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 Abstract 

 Solar panels are becoming one of the most commonly used renewable energy sources, 

 however it has been observed that these panels have intensified the heat island effect that already 

 plagues many United States urban areas. Since solar panels are such an important part of 

 collecting natural energy, I wanted to determine which mounting configuration I could place 

 them in to generate the least amount of heat. I conducted an experiment with six materials to find 

 the temperatures of: a solar panel, the dirt ground, the asphalt road, an asphalt shingle, a ceramic 

 tile, and my roof with elastomeric coating, over a span of five days at four different times: 6:00 

 A.M., 3:00 P.M., 6:30 P.M., and 9:00 P.M. My first round ANOVA test at 6:00 A.M. between the 

 solar panel and the asphalt road had a P-value of 0.  019. The asphalt road was the much warmer 

 material of the two, it stored and emitted more heat throughout the night. My second round 

 ANOVA at 3:00 P.M. between the roof coating and the asphalt road had a P-value of 0.011. This 

 showed me that during the warmest time of the day, the asphalt road was the warmer material 

 compared to one of the coolest materials where solar panels are typically placed. Based on what I 

 gathered, I could conclude that the asphalt road was the best material to place a solar panel over 

 to reduce the total amount of produced heat. This proved my hypothesis that  if solar panels are 

 placed over pavement, then they will reduce the total amount of heat being radiated into the 

 surrounding area because the pavement will have the ability to radiate and store heat more than 

 the panels. 

 Researchable Question 

 How does the mounting configuration of solar panels affect the heat given off to surrounding 

 areas? 
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 Hypothesis 

 If the solar panels are placed over pavement, then they will reduce the total amount of heat being 

 radiated into the surrounding area because the pavement will have the ability to radiate and store 

 heat more than the panels. 

 Independent variable: All the materials that were possible candidates for being placed under the 

 solar panel to reduce the total amount of ambient heat. This includes the dirt ground, the asphalt 

 road, the asphalt shingle, the ceramic tile, and the flat roof coating. They were the controlled 

 materials that produced the differing temperatures I would later analyze. 

 Dependent variable: All temperatures produced at every time of the day, everyday, for each 

 material labeled as an independent variable. 

 Control: The dirt ground since it was the only natural material being tested. This meant the 

 experiments consisted of temperatures given off by man made materials compared to 

 temperatures given off by a natural resource. 
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 Background Research 

 Introduction 

 As the world leans further away from energy sources that have a large carbon footprint, 

 greener energy options are becoming more prevalent. Solar panels are one of these energy 

 sources and they are being used on a greater scale as they become more efficient and affordable. 

 With an increased usage of solar panels, the reliance on fossil fuels that create an excess amount 

 of greenhouse gasses goes down and more environmentally-friendly steps are taken to reach 

 fully sustainable energy production (Masson et. al. 1). Many people are purchasing solar panels 

 for their roofs and companies are installing solar farms over large areas. On their own, solar 

 panels produce heat by re-radiating light energy back into the surrounding areas (Barron-Gafford 

 et. al. 2), but so do the objects that the panels can potentially cover, such as asphalt roads (U.S. 

 Environmental Protection Agency 4) and roof tiles (Hawks 1). When analyzing the different 

 amounts of heat given off from the individual materials, it’s important to note that this heat can 

 be reduced when having one object with a lower heat radiation more exposed than objects with a 

 higher heat radiation. This brings me to the question: How does the mounting configuration of 

 solar panels affect the heat given off to surrounding areas? 

 Solar panels are a complex system that use photon energy to charge electrons and power 

 everyday functions. Most panels are made from silicon with the reason being that it’s an 

 inexpensive and easy to produce semiconductor material with four valence electrons. In a solar 
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 cell, the photons of light energy are absorbed by these valence electrons, resulting in them 

 getting charged and weakening the electron bonds (Martinez 5). The charged electrons are then 

 able to break apart from the bond and move around the cell. The free electrons are driven to 

 move to specific areas by the electrical field, which then go to be used as energy. This field is 

 created by the negatively charged silicon layer and the positively charged silicon layer, where the 

 negative side (N-type) contains the free electrons and the positive side (P-type) has the openings 

 for those free electrons (Toothman and Aldous 2). Since the exchange of these electrons is 

 important to the creation of energy, silicon is one of the best materials to be used, but it also has 

 other factors that should be considered. 

 One of these factors is solar reflectance. Solar reflectance is the percentage of the sun's 

 solar energy that is reflected back and not absorbed. The solar reflectance index (SRI) is the 

 calculated amount of solar reflectance that an object has by using the formula of: (T  black  -T  test 

 surface  )/(T  black  -T  white  ) (Casini 1), where “T  x  '' represents  the temperature of a black surface, a white 

 surface, or the test surface. Silicon has a solar reflectance of eleven percent, meaning eighty-nine 

 percent is absorbed (Lawrence Livermore National Laboratory 1). When recognizing the amount 

 of solar reflectance an object has, its impact on the urban heat island effect is shown more 

 clearly. The urban heat island effect is the temperature difference between an urban and a rural 

 area due to the increased amount of materials that have a high heat absorption. When objects 

 have a higher solar reflectance, they don’t absorb as much heat and therefore don’t create a warm 

 micro-environment around them. When objects have a low solar reflectance, they absorb more 
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 heat and create a warm micro-environment around them, increasing the negative impact of the 

 urban heat island effect. 

 Many other materials have an impact on the heat island effect from their amount of heat 

 absorption, such as asphalt roads, shingled roofs, and other building related materials. These all 

 carry significant impacts on their urban environment because of their increased production and 

 usage. Asphalt roads have a solar reflectance of five percent, meaning ninety-five percent is 

 absorbed (Concrete Pavement Research and Technology 1). Shingles, which are primarily made 

 of asphalt, have the same amount of solar reflectance and absorption as the asphalt roads (Heat 

 Island Group). The amount of heat absorbed by these materials contributes to the heat island 

 effect. There could be a significant decrease in solar reflectance seen in other materials or the 

 natural environment. When these materials add to the impacts of the heat island effect, they add 

 to changes in things like high and low temperatures and the rainfall amounts (Yang et. al. 3). On 

 a larger scale, these effects will contribute to climate change and other global issues. 

 Specific Research Examples 

 Since asphalt is one of these main contributors used globally, it’s important for me to 

 understand the heating and cooling process of asphalt on a smaller scale to then compare to 

 larger asphalt areas. From looking at experiments that show this data, I will be able to compare it 

 to the temperatures of heated solar panels to identify which absorbs more heat. One experiment 

 that represents this involves three different layers, asphalt as the top layer, gravel as the middle, 

 and sand as the bottom, that were placed inside an insulated tub with a 60 W light bulb above 
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 (Martinkauppi et. al. 2-3). In this experiment, the light bulb heated up the three layers and 

 temperatures were tracked to find which layer absorbed the most heat and cooled down the 

 quickest. During the heating process of the experiment, results were taken three different times. 

 Once before any heating began, where temperatures were all relatively close between 20 and 

 25  o  C (Martinkauppi et. al. 5). Another time four minutes  into the heating where temperatures 

 were rising mainly in the asphalt around 22.5  o  C but  were slightly going to the other layers 

 (Martinkauppi et. al. 5). During this time, the asphalt showed hotter temperatures than the bulb 

 itself. Temperatures were recorded one last time after the heating had stopped and it reached 

 every layer. The asphalt showed the greatest temperature changes, being about 43  o  C and warmer 

 than the light bulb (Martinkauppi et. al. 5). The sand reached a final temperature of about 24  o  C 

 and the gravel reached about 39  o  C (Martinkauppi et.  al. 5). After the heating, the materials were 

 left at room temperature and began their cooling process. “  The temperatures were measured with 

 a 10-minute interval with DTS-method during these times” (  Martinkauppi et. al. 3). The results 

 showed a larger variation in temperatures for gravel than the other two materials  (  Martinkauppi 

 et. al. 3) and that the asphalt layer cooled down the quickest  (  Martinkauppi et. al. 5). It was also 

 shown that the sand layer stored heat more than the other layers  (  Martinkauppi et. al. 4). The 

 results of this experiment showed me that the different layers of an asphalt road allow it to 

 absorb heat of high temperatures compared to its surrounding areas and materials. This then 

 helped me to understand how it gives off more heat to its surrounding areas more than some of 

 the other heat island contributing materials. This also showed me that the asphalt roads have the 
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 ability to store heat, slowing down the cooling process, which means the roads can still give off 

 heat after it has stopped being applied. 

