analyses were conducted to analyze the response of these pavement solar boxes under vehicular load and determine their optimal design configuration. The commercial software Abaqus was used to construct 3D pavement models in which the pavement solar box was placed on the top of a typical pavement infrastructure. The resulting stress and deformation fields were compared to the generated stress and deformation of a typical pavement structure considering asphalt, base, sub-base, and subgrade layers.



5.1. Pavement Model Dimensions and Material Properties


The analyzed pavement structure had a length of 304.8 mm and a width of 304.8 mm, which are the dimensions selected for the pavement solar box and were kept constant throughout this study. The material properties of the pavement infrastructure and solar box were assumed to be linearly elastic for the static analysis. Pine wood is one of the most abundant softwoods grown in the United States. They cover an extensive range of Young’s modulus values due to the availability of many species [47]. For the simplicity of the model, the pine wood’s Young’s modulus was considered an average of 9000 MPa. Typical values of Poisson’s ratio were considered for each layer [48]. The layer thickness, Young’s modulus (E), and Poisson’s ratio (ν) values used for the static analysis are listed in Table 2. The Young’s modulus for the asphalt layer used in the finite element was chosen at the temperature of 25 °C.




5.2. Assumptions for the Loading Conditions, Boundary Conditions, and Finite Element Mesh


A 445/50R22.5 tire was assumed to be on top of the pavement structure. According to Moazami et al. (2011), this tire creates a 201 mm footprint length and a 376 mm footprint width at a tire inflation pressure of 725 kPa (105 psi) [49]. The tire pressure was presumed to act at the center of the considered tire imprint area. The boundary conditions were defined to capture the response of an actual pavement infrastructure. The lower surface of each layer was assumed to deform freely. As the pavement will entirely support the solar box, the vertical surfaces were considered to endure no displacement in the lateral, axial, and longitudinal directions. Non-slip tie constraints were considered among the layers of the pavement infrastructure. The finite element mesh was finer near the pavement model’s top surface to offer higher resolution around the pavement solar box and the top layer (Figure 3). The mesh was coarsened away from the top surface. A total of 7046 elements and 10,213 nodes were used in the analysis.




5.3. Observed Data from Finite Element Analysis


Finite element analyses were conducted on a model representing the typical pavement structure and the models containing each of the pavement solar boxes. The temperature in the finite element analysis was selected to be 25 °C. The typical pavement model developed a 0.686 MPa vertical stress and 29.14 microns under the applied load (Figure 4a), while the model with pavement solar box I (228.6 mm) had a 0.691 MPa vertical stress and a vertical deformation of 29.03 microns (Figure 4b). Table 3 describes the comparison of the observed data from the simulation of the remaining pavement solar boxes. The table shows that any of the three designed pavement solar boxes can replace the top layer of a pavement surface without causing any structural failure or major alteration [23].





6. Power Generation under Laboratory and Outdoor Conditions


Power generation data were collected simultaneously for each pavement solar box to analyze and compare among them. A multichannel data logger was used to collect and store data for this purpose.



6.1. Power Generation in the Laboratory


A wide range of resistance values, from 50 Ω to 50,000 Ω, was used in the laboratory environment to generate a load profile. The I-V curve and Power (mW) vs. Resistance (Ω) graphs were plotted for each pavement solar box to obtain a preliminary idea of the power generation capability of these boxes. A control solar panel without any protective polycarbonate cover was considered to compare the power generation from the pavement solar boxes. Figure 5 compares the I-V and Power vs. Resistance graphs among the pavement solar boxes. A small noise was observed in I-V curves when the voltage value was less than 0.5 V for pavement solar boxes. While Pavement Solar Box I generated maximum power at 15,000 Ω, Pavement Solar Boxes II and III along with the control solar panel produced maximum power at 10,000 Ω. Since this data collection was performed in the laboratory under ambient light condition and solar panels need solar energy to generate expected power, the produced power was very low. It can be observed from the graphs that all of them produced comparable voltage, current, and power under laboratory conditions. Though all these graphs were analogous in certain respects, some power drop was observed for the pavement solar boxes as none of them are 100% transparent. Pavement Solar Boxes I, II, and III generated 53%, 81%, and 78% peak power, respectively, in comparison with the control solar panel.




