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ABSTRACT

In 2009, WPI formed a Presidential Task Force to engage the WPl community in sustainability
research, thought, and action. One of the Presidential Task Force’s specific objectives is to
improve campus environmental performance, which includes energy conservation. Several new
buildings such as the Bartlett Center and East Hall have utilized new green building techniques
and materials. Older buildings at WPI which were built before new green building techniques
and materials were developed can be equipped with photovoltaic systems to reduce the
environmental impact and increase clean energy use. This thesis presents a rooftop
photovoltaic array design for the George C. Gordon library at WPI which is expected to produce
over 27,000 kWh and offset over 56,000 Ibs of carbon dioxide emissions annually. The
materials science and engineering of the photovoltaic system components are an important part
of the design process. Structural and thermal modeling of photovoltaic components during the
initial phase of array design is critical to the success of the PV system and maximizing the
energy from the system. This thesis presents how differences in photovoltaic materials and
mounting systems result in changes in lifetime and reliability. Using common wind, ice, snow
and hail loads for the Worcester, MA area ANSYS™ structural simulations show that an
attached mounting system is more structurally stable than a ballasted system. Using local
weather data and thermal cycling, ANSYS™ thermal simulations show that silicon PV modules
outperform other technologies at lower temperatures while cadmium telluride PV modules
outperform other technologies at higher temperatures. It is recommended that WPI install poly-
silicon PV modules, such as Evergreen Solar PV modules, to maximize power output.



EXECUTIVE SUMMARY

A rooftop photovoltaic array has been designed for the George C. Gordon library at WPI. The
photovoltaic array is made up of 96 Evergreen Solar photovoltaic modules tilted at 27 degrees
and oriented along the southern face of the library rooftop. This configuration is expected to
produce over 27,000 kwWh annually and offset over 56,000 Ibs carbon dioxide emissions that
would have otherwise been generated from conventional power generation. This solar array
designed to meet the electrical needs of the library. It is also designed to be connected to the
electrical grid so that extra power produced is fed into the grid. A performance analysis of this
photovoltaic system design is presented. The performance analysis assumes that WPI is
awarded the following federal and state incentives which were available in 2009:

30% grant from the U.S. Department of Treasury

25% grant from the U.S. Department of Agriculture
30% federal tax credit

$162,500 grant from the Massachusetts Solar Stimulus

Based on the above incentives and assuming WPI pays for the remainder of the photovoltaic
system upfront, the calculated payback period is 1.5 years. The system is expected to last 25-
30 years, which makes this system a very valuable investment.

An important part of the design of the photovoltaic system is to ensure that the photovoltaic
modules and mounting system will withstand environmental loads common to Worcester, MA
such as wind, snow, ice, and hail. Structural analysis using ANSYS™ simulation software is
presented in this thesis for a variety of commercial photovoltaic modules and two different
mounting systems: attached and ballasted. Attached mounting systems are drilled into the
roofing material whereas ballasted mounting systems are placed on the roof and weighed down
with concrete blocks. The structural analysis proves that the Evergreen Solar photovoltaic
modules will withstand these structural loads and reveals that an attached mounting system has
higher performance than a ballasted mounting system under the same loading conditions.

Another important aspect of photovoltaic system design is the effect of photovoltaic module
operating temperature on the performance of the system. It is well known that the performance
of the system will decrease as the operating temperature increases. In this thesis, a thermal
analysis of three different photovoltaic modules was completed and the temperature map
generated from the ANSYS™ simulation software was used to observe the structural effects of
temperature changes and to develop a correlation of the operating temperature to system
performance. The most important result of this analysis shows that the Evergreen Solar
photovoltaic module will have higher performance in the Worcester climate than other
photovoltaic materials such as cadmium telluride.

WPI has recognized the need for improving campus environmental performance and has
formed a Presidential Task Force to engage the WPI community in sustainability. One of the
main objectives is to increase energy conservation on campus. Implementing a photovoltaic
system on the library rooftop will not only increase clean energy and decrease carbon emissions
on campus. it would also bring general awareness to the state, city, and college community of
the advantages of the use of photovoltaic energy in New England. This array will also provide
the opportunity for future student project work on the performance and maintenance of the
system.
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1. INTRODUCTION

The growing human population is putting an increasing strain on fossil fuel energy resources.
As the human population continues to thrive, we must transition to more sustainable energy
sources. As stated by William Hoagland in [1]:

Every year the earth’s surface receives about 10 times as much
energy from sunlight as is contained in all the known reserves of
coal, oil, natural gas and uranium combined. This energy equals
15,000 times the world’s annual consumption by humans.

This is a remarkably powerful statement. There is a tremendous potential to provide the entire
world’s energy needs by simply harnessing power from the sun. A photovoltaic (PV) system
directly converts light to electricity and is a cost-efficient and sustainable method of energy
production. Over the years, technological advances have been made in PV technologies that
make PV systems comparable in cost to grid power, which is provided by fossil fuels. In an
effort to reduce greenhouse gas emissions and reduce our dependence on foreign fuel sources,
Americans are slowly turning to more sustainable energy sources such as fuel cells, bio-fuel,
wind and solar power. Some renewable energy sources will be widely used throughout the
world whereas others will prove to be more useful for specific applications. As sustainable
energy sources become less cost-prohibitive and more efficient, they will be adopted more
easily into our society.

In order for PV technology to be more widely accepted our government and other governments
throughout the world are offering financial incentives for the installation of new residential and
commercial PV systems. In the United States, there are several federal incentive programs.
Aside from federal incentives, the state of Massachusetts has several incentive programs which
support new PV installations. There is a local loan program, a production incentive, corporate
tax deductions and exemptions, property and sales tax incentives as well as state and utility
rebate programs [2]. A detailed discussion on federal and Massachusetts state incentives is
given in the performance model, Section 3.3.3. There have been hundreds of PV installations in
Massachusetts, some of which are located in the city of Worcester. One example is the PV
array installed at Worcester State College in 2007. The MA Renewable Energy Trust funded
over $564,000 for this project [3]. A picture of Worcester State College’s 100 kW PV system is
shown in Figure 1 [4]. The system is located on the Learning Resource Center’s rooftop.

Figure 1. PV Array at Worcester State College
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WPI has begun to implement renewable energy and green building practices. WPI formed a
Presidential Task Force in 2009 to engage the WPl community in sustainability research,
thought, and action. One of the Presidential Task Force’s specific objectives is to improve
campus environmental performance, which includes energy conservation [5]. New PV panel
lighting was installed at alumni field, shown in Figure 2 [6]. Several new buildings such as the
Bartlett Center and East Hall have utilized new green building techniques and materials. Older
buildings at WPI which were built before new green building techniques and materials were
developed can be equipped with PV systems to reduce the environmental impact and increase
clean energy use. This thesis proposes a rooftop PV array on the George C. Gordon library.

Figure 2. PV Lighting at WPI

1.1. Motivation of thesis

My motivation for this thesis is two-fold. The first goal of this thesis is to show the value of
computer modeling in the photovoltaic industry. Structural responses to wind, hail, snow and
ice loads as well as thermal cycling are extremely important to the success of photovoltaic
systems. This thesis shows that computational software, such as ANSYS™ software, can be
used to perform structural and thermal analysis on PV arrays and mounting systems.
Alternative mounting systems are studied to determine which mounting type better suits the
location and array design. Although this report focuses on module and array level analyses,
ANSYS™ software can also be used at the cell level to optimize cell performance or design.

The second goal of this thesis is to show the feasibility and value of installing a photovoltaic
array on the George C. Gordon library at WPI in Worcester, Massachusetts. The library roof is
well-suited for an array. Performance analysis of the proposed system shows annual power
production of 27,000 kWh. Furthermore, if WPI takes advantage of the state and federal
incentive programs, up to 55% of the cost of the system could be covered, reducing the
payback period to approximately 1.5 years. Installing a PV array at WPI would not only save
the college money, it would also bring general awareness to the state, city, and college
community of the advantages of the use of photovoltaic energy in New England.
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2. PV SYSTEMS BACKGROUND

This section provides a basic background about PV including how solar cells work, an
explanation of the types of solar cells studied in this report, how the cells are made into modules
and the basic components of an array.

2.1. PV Cells

In this thesis, monocrystalline silicon (mono-Si), polycrystalline silicon (poly-Si) and cadmium
telluride (CdTe) solar cells were studied. Other types of solar cells (such as amorphous Silicon,
copper indium gallium diselenide, organic cells, or dye sensitized cells to name a few) are not
covered in this report. A solar (or PV) cell directly converts sunlight to electric current. This is
called the photovoltaic effect. A detailed explanation of the physics of solar cells can be found
in several sources [7-9].

Solar cells are made of semiconducting materials. In semiconductors, there are different bands
within the material called valence bands and conduction bands. The conduction bands have full
electron orbitals whereas the valence bands are only partially full. There is an energy gap
between the valance band and the conduction band called a “band gap”. When light reaches a
solar cell, it can be reflected, transmitted, or absorbed. The absorbed photons excite valence
electrons to a higher energy state, leaving behind a hole. Holes accumulate in the valence
band while electrons accumulate in the conduction band, but the material itself is charge-neutral
(as there is one hole for each excited electron). Doping semiconductor materials increases the
ability to absorb photons. Doping a semiconductor with a p-type (or positively charged) dopant
creates more positive charges, or holes. Doping a semiconductor with an n-type (or negatively
charged) dopant creates more negative charges due to the excess electrons. Joining a p-type
and n-type semiconductor is called a p-n junction. P-type and N-type areas in the same material
can be formed with dopants that add excess positive or negative charge, respectively.

2.1.1. Monocrystalline silicon

Figure 3. Basic Silicon Solar Cell Cross-section
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Solar cells made from monocrystalline silicon (mono-Si) have a cross-section similar to Figure 3
[7]. mono-Si is the emitter and base material shown in Figure 3 [7]. mono-Si is a single crystal
of silicon commonly prepared by the Czchrolski (CZ) method shown in Figure 4 [11] in which a
pure silicon seed crystal is dipped into a molten silicon bath and slowly pulled out. As the
crystal is pulled out of the molten silicon, the molten silicon solidifies and the single crystal
grows. The resultant mono-Si bulk product is called an ingot. The ingot is then sliced into
wafers which are used to make semiconductor wafers (for microchip manufacturing) or solar
cells. The wafers produced from the ingot have a purity of 99.99999% [11]. This high purity
contributes to very highly efficient mono-Si solar cells.
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Figure 4. Diagram of Czchrolski Process
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Another manufacturing process for mono-Si is the Float zone (FZ) method in which a heater is
passed along a poly-Si feed rod. A diagram of the FZ process is shown in Figure 5 [11]. The
melting process transforms the feed material into a purified mono-Si rod [11]. During both the
CZ and FZ methods of mono-Si production, boron is added as a dopant to form p-type mono-Si.

Figure 5. Diagram of Float Zone Process
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All basic silicon solar cells have several standard features. To create a junction, phosphorous is
diffused into the top of the silicon wafer. The process consists of a boost and diffuse step,
where phosphorus is deposited on the surface and then the coated wafer is heated in order to
diffuse the phosphorus into the wafer. The diffusion of phosphorus creates an n-type
semiconducting region. The n and p type regions in the silicon create the solar cell junction.
The temperature and holding time of the phosphorus diffusion process determine the depth of
the junction. The excess phosphorus on the surface typically forms a glass layer during the
high-temperature diffusion process and is subsequently etched away. Since the silicon surface
canlect up to 30% of absorbable light [11, 12], the surface is typically roughened with an acid
etch then coated with an anti-reflection coating (such as Silicon Nitride).
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In order to collect energy generated by the cell, the front and back surfaces are screen-printed
with a metal conductor. The backside conductor is typically aluminum and the front conductor is
typically silver. Since light must be allowed to penetrate the top surface to reach the junction
and generate energy, the top conductor is coated in a pattern which typically covers less than
10% of the surface. The separation, thickness and height of the collectors are optimized in
order to maximize the energy collected. The back side of the cell is screen-printed with
aluminum rather than silver for two main reasons. First, the fully-coated back surface uses
more screen-printing material, which would increase the cost of each solar cell if silver was
used. Second, the aluminum layer serves a second purpose of “gettering” any remaining
impurities within the silicon, which makes the solar cell operate more efficiently [11, 12]. The
conducting layers of silver and aluminum are typically screen-printed and then the solar cell is
annealed in order for the printed metal layers to etch through the anti-reflection coating and
remove organic materials in the paste. The last step in the solar cell production process is edge
isolation, where the edges are etched or laser scribed in order to ensure that no energy is lost
through the edges of the cell.

After the solar cells are made, they are soldered together in strings, placed on a rigid backing
and encapsulated between the rigid backing and a top cover of soda-lime glass. The
encapsulant is typically ethyl vinyl acetate (or EVA). To summarize, a diagram of the typical
manufacturing process described here is shown in Figure 6. Keep in mind that there are many
variations of this basic process.

Figure 6. Basic Silicon PV Module Manufacturing Process
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mono-Si is one of the highest-efficiency solar cells (typically about 17-18% in commercial cells)
and one of the most common types of solar cells made. This is largely due to the highly pure
silicon source material. Since mono-Si wafers are used in the semiconductor industry, the
process is already well-defined and optimized. However, the manufacturing process is very
expensive and time-consuming when applied to solar cells. Approximately 50% of the material
produced is wasted due to the wafer slicing process [11]. In the semiconductor industry, one
wafer can be used to create hundreds of devices, whereas in the solar industry, one wafer
creates only one solar cell. However, due to its availability and high efficiency, mono-Si is still
one of the most widely commercialized solar cells to date. Table 2 provides property
information for the mono-Si cell materials used in this report. References are provided within
the table for each value.

Table 1. Properties of Silicon PV Cell Materials

Sintered Silver Silicon Nitride Mono-Si Sintered

Property Paste Aluminum
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Paste
Thickness (um) 15 [15] 0.8 [14] 280 30 [16]
p (g/cm®) 8.58 [12] 3.1[18] 2.32 [18] 2.71 [18]
CTE (K™ 19x10° [12] 3x107°[18] 4.2x10°[18] 23.6x10°[18]
Cp (J/kgK) 233 [12] 600 [17] 700 [19,18] 900 [18]
k (W/cmK) 2.38[12] 0.28 [18] 1.5 [18] 2.37 [18]
E (GPa) 6.28 [13] 73 [18] 130 [18] 70 [18]
v 0.37 [13] 0.25 [18] 0.28 [18] 0.35 [18]
TYS (MPa) - - 47,574 [19] 100 [18]

2.1.2. Polycrystalline silicon

Another type of silicon commonly used to make solar cells is poly-Si, which can be
manufactured with several different methods. The most common method is the Bridgeman-
Stockbarger method, shown in Figure 7 [11]. Highly-pure silicon crystals are melted in a large
crucible with a resistance heater. The crucible is then lowered away from the heat source,
allowing the material to slowly solidify. Rather than forming a single crystal (as in the Cz-
process), the material forms many large crystal grains [11]. The resultant block of material is
sliced into wafers and the wafers undergo the same cell manufacturing process as mono-Si

wafers (described in the previous section).

Figure 7. Diagram of Bridgeman-Stockbarger Process
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Another method of making poly-Si is the string ribbon method shown in Figure 8 [21]. In this
method, highly pure silicon crystals are fed into a crucible and melted. Two strings (or wires)

are fed through the mixture and slowly pulled up (and away from the heat source). The material
solidifies into long crystal grains between the two wires and is then sliced to the desired length.
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Figure 8. Diagram of the String-Ribbon Process
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Poly-Si is not as efficient in capturing sunlight as mono-Si because it is not a single crystal.
However, the process is much less expensive than mono-Si processes and the string-ribbon
process also wastes less material. Some material properties of poly-Si are listed in Table 2.
Some of the properties (such as CTE, Cp, and k) can be estimated as approximately equal to
that of mono-Si [22].

Table 2. Properties of poly-Si

Property Poly-Si
Thickness (um) 280

p (g/cm®) 2.33[22]
CTE (K% 4.2x10°[18]

Cp (J/kgK) 700 [18]

k (W/cmK) 1.5 [18]

E (GPa) 160 [22]

v 0.22 [22]

2.1.3. Cadmium Telluride

Cadmium Telluride (CdTe) is one of the most successful thin film photovoltaic materials,
primarily due to its low cost. A basic CdTe cell diagram is shown in Figure 9 [10]. CdTe is a p-
type semiconductor film which forms a p-n heterojunction with CdS. As opposed to the silicon
manufacturing process, the CdTe manufacturing process begins with either the top sheet or
back sheet (superstrate or substrate process, respectively). Most CdTe solar modules are
manufactured using the superstrate process [77]. In the superstrate process, a top sheet of
soda-lime glass is used as the base for the deposition of all layers shown in Figure 9.
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Figure 9. Basic CdTe Solar Cell Cross-section
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The first step in the superstrate process is the deposition of a transparent conducting oxide
(TCO), which serves as the front contact. Since the oxide completely covers the front surface, it
must be thick enough to maintain high conductivity, but thin enough to allow light to enter the
cell. The most successful TCOs are indium-tin oxide (In,O3:Sn or ITO) [Error! Reference
source not found.] and tin dioxide (SnO,) [10]. The leading manufacturer of CdTe PV
modules, First Solar uses a spray method [practical handbook] in which SnCl, is sprayed over
the glass surface and then during an annealing step forms a SnO, layer while evolving HCI gas.
Next, the CdS and CdTe layers are deposited. First Solar uses a vapor transport deposition
(VTD) process to deposit the CdTe layer in which a saturated vapor stream of Cd and Te is
carried to the substrate in a heated chamber and CdTe condenses on the substrate [11]. A
diagram of the VTD process is shown in Figure 10. After forming the CdTe layer, a critical
annealing step in chloride is performed; this allows the CdTe to recrystallize and promotes grain
growth and improvements in electronic properties [11, 24]. The last step in the CdTe solar cell
manufacturing process is to deposit a back contact, which is typically copper. Usually the CdTe
layer is etched in order to leave a Te-rich layer on the surface to prevent copper from diffusing
into the cell [10].

Figure 10. Diagram of the Vapor Transport Deposition Process
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Unlike the silicon module process in which individual cells are made then strung together and
encapsulated in a module, the CdTe process begins with a glass superstrate as large as the
module. Starting with large sheets of glass cuts out many process steps and significantly
reduces manufacturing costs [23]. Individual CdTe cells are still needed to achieve higher
voltage, so cuts are made at different steps in the process. The end result is a full module
made up of series-connected CdTe cells. To complete the module, a second sheet of glass is
laminated onto the superstrate to protect the cell layers from environmental degradation. The
same encapsulant, EVA, as used in the silicon process is used in the CdTe process. Figure 11
summarizes the basic steps in the CdTe module manufacturing process.
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Figure 11. Basic CdTe PV Module Manufacturing Process
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Although CdTe PV cells are not as efficient as silicon PV cells (commercial CdTe cells have
11% efficiencies [23]), the low-cost manufacturing process makes the CdTe technology a viable
commercial product. The lower up-front cost and shorter payback period is advantageous for
large grid-connected systems. The main disadvantage is that larger area is needed to generate
a comparable amount of energy to silicon PV technologies. Cadmium exposure is a safety
concern for production, use and disposal of modules. There have been many studies that show
negligible cadmium exposure to humans or the environment [10]. CdTe modules are extremely
stable due to the strong Cd-Te bond which limits chemical and thermal degradation [10]. Table
3 provides property information for the CdTe cell materials used in this report. References are
provided within the table for each value.