 In order for me to find the best mounting configuration for solar panels from comparing 

 other heat island contributing materials to them, I must find the temperatures and impacts of 

 solar panels on their environment. When I look at the temperatures of solar panels and the 

 experiments that have been conducted to find them from others, I can compare this to the 

 temperatures I find and get more ideas for the setup I want to have during my testing. An 

 experiment that shows this involves three different testing locations that were set up and the 

 temperatures of these locations were tracked over a year to find if the location with solar panels 

 affected the photovoltaic heat island (PVHI). The three locations depicted a natural desert 

 environment, a parking lot, and a photovoltaic power plant with a probe 2.5 m above the surface 

 of each environment (Barron-Gafford et. al. 2). In order to see if the PVHI took effect in a solar 

 panel filled environment compared to a natural environment, the environment's temperatures 

 were tracked for a year and then compared to see if ambient temperatures had heated up more 

 than others. From the experiment, it was found that the photovoltaic (PV) installation on average 

 had heated up more compared to the other environments (Barron-Gafford et. al. 2). The average 

 temperature of the PV installation was 22.7 + 0.5  o  C  while the average for the desert environment 

 was 20.3 + 0.5  o  C and at night the average for the  PV installation was 19.3 + 0.6  o  C while the 

 average for the desert environment was 15.8 + 0.6  o  C  (Barron-Gafford et. al. 2). It was also found 

 that during warmer seasons, the temperatures for each material rose. In these warmer seasons, 
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 the PV installations reached temperatures of  25.5 + 0.5 °C, the desert environment reached 

 21.4 + 0.5 °C, and the parking lot reached 23.2 + 0.5 °C (  Barron-Gafford et. al. 3)  . The graphs of 

 the data showed that between the three different locations, the PV installations were typically the 

 warmest, the desert environment was typically the coldest, and the parking lot was usually in the 

 middle of the two (  Barron-Gafford et. al. 3)  .  From  all these results, it’s been shown that the PV 

 installations did have an effect on the PVHI and changed the local environment’s temperatures. 

 By looking at these results, I can compare them to the results I get from my experiments and use 

 both sets of data to support the idea of a better placement to reduce the total heating. 

 Another part of fully understanding the best mounting configuration for solar panels is by 

 looking at the different angles they could be positioned and the effects of those different angles. 

 This would be helpful to me since I’m working with solar panels at a tilt and can see how it’ll 

 change temperatures above and below the panels. Looking at the information presented in 

 experiments related to this topic, I can see what materials and data I would need to include in my 

 own experiments to form the best outcomes. An experiment that shows this involves 

 temperatures of the surrounding areas of three locations on a roof of an urban building that were 

 tracked to compare to each other. One of the locations was around solar panels at a 4.4  o  tilt that 

 were 0.10 m off of the roof, another was around solar panels that were horizontally mounted to 

 the roof, and the last location was an exposed roof area (Dominguez, Kleissl, and Luvall 5). The 

 roof that this experiment was taken on has 0.20 m of insulation (Dominguez, Kleissl, and Luvall 

 5). This information is important because it impacts the transfer of heat through the building. 
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 Depending on the outcome of the temperatures from the solar panels and the exposed roof, the 

 insulation would alter the amount of heat getting into the building. Data from the experiment was 

 tracked over a four day period with thermal infrared cameras for the inside of the building 

 (Dominguez, Kleissl, and Luvall 7). External temperatures were measured with sensors, air 

 temperature probes, and meteorological stations on the top of the roof (Dominguez, Kleissl, and 

 Luvall 9). The results of this experiment showed that at noon, the temperatures of the plain roof 

 surface were at its hottest point, about 60  o  C, and  warmer than the ceiling inside the building, 

 about 30  o  C, and the surrounding air, about 23  o  C (Dominguez,  Kleissl, and Luvall 11). For the 

 back of the tilted panel, it reached its hottest point around 13:00 with a temperature of about 

 55  o  C, which was warmer than the surface below the  panel, about 37  o  C, the outside air, about 

 31  o  C, and the ceiling of the building, about 29  o  C  (Dominguez, Kleissl, and Luvall 12). For the 

 tilted panel, the air between the back of the panel and the roof surface was warmer than the air 

 1.93 m above the roof (Dominguez, Kleissl, and Luvall 11). The temperature of the ceiling below 

 the flat panels, 34  o  C at its highest point, was cooler  than the ceiling below the exposed roof, but 

 was warmer than the ceiling under the tilted panels (Dominguez, Kleissl, and Luvall 13). On the 

 other hand, during the night, the ceilings under the flat roof had the highest temperatures because 

 they kept the most heat from the insulation of tight air space and heat radiation (Dominguez, 

 Kleissl, and Luvall 13). These results show me the impacts that a tilted solar panel can have on a 

 roof surface, the inside of the structure, and the air between the two. I can use different materials 

 for the roof in my experiments to find which would be best to use with a solar panel. Depending 
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 on the amount of heat that transfers into the building, it can affect the amount of energy needed 

 to power things like air conditioners. The less heat that reaches into the buildings, the less energy 

 needed to cool them. 

 Revision of Researchable Question 

 Throughout my research, I have found new information and helpful resources that will be 

 beneficial towards my understanding of my topic and the experiments I will be doing. During my 

 search for this information, I discovered that there was not much available knowledge in the 

 specific area of solar panels reducing radiated heat for their surrounding areas when covering a 

 certain type of roof material. Mostly, the research and experiments done in this area were aiming 

 to find how the solar panels affected the building and its internal temperatures below the roof. In 

 my experiments, I would work to find how the solar panels radiated temperatures differed from 

 the radiated temperatures of certain roofing materials. Since there is not much of this information 

 already experimented on, my researchable question could lean more toward this extent while still 

 questioning how other materials, like asphalt and dirt, compare to solar panels. 

 After looking over all the known and unknown information relating to my area of 

 interest, I have been able to revise my original question into a more specific question that will 

 allow me to collect data that is not yet known. I have created the question: How does mounting 

 solar panels over different surfaces affect the local area ambient temperatures? By phrasing my 

 question this way, the idea of how I mount my panels is more clearly stated and it is more 

 inclusive to the question of how do solar panels change the total amount of heat reflectance given 
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 off from a roof when covering certain roofing materials. The question allows me to not only test 

 this area of my topic, but also to compare the solar panels heat reflectance to on-ground 

 materials, such as asphalt roads and the dirt ground. 

 By going through with this more specific question, I can create more original experiments 

 to find answers to questions that have not previously been explored. Finding the temperatures of 

 materials similar to mine and comparing them has been done before in other experiments, but 

 using the specific materials I plan to use and comparing them to see their different effects on 

 ambient temperatures is more of my original idea. Another experiment I plan to do is find the 

 radiated temperatures that solar panels give off compared to specific roof materials when the 

 panels are placed over them. In past experiments, similar ideas and materials were tested, but did 

 not aim to find the same conclusions I would try to find through my tests. These experiments 

 found the effect of solar panels and their temperatures on the building below the roof compared 

 to a plain roof without panels. In my experiment, I will be using different materials to compare to 

 the solar panels, such as asphalt shingles and ceramic tiles instead of just a bare roof and I would 

 have a different end goal for results. Along with the other experiments, and similarly to the 

 already conducted experiment by previous researchers, I could find the temperatures of the air 

 between the back of the solar panels and the roof surface to see if solar panels had an impact on 

 the roof compared to the bare roof area. Although this part of the experiment has already been 

 done in a similar manner, I would go into more detail and find how this affects the on roofing 

 materials used in Arizona. 
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 From all these experiments, I would be able to find negative and positive impacts of solar 

 panels. I would be able to see whether or not they are more beneficial to the total heat radiation 

 given off to their surrounding environment when placed above other materials that could 

 potentially radiate more heat than the panels, therefore reducing the overall heat in an area. This 

 leads to a reduction of the heat island effect, which would create a cooler environment for people 

 in the area. Not only would this decrease in heat islands benefit local environments and their 

 solar productivity, but it would help environments in all different areas that struggle with the 

 same issue. Solar panel farms are growing all over the world as they increase in numbers and 

 popularity, but finding efficient placements for them to decrease the overall heat radiated back 

 into the atmosphere could prove to be more beneficial to their local environments. 
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 Materials 

 -  One SunEdison black Solar Panel 

 -  Asphalt shingles 

 -  A 1m x 1m area of the asphalt road 

 -  Two large ceramic roof tiles 

 -  A 1m x 1m area of the dirt ground 

 -  A 1m x 1m area of the flat roof with elastomeric coating exposed to sunlight 

 -  A 1m x 1m area of the flat roof with elastomeric coating shaded under the solar panel 

 -  Klein Tools Infrared Digital Thermometer 

 -  Chalk 

 -  Ladder 

 -  Acurite Temperature Gauge 

 Operational Definitions 

 Ambient Temperature - The temperature of the surrounding area. 