6.2. Power Generation under Outdoor Conditions


Power generation data under outdoor conditions was collected using variable and single resistor. Variable resistor was used to obtain an optimal resistance value that would work for all three pavement solar boxes under any weather condition and then this resistance value was used throughout the data collection period. The data were collected from April 2019 to May 2019 for this phase. All the data were collected from one location so that the angle of the sun for the location remained constant. The site was selected so that there would be no traffic interruption during the data collection period as well as it would have adequate sunlight throughout the data acquisition time. This place was near the Biotechnology Sciences and Engineering (BSE) Building of UTSA. The latitude and longitude of the selected site are 29.581° N and 98.618° W, respectively. Figure 6a shows the outdoor condition’s data collection setup. Power generation of pavement solar boxes was analyzed with respect to the control solar panel and within themselves to compare their power generation. Figure 6b–d illustrate the comparison of the power generation of pavement solar boxes I, II, and III, respectively, in comparison with the control solar panel. Power against each resistance was calculated as an average, which was collected over a period of time. These three graphs follow a similar pattern. Power generation decreased with the increment of resistance. Each of them produced maximum power at 100 Ω. Though the polycarbonate sample used in Pavement Solar Box I contains only a 29% light transmission attribute, it was observed from Figure 6b that beyond 100 Ω of resistance, it generated almost the same amount of power as the control solar panel. Since polycarbonate has very good heat resistance, the solar panel underneath the polycarbonate sample did not get warmer too easily. Hence, it maintained its power generation property effectively. On the other hand, since the solar panel was exposed to outdoor conditions for a long time, it got warmer. The efficiency of solar cells dropped when panels got warmer. Pavement Solar Boxes II and III also behaved in a similar manner as illustrated in Figure 6e. All these data were collected under sunny conditions over a 20-min period. Since the expected power was produced under sunny conditions and the pavement solar boxes provided maximum power at 100 Ω, which is more than 2.3 W in each case, this resistance value was used for the remainder of the data collection process.



The pavement solar boxes along with the control solar panel generated a steady amount of power, when the optimal resistance was used as illustrated in Figure 7a–c. The power generation gap between them was almost equal throughout the power generation time. All these data were collected under sunny conditions over a 40-min period. The pavement solar boxes behaved comparably with the control solar panel throughout the data collection process. It can be observed from Figure 7d that Pavement Solar Box II and III generated power in such an equal quantity that it was hard to distinguish their respective power generation curves. As the weather was cloudy and sunny with intermittent clouds, these curves show sudden drops and peaks which depicts the solar shading. All the pavement solar boxes and the control solar panel behaved and produced power in a similar manner throughout the data collection period. The pavement solar boxes generated power continuously throughout the data collection periods, which also shows their continual power generation capability.



During the data acquisition phase, it was observed that the pavement solar boxes experienced some ups and downs in power production when certain weather changes occurred. Data were collected to find out how significantly weather changes throughout the day could affect these boxes’ power generation patterns. Figure 8 illustrates the power generation of Pavement Solar Boxes I and II throughout the day. Pavement Solar Boxes II and III faced a gradual reduction from 12 p.m. to 5 p.m. They produced more than 2 W until 5 p.m. After 5 p.m., a sharp decline in power generation was observed, which was reduced to only 0.05 W around 7–8 p.m. No shading occurred during that time and the weather conditions remained sunny. Since pavement solar boxes are laid flat on the top of a pavement surface, their position remained constant throughout the time. However, as both the Earth and the sun rotate on their axis, the angle of the sun to the pavement solar box changes as the day passes, which results in a gradual decrease in sunlight intensity and the power generation.