Table 3. Properties of CdTe PV Cell Materials

Property SnO, CdS CdTe Copper
Thickness 25 um [23] 100 nm [23] 5 um [23] 50 A
p (g/cm®) 6.95 [28] 4.82 [25] 5.85 [25] 8.89 [18]
CTE (K™ 3.2x10° [29] 4.9x10°° [26] 16.6x10° [18]
Cp (J/kgK) 353 [28] 330 [25] 206 [25] 390 [18]
k (W/mK) 3.2 [28] 200 [25] 58.5 [25] 398 [18]
E (MPa) 45,000 [29] 49,550 [27] 68,000 [27] 115,000 [18]
v 0.2 [29] 0.33 [27] 0.34 [27] 0.36 [18]
TYS (MPa) - - - 100 [18]

2.2. PV Modules

The basic process for producing a PV module is to encapsulate the PV cells between a front
and back sheet for structural support, and seal the edges with a silicone sealant inside a rigid
frame [10]. Figure 12 shows a basic cross-section of a PV module. The materials used for each
step can vary with the type of PV cell. The most common materials of construction are: low-iron
glass front cover sheet, Tedlar™ (poly vinyl fluoride, i.e. PVF) or glass back sheet, EVA
encapsulant, aluminum frame, and silicone sealant.
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Figure 12. Typical PV Module Cross-section
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For this thesis, one commercial module of the following solar cell types was analyzed: mono-Si,
poly-Si, and CdTe. The key characteristics of the selected modules are given in Table 4 [30-
32]. Each module is tested at Standard Test Conditions (STC), which constitutes measurement
of the maximum power point or rated power (Pmpp), voltage at maximum power point (Vmpp),
current at maximum power point (Impp), open circuit voltage (Voc), and short circuit current (Isc)
while exposed to 1000 W/m?, 25°C cell temperature and AM1.5 solar spectrum.

Table 4. Key Characteristics of Selected Commercial PV Modules

Property SunTech Evergreen Solar First Solar
Photovoltaic type Mono-Si Poly-Si CdTe
Module Name STP185S-24/Ab-1 ES-A-210 FS-277
Module L x W (in) 62.2 x 31.8 65 x 37.5 47.2 x 23.6
Module Thickness (in) 1.4 1.8 0.27
Weight (Ibs) 34.1 41 26.5
Number of Cells 72 114 116
Warranty 80% Power in 25 80% Power in 80% Power in
yrs 25 yrs 25 yrs
Pmpp (W) 185 210 77.5
. Vmpp (V) 35.6 18.3 69.9
Ré‘t'snT% Impp (A) 5.2 11.48 111
Voc (V) 44.6 22.8 90.5
Isc (A) 5.4 12.11 1.22

The manufacturer’s datasheets [30-32] do not provide some specific material and dimension
information needed to create an AutoCAD™ model. The SunTech brochure uses ambiguous
material descriptions such as “tempered glass” and also does not provide thickness information
for the frame, sealant, back sheet, EVA encapsulant, or cell materials. SunTech provides
thickness information about the front glass (3.2mm or 0.126 in). The Evergreen Solar brochure
describes the back sheet as a “polymer back skin” and also leaves out pertinent thickness
information. The First Solar brochure describes the encapsulation as a “laminate material with
an edge seal”, which is also quite vague. However, the First Solar brochure provides the
thickness of the front and back glass (3.2mm or 0.126 in).

Based on the limited information given in each brochure, a number of assumptions were made
for each module. The silicon modules are assumed to have a front cover made of low-iron
tempered solar glass, a back sheet made of Tedlar™ PVF, an EVA encapsulant, and a silicone
edge sealant. The thin-film CdTe module is assumed to have a front and back sheet made of
the same glass, a silicone edge sealant, and an EVA encapsulant. The thicknesses of these
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materials are based on standard thickness in industry, with the exception of the EVA
encapsulant. The EVA layers are determined from deducting the thickness of the other material
layers. Table 5 provides property information for the module materials used in this report.
References are provided within the table for each value. The density (p), coefficient of thermal
expansion (CTE), heat capacity (C,) and thermal conductivity (k) were used in thermal analyses.
The other properties were used in structural analyses, i.e. Young’s Modulus (E), Poisson’s ratio
(v), tensile and compressive yield and ultimate strengths.

Table 5. Properties of PV Module Materials

Low-Iron Silicone
Property Glass EVA PVF Sealant
Th"émess’ 0.126 ~0.02 0.002 [33] ~0.01
p (g/cm®) 2.53 [35] 1.2 [34] 1.71 [33] 1.4 [37]
CTE (K™ 8.3x10° [35] 6.7x10™ [34] 135x10° [34] 8.1x10° [38]
C, (J/kgK) 880 [35] 1465 [34] 1050 [33] 1260 [37]
k (W/mK) 0.937 [35] 0.159 [34] 0.40 [34] 0.22 [38]
E (MPa) 72,000 [35] 600 [34] 380 [36] 3[38]
v 0.23 [35] 0.49 [40] 0.38 [36] 0.48 [39]
TYS (MPa) 33 [35] 5 [37] 12 [34] 5.2 [37]

2.3. PV Module Mounting Systems

There are two main types of flat-roof PV mounting systems: attached and ballasted. Attached
PV mounting designs penetrate the roofing surface in order to provide additional support for the
array whereas ballasted systems do not penetrate the roofing surface; rather they employ
weights for additional support [41]. Attached PV mounting systems are more expensive than
ballasted systems, but they can withstand higher structural loads [41, 42]. For example, in an
area that typically experiences unusually high winds an attached PV mounting system may
prove to be more resistant to the high wind loads than a ballasted PV mounting system. Using
a ballasted PV mounting system can decrease the overall installation cost [41], but ballasted
systems cannot withstand high winds without increasing the dead load on the roof. During PV
system design, one must determine whether a ballasted system will withstand the structural
loads for the specific location.

For the computer simulations in this report, one ballasted and one attached PV mounting
system was analyzed by applying the typical mechanical loads for the Worcester area. The
ballasted mounting system analyzed in this thesis is similar to the PanelClaw Polar Bear™ flat
roof PV mounting system [43]. The Polar Bear™ system has very few parts, a very simple
design, and is adjustable to different tilt angles. General drawings were obtained online and
designs were generated in AutoCAD based on the limited dimensions given in the drawings. In
order to complete the simulation, simplified models were created. Figure 13 shows the Polar
Bear™ PV mounting system [43]. Two sheets of shaped aluminum are connected to form the
base support for mounting the PV modules. A rubber pad is bonded to the bottom of the
aluminum bases to prevent any damage to the roofing material. The modules are connected to
the base with clamps, which wrap around the module frames. A number of concrete blocks are
used to weight down the system. A wind deflector can be added to the high side of the modules
to deflect the majority of the wind force from causing module uplift.
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This type of mounting system works well with lower tilt angles due to the inter-module support
structures. Higher tilt angles require higher module spacing and longer structural supports.
Also, due to the clamp design, this type of mounting system works well for modules with thicker
frames. Modules with thin frames may require thinner clamps and frameless modules require
an inverse-clamping design (clamping around the edge rather than from the inside frame edge).
The low number of parts is desirable for ease of assembly.

Figure 13. Polar Bear™ Ballasted PV Mounting System
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The attached mounting system analyzed in this thesis is similar to the SolarWedge™ designed
by Professional Solar Products, Inc, shown in Figure 14 [44]. A base plate is drilled into the
roofing material and sealed the support base screws into the base plate. A sealant is then
applied over the two components to prevent moisture penetration into the roof. At the top of the
support, the level of the rails can be adjusted for the desired tilt. The modules are attached to
the railing system with clamps that lock into the rails and over the frame of the module. Although
detailed drawings were not available online, simplified drawings were created in AutoCAD to
simulate this type of system. This type of mounting system works well for all tilt angles due to
the ease of support height adjustment. Since the supports are drilled directly into the roofing
material, each module can be individually supported. The supports require higher clearance
than in the ballasted mounting system because an adequate amount of roofing sealant must be
applied to the base plate and the individual components are bulkier. Although this can increase
assembly time, it is advantageous in high-wind areas where ballasted systems would fail.

Figure 14. SolarWedge™ Attached PV Mounting System
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Since neither mounting system specifies how much clearance is provided from the rooftop, a
standard clearance was chosen for all simulations to reduce the number of variables (1 inch).
The Solar Wedge mounting system specifies the module clamping position 8 inches from each
edge of a 64-inch module [44]. This is 1/8" of the total length. This clamping position will be
used for all simulations to reduce the number of variables. Testing in [45] demonstrates that
placement of mounting supports is critical to the success of the system. In both systems, parts
are made out of aluminum and stainless steel. In the Polar Bear system, the wind deflector and
supports constructed with 5052-H32 aluminum whereas the clamp is constructed with 6061-T6
extruded aluminum. In the Solar Wedge system, the seal plate, base, posts, rails and clamps
are constructed with extruded aluminum. Although the specific grade of extruded aluminum is
not specified, 6061-T6 extruded aluminum will be used for consistency. In both mounting
systems, stainless steel is used for the nuts, bolts, and washers. Although the specific grade of
stainless steel is not specified, | chose a common 316-SS for both systems for consistency.
Table 6 compiles the important properties of these materials.

Table 6. Properties of PV Mounting System Materials

Property 5052-H32 Al 6061-T6 Al 316-SS
p (g/cm?) 2.67 [37] 2.70 [39] 7.99 [46]
k (W/mK) 138 [37] 160 [39] 16.2 [46]
Cp (J/kgK) 880 J/kgC [37] 900 [39] 500 [46]

CTE (CH 23x10° [37] 23x107° [39] 15.9x10° [47]

E (MPa) 70,300 [37] 69,000 [39] 193000 [46]
v 0.33 [37] 0.35 [39] 0.28 [47]
TYS (MPa) 193 [37] 275 [39] 290 [46]

2.4. PV Arrays

There are two main types of PV arrays: stand-alone and grid-tied. Hybrid systems will not be
discussed in this report, but further information on hybrid systems can be found in [10, 11, 48].
A stand-alone PV array has all the necessary components and energy storage to support the
required energy loads of the devices to which it is connected. The basic components of a
stand-alone PV array are: PV modules, battery storage, charge controller, and an inverter (when
connected to AC electrical loads).

A grid-tied array is a PV array designed to feed extra generated energy back into the grid. This
can be advantageous if the loads vary substantially throughout the year. For example, a hotel
may have copious surface area for a large array. One can design a PV system to fully power
the hotel at maximum occupancy. However during low occupancy times, the PV array will
generate excess energy. Rather wasting the excess energy, it is fed into the grid to supplement
grid power. Typical components for a grid tied system are: PV modules, charge controller, and
an inverter (when connected to AC electrical loads). Grid-tied PV arrays do not require
batteries, but can be used for back-up support. In case the electric grid goes down, a grid-tied
PV array with a back-up battery can supply power whereas a grid-tied PV array without a back-
up battery cannot [48]. Whether it is more advantageous to design a stand-alone or grid-tied PV
system depends on the location and the various loads connected to the system. A detailed
analysis of the George C. Gordon library electrical loads is given in the performance analysis
and used to estimate the amount of power the array will generate and the overall cost and
payback of the array, as the cost and sizing of each component affects the overall system cost
and space requirements.
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3. RESULTS AND DISCUSSION

The main goal of the structural and thermal analysis is to use ANSYS™ software to generate
computer simulations of various structural and thermal loads on proposed PV cell, module, and
mounting structures for the George C. Gordon library rooftop. The most important structural
loads are either static (wind, snow, ice) or impact (hail). Thermal analysis from environmental
temperature cycling is also analyzed. Differences between each type of cell, module and
mounting system will identify the best system type for the library rooftop.

In ANSYS™ software, the general process for creating a computer model involves a
preprocessing step, a load definition step, and a solution step. 2- or 3-dimensional geometry
must be created (in this case, the geometry was created in AutoCAD ™ software and imported
into ANSYS™ software). Then material properties must be added for each part in the
assembly. A mesh is then generated and the loads are added and simulated. It is useful to
refine the mesh after the first simulation to ensure that an optimum mesh size was chosen and
validate the results.

There are many buildings at WPI that are excellent candidates for a PV array installation. The
George C. Gordon library has many beneficial features for a PV array. The flat surface is
conducive to optimizing module tilt and orientation and a new roof was installed in 2009. The
drawings were available for precise measurements and there is a large amount of un-shaded
surface area available. Other buildings on campus such as Daniels Hall or Morgan Hall also
have large, flat, un-shaded surface areas but the age of the roof is unknown.

3.1. Structural Analysis

The typical lifetime of a PV system is between 20-30 years. Choosing the PV module and
mounting system is a critical decision in the design process. PV mounting systems and
modules are subjected to various environmental loads, such as wind, snow, ice, hail or
combinations thereof. If the load is high enough, it can lead to premature failure. Predicting the
structural response to typical environmental loads before installing a PV system is invaluable.

Adequate loading conditions must be verified based the location of the solar array. Differences
in snow accumulation, ice accumulation, earthquake intensity and wind speed affect the load on
the PV array and the roof structure. This is especially important when determining the proper
mounting structures, as failure in the mounting structure due to common system loads for the
area could cause great damage to the photovoltaic array or modules. The George C. Gordon
library at WPI is located at the top of a hill (from the parking lot on Boynton Street to the east,
rising upward to the west toward the main campus buildings). The roof is approximately 58 ft in
elevation (not including the cooling tower structure). The surrounding buildings are
approximately the same elevation as the library and there are a few trees to the North which are
slightly taller than the roof.

There are many standards used to estimate the proper wind, snow, and ice loads for a particular
building. Evergreen sites the International Residential Code, Figure 301.2e as the source for
their snow-loading tests [31]. However, the IRC does not apply for commercial buildings such
as the WPI library. Reviewing the available building standards, it is clear that the Uniform
Building Code uses the same calculation procedure as the International Building Code and the
International Building code cites the ASCE Standard for all calculations and maps [49-51].
Therefore, all calculations used in the determination of minimum design loads for the
photovoltaic array used the ASCE calculation method and the ASCE wind, snow and ice maps
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for the Worcester area. The ASCE standard was also cited in [52] as the most important
standard affecting PV array designs.

3.1.1. Wind Loads

The effects of wind loads on solar arrays have been extensively studied [53-58]. Depending on
the surrounding landscape and height of the solar array, wind forces can be dramatically
different. Wind tunnel tests in [57] showed that isolated modules experienced higher wind
loading effects than modules mounted in clusters and that modules in the first row facing the
wind significantly shielded the subsequent rows of modules from the majority of the wind force.
Therefore, the modules at the boundaries of the array are subjected to the highest wind loads,
which will be the focus of this study. Tests performed by [58] show that wind flowing parallel to
rows of modules resulted in insignificant loading conditions. Since the panels will be facing the
south tilted toward the sun, northern wind could cause significant uplift on the back row of
modules, whereas southern wind will impinge upon the face of the first row of panels.
Furthermore, aerodynamic wind testing in [57] showed that large module spacing in module
clusters can lead to significant channel flows between modules, which can result in higher wind
loads on internal module rows. In this study, mounting systems that minimize module spacing
were chosen so that channel effects are assumed to be insignificant.

Before PV modules are released for sale, manufacturers complete a series of qualification tests
on a small number of modules to ensure the product meets long-term performance
expectations. Qualification tests and standards have been developed by the American Society
for Testing and Materials (ASTM) and the Institute of Electrical and Electronics Engineers
(IEEE) which include a variety of thermal, mechanical, and electrical qualification tests [52]. To
simulate wind loading, a dynamic mechanical loading test is carried out, which requires a 30 psf
uniform load to be applied to the front and back surfaces of the PV module for 10,000 cycles at
a rate less than 20 cycles per minute [52]. One of the advantages of performing a test like this
is that it can quickly simulate environmental conditions to gain perspective on the reliability of
the mechanical design. A disadvantage of this test is that it cannot fully simulate real-world
conditions, since wind gusts can originate from any angle, not necessarily uniform across the
surface or normal to the front or back faces. Depending on the location of the array, the angle
and magnitude will change. These variations can be studied in finite element software
beforehand, allowing the manufacturer to improve the design before subjecting a PV module to
the qualification tests.

The National Climatic Data Center (NCDC) records wind speeds at different locations
throughout the United States. The closest NCDC recording station is at Worcester Regional
Airport. Although the Worcester Regional Airport is slightly higher in elevation than the George
C. Gordon library (about 500 ft higher), its proximity makes the data a good estimate of weather
conditions at WPI. Figure 15 shows values for the maximum 5-second wind speeds and the
average daily wind speed from 2000 through 2009 [59]. The overall average wind speed is 12
mph, with the highest wind recorded in December 19 of 2008 at 71 mph [59]. The figure also
shows that winds are typically highest in the winter and lowest in the summer.
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Figure 15. Ten-Year Daily Wind in Worcester, MA
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According to the ASCE Standard, the surroundings described previously qualify the George C.
Gordon library for surface roughness category B (Urban and suburban areas, wooded areas, or
other terrain with numerous closely spaced obstructions having the size of single-family
dwellings or larger) and exposure category B [51]. There are several procedures for calculating
the minimum design wind pressure for components on rooftops. A simplified procedure
(Method 1) may be used if the structure meets certain criteria. Due to possible topography
effects (such as wind-speed up over hills), this method is not accurate. Using the analytical
procedure in Method 2, the net design wind pressure is calculated from Equation 6-22 in [51]:

b= qh[(GCp) - (GCpi)]

where g, is the velocity pressure at the roof height in psf, GC, is the external pressure
coefficient, and GC,; is the internal pressure coefficient. g is calculated using Equation 6-15:

gy, = 0.00256K,K, K;V?I

where Ky is the wind directionality factor (0.85), K, is the velocity pressure exposure coefficient
(0.85), V is the basic wind speed, | is the importance factor and K is the topographic factor.
The basic wind speed is determined from the wind map. Worcester, Massachusetts falls into
the 100 mph wind zone (see Appendix X for the wind map). The importance factor accounts for
the degree of hazard to human life and property damage. The WPI library fits into category Il
hazard classification, therefore | = 1.15. The topographic factor is calculated by Equation 6-3:

K, = (14 K1K;K3)?

where Ky, K, and K3 are determined from Figure 6-4 (see Appendix). The library is built at the
crest of an escarpment which could allow the wind to speed up as it reaches the library. From
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the table, Ki/(H/Ly) = 0.75. H is the height of the escarpment and L, is the distance upwind of
the crest to half the height of the escarpment. According to a topographical map of Worcester
shown in Figure X, Boynton Street (which is at the base of the escarpment) has a 500 ft
elevation. According to building drawings (see Appendix), the base of the library is estimated at
a 525 ft elevation. Therefore, H is estimated at 25 ft. Measurements from a second
topographical mapping website show that the major slope begins approximately 90 ft from the
base of the library. Therefore, a reasonable estimate of L, is 45 ft if one assumes a linear slope.
This creates a K; value of 1.35. Since it is assumed that the library face is on the crest of the
escarpment, K, = 1. Finally, from the table, K3 = 0.04. Therefore, K, =1.11. Taking all these
variables into account, g, = 23.61 psf.