 Solar Panel Mounting Configuration - The placement of the solar panel over specific materials 

 Heat Island Effect - Local area temperature increases due to urban materials emitting high 

 amounts of heat. 

 Carbon Footprint - The amount of greenhouse gasses that are produced as a result of any activity 

 or action. 
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 Procedures 

 1.  Before I started the experiment, I determined and marked each 1m x 1m section of 

 materials that call for a selected area using chalk. This included the asphalt road, the dirt 

 ground, and the two areas of the flat roof with the elastomeric coating. 

 2.  I began my setup by placing an asphalt shingle and a ceramic tile next to the solar panel 

 on top of the roof where it was exposed to the sun. I placed these materials out the night 

 before I started tracking temperatures. 

 3.  I placed another asphalt shingle and ceramic tile underneath the solar panel where it was 

 shaded. These materials were set out the night before temperatures were tracked. 

 4.  On the next day around 6:00 a.m., I recorded the temperatures of the exposed asphalt 

 shingle, the shaded asphalt shingle, the exposed ceramic tile, the shaded ceramic tile, the 

 1m x 1m exposed flat roof with the elastomeric coating, the 1m x 1m shaded flat roof 

 with the elastomeric coating, the 1m x 1m asphalt road, 1m x 1m dirt ground, the front of 

 the solar panel, the back of the solar panel. At this time, I also recorded the outside 

 temperature. 

 5.  At 3:00 p.m., I recorded the temperatures of all materials listed in step four. 

 6.  Around 6:30 p.m., I recorded the temperatures of all materials listed in step four. 

 7.  At 9:00 p.m., I recorded the temperatures of all materials listed in step four. 

 8.  Once day one of measurements was completed, I recorded temperatures into a 

 spreadsheet for later use and comparison. 

 9.  On the second day, I repeated steps 4-7. 
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 10.  Once day two of measurements was completed, I recorded temperatures into a 

 spreadsheet for later use and comparison. 

 11.  On the third day, I repeated steps 4-7. 

 12.  Once day three of measurements was completed, I recorded temperatures into a 

 spreadsheet for later use and comparison. 

 13.  On the fourth day, I repeated steps 4-7. 

 14.  Once day four of measurements was completed, I recorded temperatures into a 

 spreadsheet for later use and comparison. 

 15.  On the fifth and final day, I repeated steps 4-7. 

 16.  Once day five of measurements was completed, I recorded temperatures into a 

 spreadsheet for use and comparison. 

 17.  Once the experiment was complete, I removed all materials that were placed on the roof. 

 18.  Then, by using the collected data from the experiment in the spreadsheet, I created graphs 

 for each day that showed the ten different measurements at different points during the 

 day. 

 19.  Then, I created line graphs that showed the temperatures on the y-axis and the time of 

 day on the x-axis. 

 20.  I also entered my data from the 6:00 A.M. and 3:00 P.M. times into the statistical 

 ANOVA test to see how different the temperatures of the material would be at the coolest 

 time of the day (6:00 A.M.) and the warmest time (3:00 P.M.) 

 Nothing about the procedures was changed in round two. 
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 Results 

 First Round - Raw Data Table 

 Day and 
 Time of 
 Trial 

 Material 
 and 
 Temperat 
 ure (°C) 

 Solar 
 Panel 

 Dirt 
 Ground 

 Asphalt 
 Road 

 Asphalt 
 Shingle 
 (Exposed 
 ) 

 Ceramic 
 Roof Tile 
 (Exposed 
 ) 

 Flat Roof 
 Coating 
 (Exposed 
 ) 

 Asphalt 
 Shingle 
 (Under 
 Panel) 

 Ceramic 
 Roof Tile 
 (Under 
 Panel) 

 Flat Roof 
 Coating 
 (Under 
 Panel) 

 Back of 
 Solar 
 Panel 

 Outside 
 Temperat 
 ure 

 Day 1 - 
 6:00 
 A.M.  -4.94  -2  3.72  3.72  -1.94  -12.22  3.72  -1.94  -3.22  -5.67  4.44 

 Day 1 - 
 3:00 
 P.M.  32.78  22.89  28.28  26.72  21.67  21.89  21.83  22.5  22.78  35.78  20 

 Day 1 - 
 6:30 
 P.M.  5.56  5.83  10.56  -2.78  -0.56  -5  4.33  4.78  5.28  6  15 

 Day 1 - 
 9:00 
 P.M.  -0.67  7.5  8.33  0.06  5  -2.22  0.39  0.44  0.39  0.28  11.67 

 Day 2 - 
 6:00 
 A.M.  -12.78  1.94  2.11  -5.94  -12.67  -15.5  -7.39  -6.78  -6.33  -9.5  8.89 

 Day 2 - 
 3:00 
 P.M.  22.22  17  22.5  21  12.33  15.28  13.89  13.44  12.22  25.33  17.78 

 Day 2 - 
 6:30 
 P.M.  1.56  2.89  7.89  2.67  2.22  -0.83  1.78  2.22  1.22  1  13.33 

 Day 2 - 
 9:00 
 P.M.  -3.33  0.5  4.78  -0.67  0  -2.72  1.17  1.83  0.72  -2.22  10.56 

 Day 3 - 
 6:00 
 A.M.  -8.22  -4.67  1.22  -8.78  -7.17  -9.56  -8.38  -8.22  -9  -9.33  2.78 

 Day 3 - 
 3:00  26.72  21.22  28.72  22.83  15.78  17.28  14.72  13.38  14  27.61  15.56 
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 P.M. 

 Day 3 - 
 6:30 
 P.M.  -5.89  1.11  6  2.39  1.11  -3.89  -1.72  -1.89  -0.44  -2.67  11.67 

 Day 3 - 
 9:00 
 P.M.  -4.22  0  1.78  0.83  0.22  -8.06  -1.89  -2.28  -3.22  -3.89  8.33 

 Day 4 - 
 6:00 
 A.M.  -8.78  -3.28  -0.78  -6  -5.28  -10.78  -9.22  -8.78  -10.11  -9.72  2.22 

 Day 4 - 
 3:00 
 P.M.  26.89  19.44  26.39  27.78  21.78  19.72  18.5  18.78  18.33  27.44  17.78 

 Day 4 - 
 6:30 
 P.M.  -6.11  -1.78  7.33  -5.39  -3.72  -7.89  -5.11  -3.78  -5.5  -4.39  12.78 

 Day 4 - 
 9:00 
 P.M.  -7.78  -3.61  3.39  -7.78  -7.11  -10.89  -9.89  -8.89  -9.72  -7  6.67 

 Day 5 - 
 6:00 
 A.M.  -9.94  -8.89  -6.72  -8  -7.5  -12.33  -10.11  -9.61  -10.11  -11.89  2.78 

 Day 5 - 
 3:00 
 P.M.  35.11  24.89  30.28  33.22  26  23  21.5  20.44  20.33  35.72  18.33 

 Day 5 - 
 6:30 
 P.M.  -7.33  -1.22  6.22  -8.78  -6.72  -11.61  -6.39  -5.11  -5.78  -7.22  12.78 

