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Stationary, roof-mounted residential photovoltaic arrays are typically installed at a 

height of three to four inches from the roof surface.  Anecdotal evidence has found this 

to be problematic from a maintenance standpoint, as leaves and other debris tend to 

accumulate under the modules over time and are difficult to remove when the panels 

are so close to the roof surface.  Solar Impact, a solar contractor in the Gainesville, 

Florida area has found that by mounting the panels at a height of six to eight inches 

above the roof surface, they are much easier to maintain.  The purpose of the study was 

to determine if there were any measureable benefits, specifically power or temperature 

associated with mounting the modules at the increased height. 

 The study was conducted between 11 and 30 May, 2011 on an existing 

photovoltaic system in Gainesville, Florida.  The system was divided into two identical 

arrays. The first array remained at four inches and the second array elevated to 

approximately eight inches from the roof surface.  Power output was recorded from 

each module within the arrays, as well at one temperature reading per array.  The 
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samples were taken at one minute intervals from 12:00PM to 3:30PM every day 

resulting in 211 samples per day, or 4220 samples over the length of the study. 

The array mounted at four inches had an average power output per panel of 

110.82 Watts with a standard deviation of 38.84 Watts, and an average temperature of 

62.70 degrees Celsius with a standard deviation of 10.78 degrees Celsius. 

The array mounted at eight inches had an average power output per panel of 

113.16 Watts with a standard deviation of 39.74 Watts, and an average temperature of 

54.07 degrees Celsius with a standard deviation of 9.14 degrees Celsius. 

The results were that the eight inch array had an average of 2.43% more power 

output per panel and a 15.77% lower average temperature than the four inch array. 
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CHAPTER 1 
INTRODUCTION 

Statement of Purpose 

The guidelines for photovoltaic (PV) module installations recommend a mounting 

height of three to four inches from the roof surface when mechanically attaching PV 

arrays to a sloped roof.  However, anecdotal evidence has found this to be problematic 

from a periodic maintenance perspective. Leaves from surrounding trees and other 

debris tend to accumulate under the modules, much like they do in roof gutter systems.  

When the modules are mounted at four inches from the roof surface, there is 

approximately two inches between the bottom of the mounting rails and the roof 

surface.  Because of this small space, the debris can be difficult to remove.  It is 

important to keep the area under the modules clear because the debris restricts airflow, 

which in-turn increases the module temperature.  This increase in module temperature 

corresponds to a decrease in module power output.  Solar Impact, Inc., a solar 

contractor in the Gainesville area, has found that by mounting the modules above the 

recommended height at six to eight inches, it is much easier to access the area under 

the modules and keep it clear of debris. What was not known is if the increase in 

mounting height alone actually decreases module temperature and/or increases the 

module performance. This study sought to determine if there was any performance 

advantage in mounting PV modules at six to eight inches from the roof surface as 

opposed to three to four inches. 

 
Objective of the Study  

The objective of this research was to determine if there was a performance 

advantage to mounting the PV modules at eight inches instead of four inches. 
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The specific tasks consisted of comparing the average power output of two PV 

arrays over 20 days, comparing the temperature of the arrays over 20 days, and 

determining if a performance advantage existed at the increased mounting height. 
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CHAPTER 2 
LITERATURE REVIEW  

Photovoltaic Panels 

History 

The birth of photovoltaics dates back to 1839 when French physicist Edmund 

Becquerel discovered that a pair of electrodes increased their electron emissions when 

they were placed in a conductive solution and exposed to sunlight (Dunlop, 2007).  

However, it was not until 1954 that the first useable PV cells were developed in the U.S. 

by Bell Laboratories (Dunlop, 2007).  With the oil crisis of the 1970s, the U.S. 

government became increasingly interested in the use of PV, and began to implement 

tax credits and incentives for its increased use. These incentives, along with 

refinements in PV efficiency and manufacturing have resulted in the PV systems that 

are seen today. 

Panel Composition 

PV panels (or modules) come in a variety of sizes and can be broken down into 

two main types: thin-film and crystalline. The different types of modules have different 

efficiency, or ability to capture available light and convert it to electricity. Regardless of 

type, both will produce an electric current (DC) when exposed to a light source.  

Additionally, both types must be connected to a power inverter in order to produce AC 

power that can be used directly or connected to the local electrical grid. 

Thin-film modules are produced by combining a silicone film or another material 

with semiconducting properties to a highly flexible base.  Because of its flexibility, these 

thin-film modules can be used in a variety of construction applications, from PV roof tiles 

to a kind of rolled veneer that can be applied directly to the roof surface, and example of 
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which can be seen in Figure 2-1 (Green is Global, 2009).  Of the two types of PV, thin-

film is the least efficient (Holladay, 2009). 