The external pressure coefficient, GC,, is determined by Figure 6-11B (see Appendix) for a roof
with an angle between 0 and 7 degrees. The interior roof area can be calculated by subtracting
20% of each length from the shortest dimension and eliminating the unusable cooling tower
area from the center. This yields an interior area of approximately 107 ft>. From the chart, GC,
= 0.9 (for pressure toward surfaces). The internal pressure coefficient, GCpi = 0.18 (for
pressure toward surfaces), given by Figure 6-5 (see Appendix) for enclosed buildings.
Combining all factors, p = 17 psf. The wind load is applied horizontally (parallel to the ground)
toward the front and back surfaces of the PV module to determine the downward push and uplift
of the module caused by high winds.

3.1.2. Snow Loads

Other important environmental factors such as snow or ice add significant static loads on the
module surfaces. Accelerated testing in [45] using the IEC 61215 Static Load Test shows that
placement of the module supports is a critical factor influencing whether or not the module can
stand up to a static load of ice or snow. Accelerated testing for module qualification is not
adequate to predict lifetime for all situations. In some cases, the static load alone is not enough
to damage a module, but when combined with wind loads it can cause failure. An NREL report
[60] studied module deflection and stress from the combined wind and snow loads using
ANSYS™ software. Static loads can also adversely affect power generation in a module. If the
load is completely or partially covering the module surface, the module will not function or parts
of the module will heat up (potentially causing internal damage) [60]. Several systems have
been developed to melt snow and ice to prevent this from happening such as [61]. However, all
systems are required to pass basic snow and ice loads based on the location of the PV array
[51, 52]. Qualification tests developed by ASTM and IEEE require a static mechanical load test
to simulate static loads from ice and snow. In this test, a 50 psf static load is applied uniformly
across the front and back surfaces of the PV module for 30 minutes [52].

Flat roof structures typically have a higher snow load than slanted roofed structures. As the
angle increases, the snow will tend to slide off the surface. Although there is not a defined
calculation procedure for determining the snow load on the photovoltaic module surface
mounted on a flat roof, there are procedures for calculating the snow load on sloped and un-
sloped roof structures. If the PV modules are mounted parallel to the roof surface, one can
expect the snow load to be similar to the calculated design snow load value of a flat roof. If the
PV modules are slightly tilted, one can expect to snow load to be lower than the calculated
design snow load. For a worst-case scenario, all calculations will assume the non-tilted case,
as this is the maximum load PV modules would experience on a flat roof structure in Worcester,
MA. In the ASCE standard, the prescribed method to calculate the minimum design snow load
for a flat roof is Equation 7-1 on page 77 [51].
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pr = 0.7C.Cilpy

where C. is the exposure factor, C, is the thermal factor, | is the importance factor for snow
loads (1.1), and py is the ground snow load. pq is determined from the ground snow load map,
in which Worcester falls into the 50 psf zone (Appendix X). The Importance factor for snow
loads is 1.1 for category lll buildings. The thermal factor, (C,) is 1.0, as the roof temperature is
not regulated. The exposure factor is partially exposed, as the cooling tower and trees to the
north could provide some obstruction to snow, therefore C, = 1.0. Combining all the values
yields a ps = 38.5 psf. This load can be applied as a downward force and evenly distributed
across the module surface, or to account for a module tilt the load can be unevenly distributed
across the module surface, with the majority of the load at the lowest portion of the tilted surface
(as this will be where snow could possibly collect as it slides off the edge of the module).

3.1.3. Ice Loads

Ice can form on the PV array from freezing rain, snow, and in-cloud icing [51]. Since the
George C. Gordon library at WPI is located in one of the highest ice-thickness zones in the U.S.,
it is important to consider the weight/force of the ice. According to the ASCE standard, the
design ice thickness is calculated using Equation 10-5 on page 208 of [51]:

tg = 2.0tLf, (K, )%

Where t is the nominal ice thickness at a nominal height of 33 ft from the map in Appendix X, |;
is the importance factor for ice loads, f, is a factor that accounts for differences in height above
ground level, and K is the topographic factor (accounting for structures on hills such as the
library) which was calculated for wind loads. In the wind load calculation, K, = 1.11. The height
difference (z) is equal to the height of the building from the base to the roof top, which is
approximately 60 ft. For differences between 0 and 900 ft, f, is calculated from Equation 10-4:

7 1 0.10

£=(3)

Substituting z = 60 ft, f, = 1.06. Lastly, the importance factor for category Il structures for ice
loads is 1.25. This yields a design ice thickness of ty = 3.44 inches. The total load can be
calculated from the ice thickness and the density of the ice (0.9 g/cm®or 56.2 Ib/ft® [62]) which is
16.1 psf. This value may be applied as a downward force across the module surface, or to
account for a module tilt the load can be unevenly distributed across the module surface, with
the majority of the load at the lowest portion of the tilted surface.

3.1.4. Hail Loads

Although rare in New England compared to the mid-west, hailstones can damage the module
surface. Depending on size, hailstones can cause small pits in the PV module’s cover glass or
completely fracture the module, rendering it useless. Accumulation of small pits on the cover
glass will deflect sunlight from the solar cells, decreasing the performance of the module.
Qualification tests developed by ASTM and IEEE requires ten one-inch diameter ice spheres to
be projected at 52 mph onto the face of a PV module at sensitive impact sites such as the
glass-frame interface, PV module corners, or areas over PV cell bus bars [63]. The advantage
of this test is that it can accurately simulate hail damage on the fragile module areas. A
disadvantage of this test is that in some areas across the country, hailstones can be much
larger than one inch in diameter and the velocity can increase greatly if driven by wind.
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Figure 16 shows the frequency of major hailstorms in Worcester county from 1956 to 2009 [59].
As you can see, the frequency of hailstorms appears to be increasing over time. The average
size of hailstones in Worcester County is approximately 1 inch in diameter (2.5 cm). The largest
hailstones in Worcester County recorded in 1957, 1960, and 2009 were approximately 2 inches
in diameter (5 cm) [59].

Figure 16. Frequency of Major Hailstorms in Worcester County
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The force (or impact energy) of a hailstone impact is estimated by the terminal velocity and
diameter of the hailstone. The terminal velocity of 1 and 2-inch diameter hailstones was
calculated by [62] as 50 and 70 mph respectively. The terminal velocity and mass of the
hailstone is estimated by the kinetic energy in which

1
KE = EMV2

where V is the velocity of the hailstone and M is the mass of the hailstone defined by
= p(gmr)
=p 3 nr

The density of hail is highly variable (0.5 g/cm®to 0.9 g/cm®) and depends on weather
conditions such as the temperature and updraft forces [62]. For a 1-inch and 2-inch diameter
hailstone with a density of 0.9 g/cm?, the mass is 0.136 and 1.09 Ib and is impact energy is 77
and 1165 ft-Ib respectively. To calculate the force of a hailstone impacting the panels without
wind, the mass of the hailstone (is multiplied by the acceleration of gravity (32.17 ft/s®) using
Newton’s Second Law of Motion:

F =Ma

The force of a 1-inch and 2-inch hailstone impacting the PV module surface with these
conditions is 4.375 and 35.05 Ibf respectively. A more accurate estimate of the impact energy
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of a hailstone accounts for the effect of wind on the velocity of the hailstone. Figure 17 shows
the effect of 40 mph wind on 2-inch diameter hail [62]. The resultant velocity from a wind-blown
hailstone is represented by the hypotenuse of the representative triangle. The wind speed also
influences the angle of impact of the hailstone.

Figure 17. Effect of Wind on Hailstones
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For a 1-inch or 2-inch hailstone to hit a module tilted at 42.3° the wind speed at an angle normal
to the surface, the wind speed is 46 and 64 mph and the resultant velocity is 68 and 95 mph,
respectively. This would result in an impact energy of 145 and 2250 ft-lb for 1 and 2 inch
diameter hailstones. Similarly, the force of a 1-inch and 2-inch hailstone impacting the PV
module surface with these conditions can be calculated by replacing the standard acceleration
due to gravity with the resultant acceleration which is acceleration of gravity plus the
acceleration due to wind. The combined terms can be calculated using the same mathematics
as the resultant velocity. Therefore, a 1-inch and 2-inch hailstone driven by wind and impacting
the PV module surface at an angle normal to the face of the module has a resultant acceleration
of 43.49 ft/s®, which results in a force of 5.91 and 47.40 Ibf, respectively.

3.1.5. Dead Loads

Another consideration in the design and analysis of a PV array is the dead load of the
components on the rooftop. The dead load is the total weight of all components in the PV array
such as the modules and the mounting system and is assumed to be uniformly distributed over
the area covered by the array [64]. The dead load of a PV array on the roof should be no more
than 5 psf [64]. For each design, it is extremely important to ensure that the dead load remains
below this value to avoid structural problems.

To determine the dead load of each proposed system, the weight of the module from the
manufacturer’s brochure is used and the weight of each part in the assembly calculated from
ANSYS™ software. The total weight is then divided by the total area (in ft?), which is calculated
from the AutoCAD™ drawing.

3.1.6. ANSYS™ Static Structural Analysis

ANSYS software uses the finite element method to estimate structural response to various
loading conditions. The finite element method is a numerical technique used to solve patrtial
differential equations and the basic steps involve three key phases: the preprocessing phase,
the solution phase, and the post-processing phase [65]. Figure 18 shows the basic procedure.

32



Figure 18. Key Phases of Finite Element Analysis
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During the preprocessing phase, the physical model is created. For my simulations in
ANSYS™ software, | created 3D physical models in AutoCAD™ 2010 mechanical desktop,
exported the drawings as *.sat files, and imported these files into the ANSYS™ drawing space.
Material properties were entered and applied to each part and each connection was defined. To
define a connection, individual faces of each part are chosen and the type of connection is
defined. For initial models, all connections were assumed to be bonded, which simulates no
friction and no sliding. This allowed me to test the model for errors before further complicating
the simulations. The mesh generated is a free form mesh using 4-node tetrahedral elements
with fine element sizes and angles. An example of the standard fine mesh generated for
attached and ballasted systems is shown in Figure 19.

Figure 19. Fine Mesh for Ballasted System
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In the pre-processing phase, the boundary conditions, initial conditions and structural loads are
also defined. For each model, standard earth gravity (32.17 ft/s?), a fixed support (the 4 bottom
faces of the supports) and bolt pretension (50 Ibf for SS bolts and 20 Ibf for aluminum bolts) was
applied. Then, each environmental structural load was applied individually (or in different
combinations) by suppressing all environmental loads except that which is being studied.

Figure 20 illustrates the magnitude and direction of the structural loads on a ballasted system as
an example. Not shown in the figure is the force from 2-in hail (35 Ibf). These loads were
unsuppressed for visual representation only; they were not all applied in combination.
Combinations of loads are discussed in later sections. The hail forces were applied from the
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vertex of a point in the center of the PV module. Wind, snow and ice loads were applied across
the PV module face and the front face of the aluminum frame.

Figure 20. Various Loads Applied to the Models
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In the solution phase of a static structural simulation in ANSYS™ software, the stress, strain
and deformation is calculated for each element. The average stress in an element is given by
[65-67]

where F is the applied force and A is the cross sectional area. The average strain of an element

is defined by

N
€57

where A/is the change in length and /is the original length. Stress and strain are related by
Hooke’s law:

o=Ee

where E is the modulus of elasticity of the material. Combining the previous three equations
yields an equation for F, in which AE// can be equated to the stiffness of the element, k.

AE
F = (T) Al = kAl

For each element, A is the result of the cross sectional area at the nodes bounding the element.
Accounting for the stress, strain and displacement at each node results in a matrix equation
which reduces to

[K]{u} = {F}
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where [K] is the stiffness matrix, {u} is the displacement matrix, and {F} is the load matrix.
Applying the proper boundary and initial conditions will enable the calculation of the solution at
each node. In structural models that have close to 250,000 elements one can see that
ANSYS™ software is a powerful computational tool to solve thousands of algebraic equations
simultaneously.

In the post-processing phase, the results of the simulation are analyzed. In this project, the
reliability of the PV module cover glass and mounting system components are of most interest.

It is imperative to verify whether or not the PV module cover glass will withstand the various
pressures and forces applied as well as the resultant forces on the mounting system
components. Areas of high stress, strain and deformation need to be identified and if possible,
the design of those areas needs to be modified in order to reduce the stress, strain and
deformation. Another step in the post-processing phase is to determine whether or not the
results are truly valid. In this project, the mesh was modified several times in order to arrive at a
stable solution so that there is greater confidence in the results.

3.1.7. Ballasted Mounting System Designs

The ballasted system | chose to model consisted of two supports at each clamping location. It
also included a wind deflector that attached to the back supports. | chose to combine the two
supports into one part at each clamping location. Since they are joined in four places (one bolt
at each end and two bolts on the deflector) | assumed they would function approximately like
one piece. Ballasted systems were modeled without the wind deflector or wind deflector bolts
because including this part pushed the model over the maximum allowable element limit
(250,000 elements), which results in an internal magnitude error when attempting to solve. It is
a reasonable approximation to assume that the resultant stress, strain and deflection of the wind
deflector from wind, snow and ice pressures will be less than that of the PV module because the
wind deflector is at approximately the same angle (45° versus 42.3° for the PV module) and
aluminum is a stronger material than the PV module front cover glass.

The clamp design was modeled as closely to the actual commercial design as possible except
for the First Solar ballasted system. The First Solar PV module is frameless, so it is not possible
to clamp the PV module down from the inner back edge of the frame. Instead, | rotated the
clamp so that it holds the First Solar PV module from the outside edge, keeping the same
thickness and length where possible. The main change in the ballasted mounting system for
each panel is in the supports. Since each PV module is a different width, the height of the back
support is different for each model. This is one of the drawbacks of this particular mounting
system. ldeally, one should design mounting systems to work for all PV modules so that the
parts do not have to be re-designed for each customer. In my experience, part redesign is a
major cost contributor and reduces the profit margin of the sale.

3.1.7.1. Baseline with standard earth gravity

All models were tested in ANSYS software by applying standard earth gravity first. This
revealed areas that have higher areas of stress, strain, and deflection before refining the mesh.
| iteratively refined the mesh 10 times using different techniques until the change in stress,
strain and deflection was less than 5%. | found from the baseline standard earth gravity that the
maximum deflection is in the center of the module and the maximum stress is on the clamps.
As an example, Figure X shows the refined meshing of the SunTech ballasted mounting
system. This can be compared to the unrefined mesh shown in Figure 19. To refine the mesh, |
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used “sphere of influence” mesh sizing at the center of the module and around each clamp.

The sphere of influence mesh sizing refined the mesh of all parts within the defined sphere. For
the module sizing, the element sizing was 1 inch in a 10-in radius sphere. For the clamp sizing,
the element sizing was 0.6 inch in a 5-in radius sphere (not including the bolts). Frame and
silicone sizing was set to 0.5 inch and module sizing was set to 1.25 inches. Edge sizing was
also used on the front vertical edges of the back support (0.5 inch). Utilizing symmetry at the
center of the PV module allowed further refinement. It was not possible to refine the mesh
further without switching to an iterative solver or going over the 250,000 element limit.

Figure 21. Refined Mesh in SunTech Ballasted Simulation
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A fixed support was used for this system, which is an approximation. In ballasted systems, the
parts are not attached to the roof; rather they are weighed down with concrete slabs. The best
support to define would have been frictionless support, which allows movement in the x and y
directions and is fixed in z. However, the weight distribution in the drawing is not sufficient to
simulate this type of support. Realistically, each support will be weighed down at either end with
another module and concrete blocks. Without these parts, the system behaves as if it is
unrestrained at each end, making the result completely unrealistic. Figure 22 shows what
happens to the deflection when the supports are defined as frictionless. The next-best option is
to assume that the system is weighed down enough to prevent this movement in order to
analyze the areas of maximum stress, strain and deflection in the static part. This system could
be improved by supporting each module individually rather than interconnecting the rows of
modules.
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Figure 22. Unreasonable Deflection Using Frictionless Supports

AL SHES)

Noncommercial use only

50,00 {in)

12.50 37.50

Table 7 provides statistics for each model generated with the ballasted mounting system. The
figures from the standard earth gravity baseline can be found in the Appendix. The First Solar
module is the smallest module and also has the smallest spacing, so the overall model was
smaller which resulted in a lower stress, strain and deflection. In all three systems, the
maximum stress is in the clamps, the maximum strain is in the silicone, and the maximum
deflection is in the module cover glass. Will the materials fail?

Table 7. Statistics for Baselines in Ballasted Systems

Module Max Max Strain Max
Tvoe Design Elements Nodes Deformation (infin) Stress
yp (in) (psi)
SunTech | Standard 58,175 105,285 0.028 0.0061 1350
E"g;@{;?e" Standard 59,787 104,958 0.028 0.0056 1200
First Solar | Standard 58,876 103,916 0.024 0.00012 1200

The maximum stress shown in Table X is the ANSYS™ software output of the von Mises stress.
The von Mises yield criterion states that a material begins to yield when the von Mises stress
reaches the yield stress [65]. The maximum stress in the baseline systems is in the aluminum
clamp, which has a yield stress of 275 MPa (39,885 psi). The values in the table are much
lower than the aluminum yield stress and therefore will not yield in the baseline conditions.
However, the von Mises stress map for each part must be analyzed carefully, as other materials
such as glass begin to yield at much lower values. The tempered solar glass used in this study
has a yield stress of 33 MPa (4,786 psi). Although the Siand CdTe were not modeled in these
simulations, the yield strength of silicon [20] is much higher than glass, so the main failure
mechanism is in glass breakage.