 Day 5 - 
 9:00 
 P.M.  -11.39  -5.89  0.83  -12.11  -10.78  -14.89  -11  -10  -11  -11.56  5.56 

 Second Round - Raw Data Table 

 Day and 
 Time of 
 Trial 

 Material 
 and 
 Temperat 
 ure (°C) 

 Solar 
 Panel 

 Dirt 
 Ground 

 Asphalt 
 Road 

 Asphalt 
 Shingle 
 (Exposed 
 ) 

 Ceramic 
 Roof Tile 
 (Exposed 
 ) 

 Flat Roof 
 Coating 
 (Exposed 
 ) 

 Asphalt 
 Shingle 
 (Under 
 Panel) 

 Ceramic 
 Roof Tile 
 (Under 
 Panel) 

 Flat Roof 
 Coating 
 (Under 
 Panel) 

 Back of 
 Solar 
 Panel 

 Outside 
 Temperat 
 ure 

 Day 1 - 
 6:00 
 A.M.  -15.11  -14.56  -12.72  -9.22  -10.11  -17.5  -17.78  -16.67  -16  -16.28  5 
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 Day 1 - 
 3:00 
 P.M.  28.44  13.61  22.89  27.61  19.89  19.39  23.61  22.72  22.78  31  18.33 

 Day 1 - 
 6:30 
 P.M.  -0.39  -3.11  4.28  0  -0.44  -2.11  0.61  1.22  0.78  -2  11.67 

 Day 1 - 
 9:00 
 P.M.  -4.11  -6.61  -2.28  -5.67  -6.39  -7.11  -6.39  -5.61  -6.22  -6.39  8.33 

 Day 2 - 
 6:00 
 A.M.  17.56  -12.44  -9.22  -15.67  -12.11  -14.33  -17.78  -17.5  -16.89  -17.89  2.22 

 Day 2 - 
 3:00 
 P.M.  29.33  14.89  25.72  27.22  18.06  19.11  18  17.78  18.5  31.22  16.67 

 Day 2 - 
 6:30 
 P.M.  -5.11  -3.67  6.44  -5.39  -6  -7.33  -5.78  -4.5  -5.61  -7.5  11.67 

 Day 2 - 
 9:00 
 P.M.  -7.78  -8.22  -2.61  -9.89  -10  -11.39  -11  -10  -10.61  -9.22  7.22 

 Day 3 - 
 6:00 
 A.M.  -13.11  -13.61  -9  -15  -14  -17.89  -14.61  -14  -14.11  -13.72  1.67 

 Day 3 - 
 3:00 
 P.M.  34.78  16.38  27.78  29.78  21.39  20.5  21.72  21.39  21.11  34.44  17.78 

 Day 3 - 
 6:30 
 P.M.  -2.89  -2.72  5.61  -5.67  -5.83  -6.78  -3.89  -2.89  -3.33  -16.22  10.56 

 Day 3 - 
 9:00 
 P.M.  -4.11  -6.11  1.22  -7.39  -6.39  -7.39  -6.94  -6.28  -6.11  -7.5  9.44 

 Day 4 - 
 6:00 
 A.M.  -8.89  -10  -5.89  -10.28  -10.67  -10.89  -8.78  -8.72  -8  -9.72  3.89 

 Day 4 - 
 3:00 
 P.M.  29  15.83  26.39  24  16.94  17.5  17.67  17.39  17.61  30.67  16.67 

 Day 4 - 
 6:30 
 P.M.  -2.89  -4.89  3.11  -3.89  -3.72  -4.61  -2.72  -1.89  -2.22  -3.06  12.22 

 Day 4 - 
 9:00 
 P.M.  -6.56  -5.78  0.56  -7.67  -8  -8.67  -8.61  -7.33  -7  -8.72  8.89 
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 Day 5 - 
 6:00 
 A.M.  -7.67  -11.2  -7.61  -11.56  -13.11  -11.5  -13.22  -13.11  -12.33  -9.89  4.44 

 Day 5 - 
 3:00 
 P.M.  35.11  21.78  29.44  32.61  21.39  23.28  21.78  21.78  21.22  36.11  18.89 

 Day 5 - 
 6:30 
 P.M.  -1.89  0.5  10  -2.89  -3.67  -4.11  -1.5  -0.61  -1.11  -2.89  13.89 

 Day 5 - 
 9:00 
 P.M.  -4.78  -4.67  0.83  -6.89  -7.22  -7.39  -7.5  -6.78  -6.94  -7  10 

 First Round - Summary Table 

 Material 

 Average 
 Temperature of 
 all Measured 
 Temperatures for 
 that Material(°C)  Standard Deviation 

 Solar Panel  2.97  16.01 

 Dirt Ground  4.69  10.49 

 Asphalt Road  9.64  11.15 

 Asphalt Shingle 
 (Exposed)  3.75  14.20 

 Ceramic Tile 
 (Exposed)  2.13  11.44 

 Flat Roof Coating 
 (Exposed)  -1.56  13.15 

 Asphalt Shingle 
 (Under Panel)  1.54  10.97 

 Ceramic Tile 
 (Under Panel)  1.53  10.60 

 Flat Roof Coating 
 (Under Panel)  1.04  10.88 

 Back of Panel  3.71  16.55 

 Outside 
 Temperature  10.95  5.58 

 Second Round - Summary Table 
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 Material 

 Average 
 Temperature  of all 
 Measured 
 Temperatures for 
 that Material(°C)  Standard Deviation 

 Solar Panel  4.45  17.18 

 Dirt Ground  -1.23  11.25 

 Asphalt Road  5.75  13.56 

 Asphalt Shingle 
 (Exposed)  1.21  16.50 

 Ceramic Tile 
 (Exposed)  -1.00  12.63 

 Flat Roof Coating 
 (Exposed)  -1.96  13.62 

 Asphalt Shingle 
 (Under Panel)  -1.16  13.78 

 Ceramic Tile 
 (Under Panel)  -0.68  13.36 

 Flat Roof Coating 
 (Under Panel)  -0.72  13.27 

 Back of Panel  1.272  19.12 

 Outside 
 Temperature  10.47  5.40 

 Both Rounds Combined - Summary Table 

 Material 

 Average 
 Temperature  of all 
 Measured 
 Temperatures for 
 that Material(°C)  Standard Deviation 

 Solar Panel  3.71  16.41 

 Dirt Ground  1.73  11.15 

 Asphalt Road  7.69  12.41 

 Asphalt Shingle 
 (Exposed)  2.48  15.25 

 Ceramic Tile 
 (Exposed)  0.57  12.00 

 Flat Roof Coating 
 (Exposed)  -1.76  13.21 
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 Asphalt Shingle 
 (Under Panel)  0.19  12.37 

 Ceramic Tile 
 (Under Panel)  0.42  11.96 

 Flat Roof Coating 
 (Under Panel)  0.16  12.01 

 Back of Panel  2.49  17.69 

 Outside 
 Temperature  10.71  5.43 

 First Round - Graph of Averages with Error Bars 
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 Second Round - Graph of Averages with Error Bars 

 Both Rounds Combined - Graph of Averages with Error Bars 
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 First Round Results of 6:00 A.M. Times for Each Day and Material 

 Treatment 
 → 

 A  B  C  D  E  F  G  H  I  J 

 Input Data 

 → 

 -4.94 
 -12.78 
 -8.22 
 -8.78 
 -9.94 

 -2.0 
 1.94 
 -4.67 
 -3.28 
 -8.89 

 3.72 
 2.11 
 1.22 
 -0.78 
 -6.72 

 3.72 
 -5.94 
 -8.78 
 -6.0 
 -8.0 

 -1.94 
 -12.67 
 -7.17 
 -5.28 
 -7.5 

 -12.22 
 -15.5 
 -9.56 
 -10.78 
 -12.33 

 3.72 
 -7.39 
 -8.38 
 -9.22 
 -10.11 

 -1.94 
 -6.78 
 -8.22 
 -8.78 
 -9.61 

 -3.22 
 -6.33 
 -9.0 
 -10.11 
 -10.11 

 -5.67 
 -9.5 
 -9.33 
 -9.72 
 -11.89 

 source  sum of 

 squares SS 

 degrees of 

 freedom 

 ν 

 ν 

 mean square 

 MS 

 F statistic  p-value 

 treatment  496.6544  9  55.1838  3.9181  0.0012 

 error  563.3803  40  14.0845 

 total  1,060.0346  49 

 treatments 
 pair 

 Tukey 
 HSD 
 Q statistic 

 Tukey HSD 
 p-value 

 Tukey HSD 
 inference 

 A vs B  3.3080  0.3900420  insignificant 

 A vs C  5.2682  0.0189592  * p<0.05 

 A vs D  2.3428  0.7883417  insignificant 

 A vs E  1.2036  0.8999947  insignificant 
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 A vs F  1.8744  0.8999947  insignificant 