Crystalline PV modules, which can further be broken down into mono-crystalline 

and poly-crystalline, are produced by taking a thin layer of crystalline silicon and 

pressing it between two layers of glass and polymer resulting in a kind of crystalline 

silicon sandwich, examples of which can be seen in Figure 2-2.  Crystalline PV modules 

are more common and more efficient than thin-film modules, with the best Crystalline 

PV modules capable of capturing approximately 20% of available light, meaning that of 

the direct light hitting the module surface, the module is only able to capture 20% of it, 

with the remaining 80% being reflected.  However, emerging technologies may push 

module efficiency as high as 30-40% (Deb, 2000). This study focused on mono-

crystalline PV modules (easily recognized by their mottled composition) in panel 

configuration. 

Installation Techniques 

The most common form of PV panels are flat-plate collectors which are essentially 

flat surfaces covered with PV cells that can capture sunlight directly from the sun or 

diffused by the atmosphere or clouds and reflected off of other surfaces.  Newer 

technologies are emerging that use lenses to concentrate greater areas of available 

light onto smaller PV surfaces, but they are beyond the scope of this study. 

PV panels can be installed in a solar tracking or stationary configuration.  Solar 

tracking can further be broken down into dual and single-axis systems.  Dual-axis 

systems, most commonly pole-mounted, are the most efficient in terms of capturing 

available sunlight and can increase energy production by up to 40% (Dunlop, 2007).  

Dual-axis systems track the sun as it moves through the sky over the course of a day as 
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well as adjust the angle of incidence over the course of the year.  Single-axis systems 

only follow the sun throughout the day and must be adjusted throughout the year to 

achieve optimal efficiency.  An example of a single-axis pole-mounted system can be 

seen in Figure 2-3. 

Stationary systems are either ground mounted or mounted directly to a building’s 

roof or other surface.  Stationary systems are not as efficient as solar tracking systems, 

but have the advantage of no moving parts resulting in decreased maintenance.  An 

added benefit of roof-mounted systems is the reduction in cooling load due to the partial 

shading of the roof surface (Malkawi et al., 2005.) An example of a stationary system is 

shown in Figure 2-4. 

PV Performance 

Theoretical Solar Limitations 

Of all the light entering the earth’s atmosphere, only a portion of that light can be 

absorbed by PV panels.  Direct radiation is light that enters the earth’s atmosphere and 

passes through it without interference.  Direct radiation accounts for roughly 80-90% of 

available light, even under clear skies.  Diffuse radiation is the remaining 10-20% of 

solar radiation that does interact with earth’s atmosphere (Dunlop, 2007).  PV panels 

can absorb both direct and diffuse radiation, but only a portion of diffuse radiation 

actually reaches the ground.  It is also important to note that the proportion of diffuse 

radiation can increase to 100% on cloudy or rainy days.  Of the light that does actually 

reach the earth’s surface, crystalline PV panels can only absorb light in the range of 300 

to 1100 nanometers (Dunlop, 2007).  Of this light range, even the best panels only 

capture roughly 20% of the light striking the module’s surface. 
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Limiting Factors 

Limiting factors affecting PV performance can be broken down into uncontrolled 

and controlled factors. 

Available light 

One uncontrolled factor is the amount of available light striking the PV surface.  

Solar insolation is the amount of solar radiation that strikes the earth’s surface in a given 

day.  Solar insolation varies by geographical region, with latitudes nearer to the equator 

typically having higher solar insolation than those at higher latitudes.  However, this is 

not uniform, with nearly all of Florida receiving an average of four to four and a half peak 

hours of sunlight per day while parts of Nevada and Southern California, while at a 

higher latitude, receive seven to seven and a half peak hours of sunlight per day 

(Dunlop, 2007). 

Weather 

Weather is another uncontrolled factor.  Weather patterns affect the amount of 

available light.  Areas with a higher level of precipitation (and associated cloud cover) 

will have a corresponding decrease in available light.  Florida, while commonly referred 

to as the “Sunshine State,” has an average rainfall of 53.49 inches per year resulting in 

decreased available light compared to a more arid region like Nevada, which has an 

average annual rainfall of 9.5 inches (U.S. Department of the Interior, 2005).  

Temperature 

Another uncontrolled factor is the ambient temperature in which PV panels operate 

affects their efficiency.  PV panels operating in high temperature environments typically 

have dramatically reduced output (Kim et al., 2011).  Additionally, these high operating 
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temperatures cause the individual PV cells to degrade at an accelerated rate, further 

reducing panel efficiency (Dunlop, 2007). 