3.1.7.2. Wind Loads
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For all ballasted systems, the wind load was applied uniformly across the front face of the PV
module glass and frame, toward the PV module in a horizontal direction. The deformation
increased in all cases by an order of magnitude and in all cases the maximum deformation was
in the center of the PV module. The deformation in the First Solar PV module is less than the
SunTech and Evergreen Solar PV modules, which could be due to the thicker glass which was
modeled. First Solar uses a front and back glass whereas SunTech and Evergreen only use
glass for the front surface and use a very thin PVF back sheet. The strain also increased by an
order of magnitude for the SunTech and Evergreen Solar PV modules, but only increased
slightly for the First Solar PV module. In all cases, the maximum strain is in the silicone sealant.
The First Solar PV module is frameless, so the silicone sealant is not constrained by a frame, as
in the other two systems. The only place where the silicone is constrained is at the clamping
locations, which is where the maximum strain is in the First Solar PV module.

Table 8. Wind Loads on Ballasted Systems

Maximum Maximum Strain Maximum Stress
Module Type Deformation (in) (infin) (psi)
SunTech 0.18 0.031 7800
Evergreen Solar 0.18 0.041 5800
First Solar 0.13 0.00079 6000

The stress increased for all systems and in each system, the maximum stress is at the edge of
the aluminum clamp. It is interesting to note that the stress is also higher on the First Solar PV
module glass surface directly underneath the clamping location, but this is not the case for the
SunTech and Evergreen PV modules. Figure 23 shows the stress in the clamp of the SunTech
module.

Figure 23. Maximum Stress in Aluminum Clamp, SunTech Ballasted System
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3.1.7.3. Snow Loads

For all ballasted systems, the snow load was applied uniformly across the front face of the PV
module glass and frame, in a downward direction. The deformation increased in all cases and
is higher than in the wind loading simulations. In all cases the maximum deformation was in the
center of the PV module. Again, the deformation in the First Solar PV module is less than the
SunTech and Evergreen Solar PV modules. The strain also increased and is higher than the
wind loading simulations for all PV modules. In all cases, the maximum strain is in the silicone
sealant. Again, the strain in the silicone sealant in the First Solar PV module is not as high as
the other PV modules, which is likely due to the fact that it is not constrained by a frame. In the
First Solar PV module, the silicone sealant’s maximum strain is in the clamped areas. In all
cases, the stress is significantly higher (by an order of magnitude). The highest stress is in the
aluminum clamps for all PV modules.

Table 9. Snow Loads on Ballasted Systems

Module Type Maximum _ Maximum Strain Maximum_ Stress
Deformation (in) (infin) (psi)
SunTech 0.40 0.077 15,700
Evergreen Solar 0.40 0.095 12,000
First Solar 0.28 0.0017 14,000
3.1.7.4. Ice Loads

For all ballasted systems, the ice load was applied uniformly across the front face of the PV
module glass and frame, in a downward direction. The deformation increased in all cases and
as expected, is lower than in the snow loading simulations. Again, the deformation in the First
Solar PV module is less than the SunTech and Evergreen Solar PV modules. In all cases, the
maximum strain is in the silicone sealant. Again, the strain in the silicone sealant in the First
Solar PV module is not as high as the other PV modules, which is likely due to the fact that it is
not constrained by a frame. In the First Solar PV module, the silicone sealant’s maximum strain
is in the clamped areas. The stress is higher, but significantly lower than the snow load. In all
cases, the maximum stress is in the aluminum clamps.

Table 10. Ice Loads on Ballasted Systems

Maximum Maximum Strain Maximum Stress
Module Type Deformation (in) (infin) (i)
SunTech 0.19 0.036 7400
Evergreen Solar 0.18 0.043 5600
First Solar 0.13 0.00076 6600
3.1.7.5. Hail Impact

For all ballasted systems, four different loading conditions were studied for hail impact
simulations. 1-inch and 2-inch hail impact at the center of each module, with and without wind.
Without wind, the hail will fall straight down. With wind, the hail is assumed to fall at an angle
normal to the surface. For 1-inch and 2-inch hail to fall normal to the PV module surface, it will
be driven by wind at different speeds (46 and 64 mph, respectively).
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In all cases, the maximum deformation occurs in the center of the PV module, at the point of hall
impact. For 1-inch hail falling without wind, there is not a very significant increase in the
deformation of the glass. For 2-inch hail the deformation is much greater. For 1-inch and 2-inch
hail which is wind-driven, the deformation is slightly higher than the same size hail without wind.
It appears that an increase in hail size results in an exponential increase in the deformation.
Maximum strain occurs in the silicone sealant for most cases. In some cases, the maximum
strain is in the aluminum clamp.

Table 11. Hail Impact on Ballasted Systems

Maximum Maximum | Maximum | Stress at
Module Type Hail Conditions Deformation Strain Stress Impact

(in) (infin) (psi) (psi)

SunTech 1-inch, center, no wind 0.047 0.0080 1700 390

SunTech 2-inch, center, no wind 0.16 0.036 4200 2300

SunTech 1-inch, center, wind- 0.06 0.011 2000 618
driven

SunTech 2-inch, g‘?”ter' wind- 0.27 0.062 6700 4100
riven

E"gﬂ;?e” 1-inch, center, no wind 0.045 0.0097 1400 450

E"groglgfe” 2-inch, center, no wind 0.16 0.039 2800 2700

Evergreen 1-inch, center, wind-

Solar driven 0.059 0.013 1500 710
Evergreen 2-inch, center, wind-

Solar driven 0.28 0.066 4800 4800
First Solar 1-inch, center, no wind 0.036 0.00017 1700 380
First Solar 2-inch, center, no wind 0.13 0.00055 5500 1800
First Solar 1"”"“’59.”‘9“ wind- 0.048 0.00021 2100 470

riven
First Solar | 27inch, center, wind- 0.22 0.00089 8900 3900
driven

The stress is also relatively low. In some cases, the maximum stress is in the clamps and the
impact of the hail causes a slight increase in the stress in the clamps. In other cases such as 2-
inch wind-driven hail, the maximum stress occurs at the point of impact. In these situations, it is
reasonable to assume this will cause damage to the PV module cover glass. For example, a
wind-driven 2-inch diameter hailstone resulted in a von Mises stress of 4800 psi, which is
slightly higher than the glass’ yield stress. Figure X shows an example of high stress in the PV
module from hail impact.

40




Figure 24. Stress from 2-inch Wind-driven Hail in the Evergreen Solar Ballasted System
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3.1.7.6. Dead Loads

The dead load of each ballasted system was calculated from the weight of each component in
the physical model and the surface area taken up by the parts. Since each module shares 2
concrete blocks on each side and half of each support, only 4 concrete blocks, 1front support,
and 1 back support are used. The end of each support connects with another PV module as
well, so only half of the length is used in the calculation, which is also represented in the
physical model. Realistically, the front and back supports are the front and back end of the
same part. In some of the simulations the parts were modified with either a different design or a
different material. The weight of each PV module was provided by the commercial brochures.
All parts and modifications used in the dead load calculations are listed in Table 12.

Table 12. Weight of Parts Used in Ballasted Systems

Part Material Weight (Ib)
Front support, SunTech AL 5052-H32 28.72
Back support, SunTech AL 5052-H32 40.07
Front support, Evergreen AL 5052-H32 32.63
Back support, Evergreen AL 5052-H32 47.67
Front support, First Solar AL 5052-H32 17.44
Back support, First Solar AL 5052-H32 24.90
Block Concrete 77.83
Bolt 316-SS 0.10
Clamp, SunTech and Evergreen AL 6061-T6 0.19
Clamp, First Solar AL 6061-T6 0.15
Module (SunTech) Various 34.10
Module (Evergreen) Various 41.00
Module (First Solar) Various 26.50
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The surface area of each ballasted system depends on the type of PV module, as the
dimensions of each module type are different, affecting the spacing and number of modules per
row. The surface area and the dead load for each ballasted system design are listed in Table
13. The main contributor to the large dead load for the First Solar ballasted mounting system is
the compact spacing. Since the rows are so tightly packed and the module is not as wide, the
weight from one module is distributed over a much smaller surface area. The concrete blocks
are a significant adder to the weight of the system. For the SunTech and Evergreen Solar
ballasted system, it is possible to make small design changes to lighten the mounting system
and therefore lighten the dead load by 1 psf to meet industry requirements, but it is not feasible
for the First Solar ballasted mounting system.

Table 13. Dead Load for Ballasted Systems

Surface Area per
Module Type module (ft?) Dead load (psf)
SunTech 67.6 6.14
Evergreen Solar 71.1 6.10
First Solar 29.2 13.05
3.1.7.7. Observations and Desigh Recommendations

Based on the simulations described in the previous sections, the following conclusions were
made about the ballasted mounting system designs:

This type of ballasted mounting system is difficult to model in ANSYS™ software due to the
supports which interconnect module rows. Redesigning the supports so that each row is
separate would create more accurate models in ANSYS™ software. Separating each row
would also decrease the amount of material used for supports (lowering the dead load) and it
would allow designers more flexibility in array placement, as each row of modules would not
have to be aligned with the next. In all cases, the dead load for ballasted systems is over the
recommended maximum dead load of 5 psf. Installing this ballasted mounting system could
lead to structural problems with the building.

The type of clamping system used for the First Solar module created highly-stressed areas in
the tempered solar glass. Combined with simple loading conditions such as snow and hail, the
glass will likely begin to yield in those areas. Combinations of loads (such as snow loading with
wind) would further increase the stress. Connecting clamps directly to the PV module glass is
not recommended but is unavoidable for frameless PV modules. A possible design
improvement for this type of clamping method is to redesign the clamp to distribute the clamping
stress along the edge of the PV module or add a thick rubber cushion between the clamp and
the glass that would prevent movement of the glass but allow for release of the stress.

The SunTech and Evergreen ballasted mounting systems are expected to withstand each
environmental load when applied individually. The stresses (from highest to lowest) are snow,
wind, ice, and then hail. When wind and snow loading is combined,

It is also interesting to note that in all cases, the silicone sealant had the maximum strain value.
The maximum strain always occurred at a corner, at the clamping area, or at half the module
length. Figures in the Appendix have probes indicating the point where the maximum strain
value occurs on the silicone sealant. Although the strain values are not very high, continuous
strain cycling over 25-30 years due to environmental loads could have an effect on the sealant’s
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success or failure. In a research paper by Karpati, strain cycling during weathering of silicone
sealants proved to be the predominant failure mechanism [68]. Karpati also showed that
failures usually started at a corner of the silicone sealant. The maximum strain in the silicone
sealant in the ANSYS™ software simulations only occurred at the corner during wind loading,
which is the most variable environmental load.

3.1.8. Attached Mounting System Designs

The attached mounting system | chose to model consisted of a base plate, base stand,
extended posts, tilts, levels, rails and clamps. The base stands were screwed into the base
plates, the posts screwed into the stands and the level and tilts were attached to the posts. |
chose to model the base plate, stand, and posts as one part since they are tightly fastened and
large in diameter. | assumed they would function as one piece. The tilt directs the rail in the
proper angle and the level allows the installer to tighten the rail in place with a fastener. The
fastener was modeled as part of the base so that | could apply bolt pretention. The clamps
used in this system held the PV modules from the outside edge of the frame; no modification
was needed to use this clamp for different PV modules. The only change in the parts for
different systems is the height of the base supports. Since the parts are actually threaded and
adjustable, these parts could work for any latitude without having to redesign for each customer.
One disadvantage of this system is that based on the length of the base stands, it will likely hold
the PV modules higher above the rooftop than the ballasted system. This will create longer
shadows and larger spacing would be needed.

3.1.8.1. Baseline with standard earth gravity

All models were tested in ANSYS™ software by applying standard earth gravity first. This
revealed areas that have higher stress, strain, and deflection before refining the mesh. | refined
the mesh approximately 10 times using different techniques until the change in stress, strain
and deflection was less than 5%. To refine the mesh, | used body sizing on the frame and on
each clamp. The baseline with standard earth gravity showed that the maximum deflection is in
the center of the module, the maximum strain is on the silicone and the maximum stress is on
the module frame. As an example, Figure 25 shows the refined meshing of the SunTech
attached mounting system. Mesh sizing was used on the clamps, frame, silicone, bases, and
modules. Utilizing symmetry at the center of the PV module allowed me further mesh
refinement. It was not possible to refine the mesh further without switching to an iterative solver
or going over the 250,000 element limit.
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Figure 25. Refined Mesh in the SunTech Attached Simulation

NANSYS

Noncommercial use only

0.000 10.000 20,000 (in)
| T ]

5.000 15,000

Table 14 provides statistics for each model generated with the ballasted mounting system. The
figures from the standard earth gravity baseline can be found in the Appendix. The First Solar
module is the smallest module and also has the smallest spacing, so the overall model was
smaller and has lower stress, strain and deflection. The maximum deflection occurred in the
center of the glass, the maximum strain is in the silicone sealant, and the maximum stress
occurred in the lower base. Overall, the stress is much smaller for all 3 attached systems than
the ballasted systems.

Table 14. Statistics for Baselines in Attached Systems

Max . Max
M_I(_)fpuele Elements Nodes Deflection Ma(?nﬁtnr;mn Stress
(in) (psi)
SunTech 51,000 104,610 0.017 0.0054 540
E"gﬁ;‘ie” 54,609 111,562 0.021 0.0078 690
First Solar 33,211 70,708 0.00078 0.000038 220
3.1.8.2. Wind Loads

For all attached systems, the wind loading was studied on the front and back surfaces of the PV
module. Since this system does not come with the option of a wind deflector, it is important to
know what the effect of wind loading is on the back face. As you can see from the figures in
Table 15, the stress is slightly higher for the back wind loading but the deformation of the glass
and the strain of the silicone is slightly lower. In all cases, the maximum stress is in the front
base, but it is not high enough to cause yielding of the aluminum. An example of the stress in
the front base is shown in Figure 26. Compared to the wind loads of the ballasted systems, all
of the attached systems have lower stress and deformation.
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Table 15. Wind Loads on Attached Systems

Module Type Direcj[ion of Maximum _ Maximum Strain Maximum. Stress

Wind Deformation (in) (infin) (psi)

SunTech Front 0.11 0.031 3900
SunTech Back 0.076 0.021 4100
Evergreen Solar Front 0.15 0.059 8300
Evergreen Solar Back 0.10 0.044 9200
First Solar Front 0.0048 0.00027 2700
First Solar Back 0.0036 0.00030 3000

Figure 26. Wind Loading On the Front PV Module Surface
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3.1.8.3. Snow Loads

For all attached systems, the snow load was applied uniformly across the front face of the PV
module glass and frame, in a downward direction. The deformation increased in all cases and
is higher than in the wind loading simulations. In all cases the maximum deformation was in the
center of the PV module. Again, the deformation in the First Solar PV module is less than the
SunTech and Evergreen Solar PV modules. The strain also increased and is higher than the
wind loading simulations for all PV modules. In all cases, the maximum strain is in the silicone
sealant. Again, the strain in the silicone sealant in the First Solar PV module is not as high as
the other PV modules, which is likely due to the fact that it is not constrained by a frame. For
SunTech and Evergreen Solar, the highest stress is in the frame of the PV modules attached
mounting systems. For the First Solar attached mounting system, the maximum stress is in the
lower base. It is interesting to note that the stress from snow loads in all cases are much lower
(an order of magnitude) than for the ballasted systems. The deformation is also about half as
high as for the ballasted systems. The snow loading alone is not enough to cause damage or
failure of the PV modules or attached mounting systems.
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Table 16. Snow Loads on Attached Systems

Module Type Maximum' Deflection Maxim_um Strain Maximum_ Stress
(in) (infin) (psi)
SunTech 0.25 0.078 5900
Evergreen Solar 0.32 0.14 4100
First Solar 0.0065 0.00025 1700

Figure 27. Highest Stress Observed in SunTech PV Module Frame with Snow Loading
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3.1.8.4. Ice Loads

For all attached systems, the snow load was applied uniformly across the front face of the PV
module glass and frame, in a downward direction. As expected, the ice loads are less than the

snow loads and should not affect the PV module or mounting system. The maximum
deformation is in the PV module glass, the maximum strain is in the silicone sealant, and the
maximum stress is in the lower base.

Table 17. Ice Loads on Attached Systems

Module Type Maximum‘ Deflection Maxim_um Strain Maximum_ Stress
(in) (infin) (psi)
SunTech 0.11 0.036 2800
Evergreen Solar 0.15 0.062 2100
First Solar 0.0032 0.00012 820
3.1.8.5. Hail Impact

For all attached systems, four different loading conditions were studied for hail impact
simulations. 1-inch and 2-inch hail impact at the center of each module, with and without wind.
Without wind, the hail will fall straight down. With wind, the hail is assumed to fall at an angle
normal to the surface. For 1-inch and 2-inch hail to fall normal to the PV module surface, it will
be driven by wind at different speeds (46 and 64 mph, respectively).
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Table 18. Hail Impact on Attached Systems
Module Maximum Maximum Maximum Maximum
Tvoe Hail Conditions Deformation Strain (infin) Stress Glass
yp (in) (psi) Stress (psi)
SunTech 1-inch 0.031 0.0074 680 437
SunTech 2-inch 0.12 0.036 2800 2800
SunTech | 1-inch Wind-driven 0.042 0.011 790 720
SunTech | 2-inch Wind-driven 0.21 0.064 5100 5100

Evergreen .

Solar 1-inch 0.037 0.014 730 460
Evergreen .

Solar 2-inch 0.15 0.054 2900 2900
E"grcﬂ;fe" 1-inch Wind-driven 0.050 0.019 750 750
E"g:ﬂ;fe” 2-inch Wind-driven 0.25 0.044 5200 5200
First Solar 1-inch 0.0015 0.000040 260 170
First Solar 2-inch 0.0071 0.00011 1100 1100
First Solar | 1-inch Wind-driven 0.0023 0.000036 260 260
First Solar | 2-inch Wind-driven 0.013 0.0003 1900 1900

In all cases, the maximum deformation occurs in the center of the PV module, at the point of halil
impact. For 1-inch hail falling without wind, there no effect on the glass. For 2-inch hail the
deformation is much greater. For 1-inch and 2-inch hail which is wind-driven, the deformation is
slightly higher than the same size hail without wind. Maximum strain occurs in the silicone
sealant for most cases. The stress is relatively low for all 1-inch hail simulations. For 2-inch
wind-driven hail, the maximum stress occurs at the point of impact and will likely cause the PV
module glass to yield. Figure 27 shows the resulting stress from a 2-inch diameter wind-driven
hail impact, which is higher than the glass’ yield stress.

Figure 28. Result of 2-inch Wind-driven Hail Impact on Evergreen Solar PV Module
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3.1.8.6. Dead Loads

The dead load of each attached system was calculated from the weight of each component in
the physical model and the surface area taken up by the parts. In some models, each PV
module shares the front and back supports (including the base, level and tilt components) so
that only half of the weight of each of these components is used. In the modified models, the
supports were moved underneath the PV modules, so that the total weight of all four supports is
included. The weight of each PV module was provided by the commercial brochures. All parts
and modifications used in the dead load calculations are listed in Table 19.