 A vs G  1.5825  0.8999947  insignificant 

 A vs H  1.1118  0.8999947  insignificant 

 A vs I  0.7019  0.8999947  insignificant 

 A vs J  0.1728  0.8999947  insignificant 

 B vs C  1.9602  0.8999947  insignificant 

 B vs D  0.9652  0.8999947  insignificant 

 B vs E  2.1044  0.8852042  insignificant 

 B vs F  5.1824  0.0222771  * p<0.05 

 B vs G  1.7255  0.8999947  insignificant 

 B vs H  2.1962  0.8479132  insignificant 

 B vs I  2.6061  0.6813102  insignificant 

 B vs J  3.4808  0.3193456  insignificant 

 C vs D  2.9255  0.5515157  insignificant 

 C vs E  4.0647  0.1469043  insignificant 

 C vs F  7.1427  0.0010053  ** p<0.01 

 C vs G  3.6857  0.2480437  insignificant 

 C vs H  4.1564  0.1278040  insignificant 
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 C vs I  4.5664  0.0668170  insignificant 

 C vs J  5.4410  0.0136148  * p<0.05 

 D vs E  1.1392  0.8999947  insignificant 

 D vs F  4.2172  0.1171679  insignificant 

 D vs G  0.7603  0.8999947  insignificant 

 D vs H  1.2310  0.8999947  insignificant 

 D vs I  1.6409  0.8999947  insignificant 

 D vs J  2.5155  0.7181164  insignificant 

 E vs F  3.0780  0.4892984  insignificant 

 E vs G  0.3789  0.8999947  insignificant 

 E vs H  0.0918  0.8999947  insignificant 

 E vs I  0.5017  0.8999947  insignificant 

 E vs J  1.3763  0.8999947  insignificant 

 F vs G  3.4569  0.3283310  insignificant 

 F vs H  2.9862  0.5268155  insignificant 

 F vs I  2.5763  0.6934197  insignificant 

 F vs J  1.7017  0.8999947  insignificant 

 G vs H  0.4707  0.8999947  insignificant 
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 G vs I  0.8806  0.8999947  insignificant 

 G vs J  1.7553  0.8999947  insignificant 

 H vs I  0.4099  0.8999947  insignificant 

 H vs J  1.2846  0.8999947  insignificant 

 I vs J  0.8747  0.8999947  insignificant 

 First Round Results of 3:00 P.M. Times for Each Day and Material 

 Treatment 
 → 

 A  B  C  D  E  F  G  H  I  J 

 Input Data 

 → 

 32.78 
 22.22 
 26.72 
 26.89 
 35.11 

 22.89 
 17.0 
 21.22 
 19.44 
 24.89 

 28.28 
 22.5 
 28.72 
 26.39 
 30.28 

 26.72 
 21.0 
 22.83 
 27.78 
 33.22 

 21.67 
 12.33 
 15.78 
 21.78 
 26.0 

 21.89 
 15.28 
 17.28 
 19.72 
 23.0 

 21.83 
 13.89 
 14.72 
 18.5 
 21.5 

 22.5 
 13.44 
 13.38 
 18.78 
 20.44 

 22.78 
 12.22 
 14.0 
 18.33 
 20.33 

 35.78 
 25.33 
 27.61 
 27.44 
 35.72 

 source  sum of 

 squares SS 

 degrees of 

 freedom 

 ν 

 ν 

 mean square 

 MS 

 F statistic  p-value 

 treatment  1,126.3639  9  125.1515  6.8786  6.5415e-06 

 error  727.7741  40  18.1944 

 total  1,854.1380  49 

 treatments 
 pair 

 Tukey HSD 
 Q statistic 

 Tukey 
 HSD 
 p-value 

 Tukey HSD 
 inference 
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 A vs B  4.0135  0.1585197  insignificant 

 A vs C  0.7916  0.8999947  insignificant 

 A vs D  1.2760  0.8999947  insignificant 

 A vs E  4.8396  0.0416258  * p<0.05 

 A vs F  4.8805  0.0387093  * p<0.05 

 A vs G  5.5861  0.0102545  * p<0.05 

 A vs H  5.7853  0.0068962  ** p<0.01 

 A vs I  5.8776  0.0057226  ** p<0.01 

 A vs J  0.8555  0.8999947  insignificant 

 B vs C  3.2219  0.4274572  insignificant 

 B vs D  2.7375  0.6279126  insignificant 

 B vs E  0.8262  0.8999947  insignificant 

 B vs F  0.8671  0.8999947  insignificant 

 B vs G  1.5727  0.8999947  insignificant 

 B vs H  1.7719  0.8999947  insignificant 

 B vs I  1.8641  0.8999947  insignificant 

 B vs J  4.8690  0.0395138  * p<0.05 

 C vs D  0.4844  0.8999947  insignificant 
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 C vs E  4.0481  0.1506172  insignificant 

 C vs F  4.0889  0.1416153  insignificant 

 C vs G  4.7946  0.0450570  * p<0.05 

 C vs H  4.9938  0.0315585  * p<0.05 

 C vs I  5.0860  0.0266378  * p<0.05 

 C vs J  1.6471  0.8999947  insignificant 

 D vs E  3.5637  0.2893898  insignificant 

 D vs F  3.6046  0.2751160  insignificant 

 D vs G  4.3102  0.1010940  insignificant 

 D vs H  4.5094  0.0735193  insignificant 

 D vs I  4.6016  0.0629277  insignificant 

 D vs J  2.1315  0.8742072  insignificant 

 E vs F  0.0409  0.8999947  insignificant 

 E vs G  0.7465  0.8999947  insignificant 

 E vs H  0.9457  0.8999947  insignificant 

 E vs I  1.0380  0.8999947  insignificant 

 E vs J  5.6952  0.0082596  ** p<0.01 

 F vs G  0.7056  0.8999947  insignificant 
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 F vs H  0.9048  0.8999947  insignificant 

 F vs I  0.9971  0.8999947  insignificant 

 F vs J  5.7361  0.0076133  ** p<0.01 

 G vs H  0.1992  0.8999947  insignificant 

 G vs I  0.2915  0.8999947  insignificant 

 G vs J  6.4417  0.0017732  ** p<0.01 

 H vs I  0.0923  0.8999947  insignificant 

 H vs J  6.6409  0.0011623  ** p<0.01 

 I vs J  6.7331  0.0010053  ** p<0.01 

 Second Round Results of 6:00 A.M. Times for Each Day and Material 

 Treatment 
 → 

 A  B  C  D  E  F  G  H  I  J 

 Input Data 

 → 

 -15.11 
 -17.56 
 -13.11 
 -8.89 
 -7.67 

 -14.56 
 -12.44 
 -13.61 
 -10.0 
 -11.2 

 -12.72 
 -9.22 
 -9.0 
 -5.89 
 -7.61 

 -9.22 
 -15.67 
 -15.0 
 -10.28 
 -11.56 

 -10.11 
 -12.11 
 -14.0 
 -10.67 
 -13.11 

 -17.5 
 -14.33 
 -17.89 
 -10.89 
 -11.5 

 -17.78 
 -17.78 
 -14.61 
 -8.78 
 -13.22 

 -16.67 
 -17.5 
 -14.0 
 -8.72 
 -13.11 

 -16.0 
 -16.89 
 -14.11 
 -8.0 
 -12.33 

 -16.28 
 -17.89 
 -13.72 
 -9.72 
 -9.89 

 source  sum of 

 squares SS 

 degrees of 

 freedom 

 ν 

 ν 

 mean square 

 MS 

 F statistic  p-value 

 treatment  120.6251  9  13.4028  1.3344  0.2505 
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 error  401.7647  40  10.0441 