Orientation 

One factor that can be controlled is the angle and orientation at which the PV 

panel array is mounted.  A good rule of thumb for installations in the Northern 

Hemisphere is to orient the PV panel array due south with an angle of incidence equal 

to the sites latitude (Dunlop, 2007).  An example of how module orientation can affect 

the amount of module face exposure can be seen in Figure 2-5.  However, this is not 

the most important factor as a panel optimized at 30 degrees will only lose 4.3% of its 

maximum output when oriented 45 degrees east of south (Hussein et al., 2003). 

Shading 

Shading is another factor that can be controlled.  Just 10% shading of PV panels 

can result in a 90% reduction in output (Ubisse, 2009).  This means that should 10% of 

a module’s surface become shaded, the entire module is essentially ineffective.   

Shading can be soft or hard.  Hard shading is the result of debris or staining on the PV 

panels and can generally be avoided through maintenance.  Soft shading is the result of 

a structure or object casting a shadow on the PV panel.  Both can seriously degrade PV 

panel performance (Lamont et al., 2010).  It is extremely important that thorough 

shading analysis be conducted prior to installing any PV system.  While no shading is 

ideal, it is often unavoidable due the long shadows cast by object in the early morning 

and late evening hours.  It is recommended that PV panels be arranged to avoid 

shading of any kind between 9:00 AM and 6:00 PM to access the maximum amount of 

sunlight when the sun is highest and at its most intense.  In certain situations where 

some shading is unavoidable, these systems can be optimized for the time of year as 
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well as the time of day.  Sometimes it is more advantageous to optimize a system for 

total production, rather than average production throughout the year. For example, 

Gainesville Regional Utilities currently has a “feed-in-tariff” program, where the utility 

pays the customer a premium for the electricity produced from customer owned roof 

mounted PV systems.  Therefore, because the electricity produces has a monetary 

value associated with it, systems should be optimized for the summer months when the 

days are longer and the sun is higher in the sky resulting in the greatest output, with 

less focus on the winter months when the sun is lower in the sky and the days are 

shorter, resulting in lower output regardless of optimization (Jacobson, 2011).  Shading 

analysis can be performed using the profile angle method, or more commonly using a 

sun path calculator like the Solar Pathfinder ™(Figure 2-6). 

Spacing and mounting height 

The spacing and mounting height of the PV panels also affect their performance. 

To determine the rise in PV cell temperature above the surrounding air temperature, the 

temperature-rise coefficient is used.  To determine PV cell temperature using the 

temperature-rise coefficient, the formula is expressed as follows:  “Cell Temperature 

(°C) = Ambient Temperature (°C) + {Temperature-Rise Coefficient (°C/kW/m^2) x Solar 

Irradiance (kw/m^2)} (Dunlop, 2007).  For example, if a module has a temperature-rise 

coefficient of .5% at given temperature and solar insolation, then should the 

temperature increase 20 degrees Celsius and the solar insolation remain the same, 

power production will decrease 10%.  PV panels that are installed with their back 

surfaces facing the wind have a temperature-rise coefficient of 5-15 °C lower than PV 

panels mounted on or close to another surface (Dunlop, 2007). With increased spacing 

and mounting height comes increased ventilation, which reduces the temperature rise 
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coefficient, which increases PV panel performance. A general guideline for panel 

installation is three to four inches off of the roof surface (Holladay, 2009). 
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Figure 2-1.  Thin-Film Photovoltaic Array. Photo courtesy of greenisglobal.net. 
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A 

B 

Figure 2-2.  Crystaline Photovoltaic Modules A) Mono-Crystaline B) Poly-Crystaline. 
Photos by author. 
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Figure 2-3.  Single-Axis Pole-Mounted Array. Photo by author. 

 

Figure 2-4.  Stationary Photovoltaic Array. Photo by author. 
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Figure 2-5.  Photovoltaic Module Exposure at Different Angles of Incidence A) 90 
Degrees B) 75 Degrees C) 60 Degrees D) 45 Degrees. Figure by author 
created with Google Sketchup. 
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A 

B 

Figure 2-6.  Solar Pathfinder™ A) On Ground with Tripod B) View of Face.  Photos by 
author. 
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CHAPTER 3 
RESEARCH METHODOLOGY 

Location 

The study was conducted at a home in northwest Gainesville Florida (Figure 3-1).  

The location of the study was the residence of Barry and Elaine Jacobson, the president 

and vice-president (respectively) of Solar Impact, Inc., a solar contracting firm in the 

north-central Florida region.  The site was selected because the PV system, to include 

all of the monitoring equipment was in place and functioning before the study took 

place. 