Table 19. Weight of Parts Used in Attached Systems

Part Material Total Weight (Ib)
Rail, SunTech AL 6061-T6 7.44
Rail, Evergreen Solar AL 6061-T6 7.72
Rail, First Solar AL 6061-T6 5.96
Tilt, SunTech AL 6061-T6 1.78
Tilt, Evergreen Solar AL 6061-T6 1.62
Tilt, First Solar AL 6061-T6 1.62
Level AL 6061-T6 0.50
Clamp, SunTech AL 6061-T6 1.02
Clamp, Evergreen Solar AL 6061-T6 1.02
Clamp, First Solar AL 6061-T6 0.97
Base 1, SunTech AL 6061-T6 0.23
Base 2, SunTech AL 6061-T6 1.76
Base 1, Evergreen Solar AL 6061-T6 0.22
Base 2, Evergreen Solar AL 6061-T6 1.80
Base 1, First Solar AL 6061-T6 0.22
Base 2, First Solar AL 6061-T6 1.68
Module (SunTech) - 34.1
Module (Evergreen) - 41
Module (First Solar) - 26.5

The surface area for each module is considered as the surface area directly underneath the PV
module and supports as well as the half of the row spacing on each side. If the row spacing
was not used in the dead load calculation, the load would appear unrealistically high (as if the
roof was loaded with back-to-back PV modules). The modified designs slightly affected the
surface area. The width of the module was used in the calculation rather than the distance
between the two supports. The surface area and the dead load for each attached system
design is listed in Table 20. This data shows that the dead loads for all three systems meet the
criteria for roof-mounted PV arrays and would add an insignificant amount of weight to the roof.
These dead loads are much lower than the ballasted mounting system dead loads.

Table 20. Dead Load for Attached Systems

Module Type Surface Area per Dead load (psf)
module (ft?)
SunTech 72.3 1.12
Evergreen Solar 88.9 1.00
First Solar 42.5 1.56
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3.1.8.7. Observations and Desigh Recommendations

Overall, the attached mounting system outperformed the ballasted mounting system in all
loading conditions. This system was able to withstand all individual loads including
combinations of loads, with the exception of the 2-inch wind-driven hail. In almost all situations,
the overall stress, strain and deformation was much lower than in ballasted systems.

Due to the higher stress in the lower base, | would recommend that a thicker diameter base is
used for the lower supports to better distribute the load for areas prone to higher winds and/or
higher snowfall. However, this is not necessary for an attached mounting system at WPI.

Most importantly, the dead loads for all attached systems are much lower than the dead loads
for ballasted mounting systems. Based on the loading performance and dead load values, |
would recommend an attached mounting system over a ballasted system for WPI.

3.2. Thermal Analysis

The amount of power a PV module generates is strongly dependent on its operating
temperature. It is well known that PV module efficiency decreases as operating temperature
increases. Many implicit and explicit expressions have been developed to determine the PV
module operating temperature because PV module performance depends strongly on the
operating temperature [69, 70]. The operating temperature can increase or decrease due to
environmental effects, such as ambient temperature or wind conditions, and the thermal and
physical properties of the PV module materials, as shown in Figure 29 [69]. The solar radiation
flux (Gt) depends strongly on the location of the PV array. If the PV module is mounted so that
there is sufficient air flow across the front and back surfaces, there is significant convection loss
from the module surface to the surrounding air. There is also radiation loss from the front and
back surfaces of the PV module due to heat generation within the PV cell.

Figure 29. Thermal energy exchange between PV module and environment
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It is important to understand how the location of the PV array establishes the amount of solar
radiation available for energy production. It is well known that the earth rotates around the sun
in an elliptical orbit and also rotates about an axis tilted 23.45 degrees from a perpendicular
angle to the orbital plane. The earth’s rotation causes day and night and the orbit about the sun
causes seasonal differences. For northern locations such as Worcester, the sun will appear
higher in the sky in the summer than in the winter. The earth’s atmosphere also has an effect
on the radiation received at the surface. Some species in the atmosphere absorb sunlight
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whereas other species reflect or scatter sunlight. Therefore, the amount of atmosphere through
which sunlight travels affects the total amount of radiation that reaches the surface of interest.
An object’s elevation is also important in determining the available solar radiation. A map such
as Figure 30 is an example of the differences in solar radiation over the earth’s surface [71].
This map shows the annual average solar resource data for a flat plate collector tilted south at
an angle equal to the latitude which is calculated from the Climatological Solar Radiation Model
developed by the National Renewable Energy Laboratory. PV arrays in states such as
California, Nevada, and New Mexico receive on average over 6 kWh/mzlday, whereas PV
arrays in northern New England receive on average about 4 kWh/m?/day.

Figure 30. Annual Average Solar Resource Data
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In all PV modules, there is also internal heat generation from the energy conversion process.
When light reaches a solar cell, it can be reflected, transmitted, or absorbed. Reflected and
transmitted photons do not generate power or affect the cell. Absorbed photons with energy
equal to the band gap (Eg) generate an electron-hole pair. Absorbed photons with higher
energy than the band gap (E = Eg) also generate an electron-hole pair, but the excess energy is
lost to heat generation. The percent of light energy actually used in PV energy conversion is
illustrated by the pie chart in Figure 31 developed by [72] in 1978. Today, silicon PV efficiencies
are slightly higher, due to a reduction in the additional losses.
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Figure 31. Efficiency of Silicon Solar Cells
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In addition to solar radiation and internal heat generation, there is also significant

the front and back surfaces. Wind is an important factor that influences PV module
temperature, yet it is highly variable and unpredictable. Based on the ten years of wind
shown in Figure 15, an approximation can be made on the average wind speed, but not
duration. Ambient temperature changes also have an effect on PV module temperature.
every 24-hour period, the ambient temperature increases during the day and decreases
During the 20-30 year life of the PV module, the temperature will cycle between the daily
and lows approximately 7300 — 10,950 times respectively. Seasonal temperature

further complicate thermal cycling of the PV modules.

Figure 32 shows the average high, low and overall average temperature for each month in
Worcester, MA calculated from ten years of temperature data (from 2000 to 2009) [59]. For
simplicity, one could estimate temperature cycling from the average high and low each day, and
the average highs and lows would vary each month. There is an overall 16°F average
difference between the high and low temperature for Worcester, MA. These temperature
fluctuations cause degradation and fatigue of the material layers in the PV module, which can
lead to performance loss or even failure. Qualification tests developed by ASTM and IEEE
require a temperature cycling test to simulate extreme outdoor temperature changes. In this
test, the PV module is subjected to 200 four-hour temperature cycles between —40°C and
+90°C.[52].
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Figure 32. Ten-Year Temperature Averages for Worcester, MA
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Numerous expressions have been developed to predict PV module performance based on the
panel temperature. This allows the PV system designer to more accurately size the PV array
and determine the PV module materials that operate most efficiently for that particular location.
Additionally, although PV modules are expected to last 20-30 years, location-specific thermal
conditions can cause differences in stress and strain. Figure 33 shows the method used in this
project. Transient thermal analysis using ANSYS software will give a map of high and low
temperature areas based on the conditions described previously. The results of the thermal
analysis can then be used to estimate module fatigue and module performance.

Figure 33. Methodology of Thermal Analysis

Temperature
determination

Structural
Response

3.2.1. ANSYS™ Transient Thermal — Static Structural Analysis

A transient-thermal analysis in ANSYS™ software solves for the temperature distribution in
response to a thermal load. Unlike a simple thermal analysis, a thermal loading condition can
be defined which varies with time. Performing an energy balance around a PV module
connected to an electrical load results in

din + Qout = Yaccum

The energy entering the system plus the energy leaving the system must always equal the
accumulation of energy in the system plus the energy generated within the system (according to
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fundamental energy conservation). In this thermal analysis, there is conduction, convection,
and radiation heat transfer. Conduction occurs between the bonded material layers and
convection and radiation occurs between the front and back surfaces with air. Solar radiation is
also entering the system, some of which leaves the system, some is used in power production
and leaves the system, and some aids in internal heat generation. Conduction heat flux (qy) is
defined by Fourier's Law:

= —kA—
0x P

where k is the thermal conductivity of the material and A is the cross-sectional area of the
element. In the PV module, there is conduction between each bonded material layer.
Convection heat flux is defined by Newton’s Law of Cooling:

q= hA(TS - Ta)

where h is the heat transfer coefficient (also known as the “film coefficient”), Ts is the
temperature at the surface and T, is the ambient temperature of the surrounding air. In the PV
module, convection occurs at the front and back surfaces. In situations where the PV module is
mounted very close to the roof, it can be assumed that there is no convection at the back
surface. In this case, all PV modules are mounted such that air is free to move across the back
surface. Since the wind is considered significant in convective cooling, it is necessary to define
natural and forced convection. Expanding the previous equation to account for the cooling
effect of wind yields

qc = qn + Qf = (hn + hw)A(Ts - Ta)

where q, is the natural convection term and qs is forced wind convection term. The natural
convective heat transfer coefficient, he, is assumed to be 1.31 W/m?K [73]. The total convective
heat loss is a combination of natural convection and forced convection due to wind impinging on
the PV module surface. The forced wind convection has been estimated by creating a wind
convection coefficient, h,,, which is calculated with the Nusselt-Jirges equation [73]

Vo (%)

0.3048

n

h, =5.687<{a+b

where V,, is the wind speed in m/s and T, is the ambient temperature in °C. The empirical
constants a, b, and n depend on the external surface texture and the wind speed. Based on
outdoor measurements of PV modules without considering wind direction, a = 5.5, b = 2.2 and n
=1 [73]. In this report, it is assumed that forced wind convection is the same for all modules.
For each time step and day, the forced wind convection will be different (due to the varying Ta
and V,,). There is also natural radiation from the front and back PV module surfaces. The rate
of natural radiation emitted from the PV module can be described by

q = eaT}
where ¢ is the emissivity of the surface (between 0 and 1) and a is the Stephan-Boltzmann

constant (5.67x10® W/m?K). There is an input of solar radiation into the PV module, but not all
of that radiation is converted to heat. Solar radiation entering the PV module is the most
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complex thermal load to model. Some of the solar radiation is expected to have very low
energy and simply pass through the system, some of solar radiation has energy equal to the
band gap of the PV material and is used in energy production and some of the solar radiation
has much higher energy than the band gap of the material and will cause internal heat
generation at the PV junction. The energy produced by the PV cell will leave the system, but it
is possible that some of the energy produced will be lost to Joule heating of the front contacts
due to electrical resistance. Figure 34 shows the spectrum of solar radiation at AMO in red (air
mass zero is the above the earth’s atmosphere) and AM1.5 in blue (the average air mass
through which light travels to earth’s surface) [9]. The AML1.5 line dips in several places due to
light reflection/absorption from different species in the atmosphere. Generally, most sunlight
has a wavelength less than 1 ym.

Figure 34. Typical Spectrum of Solar Radiation

Sunlight Intensity (kW/m?/jum)

0 05 1 15 2 25

wavelength (um)

The energy of a photon (E) in eV is given by

_he 124

A A

where h is Planck’s constant, c is the speed of light, and A is the wavelength in um. Silicon has
a band gap of 1.1 eV while CdTe has an band gap of 1.44 eV [11, 23] which corresponds to a
wavelength of 1.127 and 0.861, respectively. Any photons with energy above the band gap will
contribute to energy production and possibly internal heat generation. Therefore, although
silicon can make a fuller use of the solar spectrum, it also is more susceptible to internal heat
generation. Since CdTe has a higher band gap, less of the energy entering the cell will be
converted to heat [74]. Many consider 1.36 eV the optimum band gap [74]. It is expected that
silicon PV can make use of 80% of the solar spectrum while CdTe can make use of 70% of the
solar spectrum [75]. The remaining low energy (high wavelength) light is not absorbed by the
PV material. The usable energy is transferred to power and heat generation. Therefore given
an input solar radiation (gs)

qs = qp t qy
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where gp is the portion of the energy used for power production and flowing out of the system
and gy is the portion of the leftover energy which generates heat. gp can be estimated by the
module characteristics (Pwpp/LXW), assuming that the module is operating at its maximum
power point. Finally, the effect of Joule heating (wasted energy from the heating of the electrical
contacts due to resistance to current flow) can be described as [76]

P]oule = IZR

where P is the wasted power, | is the current at the maximum power point, and R is the
resistance of the wire. The silver contacts in a silicon PV cell are approximately 15x120 um,
which yields a cross-sectional area of 0.0018 m?® In one solar cell, each silver finger is 2 inches
long (before connecting to the bus bar). The silver material used for the electrical contact has a
resistivity of 8x10™ Q-m [15]. In CdTe PV cells, the TCO covers the entire surface of the cell. In
the First Solar module, there are 116 cells. Based on the PV module area, each PV cell in a
CdTe module is approximately 1.5x5.75 in, which yields a cross-sectional area of 8.625 in®>. The
material used for the electrical contact is tin oxide, which has a resistivity of 7x10®° Q-m [77].
The resistance of each electrical contact can be determined by [76]

_rL
A

where r is the resistivity of the material, L is the length, and A is the cross-sectional area. The
resulting power loss due to Joule heating is 6.1x10® W and 5.9x10™* W for silver and tin oxide,
respectively. The principle of the conservation of energy explains the thermal energy
generation rate within the PV module. Since energy in must equal energy out plus and heat
generation or accumulation, the result of the thermal analysis will show how the temperature of
each layer changes (i.e. how much conduction, convection and radiation is converted to thermal
energy within the PV module). The finite element heat transfer problem leads to

[KI{T} = {q}

where [K] is the conductance matrix, {T} is the temperature matrix, and {q} is the heat flow
matrix. Applying the proper boundary and initial conditions will enable the calculation of the
solution (temperature) at each node. This results in a thermal profile of the PV module. In a
two-dimensional model, the change in temperature across a typical cross-section is studied. An
example of the standard fine mesh generated for the thermal analysis using the SunTech PV
module is shown in Figure X. The same mesh is shown in Figure X, with the EVA and glass
layers removed so that the mesh on the silicon nitride and silver layers can be seen. Figure X
shows the mesh for the First Solar PV module. Each of these images represents a small
portion of the PV module (1/4 of a PV cell). This is required in order to get enough resolution to
model the various thin material layers. In the First Solar PV module, the ITO, CdS and Cu
layers could not be modeled due to the extremely thin cross-section compared to the other
layers. Therefore, the First Solar model consists of the CdTe layer between the two layers of
glass. The SunTech model has 160,227 nodes and 40,729 elements and the First Solar model
has 121,172 nodes and 67,086 elements.
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Figure 35. SunTech PV Module Mesh for Thermal Simulations
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Figure 36. SunTech Mesh with EVA and Glass Layers Removed
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Figure 37. First Solar Mesh for Thermal Simulations
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3.2.1.1. PV Module Temperature and Structural Response

As described previously, there are various thermal loads on a PV module that can affect its
operating temperature. The challenge with developing a computer simulation in ANSYS™
software is accurately representing each of these thermal loads in the model, since they are
highly variable and location-dependent. The thermal loads were modeled in 9 time steps for a
20-hour period. Two sets of data were chosen, one day in the summer and one day in the
winter. These days differ mainly in ambient temperature and solar radiation. The data for these
two days is listed in Table 21. The data includes ambient temperature (T,), wind speed (V,,),
and solar radiation (METSTAT) in Worcester, MA [59]. METSTAT refers to meteorological
statistical data calculated by total and opaque cloud cover and global solar radiation
measurements. METSTAT data is from 2005 data (2009 data is not available).

Table 21. Raw Data from the NCDC

August 18", 2009 February 9", 2009
. Wind | METSTAT Wind | METSTAT
Sy Time | TaCR) | mpny | whim?) | TACF) 1 mphy | (whim?)
1 4 am 73 9 0 26 9 0
> 6 am 73 8 33 23 3 0
3 8 am 80 8 406 22 3 34
4 10 am 84 7 577 27 9 215
5 12 pm 88 13 636 30 15 150
6 2 pm 88 12 716 34 13 134
7 4 pm 86 13 429 34 18 60
8 6 pm 81 13 149 31 0 0
9 8 pm 76 14 0 28 3 0
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For this simulation, a percentage was taken from the hourly METSTAT measurements in Table
21 according to the usable portion of the solar spectrum, explained in the previous section to be
80% for silicon and 70% for CdTe. It is assumed that none of the solar radiation was inhibited
from entering the cell by the top surface of the PV module and that the solar spectrum is not
changing. Since the heat is generated at the junction, this value is applied to the silicon and
CdTe layers. The wind convection coefficient (h,) and the internal heat generation (qc)
estimated in this model is listed in Table 22 for each day chosen. For natural radiation, the

emissivity of the glass and PVF layers is assumed to be 0.84 [35].

Table 22. Calculated values for Forced Wind Convection and Internal Heat Generation

August 18" 2009 February 9", 2009

Step | Time hW2 qG-Si_ , qG-Cd'!'e2 hW2 qG-Si_ , qG-Cd'!'e2
(W/m<K) | (BTU/s-in%) | (BTU/s-in) | (W/m“K) | (BTU/s-in®) (BTU/s-in®)

1 4 am 196 0 0 211 0 0

2 6 am 177 7.81x10° | 8.00x10° 92 0 0
3 8 am 175 1.17x10* | 1.14x10* 92 8.32 x10° 8.44 x10°®
4 | 10 am 156 2.03x10* | 1.89x10™ 211 9.98 x10° 8.84 x10
5 | 12 pm 262 2.33x10* | 2.15x10™ 329 6.69 x10° 5.97 x10”
6 2 pm 280 2.73x10* | 2.51x10™ 287 5.88 x10” 5.26 x10”
7 4 pm 263 1.28x10* | 1.24x10* 386 2.15 x10” 1.99 x10”

8 6 pm 265 1.75x10° | 5.93x10° 31 0 0

9 8 pm 285 0 0 91 0 0

In all cases, the temperature was the highest in the silicon layer, except at the end of the day,

when the PV cell stops producing power. At that point, the temperature slowly dissipates out of
the cell, which raises the temperature in the glass for a short period of time. This was the same
case for the CdTe temperature profile, example shown in Figure 39, except that the heat in the
ITO and CdTe layers transmit to the front glass much faster, and the front glass heats up as
well. This is not the same case for the back glass, because there is a layer of EVA through
which the heat must travel before entering the glass.

Figure 38. Temperature Profile for SunTech PV Module in August
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Figure 39. Temperature Profile for First Solar PV Module in February
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In all simulations, the maximum deformation is in the glass, the maximum strain is in the EVA,
and the maximum stress is in the silicon. In all cases, the values are very low and will not affect
the PV module. However, these are the resultant values from only one day of temperature
cycling. Itis interesting to note that the maximum stress is at the edge of the silicon PV cell.
Figure 40 shows the stress in the silicon (with the glass and EVA removed from the view so that
the silicon layer can be seen). Similarly, the maximum strain in the EVA is at the corner and
edges of the PV cell, not above and below the PV cell. This could be due to the difference in
temperature between the edge of the PV cell and the center of the PV cell, shown in Figure 38.
Contrastingly, the maximum deformation in the glass is at the center of the PV cell where the
temperature is highest.