6.3. Summary of Power Generation of Pavement Solar Boxes


Figure 9 provides a summary of the power generation of the pavement solar boxes. A wide range of data were collected from March 2019 to July 2019 to analyze the pavement solar boxes’ performance according to the time of the day and weather conditions. Weather conditions were categorized into three categories: sunny, cloudy, and afternoon.



The pavement solar boxes produced the maximum power during the time frame of 11 a.m. to 5 p.m., while the productivity of the solar panels went down after 5 p.m. as the solar intensity goes down. While Pavement Solar Boxes I, II, and III produced an average of 2.13 W, 2.25 W, and 2.26 W, respectively, from 11 a.m. to 5 p.m., they generated an average of 1.03 W, 1 W, and 0.89 W, respectively, under the cloudy condition on the same time period. Pavement Solar Boxes I, II, and III produced an average of 0.32 W, 0.68 W, and 0.67 W, respectively, after 5 p.m. as illustrated in Figure 9 [23].




6.4. Relation of Power Generation to Solar Irradiance and Illuminance


After a comprehensive analysis of power generation in the laboratory and under outdoor conditions, the next phase of this study was focused on a performance evaluation of the power generation of the pavement solar boxes with respect to solar irradiance and illuminance.



6.4.1. Background


As the maximum solar irradiance on a horizontal surface at ground level could achieve 1120 W/m2 in a typical cloudless atmosphere in summer seasons, the solar irradiance meter was selected to meet this criterion [50]. The selected solar irradiance meter is commercially known as TES 132 and it can detect solar irradiation from 200 W/m2 to 2000 W/m2 [51].



Since the solar illuminance is 128 kLux for the Earth, an illuminance meter was selected to cover this range [52]. It is commercially known as HD450 and it can detect illumination up to 400 kLux, which covers the required range [53]. While Figure 10a shows the setup of the solar irradiance and illuminance meter with a multichannel data logger and a computer, Figure 10b indicates the sensors of these devices used to measure solar irradiation and illumination.




6.4.2. Observation


Figure 11a illustrates the comparison of the power generation of Pavement Solar Boxes I, II, and III with respect to solar irradiance. The power generation behavior of these boxes can be observed and compared from this illustration. The boxes’ common behavior was that the power generation increased for each energy harvester with the increment of solar irradiance. The comparison of power generation of the pavement solar boxes with respect to illuminance is illustrated in Figure 11b. An increase in power generation with the increase of illuminance behavior was commonly observed for each pavement solar box.





6.5. Power Generation during Shading


Shading can significantly decrease a solar panel’s efficiency and it can affect the productivity of pavement solar boxes [54]. Because of their unique cell layout, thin-film solar cells perform effectively under shading conditions. They do not lose their efficiency abruptly under shading conditions; rather, they lose productivity in a gradual manner.



6.5.1. Outdoor Condition


The data collection was carried out to evaluate the performance of the pavement solar boxes under shading conditions. Pavement Solar Box I was considered to evaluate the impact of shading on these boxes. Time and place were selected in such a way that it went through a complete shading process throughout the data collection period. It can be observed from Figure 12 that Pavement Solar Box I generated 1.28 W before the shading factor affected its productivity. When the whole box was fully shaded, its productivity went down to only 0.08 W. This sharp reduction from 1.28 W to 0.08 W occurred over a period of 4 min. It can be observed from the graph that when the box was completely shaded, its production rate was very low throughout that portion of the time. As the power production of pavement solar boxes is very low in shaded areas, they should be placed in a place where they will get a good amount of sunlight throughout the daytime.