Site Description 

The PV arrays were mounted on the southern-facing roof surface of the structure. 

The roof surface was conventional asphalt-shingle and was dark brown in color. It had a 

3:12 roof pitch. There were existing trees to east and west of the site, some of which 

provided partial shading throughout the day. After conducting onsite analysis with a 

Solar-Pathfinder™(Figure 3-2), it was determined that the roof surface was partially 

shaded before 11:00 AM and after 4:00 PM. From previous monitoring, the roof surface 

temperature had an average temperature of 65 degrees Celsius in the month preceding 

the study (Figure 3-3). 

There was a solar-hot water system located directly above the 2 PV arrays.  It did 

not shade either array, and did not affect their operation in any way. 

Array Description 

The modules used in the study were Sharp ND-167U1 which were rated at 167 

watts.  They had been installed and functioning for approximately 4 years. There were 

30 total modules (Figure 3-4) 
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The arrays were mechanically attached to the roof surface using a Unirac™ 

mounting system (Figure 3-5).  There was approximately one inch of space between 

modules in the same row and approximately eight inches of space between rows. The 

space between the arrays was roughly three feet. 

The modules were divided into two arrays, Array 1 and Array 2.  To better 

understand the physical layout and the shading effects of the surrounding trees, a 3D 

model of the site was developed using Google Sketchup (Figure 3-6). Each array 

consisted of 15 modules and was arranged into 3 rows of 5. Array 1 was furthest west. 

Both arrays were mounted at four inches from the roof surface prior to the study (Figure 

3-7).  In order to raise Array 2 to the desired height, a custom aluminum extension was 

fabricated and installed, allowing Array 2 to be raised to a mounted height of seven and 

seven eighths inches (Figure 3-8). 

Study Period 

The study will take place during the early summer of 2011, specifically between 

May 11th and May 30th.  Because of shading issues from the trees to the east and west 

(Figure 3-9), the samples were taken between 12:00 PM and 3:30 PM daily to avoid 

temperature differences due to sun exposure. 

Sampling 

Each module was equipped with Tigo™ monitoring equipment (Figure 3-10). A 

Tigo™ Module Maximizer – ES was attached to the back of every module, which 

transmitted power information to a Tigo™ Module Gateway - CG.  Two modules were 

additionally equipped with a Tigo™ Temperature Sensor – TS-ES that transmitted 

temperature data to the module gateway. The gateway wirelessly transmitted the power 

and temperature data to the home’s internet router.  The data was then routed to the 
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Tigo Energy website. Sampling was set at one per minute, which translated to 211 

samples per day. 

The data was stored online at www.tigoenergy.com (Tigo, 2011).  The site utilized 

a graphical interface (Figure 3-11) which allowed the researcher to collect data remotely 

at any time. 

By using the Tigo site (Tigo, 2011), it was determined that partial shading existed 

on Array 2 before 11:00 AM and on Array 1 after 4:00 PM (Figure 3-12), hence the 

sampling period of 12:00PM to 3:30PM. 

The data was downloaded daily to a Microsoft Excel spreadsheet.  The data 

contained the power output for each panel in Watts, as well as the temperature 

recorded by the Temperature Sensors in degrees Celsius.  Occasionally individual 

modules would fail to record data at a given moment.  To account for these gaps in the 

data, the arrays were analyzed by finding the average of the recorded outputs for each 

array.  These averages were then plotted on a graph.  The differences between the two 

averages were calculated as well as the percent difference. 

Because only one temperature sample was recorded per array per minute, no 

averaging was necessary.  However, because the occasional gaps in data occurred for 

the temperature samples as well, these gaps in the daily temperature data are 

displayed as actual gaps, as shown in the data plots in the following chapter. 
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Figure 3-1.  Google Earth Imagery of Site.  Photo courtesy of Google Earth. 

 

Figure 3-2.  Solar-Pathfinder Imagery.  Photo by author.
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Figure 3-3.  Sample Monitoring During April 2011
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A

B

C 

Figure 3-4.  Site Photos A) Southeast View B) Northwest View C) Southwest View. 
Photos by author. 
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Figure 3-5.  Unirac Mounting System. Photo by author. 

 

Figure 3-6.  Photovoltaic Array Layout.  Image by author created with Google Sketchup. 
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Figure 3-7.  Array Mounted at 4” Above Roof Surface.  Photo by author. 
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A

B 

Figure 3-8.  Extensions A) Aluminum Extension B) Extension Installed. Photos by 
author. 
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A 
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Figure 3-9.  Site Shading A) East Trees B) West Trees. Photos by author. 
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A B 

C  

Figure 3-10.  Tigo Equipment A) Module Gateway B) Module Maximizer C) 
Temperature Sensor D) Tigo Information Flow. Photos by author. 