Table 23. Thermal-Stress Data

Module Month Maxim_um _ Maxim_ur_n Strain Maximum_ Stress
Deformation (in) (infin) (psi)
SunTech August 0.00043 0.0083 4300
First Solar August 0.00017 0.02 7800
SunTech February 0.00043 0.0082 4200
First Solar February 0.00016 0.02 7700

Figure 40. Thermal-Stress in SunTech PV Module
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3.2.1.2. Power Output Correlation with Operating Temperature
The power of any PV cell can be defined by [78]

Prpy = Lopy Viwp = FF LV,

pp mpp "mpp

where |mpe and Vi, are the current and voltage at the maximum power point, Pyp,. This is
related to Isc and V. by the Fill Factor, FF. The FF is a term that describes the ‘squareness’ of
the I-V curve [7]. The FF and V, decrease substantially and Is. increases slightly with
increased temperature [70]. The overall effect is reduced power output of the PV cell/module.
The Py, value reported by PV module manufacturers represents the maximum power output at
STC, which is a controlled environment. In the real world, the temperature is constantly
changing and the P, is usually reduced, the amount of which depends on the mounting
conditions, wind condition, ambient temperature, and solar radiation flux in that particular
location. Other factors affecting the power output of the cell are shading, cell mismatch, glazing
transmissivity of the front cover glass, AC conversion, etc. [69, 70]. To obtain a one-to-one
comparison of different PV cell materials one can assume all other factors are the same (i.e. no
shading, no mismatch, same glazing transmissivity, same AC conversion, etc.). For this
analysis, a reduced power factor, Pg, is compared to the reported P, to determine the percent
change in power from a particular temperature change:

Pr — Popp

AP(T,) = < >100%

mpp
where T, is the PV cell temperature (or PV module operating temperature). The larger the AP,
the higher degradation in power output due to reduction factors. The change in power at

different temperatures is calculated by the method described in [78] developed by the Sandia
National Lab. The Is. and V. at the new temperature (T.) is

ITC = Isc [1 + Asc (Tc - TSTC)]

Vie = Ve [1 + ﬁVoc (Tc - TSTC)]

where a and B are temperature coefficients (1/°C units) that depend on the PV cell material.
Combining terms and rearranging, the solution for power at Tc is given as

Pr = Pmpp [1+ (a+ B)(TC - TSTC)]

Table 24 shows the temperature coefficients provided in the SunTech, Evergreen Solar, and
First Solar brochures for these calculations.

Table 24. Temperature Coefficients for Commercial PV Modules

Temperature SunTech Evergreen Solar First Solar
coefficient (%/°C) (%/°C) (%/°C)
i i -0.25 (Tc>25°C)
B (Voc) 0.34 0.31 -0.20 (T.<25°C)
o (lsc) +0.045 +0.05 +0.04
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The change in power can be plotted for any arbitrary PV cell temperature. Figure 41 shows the
change in power for temperatures between -20°C and +40°C. This shows that at low PV cell
temperatures, SunTech PV modules will perform closer to their rated power point than
Evergreen Solar or First Solar PV modules. At higher PV cell temperatures, First Solar PV
modules perform closer to their rated power point than Evergreen Solar or SunTech PV
modules. More importantly, at any PV cell temperature below about 25°C (77°F), SunTech PV
modules will perform closer to their rated power point. At lower PV cell temperatures, there is a
greater discrepancy between the different types of modules.

Figure 41. Change in Power versus PV Cell Temperature
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Using the PV module temperatures from the ANSYS™ thermal model, the change in power for
August 18™ and February 9™ is plotted in Figures 43 and 44 respectively. Figure 43 shows that
during the hottest time of day in August when the PV module is the hottest, First Solar modules
operate closer to the designed power. Figure 44 shows that throughout the entire day in
February, all PV modules operate more efficiently in the cold weather but there is a large
discrepancy between the different module types. It shows that SunTech PV modules
experience a larger change in power than First Solar PV modules. One can conclude from this
data that for the Worcester climate, silicon PV modules are a better technology choice, since the
temperature is below 77°F for the majority of the year. For areas such as Arizona or Nevada,
cadmium telluride PV modules are a better technology choice because they experience a
smaller loss in power output in the higher temperature climate.
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Figure 42. Change in Power for August 18", 2009
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Figure 43. Change in Power for February 9", 2009
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3.3. Performance Analysis

Installing a PV array on the George C. Gordon library rooftop will reduce the environmental
impact and increase clean energy use on the WPI campus. Figure 44 shows that between 1996
and 2006, the WPI campus has used approximately 16-19 million kWh per year [79].
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Figure 44. Total Yearly Electricity Consumption at WPI
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Figure 45 shows that the WPI campus uses between 0.75 and 2 Million kWh per month, with an
average of about 1.5 Million kWh per month [79]. The highest consumption occurs during April
and throughout the fall semester. The lowest consumption occurs in May and during the winter.
This means that WPI would benefit from a PV array which produces the most power in the
summer or fall rather than winter. For fixed arrays tilted at latitude plus 15 degrees, power
production is maximized in the winter. For fixed arrays tilted at latitude or latitude minus 15
degrees, power production is maximized in the spring/fall and summer, respectively. An added
benefit to the lower tilt angles is that a larger system will fit in the same area, i.e. shading effects
are minimized so that PV modules can be spaced closer together.

Figure 45. Monthly Electricity Consumption at WPI
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3.3.1. Electrical Load Estimation

The first step in modeling a photovoltaic array is to estimate the typical energy use of the
building to which it will be connected. Most buildings have their own meters which can be
tracked daily, monthly, or annually. The George C. Gordon library does not have a meter, which
means there is no historical energy use data for the building. One way to estimate the amount
of energy is to simply count all the electrical loads, estimate hourly on-time, and add all of the
loads to determine the total energy use. Using a spreadsheet from [48], the total electrical load
of the library was estimated. Table 25 shows the estimates of individual electrical loads in the
library. Based on the quantity of each electrical load, the power requirement and the on-time,
the yearly electrical requirement is calculated. The power requirement in Watts for each
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electrical load was found in [48] unless otherwise specified by the references provided in the
table. The library is open 106 hours per week, which averages to about 15 hours per day.
Based on the library hours, an estimate for the use of each individual load was made.
Obviously this method will incur a certain amount of error, but it will provide a rough estimate of
the total electricity use of the building. A site survey was conducted to determine the quantity of
each individual load and is indicated by an [S] in the Table.

Table 25. Individual Electrical Load Estimates
Load Type Individual Load Qty Watts Use kWh
(hrs/day)
Lighting Fluorescent Lights 3000 [S] 32 [S] 15 1440
Fluorescent Lights 300 [S] 32 [S] 9 86
(night)
Accent/Recessed 150 [S] 60 15 518
Lights
Outdoor Lights 4[S] 100 9 4
SUBTOTAL 2048
Office Desktop computers 106 [S] 100 [81] 12 127
Equipment (in use)
Desktop computers 106 [S] 4[81] 12 5
(standby)
Laptop computers 60 140 [81] 10 84
Portable heater 8 1500 0.2 3
Telephone 25 10 24 1
Cell Phone Charger 25 20 1 1
Refrigerator 2 110 24 5
Coffee maker 4 800 1 3
Microwave 4 750 0.5 2
Clock 50 [S] 2 24 3
Projector 4 200 1 1
Printer/Copier/Fax (in 16 500 8 64
use)
Printer/Copier/Fax 16 30 12 6
(standby)
SUBTOTAL 305
Other Elevator - - - 7000 [83]
Exit Signs 16 [S] 10 24 4
Central Air - - - 8,000 [82]
Conditioning
Heating System - - - 8,000 [82]
Vacuum 1 800 (1 hr/wk) 5
Security System 4 60 [80] 24 6
(entrance)
Security System 40 4 24 4
(cameras)
SUBTOTAL 23,019
TOTAL 25,372
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3.3.2. Cost of Electricity

The analysis in Table 25 shows that the George C. Gordon library accounts for approximately
XX% of the total monthly electricity consumption for the campus. It is useful to relate this
percentage to the total annual or monthly cost of powering the George C. Gordon library. The
cost of electricity for industrial, commercial and residential systems in Massachusetts varies
annually, as shown in Figure 46 [84]. Based on this data, WPI has spent approximately 1.4 to
2.85 million dollars per year on electricity (commercial rate). Predicting the cost of electricity 30
years from now (2040) is extremely difficult given the highly variable data. Fitting a linear trend
line to this data estimates the cost of electricity to rise ten cents in thirty years, to a total of 24
cents per kWh in 2040 (or 2% annual inflation).

Figure 46. Historical Average Cost of Electricity in Massachusetts
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3.3.3. PV Incentives

The upfront cost of installing a PV system discourages people from choosing PV. However, if
properly designed and planned, there is substantial cost savings of powering a building with PV
power rather than grid power. To coerce the public to adopt PV technology, there are a number
of federal and state incentives available [85]. The U.S Department of Treasury provides a 30%
grant towards the cost of the PV system. The USDA has a second grant program (Rural Energy
for America Program) which will cover 25% of the project cost. Federal grants are not subject to
federal tax. Additionally, the federal government provides corporate exemption. The corporate
exemption states that energy conversion subsidies provided by utility companies are not
taxable. For instance, if WPI receives a rate reduction or credit with the electric company for the
PV system, the rate reduction amount or amount of the credit is not considered part of WPI's
income.
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Massachusetts has a number of programs in place to give residents of the state greater
incentive to purchase a PV system. The incentives are summarized in Table 26. Since WPI
currently uses National Grid for its electricity needs, 70% of the project costs are eligible for the
National Grid rebate program. Along with the 30% Federal incentive, these two incentives could
completely cover the cost of the PV system.

Table 26. Massachusetts PV Incentives

Massachl_Jsetts Description Amount
Incentive

Solar Lending | Boston non-profit New Generation Energy offers | $5,000 - $100,000 with
Program loans for companies installing PV systems 5% interest rate, 1-10 yrs

Any building using a PV system as its main

Property Tax source of heat or electricity is exempt from state

100% exemption for 20

Exemption property tax years

Sales Tax Any product purchased for use in a PV system 100% exemption

Exemption is exempt from state sales tax
Commonwealth | Installation rebate for commercial grid-tied PV $1-2/W DC, max $5,500
Solar Rebates | systems for systems < 5kW

First 1-25 kW, $1.50

Commonwealth | Installation rebate for larger commercial grid- 25-100 kw, $1.00
Solar Stimulus | tied PV systems 100-200kW, $0.50

$162,500 max per project

3.3.4. Orientation, Tilt and Spacing

PV arrays collect the most energy if the module surface is perpendicular to the sun throughout
the day. Tracking systems can orient PV modules East-West and North-South depending on
the time of day and time of year. A fixed mounting system does not have the capability of East-
West tracking, but seasonal (North-South) tilt adjustment is possible. Since tracking systems
add a substantial dead load on the roof, they will not be discussed in this report.

For Northern locations such as Worcester, fixed arrays should be oriented true south to
maximize the amount of energy collected [48]. Google Maps shows that the Southern face of
the George C. Gordon library is not perpendicular to true south. The angle is calculated from
drawing a simple right triangle and applying the rules of geometry. Figure 47 shows the satellite
image of the library from Google Maps with the angle superimposed [86].
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Figure 47. Position of the George C. Gordon Library

For the simplest systems, modules should be tilted at an angle equal to the latitude of the site;
doing so will allow the array to collect the most light in the spring and fall [87]. To minimize
shading effects, rows of modules should be spaced so that the shadow from an adjacent row
does not cover the surface of the module between 9am and 3pm, between which 85% of the
sun’s energy reaches the earth [87]. To calculate the maximum shadow length, the sun’s
altitude at the winter equinox is used, since this is the shortest day of the year and also when
the sun is lowest in the sky. The sun’s path at different times of the year in Worcester, MA is
shown in Figure 48.

Figure 48. Sun Path Chart for Worcester, MA
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Each row of modules must be spaced such that it is not covered by a shadow from the other
modules, and must remain un-shadowed between the hours of 9am and 3pm in order for the
best performance [48]. The longest shadow will occur when the sun is lowest in the sky, which
is on December 21° (the winter solstice) at 9am and 3pm. The sun path chart in Figure 49
shows that the sun’s elevation (or solar altitude) at 9am and 3pm on December 21 in
Worcester, MA is 13 degrees. A simple diagram showing the optimum module spacing is
shown in Figure 49.

Figure 49. Diagram of Array Spacing

HEIGHT

13°

" SHADOW LENGTH

2
gg F

In order to calculate the optimum module row spacing, the shadow length (S) is calculated using
the sun’s elevation (Es) on the winter solstice, the module width (W), and the height of the
system projected from the module width line (H,). The H, is determined from W and the tilt
angle (6+) such that
H, = Wsin(07)
and
tanEg

The total height of the module and mounting system (H+) is determined by the projected height,
the module thickness (xy), and the clearance of the module (C) from the roof surface. The
upper edge of the module is projected by xy*cos(45°), therefore

Hy = H, + xpcos(45°) + C

One inch was added to the lower module surface for clearance for all cases. The mounting
system supports are placed 1/8"™ from each edge of the module, so the projected support
spacing (Sp) is

Sy, = [W— (%W)] cos(07)

The optimum tilt angle for fixed mounting systems is the latitude of the PV array location. The
latitude of Worcester, MA is 42.3°. Some systems make it possible for tilt adjustments
throughout the year to account for seasonal differences in the sun’s elevation. In the winter, it is
beneficial to increase the tilt angle 15° from latitude and in the summer it is beneficial to lower
the tilt angle 15° from latitude. Table 27 shows the mounting system calculations for each
module and tilt angle.
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Table 27. Mounting System Calculations for each PV Module Type

Projected
Module Type Tilt gupplort ?_'y;tgehr? Mosdplgsi ESW
pacing
SunTech Latitude +15° 25.1 28.7 115.9
SunTech Latitude 34.4 23.4 92.7
SunTech Latitude -15° 41.4 16.6 63.2
Evergreen Solar Latitude +15° 15.2 33.8 136.7
Evergreen Solar Latitude 20.8 27.5 109.3
Evergreen Solar Latitude -15° 25.0 19.5 74.5
First Solar Latitude +15° 9.6 21.0 86.0
First Solar Latitude 13.1 17.1 68.8
First Solar Latitude -15° 15.7 12.0 46.9

The roof area of the George C. Gordon library is approximately 63,000 ft>. The cooling tower
area, shadow from the cooling tower, and area for accessibility must be deducted from the total
area available for PV modules. The other system components may be mounted in the shaded
area so that additional space is not lost. The cooling tower area is 1965 ft?>. A 6-ft walkway
around the perimeter of the roof was deducted for accessibility. The shadow length from the
cooling tower was calculated for the winter solstice, as done for the module row spacing. The
azimuth is needed in order to calculate the direction of the shadow. Azimuth data for December
21* was taken from the Worcester Airport recording station [59].

Figure 50. Comparison of Average Solar Radiance for Different Tilt Angles
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Accurate solar resource data requires advanced study of highly variable weather conditions,
atmospheric particles (such as ozone, aerosols, water vapor, etc.), and reflected radiation [10].
The performance analysis of the WPI PV array was calculated using state-of-the-art software
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called the Solar Advisor Model V2009.10.13 (SAM). SAM allows the user to choose specific
locations, modules, inverters, utility rates, financing, incentives, etc.

3.3.5. PV System Performance Simulations

The amount of power produced by a PV system depends on the array design and the
environmental conditions for the specific area. This is an extremely complicated analysis for
which various simulation software packages have been developed. One of the most common
calculators is called PV Watts. The only required information for a PV Watts simulation is the
city, state, DC rating (kW), inverter derate factor, mounting type (fixed or tracking), tilt,
orientation and local cost of electricity. However, this is a very simple estimate that only
provides the energy value per year. This calculation does not consider inflation, financing,
incentives, maintenance costs, performance degradation, module type or inverter type.

In this report, the Solar Advisor Model (SAM) was used to determine the power output for each
array listed in Table 28. SAM is capable of more complex analyses including the factors
described above. In each simulation, the specific module was chosen in the CEC Performance
Model drop-down menu. The tilt angle and the number of modules were changed to match the
values in Table 27. Then the number of inverters was chosen to match the total inverter
capacity to the total array power as close as possible. For each PV array, a number of inputs
were kept constant, which are outlined in the following sections.

Table 28. Tilt, Orientation and Number of Modules in Each Simulated Array

Module Type Tilt Orientation Total Modules
SunTech Latitude +15° South 73
SunTech Latitude +15° South — 8° 83
SunTech Latitude South 85
SunTech Latitude South — 8° 90
SunTech Latitude -15° South 100
SunTech Latitude -15° South — 8° 111

Evergreen Solar Latitude +15° South 60
Evergreen Solar Latitude +15° South — 8° 66
Evergreen Solar Latitude South 64
Evergreen Solar Latitude South — 8° 74
Evergreen Solar Latitude -15° South 86
Evergreen Solar Latitude -15° South — 8° 96
First Solar Latitude +15° South 130
First Solar Latitude +15° South — 8° 144
First Solar Latitude South 148
First Solar Latitude South — 8° 162
First Solar Latitude -15° South 181
First Solar Latitude -15° South — 8° 200
3.35.1. Climate/Location

SAM provides a drop-down menu of meteorological data from locations throughout the United
States. The data is from the National Solar Radiation Database. For all simulations in this
report, tmy2 (Typical Meteorological Year version 2) was used, which is a compilation of
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meteorological data from 1961 to 1990. This data includes hourly, daily and monthly radiation,
illuminance, sky cover, ceiling height, temperature, humidity, pressure, wind speed/direction,
show depth, aerosol and water vapor content for Worcester, MA.

3.3.5.2. Utility Rate

SAM allows the user to input a flat rate for the cost of electricity and a percentage of rate
escalation above inflation. For all simulations in this project, the 2008 Massachusetts average
of $0.15/kWh from [84] is used rather than the default national average. Standard inflation is
assumed without additional rate escalation.

3.3.5.3. Financing and Incentives

For the cost calculation, SAM allows the user to input information about inflation rate, state and
federal depreciation, taxes, and insurance. The modules used in this report have an 80% power
warranty for 25 years, so the system should last at least 25 years or even longer. For all cases
the analysis period is 30 years with a 2.5% inflation rate, which is the default setting in SAM. To
simplify the analysis, the simulation assumes that it is paid-for up front rather than through a
loan over time. Itis assumed that there is no property or sales tax, as described by the
Massachusetts incentives in Table 26. However, the standard federal income tax rate (35%)
and standard insurance (1%) was assumed. The federal and state MACRS mid-quarter
depreciation convention is used for depreciation.