6.5.2. Performance based on Solar Irradiance and Illuminance


Pavement Solar Box III was picked to determine the relationship of power generation and solar irradiance under shading conditions. Figure 13a illustrates the performance evaluation of Pavement Solar Box III with respect to solar irradiance. Pavement Solar Box I experienced a major decline under shading conditions. A sharp decline in solar irradiance was also observed during this phase. The solar irradiance intensity slumped from 573 W/m2 to 149 W/m2 throughout this shading condition, while the power production reduced from 1.99 W to 0.75 W within a period of 5 min. The Power vs. Solar Irradiance curve follows a smooth decline throughout this shading condition. Figure 13b depicts the performance of Pavement Solar Box III with illuminance. This graph behaved comparably with the previous one. The illumination decreased during the shading condition, and the power production was reduced throughout this process. Hence, it can be observed from the graph that both the illuminance level and the power generation went through a significant decline during the shading condition. While the illuminance value went down from 70 kLux to 19 kLux, the power production of Pavement Solar Box III dropped from 1.99 W to 0.54 W.






7. Field Test and Concept Implementation


Field tests were carried out in three different times during the same timeframe of the day to analyze the system performance of this technology under vehicular loads. This evaluation was conducted in three major phases. Figure 14 demonstrates the setup of the field test. Initially, the pavement solar boxes were subjected to vehicular loads. During each field test, the power output was observed. It was followed by transmittance spectroscopy after every field test. After the completion of all three field tests, the power generation of the pavement solar boxes was compared with a new pavement solar box that was not tested under a moving wheel.



7.1. Vehicle and Tire Specs


The same vehicle was used in all three field tests for the uniformity and simplicity of the evaluation process. The vehicle and tire specs are listed here:




	
Vehicle model: 2005 Honda Accord EX V-6 Sedan 3.0 L; and



	
Tire specs: P205/60R16.









7.2. Power Output of Pavement Solar Boxes during the Field Test


In each field test, the same amount of wheel drive, two front wheel drive, and two rear wheel drive was carried out on the top of the pavement solar boxes. Figure 15a–c illustrate the power output throughout the initial field test. It can be deduced from the graphs that these solar boxes only faced a sharp decline in power generation on that instant when the vehicle went over them. To verify the durability of the boxes, sometimes the vehicle stayed on the top of the pavement solar boxes for some time, which resulted in a power reduction because the positioning of the vehicle was blocking the sunlight and, hence, the productivity in that instant went down. The second and third field tests also exhibited a similar pattern. No pavement solar box faced any disruption in power production during the field tests.




7.3. Transparency of Pavement Solar Boxes after Field Tests


After each field test, transmittance spectroscopy was conducted on the polycarbonate samples to determine their percent transmittance. At this time, four points were selected to do the spectroscopy analysis. Figure 16 demonstrates the observed percent transmittance among the PC samples after Field Test 1. This test shows that the transparency of PC sample I drops to 26% from 29% while PC sample II drops to 85% from 95% and PC sample III drops to 83% from 90% transmittance. Test results from Field Tests 2 and 3 also exhibited comparable results. Table 4 illustrates that the transparency of each PC sample dropped to some extent throughout the field test phase.




7.4. Comparison of Power Generation of Pavement Solar Boxes after Field Tests


In this stage, the pavement solar boxes’ power output was compared to a new box that did not experience any experiment on it to obtain a comprehensive analysis. Figure 17a demonstrates that although the transmittance percentage of polycarbonate sample I drops to 22% from 29%, the power productivity remained almost equal. During this data collection period, old PSB I produced 98% of the power of new PSB I. The average power generation of old PSB I was 1.8 W, while the new one had an average of 1.84 W throughout this process. Although the transparency dropped due to field tests and material handling issues, there were no significant drops in power generation. This could be due to the fact that these scratches that reduced the transparency could not block the sunlight completely. As a result, sunlight can get through the thin-film solar cells through the polycarbonate sample using various angles of incident. The same comparable power output was observed for the remaining polycarbonate samples. Old PSB II and PSB III produced 99.7% and 99.3% of the power generation of the new PSB II and PSB III. A comparison of the power generation of Pavement Solar Boxes II and III after field tests is illustrated in Figure 17b,c.