 

Figure 3-11.  Tigo Energy Site Interface.  Photo courtesy of tigoenergy.com 
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A 

B 

Figure 3-12.  Output Demonstrating Partial Shading A) 11:00 AM B) 4:00 PM. Photos 
courtesy of tigoenergy.com. 
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CHAPTER 4 
RESULTS  

4220 samples were taken in total.  Array 1 had an average power output per panel 

over the 20 day period of 110.82 Watts with a standard deviation of 38.84 Watts.  The 

average temperature of Array 1 was 62.70 degrees Celsius with a standard deviation of 

10.78 degrees Celsius. 

Array 2 had an average power output per panel over the 20 day period of 113.16 

Watts with a standard deviation of 39.74 Watts.  The average temperature of Array 1 

was 54.07 degrees Celsius with a standard deviation of 9.14 degrees Celsius. 

A comparison of performance before and after Array 2 was elevated can be seen 

in Table 4-1.  A brief discussion of the individual data plots for each day follows. 

May 11, 2011 (Figure 4-1): Scattered clouds throughout the afternoon resulted in 

sporadic partial shading on both arrays throughout the sampling period.  Array 1 had 

average power outputs ranging from a low of 79.82 Watts to a high of 135.62 Watts.  

Array 2 had average power outputs ranging from a low of 78.18 Watts to a high of 

136.70 Watts.  Array 1 operated in panel temperatures between a low of 57.35 degrees 

Celsius to a high of 71.94 degrees Celsius.  Array 2 operated in panel temperatures 

between a low of 49.13 degrees Celsius to a high of 63.27 degrees Celsius. 

May 12, 2011(Figure 4-2): Scattered clouds throughout the afternoon resulted in 

sporadic partial shading on both arrays throughout the sampling period.  Array 1 had 

average power outputs ranging from a low of 28.01 Watts to a high of 138.20 Watts.  

Array 2 had average power outputs ranging from a low of 28.07 Watts to a high of 

140.60 Watts.  Array 1 operated in panel temperatures between a low of 58.70 degrees 
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Celsius to a high of 72.39 degrees Celsius.  Array 2 operated in panel temperatures 

between a low of 50.14 degrees Celsius to a high of 63.05 degrees Celsius. 

May 13, 2011(Figure 4-3): Scattered clouds throughout the afternoon resulted in 

sporadic partial shading on both arrays, with light showers in the late afternoon.  Array 1 

had average power outputs ranging from a low of 30.66 Watts to a high of 123.96 

Watts.  Array 2 had average power outputs ranging from a low of 33.37 Watts to a high 

of 125.94 Watts.  Array 1 operated in panel temperatures between a low of 55.58 

degrees Celsius to a high of 70.95 degrees Celsius.  Array 2 operated in panel 

temperatures between a low of 48.51 degrees Celsius to a high of 61.68 degrees 

Celsius. 

May 14, 2011(Figure 4-4): Significant showers throughout the late morning and 

afternoon, with the skies beginning to clear after 2:40PM.  Array 1 had average power 

outputs ranging from a low of 0 Watts during periods of heavy rain to a high of 167.41 

Watts.  Array 2 had average power outputs ranging from a low of 0 Watts during periods 

of heavy rain to a high of 172.10 Watts.  Array 1 operated in panel temperatures 

between a low of 19.61 degrees Celsius to a high of 69.51 degrees Celsius.  Array 2 

operated in panel temperatures between a low of 18.68 degrees Celsius to a high of 

61.65 degrees Celsius. 

May 15, 2011(Figure 4-5): Heavy clouds and light showers throughout the 

afternoon.  Array 1 had average power outputs ranging from a low of 16.18 Watts to a 

high of 179.01 Watts.  Array 2 had average power outputs ranging from a low of 17.59 

Watts to a high of 182.84 Watts.  Array 1 operated in panel temperatures between a low 

of 51.24 degrees Celsius to a high of 65.95 degrees Celsius.  Array 2 operated in panel 
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temperatures between a low of 42.72 degrees Celsius to a high of 55.03 degrees 

Celsius. 

May 16, 2011(Figure 4-6): Sporadic clouds early with heavier clouds and light rain 

in the late afternoon.  Array 1 had average power outputs ranging from a low of 14.90 

Watts to a high of 164.04 Watts.  Array 2 had average power outputs ranging from a low 

of 13.75 Watts to a high of 166.21 Watts.  Array 1 operated in panel temperatures 

between a low of 50.94 degrees Celsius to a high of 66.14 degrees Celsius.  Array 2 

operated in panel temperatures between a low of 41.71 degrees Celsius to a high of 

55.75 degrees Celsius. 