Since there are no state taxes assumed for the PV system, no state tax credits assumed. The
30% federal grant is not taxed, so a 30% federal tax incentive is assumed. It is also assumed
that the PV array performance will degrade 1% per year.

3.3.5.4. PV Array Degradation and Shading

The module warranty of 80% power output in 25 years assumes a performance degradation of
0.8% per year. An extra 0.2% degradation per year may account for possible degradation of the
other system components. Since each PV array was designed such that shadowing does not
affect the modules between the hours of 9am and 3pm, total shading is assumed on the off-
hours. All systems assume fixed tilt, true south orientation and standard values for ground
reflectance (0.2 or 0.6 with snow). The inverter type was kept constant for all simulations (240V
Fronius Inverter).

3.3.6. PV System Performance Simulation Results

SAM performance simulations showed that a PV system on the George C. Gordon library is a
valuable investment. Table 29 shows some of the outputs from the SAM simulations.
Additional data, such as monthly performance charts, annual output charts, stacked costs charts
and after tax cash flow charts are provided in the Appendix. For all cases power output
increased with decreasing tilt angle. The low tilt First Solar thin film PV array performs similarly
to the mono-Si SunTech latitude tilt PV array. In all cases, low tilt PV arrays have increased
power production during the summer, latitude tilt PV arrays produced maximum power during
the spring and fall, and high tilt PV arrays have increased power production in the winter. The
payback time for all systems is between 1.54-1.64 years. The system performance factor is a
measure of the annual electric power generation compared to its rated power, taking into
account the solar resource at the system’s location.
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Table 29. SAM Performance Simulation Results

Module Tilt Total Ai?]seal Payback Net System
T u ! Orientation u y Present | Performance
ype Angle Modules | Output | (years) Value Eactor
(kWh)
SunTech | Latitude
(STP180S) 1150 South 72 16,730 1.60 $17,646 0.83
SunTech .
(STP180S) Latitude South 85 20,654 1.57 $23,124 0.82
SunTech | Latitude
(STP180S) 150 South 100 24,163 1.54 $28,276 0.82
SunTech | Latitude o
(STP180S) +15° South + 8 84 19,417 1.58 $21,631 0.82
SunTech , o
(STP180S) Latitude | South + 8 90 21,764 1.56 $24,773 0.82
SunTech | Latitude .
(STP180S) 150 South + 8 110 26,416 1.52 $31,612 0.82
Evergreen .
Solar L‘f'ltgode South 60 | 16,480 | 161 | $17,225 0.83
(ES-A-210)
Evergreen
Solar (ES- | Latitude South 64 18.398 1.60 $19,776 0.83
A-210)
Evergreen !
Solar (ES- Latl'tgfe South 86 | 24284 | 154 | $28374| 083
A-210) )
Evergreen .
Solar "i“ltgode South + 8° 66  |18073| 159 | $19,579 0.83
(ES-A-210)
Evergreen
Solar (ES- | Latitude | South + 8° 74 20,598 1.57 $23,003 0.83
A-210)
Evergreen :
Solar (ES- "atl'tgfe South + 8° 96 |27321| 151 | $32,826 0.83
A-210) i
First Solar | Latitude
(FS-277) 1150 South 130 13,639 1.64 $12,888 0.87
First Solar ,
(FS-277) Latitude South 148 16,116 1.62 $16,278 0.86
First Solar | Latitude
(FS-277) 150 South 180 19,653 1.59 $21,402 0.86
First Solar | Latitude o
(FS-277) +15° South + 8 144 15,067 1.63 $14,978 0.87
First Solar , o
(FS-277) Latitude | South + 8 162 17,780 1.60 $18,672 0.87
First Solar | Latitude o
(FS-277) 150 South + 8 200 21,888 1.57 $24,612 0.87
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The highest power output in Table 29 is the PV array with Evergreen Solar PV modules tilted at
27° degrees and oriented along the southern edge of the library rooftop. This PV array is
expected to produce 27,000 kwWh annually, has a payback period of 1.51 years, a positive net
present value of $88K, and a system performance factor of 83%. The annual power production
of this system is very close to the energy requirements of the George C. Gordon library
(approximately 25 kWh per year). This system has the potential of covering the energy needs
of the entire building. Since the electrical load analysis is only an estimate, it is possible that
during times of high energy use (such as finals week), the PV array will need to be
supplemented by grid energy. It is also possible that during times of low energy use (such as
Christmas break), the PV array will produce excess energy which can be fed back into the grid.
Any energy fed back into the grid must be bought by the electrical company, which most often
pays for the energy at a higher price than the average cost of electricity, which will only further
increase the value of the system.

According to data from the Open PV Project which is run by NREL, Massachusetts ranks 7" in
the United States for the number of PV installations, and Worcester County alone has
approximately 154 installations [88]. Figure 52 shows data from the Open PV Project for
Worcester County [88]. It shows that the cost of PV is decreasing and the average system size
is 4-10 kW. The installed size of the Evergreen Solar PV array on the WPI library is just over 20
kW, which means it would be one of the larger arrays in Massachusetts.

Figure 51. Open PV Project Data for Worcester County
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Although the library represents a small percentage of the annual power used by the WPI
campus, according to the SAM simulations, it is a very valuable investment. From an
environmental perspective, implementing PV will provide the campus with a cleaner source of
energy, offsetting carbon dioxide emissions from traditional sources of energy. In order to
determine how much carbon dioxide would be offset by a 20kW PV array, one must consider
the carbon emissions from all of the energy and materials used in producing the PV array
components and compare that to the carbon emissions of the traditional energy source (coal)
[practical handbook]. Calculations have shown that the majority of carbon emissions produced
during the life cycle of the PV array is during the manufacture of the components of the array
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[10]. According to the analysis in [10], conventional power generation produces 1000
gCO./kWh whereas PV systems only contribute 40-50 g CO,/kWh. Taking these factors and
the annual production of the WPI array into account, this PV array will offset 950 g CO,/kWh or
25,650 kg CO, annually (56,550 Ib).

4. CONCLUSIONS AND RECOMMENDATIONS

4.1. Conclusions

This report confirms that installing a PV array on the George C. Gordon library rooftop will not
only offset carbon emissions and increase clean energy on the WPI campus, but it is also a very
valuable investment. In this report, three types of PV modules (mono-Si, poly-Si and CdTe),
three different tilt angles (27°, 47° and 57°), and two PV array orientations (South-facing and
south — 8°) were studied. The performance analysis using the Solar Advisor Model showed that
the Evergreen PV modules tilted at 27° and oriented south — 8° had the best performance. This
PV array design is predicted to produce 27,000 kWh per year with a payback time of 1.5 years.
This system should last 25-30 years and produce enough energy to handle the George C.
Gordon library’s energy needs. The PV array was designed to be grid-tied without battery back-
up storage so that during times of over-production, the excess energy will be fed back into the
grid.

The performance analysis was also useful to show other correlations relating to PV array
design. CdTe PV array designs had higher performance factors for all cases than for the other
two PV module types. This means that this location is better suited for CdTe material than
silicon and that CdTe will operate closer to the designed maximum power point. However, since
the CdTe modules are not as efficient per area as the silicon modules, CdTe is not a good
option for designs which are space-constrained. The performance analysis also showed that tilt
and PV module type had the largest effect on power production. This means that when
designing a PV array for this area, the most important part of the design is determining the
proper tilt angle and choosing the correct technology. The simulations also showed that higher
tilt angles increased power production in the winter, whereas lower tilt angles increased power
production in the summer.

This system will not only impact the WPl community, but it will also impact the environment.
Relating the performance analysis results to the WPI Sustainability objectives shows that the PV
array would increase clean energy use on campus y producing over 27,000 kwh annually and
offset CO, emissions by pounds or percent.

The structural analysis was useful to ensure that the mounting system and PV module will
withstand the common environmental loads in Worcester, MA. Wind, snow, ice and hail loads
were simulated in ANSYS software using two different mounting systems (attached and
ballasted) and three different PV modules (mono-Si, poly-Si and CdTe). Results showed that
the CdTe module is less stressed than the mono-Si and poly-Si, which is most likely due to the
glass back sheet. Results also showed that for all ballasted systems, the dead load was over
the recommended 5 psf loading value by at least 1 psf. The ballasted systems were also more
highly stressed than the attached systems. Attached systems had dead loads (1 psf) well within
the design requirements and were able to stand up to all minimum design loads.
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4.2. Recommendations

Based on the results of the thermal and structural finite element simulations combined with the
performance analysis, | recommend that WPI install a PV array on the George C. Gordon
rooftop comprising of Evergreen Solar modules with an attached mounting system tilted at 27°
and oriented along the southern face of the building. WPI should apply for Federal and State
incentives at the beginning of the fiscal year to ensure that the full grant amount is awarded and
WPI should cover the remainder of the cost with an upfront payment to avoid additional interest
payments.

The structural analysis was valuable for validating the feasibility of installing a PV array in the
local Worcester climate. Some future work which might have additional value relating to
structural analysis is:

¢ Use the model that has been generated by this thesis as a starting point for a transient
structural analysis. All of the loads applied to the system did not vary with time. An
analysis of loads that change with time (such as wind) would be useful for determining
the stress, strain, and deformation associated with time-dependent loads.

e Use this model to compare the results with loading for other areas of the country. It
might be useful to compare to the design loads of coastal zones (such as Boston or
Cape Cod) which have much higher wind loads. It also might be useful to compare to
the design loads of the Midwest, which have much higher snow and hail loads.

e Since this model simulated snow and ice with uniform loads on the tilted PV module
surface, it might be useful to simulate an unevenly distributed snow and ice load.
Depending on the weather conditions and tilt angle, the snow may or may not slide to
the lower edge of the PV module. It would be interesting to see how this affects the
results.

e This model could be validated with real-world testing such as wind tunnel testing, static
loading with sand bags and projected ice balls.

o There were a number of design modification suggestions in this report, particularly with
the ballasted mounting system designs. | would suggest as future work to redesign the
parts as specified and run the new model with the same loads to see if it improves the
results.

e Further testing of loads might be useful to determine the twisting effect of winds at
different angles or different combinations of loads. Additionally, FLUENT software could
be used to model the wind flow over the rooftop in order to estimate the wind load more
accurately.

The thermal analysis was valuable for predicting the temperature across a PV module cross-
section. The results of thermal analysis are useful for predicting the stress, strain and
deformation of the PV module from thermal cycling and also predicting the power output for a
given time period. Some future work which might have additional value relating to thermal
analysis is:

e Use the model that has been generated by this thesis as a starting point for a 2D thermal
analysis. A 2D model would be useful for further mesh refinement (and hence a more
accurate solution) and incorporating other structural components such as the frame or
the silicone sealant.

75



The current 3D model could be altered to incorporate the solder joints (wire, ribbon, and
solder). Including these components may add complexity but would show if there is a
thermal effect at the solder joints as suggested in literature.

The current 3D model could be altered to include Joule heating of the front contacts. In
order to do this, one could use the geometry in a coupled thermal-electric problem so
that the resistance of the different materials is taken into account.

The wind cooling by forced convection has a large effect on PV module temperature. It
might be useful to use this model to solve for the minimum wind speed needed to
sufficiently cool the PV module to the optimum operating temperature on hot days such
as August 18",

This thermal model focused on the temperature cycling of the PV module for 1 day.
Ambient temperature, solar radiation and wind speed varied throughout the day. It might
be useful to use this model as a starting point for fluctuations for longer time periods.
One could model the thermal response over the course of a month or an entire year
using averaged data and a reasonable number of time steps.

The thermal model used in this report used material properties which were considered
constant with varying temperature. In reality, some of the properties do vary, such as
heat capacity and coefficient of thermal expansion. Trying to solve the thermal model
with non-linear material properties may improve the simulation results, leading to a more
accurate temperature response to various thermal loads.

The performance model was extremely valuable for determining the cost, payback, and effects
of different PV modules, tilt angles and orientations for an array on the library rooftop. Some
future work which might have additional value relating to the performance analysis is:

Complete a similar performance analysis and PV array design for other buildings on
campus such as Daniels Hall and Morgan Hall. These two buildings in particular have
large, flat surface areas with southern exposure which is ideal for a PV array. It would
be interesting to see if a PV array one of these buildings is also a valuable investment
and if so, which is the most valuable?

Use the SAM performance models generated in this thesis to examine different financing
options to understand how new incentives or lack of incentives would affect the value of
this project. Some alternatives could be to run the simulation with a 5 or 10-year loan
(rather than up-front payment) with current interest rates, assume only partial grant
awards or no grant awards.

One drawback of the SAM software is that it does not account for fixed arrays that can
be adjusted periodically throughout the year. Some mounting systems have the
capability of four tilt adjustments to maximize the collected energy according the sun’s
position for different times of the year. The outputs of these models could be combined
to determine the power output and payback time with a fixed array adjusted throughout
the year.

The performance model showed that the type of PV module chosen was a critical factor
which influenced the power output of the PV array. Since only three different
commercial PV modules were studied in this report, it might be useful to make estimates
with other technologies to see if there is an even better fit.
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6. APPENDIX
6.1. ANSYS Simulation Results

6.1.1. Baselines with Standard Earth Gravity on Ballasted
Systems
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Figure 58. Baseline Deformation, First Solar Ballasted
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Figure 60. Baseline Stress, First Solar Ballasted
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6.1.2. Wind Loading on Ballasted Systems

Figure 61. Wind Deformation, SunTechBaIIasted
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Figure 63. Wind Stress, SunTech BIIasted
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Figure 64. Wind Deformation, Evergreen Solar Ballasted
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Figure 65. Wind Strain, Evergreen Solar Ballasted
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6.1.3. Snow Loading on Ballasted Systems

Figure 68. Wind Strain, First Solar Ballasted
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Figure 71. Snow Strain, SunTech Ballasted
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Figure 74. Snow Strain, Evergreen Solar Ballasted
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Figure 72. Snow Stress, SunTech Ballasted
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Figure 75. Snow Stress, Evergreen Solar Ballasted
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Figure 73. Snow Deformation, Evergreen Solar Ballasted
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Figure 76. Snow Deformation, First Solar Ballasted
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Figure 77. Snow Strain, First Solar BIIasted
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Snow Stress, First Solar Bllasted
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6.1.4. Ice Loading on Ballasted Systems

Figure 79.

Ice Deformation, SunTech aIIasted
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Figure 80. Ice Strain, SunTech Ballasted
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Figure 81. Ice Stress, SunTech Ballasted
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Figure 82. Ice Deformation, Evergreen Solar Ballasted

NANSY S

Honcommercial wse only

Figure 83. Ice Strain, Evergreen Solar Ballasted
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Figure 87. Ice Stress, First Solar Ballasted
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6.1.5. Hail Impacts on Ballasted Systems

Figure 88. 1l-inch Hail Deformation, SunTech Ballasted
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Figure 90. 1-inch Hail Stress, SunTech Ballasted
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Figure 89. 1-inch Hail Strain, SunTech Ballasted
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Figure 92. 2-inch Hail Strain, SunTech Ballasted

Figure 93. 2-inch Hail Stress, SunTech Ballasted
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Figure 94. 1l-inch Wind-driven Hail Deformation, SunTech
Ballasted
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Figure 95. 1-inch Wind-driven Hail Strain, SunTech
Ballasted
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Figure 96. 1l-inch Wind-driven Hail Stress, SunTech Figure 98. 2-inch Wind-driven Hail Strain, SunTech
Ballasted Ballasted
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Figure 99. 2-inch Wind-driven Hail Stress, SunTech
Figure 97. 2-inch Wind-Driven Hail Deformation, SunTech Ballasted
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Figure 100. 1-inch Hail Deformation, Evergreen Solar
Ballasted
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Figure 101. 1-inch Hail Strain, Evergreen Solar Ballasted
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Figure 102. 1-inch Hail Stress, Evergreen Solar Ballasted
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Figure 103. 2-inch Hail Deformation, Evergreen Solar
Ballasted
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Figure 104. 2-inch Hail Strain, Evergreen Solar Ballasted Figure 106. 1l-inch Wind-driven Hail Deformation,
: Evergreen Solar Ballasted
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Figure 105. 2-inch Hail Stress, Evergreen Solar Ballasted Figure 107. 1-inch Wind-driven Hail Strain, Evergreen
Solar Ballasted
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Figure 108. 1-inch Wind-driven Hail Stress, Evergreen
Solar Ballasted
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Figure 109. 2-inch Wind-driven Hail Deformation,
Evergreen Ballasted
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Figure 110. 2-inch Wind-driven Hail Strain, Evergreen
Solar Ballasted
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Figure 111. 2-inch Wind-driven Hail Stress, Evergreen Figure 113. 1l-inch Hail Strain, First Solar Ballasted
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Figure 114. 1-inch Hail Stress, First Solr Ballasted
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Figure 112. 1-inch Hail Deformation, First Solar Ballasted
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Figure 115.

Figure 116. 2-inch Hail Strain, First Sola Ballasted
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Figure 118. 1-inch Wind-driven Hail Deformation, First
Solar Ballasted
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Figure 119. 1-inch Wind-driven Hail Strain, First Solar
Ballasted

Figure 121. 2-inch Wind-driven Hail Deformation, First
Solar Ballasted

Figure 120. 1-inch Wind-driven Hail Stress, First Solar
Ballasted

Figure 122. 2-inch Wind-driven Hail Strain, First Solar
Ballasted
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Figure 123. 2-inch Wind-driven Hail Stress, First Solar
Ballasted
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6.1.6. Baselines with Standard Earth Gravity on Attached
Systems

Figure 124. Baseline Deformation, SunTech Attached
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Figure 125. Baseline Strain, SunTech Attached
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Figure 126. Baseline Stress, SunTech Attached
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Figure 127. Baseline Deformation, Evergreen Solar
Attached
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Figure 128. Baseline Strain, Evergreen Solar Attached
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Figure 129.