 total  522.3898  49 

 treatments 
 pair 

 Tukey 
 HSD 
 Q 
 statistic 

 Tukey HSD 
 p-value 

 Tukey HSD 
 inference 

 A vs B  0.0748  0.8999947  insignificant 

 A vs C  2.5259  0.7139200  insignificant 

 A vs D  0.0861  0.8999947  insignificant 

 A vs E  0.3302  0.8999947  insignificant 

 A vs F  1.3786  0.8999947  insignificant 

 A vs G  1.3871  0.8999947  insignificant 

 A vs H  1.0809  0.8999947  insignificant 

 A vs I  0.7041  0.8999947  insignificant 

 A vs J  0.7281  0.8999947  insignificant 

 B vs C  2.4511  0.7443142  insignificant 

 B vs D  0.0113  0.8999947  insignificant 

 B vs E  0.2554  0.8999947  insignificant 

 B vs F  1.4534  0.8999947  insignificant 

 B vs G  1.4619  0.8999947  insignificant 
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 B vs H  1.1557  0.8999947  insignificant 

 B vs I  0.7789  0.8999947  insignificant 

 B vs J  0.8029  0.8999947  insignificant 

 C vs D  2.4398  0.7489012  insignificant 

 C vs E  2.1957  0.8481188  insignificant 

 C vs F  3.9045  0.1848170  insignificant 

 C vs G  3.9130  0.1826233  insignificant 

 C vs H  3.6068  0.2743523  insignificant 

 C vs I  3.2300  0.4239077  insignificant 

 C vs J  3.2540  0.4134477  insignificant 

 D vs E  0.2441  0.8999947  insignificant 

 D vs F  1.4647  0.8999947  insignificant 

 D vs G  1.4732  0.8999947  insignificant 

 D vs H  1.1670  0.8999947  insignificant 

 D vs I  0.7902  0.8999947  insignificant 

 D vs J  0.8142  0.8999947  insignificant 

 E vs F  1.7088  0.8999947  insignificant 

 E vs G  1.7173  0.8999947  insignificant 
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 E vs H  1.4111  0.8999947  insignificant 

 E vs I  1.0343  0.8999947  insignificant 

 E vs J  1.0583  0.8999947  insignificant 

 F vs G  0.0085  0.8999947  insignificant 

 F vs H  0.2977  0.8999947  insignificant 

 F vs I  0.6745  0.8999947  insignificant 

 F vs J  0.6505  0.8999947  insignificant 

 G vs H  0.3062  0.8999947  insignificant 

 G vs I  0.6830  0.8999947  insignificant 

 G vs J  0.6590  0.8999947  insignificant 

 H vs I  0.3768  0.8999947  insignificant 

 H vs J  0.3528  0.8999947  insignificant 

 I vs J  0.0240  0.8999947  insignificant 

 Second Round Results of 3:00 P.M. Times for Each Day and Material 

 Treatment 
 → 

 A  B  C  D  E  F  G  H  I  J 

 Input Data 

 → 

 28.44 
 29.33 
 34.78 
 29.0 
 35.11 

 13.61 
 14.89 
 16.38 
 15.83 
 21.78 

 22.89 
 25.72 
 27.78 
 26.39 
 29.44 

 27.61 
 27.22 
 29.78 
 24.0 
 32.61 

 19.89 
 18.06 
 21.39 
 16.94 
 21.39 

 19.39 
 19.11 
 20.5 
 17.5 
 23.28 

 23.61 
 18.0 
 21.72 
 17.67 
 21.78 

 22.72 
 17.78 
 21.39 
 17.39 
 21.78 

 22.78 
 18.5 
 21.11 
 17.61 
 21.22 

 31.0 
 31.22 
 34.44 
 30.67 
 36.11 
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 source  sum of 

 squares SS 

 degrees of 

 freedom 

 ν 

 ν 

 mean square 

 MS 

 F statistic  p-value 

 treatment  1,421.3941  9  157.9327  22.9372  3.9868e-13 

 error  275.4170  40  6.8854 

 total  1,696.8112  49 

 treatments 
 pair 

 Tukey 
 HSD 
 Q statistic 

 Tukey HSD 
 p-value 

 Tukey HSD 
 inferfence 

 A vs B  12.6409  0.0010053  ** p<0.01 

 A vs C  4.1653  0.1260772  insignificant 

 A vs D  2.6315  0.6710073  insignificant 

 A vs E  10.0537  0.0010053  ** p<0.01 

 A vs F  9.6941  0.0010053  ** p<0.01 

 A vs G  9.1828  0.0010053  ** p<0.01 

 A vs H  9.4760  0.0010053  ** p<0.01 

 A vs I  9.4487  0.0010053  ** p<0.01 

 A vs J  1.1555  0.8999947  insignificant 

 B vs C  8.4756  0.0010053  ** p<0.01 
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 B vs D  10.0094  0.0010053  ** p<0.01 

 B vs E  2.5871  0.6890173  insignificant 

 B vs F  2.9468  0.5428636  insignificant 

 B vs G  3.4581  0.3278931  insignificant 

 B vs H  3.1649  0.4522403  insignificant 

 B vs I  3.1922  0.4404010  insignificant 

 B vs J  13.7964  0.0010053  ** p<0.01 

 C vs D  1.5339  0.8999947  insignificant 

 C vs E  5.8884  0.0055972  ** p<0.01 

 C vs F  5.5288  0.0114772  * p<0.05 

 C vs G  5.0175  0.0302183  * p<0.05 

 C vs H  5.3106  0.0174926  * p<0.05 

 C vs I  5.2834  0.0184239  * p<0.05 

 C vs J  5.3209  0.0171543  * p<0.05 

 D vs E  7.4223  0.0010053  ** p<0.01 

 D vs F  7.0627  0.0010053  ** p<0.01 

 D vs G  6.5514  0.0014073  ** p<0.01 

 D vs H  6.8445  0.0010053  ** p<0.01 
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 D vs I  6.8173  0.0010053  ** p<0.01 

 D vs J  3.7870  0.2173350  insignificant 

 E vs F  0.3596  0.8999947  insignificant 

 E vs G  0.8709  0.8999947  insignificant 

 E vs H  0.5778  0.8999947  insignificant 

 E vs I  0.6050  0.8999947  insignificant 

 E vs J  11.2093  0.0010053  ** p<0.01 

 F vs G  0.5113  0.8999947  insignificant 

 F vs H  0.2182  0.8999947  insignificant 

 F vs I  0.2454  0.8999947  insignificant 

 F vs J  10.8497  0.0010053  ** p<0.01 

 G vs H  0.2931  0.8999947  insignificant 

 G vs I  0.2659  0.8999947  insignificant 

 G vs J  10.3384  0.0010053  ** p<0.01 

 H vs I  0.0273  0.8999947  insignificant 

 H vs J  10.6315  0.0010053  ** p<0.01 

 I vs J  10.6042  0.0010053  ** p<0.01 
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 Combined Results of 6:00 A.M. Times for Each Day and Material 

 Treatment 
 → 

 A  B  C  D  E  F  G  H  I  J 

 Input Data 

 → 

 -15.11 
 -17.56 
 -13.11 
 -8.89 
 -7.67 
 -4.94 
 -12.78 
 -8.22 
 -8.78 
 -9.94 

 -14.56 
 -12.44 
 -13.61 
 -10.0 
 -11.2 
 -2.0 
 1.94 
 -4.67 
 -3.28 
 -8.89 

 -12.72 
 -9.22 
 -9.0 
 -5.89 
 -7.61 
 3.72 
 2.11 
 1.22 
 -0.78 
 -6.72 

 -9.22 
 -15.67 
 -15.0 
 -10.28 
 3.72 
 -5.94 
 -8.78 
 -6.0 
 -8.0 
 -11.56 

 -10.11 
 -12.11 
 -14.0 
 -10.67 
 -13.11 
 -1.94 
 -12.67 
 -7.17 
 -5.28 
 -7.5 