May 17, 2011(Figure 4-7): Heavy clouds throughout the afternoon.  Array 1 had 

average power outputs ranging from a low of 22.97 Watts to a high of 182.42 Watts.  

Array 2 had average power outputs ranging from a low of 20.30 Watts to a high of 

180.29 Watts.  Array 1 operated in panel temperatures between a low of 43.31 degrees 

Celsius to a high of 64.81 degrees Celsius.  Array 2 operated in panel temperatures 

between a low of 35.37 degrees Celsius to a high of 53.87 degrees Celsius. 

May 18, 2011(Figure 4-8): Mostly clear skies throughout the afternoon.  Array 1 

had average power outputs ranging from a low of 121.17 Watts to a high of 141.48 

Watts.  Array 2 had average power outputs ranging from a low of 123.41 Watts to a high 

of 144.21 Watts.  Array 1 operated in panel temperatures between a low of 59.06 

degrees Celsius to a high of 66.27 degrees Celsius.  Array 2 operated in panel 

temperatures between a low of 48.20 degrees Celsius to a high of 57.96 degrees 

Celsius. 
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May 19, 2011(Figure 4-9):  Mostly clear skies throughout the afternoon.  Array 1 

had average power outputs ranging from a low of 120.47 Watts to a high of 134.17 

Watts.  Array 2 had average power outputs ranging from a low of 84.44 Watts to a high 

of 136.91 Watts.  Array 1 operated in panel temperatures between a low of 62.50 

degrees Celsius to a high of 69.71 degrees Celsius.  Array 2 operated in panel 

temperatures between a low of 52.98 degrees Celsius to a high of 60.14 degrees 

Celsius. 

May 20, 2011(Figure 4-10): Clear skies throughout the afternoon.  Array 1 had 

average power outputs ranging from a low of 112.86 Watts to a high of 132.25 Watts.  

Array 2 had average power outputs ranging from a low of 115.22 Watts to a high of 

134.84 Watts.  Array 1 operated in panel temperatures between a low of 66.43 degrees 

Celsius to a high of 72.41 degrees Celsius.  Array 2 operated in panel temperatures 

between a low of 55.97 degrees Celsius to a high of 63.51 degrees Celsius. 

May 21, 2011(Figure 4-11): Clear skies throughout the afternoon.  Array 1 had 

average power outputs ranging from a low of 108.99 Watts to a high of 127.33 Watts.  

Array 2 had average power outputs ranging from a low of 111.78 Watts to a high of 

129.40 Watts.  Array 1 operated in panel temperatures between a low of 65.07 degrees 

Celsius to a high of 71.83 degrees Celsius.  Array 2 operated in panel temperatures 

between a low of 55.50 degrees Celsius to a high of .62.54 degrees Celsius. 

May 22, 2011(Figure 4-12): Mostly clear skies throughout the afternoon.  Array 1 

had average power outputs ranging from a low of 105.15 Watts to a high of 125.24 

Watts.  Array 2 had average power outputs ranging from a low of 96.99 Watts to a high 

of 127.16 Watts.  Array 1 operated in panel temperatures between a low of 63.84 
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degrees Celsius to a high of 70.61 degrees Celsius.  Array 2 operated in panel 

temperatures between a low of 54.14 degrees Celsius to a high of 62.73 degrees 

Celsius. 

May 23, 2011(Figure 4-13): Clear skies early on with partly cloudy skies in the late 

afternoon.  Array 1 had average power outputs ranging from a low of 19.41 Watts to a 

high of 131.08 Watts.  Array 2 had average power outputs ranging from a low of 20.56 

Watts to a high of 134.51 Watts.  Array 1 operated in panel temperatures between a low 

of 50.99 degrees Celsius to a high of 71.62 degrees Celsius.  Array 2 operated in panel 

temperatures between a low of 45.76 degrees Celsius to a high of 62.81 degrees 

Celsius. 

May 24, 2011(Figure 4-14): Clear skies early on with partly cloudy skies in the mid 

to late afternoon.  Array 1 had average power outputs ranging from a low of 24.17 Watts 

to a high of 136.03 Watts.  Array 2 had average power outputs ranging from a low of 

25.24 Watts to a high of 139.26 Watts.  Array 1 operated in panel temperatures 

between a low of 61.51 degrees Celsius to a high of 69.84 degrees Celsius.  Array 2 

operated in panel temperatures between a low of 53.34 degrees Celsius to a high of 

.61.92 degrees Celsius. 