6.1.7. Wind Loading on Attached Systems
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Figure 130. Wind Deformation, Front Surface, SunTech
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Figure 131. Wind Strain, Front Surface, SunTech Attached Figure 133. Wind Deformation, Front Surface, Evergreen
Solar Attached
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Figure 132. Wind Stress, Front Surface, SunTech
Attached

Figure 134. Wind Strain, Front Surface, Evergreen Solar
Attached
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Figure 135. Wind Stress, Front Surface, Evergreen Solar Figure 137. Wind Strain, Back Surface, Evergreen Solar
Attached Attached
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Figure 136. Wind Deformation, Back Surface, Evergreen Figure 138. Wind Stress, Back Surface, Evergreen Solar
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Figure 139. Wind Deformation, Front Surface, First Solar
Attached
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Figure 140. Wind Strain, Front Surface, First Solar
Attached
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Figure 141. Wind Stress, Front Surface, First Solar
Attached
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Figure 142. Wind Deformation, Back Surface, First Solar
Attached
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Figure 143. Wind Strain, Back Surface, First Solar Attache
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Figure 145. Snow Deformation, SunTech Attached
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Figure 144. Wind Stress, Back Surface, First Solar
Attached
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6.1.8. Snow Loading on Attached Systems
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Figure 147. Snow Stress, SunTech Attached
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Figure 150. Snow Stress, Evergreen Solar Attached
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Figure 148. Snow Deformation, Evergreen Solar Attached
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Figure 151. Snow Deformation, First Solar Attached
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Figure 153. Snow Stress, First Solar Attached
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Figure 152. Snow Strain, First Solar Attached _
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Figure 154. Ice Deformation, SunTech Attached
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Figure 155. Ice Strain, SunTech Attached Figure 157. Ice Deformation, Evergreen Solar Attached
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Figure 156. Ice Stress, SunTech Attached ) )
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Figure 159. Ice Stress, Evergreen Solar Attached Figure 161. Ice Strain, First Solar Attached
i ANSYS

MNoncommarcial use oaly

[ . NANSY S

Moncommercial use only

Figure 160.

ANSY S

oncommerclal use only

ANSY S

oncommerclal use only

108



6.1.10. Hail Impacts on Attached Systems

Figure 163. 1l-inch Hail Impact Deformation, SunTech
Attached
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Figure 164. 1-inch Hail Impact Strain, SunTech Attached

Figure 165. 1-inch Hail Impact Stress, SunTech Attached
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Figure 166. 2-inch Hail Impact Deformation, SunTech
Attached
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Figure 167. 2-inch Hai limpact Strain, SunTech Attached Figure 169. 1-inch Hail Impact Deformation, Evergreen
- 3o Solar Attached
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Figure 168. 2-inch Hail Impact Stress, SunTech Attached " — —
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Figure 170. 1-inch Hail Impact Strain, Evergreen Solar
Attached
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Figure 171. 1l-inch Hail Impact Stress, Evergreen Solar
Attached
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6.1.11. Thermal-Stress Simulations

Figure 172. August Temperature Distribution in a Silicon
PV Module
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Moncommerclal use only

Figure 173. February Temperature Distribution in a
Silicon PV Module
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Figure 174. August Temperature Distribution in a CdTe
PV Module
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Figure 175. February Temperature Distribution in a CdTe
PV Module

i 7ANSYS
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Figure 176. August Deformation in a Silicon PV Module
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Figure 177. August Strain in the EVA lae ofa Silicon PV
Module
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Figure 178. August Stress in the Silicon Layer of a Silicon
PV Module
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Figure 179. February Deformation in a Silicon PV Module
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Figure 180. February Strain in the EVA Layer of a Silicon
PV Module
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Figure 181. February Stres in the Silicon Layer of a
Silicon PV Module
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Figure 185. February Deformation in a CdTe PV Module
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Moncommercial use only

Figure 182. August Deformation in a CdTe PV Module
I CANSY S

Moncommercial use only
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Figure 183. August Strain in the EVA Layer of a CdTe PV Figure 186. February Strain in the EVA Layer of a CdTe
Module PV Module
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Figure 184. August Stress in a CdTe PV Module Figure 187. February Stress in a CdTe PV Modul
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Minimum Design Load Analysis Resources

6.2.
Figure 188. ASCE Minimum Design Wind Load Map
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Figure 190. ASCE Charts for Wind Parameters
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Figure 191. ASCE Wind Loading GCpi Values

Enclosure Classification GCy

Open Buildings 0.00

Partially Enclosed Buildings +0.55

-0.55

Enclosed Buildings +0.18

0.18

Notes:
1. Plus and minus signs signify pressures acting toward and away
from the intemal surfaces, respectively.

2, Values of GC,, shall be used with g, or qy as specified in 6.5.12,
Two cases shall be considered to determine the critical load
requirements for the appropriate condition:

(1) & positive value of GCy, applied to all internal surfaces
(ii) a negative value of GC,, applicd to all internal surfaces
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Figure 192. ASCE Minimum Design Snow Loading Map
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6.3. PV Array Layouts

Figure 195. SunTech Layouts, Oriented South
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Figure 196. SunTech Layouts, Aligned with Roof Edge
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Figure 197. Evergreen Solar Layout, Oriented South
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Figure 198. Evergreen Solar Layout, Aligned with Roof Edge
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First Solar Layout First Solar Layout First Solar Layout
57.3° Tilt 42 3° Tilt 27.3° Tilt

Figure 200. First Solar Layout, Aligned with Roof Edge
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6.4. SAM Simulation Snapshots

Figure 201. Performance Analysis, SunTech Tilted 27°, Oriented South
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Figure 205. Performance Analysis, SunTech Tilted 57°, Oriented South

Fie Cme favme Dwliper  Map

& oo % Samle Cone

[ sasat... | 1

2] e

)

Dugtomen | %
A piy + 100 %

o x|

PV Sysbemn Costs

Yo § 000 90000
P Tasweny § 3090 o

PMowtioy Output (e Case) TS S G ot

I S WE— . |

1
|
4

v e 2l lre e
Prese sl of O vt & 10)
ireteecs Cant (8]

Conngency Cost (8

trated Caet 5]

Wi s

e

1] Arvest Outgnst (e Cone)

o 4

D

| R

T EEEEEEE R

Al Tan Cafion (Sase Case)

PP B N T S W Ry
VHBRAZ SN RN ane

OanTahe  Gaoe Cave Ciion
Al OO M Cos
[l Mommey Sutp x ase Cavel
Ll Sevrnaat nutpust Bese Caoe)

H AR T Colom Base Cosed

Thached Comms (e Conn

Arny Enengy Fow (Base Caced

e el

Soeced hd
Acrual Ougas Deme Case, -
Skt Gty Gama Cave -
et Tas (anfun Daw Com, =

Fie Com Nt Deslape g
R wowe ) Semple Case

S Tastroiogy ant Mersat...

gt

e WONOESTER. Wi

- €3 ey LY

Syshom iy

Utiey Tate

1 s wrg

Srwome 30 e

o N

Taw Cresfit Incestiens.
. 1

Pavsent Incontnes

= o

Arwmacal P rtormmn e
L L

bopamirs 130 %

S|

v Sestemn Conty

e EMLIA
P Capmr, § 4400 b S

ety Facky (W
sMAE tew |
oy e e T

T #Matovoltacs, Commercinl Cash |

VDB

Stacked Costs (B Casa)

I

—

1
|
{

Prose (shm of lre. e P
Pveget ie of O = 1)

B T e e B S

-y 4

xtrti- 4
.,.e
A

PLINANE PPN UMD RSNSOI RNRI NN

Wi T cerien] At Kax Cashifow (Base Case)

4
4.4} 4
ll-r «
i |
. Bawm_
________ PR —
....[
Jxowm -
e O TR G T T TR W - T —
B ERERERERE EIMSRIDE I DR MR LR

' i

B Moy Dutput Base Case)

Oeevust Dupr Bace Cavel

Bl tver T Casirthow ave el

3

Wacked Com Mase Cove

Zarwsp) Enevgs Fow Base Cese

Tawe | e . S

Sewilo) e
Acvud Cutons Dace Coss) =
Userloun e . a0n) ]

A Ton Comhun (Duns Lo, =

123



e Com Mot Doslope g
&, Semple Case
i u'mu-bm T Matovoltmcs. Cammercal Cash |

& e

g

e WONOESTER. W

- €3 by LY

brwmw 30 e

0
Syshemn Sty
LY
Utiey Gate
. e
[

Taw Credit Incestives.

e | %

Sowhminr 130 %

E1 Fd S ) N

v Sestem Conty

S AT A

P Capmmyt § 3742 ow S

Monthdy Outowt (Bame Cose) 5 7oew Cutpes 2o

§

e 7T

FEUTE TR STUUT FERN TOVOV Y |

.
Rp—

Papsent Incontnes

= o b )
Arwmaanl P rformmn e

200 W0

0 Ot 3500] st Output (Bane Caver)

P T e T

rTT ™ ™rT
________ e ——
A bbb e b ke e
EITEMN TSR AT S TR R TR LR )

Grapheng Doty Tatee  Save Coee Coow

o ] R COx e S Wacked Coms Mase Cove
[ i Mommdy Dutput Base Case) Znrup) Enevgy Fow Bese e
T Bl revest Outpis Bace Casel
Moty Facyy (W Lot
SN - Yaw | Bl atver T Castiihow ave ol
Oavecs

i rotew Ay Crvaare & e

Fin Cone Muste  Dwvsboper
&, Semple Case
T #atovoltscs, Commnercinl Cash |

& owe

S Tatrology et Mestat...

e

pre—
Tas Crmdit liceisery

e T
[Pyt (0 rates. %
ol 290
Adwal Performance

L300
Dagwee 1%
Aowiiins 100 % L
1 Setem Costs

Monthiy Outont (Beme Cone) IS Foen Gt
e

P T———

§

Tl e By

] .

Avrud Cutous Dace Come) =

Umder Coun e . a0n) ]

A Ton Comhn (Duns Coame) =
o

0 05 59] st Out put (Bane Cave)
e PR

PLINANR PV NS UMUNT RSN DANRIIIDE

P 13190 e Stackat Costs (Base Casa) Bre Tas camton| At tax Cashifiow (Base Case)
T ~e, . ra R B r -
v Avay Shading -.v[
108 o 4 oo B
S, ellmen - o e g
e | - -
hl‘k
o] |
Jxowm -
{ |
i
o g ¥ 3 T T A O S S R U SV I U O S R I U ST
+$43 SAATH I RHMENMMER VAN ENCSSORERT AR
Grapheng Doty Tatee Save Coee Coow
P LCOR Mage Caie Wacked Com Mass Cove Suhet prete & Sy
= Znrusa) Enegy Fow (Base Cese Sancied A/
. - Areves Cutp 2, TBace Casel Acvuadl Cutpas Dace Cona) -
2oty Eacyy ( -
A - fae | e Tam Casitiaw e Caie) Sted Covn Bme Coot) 2
rotwe. B rvawe § o _ At Tou Cosvbom (Buss Case) =

124



Fie Comn Rt Doslape g
R wowe ) Semple Case

g

EE—— WROCSTS .

- .3 ey LY

Sprtem Sty E
Utiey Kate =

—
1 b g -

Arvmaaal Pyt rmmn e
Dgoswmer: | %

Sowhainy 100 %

" Sestem Conty
S LA

P Cammy 1 § M o S

A Dt (Fos

OX )

COF pudd)

ot esert vt

.o

Capeaty Facky (W

AN B

e ey A T

LR

[
[
|
I
{
1

Loy
!
1
]

ol

|
|
{

| T#hatovoRmcs, Commercol Cash |

Montity Outout (Bame Cose) [l% 7w Coiges 2o,

B T e I I Y -— —

1
|
|

e

hon e,

et e of O e g

yeorse Gt (1)
lae U

IO 350] sl Output (Beve Cave)

P UL et S S S S e e i S S e S S o S S

LT 18

om

,...,.._
I

PLINATR P I PNNCUMUND RSNSOI RI I

Wre e tefen] At Tax Cashilow (Base Case)

T ~—rrr T ™
i
i

=y 4

1
- |
o L R e e ——
I - W
i

.-;E

xomi 4
E

anaad WO R bAoA b bodidoh bbb dhd abhboiddonb
N R R R T DO TIE SIRRinn a ra Ly

Wacked Coms Mase Cove
Znrwspl Evevgy Fow Base (e

Tawe | e e S

sewiiod v
fervad Cuts e Coma) =
Ve L oun e o ) 2
Al Ton Comtan (Duns Lo, =

e Comn Mot Dovslope g

R wsowe ) Semple Case v
St Tactrciogy vt Warkat.. | PhatovoRmcs. Grmmercil Cash | “
W Cmer 39y Al Output (Bane Case)
(Ramste 1) — [ R R A e S T T T T S B S
1 ot 4
— NOESTE. W 1
i €3 by TLY = |
— |
Syviem Sty Z o2 el 1
ey Tate = e 4 waml 3
E‘. i I
— 0 |
e -h L=
irgw 30 o b i
Taw Credit Incestiees. s i ol
h FLITANR PV NS UMUND RSN DANRITADE
g
Faverent Incontaes Stackest Costs (Base Casa) Wi Tac ceton]| At Kax Cashifiow (Base
. o e e 3 [ —— —rr
|
A ) Parh — m ] :lAiL 4
) - 1 B
v 10% |
- JelmER s e n s 1
v Sestem Conty "' -l Proses tshm of lre. e I - -
af e w
e EWAT o v wan)
P Copay® § 4397 ow S oo | f
:'t:tE 4
L T S S S S R U TV U I SR S SR U U PR
ER R RN AR I T S L L I T P T
Dats Tt Sate Cave Gt
| COR Mave Caned Wacked Coms Mase Cove Tawil pare ey
T c 2 c Sewio) v
m_ Morhdy Dutput Bese Case) Znrupl Enevgs Fow Bese Case - —
3 Bl reve Oty THase Casel Arvnasd Cutonst Pace Cons) -
Moty Facy M = ~
S . Taw | Bl e on Castiihaw Mhase Sonel Sanhed Covn e Coot)
5 et By rraance F acue Al Ton Camon (Buss Case) =

125



Fie Comn Nostn Deslape g
5 Semple Case
»_irm-w’ | T "atovoRacs, Cammiercil Cash |

& e

gt

o SONCHESTER. wa

- 3 ey LY

—-
Syt Sty Z
Urdey Kate e

—
1 b g -

0.0,

i
Elb./Fd
1
3
3
i
%
i
!
i

0 - el
=/
—
200t lulig.r\n;-)a ]

el Coet (5)

B e e

PLINAN I VNS UMUNT RSN DANNIIINE

S T P W R S
HEUMUE Y SRRSOk R ann

- AL COR e Cm Wacked Com Mase Cove
Bl Moy Dutput Base Case) Zrrwsa) Enevgs Fow (Base Cese

=
Orevust Dutpr Bace Capel
2ooaty Facky (W hevave
SN - Taw | e Tan Castiiaw e Cavel
Oawuns

1 ot Sy Grvaarce £

Tawe! pate - ey

Sewi) e
Acvud Cutons Dace Coss) -
Umberl L oun e . 000 i

A Ton Comhun (Duns Lo, =

12. Performance Analysis, Evergreen Solar Tilted 57°, Oriented South -8°

Fie Comn Moste Devslaper  toaip

R wowe O Semple Case v
St Tastroiogy avt Metat... | Phatovoltacs, Cammercal Cash | o
W s 3] Al Output (Bese Case)
hemste A I e e e o A S S M A i o o
r— MOHESTE. Wh
-~ 3 ey LY o ‘ e 4
System Sty Z
o |
—u { wont .
ey Kate e - I
— o |
1 b g :} ame
frw w30 - (3} |
i |
Taw Credit Incestiees. » i i o
h [T T — T LIATR PPN UMUNT NSNS NI NI
e
Fovament Incontmes Stacked Costs (e Casa) Wi Taccenfon]| Atter Tax Cashifow (B Case
A1 e - [ T —rr T
= o | il
Arvaaal Pt rmmn o m | = - 4
Dgosame | % oo | 1 It -l.
f
e 190 % { I .
" System Conty N s Frose wam ol lre we il e et R
R st cobe of O and # 13) |
Bt aaied ! et Cont (K} -
P Capmy 1 § 4740 pw powpen § Cormgeancy Cost (8 {
lrate Tz 15 Sxowm! 4
' PO W S T S S S SR
LR LR R R A L IR
ey e Grapheg Doty Tote  Sace Cave Gl
‘_;::xl o LCOR Baye Cane) Wacked Comy Mase Cove Tawe | pate ey
ot et Yot = Moy Dutput Baese Case) Zresa) Erevgs Fow (Base Cese n‘_ M v
w— B Crevest Outp 2 Bace el Ao Cutmns Dace Coma) -
ot Fackr (% bwom
WANE e | after Tan Cashvilow Mase Canel Vmber Coun e a0e) .
eown oy Carawnce f mTer ____ % Al Tow Cambon (Bune Cane) =

126



e Com Mot Doslope g

& e

&, Semple Case

St Tatrciogy e Mersat.. | | PhatovoRcs. Grmmesci Cash |

gt

e
e WONOESTE. G ;ML
-0 ey LY {
—3 l
L. Z Lawe)
ey Eate e .
— 9
1 b g -

Moty Outont (Beme Come

W i
==X

v

edd

PO TUENT VSN

e L

St 130 %

on we s

v Sestemn Conty
See IWmLaw

P oy § 4792 e Vo

ety Facky (W
wsAR rew |
oy e e T

Taw Cresfit Incestiens. '

h e P e Ar My e N g Jw = e e
.
Paymant ccalives Stacked Costs (Base Casa)
= om o |
Arwmacal P rtorrmmm e @ |

of Iw. et Prep
et e of O e g

0 O 500] sl Output (Bane Cave)
P B A e S S A S

PLINANR P VNS UMUNT RSN DANNITINE

| g After Lax Cashfiow (Basa Case)

i

t

|

¢

f
| | [y
|

Ay bbb bbb
HEUMUE Y SRRSOk R ann

nAa

0.8 g
044 gheah

Wacked Com Mase Cove
Zarwsp) Enevgs Fow Base Cese

Tawe! pate - ey

Sewi) e
Acvud Cutons Dace Coss) =
Umberl L oun e . 000 i

A Ton Comhun (Duns Lo, =

Fie Comn Nostn Doslape g

R owe ) Semple Case
St Tastroiogy et Mertat... | Phatovolacs, Cammercial Cash |
[ 1
NS wa o ]
S0 ey LY |
—
Srrhem Sty E "k I
i
ndey Tate E\. "~ 3
AL |
L) ‘4) {
f s 1
Srwome 30 pean 1
1
Taw Cresfit Incestiens. p 5 §
-
I 3
|
{
@ | '
|
! {
]" oo R
.’ Pyesent ke of O o
S LAY —d NIRRTV
P Capeyt § 4310 ow o 208t

.’E T'.‘?ﬂ Amwsl OUtput (B Cave)

A A e o e e e e e S o L A O o S S S S S o |

Xoms 4
1oy
o . 4

PLINANR PNV RN UMUNT RSN DS

W Tac corion ] Atter ax Cashiow (Basa Case:

BRI

o T — —rr
- b
|
l,-lr B
R | T RSO3 O 2 Opry -

Ao bbb bbb e
DTTEMTV T R TR S TR SRS SR T LS )

Wacked Coms Mase Cove
Zarupl Enevgy Fow Bese e

Tawe! pate ey

Sewir) v
;MQQ-O—C‘-J -
e ] .
A Ton Comhn (Duss Cose) =

127



Figure 215.
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