 -17.5 
 -14.33 
 -17.89 
 -10.89 
 -11.5 
 -12.22 
 -15.5 
 -9.56 
 -10.78 
 -12.33 

 -17.78 
 -17.78 
 -14.61 
 -8.78 
 -13.22 
 3.72 
 -7.39 
 -8.38 
 -9.22 
 -10.11 

 -16.67 
 -17.5 
 -14.0 
 -8.72 
 -13.11 
 -1.94 
 -6.78 
 -8.22 
 -8.78 
 -9.61 

 -16.0 
 -16.89 
 -14.11 
 -8.0 
 -12.33 
 -3.22 
 -6.33 
 -9.0 
 -10.11 
 -10.11 

 -16.28 
 -17.89 
 -13.72 
 -9.72 
 -9.89 
 -5.67 
 -9.5 
 -9.33 
 -9.72 
 -11.89 

 source  sum of 

 squares SS 

 degrees of 

 freedom 

 ν 

 ν 

 mean square 

 MS 

 F statistic  p-value 

 treatment  499.1758  9  55.4640  2.4725  0.0144 

 error  2,018.8744  90  22.4319 

 total  2,518.0502  99 

 treatments 
 pair 

 Tukey 
 HSD 
 Q statistic 

 Tukey HSD 
 p-value 

 Tukey HSD 
 inference 

 A vs B  1.8889  0.8999947  insignificant 
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 A vs C  4.1469  0.1121615  insignificant 

 A vs D  1.3534  0.8999947  insignificant 

 A vs E  0.8306  0.8999947  insignificant 

 A vs F  1.7026  0.8999947  insignificant 

 A vs G  0.2303  0.8999947  insignificant 

 A vs H  0.1115  0.8999947  insignificant 

 A vs I  0.0601  0.8999947  insignificant 

 A vs J  0.4413  0.8999947  insignificant 

 B vs C  2.2581  0.8285216  insignificant 

 B vs D  0.5355  0.8999947  insignificant 

 B vs E  1.0583  0.8999947  insignificant 

 B vs F  3.5914  0.2624249  insignificant 

 B vs G  1.6585  0.8999947  insignificant 

 B vs H  1.7774  0.8999947  insignificant 

 B vs I  1.8288  0.8999947  insignificant 

 B vs J  2.3302  0.7980759  insignificant 

 C vs D  2.7936  0.6024450  insignificant 

 C vs E  3.3164  0.3729968  insignificant 



 39 

 C vs F  5.8495  0.0030309  ** p<0.01 

 C vs G  3.9166  0.1632407  insignificant 

 C vs H  4.0354  0.1344124  insignificant 

 C vs I  4.0869  0.1243127  insignificant 

 C vs J  4.5883  0.0499838  * p<0.05 

 D vs E  0.5228  0.8999947  insignificant 

 D vs F  3.0560  0.4914347  insignificant 

 D vs G  1.1230  0.8999947  insignificant 

 D vs H  1.2419  0.8999947  insignificant 

 D vs I  1.2933  0.8999947  insignificant 

 D vs J  1.7947  0.8999947  insignificant 

 E vs F  2.5332  0.7123825  insignificant 

 E vs G  0.6002  0.8999947  insignificant 

 E vs H  0.7191  0.8999947  insignificant 

 E vs I  0.7705  0.8999947  insignificant 

 E vs J  1.2719  0.8999947  insignificant 

 F vs G  1.9329  0.8999947  insignificant 

 F vs H  1.8141  0.8999947  insignificant 
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 F vs I  1.7627  0.8999947  insignificant 

 F vs J  1.2612  0.8999947  insignificant 

 G vs H  0.1188  0.8999947  insignificant 

 G vs I  0.1703  0.8999947  insignificant 

 G vs J  0.6717  0.8999947  insignificant 

 H vs I  0.0514  0.8999947  insignificant 

 H vs J  0.5528  0.8999947  insignificant 

 I vs J  0.5014  0.8999947  insignificant 

 Combined Results of 3:00 P.M. Times for Each Day and Material 

 Treatment 
 → 

 A  B  C  D  E  F  G  H  I  J 

 Input Data 

 → 

 28.44 
 29.33 
 34.78 
 29.0 
 35.11 
 32.78 
 22.22 
 26.72 
 26.89 
 35.11 

 13.61 
 14.89 
 16.38 
 15.83 
 21.78 
 22.89 
 17.0 
 21.22 
 19.44 
 24.89 

 22.89 
 25.72 
 27.78 
 26.39 
 29.44 
 28.28 
 22.5 
 28.72 
 26.39 
 30.28 

 27.61 
 27.22 
 29.78 
 24.0 
 32.61 
 26.72 
 21.0 
 22.83 
 27.78 
 33.22 

 19.89 
 18.06 
 21.39 
 16.94 
 21.39 
 21.67 
 12.33 
 15.78 
 21.78 
 26.0 

 19.39 
 19.11 
 20.5 
 17.5 
 23.28 
 21.89 
 15.28 
 17.28 
 19.72 
 23.0 

 23.61 
 18.0 
 21.72 
 17.67 
 21.78 
 21.83 
 13.89 
 14.72 
 18.5 
 21.5 

 22.72 
 17.78 
 21.39 
 17.39 
 21.78 
 22.5 
 13.44 
 13.38 
 18.78 
 20.44 

 22.78 
 18.5 
 21.11 
 17.61 
 21.22 
 22.78 
 12.22 
 14.0 
 18.33 
 20.33 

 31.0 
 31.22 
 34.44 
 30.67 
 36.11 
 35.78 
 25.33 
 27.61 
 27.44 
 35.72 

 source  sum of 

 squares SS 

 degrees of 

 freedom 

 ν 

 ν 

 mean square 

 MS 

 F statistic  p-value 
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 treatment  2,427.5318  9  269.7258  21.1669  1.1102e-16 

 error  1,146.8526  90  12.7428 

 total  3,574.3844  99 

 treatments 
 pair 

 Tukey 
 HSD 
 Q 
 statistic 

 Tukey HSD 
 p-value 

 Tukey HSD 
 inferfence 

 A vs B  9.9615  0.0010053  ** p<0.01 

 A vs C  2.8339  0.5854211  insignificant 

 A vs D  2.4459  0.7492362  insignificant 

 A vs E  9.3149  0.0010053  ** p<0.01 

 A vs F  9.1625  0.0010053  ** p<0.01 

 A vs G  9.4929  0.0010053  ** p<0.01 

 A vs H  9.8136  0.0010053  ** p<0.01 

 A vs I  9.8774  0.0010053  ** p<0.01 

 A vs J  1.3235  0.8999947  insignificant 

 B vs C  7.1277  0.0010053  ** p<0.01 

 B vs D  7.5157  0.0010053  ** p<0.01 

 B vs E  0.6467  0.8999947  insignificant 
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 B vs F  0.7991  0.8999947  insignificant 

 B vs G  0.4686  0.8999947  insignificant 

 B vs H  0.1479  0.8999947  insignificant 

 B vs I  0.0842  0.8999947  insignificant 

 B vs J  11.2850  0.0010053  ** p<0.01 

 C vs D  0.3880  0.8999947  insignificant 

 C vs E  6.4810  0.0010053  ** p<0.01 

 C vs F  6.3286  0.0010053  ** p<0.01 

 C vs G  6.6590  0.0010053  ** p<0.01 

 C vs H  6.9797  0.0010053  ** p<0.01 

 C vs I  7.0435  0.0010053  ** p<0.01 

 C vs J  4.1574  0.1101429  insignificant 

 D vs E  6.8690  0.0010053  ** p<0.01 

 D vs F  6.7166  0.0010053  ** p<0.01 

 D vs G  7.0471  0.0010053  ** p<0.01 

 D vs H  7.3677  0.0010053  ** p<0.01 

 D vs I  7.4315  0.0010053  ** p<0.01 

 D vs J  3.7694  0.2039464  insignificant 
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 E vs F  0.1524  0.8999947  insignificant 