May 25, 2011(Figure 4-15):  Partly cloudy early on with mostly clear skies in the 

late afternoon.  Array 1 had average power outputs ranging from a low of 91.20 Watts to 

a high of 136.15 Watts.  Array 2 had average power outputs ranging from a low of 92.02 

Watts to a high of 137.84 Watts.  Array 1 operated in panel temperatures between a low 

of 61.73 degrees Celsius to a high of 71.03 degrees Celsius.  Array 2 operated in panel 
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temperatures between a low of 52.15 degrees Celsius to a high of 62.16 degrees 

Celsius. 

May 26, 2011(Figure 4-16):  Partly cloudy throughout the afternoon.  Array 1 had 

average power outputs ranging from a low of 9.82 Watts to a high of 144.32 Watts.  

Array 2 had average power outputs ranging from a low of 13.42 Watts to a high of 

145.85 Watts.  Array 1 operated in panel temperatures between a low of 50.86 degrees 

Celsius to a high of 71.80 degrees Celsius.  Array 2 operated in panel temperatures 

between a low of 44.44 degrees Celsius to a high of 63.38 degrees Celsius. 

May 27, 2011(Figure 4-17): Partly cloudy in the early afternoon with heavy clouds 

and sporadic showers in the late afternoon.  Array 1 had average power outputs ranging 

from a low of 10.69 Watts to a high of 171.90 Watts.  Array 2 had average power 

outputs ranging from a low of 10.39 Watts to a high of 176.11 Watts.  Array 1 operated 

in panel temperatures between a low of 27.21 degrees Celsius to a high of 66.70 

degrees Celsius.  Array 2 operated in panel temperatures between a low of 24.99 

degrees Celsius to a high of 59.17 degrees Celsius. 

May 28, 2011(Figure 4-18):  Partly cloudy throughout the afternoon.  Array 1 had 

average power outputs ranging from a low of 25.77 Watts to a high of 152.80 Watts.  

Array 2 had average power outputs ranging from a low of 23.40 Watts to a high of 

153.11 Watts.  Array 1 operated in panel temperatures between a low of 57.93 degrees 

Celsius to a high of 72.52 degrees Celsius.  Array 2 operated in panel temperatures 

between a low of 48.88 degrees Celsius to a high of 64.16 degrees Celsius. 

May 29, 2011(Figure 4-19):  Mostly cloudy throughout the early and late afternoon.  

Array 1 had average power outputs ranging from a low of 12.11 Watts to a high of 
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153.47 Watts.  Array 2 had average power outputs ranging from a low of 14.06 Watts to 

a high of 156.64 Watts.  Array 1 operated in panel temperatures between a low of 52.57 

degrees Celsius to a high of 71.41 degrees Celsius.  Array 2 operated in panel 

temperatures between a low of 44.75 degrees Celsius to a high of 62.46 degrees 

Celsius. 

May 30, 2011(Figure 4-20): Heavy clouds throughout the afternoon with light 

showers in the late afternoon.  Array 1 had average power outputs ranging from a low of 

12.86 Watts to a high of 157.79 Watts.  Array 2 had average power outputs ranging 

from a low of 15.35 Watts to a high of 163.37 Watts.  Array 1 operated in panel 

temperatures between a low of 51.74 degrees Celsius to a high of 71.80 degrees 

Celsius.  Array 2 operated in panel temperatures between a low of 43.60 degrees 

Celsius to a high of 62.97 degrees Celsius. 
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Table 4-1. Results of Analysis 