7.5. Concept Implementation


The proposed solution aims at reforming the way the traditional road network system works. This solution, a pavement solar box, can harness solar energy by incorporating the concept of power generation from a solar panel with the exposed solar radiation on the pavement surface. This power can be stored in a battery charged over the daytime and it can later be converted into electrical energy as per demand. This methodology intends to take advantage of these pavement solar boxes that can be easily installed on pavement surfaces. They can be used to power light-emitting diode (LED)-embedded warning signage and highlight the crosswalks and pedestrian zones by providing self-powered LED illumination. Once a pedestrian crosses the intersection, they will be detected by the embedded sensors and the pavement (crossing marks) will be fully illuminated in both directions with the help of the embedded LED strip on the pavement solar box. This illumination improves the visibility of pedestrians to approaching vehicles. Figure 18 demonstrates the schematic diagram of implementing this technique at intersections.





8. Economic Analysis


The following materials were required throughout the fabrication process of each pavement solar box:




	
a polycarbonate sample;



	
a thin-film solar panel;



	
pine wood;



	
tempered hardboard;



	
wire nails; and



	
silicone caulking tools.








Though the prices of polycarbonate samples are different for pavement solar boxes, the other material prices are common for all of them. The cost summary and cost per energy unit for each pavement solar box are described in Table 5. It takes USD 20.4 per kWh of generation using Pavement Solar Box III, which is the minimum cost per energy unit among the pavement solar boxes.



Table 6 illustrates the expected cost per year of service life for each pavement solar box. The estimated total service life is 20 years for the pavement solar boxes. The replacement of solar panels is expected to occur every 10 years and the replacement of the polycarbonate sheet is estimated to occur every 4 years. The enclosure is expected to be permanent throughout its service life.




9. Summary and Conclusions


This study aspired to develop a new methodology to harvest solar energy from asphalt roadway pavement by utilizing a combination of thin-film solar cells and polycarbonate samples as the protection shield. Finite Element Analysis and field tests were carried out to design the optimal configuration and evaluate the performance of the system. Key findings of this study are summarized below:




	
FEA demonstrates that the designed pavement solar boxes can replace a typical pavement surface’s top layer without causing any structural failure or major alteration.



	
Pavement solar boxes were subjected to vehicular loads during the field test. These boxes as well as the control solar panel generated power in a similar pattern throughout the daytime. The variation in weather conditions did not affect their comparable performance.



	
Pavement solar boxes along with the control solar panel experienced a gradual and abrupt reduction in the last phase of daytime due to the continuous change in the angle of the sun. However, it did not interrupt the continuous power production of pavement solar boxes.



	
The pavement solar boxes sustained no significant damage or power drop throughout the field test. Later, a comparison of the power generation of these boxes showed that they produce approximately the same amount of power. This result shows that these pavement solar boxes can be implemented at intersections for a longer time. No abrupt power drops were observed, indicating that these boxes will not require frequent maintenance throughout their service life.



	
Pavement Solar Boxes I, II, and III generated an average of 2.13 W, 2.25 W, and 2.26 W, respectively, from 11 a.m. to 5 p.m. It can be summarized from the collected data samples that the pavement solar boxes can produce an average of 2.2 W per square ft, equivalent to 23.7 W per square meter, continuously over a period of 6 h a day under sunny conditions for the weather circumstances encountered in South Texas while offering a lesser power output under other weather conditions. Pavement Solar Boxes I, II, and III can generate approximately 52 kWh, 63 kWh, and 62 kWh, respectively, per square meter annually considering 9 months of sunny conditions.








Since solar power does not emit any pollution when it is produced or consumed, these boxes can help reduce CO2 and other air pollutant emissions associated with conventional energy generation methods. A large-scale implementation of this technique has great potential for mitigating global warming and the urban heat island effect by reducing greenhouse gas emissions.