 E vs G  0.1781  0.8999947  insignificant 

 E vs H  0.4987  0.8999947  insignificant 

 E vs I  0.5625  0.8999947  insignificant 

 E vs J  10.6384  0.0010053  ** p<0.01 

 F vs G  0.3304  0.8999947  insignificant 

 F vs H  0.6511  0.8999947  insignificant 

 F vs I  0.7149  0.8999947  insignificant 

 F vs J  10.4860  0.0010053  ** p<0.01 

 G vs H  0.3207  0.8999947  insignificant 

 G vs I  0.3845  0.8999947  insignificant 

 G vs J  10.8164  0.0010053  ** p<0.01 

 H vs I  0.0638  0.8999947  insignificant 

 H vs J  11.1371  0.0010053  ** p<0.01 

 I vs J  11.2009  0.0010053  ** p<0.01 

 Photos During the Experiment 
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 Conclusions 

 Summary of Results 

 For both rounds of my experiment, I tested the temperatures of ten different surfaces, and 

 monitored the outside temperatures, for five days. I changed nothing about my experiment in the 

 second round, except for the way I analyzed my data, so I was able to observe and analyze the 

 differences between my first and second round results. There are visible differences between my 

 two rounds and this is caused by the differing outside temperatures for the months I recorded my 

 data during. For the first round, I tracked temperatures on November 19, 20, 24, 26, and 27th, 

 where they ranged from 2.22  °C to 20°C. For my second  round, I tracked temperatures from 

 December 20 through the 24th, where they ranged from 1.67°C to 18.89°C, showing that these 

 temperatures tended to be cooler. For the most part, these temperatures didn’t have vast 

 differences, so it didn’t affect my data significantly, shown by graphs where the standard 

 deviations for round one and two didn’t differ by more than 3. 

 My graphs and tables with averages and standard deviations show that the asphalt road 

 and the solar panel typically had similar high temperatures but different low temperatures. In my 

 graph for the first round, the asphalt road has a standard deviation of 11.15 and an average of 
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 9.64°C. The solar panel has a standard deviation of 16.01 and an average of 2.97°C. The error 

 bars went slightly higher for the asphalt road on the graph of round one, but didn’t go nearly as 

 far down as the solar panel’s error bars did. The highest temperature for the asphalt road was 

 30.28°C and the lowest was -6.71°C. For the solar panel, the highest was 35.11°C and the lowest 

 was -12.78°C. This makes the standard deviation for the solar panel go much further below that 

 of the asphalt road because of its inability to store heat as well as the road does. This is similarly 

 shown in round two, where the asphalt shingle has a standard deviation of 13.56 and an average 

 of 5.75°C. The solar panel has a standard deviation of 17.18 and an average of 4.45°C. The error 

 bars for the solar panel in this graph are slightly higher than that of the asphalt road, but again, 

 the solar panel’s bar is lower than the asphalt road’s bar. The highest temperature for the asphalt 

 road was 29.44°C and the lowest was -12.72°C. The highest temperature for the solar panel was 

 35.11°C and the lowest was -15.11°C. Although the temperatures were closer this time, the effect 

 of the asphalt road’s ability to store heat is still shown. 

 The next warmest material, the asphalt shingle, stayed in a relatively close range with the 

 asphalt road and solar panel, but behaved more like the solar panel, and didn't store as much heat 

 as the asphalt road did (the solar panel has a lower heat capacity than the road). At certain times, 

 the asphalt shingle had warmer temperatures than the asphalt road, specifically in round two at 

 3:00 P.M. For the asphalt shingle in round one, the warmest temperature was 33.22°C and in 

 round two, the warmest temperature was 32.61°C. These temperatures were slightly higher than 

 both the highest temperatures, round one and two, of the asphalt road. While it’s shown that the 

 asphalt shingle tends to have close high temperatures with the asphalt road, its cooler 

 temperatures differ in larger amounts. In both rounds one and two, specifically at 6:30 A.M. and 

 9:00 P.M., the asphalt shingle’s temperatures were much lower than the road's, demonstrating the 
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 shingle does not share the same heat conserving properties that the road does. The coolest 

 temperature of the asphalt shingle for round one was -12.11°C and for round two, -15.67°C. 

 Data Analyzed Against Hypothesis 

 This data does support my original hypothesis because, along with the statistical ANOVA 

 tests, it shows that asphalt roads store heat and continue to release it throughout the night, so by 

 covering them, it could reduce the total amount of heat being radiated into surrounding areas. 

 Even though the other materials, like the panel and asphalt shingle, can produce high 

 temperatures during the warmest time of the day, they don’t save this heat and cool down 

 relatively quickly after the sun sets. My ANOVA test for 6:00 A.M. times in round one has a 

 P-value of 0.001, meaning that more than one of my results is not due to chance. One of these 

 happens to be the solar panel and the asphalt road, which has a P-value of 0.019. This supports 

 my hypothesis by showing that the solar panel and asphalt road have one of the most differing 

 temperature ranges and so if the material that was producing more heat was covered, it could 

 decrease that material’s hottest measured temperature. This also supports the part of my 

 hypothesis that says the road would be able to store and consistently give off the heat throughout 

 the entire day more than the other materials. If the solar panel was one of the more warmer 

 materials at this time and the asphalt road was even warmer, then it shows how well the road was 

 able to keep its heat the entire night. Another comparison to support my hypothesis is in the 

 ANOVA test of round two for 3:00 P.M. between the road and the flat roof coating, which had a 

 P-value of 0.011. This depicts the difference between one of the warmest materials of the group 

 and one of the coolest to show which one should really be covered. If there’s a material that 

 doesn’t produce much heat in warm weather or store it well, it shouldn’t be the one being 

 covered by the solar panel since it would create no significant or beneficial effect. If there’s a 
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 material that does produce heat in warm weather and stores it well, it should be the one covered 

 to reduce the total amount of ambient heat since it's one of the larger contributors. 

 Possible Sources of Error 

 I attempted to carry out my experiment as consistently as possible and since I changed 

 nothing between the two rounds, there shouldn’t have been any concerning differences, but there 

 are still some ways my temperatures could have been taken wrong. I hadn’t tested out the 

 thermometer I used to take my temperature readings much before I started my experiment. With 

 this lack of experience using this thermometer, there could’ve been some errors with the 

 temperature taking process, which may have affected my results. For some of the days, I wasn’t 

 able to take temperature readings at the exact time I had hoped for, so this difference of around 

 10 minutes from my original time may have altered my results through slight changes with the 

 outside temperature. Another possible error was with the precise location of temperature taking. 

 Some of these may have not been taken in the same location every time, but just within the 1 

 meter area I had laid out. The same general area was used and there weren’t any huge differences 

 between the areas I took temperatures in, but it still might have had an effect on my data. On 

 most of the December days at 6:00 A.M., there was frost on the roof that also tended to be on 

 some of the materials. This is a small factor that may have not had any effect, but there’s still a 

 possibility that a temperature was taken on the exact spot of a frosted area. 

 Reflections and Possible Improvements 

 From these experiments, I learned that placing solar panels over asphalt roads would be 

 the most environmentally beneficial way of reducing ambient temperatures compared to the 

 other materials I tested it with. Asphalt roads not only give off warm temperatures when exposed 

 to high heats, but are able to store it as well and continue radiating it in the night when most 
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 other materials have cooled off. If I were to conduct this experiment again with a wider range of 

 accessible materials, I would place a solar panel over a piece of asphalt road and add it as 

 another material. This would help to completely confirm that my results were accurate and just to 

 get a physical representation of what, my conclusions show, to be the most effective way to 

 reduce the total surrounding temperatures. Another material I would add to my experiment is 

 white coated asphalt roads because in comparison to normal asphalt roads, they most likely 

 would not produce the same amount of heat, but seeing how well they store it is something I 

 would be interested in looking into. A final item I would add to my experiment is a continuous 

 temperature monitoring system where I could easily find the outside temperature at any time of 

 the day. This technology would be useful in finding the exact material temperature continuously 

 during the day to help me better analyze my data. I would be able to do my experiment using the 

 exact same process, just with more materials to work with and see if my results now continue to 

 be true with more options available. 
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