Date 
Array 1 
AVG 

Array 2 
AVG Difference Percent 

Array 1 
Temp 

Array 2 
Temp Difference Percent 

Before  Array 2 Elevation        

22-Apr 128.98 129.39 0.45 0.31% 65.02 63.45 1.56 -2.51% 

After Array 2 Elevation        

11-May 114.79 116.18 1.99 1.14% 66.83 58.36 8.47 -14.53% 

12-May 113.66 115.93 2.83 1.84% 67.54 59.19 8.36 -14.15% 

13-May 110.05 112.26 2.22 2.07% 65.21 56.54 8.67 -15.36% 

14-May 36.68 37.88 1.57 12.97% 28.99 26.82 2.17 -6.78% 

15-May 119.36 121.37 4.46 1.23% 60.34 50.87 9.47 -18.62% 

16-May 123.46 124.83 2.16 1.34% 61.14 50.41 10.73 -21.32% 

17-May 111.05 112.25 3.81 -0.02% 55.80 46.38 9.41 -20.36% 

18-May 136.55 138.95 2.62 1.72% 64.26 54.11 10.15 -18.83% 

19-May 130.08 132.16 2.53 1.47% 67.33 57.64 9.70 -16.87% 

20-May 126.84 129.20 2.37 1.84% 70.36 60.43 9.93 -16.47% 

21-May 122.41 124.47 2.06 1.67% 69.44 59.52 9.91 -16.68% 

22-May 118.77 120.64 2.09 1.53% 68.01 59.43 8.57 -14.47% 

23-May 107.00 109.28 2.72 2.37% 66.21 57.33 8.88 -15.50% 

24-May 114.21 115.91 2.21 1.53% 66.56 58.21 8.36 -14.39% 

25-May 123.43 125.57 2.25 1.71% 67.24 58.35 8.89 -15.31% 

26-May 107.01 112.65 6.58 5.05% 64.77 56.45 8.32 -14.77% 

27-May 56.11 56.95 2.29 -0.50% 46.88 41.31 5.57 -13.06% 

28-May 118.14 122.65 5.78 3.12% 68.03 58.83 9.20 -15.74% 

29-May 108.24 111.32 3.62 2.54% 64.38 55.65 8.73 -15.73% 

30-May 109.48 113.52 4.95 3.95% 64.55 55.40 9.15 -16.57% 

Average 110.82 113.16 3.06 2.43% 62.70 54.07 8.63 -15.77% 
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Figure 4-1.  May 11, 2011 – Power and Temperature 
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Figure 4-2.  May 12, 2011 – Power and Temperature 
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Figure 4-3.  May 13, 2011 – Power and Temperature 
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Figure 4-4.  May 14, 2011 – Power and Temperature 
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Figure 4-5.  May 15, 2011 – Power and Temperature 
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Figure 4-6.  May 16, 2011 – Power and Temperature 
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Figure 4-7.  May 17, 2011 – Power and Temperature 
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Figure 4-8.  May 18, 2011 – Power and Temperature 
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Figure 4-9.  May 19, 2011 – Power and Temperature 
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Figure 4-10.  May 20, 2011 – Power and Temperature 
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Figure 4-11.  May 21, 2011 – Power and Temperature 
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Figure 4-12.  May 22, 2011 – Power and Temperature 
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Figure 4-13.  May 23, 2011 – Power and Temperature 



 

59 

 

Figure 4-14.  May 24, 2011 – Power and Temperature 
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Figure 4-15.  May 25, 2011 – Power and Temperature 
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Figure 4-16.  May 26, 2011 – Power and Temperature 
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Figure 4-17.  May 27, 2011 – Power and Temperature 
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Figure 4-18.  May 28, 2011 – Power and Temperature 
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Figure 4-19.  May 29, 2011 – Power and Temperature 
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Figure 4-20.  May 30, 2011 – Power and Temperature 
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CHAPTER 5 
CONCLUSIONS 

Due to the dramatic effect of even partial shading from cloud cover, days that 

experienced even partially cloudy skies had a significantly greater range of power 

output than days with mostly clear skies.  For this reason, it is the opinion of this 

researcher that days 18, 19, and 20 are probably the best examples of the differences 

in power output and module temperature due to elevating the second array to 

approximately eight inches.  On those days, Array 2 outperformed Array 1 by an 

average of 2.51%.  Array 2 also had an average temperature of 9.93 degrees Celsius 

less than Array 1 on those days. 

While initially the average differences in power production hovered between 1% 

and 2%, toward the end of the study these differences ranged between 3% and 5%.  

The data appears to indicate that Array 2 seems to perform even better than Array 1 

under less than ideal conditions. 

The average increase in power over the course of the study was 2.43%.  To better 

understand the value of such an increase, a PV array producing 20,000 kWh of 

electricity per year at $0.16 per kWh would see a $77.76 increase in revenue per year. 

Of particular interest is the temperature differential between the two arrays.  As 

previously mentioned in the literature review, higher module temperatures cause the 

modules to degrade more rapidly.   
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CHAPTER 6 
RECOMMENDATIONS 

Because of the tendency for sporadic clouds in the afternoon in Florida during the 

summer months, it is the recommendation of the research that the study period be 

extended to cover at least one year.  This will accomplish several things.  It will provide 

data over a wider range of ambient temperatures, particularly during the winter months.  

It will also provide data at a wider variety of angle of incidence, particularly when the 

sun is lower in the sky and for shorter periods of time.  Additionally, it will further support 

whether the 8 to 10 degree temperature differential is maintained throughout the year, 

which could be of interest to photovoltaic module manufacturers as it would affect their 

warranties. 

Beyond the purposes of this study, increasing the panel height from the roof 

surface makes sense if only from a maintenance standpoint, specifically in areas with 

many trees or airborne debris. 
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