The longevity of these pavement solar boxes is limited by the inefficiency of the solar film and the deterioration of the polycarbonate sheet, whichever occurs first. Further long-term testing is suggested to determine the effective life span of these solar boxes. As these boxes are not likely to provide enough skid resistance with the pavement surface, they will be kept in the middle of the lane. It is anticipated that the size of these pavement solar boxes will be comparatively small with respect to the contact area of tire–pavement. Moreover, a smaller-size pavement solar box could also be smaller than a pedestrian’s footprint. Therefore, it is anticipated that the quality of surface friction will not be critical to the performance of the pavement solar box and its impact on the pavement. These boxes can be deployed at pedestrian crossings and intersections to alert distracted drivers when a pedestrian is crossing the crosswalk by providing an embedded self-powered LED strip on these boxes. It may reduce the number of crashes in conflict zones where pedestrians and drivers do not see each other. These boxes can improve the pedestrians’ visibility, particularly at rural and uncongested intersections lacking access to the utility grid and proper illumination. The advantage of implementing this technology at intersections is that it will be embedded in the pavement’s surface and not take up any public space. It is self-powered and requires a low-cost installation. This system can also be installed at non-intersection zones (school zones or highly populated zones) to improve pedestrian safety.
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Abbreviations


The following abbreviations are used in this manuscript:



	ASC
	Asphalt Solar Collector



	CSP
	Control Solar Panel



	FEA
	Finite Element Analysis



	LED
	Light Emitting Diode



	PC
	Polycarbonate



	PSB
	Pavement Solar Box



	TEG
	Thermoelectric Generator



	UV
	Ultraviolet









Nomenclature




	ν
	Poisson’s ratio



	Ω
	ohm



	$
	dollar



	E
	Young’s Modulus



	μ
	micro



	F
	Fahrenheit



	h
	hour



	k
	kilo



	Lux
	luminous flux



	m
	meter



	m
	milli



	M
	mega



	n
	nano



	Pa
	Pascal



	V
	volt



	W
	watt
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Figure 1. (a) Schematic diagram of the pavement solar box; (b) pavement solar box after assembly. 
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Figure 2. (a) Test setup of transmittance spectroscopy; (b) comparison of observed transmittance among the polycarbonate samples. 
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Figure 3. Finite element mesh between layers of the pavement model. 
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Figure 4. Vertical stress (S) and deformation (U) for (a) typical asphalt pavement; (b) Pavement Solar Box I. 
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Figure 5. Comparison of (a) I–V curves and (b) Power vs. Resistance Curves among the pavement solar boxes in the laboratory. 
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Figure 6. (a) Data collection under outdoor conditions. Comparison of (b) control solar panel (CSP) vs. Pavement Solar Box I (PSB I); (c) CSP vs. PSB II; (d) CSP vs. PSB III; (e) PSB II vs. PSB III power generation under outdoor conditions. 
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Figure 7. Comparison of (a) CSP vs. PSB I; (b) CSP vs. PSB II; (c) CSP vs. PSB III; (d) PSB II vs. PSB III using the optimal resistance (100 Ω). 
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Figure 8. Pavement Solar Box I and II power generation throughout the day. 
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Figure 9. Summary of the power generation of the pavement solar boxes. 
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Figure 10. (a) Solar irradiance and illuminance meter setup; (b) solar irradiance measuring sensor (yellow colored) and illuminance measuring sensor (blue colored). 
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Figure 11. Comparison of power generation with (a) solar irradiance; and (b) illuminance. 
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Figure 12. Power generation of Pavement Solar Box I under shading conditions. 
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Figure 13. (a) Power vs. Solar Irradiance; (b) Power vs. Illuminance graph for PSB III under shading conditions. 
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Figure 14. Field Test Setup. 






Figure 14. Field Test Setup.



[image: Sustainability 13 12807 g014]







[image: Sustainability 13 12807 g015 550] 





Figure 15. Power output of (a) Pavement Solar Box I; (b) Pavement Solar Box II; and (c) Pavement Solar Box III during the field tests. 
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Figure 16. Comparison of observed transmittance among the PC samples after field tests. 
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Figure 17. Comparison of the power generation of (a) Pavement Solar Box I; (b) Pavement Solar Box II; and (c) Pavement Solar Box III after field tests. 
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Figure 18. Schematic diagram of the implementation of pavement solar boxes at intersections. 
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Table 1. Comparison of properties among polycarbonate samples.






Table 1. Comparison of properties among polycarbonate samples.





	Properties
	Unit
	PC Sample I
	PC Sample II
	PC Sample III





	Thickness
	mm
	19.05
	19.05
	9.525



	Operating Temperature Range
	°C
	−40 °C to 93.33 °C
	−32.22 °C to 48.89 °C
	−40 °C to 132.22 °C



	Light Transmission
	%
	N/A
	88
	87



	Modulus of Elasticity
	MPa
	2206.3
	2344.2
	2378.7



	Flexural Strength
	MPa
	89.6
	93.1
	93.1
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Table 2. Material properties for the static structural analysis.
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	Part
	Young’s Modulus (MPa)
	Poisson’s Ratio
	Layer Thickness (mm)





	Asphalt Layer
	3447.38
	0.30
	228.6



	Base Layer
	551.58
	0.35
	203.2



	Subbase Layer
	275.79
	0.40
	152.4



	Subgrade Layer
	103.42
	0.45
	1270



	Pavement Solar Box I
	2206.32
	0.30
	19.81



	Pavement Solar Box II
	2344.22
	0.30
	18.29



	Pavement Solar Box III
	2378.69
	0.30
	17.53



	Pine Wood
	9000
	0.30
	9.65
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Table 3. Comparison of observed data from the Finite Element Analysis.
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	Pavement Model
	Vertical Stress (MPa)
	Vertical Displacement (Microns)





	Typical Asphalt Pavement
	0.686
	29.14



	Pavement Solar Box I
	0.691
	29.03



	Pavement Solar Box II
	0.692
	28.21



	Pavement Solar Box III
	0.704
	26.54
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Table 4. Percent transmittance of the polycarbonate samples after field tests.
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	before Field Test (%)
	after Field Test 1 (%)
	after Field Test 2 (%)
	after Field Test 3 (%)





	Pavement Solar Box I
	29
	26
	23
	22



	Pavement Solar Box II
	95
	85
	84
	83



	Pavement Solar Box III
	90
	83
	82
	81
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Table 5. Comparison of cost per energy unit among the pavement solar boxes [23].
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	PC Sample
	Solar Panel
	Wood Frame
	Miscellaneous
	Total Cost

($/box)
	Energy Generation per Year (kWh)
	Cost per Energy

($/kWh)





	Pavement Solar Box I
	$239
	$71
	$4
	$2
	$316
	4.8
	65.8



	Pavement Solar Box II
	$157
	$71
	$4
	$2
	$234
	5.8
	40.3



	Pavement Solar Box III
	$39
	$71
	$4
	$2
	$116
	5.7
	20.4
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Table 6. Expected cost per year of service life for the pavement polar boxes.
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Initial Cost

	
Installation Cost

(Sawing and Surface prep.)

	
Maintenance Cost

	
Total Cost

(20-Year Service Life)

	
Expected Cost Per Year of Life




	
Solar Panel

	
PC Sheets






	
Pavement Solar Box I

	
$316

	
$300

	
$71

	
$956

	
1643

	
82.2




	
Pavement Solar Box II

	
$234

	
$300

	
$71

	
$628

	
1233

	
61.7




	
Pavement Solar Box III

	
$116

	
$300

	
$71

	
$156

	
643

	
32.2
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